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bstract
Chromosome translocations in peripheral blood lymphocytes of normal, healthy humans increase with age, but the effects of gender, race, and
igarette smoking on background translocation yields have not been examined systematically. Further, the shape of the relationship between age and
ranslocation frequency (TF) has not been definitively determined. We collected existing data from 16 laboratories in North America, Europe, and
sia on TFs measured in peripheral blood lymphocytes by fluorescence in situ hybridization whole chromosome painting among 1933 individuals.
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n Poisson regression models, age, ranging from newborns (cord blood) to 85 years, was strongly associated with TF and this relationship showed
ignificant upward curvature at older ages versus a linear relationship (p < 0.001). Ever smokers had significantly higher TFs than non-smokers
rate ratio (RR) = 1.19, 95% confidence interval (CI), 1.09–1.30) and smoking modified the effect of age on TFs with a steeper age-related increase
mong ever smokers compared to non-smokers (p < 0.001). TFs did not differ by gender. Interpreting an independent effect of race was difficult
wing to laboratory variation. Our study is three times larger than any pooled effort to date, confirming a suspected curvilinear relationship of TF
ith age. The significant effect of cigarette smoking has not been observed with previous pooled studies of TF in humans. Our data provide stable

stimates of background TF by age, gender, race, and smoking status and suggest an acceleration of chromosome damage above age 60 and among
hose with a history of smoking cigarettes.

2008 Elsevier B.V. All rights reserved.

resce

w
o
f
c
i
I
H

o
b
r
a
b
o
a
p
c
n
p
f
f

2

d
I
n
s
l
f
d
c
l
t
t

2

a
p
fi
c
c
r
s
F

eywords: Chromosome translocations; Background frequency; Controls; Fluo

. Introduction

Chromosome aberrations are a biological marker of clasto-
enic exposures and of cancer susceptibility [1–4]. Genotoxic
gents, including chemicals and ionizing radiation, induce
hromosomal aberrations including translocations. Because
ranslocations frequently persist through mitosis so that the
ffected cells and their progeny remain viable, they are of inter-
st as a biomarker because they allow for meaningful assessment
any years after the putative exposure has occurred [5–9].

ncreased frequencies of stable and unstable chromosome aber-
ations are known to occur after radiation exposure and to
ncrease with age. However the effects of gender, ethnicity,
nd lifestyle factors (such as cigarette smoking) on background
ranslocation yields have been difficult to assess due to small
ample sizes [10–15]. For many years chromosome aberration
requencies have been known to increase with age [16–20], but
he relationship between translocation frequencies and age has
ot been well characterized. More precise estimates of back-
round translocation levels in humans are needed [21,22]. Stable
aseline estimates will be very valuable for providing a com-
arison group to study populations that have been chronically
xposed to environmental genotoxins at very low levels. In
uch cases it would be difficult to detect differences unless the
xposed group was large and many thousands of cells are scored
9]. Pooled analyses of translocation data in unexposed indi-
iduals using fluorescence in situ hybridization (FISH) whole
hromosome painting have been conducted among 436 and
85 persons [23,24]. In these and other studies, background
ranslocation frequencies were strongly influenced by age with a
uggestion of an upward curvature at older ages [10–12,23–25].
owever, whether the translocation and age relationship was
odified by gender, race, or smoking has remained unclear.
ere we extend these earlier efforts by expanding the number of

nternational laboratories contributing data using FISH painting
o determine the effects of age, gender, ethnicity, and cigarette
moking on baseline translocation frequencies.

. Methods

.1. Study design and data collection
Potential contributing laboratories with FISH chromosome painting translo-
ation data were identified from knowledge of several co-authors and from
ubMed searches using the MESH terms “radiation dose, human, FISH, cyto-
enetics, chromosome aberrations”. Laboratories and individual investigators

e
d
s
n
c

nce in situ hybridization

ere contacted and asked to provide data on the subjects in their previous or
ngoing studies who were unexposed to ionizing radiation other than radiation
rom natural background sources or routine personal medical diagnostic pro-
edures. Each laboratory sent data on individuals without personal identifying
nformation. This study was based on anonymized data, for which a National
nstitutes of Health human subjects exemption was obtained from the Office of
uman Subjects Research.

A pooled analysis of data from peripheral blood lymphocytes was performed
n 1933 persons from 16 laboratories who were studied either to determine
ackground translocation frequencies or had served as controls in studies of
adiation- or chemical-exposed populations. We requested information on age
t time of blood collection, gender, ethnicity, and cigarette smoking status. New-
orns, from whom cord blood was obtained, were assigned as cigarette smokers
r non-smokers based on the smoking status of the mother during pregnancy. For
ll subjects we collected data on the specific chromosomes painted, number of
aint colors used, number of metaphase cells scored, and the number of translo-
ations counted. Translocations, whether apparently reciprocal (“two-way”) or
on-reciprocal (“one-way”), were counted as a single translocation event. The
remise for the single count was that most non-reciprocal translocations are in
act reciprocal at the molecular level [26] and that under these conditions the
requency of complex rearrangements is negligible.

.2. Blood sample collection and culture methods

All of the blood was collected following informed consent and the blood
rawing had been approved by each laboratory’s human subjects review board.
ndividual laboratories cultured the blood samples and painted various combi-
ations of chromosomes according to their routine practices [10,15,27–35]. The
pecific chromosomes that were painted and the number of colors used by each
aboratory are shown in Table 1. Lymphocyte cultures were incubated typically
or 48 h, which is known to produce cells that are primarily in their first mitotic
ivision in vitro. Some cells were cultured for as long as 72 h. Although these
ultures will contain many cells in their second division, this should not have a
arge effect on the translocation yield because translocation frequencies in cul-
ured human peripheral blood lymphocytes do not show major changes during
he first 72 h [33].

.3. Scoring methodology

Well-spread metaphase cells were considered suitable for scoring if the cells
ppeared to be intact, the centromeres were morphologically detectable and
resent in all the painted chromosomes, and the fluorochrome labeling was suf-
ciently bright to detect exchanges between chromosomes labeled in different
olors. See Fig. 1 for a photograph of exchanges occurring between painted
hromosomes. Clonal cells were identified in some samples from some labo-
atories. Where present, clones were defined as three or more cells with the
ame translocation, and translocations in clonal cells were counted only once.
or some of the laboratories located in Western Europe, only stable cells were

ligible for inclusion. Stable cells were defined as those not containing any
icentric, centric ring, or acentric fragment in either the stained or counter-
tained chromosomes. Because unstable cells are rare among persons having
egligible exposure to radiation, they may be practically ignored as only trivially
ontributing to between-laboratory differences [24]. Conversion of metaphase
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Table 1
Contributing laboratories and descriptive features of chromosome painting techniques

Country Laboratorya Chromosomes paintedb Number of colors
with no counterstain

Fraction of exchanges
detectedc

Average number of
cell equivalents

Range of cell
equivalents

Germany BfS 2, 4, 8 1 0.303 773 608–1184
Canada Health and Welfare 2, 3, 4 3 0.353 420 346–726
Russia CRIRR 1, 4, 12 (primarily) 1 0.302 385 147–1042
Germany GSF 1, 4, 12 1 0.302 548 188–906
United Kingdom HPA 2, 3, 5 1 0.322 935 629–1288
France IRSN 2, 4, 12 3 0.321 479 167–1072
Czech Republic LGE 1, 4 2 0.253 253 246–321
United States LLNL (n = 282) 1, 2, 4b 1 0.343 826 216–1944
United States LLNL (n = 512) 1, 2, 4 and 3, 5, 6 2 0.559 996 203–2259
The Netherlands LUMC 1, 4, 8 3 0.33 433 164–662
United States ORAU 1, 2, 4 1 0.343 544 380–1279
Japan and China NIRS & NIRP & CCDCP 1, 2, 4 1 0.343 1536 224–7437
Japan RERF 1, 2, 4 1 0.343 172 144–206
Korea SNU 1, 4 2 0.253 127 127–127
Finland STUK 1, 2, 4 1 0.343 642 502–1199
Spain UAB 1, 4, 11 1 0.302 444 358–530
United Kingdom WRI 1, 3, 4 (primarily) 1 0.328 386 321–656

a BfS: Federal Office for Radiation Protection; CRIRR: Central Research Institute of Roentgenology and Radiology; GSF: National Research Center for Environment
and Health, Institute of Radiobiology; HPA: Health Protection Agency, Radiation Protection Division (formerly the National Radiological Protection Board (NRPB));
IRSN: Institut de Radioprotection et Sûreté Nucléaire; LGE: Laboratory of Genetic Ecotoxicology; LLNL: Lawrence Livermore National Laboratory; LUMC: Leiden
University Medical Centre; NIRS: National Institute of Radiological Sciences; NIRP, CCDCP: National Institute for Radiological Protection, Chinese Center for
Disease Control and Prevention; ORAU: Oak Ridge Associated Universities; RERF: Radiation Effects Research Foundation; SNU: Seoul National University; STUK:
Radiation and Nuclear Safety Authority; UAB: Universitat Autonoma de Barcelona; WRI: Westlakes Research Institute.

b Some laboratories reported painting other chromosomes or varying the number of colors: CRIRR had 7 subjects (16%), LLNL had 14 subjects (5%), and WRI
had 23 subjects (17%) for which the chromosome painting descriptions differed slightly from the table. These differences were included in the calculations for the
aggregated data.

c The fraction of exchanges detected was calculated using equations appropriate for one- to three-color paints [36] and was based on the DNA content of the painted
chromosomes [37]. The proportion of genome coverage differs slightly for males and females due to the larger size of the X compared to the Y chromosome and
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ome laboratories adjust for these gender differences in their calculations. For e
han for women, however the calculations for the aggregated data were perform

ells scored to whole-genome equivalents (defined as cell equivalents or CEs)
as calculated using equations appropriate for one-color to three-color paints
36]. Due to small variations in the methods that each contributing laboratory
sed to calculate CEs, we re-calculated them in a standardized manner based
n the DNA content of the painted chromosomes [37], including the X and Y
hromosomes according to the gender of each donor.

ig. 1. Human cell with an apparently reciprocal chromosome translocation
arrows) detected by fluorescence in situ hybridization (FISH) using whole chro-
osome paints. Chromosome pairs 1, 2, and 4 are painted red, and 3, 5, and 6

re painted green.
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f presentation we show here the proportion for men, which is minimally larger
ing gender-specific equations as described in the text.

.4. Data inclusion criteria

The data for individual subjects were considered eligible for inclusion
f they met the following criteria: complete information on gender, race,
ge, and smoking status; 100 or more CEs evaluated; and no exposure
o ionizing radiation except for natural background levels or for routine

edical diagnostic procedures. In total there were data available for 2067
ndividuals. We excluded 127 subjects due to missing data on age, gen-
er, race or smoking; 4 subjects were eliminated because they had fewer
han 100 CEs evaluated; 3 subjects were removed because they had under-
one prior therapeutic radiation, leaving a total of 1933 subjects who
ere evaluated. Of these, 1400 subjects had at least 300 CEs scored, and
33 subjects had more than 100 CEs but fewer than 300 CEs evalu-
ted.

.5. Statistical methods

For each individual, we calculated the translocation frequency (TF) as
he number of translocations per 100 CEs. While called “frequency”, for
tatistical purposes this should more appropriately be thought of as a rate,
ence comparisons between groups are rate ratios. Means and standard devi-
tions of TFs were calculated within 5-year age intervals and by categories
f other covariates. Poisson regression was used to evaluate the associa-
ion between TFs and the covariates of age, smoking cigarettes (ever vs.

ever), gender, race (Asian, Black, White, Other), and laboratory, by estimat-
ng rate ratios for categories of one covariate relative to a reference category
djusted for all other covariates. A Pearson scale factor was used to correct
or over-dispersion. All calculations were performed with EPICURE software
38].
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Fig. 2. Translocation frequencies per 100 CEs by age, with means and 95% con-
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with a linear slope and loglinear curvature term for Central
and Eastern European and North American laboratories with
all slope and curvature parameters significantly larger than zero
(p < 0.01 and p < 0.01 for Central and Eastern Europe, respec-
A.J. Sigurdson et al. / Mutati

The shape of the relationship between TF and age was evaluated based on a
inear-exponential model

F(age) = α + β∗age∗exp(γ∗age)

here the intercept α represents the translocation rate at age 0 (i.e., birth), the
inear slope parameter β represents the increase in translocation rate per year
f age, and the loglinear curvature parameter γ measures downward concavity
γ < 0) or upward convexity (γ > 0) with age, and thus the degree of departure
rom linearity. A test of the null hypothesis, γ = 0, is a test of no departure from
linear relationship in age. For convenience in fitting this model, exp(α*) and

xp(β*) replace α and β, respectively, to avoid range restrictions on the parame-
ers. We considered other ways to model non-linearity, including fully loglinear

odels with and without a quadratic term for age. Models were compared by
isual inspection of the corresponding plots and by assessing the goodness of fit
ased on the deviance, even though not all of these models are nested and formal
tatistical comparisons based on the deviance were therefore not possible.

We evaluated potential modifications of the relationship between TF and age
y smoking, gender, race, and laboratory using likelihood ratio tests to assess
hether the slope or curvature, or both, varied across categories of the potential

ffect modifier. To assess the main effect of laboratory and its potential role as a
odifier of the relationship between TF and age, we collapsed the 16 laboratories

nto four geographic regions: Asia included laboratories located in Japan and
orea; Central and Eastern Europe included laboratories in the Czech Repub-

ic and Russia; North America included laboratories in the United States and
anada; Western Europe included laboratories in the United Kingdom, France,
pain, Germany, Finland, and The Netherlands.

We evaluated the consistency of our results by using several approaches.
e stratified by geographic region and also further restricted our analyses to

ndividuals in whom 300 CEs or more scored. We ultimately relied on data based
n at least 300 CEs to reduce the inter-laboratory variability in TF scoring.

. Results

Table 1 displays the descriptive features of the chromosome
ainting and average number of cell equivalents analyzed by
ach laboratory. A total of 1933 persons were included, who
anged in age from zero (cord blood from newborns) to 85
ears with a mean age of 43 years of whom 39% were women,
% Asian, 13% Black, 75% White, and 2% were other races
Table 2). Thirty-nine percent reported ever (current or for-
er) cigarette smoking. Means of the translocation frequencies

y age for all the study subjects combined and by gender are
hown in Table 3. These unadjusted translocation frequencies
ere slightly lower in women than men up to about age 50, and

hen became higher among women than men. The rate ratios,
hich were restricted to those for whom at least 300 CEs were

cored and were based on a multivariate model including all
ovariates, increased with age, and were marginally lower in
omen compared to men. Rate ratios were significantly higher

mong cigarette smokers compared to non-smokers (rate ratio
RR) = 1.19; 95% confidence interval (CI), 1.09–1.30) (Table 4).
he rate ratios for Asian and those of other races were not sig-
ificantly different from Whites, however, Blacks had lower TFs
ompared to Whites (RR = 0.84; 95% CI, 0.71–0.99). TFs from
aboratories in Asia and Western Europe were not statistically
ignificantly different from North American laboratories, but
entral and Eastern European laboratories were associated with

igher TFs (RR = 1.75; 95% CI, 1.24–2.47) compared to the
ther laboratories.

The slope and curvature terms of a model for age were
stimated to be larger than zero and were highly statistically

F
p
w
s
l

dence bounds for age in 5-year categories for all 1933 subjects. The equation for
he line is TR(age) = 100(exp(−7.925) + exp(−9.284)*(age*exp 0.01062*age))
here TR is the translocation rate and age is in years.

ignificant (p < 0.001 for both). The model fit the data well
Fig. 2) and resulted in a lower deviance (4186.6) compared to
loglinear model with a quadratic term (4235.8) with a similar
umber of parameters, although the models are not nested and
ormal statistical comparisons based on the deviance are there-
ore not possible. These results indicate that the TF increases
ith increasing age and that upward curvature occurs for ages

bove 60 years. Excluding individuals from whom fewer than
00 CEs were scored resulted in slightly lower age-specific mean
Fs with the difference between the curves becoming more pro-
ounced at older ages, but a linear model with loglinear curvature
erm resulted in highly significant parameter estimates (p < 0.001
or both) and continued to describe the data best (Fig. 3).

Age-related TFs differed significantly between geographic
egion (p < 0.001), and the age-specific TFs were best described
ig. 3. Age-specific translocation frequencies using all the data (N = 1933) com-
ared to the plot using data restricted to individuals for whom at least 300 CEs
ere evaluated (N = 1400). Age-specific mean translocation frequencies were

lightly lower when the data were limited to 300 CEs or greater, however, a
inear model with a loglinear curvature term continued to fit the data best.
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Table 2
Demographic characteristics and cigarette smoking status of all individuals by laboratory from whom at least 100 CEs were scored

Laboratorya Number of
individuals

Gender Age (years)b Race Cigarette smoking

Male Female Mean Min Max Asian Black White Never Ever

BfS 53 33 20 48 21 85 0 0 53 18 35
Health and Welfare Canada 15 8 7 41 27 65 0 0 15 4 11
CRIRR 45 26 19 29 3 81 0 0 45 32 13
GSF 53 36 17 47 9 84 0 0 53 47 6
HPA 47 34 13 40 20 64 1 20 26 36 11
IRSN 35 20 15 39 20 67 0 0 35 21 14
LGE 346 275 71 34 6 65 0 0 346 263 83
LLNLc 794 378 416 22 0 79 9 237 509 437 357
LUMC 35 18 17 45 24 70 0 0 35 29 6
NIRS and NIRP 32 16 16 51 10 71 32 0 0 24 8
ORAU 52 49 3 42 24 55 0 1 51 26 26
RERF 113 44 69 67 50 85 113 0 0 71 42
SNU 27 27 0 36 20 55 27 0 0 10 17
STUK 127 79 48 49 17 72 0 0 127 95 32
UAB 21 11 10 38 23 61 0 0 21 13 8
WRI 138 132 6 56 0 84 0 0 138 52 86

Total 1933 1186 747 43 0 85 182 258 1454 1178 755
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a See footnote in Table 1 for laboratory name and country.
b Min, minimum; Max, maximum.
c The numbers for race do not sum to the total due to 39 individuals with race

ively, p < 0.01 and p < 0.001 for North America, respectively).
n contrast, the curvature term for Western European labora-
ories was not significantly different from zero (p = 0.40) so

hat the relationship between TF and age was best described
ith a linear slope term alone (Fig. 4). Age-related TFs were
est described with a log-linear model for the Asian laborato-

a
6
h

able 3
ean translocation frequencies and 95% confidence intervalsa (CI) per 100 cell equiv

cored

ge group (years) Number of
persons

All Number of
men(95% CI)

Mean Lower Upper

0 296 0.04 0.03 0.05 149
1–4 3 0.22 0.03 1.99 1
5–9 38 0.15 0.07 0.32 19

10–14 29 0.29 0.21 0.42 20
15–19 65 0.20 0.15 0.27 17
20–24 191 0.24 0.21 0.29 76
25–29 177 0.42 0.36 0.48 95
30–34 138 0.41 0.34 0.48 81
35–39 154 0.52 0.46 0.60 107
40–44 141 0.67 0.59 0.77 106
45–49 152 0.91 0.81 1.02 124
50–54 140 0.86 0.76 0.96 121
55–59 112 0.91 0.80 1.04 82
60–64 87 1.19 1.04 1.35 58
65–69 102 1.22 1.06 1.40 62
70–74 61 1.50 1.31 1.72 36
75–79 22 1.71 1.36 2.14 14
0+ 25 1.81 1.39 2.36 18

otal 1933 1186

a The confidence intervals were based on the asymptotic normal distribution of the
og translocation frequency. The Poisson model also included a scale factor to acco
2-test divided by its degrees of freedom.
nated as “other”.

ies. Age-specific translocation frequencies under 60 years were
ighest in Central and Eastern European laboratories, interme-
iate in the Asian laboratories, and similar for North American

nd Western European laboratories. For individuals over age
0 years, the age-specific translocation frequencies remained
ighest in the Central and Eastern European laboratories, inter-

alents by age and gender for all individuals from whom at least 100 CEs were

Males Number of
women

Females

(95% CI) (95% CI)
Mean Lower Upper Mean Lower Upper

0.04 0.03 0.06 147 0.03 0.02 0.05
0.33 0.02 7.36 2 0.17 0.01 2.87
0.11 0.03 0.39 19 0.19 0.08 0.46
0.22 0.14 0.36 9 0.49 0.31 0.80
0.20 0.09 0.43 48 0.20 0.15 0.27
0.38 0.29 0.50 115 0.20 0.16 0.24
0.60 0.49 0.73 82 0.30 0.25 0.37
0.53 0.42 0.66 57 0.30 0.24 0.39
0.65 0.56 0.77 47 0.31 0.23 0.40
0.67 0.57 0.78 35 0.70 0.53 0.91
0.92 0.81 1.04 28 0.87 0.68 1.11
0.83 0.73 0.94 19 1.06 0.81 1.38
0.93 0.80 1.08 30 0.87 0.69 1.09
1.14 0.97 1.33 29 1.31 1.07 1.61
1.16 0.95 1.41 40 1.29 1.07 1.56
1.49 1.23 1.80 25 1.52 1.26 1.82
1.60 1.21 2.10 8 1.99 1.38 2.87
1.65 1.21 2.24 7 2.66 1.61 4.38

747

estimated Poisson regression coefficient representing the expected age-specific
unt for overdispersion. The scale factor was estimated as the overall Pearson
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Table 4
Multivariate adjusted rate ratios by descriptive characteristics for individuals with 300 or more cell equivalents scoreda

Descriptive
characteristics

Number of subjects
(N = 1400)

Average number
of cell equivalents

Number of
translocations

Rate ratio 95% CI

Age
0 294 985 103 0.06 (0.04–0.09)
1–4 2 373 2 0.27 (0.03–2.36)
5–9 7 424 3 0.11 (0.02–0.66)
10–14 20 1229 75 0.47 (0.31–0.70)
15–19 60 854 99 0.35 (0.24–0.49)
20–24 148 834 265 0.37 (0.29–0.48)
25–29 119 816 361 0.64 (0.52–0.80)
30–34 81 815 229 0.57 (0.45–0.74)
35–39 106 761 375 0.77 (0.62–0.96)
40–44 93 730 425 1.00 (referent)
45–49 99 694 533 1.27 (1.05–1.55)
50–54 96 745 542 1.25 (1.03–1.52)
55–59 86 686 501 1.37 (1.12–1.67)
60–64 61 726 488 1.78 (1.45–2.18)
65–69 53 578 300 1.60 (1.27–2.03)
70–74 48 650 446 2.29 (1.85–2.82)
75–79 15 651 154 2.52 (1.91–3.35)
80+ 12 435 72 2.03 (1.38–3.00)

Gender
Male 811 737 3298 1.00 (referent)
Female 589 895 1675 0.92 (0.83–1.03)

Smoking
Non-smokers 804 813 2610 1.00 (referent)
Smokers 596 791 2363 1.19 (1.09–1.30)

Race
White 1064 730 4061 1.00 (referent)
Asian 41 1027 452 1.23 (0.63–2.38)
Black 256 1445 392 0.84 (0.71–0.99)
Others 39 673 68 1.06 (0.72–1.57)

Laboratory regionb

North America 856 908 2438 1.00 (referent)
Asia 31 1578 371 0.86 (0.43–1.72)
Central and Eastern Europe 29 476 86 1.75 (1.24–2.47)
Western Europe 484 589 2078 0.99 (0.89–1.09)

a To calculate the absolute expected translocation rate for a given combination of values of the covariates shown, multiply the estimated model intercept, i.e., 0.59,
by the relative effects shown in the table, e.g., for a 62-year-old Black male smoker who was evaluated in a North American laboratory, the expected translocation rate
is calculated as 0.59 × 1.78 × 1.00 × 1.19 × 0.84 × 1.00 = 1.04 translocations per 100 cells. The equation does not account for any effect modification by cigarette
smoking or race.
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b Asia: NIRS and NIRP, RERF, SNU; Central and Eastern Europe: CRIRR, L
fS, GSF, HPA, IRSN, LUMC, STUK, UAB, WRI.

ediate in the Asian and North American laboratories, and
owest in the Western European laboratories.

Smoking significantly modified the TF and age relation-
hip (p < 0.001) when the data were restricted to individuals
ith at least 300 CEs scored, with ever smokers having steeper

ge-specific TFs than non-smokers (Fig. 5). Gender did not sig-
ificantly influence the age-specific translocation frequencies
hen the data were restricted to those with at least 300 CEs

cored (p = 0.10, Fig. 6).
Race significantly altered the relationship between TF and
ge (p = 0.002) when at least 300 CEs were scored (Fig. 7).
sians tended to have higher TFs than Blacks, with the TFs for
hites being more similar to Blacks at young ages (<50 years)

nd more similar to Asians at older ages (>50 years).

s
e
E
t

North America: Health and Welfare Canada, LLNL, ORAU; Western Europe:

. Discussion

We have shown that chromosome translocation frequencies
expressed per 100 CEs) in peripheral blood lymphocytes of
ormal, healthy people increase with increasing age. The data
ndicated an upwardly curving relationship, i.e., the rate of
ncrease is also increasing with age. We further evaluated the
onsistency of this observation by restricting the data analyzed
o the scoring of at least 300 CEs per subject, which reduced the
ariability. The shape of the relationship remained unchanged,

upporting our observation that at older ages there was an appar-
nt acceleration in chromosome damage after about age 60.
ver smoking cigarettes appeared to be related to higher TFs

han for never smokers. Smoking further modified the TF and
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Fig. 4. Translocation frequencies per 100 cell equivalents by age and geographic
region of laboratory. The Geographic laboratory region significantly altered the
age and translocation frequency relationship (p < 0.001). Laboratories associ-
ated with their respective geographic regions were: Asia: NIRS, RERF, SNU;
Central and Eastern Europe: CRIRR, LGE; North America: Health and Wel-
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are Canada, LLNL, ORAU; Western Europe: BfS, GSF, HPA, IRSN, LUMC,
TUK, UAB, WRI. Number of control individuals for each laboratory region
re in parentheses.

ge relationship with a steeper increase in smokers than non-
mokers. Female gender was associated with a non-significantly
ower TF but gender did not alter the TF and age relationship
hen accounting for the effect of smoking, race, and laboratory.
e found significant differences in TFs between geographi-

ally diverse laboratories, indicating possible differences in the
uman populations studied, or more likely, that laboratory prac-
ices differed in unique aspects, which introduced variability.
lthough the TFs significantly differed by race, it was very dif-
cult to distinguish completely a race effect from a laboratory
ffect.

Nearly all studies have reported age as a strong predictor of
Fs [11,12,15,23–25] but upward curvature at older ages was

ot consistently observed. We definitively demonstrate the pres-
nce of upward curvature at older ages in this report. The data
rom the Western European laboratories did not completely con-
orm to this relationship, although an earlier report consisting of

ig. 5. Translocation frequencies per 100 cell equivalents by age and smok-
ng status. Ever having smoked cigarettes significantly altered the age and
ranslocation frequency relationship, p < 0.001. Number of individuals appears
n parentheses.

s
c
A

F
i
i

ig. 6. Age-specific translocation frequencies by gender. Gender did not signifi-
antly modify the age and translocation frequency relationship, p = 0.09. Number
f individuals appears in parentheses.

early all of the same laboratories noted the presence of some
pward curvature [24]. An explanation for the difference was
hat an additional Western European laboratory was included in
he present analysis and the TFs from this laboratory were lower
t older ages.

The frequency of stable translocations is thought to increase
ith age because they are induced throughout life and undergo

ittle negative selection during mitosis [33,39,40]. However,
he reason(s) translocation frequencies increase in a curvilin-
ar manner is unknown. Several age-related mechanisms may
xplain this observation. Age-related increased exposure to
xternal clastogens may occur, e.g., diagnostic X-rays, and while
his may explain part of the increase in TFs at older ages, it seems
nlikely that the increase occurring between birth and age 20 is
aused by medical X-ray exposure. Increases in internal clasto-
enic activity with age, such as reactive oxygen species, may be
ossible but such a relationship with the induction of chromo-

ome exchanges has not been established. Similarly, age-related
hanges in double strand break repair remain largely unexplored.
decrease in the population renewal rate of T-lymphocytes with

ig. 7. Age-specific translocation frequencies by race. Race significantly mod-
fied the age and translocation frequency relationship, p = 0.003. Number of
ndividuals appears in parentheses.
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ge is also possible, but again, the effect on TFs is unknown. Of
elevance here is the observation that the frequency of dicentrics
having two centromeres) appears to increase with age [11,41].
ince cells with dicentrics undergo strong negative selection
uring mitosis [42], at steady state their frequency will remain
roportional to their rate of induction provided that the above-
entioned mechanisms are not operational. However, the fact

hat the frequency of dicentrics does increase with age argues
n favor either for an increase in their rate of formation or a
ecrease in their rate of selection, or both, rendering support to
ne or more of the described scenarios. While at present it is not
ossible to distinguish between these possibilities, the dicentric
ata provide corroborative support for the notion that the rate of
ormation and/or the rate of negative selection are not constant
ver the human life span.

The present study is the most definitive to date to show that
igarette smoking increases TFs. The only other large pooled
tudy on this topic of evaluated 385 individuals from West-
rn Europe, and this study did not find a significant effect of
moking on TF [24]. Pooled studies, with very large sample
izes, may facilitate the detection of effects such as smoking on
F. In addition, we conducted multivariate modeling, i.e., we
llowed for statistical adjustment of other factors, which also
ay have permitted us to identify a smoking effect. However,
e can only speculate whether the effect of smoking was bio-

ogically meaningful. The study was not designed to evaluate
pecific chromosome translocations or disease outcomes, such
s cancer, so a relationship between cigarette smoking and other
ealth outcomes can only be inferred [43,44].

Gender did not affect TF, in agreement with several previ-
us studies conducted among control populations [23,24]. We
ere unable to distinguish the separate effects of laboratory and

ace, especially with respect to differences between TFs among
sians compared to Blacks. It appeared that Blacks may have

ower TFs than Whites. Future work in the same laboratory or in
ultiple laboratories with adherence to standardized procedures

nd with a robust study design will be required to determine
hether the differences detected among races are real.
The age-specific background TFs provided in this report will

e valuable to future studies for comparison when assessing the
iological effects of environmental exposure or to provide data
or sample size and power calculations. Moreover, our data could
e used for comparison values in retrospective exposure studies
here physical dosimetry is uncertain or unavailable.
Our pooled study from 16 international laboratories has sev-

ral strengths including a sample size that was far larger than
hat attainable by a single institution. This allowed us to conduct
tatistical modeling and to carry out several sensitivity and strati-
ed analyses to examine the consistency of the relationships we
bserved. Inter-laboratory differences contributed to the vari-
bility in TFs, underlining the importance of inter-laboratory
omparisons, especially in samples with low translocation yields
5].
This study has several limitations. While we were able to
valuate certain specific covariates for the questionnaire data
hat were common among the different laboratories, these were
imited to age, gender, race, and smoking status (ever/never).

R
G

search 652 (2008) 112–121 119

uture studies should consider effects of other lifestyle factors
n TFs such as alcohol consumption, and should be designed to
btain more detailed smoking histories than were possible in the
resent, retrospective, effort. A prospective study is needed that
ould evaluate age, race, and other under-studied sub-groups

o maximize the information gained. TFs exhibit a wide range
f inter-individual variability, much of which is unexplained.
aboratory differences appear to be a significant factor but the
ariability could be related to underlying genotypes. A prospec-
ive study could also genotype each research subject for several
aplotype-tagging variants in genes involved in DNA repair,
elomere maintenance, apoptosis, cell cycle checkpoint control,
nd others that could help determine the source of the variabil-
ty in TFs. Some efforts have already been undertaken following
his line of inquiry [45–47]. The data presented here are sparse
or some age-specific strata, particularly between ages 1 and 5,
nd 75 years and older. Another limitation concerns the possibly
arying level of diagnostic radiation exposure for the popula-
ions from each of the contributing laboratories, which could
ffect the baseline levels of translocations since they represent
umulative exposure and may have contributed to the obser-
ation of upward curvature at older ages. However, we were
nable to evaluate the effect of personal X-ray examinations in
he present study.

Chromosome aberration frequencies have increasingly been
sed for the study of various occupational and environmental
xposures [2]. The availability of a resource for comparison,
uch as we have provided with this pooled study of existing data,
hould prove beneficial. The usefulness of this resource pre-
umes the research laboratory follows procedures that are similar
o those presented here, whether the putative exposure is to radi-
tion or to chemicals. It is clear that despite concerted attempts to
educe inter-laboratory variation, there remain unique influences
f the individual laboratories that are unlikely to be resolved
ithout addressing the reasons for the underlying variability.
In summary, we found that the relationship between age and

F was best described as linear at younger ages with upward cur-
ature at older ages. The reason for the acceleration of TFs over
ge of 60 is not known. The age-specific TFs were significantly
odified by smoking. However, without knowing other health-

elated outcomes (such as cancer occurrence) it is difficult to
onclude that the increased TF in ever smokers was biologically
mportant for disease risk. We did not detect a modifying effect
f gender, and the influence of race was difficult to interpret
iven the laboratory variation. We have provided an interna-
ional resource for comparing TFs in control populations, i.e., in
eople who are unexposed to ionizing radiation and chemicals
xcept for normal background levels and small medical diag-
ostic exposures. These data may be used in designing future
tudies and for evaluating instances of accidental or occupational
adiation exposure.
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