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Abstract.

Purpose: To evaluate the cumulative y-radiation personal exposure
by analysing lymphocyte chromosome translocations using FISH
painting and to compare FISH-derived biodoses with those
derived from retrospective physical dose reconstruction in resid-
ents receiving chronic low dose-rate y-irradiation while living in
radio-contaminated buildings.

Materials and methods: Chromosome translocation frequencies were
evaluated by scoring 933 to 3077 metaphases under fluorescence
microscope for each of the five male and four female exposed
individuals after they had relocated from the radioactive environ-
ment for 34-82 months. FISH painting was conducted using kits
of whole-chromosome probes for chromosomes 1, 2 and 4 in
orange and 3, 5 and 6 in green and counter-stained with
4',6-diamidino-2-phenylindole (DAPI). The retrospective dose
estimation termed Taiwan Cumulative Dose (TCD) was con-
ducted by assessment using detailed information of historical
exposure and the environmental radioactivity for each apartment
during previous residency.

Results: A total of 20 244 well-prepared metaphases were scored.
Biodoses were calculated from the translocation frequencies and
physical doses were estimated from detail questionnaires for each
individual. The translocation frequencies measured ranged from
2.2x107° to 26.8x 107" translocations per cell and the dose
equivalent from 52.2 to 992.2mSv. A good correlation was
observed between the physical and biodoses. A plot of TCD
against FISH-derived doses produced Dgy, =0.65 Drep, when
fitted by a linear model, and Dgy, =0.53 Dyep + 1.26 X 107"
D%CD, when fitted with a linear—quadratic model. Given the
scatter in the data and the extremely small quadratic dose
contribution, neither model could be ruled out.

Conclusion: Chromosome translocations provide a valid method
of dose estimation in extremely protracted low dose-rate
y-radiation exposure. Validation of the TCD method by
FISH-measured translocations supports the use of TCD for
epidemiological studies.
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1. Introduction

A fast and reliable approach to estimate the dose
for individuals chronically exposed to ionizing radi-
ation over a protracted period is essential. In past
studies, biological methods of dose estimation
methods have been used in cases such as the A-bomb
survivors, the nuclear accident at Chernobyl
(Salassidis et al. 1995), occupational exposures
(Straume ¢t al. 1992), and astronauts travelling in
space for several years (Straume and Bender 1997).
These studies were mainly conducted on individuals
with short-term acute high doses of exposure. The
dose reconstruction for individuals with previous
long-term and low dose-rate radiation exposure has,
however, seldom been reported.

From late 1982 to 1983, 20000 tons of *’Co-
contaminated steel were produced and accidentally
used in civilian construction in Taiwan (Chang and
Kau 1993, Chang et al. 1997a). Until the end of
1999, more than 100 building complexes, 1600 apart-
ments, and school classrooms were confirmed to have
elevated levels of y-radioactivity in the living environ-
ments. More than 6000 citizens were identified who
had been exposed to protracted low dose-rate y-
radiation exposure in Taiwan (Chang 1993). Most
were exposed to a daily excess low dose-rate -
irradiation in their living environments over several
months and for up to > 10 years. Studies on these
low dose-exposed cohort populations have provided
several interesting observations, including increased
frequencies of lens opacities (Wang et al. 1999, Chen
et al. 2001), elevated levels of DNA damage such as
lymphocyte micronuclei (Chang et al. 1997b), persist-
ent depression in the haematopoietic cells, e.g.
decrease in the peripheral neutrophils (Chang et al.
1999a), altered distribution in lymphocyte subpopula-
tions (Chang et al. 1999b), and delay in physical
height development in children (Wang et al. 2001).

In order to understand the dose-response in vari-
ous health outcomes, a physical dose reconstruction
programme was initiated in 1994 by a NOISH
prototypical model (Cardarelli et al. 1997) and later
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modified by incorporating ‘highly occupied zone’
approach and termed the “Taiwan Cumulative Dose’
or TCD for the derived dose estimation (Hwang et al.
1998). The TCD model is based on the cumulative
exposure duration of the individuals in the specific
environment and conditions of exposure, and
addresses factors such as geometry and physical
layout of indoor rooms, living styles and change in
seasonal occupancy patterns, background radioactiv-
ity, and *’Co decay in the radioactive environment.
Upright sitting or standing positions were assumed
during environmental surveillance for the exposure.
The TCD estimation was, therefore, designed to
represent exposure of the whole body trunk and
acted as a surrogate for bone marrow exposure. The
average excess dose-rate derived from TCD was
estimated to be ~30-40mSv year ' for most of
these individuals. However, because of uncertainty
due to imprecise recall of residence history over such
extended periods of residency and variation in living
locations, the doses estimated by physical dose recon-
struction or the TCD model need further validation.
An appropriate biodosimetric model for estimating
cumulative exposure in these exposed individuals is
thus required.

Chromosome translocation frequencies have been
used to estimate doses of exposure even decades after
whole-body radiation exposure. For example, six
rhesus monkeys were exposed to acute single-dose
whole-body proton irradiation ranging from 0.56 to
2.25Gy in 1965 and were shown to have good
agreement between dose estimated by calculating
frequencies of reciprocal translocations using human
chromosome painting three decades later (Lucas et al.
1996). Estimated dose using FISH analysis after
decades were shown to be approximately the same
as those estimated by translocation frequencies meas-
ured using G-banding for 20 Hiroshima A-bomb
survivors exposed in 1945 and four accident victims
who worked at the Y-12 plant in Oak Ridge in 1958
(Lucas et al. 1992). In another study the dose received
by a radiation worker with 36 years of occupational
exposure to lonizing radiation was estimated to be
0.56 Sv, based on his exposure record during that
period; using FISH-painted chromosome transloca-
tion analysis (Straume et al. 1992), his biodose was
estimated to be 0.6 Sv. Chromosome painting has
also been employed to evaluate the stability of sym-
metrical translocations in 12 highly irradiated liquid-
ators of the 1986 Chernobyl accident from blood
samples collected from September 1991 to July 1994
(Salassidis et al. 1995). These studies suggest that
analysis of translocation frequencies in peripheral
lymphocytes is a feasible biodosimeter for historical
exposure.

Some studies have, however, suggested that the
maintenance of a constant level of stable reciprocal
translocations cannot be expected from FISH paint-
ing for translocations, particularly on bone marrow
involved during fractionated photon radiotherapy or
partial-body exposure (Huber et al. 1999). Another
study also suggested limited stability beyond 2 years
for the yield of translocations in peripheral lympho-
cytes after whole-body exposure (Lindholm et al
1998a), or in the case of partial-body irradiation.
Negative result have also been found in subjects
3540 years after protracted exposure to low dose-
rate external y-rays, so that the natural loss of
translocation-bearing peripheral lymphocytes cannot
fully be compensated so that a temporal decline even
of transmissible aberrations takes place (Salassidis
et al. 1998).

For dose estimation using chromosome transloca-
tions measured by FISH painting, a calibration curve
and background translocation frequencies are
required. The wa-coefficient is the slope of a linear
dose—response curve or the initial linear portion of a
linear—quadratic dose-response curve. It dominates
the radiation-induced translocations for acute expo-
sure at <0.4 Gy (Lucas et al. 1995), and for other
exposures at low-to-moderate dose-rate. Alpha
coefficients for full genome-corrected values of chro-
mosome aberrations in human lymphocytes analysed
by FISH painting have been reported as
0.022 +0.010 translocations per cell Gy~ ' (Lucas
et al. 1995) or 0.008 = 0.008 (Lindholm et al. 1998b)
per cell Gy ™' when irradiated by acute *’Co y rays
at room temperature, while 0.009%0.018 was
reported for cells irradiated at body temperature
(Finnon et al. 1999). However, the wide range of
standard errors would yield large uncertainties when
employed for dose estimation at low-to-moderate
doses. Recently, a continuous low dose-rate "’Co
irradiation for human lymphocytes at body temper-
ature was conducted and «=0.024+0.002 per
cell Gy~ was derived (Hsieh et al. 1999, Lucas ef al.
1999a). With its small standard deviation, this o was
employed for the following studies.

Age-specific background chromosome aberrations
were reported based on the observation of 1100
metaphases in eight newborns and 47 healthy adults
from 19 to 77 years previously (Tucker et al. 1994).
A recent study collecting samples from different
ethnic groups of 0 to 98 years of age in non-smoking
healthy populations suggested a curvilinear relation-
ship between frequencies of chromosome transloca-
tions (F,) and age as F,=7X 107"+ 6.9%x10°°
age+ 1.35 X 107" age” (Lucas et al. 1999b). Since no
significant variation was observed among individuals
of the same age or in different ethnic groups, we
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have thus employed these coefficients in this study
seeing its appropriateness in Taiwanese populations.

2. Materials and methods
2.1. Subjects and sampling

A total of 466 subjects was recruited from the
exposed cohort population and evaluated for expo-
sure information for TCD dose estimation. These
subjects underwent a comprehensive free medical
examination by an epidemiology research team in
1997-99. Each individual signed a consent form after
detailed explanation. Blood (30 ml) was then collected
from each individual during the medical examina-
tion. Five male and four female subjects ranging
from 10.3 to 48 years old were randomly selected
from the eligible pool of applicants; that is, one
subject with TCD < 100 mSv, six subjects with TCD
between 100 and 1000mSv, and two subjects with
TCD>1000mSv. These individuals were carefully
evaluated to rule out a history of cancer, radio/
chemotherapy treatment or cigarette smoking
(table 1). The relocation time, defined as the date of
moving away from radio-contaminated buildings to
the period of blood sampling, ranged from 34 to 82
months. The variation of this physical dose estimation
was based on repeated and independent question-
naires of the same individuals for their detailed
residency history in the radioactive apartments.

2.2. Cell cultivation

For each individual, 1 ml peripheral whole blood
was collected and processed within 8 h of collection
by adding to 10ml RPMI 1640 medium (JRH)
supplemented with 20% foetal bovine serum (FBS;
JRH), 1.5% phytohaemagglutinin-P (PHA-P; Gibco),
and 1% penicillin-streptomycin (Sigma). The cell
cultures were maintained in a 5% CQO» incubator at
37°C for 72h. At the end of cultivation, colcemid
(0.04 ug ml~" of final concentration; Gibco) was
added to each culture for 4h at 37°C. The cultures
were then given a 15-min hypotonic treatment
(0.075 m KCI; Sigma), and then fixed in 3:1 meth-
anol:glacial acetic acid. The procedures for preparing
metaphase spreads from the cultured cells were modi-

fied as described by Lin et al. (1985).

2.3. Fluorescence in situ hybridization and aberration
scoring

Air-dried and aged slides were coded and chromo-
some painting was conducted using a commercial
kit, with chromosomes 1, 2 and 4 as spectrum orange
and 3, 5 and 6 as spectrum green (WCP Chromosome

Demographic data for nine non-smoking exposed subjects with dosimetric estimation.

Table 1.
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Paint Dual colour DNA FISH Probe, Vysis). The
FISH method followed procedures described by
Lucas et al. (1995), while chromosome aberrations
were analysed using fluorescence microscopy adapted
with a triple filter set (FITC/Taxas red/DAPI). Only
intact metaphases showing a bright fluorescence
signal (green and orange in 1 to 6 WCP) with distinct
centromeres under DAPI staining in all six painted
chromosome pairs were scored. All aberrations in-
volving the painted chromosomes were recorded
and designated t(Ab) and t(Ba) by the Protocol
for Aberration Identification and Nomenclature
Terminology (PAINT) system (Tucker et al. 1995).
The painted portions of the two rearranged chromo-
somes together must contain only one centromere,
and similarly for the unpainted. Thus, ¢ =
{(Ab)+ ¢(Ba). The translocations were scored as
incomplete 4 (Ab) if only one unpainted chromosome
containing a centromere was attached to a piece of
translocated painted acentric material, {Ab), and was
accompanied by another apparently truncated
painted monocentric chromosome (B) which ‘appar-
ently’ failed to rejoin, either because no unpainted
piece was attached to the truncated painted chromo-
some or because the translocated unpainted piece
was too small to be detected microscopically.
Complete and incomplete translocations were com-
bined as the total translocation events; that is, com-
plete translocations (¢ ) = {Ab)+ {(Ba) and 1ncomplete
translocations (4) = {Ab)+ B (Deng et al. 1998, Lucas
1998). The complete and incomplete translocations
were each counted as one event. The translocation
frequencies were scaled to whole genome frequ-
encies by the following formula for two-colour
FISH provided by Lucas (1997): Fg=F,/
(250 (1= f)¥ fill= f)— fofi]l}. In brief, the
translocation frequency measured by FISH (/) and
the genomic translocation frequencies (Fg) were
related as the fraction of the genome covered
by the orange probes (f,, orange fraction as 22%),
painting chromosomes 1, 2 and 4, and green
probes ( f;, green fraction as 18%) painting chrom-
osomes 3, 5 and 6. This resulted in a detection
of  2.05%[(0.22*%0.78)+ (0.18%0.82) —(0.22*0.18)] =

57.3% or ~60% equivalent of all translocations.

2.4. Biodosimetry estimation by FISH painting

The dose equivalent dose (mSv) was derived from
D= (Fs — F)/a, where F, is the age-specific back-
ground translocatlon based on the equatlon F=
7Xx107"+ 6.9%x107° age+ 1.35x 10™° age’ (Lucas
et al. 1999b) and o is the linear portion of the slope
in the linear dose-response curve; that is,

0.024 £ 0.002 translocatlons per cell Gy~ ' for con-
tinuous low dose *’Co irradiation at body temper-
ature (Hsieh et al. 1999). The estimated variation in
biodosimetry is based on the incorporation of the

mean and 1 SD of o (0.022—0.026) and F¢ .

3. Results

Demographic data on the five male and four
female subjects are given in table 1. The age range
of those who received an initial excess exposure was
from O to 36.1 years and the exposure duration was
from 4.4 to 14 years. The duration between the
blood sampling and relocation from the radioactive
environment ranged from 34 to 82 months. The
numbers of metaphases scored ranged from 933 in
subject F to 3549 in subject E, or 560-2129 full-
genome equivalents respectively. The numbers of
translocations scored ranged from four in subject A
to 27 in subject G, and the frequencies of chromo-
somal translocations, Fg, i.e. the numbers of translo-
cations divided by full genome equlvalent cells,
ranged from 2.2X10" + 1.1 107" in subject A to
26.8X107°+£6.9%10"" in subject F. The age-
specific background translocation frequencies, I,
ranged from 0.9% 107" in subject A (10.3 years old)
to 4.1 £ 107" in subject F (48 years old). The biodoses
based on FISH-paint detection of chromosomal
translocations are shown in table 1. They ranged
from 53 mSv in subject A to 993 mSv in subject C.
The physical doses of TCD (table 1) ranged from 27
mSv in subject A to 1284 mSv in subject C.

The relationship between biodose (Dgn) and TCD
(Drep) estimates is plotted in figure 1. The data were
fitted by a linear model: Dy, =a+ b Drep and by a
linear— quadratlc model of the form: Dgg, =a+ b
Drcp + ¢ Dicp. Fitting the data with a linear—quad-
ratic model produced an equatlon of the form: Dy, =
110.3- 0.1 Drep + 0.00065 Dicp (7 =0.934), where
D is dose (mSv), or fitting with a linear model
produced an equatlon of the form: Dgy=
—4.14 0.68 Drcp (' =0.84). To examine the correla-
tion between biodose and TCD in the same indi-
viduals, we refitted these data after subtracting
background (figure 1). The TCD error bars were
calculated as 1 SD from the mean in cases
where multiple sampling occurred. The curves went
through zero and were of the form: Dgn =0.53
DlCD"‘ 1.26 X 10~ Dlg[) or Dhsh 0.65 Dlg[) The
biodose ranges were calculated from the SD of o and
Fs. For example, the biodose for the 48-year-old
subject I was calculated with a background transloca-
tion frequency, F,, of 4.1 X 10~° and the measured
translocation frequency, I'c, 26.8 £ 6.9 per 1000 cells.
Applying the measured o= 0.024 + 0.002 (Hsieh et al.
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Figure 1. Comparison between the physical dose, Drcp, and
translocation-measured biodose, Dyy,. The linear and
linear—quadratic lines fit the data equally well and after
subtraction of background doses they both go through
the origin.

1999), Dy was calculated to be 944mSv with
F; =26.8%X107"°. Dpy ranged from 606 to 1345
mSv, calculated using Fg =19.9-33.7 with a=
0.022-0.026.

The dose range estimation of Drcp was based on
separate questionnaires conducted repeatedly as the
living histories of the same subjects, except subjects
B, C, E and I. For example, subjects I had three
repeated living history questionnaires and Drcp
ranged from 805 to 1352mSv. Mostly, the biodoses
based on chromosome translocations measured using
FISH painting were lower than those of the TCD.
The large SD of TCD are due primarily to error in
results of questionnaires to determine the location of
the exposed individuals during the irradiation period.

4. Discussion

It is rare to find such a large population of families
exposed in their homes over such a protracted period.
This study presents both unique dose reconstruction
difficulties and opportunities in human biodosimetry.
Reconstructing the physical doses posed challenges
because the exposure position of individuals had to
be ascertained by questionnaires. The position of
people and objects in the apartment varied over
time, presenting challenges to efforts in physical dose
reconstruction. This unique study gave an opportun-
ity to use biodoses, measured by FISH, as a check
on the estimated physical dose. Thus, by comparing
doses determined for a small subgroup of exposed

individuals we were able to evaluate the accuracy of
the physical doses reconstructed; assuming that FISH
can be used as a standard for whole-body fully
penetrating exposures.

4.1. Measured biodose compared with calculated physical
dose

The results show differences between the measured
biodoses and the calculated physical doses, as also
reported in another recent study that applied whole
chromosome 2, 4 and 12 painting for biodose estima-
tion on 56 exposed and 36 reference subjects and
adapting the generic o of 0.02 from an acute irradi-
ation i vitro study of (Finnon et al. 1999, Chen
et al. 2000).

As can be seen from table 1 and figure 1, the
physical doses are about 35% higher than the
biodoses. The slope of the linear regression between
the physical doses and FISH-measured biodoses for
the nine exposed individuals is 0.65 and the correla-
tion coeflicient is 0.89. Nevertheless, there is a strong
correlation between these two doses, and there are
plausible reasons that may account for the differ-
ences. These include: (1) the furniture inside the
room may have provided shielding for the exposed
individuals. This would tend to cause an over estima-
tion of the physical dose. (2) The exposed subjects at
different angles to the radioactive sources would
receive less exposure than those derived from pro-
jected physical doses of exposure by the TCD, which
may not take the angle of the source to the victim
into account. (3) Origins of discrepancy in biodose
estimates might be caused by circulating lymphocytes
carrying lethal chromosome aberrations, which may
limit their life span. At high doses, some transloca-
tions may not be completely stable over time. Data
from Matsumoto et al. (1998) appear to suggest that
translocations persist after 5 days following acute
4Gy '"Cs irradiation, but showed a significant
reduction from 2 to 5 days. Cell death resulting from
accompanying unstable aberrations may explain the
decline in translocation frequencies. However, at the
lower doses this should not be a problem because
translocations should be stable over time (Lucas
1999). Whereas this is not a crucial discrepancy,
there are possible reasons that may account for the
difference between the doses. An argument can be
mounted that the reconstructed physical doses may
be expected to be slightly higher than the measured
biodoses, because of the questionnaire and geometry-
based physical dose reconstruction methods as well
as perhaps some loss in translocations for the higher
exposures.

Subjects A and B were the only exceptions for the
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biodose being higher than the physical dose in this
study. However, both A and B had been irradiated
wn utero for about 4 and 14 mSv, which accounted for
13.0 and 11.8% of the TCD total excessive exposure,
respectively. These results are consistent with
reported data showing a high sensitivity for intra-
uterine exposure. An increased radiosensitivity in
human cord blood cells revealed that 150 cGy X-rays
induced a significant increase in the frequencies of
dicentric chromosome aberrations in the blood of
newborns than in those of the adults (Lloyd and
Reeder 1979). Additionally, the survival in G, phase
peripheral blood lymphocytes to *’Co y-irradiation
in 18 cord blood samples were shown to have a
significant increase in radiosensitivity compared with
21 reference subjects (Waugh et al. 1991).

4.2. Vanation in dose estimation

It is possible that individuals whose exposure was
in the higher dose range may have received subacute
radiation. If so, this would suggest a f (quadratic)
contribution to the total dose for these particular
individuals. We calculated doses with and without a
p contribution for the two subjects who received a
higher dose, subjects C and F. They had TCD
close to 1Sv with an estimated biodoses of 993
and 944mSv, calculated using an o-coeflicient
of 0.024 = 0.002. Applying a linear—quadratic model
with «=0.024 + 0.005 and f=0.0023 £+ 0.008 (Hsich
et al. 1999), the modified biodoses were 912.4 and
871.2 mSy for the respective C and I subjects. These
doses are not significantly different using the two
models. The linear—quadratic model gave r’ =0.925,
similar to the 0.934 for the linear model. Hence, the
simple linear model was reliable for biodose calcula-
tion using our data, and these higher exposures
appear to have been chronic.

The TCD dose estimates showed large variation
when assayed in the same individuals on different
occasions after they relocated from radioactive con-
taminated apartments. For example, subject I was
assayed three times independently and the living
history questionnaires were collected, while the same
geometric layout was employed for TCD dose estima-
tion. TCD for subject F ranged from 804.4 to 1351.6
mSv. The variation from daily outdoor duration
could introduce large variation in TCD estimation,
especially in relatively high dose-rate radioactive
apartments. On the other hand, subjects D and G
are siblings with a small age difference. They reported
regular daily study schedule at school and very
similar daily occupancy duration at home. TCD for
them were shown with smaller variation, as the
occupancy information was in agreement with each

other. In general, recall biases may be incurred
during living history questionnaires. However, sys-
tematic validation of these questionnaires and ration-
alization of the uncertainty is difficult in most of
these individuals with historical exposure.

A higher physical dose estimate compared with
FISH biodose measurements has been reported
before. Moore et al. (1997) measured a biodose of
9cGy by FISH painting of chromosome transloca-
tions, which was significantly lower than 25cGy
derived physical dose estimations of 126 liquidators
from the Chernobyl nuclear reactor accident in 1986.
Some of them possessed official Chernobyl dosimetry
cards based on TLD, while a majority was inter-
viewed and the dose was estimated on the type and
location of the work being performed. The physical
doses of these liquidators were uncertain and poorly
correlated with biological doses. Another 118 liquid-
ators were estimated by chromosomal painting using
stable chromosome aberrations and no correlation
was found with those from the estimated physical
doses (Littlefield et al. 1998). It thus appears that
uncertainties existing in indirect physical dose estima-
tion questionnaires are critical to dose reconstruction.

5. Conclusions

Good agreement between the biodose and physical
dose was observed. These results support the use of
stable chromosome translocation frequencies, meas-
ured using FISH painting, for dose reconstruction in
extremely protracted low dose-rate y-radiation expo-
sure in human populations. The biodosimeters in
this study provide a strong correlation and valid-
ation for the TCD dose assessment, which can be
applicable for further epidemiological studies.
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