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How radiation-specific is the dicentric assay?
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Question: Quantitative cytogenetic analysis of structural chromosome aberrations in human peripheral blood lymphocytes is widely used as an assay to
Ž .detect and quantify exposure to a variety of clastogens. Unstable chromosome rearrangements, dicentric chromosomes dic and centric ring chromosomes

Ž . Ž .centric r , are routinely used as biomarkers to assess human exposure to ionizing radiation "biological dosimetry" . In the moderate- to high-dose range
many authors consider the dic assay sufficiently radiation-specific for both practical and legal purposes. However, specificity has never been evaluated in
quantitative terms. The high sensitivity of the assay would in principle allow for applications in the range of low-dose exposure which has been a major
concern in epidemiologic studies. Validity of the assay then critically depends on specificity. Methods: A mathematical model is proposed which includes
as parameters the decline of dicentric aberrations in ÕiÕo, the linear dose coefficient for the induction of dic and the average total radiation exposure of the
population. To assess radiation-specificity of the dic assay the equilibrium dicentric rate due to radiation is compared to measurements of the background
rate of dic in unexposed controls. Results: Environmental and medical radiation combined account for at least about 80% of the average background level
of dicentrics. Conclusion: It is concluded that the dicentric assay is highly specific for ionizing radiation and can therefore be used to assess prior exposure
in the dose range of interest in environmental epidemiology.

Introduction

( )DeÕelopment and Standardization of the Dicentric dic
Assay
In 1960, in Õitro stimulation of peripheral blood cultures
made preparations of metaphase chromosomes readily
available. Chromosome aberration analysis using human
peripheral blood lymphocytes to detect previous exposure
to ionizing radiation was among the first applications of

Ž .the novel technique Moorhead et al., 1960 . In early
observational studies radiation-induced unstable chromo-

Žsome aberrations dicentric chromosomes dic, centric ring
chromosomes centric r, and acentric fragments ace;
Standing Committee on Human Cytogenetic Nomencla-

.ture, 1985 were detected in lymphocytes of patients dur-
Ž .ing radiation therapy Tough et al., 1960 , after radioiodine

Žtherapy, but also after exposure to diagnostic X-rays Boyd
.et al., 1961; Stewart and Sanderson, 1961 .

Encouraged by the early descriptive studies Bender and
ŽGooch developed a systematic analytical approach Bender

.and Gooch, 1962, 1966 . To assess exposure doses of eight
individuals involved in a radiation accident, they presented
cytogenetic results in quantitative terms as rates of dic and
centric r per 1000 metaphases analysed. Individual dose
estimates were derived by comparison of these aberration

1. Address all correspondence to: W. Hoffmann, MD, MPH. Bremen
Ž .Institute for Prevention Research and Social Medicine BIPS , Gruenen-

str. 120, D-28199 Bremen, Germany. Tel.: q49-421-59596-42. Fax:
q49-421-59596-43; E-mail: hoffmann@bips.uni.bremen.de
Received 19 September 1997; accepted 7 August 1998.

rates to a calibration curve which had previously been
established by the authors through irradiation of peripheral
blood samples in Õitro. The now familiar term ‘biological
dosimetry’ originates from Bender and Gooch’s account of
the peripheral blood lymphocyte as a ‘biological dosime-

Ž .ter’ Bender and Gooch, 1962 .
Early applications of biological dosimetry included dose

Žassessment after occupational radiation exposure El-Alfi
et al., 1967; Brown and McNeill, 1969; Bauchinger et al.,
1971; Popescu and Stefanescu, 1971; Hoegerman et al.,

. Ž1975 , after radiation accidents Dolphin et al., 1970;
.Dvoreckij et al., 1971; Brewen et al., 1972; Pjatkin, 1976 ,

Žin patients undergoing radiotherapy Tamura et al., 1970;
Pyatkin et al., 1972b; Schmid et al., 1974a; Silberstein et
al., 1974; Chee and Ilbery, 1975; Watson and Gillies,

. Ž1975 or therapy with radionuclides Arbor, 1964; Can-
tolino et al., 1966; De la Chapelle et al., 1972; Stevenson
et al., 1973; Blackwell et al., 1974; Boyd et al., 1974;

.Lloyd et al., 1976 . Systematic methodological research
Židentified culture time Buckton and Pike, 1964; Golob et

.al., 1969; Honda et al., 1969 , incubation temperature
Ž .Rosenkranz and Veigl, 1980; Purrott et al., 1981 , storage
conditions of the blood samples prior to the irradiation
Ž . ŽWhite, 1974; Sharma and Das, 1984 , gender Norman et

.al., 1965; Littlefield et al., 1975; Sharma and Das, 1986 ,
Žage Goodman et al., 1969; Liniecki et al., 1971; Patil et

.al., 1972; Marlhens et al., 1986; Prieur et al., 1988 ,
Ž .interdonor-variation Sharpe, 1969; Sharpe et al., 1969 ,

Žspatial distribution of the exposure whole- or partial-body
. Žirradiation Pyatkin et al., 1972a; McFee, 1977; Liniecki

.et al., 1983a,b; Poncelet et al., 1988 , and decline of
Žinduced aberrations in ÕiÕo Bender and Gooch, 1963;
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Norman et al., 1966; Sasaki and Norman, 1967; Schmid
and Bauchinger, 1969; Carrano and Heddle, 1973; Brasel-

.mann et al., 1986; Das and Sharma, 1987 , as major
biological sources of variability of the aberration rate.

In Õitro dose–response relations were established for
calibration purposes for a variety of irradiation conditions

Ž .such as irradiation temperature Gumrich et al., 1986 , type
Žof radiation Schmid et al., 1972, 1974b; Todorov, 1975;

Bocian et al., 1977; Vulpis et al., 1978; Bauchinger et al.,
.1983a; Takatsuji et al., 1983; Edwards et al., 1986 , dose-

Žrate Brewen and Luippold, 1971; Purrott and Reeder,
1976; Bauchinger et al., 1979; Lloyd et al., 1984; Fabry,

. Ž1986; Guedeney et al., 1988 , energy spectra Neary et al.,
1967; Neary et al., 1972; Virsik et al., 1980; Schmid et al.,

. Ž .1984; Fabry et al., 1985 , and linear energy transfer LET ,
Žrespectively Scott et al., 1969, 1970; Lloyd et al., 1975;

.Virsik et al., 1977; Dolphin, 1978 . It became evident, that
in order to maximize sensitivity as well as precision the
method required major standardization efforts. Several
multilaboratory endeavours established standardized cul-

Žture, mounting, and scoring protocols Bianchi et al., 1982;
.Pohl-Ruling et al., 1983, 1986; Lloyd et al., 1992 . First¨

results indicated that in order to prevent induced aberra-
Žtions from being altered "derived chromosome aberra-

.tions" or lost in subsequent mitoses, aberration analysis
Ž .must be restricted to first metaphases in culture M1

Ž .Crossen and Morgan, 1977; Scott and Lyons, 1979 .
Control of M1 is usually achieved by application of the

Ž .‘fluorescence plus Giemsa’ differential staining FPG
Ž .Perry and Wolff, 1974 . The resulting gain in sensitivity

Ž .was confirmed experimentally Wagner et al., 1983 .
Biological dosimetry today is routinely applied to a

variety of exposures from various sources and in different
dose ranges, though predominantly in the range of low
doses. The assay has also been adopted by radiation pro-
tection authorities of various countries in order to quantify
the significance of exposures in cases of alleged or actual

Žradiation accidents Stephan, 1987; Lloyd et al., 1988b;
.Wolf et al., 1991 .

Further to dic being the single most extensively vali-
dated biomarker for radiation exposure, structural chromo-
some aberrations are presently the only marker with an
established predictive value for increased cancer risk
Ž .Hagmar et al., 1994; Bonassi et al., 1995 . Hence, accord-
ing to a scheme by Hulka and colleagues dic can both
serve as markers for biologically effective dose and mark-

Žers for early response in epidemiological studies Hulka,
.1990; Schwartz, 1990 .

SensitiÕity
Authors generally agree on the high sensitivity of the
method even in the very low dose range. Significant
elevations of dic and centric r were observed in popula-
tions exposed to environmental radiation. Various sources
of exposure were considered, among these elevated levels

Žof terrestric background radiation Barcinski et al., 1975;
.Pohl-Ruling and Fischer, 1983; Wang et al., 1990 , cosmic¨

Ž .radiation Scheid et al., 1993; Heimers et al., 1995 ,
Ž .atmospheric Pohl-Ruling and Fischer, 1979 and water-¨
Ž .borne radon Stenstrand et al., 1979 , workers with occupa-

tional radiation exposures within permissible dose-limits
ŽEl-Alfi et al., 1967; Bauchinger et al., 1971, 1980; Popescu
and Stefanescu, 1971; Brandom et al., 1978a,b; Evans et
al., 1979; Lloyd et al., 1980, 1988b; Scheid and Traut,
1983, Scheid et al., 1990; Romm and Stephan, 1990;

.Gensicke et al., 1991 , after exposure to diagnostic levels
Žof medical irradiation Bloom and Tjio, 1964; Kumagai et

al., 1990; Jha and Sharma, 1991; Barquinero et al., 1993;
.Schmitz-Feuerhake et al., 1994; Weber et al., 1995 , and in

individuals exposed to radioactive fallout after the Cher-
Žnobyl nuclear accident Stephan and Oestreicher, 1989;

.Arndt et al., 1991; Pohl-Ruling et al., 1991 . The high¨
sensitivity of the assay would in principle accommodate
application to the very low-dose range. Its validity there-
fore critically depends on its specificity, i.e., the extent to
which even small elevations of the dicrcentric r rate do in
fact establish a prior exposure to radiation rather than to
any other occupational or environmental clastogen.

Figure 1. Three-compartment model of the dic background rate.
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Figure 2. Model-based prediction of the background dic-rate. Upper
curve: 25% lymphoid tissue dose due to radon; lower curve: 18.7%;
derivation of parameter estimates below.

Specificity
Specificity, on the other hand, has rarely been addressed
explicitly in the literature on biological dosimetry. In
major reviews specificity for ionizing radiation is unequiv-
ocally considered a matter of fact. However, radiation

Žspecificity is either only briefly mentioned Stephan, 1987;
Bender et al., 1988a; Hoffmann et al., 1991; Muller and¨

. ŽStreffer, 1991 or rather tacitly assumed Dolphin and
Purrott, 1971; Abbatt et al., 1974; Bianchi et al., 1982;

.Stephan, 1983; Weber, 1990 .
The high sensitivity for ionizing radiation together with

the low background rate for both dic and centric r in
Žunexposed control populations Lloyd et al., 1980;

Bauchinger et al., 1983b; Richardson et al., 1984; Stephan,
.1987; Wolf et al., 1991; Heimers et al., 1995 provides

some indirect clue toward the specificity of the assay.
A theoretical approach derives specificity of the dic

assay for ionizing radiation from the biokinetic mechanism
of the induction of rearrangement aberrations. It is today
generally agreed upon that the formation of dic ultimately
requires the induction of two molecular changes in the

Ž . ŽDNA "sublesions" Lea and Catcheside, 1942; Lea,
.1956 . Experimental evidence has established DNA dou-

Ž .ble-strand breaks DSB as the major biological substrate
Žof the theoretically postulated ‘sublesion’ Bender et al.,

1974; Virsik-Peuckert, 1981; Holmberg and Gumauskas,
1986; Natarajan et al., 1986; Goodhead and Nikjoo, 1989;

.Holmberg, 1990; Natarajan, 1993 .
In order for interaction to take place these DSB must

occur simultaneously in both space and time. The majority

ŽTable 1. Sources of radiation exposure to lymphoid tissue of unexposed controls published figures for derived effective dose equivalents are assumed to
a.represent lymphocyte doses .

a Ž .Source Annual lymphocyte dose mSvryear Reference

External Internal Total

1. Natural radiation UNSCEAR, 1988; Holzer, 1993¨
Cosmic rays
Gamma component 0.30 – 0.30

bNeutron component 0.14 – 0.14
Ž .Cosmogenic radionuclides incl. K-40, Rb-87 0.15 0.20 0.35

b Ž .U-238, Th-232 series excl. radon inhalation 0.26 0.66 0.92
cŽ .Radon inhalation 18.7% contribution – 0.75 0.75

cŽ .Radon inhalation 25% contribution – 1.00 1.00

2. Man-made radiation
Ž .a Diagnostic medical radiation 1.50 – 1.50 Bauer et al., 1993;

Burkhardt and Tillmanns,
1993; Veit et al., 1993

Ž .b Technicalrindustrial radiation, 0.02 – 0.02 Burkhardt and Tillmanns, 1993
atomic power plants

Ž .c Fallout from nuclear weapons testing 0.01 – 0.01 UNSCEAR, 1988

Annual total
c Ž .Estimate I 2.38 1.61 3.99 mSvryear
cEstimate II 1.86 4.24

Daily total
c Ž .Estimate I 0.011 mSvrday
cEstimate II 0.012

a The doses to the PHA-sensitive lymphocyte fraction, since in routine biological dosimetry almost only these are forming metaphases. Hence observed dic
rates refer almost exclusively to this compartment of the lymphoid tissue.
b Ž .With a quality factor Qs25 for densely ionizing components according to Kuni, 1994 .
c 3 Ž .Calculated for a mean indoor radon concentration of 49 Bqrm Urban et al., 1985 , derived organ dose for PHA-sensitive lymphocyte fraction. The two

Ž .estimates refer to the proportion of the total dose which is attributable to radon-222 Estimate I: 18.7%; Estimate II: 25%; see Figure 2 and discussion .
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Table 2. Dose–response data from in Õitro irradiation experiments of full blood samples.

A. X-rays of different spectra

Type of radiation, Dose-rate Dose range Experimental Cytogenetic Metaphases Reference
Ž . Ž . Ž .radiation conditions mGyrmin mGy conditions endpoint s per dose

180 keV X-rays 115 0-575 3 healthy donors dicqcentric r, 1500–3200 Ziemba-Zoltowska
Ž Ž18 mA, 1 mm Cu-filter, 50 h cultures only with accompanying et al., 1980

. Ž . .room temperature incl. 3 h Colcemide ace , ace
220 keV X-rays 160 0–500 1 healthy donor dic, excess ace 2000–3000 Wagner et al.,
Ž Ž .14 mA, 3.35 mm 48 h cultures control: 24,000 1983

. Ž .Cu filter, 378C incl. 3 h Colcemide
FPG

200 keV X-rays 23–170 0–300 2 donors dic, centric r, 4300–9900 Pohl-Ruling¨
Ž2–15 mA, 1.0 mm Cu filter, 48 h cultures terminal del, et al., 1983

. Ž .room temperature incl. 3 h Colcemide interstitial del
FPG coordinated
experiment with
10 participating
laboratories

Ž .30–150 keV X-ray 220 kVp 2 donors dic, excess ace 500–3000 Schmid et al., 1984
Ž .12.5–14 mA; 378C 48 h cultures

Ž .incl. 3 h Colcemide
FPG

Ž . Ž .a 2.0 mm Alq3.35 mm a 160 50–4000
Ž .Cu HVL 2.76 mm Cu

Ž . Ž .b 4.05 mm Alq0.5 mm b 500 50–4000
Ž .Cu HVL 1.32 mm Cu

169 keV X-rays 3–43 0–300 4 healthy donors dic, centric r, 11,500–12,000 Lloyd et al.,
Ž .HVLs4.3 mm Cu; 378C 48 h cultures excess ace 1988a, 1992

Ž .incl. 3 h Colcemide
FPG in sample
slides coordinated
experiment with
6 participating
laboratories

Ž
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Ž
.

Journalof
E

xposure
A

nalysis
and

E
n
zironm

entalE
pidem

iology
1999

9
2

116



R
adiation-specificity

of
dicentric

chrom
osom

es
H

offm
ann

and
Schm

itz-F
euerhake

169 keV X-rays 3–43 0–300 20 healthy donors dic, centric r, 4000–10,000 Lloyd et al.,
Ž .HVLs4.3 mm Cu; 378C 48 h cultures excess ace 1992

Ž .incl. 3 h Colcemide
FPG in sample
slides coordinated
experiment with
6 participating
laboratories

B. Co-60 gamma rays

Ž . Ž .Co-60 378C a 17 0–4000 1 healthy donor, dic, excess ace 600–3000 Bauchinger et al.,
Ž .b 500 448 h cultures 1983b

Ž .incl. 3 h Colcemide
FPG

Ž .Co-60 378C 100 100–2000 1 healthy donor dic 200–600 Stephan, 1983;
48 h cultures Stephan
Ž .incl. 3 h Colcemide et al., 1983

Ž .Co-60 378C 0.39–89.5 100–5500 48 h cultures dic, centric r, 500–9000 Lloyd et al.,
Ž .incl. 3 h Colcemide excess ace 1984
FPG

Ž . Ž . Ž .a Co-60 a some 200 0–2000 2 healthy donors dic, centric r, ace 200–2000 Fabry et al., 1985
Ž . Ž . Ž .room temperature b 1000 45–46 h cultures control: 6000

Ž . Ž .b 250 keV X-rays incl. 3 h Colcemide
Ž15 mA, 0.5 mm Cu filter, M1rM2-ratio

.room temperature controlled in
preliminary
experiment
Ž .M2-4.5%

Ž . Ž . Ž . Ž . Ž . Ž . Ž .Co-60 378C a 0.5 a , b 100–2000 a , b 1; c 2 dic, centric r, ace 200–2000 Fabry, 1986
Ž . Ž .b 1.7 c 50–2000 healthy donors
Ž . Ž . Ž .c 400 a , b 44–45;

Ž .c 46 h cultures
Ž .incl. 3 h Colcemide
M1rM2-ratio
controlled in
preliminary
experiment
Ž .M2-4.5%

Ž
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of rearrangements takes place within minutes after the
DSB have been induced, and the maximum interaction

Žtime is only about 2 h Purrott and Reeder, 1976; Schmid
.et al., 1976; Lloyd et al., 1984 . The interaction distance is
Žin the range of 10–100 nm Virsik and Harder, 1980,

.Virsik et al., 1980 , with a higher probability towards
Ž .smaller distances Holmberg, 1990 .

This has implications for specificity: Ionizing radiation
produces DSB in close temporal and spatial proximity—
along ‘tracks’ while traversing the nucleus and, hence,
maximizing its effectiveness in the induction of dic.

The great majority of chemical mutagens, on the other
hand, are incapable of inducing DSB in the first place.

ŽOnly few chemicals, referred to as ‘radiomimetic’ e.g.,
.Streptonigrin, 8-Ethoxycaffeine, Bleomycin, m-AMSA

can induce DSB. They do so, however, in a much more
random fashion with respect to space and time, thus limit-
ing the probability for any interaction between the result-
ing DSB. Rather than interacting in the formation of dic,
chemically induced DSB therefore are more likely to give

Ž .rise to acentric fragments ace . As an important theoreti-
cal consequence, a higher ratio of dicrace for ionizing
radiation as compared to a chemical exposure would be
expected, which is indeed supported by experimental data
Ž .Coppola et al., 1986; Vulpis and Coppola, 1990 .

The absence of accompanying ace, on the other hand,
could indicate that a dic is ‘derived’ from an initial
chromatid-type aberration such as a triradial or quadrira-
dial. Such dic, however, are extremely rare in first
metaphases in culture rendering this potential mechanism

Žnegligible in quantitative terms Tucker and Preston, 1996;
.Bauchinger, 1995 . Consequently, in order to interpret an

increased rate of dic in terms of an induction through
Žionizing radiation, the rate of lost as well as excess ‘un-

.balanced’ ace needs to be considered.
The significance of these distinctions increases toward

the low dose range. While the probability of induction of
two DSB in sufficient proximity through a radiomimetic
chemical decreases rapidly for lower doses, any dose of
ionizing radiation, even a single track, can in principle
induce a dic. The probability of single track dic increases

Žwith increasing LET in a systematic fashion Scott et al.,
1969, 1970; Lloyd et al., 1975; Virsik et al., 1977; Dol-

.phin, 1978 .
Moreover, radiomimetic chemicals are well-known hu-

man clastogens and strictly regulated, rendering significant
and inadvertent exposure of the general population to these
chemicals highly unlikely.

Sources of the Background Aberration Rate
The background level of rearrangement aberrations in pe-
ripheral lymphocytes of unexposed controls is generally
referred to as ‘spontaneous’. This is a common misconcep-
tion, since any dicrcentric r must have been induced by

some clastogenic action in the first place. Sources of this
initial action are supposed to be predominantly exogenous,
although in principle there could be endogenous sources,
too. Hence the background dic and centric r rate in a
population represents the net cytogenetic response to all
clastogenic exposures in that population. The mere finding
that background levels for dic are always low proves that
none of the exposures that are prevalent in the general
population appears capable to induce substantive amounts
of rearrangement aberrations. In other words, the variety of
potential and actual environmental exposures has at most a
small impact toward the induction of dic and centric r, if
any.

However, whereas this qualitative approach might suf-
fice for most practical purposes, it is scientifically unsatis-
factory and obviously does not readily extend to the very
low dose range. Recent findings of elevated dic rates in
adults living close to a nuclear reactor in northern Ger-
many have generated considerable debate about whether or
not exposures other than ionizing radiation may have given
rise to dicentric chromosomes in this population in ÕiÕo

Žand, if so, to what extent Schmitz-Feuerhake et al., 1993,
.1996 . In order to reasonably interpret these findings it

becomes crucial to discuss specificity in quantitative terms
using an experimental approach.

Methods

The lack of experimental data on many of the numerous
established or suspected human clastogens in the occupa-
tional sphere and the general environment so far precludes
a complete direct assessment of their potential to induce
unstable rearrangements. Moreover, there is still only rudi-
mentary information on the synergistic effects of complex
mixtures of clastogens to which parts of the general popu-
lation could be exposed.

To circumvent the limitations in this paper we therefore
use an indirect approach. In a simple three-compartment
catenary model of the background rate of dic the relative
contribution of the main components of radiation exposure

Žin the general population natural background radiation,
.medical radiation exposure will be calculated. Perfect

specificity would require the background level to be exclu-
sively attributable to radiation exposure from these sources,
i.e., no other clastogen must contribute to the background
rate of dic. Hence, the proportion of the spontaneous dic
rate that can be explained in terms of radiation exposure
can be used as a quantitative measure for specificity.

Modelling the dic Rate in Unexposed Controls

Model Assumptions

1. Background rates of dic and centric r in peripheral
blood lymphocytes in adults as measured by us and in

Ž . Ž .Journal of Exposure Analysis and Enzironmental Epidemiology 1999 9 2118
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various other laboratories represent an equilibrium be-
tween newly induced aberrations and the decline of exist-
ing aberrations.

2. The average total exposure to ionizing radiation from
natural and man-made sources is constant over time.

3. Published data on background rates represent the
general adult population in Europe and the USA.

4. The decline with time of the rate of dic in peripheral
blood lymphocytes can be reasonably approximated with a

Žsimple exponential equation i.e., the half-life of dic is
.constant with time .

5. The linear dose coefficient obtained from in Õitro
irradiation of blood samples with low-LET radiation in the
low-dose range can be used to approximate the net linear
dose coefficient in ÕiÕo for induction of dic through
natural background radiation and medical-diagnostic radia-
tion, respectively.

The molecular mechanism of induction of dic and
centric r is very similiar, but the latter are much less

Ž .frequently observed about 1 centric r for each 10 dic .
Since the decline kinetic of dic and centric r is distinctly
different, we restrict the model to dic.

The background rates of dic can then be regarded as
Ž .the result of two competing processes: 1 Induction

through the net effect sum of all clastogens, characterized
Ž .by a linear dose coefficient a and 2 the decline of dic

carrying peripheral lymphocytes, described by a transfer
Ž .rate constant Figure 1 .

The rate of change of the dic-rate in peripheral blood
lymphocytes with time t can then be described by a

Ž Ž ..first-order differential equation Eq. 1 :

d y
saPDyGPy t 1Ž . Ž .

d t

Ž .where Dsaverage dose rate mSvryear , as linear co-
Ž . Ž . Ž .efficient 1rmSv , Gsdecline coefficient 1ryear , y t

sdic-rate at time t.
Ž .Eq. 1 can be solved in closed form. Assuming no dic

Žat ts0 say, at the time of the organogenesis of the
.lymphatic system in fetal life , the dic-rate at any time t

can be expressed solely in terms of the model parameters
Ž Ž ..Eq. 2 :

aPD
yG ty t s 1ye 2Ž . Ž . Ž .

G

With the parameter estimates derived in this paper, a
saturation rate of 0.00043 dic per metaphase is reached

Ž .after some 10 to 11 years of age about 4000 days . The

predicted background rate remains constant for older ages
Ž .Figure 2 .

For infinite t, the dic-rate approaches a saturation rate
Ž Ž ..which is denoted y Eq. 3 :s

aPD
lim y t s sy 3Ž . Ž .sGt™`

Being a transfer rate constant, G can be expressed in
terms of the half-life of dic in peripheral blood lympho-

Ž Ž ..cytes Eq. 4 :

ln 2
t s 4Ž .1r2 G

with t shalf-life of dic in peripheral blood lympho-1r2

cytes

Figure 3. Dose–response for dic in human peripheral lymphocytes
Ž . Ž . Ž y5 w y1 x0–500 mGy . A X-rays slope as5.21"0.255=10 dicrmGy ;
R2s0.92, with 95% confidence bands for the conditional means; refs. in

. Ž . Ž -5Table 2A . B Co-60 gamma rays slope as4.08"0.306=10
w y1 x 2dicrmGy ; R s0.84, with 95% confidence bands for the condi-

.tional means; refs. in Table 2B .
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Hence, the model for the background rate of dic in
peripheral blood of unexposed controls is defined by three
parameters:
1. the net dose rate D of radiation exposure in ‘unex-

posed’ controls
2. the linear dose coefficient a for the induction of dicen-

tric chromosomes through ionizing radiation
3. the decline constant G representing the net effect of all

processes which are capable of reducing the dic rate in
peripheral blood lymphocytes over time.

Natural Background Radiation and Radiation from Artifi-
cial Sources D
The average radiation exposure of an adult typically con-
sists of three main components: Natural background radia-
tion, exposure to the natural noble gas Radon-222 and its

Ždecay products which is of natural origin, however be-
comes relevant because of civilisation conditions i.e., liv-

.ing in houses and exposure out of artificial sources,
mostly medical radiology and predominantly applied for
diagnostic purposes.

Table 1 shows estimated figures for the general popula-
tion of Germany.

The Linear Dose Coefficient a
The linear coefficient characterizes the dose–response rela-
tion for dicrcentric r induction by sparsely ionizing radia-

tion in the low to moderate dose range. The value of a
can be derived from experiments where samples of human
peripheral blood were irradiated in Õitro. To be eligible for
this analysis, experiments must have applied a standard-
ized culture protocol including M1 control, culture time,
and preparation procedures. In order to represent the range
of LET of sources of radiation exposure for ‘unexposed’
controls in terms of LET, only experiments using cobalt-60
gamma rays or X-rays of 150 keV or higher were selected
Ž .Table 2 .

Figure 3 shows a meta-analysis of recent experimental
data in the dose range 0–0.5 Gy. The data were fitted by a
linear regression model. Separate linear regression analy-
ses were performed for data points obtained by irradiation

Ž y5with Co-60 gamma rays as 4.08 " 0.306 = 10
w y1 x 2 . ŽdicrmGy ; R s0.84 and X-rays as5.21"0.255

y5 w y1 x 2 .=10 dicrmGy ; R s0.92 , respectively. Ninety-
five percent confidence intervals were calculated for the
slopes and the conditional means.

Decline G
Table 3 summarizes published data on the decline of dic
rates in peripheral lymphocytes in ÕiÕo. The majority of
the studies presented so far have followed patients after
radiation therapy. Exceptions are the studies by Brewen et

Ž . Ž . Ž .al. 1972 , Dolphin et al. 1973 , Scheid et al. 1988 , and

Ž .Table 3. Decline of dic rates in peripheral lymphocytes after acute irradiation exponential regression of original data .

Ž .Individuals, exposure conditions, dose range Number of Total Decline G "SE Half-life t Reference1r2
Ž . Ž .individuals follow–up in 1st 2000 days dic days

y3Ž . Ž .years 10 rday

Ž . Ž .Female patients, radiation therapy with external gamma 36 4–13 1.777 "0.216 396 "49 Norman et al., 1966
irradiation and radium implants of the lower pelvic region

Ž .for cervical carcinoma total tumor dose 60–80 Gy
Ž . Ž .Female patients, radiation therapy with external gamma 84 6 1.310 "0.122 534 "50 Schmid and Bauchinger, 1969

Ž .irradiation tumor dose 34–39.5 Gy and radium
Ž .implants 4000–5000 mgeh of the lower pelvic

region for gynecological carcinomas
Ž . Ž .Worker, accidental exposure to Co-60 gamma radiation, 1 0.4 5.90 "0.11 117 "23 Brewen et al., 1972

total body dose about 2 Gy
Ž . Ž .Worker, accidental exposure with consecutive 1 2.4 0.941 "0.255 799 "210 Dolphin et al., 1973

Žerythema of the chest estimated skin dose )50 Gy
.in a small area of 7-cm diameter

Ž . Ž .Patients, radiation therapy of sacroiliac joints and lumbal 200 20 1.186 "0.171 597 "86 Buckton et al., 1978
Ž . Žspine for ancylosing spondylitis Bechterew 250 kV

.X-rays, applied in 10 fractions, total dose 15 Gy
Ž . Ž .Worker, accidental exposure in industrial radiography 1 4 1.340 "0.418 573 "179 Scheid et al., 1988

ŽX-rays, estimated partial body doses:
.chest 6 Sv, right hand 12 Sv

Ž . Ž .Male patients, radiation therapy of inguinal and 23 4.7 1.378 "0.110 507 "41 Bauchinger et al., 1989
Ž .paraaortic fields for seminoma 61,9-225 J

Ž . Ž .Individuals from the general population, accidentally 10 1 5.261 "0.883 136 "23 Ramalho and Nascimento, 1991
exposed in the course of a radiation incident in Goiania,

ŽBrazil inhomogenous external and internal exposure
to Cesium-137 gamma radiation. Estimated individual
equivalent whole body doses in the range of 1–4 Gy
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Ž .Ramalho and Nascimento 1991 , who followed patients
after accidental irradiation. Scheid et al. monitored an
industrial radiographer for about 4 years after he had been
involved in a radiation accident related to his occupation
Ž .Scheid et al., 1988 . Dolphin et al. reported briefly on a
worker, who had been accidentally exposed in at least two
independent events and suffered severe partial body doses
to a small area on his chest. Follow-up time was about 29

Ž .months Dolphin et al., 1973 . Brewen et al. compared
physical and biological dosimetry after accidental whole-

body Co-60 gamma radiation exposure of an employee in
a University laboratory. Dic rates were recorded for 137
days post accident. Ramalho and Nascimento studied a
cohort of people who had been involved in the radiation

Žaccident in Goiania, Brazil Ramalho and Nascimento,
.1991 .

Numerical values for G and t were obtained by1r2
Žfitting an exponential regression model i.e., a linear re-

.gression model of the log dic rate to each of the original
datasets separately. To facilitate comparisons between the

ŽFigure 4. Published data on the decline of the dic rate in peripheral blood lymphocytes linear regression after log-transformation of the dic rate, 95%
.confidence bands for the conditional means; refs. in Table 3 .

Ž . Ž .Journal of Exposure Analysis and Enzironmental Epidemiology 1999 9 2 121



Hoffmann and Schmitz-Feuerhake Radiation-specificity of dicentric chromosomes

respective coefficients follow-up times were censored at
2000 days. Figure 4 shows the respective fits to each
individual data set used for the derivation of G .

Discussion

Discussion of Model Parameters

Dic Õersus Centric r
Structural chromosome aberrations have been observed in
many occupational settings and have been ascribed to a
variety of chemical exposures. In many instances, how-
ever, authors do not specify the particular types of aberra-
tions they have observed or report only pooled results for
dic, centric r, and ace. However, radiation specificity
evidently cannot be assumed for all classes of structural
chromosome aberrations. In this paper we discuss chromo-
some rearrangements exclusively. We have moreover fo-
cused on unstable dic and centric r rather than stable
translocations since detection of the latter requires consid-
erable modification of the assay. Given the similarity of
the molecular mechanism and the kinetics of the induction
it is conceivable that the considerations toward radiation
specifity presented herein could readily extend to stable
chromosome rearrangements.

The average level of dic in peripheral blood lympho-
Ž .cytes in unexposed individuals ‘spontaneous’ dic level is

defined herein as a dynamic equilibrium of induction and
decline of rearrangements. As we have pointed out above,
the measurable equilibrium rate of dicrcentric r is ex-
plained in terms of the factors D, a , and G , respectively.
Numerical values for these parameters have been obtained
from various literature sources. The degree of precision is
discussed below, together with some limitations of the
data.

Linear Dose Coefficient a
In ÕiÕo, new dic are continuously induced through radia-
tion exposure. The dose–response relationship has been
investigated by means of a meta-analysis of published data
obtained from in Õitro irradiation experiments with human
peripheral blood lymphocytes.

ŽSecond-degree polynomials i.e., linear–quadratic
.dose–response curves were fitted to the experimental data

by the least-squares method. For both Co-60 gamma and
X-ray radiation the quadratic coefficients were 2–3 orders
of magnitude lower than the linear coefficients and were
not statistically significant from zero. Hence the dose–re-
sponse relation appeared linear in the dose range studied
Ž 2 20–500 mGy; Co-60 gamma rays: R s0.84; X-rays: R

.s0.92 which is typical for sparsely ionizing radiation.

The dose–response relation for the induction of dic can
thus be represented by a linear dose coefficient a . The

Žslope was somewhat steeper for X-rays as5.21"0.255
y5 w x. Ž=10 dicrmGy than for Co-60 gamma rays as

y5 w x.4.08"0.306=10 dicrmGy . This finding is expected
and generally believed to reflect the different LET of the
two kinds of radiation. For non-corpuscular radiation the
LET decreases with increasing photon energy by a factor

Ž .of three ICRU, 1986 . Hence, X-rays are generally more
efficient in inducing dic than are Co-60 gamma rays
ŽNeary et al., 1967; Scott et al., 1970; Lloyd et al., 1975;

.Virsik et al., 1977; Schmid et al., 1984 .
Although we believe the a values derived here to be

generally representative for in ÕiÕo dic induction in the
low-dose range it must be noted that a substantial propor-
tion of the overall radiation exposure of unexposed con-

Žtrols actually involves radiation of higher LET most medi-
cal procedures, radon, fast neutrons, other corpuscular

.radiation . Excluding these in the derivation of numerical
values for a is conservative with respect to the question at
hand since it tends to underestimate the real ‘net’—slope
of the dose–response relation between dose and the dic
rate for the combined in ÕiÕo exposures of the general
population and, hence, the proportion of the background
dic rate attributable to it.

For our purposes we have calculated a weighted aver-
age of the slopes for Co-60 gamma rays and X-rays. The
weights are constructed by dividing the total average radia-

Ž .tion exposure Table 1 of the population into ‘high’ and
‘lower’ energies. Cosmic gamma rays, cosmogenic ra-
dionuclides, technicalrindustrial radiation, and fallout from
nuclear weapons testing contribute to the weight assigned

Žto the slope obtained for Co-60 gamma radiation ‘high’
.energy . Radiation from all remaining sources is assumed

to be of ‘lower’ energy.
Hence the numerical value for a becomes:

4.08=10y5)0.68q5.21=10y5)3.42 r4.10Ž .

y1y5s5.02=10 dicr metaphase)mSvŽ .

If standard errors of the two estimates are treated
similarly, the resulting standard error for the combined
estimate becomes 0.263.

Decline G
Monitoring the decline of dic and C-ring rates in ÕiÕo
requires repeated measurements of individuals over several
consecutive years. In order to allow for reasonably stable
estimates of the decline, individuals must have had consid-
erable dic rates in the first place, requiring exposures in
the medium- or high-dose range. Few researchers have
undertaken such an effort.
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The majority of published data were obtained from
patients after radiotherapy for benign or malignant disease.
Though irradiation conditions, geometry, and total doses
varied considerably between the cohorts, log–linear regres-
sion of the original data from four different studies yielded

Ž .similar decline constants between 1.186 "0.171 and
Ž . Ž1.777 "0.216 Norman et al., 1966; Schmid and

Bauchinger, 1969; Buckton et al., 1978; Bauchinger et al.,
.1989 . These values correspond to half-lives of dic in

peripheral lymphocytes ranging approximately between 400
Ž .and 600 days Table 3 .

Observations obtained for individuals after accidental
radiation exposure are generally in line with the findings in

Žthe patient cohorts Dolphin et al., 1973; Scheid et al.,
.1988 . Smaller numbers of metaphases analysed explain

Žthe somewhat greater variability half-life 573 to 799
.days .

The findings of both Ramalho and Nascimento and
Brewen et al. represent noteworthy exceptions, in that they
yield a much shorter half-life for dic in peripheral blood
lymphocytes of 10 individuals accidentally exposed to

Ž .cesium-137 Ramalho and Nascimento, 1991 and on a
university employee after accidental whole-body gamma-

Ž .irradiation of about 2 Gy Brewen et al., 1972 . Ramalho
and Nascimento included individuals who had presented

Žwith clinical signs of radiation sickness marked depletion
.of lymphocytes . Similar hematological consequences must

be assumed for the patient followed by Brewen and col-
leagues. In both cases, the much faster decline could be
partially attributable to a ‘dilution’ of dic-carrying lym-
phocytes in the blood through normal lymphocytes during
increased regeneration rather than to a ‘real’ degradation
of dic-carrying lymphocytes.

Ž .Guedeney et al. 1988 also provide supporting evi-
dence. The authors repeatedly measured dic rates of three
individuals who had been accidentally exposed to cobalt-60
and iridium-192 gamma radiation. Initial biological
dosimetry had revealed equivalent whole body doses of
1–1.4 Gy. Half-lives of dic derived over a period of 210
days after exposure were only about 120 days. A decline
constant, however, could not be calculated since authors
do not provide their original data.

As follow-up of both Ramalho and Nascimento’s cohort
Ž .and the university employee Brewen et al., 1972 is short

the magnitude of a ‘dilution’ effect is likely to be consider-
able, however cannot presently be assessed in quantitative
terms. Hence decline constants derived from these data are
hardly representative for the unexposed general population
and are therefore excluded from the meta-analysis pre-
sented herein.

To prepare for a combined estimate of G the data were
standardized to an intercept of zero. To do this, the
intercepts were estimated by log–linear regression analysis
for each dataset separately and the respective estimates

were then subtracted from the dic-rate for each data point.
After standardization the data from all six studies were
pooled and a weighted log–linear regression with no inter-

Žcept in the model was performed weightssnumber of
.metaphases analysed for each data point . This analysis

y3 Ž .yields a combined estimate of Gs1.285=10 1rday
y3 Žwith a standard error of 0.0515=10 F-value 621,

2 .R s0.87; p-0.0001 corresponding to a half-life of
Ž .about 540 days Figure 5 .

Figures 4 and 5 demonstrate that straight lines in log–
linear plots fit the original data reasonably well. However,
on close inspection, it appears that half-lives of dic in
peripheral blood lymphocytes could increase with time
rather than being constant. This has been found rather
consistently for long follow-up periods. Buckton et al.
originally fitted two separate regression lines to their data
Ž .0–4 years, 4–20 years , the first of which had a distinctly

Ž .steeper slope than the latter Buckton et al., 1978 . More
recently Bauchinger et al. obtained the best fit applying a
time–hyperbolic model rather than a simple exponential

Ž .model Bauchinger et al., 1989 . Guedeney et al., as well
as Doloy et al. provided supportive evidence towards a

Žless-than-exponential decline kinetic Guedeney et al.,
.1988; Doloy et al., 1991 .

A possible mechanism could result from the fact, that
lymphocytes carrying more than one aberration are less
likely to survive a cell division. High tissue doses give rise
to such cells, particularly so in cases of partial-body
exposure or highly inhomogeneous distribution of the dose

Žover the body Bender et al., 1988a; see Awa et al., 1992
.for a recent example . Findings from the patient studies

support this assumption. When ‘cells with at least one dic’
are compared with dicrcell the decline of the former is

Žconsiderably slower Norman et al., 1966; Buckton et al.,
.1978 . Further to the mechanisms mentioned above this

Figure 5. Weighted log–linear regression of combined original data
Žoriginal data standardized to intercepts 0; weightss number of
metaphases analysed; R2s0.87, with 95% confidence bands for the

.conditional means .
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observation could be explained in terms of different half-
lives of various subfractions of human lymphocytes. Such
differences have long been hypothesized. Sasaki and Miy-
ata observed dic in peripheral blood lymphocytes in sur-
vivors 22 years after the atomic bomb assault in Japan
Ž .Sasaki and Miyata, 1968 . The observed rates still corre-
lated well with the individuals’ distance to the hypocenter
of the bomb. Randolph and Brewen calculated that in order
to account for the correlation of persisting dic rates to the
estimated initial exposure doses the average half-life of dic

Ž . Ž .must be 3.6 "0.2 years Randolph and Brewen, 1980 .
Applying the purely exponential model the half-life

derived in this paper thus would be overestimated for very
short times after exposure but would be underestimated for
long times. Furthermore, the decline derived from individ-
uals exposed to high doses is likely to overestimate the
decline in individuals exposed to environmental radiation
only. It should be noted that the half-life estimate derived
here is likely to be conservative with respect to the ques-
tion at hand since longer half-times would increase the
proportion of the background dic rate that would be
attributable to background radiation.

AÕerage Exposure of the General Population to Radiation
D
Table 1 lists various sources for radiation exposure of the
general population. It is well known, that natural radiation
varies markedly over different countries, but also within
countries, depending predominantly on geological condi-
tions and altitude. However, the tabulated values are sup-
posed to be largely representative for the average popula-
tion exposure in European countries as well as the USA.

We applied a quality factor of 25 to all densely ionizing
fractions of the natural radiation. This is in partial contrast
to the International Commission on Radiological Protec-

Ž .tion ICRP , which uses energy-dependent quality factors
Ž .between 5 and 20 for neutrons ICRP, 1991 , and about

Ž .10–20 for alpha-radiation ICRP, 1973; ICRP, 1977 . The
International Commission on Radiation Units and Mea-

Ž .surements ICRU , in a joint task force with the ICRP,
recently suggested an effective quality factor of 25 for
both alpha radiation and neutrons, which should be applied

Žgrossly irrespective of the radiation energy ICRU, 1986;
.see Kuni, 1994 for a comprehensive discussion . Using the

conventional quality factor of 10, however, would reduce
the total dose by no more than 20%. A principal problem
is the definition of the ‘critical organ’ for the induction of

Ž .dic Pohl and Pohl-Ruling, 1982 . In the absence of firm¨
Žknowledge we referred to the effective dose concept ICRP,

.1991 for most of the sources of radiation. This seems to
be justified for the penetrating components of irradiation
Ž .external and internal gamma-rays, neutrons and X-rays
and the rather homogeneously distributed incorporated ra-

dionuclides. An exception, however, is the extremely inho-
mogeneous exposure by radon inhalation which requires
special consideration.

The main dose from radon and its decay products is
delivered to the bronchial epithelium by alpha rays and it
is generally estimated that the other compartments of the
body receive only about 1% of the lung dose. The dose
rate in nGyrh for soft tissues and a radon concentration
C in Bqrm3 according to the United Nations ScientificRn

ŽCommittee on the Effects of Atomic Radiation UN-
.SCEAR, 1988 is 0.005C . For a mean indoor concentra-Rn

tion of 49 Bqrm3 and mean outdoor concentration of 14
3 Ž .Bqrm in the former West Germany Urban et al., 1985 ,

a relation of 0.8 to 0.2 for the average time spent indoors
and outdoors, and a Q-factor of 25, this results in a
lymphoid tissue dose rate of 0.046 mSvryear. The other
components in Table 1 add to a value of 3.24 mSvryear
and radon would then represent 1.4% of the total lymphoid
tissue dose.

This rather low exposure is in contradiction to the fact
that persons living in atmospheres of elevated radon con-
centration show significantly increased chromosome aber-

Žrations in their peripheral lymphocytes Brandom et al.,
1978b; Stenstrand et al., 1979; Pohl and Pohl-Ruling,¨
1982; Pohl-Ruling and Fischer, 1983; Bauchinger et al.,¨

.1994; Bauchinger et al., 1996 . The investigations of Sten-
Ž .strand et al. 1979 allow an estimate of the dose–response

for dic. The authors found a mean dic rate of 2.67=10y3

in 18 adults living in dwellings with radon contamination
Ž .of their household water 6752 metaphases analysed . Their

control value in nine persons was one dic and one C-ring
in 4520 cells, i.e., a rate of 0.44=10y3 which corre-

Ž .sponds to other published background values Table 4 .
Only dic are considered here in the case of chronic
exposure because only these are instable and can reach an
equilibrium stage. We therefore take the average level of
0.544=10y3 derived below as a control value and receive
a net excess dic rate of 2.13=10y3 which can be at-
tributed to radon exposure.

The mean radon concentration measured in the dwellings
and weighted by the number of persons involved can be
calculated to be 1150 Bqrm3. Assuming that the persons
spend 0.5 of their time indoors, this corresponds to a mean
concentration of 575 Bqrm3 and an excess of 526 Bqrm3

to the background of 49 Bqrm3 assumed as normal in
dwellings. Hence, if this concentration generates a dic rate
of 2.13=10y3 and we assume linearity of the dose–re-
sponse relation then a normal background radon level of
49 Bqrm3 would correspond to a dic rate of 0.198=10y3

which means a proportion of 36% of the average back-
ground rate of 0.544=10y3 would be attributable to
radon exposure. An analogous analysis of data published
by Bauchinger et al. on 25 inhabitants of German homes
with elevated indoor radon concentrations yields very simi-
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Table 4. Published background rates for dic in human peripheral lymphocytes.

aNumber of Sex M1-control Metaphases dic-rate Reference
individuals analysed

407 – 40,722 0.00020 Obe et al., 1977
71 45 m, 26 f 48 h cultures 14,164 0.00035 Obe and Herha, 1978

1793 48 h cultures 150,504 0.00054 Lloyd et al., 1980
140 140 m 48 h cultures, FPG in 99 of 140 cultures 23,831 0.00034 Obe et al., 1982

Ž .175 91 m, 84 f 48 h cultures incl. 3 h of Colcemide 17,500 0.00069 Gundy and Varga, 1983
109 94 m, 15 f – 21,570 0.00009 Richardson et al., 1984

Ž105 105 m 48 incl. 4 h of Colcemide, 10,300 0.00078 Tawn, 1987
.FPG in 89 of 105 cultures

b cŽ . Ž .253 253 m ? 48 h cultures incl. 3 h of Colcemide , 27,249 0.00059 De Jong et al., 1988
FPG in 50% of the cultures

d Ž .493 276 m, 218 f 48 h cultures incl. 2 h of Colcemide , 108,950 0.0016 Bender et al., 1988b, 1989, 1990
FPG in parallel cultures

b Ž .? 48 h incl 3 h of Colcemide 8608 0.00035 Scheid et al., 1990
Ž .26 48 h culture incl. 3 h Colcemide 16,384 0.0009 Stephan and Oestreicher, 1989;

Romm and Stephan, 1990
Ž .4 4 m 48 h culture incl. 3 h Colcemide 11,969 0.0020 Lloyd et al., 1988a, 1992

FPG in sample slides coordinated
experiment with 6 participating
laboratories

Ž .20 10 m, 10 f 48 h culture incl. 3 h Colcemide 60,000 0.00082 Lloyd et al., 1992
ŽFPG in sample slides coordinated

experiment with 6 participating
.laboratories

67 66 m, 1 f FPG 35,500 0.00039 Braselmann et al., 1992
b60 FPG? 38,600 0.00040 Arndt et al., 1991; Wolf et al., 1991

Ž .25 16 m, 9 f FPG 19,775 0.00046 own data; Dannheim, 1996

a msmale; fs female.
b Not specified by the authors.
c Incl. centric r.
d The numbers given for males and females actually add up to 494, instead of 493, as was stated by the authors.

Ž y3lar estimates 0.191=10 dic attributable to a radon
level of 49 Bqrm3, analysis restricted to 19 adults in the

Ž . y3sample age 20 and above ; 0.14=10 dic for the total
.sample; Bauchinger et al., 1994, 1996 .

Because both these estimates are based on some uncer-
tain assumptions about the stability of the radon concentra-
tion in Finish and German households, the duration of the
respective exposure of the persons living there, and poten-
tial exposure-modifying factors such as the concentration
of indoor fine particles we take as a final estimate the
mean of the lymphocyte dose derived by UNSCEAR and
by the Finnish and German measurements, i.e., 18.7% of
the whole lymphoid dose is assumed to be caused by radon
inhalation. This figure corresponds to a dose of 0.75

Ž .mSvryear Table 1 .
To allow for a discussion of the influence of radon

exposure on the explained fraction of the background rate
of dic we have repeated all calculations for an attributable
proportion of 25% which would correspond to an estimate

Žof 1 mSvryear to the lymphoid tissue Figure 2, Tables 1
.and 5B .

Background Rates of Dic
When sufficient numbers of metaphases are analysed, the
variation of dic rates in control populations is fairly small.
This numerical reproducibility in cohorts of both genders,
various ages, and from different countries is particularly
striking. With few exceptions published dic rates in unex-

Žposed controls are below 1r1000 metaphases 0.001
.dicrmetaphase , with the majority of published results

ranging between 0.0003 and 0.0006 dic per metaphase
Ž .Table 4 .

Much of the remaining variation in the background
rates for dic is attributable to insufficient control of cell-
cycle kinetics in culture and inappropriate selection of
control subjects. A high proportion of M2 metaphases in
the analysis can bias the dic rate towards lower values
Ž .Richardson et al., 1984 . The ‘gold standard’ to control
for the rate of second metaphases in culture is the applica-

Ž .tion of FPG staining for all slides Perry and Wolff, 1974 .
However, rather than routinely applying FPG staining to
all cultures it might suffice to run parallel cultures with

ŽFPG to determine the donors’ cell-cycle kinetics Obe et
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Table 5. Point estimates and error ranges in parameter estimates for a and G and respective consequences on the explained proportion of the background
rate of dic.

A. With 18.7 % of background dic-rate attributable to indoor Radon-222

Ž .Background rate of dic with 95 % confidence limits

0.000472 0.00054 0.000629

a G y2 s.e. y1 s.e. p.e. q1 s.e. q2 s.e. y2 s.e. y1 s.e. p.e. q1 s.e. q2 s.e. y2 s.e. y1 s.e. p.e. q1 s.e. q2 s.e.

q2 s.e. 1 1 1 0.97 0.93 0.96 0.92 0.88 0.85 0.81 0.82 0.79 0.75 0.73 0.70
q1 s.e. 1 1 0.96 0.92 0.89 0.91 0.87 0.84 0.81 0.78 0.78 0.75 0.72 0.69 0.67
p.e. 0.99 0.95 0.91 0.88 0.84 0.87 0.83 0.80 0.77 0.74 0.74 0.71 0.68 0.66 0.63
y1 s.e. 0.94 0.90 0.86 0.83 0.80 0.82 0.79 0.75 0.73 0.70 0.70 0.67 0.65 0.62 0.60
y2 s.e. 0.89 0.85 0.82 0.78 0.75 0.77 0.74 0.71 0.68 0.66 0.66 0.64 0.61 0.59 0.57

B. With 25 % of background dic-rate attributable to indoor Radon-222

Ž .Background rate of dic with 95 % confidence limits

0.000472 0.00054 0.000629

a G y2 s.e. y1 s.e. p.e. q1 s.e. q2 s.e. y2 s.e. y1 s.e. p.e. q1 s.e. q2 s.e. y2 s.e. y1 s.e. p.e. q1 s.e. q2 s.e.

q2 s.e. 1 1 1 1 1 1 1 0.96 0.92 0.89 0.90 0.86 0.82 0.79 0.76
q1 s.e. 1 1 1 1 0.97 0.99 0.95 0.91 0.88 0.85 0.85 0.82 0.78 0.75 0.73
p.e. 1 1 0.99 0.95 0.92 0.94 0.90 0.87 0.83 0.80 0.81 0.78 0.75 0.72 0.69
y1 s.e. 1 0.98 0.94 0.90 0.87 0.89 0.86 0.82 0.79 0.76 0.77 0.74 0.71 0.68 0.65
y2 s.e. 0.97 0.93 0.89 0.85 0.82 0.84 0.81 0.78 0.75 0.72 0.73 0.70 0.67 0.64 0.62

U Žs.e.sstandard error; p.e.spoint estimate; "n s.e.spoint estimate"n standard error; as linear dose coefficient; Gsdecline coefficient; central
.estimate in bold italics .

al., 1982; Tawn, 1987; Bender et al., 1988b; De Jong et
.al., 1988; Lloyd et al., 1988a, 1992 . Adhering strictly to

Ž48-h cultures including a few hours of colcemid treat-
ment, which further reduces the time for cell division in

.culture can considerably reduce the proportion of M2
metaphases in the analysis, but is less reliable as compared

Ž .to the FPG method Wagner et al., 1983 .
On the other hand, careful attention must be given to

the selection of control subjects, particularly with respect
to exposure to ionizing radiation from occupational or
other sources. Bender et al. selected volunteers from the
Brookhaven National Laboratory workforce, 144 of which

Žwere classified ‘radiation workers’ defined as ‘badged to
.record occupational exposure’ . Radiation worker status of

another 28 workers was ‘unknown’. Both groups together
comprised about 50% of the ‘unexposed controls’ in this
sample. Despite this obvious source for bias the authors
put forward one of the highest ‘background’ rates ever

Ž .reported 0.00163 dicrmetaphase, Bender et al., 1988b .
Considerable contamination of this sample is evident from
the extremely wide range of values for individual dic rates
Ž .0.0 to 0.016 per metaphase; Bender et al., 1990 as well
as from a highly significant overdispersion of the intercel-

Žlular dic distribution 6 metaphases with two dic observed,
.none expected .

Tawn found high rates of dic in a subset of new
entrants from BNFL Sellafield who were on long-term

Ž .medication for chronic medical conditions Tawn, 1987 .

No information is provided as to the specific diagnoses,
but among the most prevalent chronic conditions in these
age groups are osteoskeletal pain syndromes which could
well have given rise to the individuals’ cumulative dose
from diagnostic radiology. If individuals with potential
prior exposure to clastogens were excluded from the analy-

Žsis, the background rate for dic decreased to 0.00061 66
.individuals . A similiar selection bias might have added to

a relatively high background level observed in a study of
Hungarian blood donors and individuals undergoing a

Žpre-employment medical investigation Gundy and Varga,
.1983 . At the time of the sampling routine annual

photofluorography screening of the population was per-
formed in Hungary. This technique was later abandoned in
most countries due to the relatively high patient doses

Ž .associated with it Heuck and Hofmann, 1984 .
The high dic-rate observed by Lloyd et al. is based on

Ž .pooled results from six laboratories about 12,000 cells
Ž .from four donors Lloyd et al., 1988a; Lloyd et al., 1992 .

Unexpectedly, the dic rates obtained for blood samples
irradiated with up to 50 mGy were lower than this back-
ground rate. Significant variation was observed both among

Ž .the participating laboratories about threefold and the four
Ž .donors 2.5-fold . One of the donors had a markedly

higher background dic rate, and moreover, four metaphases
with two dic were observed in 15,000 of his metaphases
Ž .pooled data for 0, 3, 5, 10, and 20 mGy, respectively .
Since lymphocytes from this donor did not show increased
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radiation sensitivity an undocumented previous exposure
appears to be the most likely explanation for the unusual
dic rate observed. In a much larger second experiment
conducted by the same group of investigators the back-
ground dic rate observed in 60,000 cells from 20 donors
were 60% lower than in the previous experiment. Irradia-
tion with 30 mGy already doubled the background level
Ž .Lloyd et al., 1992 .

Reports on control populations that do not present dic
results separately but rather group dic together with rings,

Žtranslocations, and ‘abnormal chromosomes’ Galloway et
.al., 1986 are useless for the determination of the back-

ground rate for dic. This is, however, not always appreci-
Ž .ated Bender et al., 1988b .

For the purpose of this paper, published data on the
background rates for dic were combined using a weighted
average with the number of metaphases analysed used as

Ž .weights Table 4 . Further to studies with evidence for
contaminated samples we excluded data from experiments

Žwithout M1rM2 discrimination Obe et al., 1977; Richard-
.son et al., 1984 , as well as sources where only combined

Žrates for dic and centric r were reported De Jong et al.,
.1988 . The weighted average of the remaining nine studies

Žwas 0.54 dicr1000 95% CI based on a Poisson distribu-
.tion: 0.472–0.629 metaphases. These studies altogether

represent 367.366 metaphases from more than 2200 donors.

The Radiation-Induced Proportion of the Background Rate
for Dic
Using numerical values of the model parameters derived

Ž .above, Eq. 3 yields the dic rate which would be expected
if radiation were in fact the only clastogen capable of
inducing dic in human peripheral blood of unexposed

Ž Ž ..controls in ÕiÕo Eq. 5 .

5.02=10y5)0.011
y ss y31.285=10

dicr metaphase)mSv )mSvrdŽ .y4s4.30=10
1rd

dic
y4s4.30=10 5Ž .

metaphase

With a weighted average of the data on the background
aberration rate in unexposed controls of 5.4=10y4

dicrmetaphase we obtain the fraction of ‘explained’ back-
ground rate:

4.3=10y4r5.4=10y4 s80.0%

Hence, according to this model 80.0% of the dic rate in
unexposed controls is explained in terms of average radia-

tion exposure from natural and man-made sources. The
explained fraction of the background rate of dic depends
on the numerical estimates for the linear dose–response
coefficient and the decline constant as well as on the total

Ž .annual dose to the lymphoid tissue Table 5 .
Interpreting this value with respect to the question of

specificity of the dic-assay for the detection of radiation
exposure, it should be considered that parameter estimates
were conservative in several independent instances.

–Co-60 data were used to represent low-LET radiation
such as terrestrial gamma radiation and the gamma-emit-

Ž .ting natural radionuclides K-40, C-14 . In fact, a consider-
able proportion of the ‘low energy’ component of the
natural background radiation has considerably higher LET
than Co-60 gamma rays. Likewise, medical radiation, by
far the most common man-made exposure in industrialized
countries mainly uses X-rays in the 60–80 keV energy

Žrange. In mammography even lower energies around 30
.keV are used. In the majority of the X-ray experiments

Ž .Table 2 , however, higher radiation energies and hence
lower LET radiation was used.

–Medical radiation dose is likely to be underestimated.
For Germany 1.5 mGy were published as an official
estimate for the average exposure of the general popula-
tion. Other sources reported doses as high as 2.06

Ž .mGyryear Adzersen, 1991 . Data on the frequency of
medical X-ray application are based mainly on statistics
related to health plans and reimbursement. They are thus

Žlikely to be incomplete repeated films, technically unsatis-
.factory films are not counted . Another uncertainty con-

cerns the patient dose. Results from phantom measure-
ments are used to derive population doses from the esti-
mated frequencies of various X-ray investigations. These
laboratory measurements are not only based on standard
body mass, size, and anatomical features but do moreover
assume ‘good practice’. Hence patient dose of a particular
investigation is minimized. This, however, is not realistic
in clinical practice.

On the other hand, about 50% of the patients undergo-
Žing X-ray investigations are over age 65 Bernhardt et al.,

.1995 , whereas many of the unexposed controls studied to
determine the background dic rate are younger. However,
in earlier years, children and young adults had consider-
able exposure doses due to radiological diagnostic for hip

Ždysplasia, scoliosis, and pre-occupational screening see
.Adzersen, 1991 for a review .

Although Germany is among the leading nations in
terms of average exposure to ionizing radiation from medi-
cal sources, similiar figures are reported from other Euro-

Ž .pean countries Schibilla, 1995 as well as Japan and the
Ž .USA Adzersen, 1991 .

–There is considerable evidence from cytogenetic stud-
ies, that the contribution of Radon-222 to lymphocyte dose
and, hence, to the background rate of dicentric chromo-
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somes, is actually higher than assumed in our estimate
ŽBrandom et al., 1978b; Stenstrand et al., 1979; Pohl and
Pohl-Ruling, 1982; Pohl-Ruling and Fischer, 1983;¨ ¨

.Bauchinger et al., 1994, 1996 . The data of Stenstrand et
al. and Bauchinger et al. consistently suggest a percentage
well above the 18.7% assumed in this paper.

–There is considerable evidence that the decline of dic
in peripheral blood lymphocytes is actually slower than
derived herein, and, particularly for longer periods of time,
possibly considerably so.

–The background rates reported in the literature might
not be representative for all segments of the population.
For instance, little is known about the dic rate in unex-
posed children. There is some indication, however, that
background dic rates are actually lower in children than in

Žadults Patil et al., 1972; Prieur et al., 1988; Bender et al.,
.1989; Bauchinger, 1995 . In our laboratory we observed a

dic-rate of only 0.1=10y3 metaphases in a sample of 10
Ž .children five boys, five girls, 9650 metaphases analysed

which is considerably lower than our laboratory control for
Ž .adults Dannheim, 1996; Table 4 . It is noteworthy that

lower background rates for young children are predicted
by the model presented in this analysis. According to the
parameters derived herein, the background rate for adults
would be representative for children over approximately

Ž .10 to 11 years Figure 2 .

Conclusion

In a model analysis the background rate of dic in the
general adult population appears to be almost exclusively
attributable to the clastogenic action of ionizing radiation
from natural and man-made sources.

The sum of the clastogenic action from all other sources
combined, including smoking, alcohol, and drugs could
hence at best account for only a very small proportion of
the background rate. It is equally likely that the back-
ground rate of dic is induced exclusively by ionizing
radiation.

Hence in this approach dic appear to be sufficiently
specific for ionizing radiation to allow for discrimination
of excess radiation exposure from exposures to other envi-
ronmental mutagens and clastogens in the general popula-
tion.

As a consequence, dic appear appropriate as a biomarker
to assess previous exposure to ionizing radiation down to
the low dose range which is of particular interest in
environmental epidemiology.
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