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Abstract The purpose of this study was to systematically
investigate how high doses of sparsely and densely ion-
izing radiations influence the proliferation time of lym-
phocytes in short-term cultures and, consequently, the
observed frequencies of dicentric and centric ring chro-
mosomes. Peripheral blood samples from five volunteers
were irradiated with high doses of 200 kV X-rays and
with neutrons with a mean energy of <En>=2.1 MeV.
First division metaphase cells were collected after dif-
ferent culture times of 48, 56, and 72 h and dicentrics,
centric ring chromosomes, and acentric fragments were
determined. The data hint at considerable mitotic delay.
The main increase in the number of chromosome aber-
rations occurred between 48 and 72 h after an X-ray
exposure and between 56 and 72 h after neutron expo-
sure. When the data were used for a calibration of
aberration frequency versus dose, subsequent dose esti-
mations resulted, however, in comparable values. Thus,
in spite of the influence of mitotic delay on observable
chromosome aberrations, at least for the radiation types
investigated here, a culture time of 48 h is acceptable for
biological dosimetry.

Introduction

The analysis of dicentric and centric ring chromosomes
in human lymphocyte metaphases is the most reliable
and sensitive method to quantify exposure to ionizing
radiation for purposes of biological dosimetry [1–4]. It is
known that several factors can influence the yield of
chromosomal aberrations observed in the first post-
irradiation metaphase after low or high linear energy
transfer (LET) radiation. One of these factors is the
applied culture time; in general 48 h is used.

The yield of aberrant cells depends on the cell cycle
kinetics of the exposed cell population. The cell cycle of
aberrant cells may be delayed in a way that the cell
division cannot be completed within a culture time of
48 h. Consequently, these aberrant cells would not be
observed during the chromosome aberration analysis.
Such a mitotic delay was described by Lloyd et al. [5]
after a high-dose irradiation. In extended studies with
high-LET particle exposure, a drastic increase in chro-
mosomal damage was observed with prolonged culture
times, and especially the highly damaged cells reached
mitosis significantly later than the undamaged cells [6–
9]. Low-LET irradiation was reported to exert only a
small effect on the cell cycle [10, 11]. This difference
between the high and low-LET irradiation is important
for the estimation of the relative biological effectiveness
(RBE) of densely ionizing radiation. When highly
aberrant cells cannot reach or complete their mitosis
within 48 h of culture time, the damage originating from
high-LET radiation may be underscored [8]. In the case
of biological dosimetry, this may lead to a systematic
underestimation of the dose applied.

The purpose of this study was the systematic inves-
tigation of how high doses of sparsely and densely ion-
izing radiation influence the proliferation time and, as a
consequence, the observed aberration frequency. Blood
samples from five male volunteers were exposed to doses
of 1.0, 2.0, 3.0, 4.0, and 5.0 Gy for 200 kV X-rays and to
doses of 0.1, 0.3, 0.5, 0.7, and 1.0 Gy for neutrons with a
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mean energy of <En>=2.1 MeV. Chromosomal
aberrations were scored in metaphases reaching the first
mitosis at culture times of 48 h, 56 h, and 72 h. To re-
duce statistical uncertainties on the aberration yields,
large samples of metaphase cells were analyzed.

Material and methods

Ethics committee and selection of blood donors

The Committee of Ethics of the General Medical
Council in Bremen, Germany, approved the project on
23 November 2002. Five healthy male volunteers (42–
53 years of age) were selected considering the following
exclusion criteria: (1) previous or ongoing radiotherapy
and/or therapy with cytotoxic drugs; (2) previous or
current smoking; (3) nuclear-medical examinations
during the past 2 years; (4) diagnostic medical radiation
exposure higher than average; (5) classified and/or
badge-monitored occupational radiation exposure. The
donors were informed in detail about the aim of the
project and all of them gave their written consent.

Blood collection and in vitro irradiation

The peripheral blood samples were taken from the vol-
unteers by venipuncture late in the evening before irra-
diation and constantly kept at 37�C. The irradiation of
the blood samples with 200 kV X-rays (RT 200 Müller;
15 mA; filtration: first half-value layer: 1.5-mm Cu,
second half-value layer: 2.4-mm Cu; 1-mm Cu; dose
rate: 0.52 Gy/min) was carried out at the Centre of
Environmental Research and Technology (UFT) of the
University of Bremen. The blood samples were left in
7.5-ml standard Lithium–Heparin polyethylene tubes
(Sahrstedt, Germany) with a 15.3-diameter. These were
positioned exactly at a depth of 5.0 cm in a 23.0 cm·
23.0 cm acrylic-glass water phantom. Doses of 1.0, 2.0,
3.0, 4.0, and 5.0 Gy were applied. The X-ray dose was
determined in the centre of the blood samples. The
dosimetry was carried out with a calibrated 1 cm3 ioni-
zation chamber type nr. M 23331-338 [Physikalisch-
Technische Werkstätten Dr. Pychlau GmbH (PTW)] at
the same position. According to the manufacturer the
uncertainty of the calibration factor for the range 140–
280 kV was u=±2%. The irradiation took place on
three different dates. Before setting up lymphocyte cul-
tures the samples were kept at 37�C for 4 h in order to
ensure conditions comparable to those of the neutron
exposure experiments and to allow some time for repair.

The neutron irradiations were performed at the ion
accelerator facility of the Physikalisch-Technische-
Bundesanstalt (PTB) in Braunschweig, Germany [12].
The intense neutron field was produced using the
(9Be+d)-reaction with a deuteron energy of Ed=3.4
MeV on a thick Be-target within a collimator [13, 14].
The neutron spectrum had a broad energy distribution

[15], which extended from about 0.1 to 8 MeV, with
about 75% of all neutrons in a maximum between 0.5
and 2.5 MeV. This resulted in a fluence-averaged mean
neutron energy of <En>=2.1 MeV. The distribution
of LET in water ranged about 10–90 keV/lm with a
fluence-averaged mean of about 40 keV/lm. The blood
samples were also taken late in the evening before irra-
diation, kept at 37�C, and transferred to Braunschweig
the next morning. The tubes containing the blood sam-
ples and a tissue-equivalent (TE) ionization chamber
were located ‘free in air’ at 585-mm from the Be-target
and 180-mm from the collimator, which defined a neu-
tron field of 75 mm by 75 mm.

The absorbed dose to water was determined by
means of the tissue-equivalent ionization chamber,
consisting of A150-plastic and filled with TE-gas
(EXRADIN, Type T2, Standard Imaging, USA). This
ionization chamber reading was compared at the same
position with a water calorimeter measurement in a
neutron field with an average energy of <En>=5.3 -
MeV. The absolute doses from both the instruments
agreed within the relative standard uncertainty of 1.8%
for the calorimeter [14]. The dose rate of the neutron
field with <En>=2.1 MeV is not sufficient for direct
measurement with the water calorimeter. However, the
above comparison at <En>=5.3 MeV can be applied
to the present measurements at <En>=2.1 MeV, as
the differences in neutron sensitivity of the ionization
chamber, 0.939±5% [14] versus 0.96±10% [16], and
in the ratios of kerma factors for A150-plastic and
water, R=1.058 [14] versus R=1.067 [17], are much
smaller than the overall measurement uncertainties of
7%.

A relative photon dose component of about 11% for
this radiation field was determined in separate mea-
surements with the ‘neutron-sensitive’ TE chamber and
a ‘neutron-insensitive’ Geiger–Müller tube. A total dose
rate of about 1.8 Gy h�1 could be achieved with a
deuteron current of 80 lA. The relative standard
uncertainty (k=1) of the doses quoted is 7%.

Nominal doses of 0.1, 0.3, 0.5, 0.7, and 1.0 Gy were
applied. The actual doses are shown in Table 1. For
greater simplicity we will refer in the following to the
nominal doses. However, for estimating the coefficients
of the calibration curve the actual doses of each exper-
iment were used. After irradiation at room temperature,
the samples were transferred back to Bremen in a por-
table incubator at 37�C. Immediately after arriving in
Bremen (about 4 h after the irradiation) lymphocyte
cultures were set up.

Lymphocyte culture

Lymphocyte cultures were set up in the Bremen labo-
ratory according to a standardized cell-cycle controlling
method described elsewhere [18]. Briefly, 0.5-ml periph-
eral blood was cultured in 5.6 ml RPMI 1640 medium
(Seromed), supplemented with 17% foetal calf serum
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(Seromed), 0.5 mg streptomycin, 500 IU penicillin
(Boehringer), 500 IU heparin-sodium (Ratiopharm),
0.036 mg phytohaemagglutinin (Seromed), and 0.027 mg
bromodeoxyuridine (BrdU, Sigma). Following a 3 h
treatment with 0.33 lg ml�1 colcemid, the lymphocyte
metaphases were harvested after 48, 56 and 72 h in
culture.

Cytogenetic analysis

After fluorescence plus Giemsa (FPG) staining [19], the
chromosome aberration analysis was restricted to
first division metaphases. Collection of metaphases was
facilitated by an automated computerized system
including a data management tool (MetaSystems, Alt-
lussheim, Germany). According to the Bremen labora-
tory standards [20], only complete metaphases with 46
centromers were included in the analysis. All structural
chromosome aberrations like dicentric chromosomes
(dic), centric ring chromosomes (cRing), polycentric
chromosomes such as tricentric (tric) and tetracentric
(tetra) chromosomes, acentric fragments (excess ace),
which comprised minutes and acentric rings, chromo-
some gaps and structural chromatid aberrations like
triradial and quadriradial exchanges, chromatid breaks,
and chromatid gaps were recorded. In the present
analysis only dic, cRing, and ace were taken into ac-
count. Dic and cRing had to be accompanied by an
acentric fragment. Polycentric chromosomes with n
centromeres were counted as n-1 dicentrics. The identi-
fication and description is based on the criteria of the
International System for Human Cytogenetic Nomen-
clature [21].

A total of 15,000 metaphases (5,000 each for the three
different culture times) were scored for the 1.0 Gy dose
of X-rays, 7,500 metaphases for 2.0 Gy, 4,500 meta-
phases for 3.0 Gy, 3,000 metaphases for 4.0 Gy and
3,000 metaphases for 5.0 Gy. For neutrons, 15,000
metaphases were scored for the 0.1 Gy dose, 7,500
metaphases for 0.3 Gy, 6,000 metaphases for 0.5 Gy,
4,500 metaphases for 0.7 Gy, and 3,000 metaphases for
1.0 Gy. For the determination of control values, 1,000
metaphases per volunteer were analyzed for each of the
three different culture times.

To determine the proliferation index (PI) the pro-
portion of cells in their first, second, and third or higher
cell division were analyzed from 200 successive meta-
phases. The PI was calculated according to the following
formula:

PI ¼ ½ð1� number of first division metaphasesÞ
þ ð2� number of second division metaphasesÞ
þ ð3� number of third and higher division

metaphasesÞ�=number of observed metaphases:

Statistical analysis

The dispersion index (ratio variance/mean) was used to
test for Poisson distribution. Values of variance/
mean<1 indicate underdispersion, while values>1
indicate overdispersion. Overdispersion is expected after
exposure to densely ionizing radiation. The u test was
applied to test for overdispersion, which is considered
significant (P<0.05) when variance/mean exceeds 1.96
[22–24]. The standard error of the mean (SEM) was
calculated for all aberration frequencies in the different
experiments. The t -test was applied for analyzing whe-
ther the means of the dic+cRing frequencies between
the three different culture times are statistically signifi-
cant from each other. The parameters for the dose effect
curve were obtained by least squares regression, using
iteratively reweighted inverse Poisson variances as
weights. Goodness of fit was tested with the Pearson v2

value.

Results

Cell cycle delay after exposure to 200 kV X-rays

Chromosomal aberrations after exposure to 200 kV X-
rays were analyzed in a total of 33,000 cells. Table 2 and
Fig. 1 show the dose and culture time dependent in-
crease in the frequency of dic + cRing. Significant dif-
ferences can be observed between the culture times of
48 h and 72 h at all doses ‡2.0 Gy [2.0 Gy (P<0.01),

Table 1 Irradiation of blood samples with <En>=2.1MeV neutrons. Absorbed dose in water in the centre of the blood sample

Date (Samples) Run No. Nominal dose (mGy) Exposure time (s) Actual dose (mGy) Rel. uncertainty % Dose rate mGy s�1

18.02.03 (B,D,E) 1 100 175 86.5 7 0.49
2 300 896 248 7 0.28
3 500 1,250 506 7 0.41
4 700 1,445 704 7 0.49
5 1,000 2,630 1002 7 0.38

01.04.03 (A,C) 1 100 148 73.2 7 0.50
2 300 429 212 7 0.50
3 500 870 430 7 0.50
4 700 1,234 597 7 0.48
5 1,000 1,675 849 7 0.51
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3.0 Gy (P<0.01), 4.0 Gy (P<0.01), and 5.0 Gy
(P<0.05)], and after 2.0 and 4.0 Gy also between 56 and
72 h (P<0.01). The intercellular distribution of dic +
cRing was found to be compatible with a Poisson dis-
tribution (Table 2); with one exception (3.0 Gy, 48 h).
There is a slight, but statistically not significant, ten-
dency towards underdispersion.

At all doses, cells with two or more dic + cRing
(Cd2+) were observed more frequently after 56 and 72 h
than after 48 h culture time (Table 2), suggesting that
the analysis of highly damaged cells profits most from an
extension of the culture time. Statistically significant
differences between the culture times were observed after
2.0 Gy (more Cd2+ cells at 72 h than at 56 h; P<0.05)
and after 4.0 Gy (more Cd2+ cells after 72 h than after
48 h; P=0.05). Considering all doses and a total of
33,000 analyzed cells, 1,628 Cd2+ cells (4.9%) were ob-
served after 48 h culture time, 1,665 Cd2+ cells (5.0%)
after 56 h, and 1,821 Cd2+ cells (5.5%) after 72 h. The
proportion of Cd2+ cells is significantly (P<0.01) higher
after 72 h than after the shorter culture times.

Tricentric chromosomes occurred at all doses and
culture times (data not shown). Tetracentric chromo-
somes occurred also at all culture times, but only after
4.0 and 5.0 Gy. The highest yield was observed after
5.0 Gy. In the case of Cd3+ cells (cells with three or more
dic + cRing) a significant difference (P<0.05) only
showed between 48 and 72 h of culture time.

Excess acentric fragments not associated with a dic or
cRing increase significantly after doses ‡3.0 Gy (Table 2).
After irradiation with 3.0 Gy, excess fragments increased
significantly between 48 and 72 h (P<0.01) and between
56 and 72 h (P<0.01). After 4.0 Gy, excess ace differed
between 48 and 56 h (P<0.01) and between 48 and 72 h
(P<0.01), after 5.0 between 48 and 56 h (P<0.01), 48 and
72 h (P<0.01), and 56 and 72 h (P<0.01).

The proliferation index confirmed the impact of high
doses on mitosis. With increasing dose the PI ap-
proached a value of 1.0 for all culture times. Table 3
shows the yield of metaphases in first, second and third
or higher cell divisions. At all doses, after 48 h of culture
time 99.3–100% of the lymphocytes in metaphase were

Table 2 Distribution of dic und cRing after X-ray (200 kV) and neutron (<En>=2.5 MeV) exposure

Dose (Gy)
time (h)

Cells
analyzed

Total
dic +
cRing

dic+cRing/cell
(±SEM)

Total
excess ace

Distribution of dic + cRing

0 1 2 3 4 5 6 >7 r2/y u

X-rays
0.0; 48 5000 2 0.0004 (0.0003) 13 4998 2 0 0 0 0 0 0 1.000 �0.01
0.0; 56 5000 3 0.0006 (0.0004) 11 4997 3 0 0 0 0 0 0 1.000 �0.02
0.0; 72 5000 4 0.0008 (0.0004) 8 4996 4 0 0 0 0 0 0 0.999 �0.03
1.0; 48 5000 688 0.138 (0.005) 528 4350 614 34 2 0 0 0 0 0.979 �1.06
1.0; 56 5000 737 0.147 (0.005) 567 4310 645 43 2 0 0 0 0 0.986 �0.71
1.0; 72 5000 719 0.144 (0.005) 558 4333 619 44 4 0 0 0 0 1.012 0.61
2.0; 48 2500 1069 0.428 (0.013) 830 1637 686 149 27 1 0 0 0 1.014 0.51
2.0; 56 2500 1063 0.425 (0.013) 894 1621 720 137 20 1 1 0 0 0.976 �0.85
2.0; 72 2500 1224 0.490 (0.014)a,b 851 1520 772 178 25 4 1 0 0 0.980 �0.72
3.0; 48 1500 1335 0.890 (0.025) 954 636 526 237 76 20 3 2 0 1.077 2.11
3.0; 56 1500 1429 0.953 (0.025) 951 565 576 248 90 18 3 0 0 0.966 �0.72
3.0; 72 1500 1514 1.009 (0.026)a 1212 547 550 284 89 24 4 1 1 1.021 0.27
4.0; 48 1000 1459 1.459 (0.037) 1047 221 343 264 113 48 10 0 1 0.929 �1.58
4.0; 56 1000 1543 1.543 (0.040) 1248 222 330 238 134 54 14 7 1 1.052 1.17
4.0; 72 1000 1696 1.696 (0.041)a,b 1345 181 310 278 138 63 21 6 3c 1.013 0.28
5.0; 48 1000 2139 2.139 (0.045) 1481 119 240 268 213 99 43 14 4d 0.949 �1.14
5.0; 56 1000 2211 2.211 (0.046) 1804 113 233 251 221 121 45 10 6e 0.943 �1.28
5.0; 72 1000 2285 2.285 (0.047)a 2049 90 238 288 190 109 54 22 9 0.966 �0.75
Neutrons
0.1; 48 5000 266 0.053 (0.004) 225 4759 216 25 0 0 0 0 0 1.135 6.76
0.1; 56 5000 298 0.060 (0.004) 258 4739 229 27 5 0 0 0 0 1.223 11.14
0.1, 72 5000 319 0.063 (0.004)a 237 4716 251 31 2 0 0 0 0 1.168 8.43
0.3; 48 2500 388 0.155 (0.009) 305 2179 260 56 4 1 0 0 0 1.227 8.02
0.3; 56 2500 421 0.168 (0.009) 343 2142 306 44 5 3 0 0 0 1.198 7.00
0.3; 72 2500 434 0.174 (0.009) 337 2132 316 41 9 1 1 0 0 1.214 7.57
0.5; 48 2000 599 0.300 (0.013) 383 1524 372 86 17 1 0 0 0 1.179 5.65
0.5; 56 2000 606 0.303 (0.013) 449 1516 381 85 17 1 0 0 0 1.166 5.26
0.5; 72 2000 678 0.339 (0.015)a 478 1494 372 102 27 4 1 0 0 1.302 9.55
0.7; 48 1500 612 0.408 (0.018) 425 1032 355 88 19 6 0 0 0 1.184 5.05
0.7; 56 1500 679 0.453 (0.019) 466 982 390 100 23 5 0 0 0 1.134 3.68
0.7; 72 1500 780 0.520 (0.020)a,b 517 926 411 132 21 8 2 0 0 1.155 4.25
1.0; 48 1000 594 0.594 (0.026) 376 584 276 108 27 4 1 0 0 1.158 3.53
1.0; 56 1000 653 0.653 (0.029) 487 565 279 113 31 8 2 1 1 1.298 6.66
1.0; 72 1000 840 0.840 (0.031)a,b 520 462 317 161 46 10 2 1 1 1.149 3.34

dic, dicentric chromosome, cRing, centric ring chromosome, excess ace, excess acentric fragments, r2/y, dispersion index;u>1,96, sign.
overdispersion, SEM, standard error of the mean; a sign, different to 48 h; b sign. different to 56 hc incl. 1 cell with 9 dic+cRing; d incl. 1
cell with 8 dic+cRing; eincl. 2 cells with 8 dic+cRing
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in their first cell division, after 56 h the main proportion
(84.9–96.9%) of lymphocytes was also in their first cell
division, and after 72 h the proportion of the second
division metaphases exceeded the yield of the first divi-
sion metaphases, except for the 5.0 Gy dose.

A linear-quadratic dose effect model (y=c + aD +
bD2) was fitted to the observed frequencies of dicentrics
and centric rings. Using the Bremen laboratory control
value of 0.0005±0.0001 the model resulted in the fol-
lowing coefficients:

48 h : y¼ð0:0005�0:0001Þþð0:0652�0:0064ÞD
þð0:0742�0:0023ÞD2ðv2¼ 2:2; 3 df ; P ¼ 0:5Þ;

56 h : y¼ð0:0005�0:0001Þþð0:0692�0:0065ÞD
þð0:0770�0:0024ÞD2ðv2¼ 9:4; 3 df ; P ¼ 0:02Þ;

72 h : y¼ð0:0005�0:0001Þþð0:0688�0:0068ÞD
þ ð0:0837�0:0025ÞD2ðv2¼ 17:4; 3 df ; P\0:01Þ:

While the observed aberration frequencies after 48 h
were compatible with a linear-quadratic dose effect
curve, the agreement between the observed data and the
fitted curve was poor after 56 and 72 h.

Cell cycle delay after exposure to <En>=2.1 MeV
neutrons

Chromosomal aberrations were analyzed in a total of
36,000 cells after exposure to <En>=2.1 MeV neu-
trons. Table 2 and Fig. 2 show the dose-dependent in-
crease in the frequency of dic + cRing with prolonged
culture time. Significant differences could be observed
after 0.1 and 0.5 Gy between 48 and 72 h culture time
(P<0.05) and after 0.7 and 1.0 Gy between 48 and 72 h
(P<0.01) and 56 and 72 h (0.7 Gy: P<0.05; 1.0 Gy:
P<0.01). The intercellular distribution of dic and cRing
in the investigated group deviates from Poisson distri-
bution and shows a significant overdispersion (variance/
mean >1.96) (Table 2).

The number of heavily damaged cells increased with
dose and time of culture. At 0.7 and 1.0 Gy the number
of Cd and Cd2+ cells increased significantly (P<0.01)
between 48 and 72 h culture time. In addition the
number of Cd3+ cells is significantly different between 48
and 72 h at 1.0 Gy. The number of cells with only one
dic + cRing remained relatively constant at prolonged
culture times.

Tricentric chromosomes appear at all doses and cul-
ture times, after applying X-rays. Tetracentric chromo-
somes appear only after 0.5, 0.7, and 1.0 Gy and only at
56 and 72 h culture time. Considering all the applied
doses and 36,000 analyzed cells, a total of 443 Cd2+ cells
(1.2%) is observed at 48 h culture time, 471 Cd2+ cells
(1.3%) at 56 h and 603 Cd2+ cells (1.7%) at 72 h. There
are significant differences between 48 and 72 h (P<0.01)
and 56 and 72 h (P<0.01) of culture time. In the case of
Cd3+ cells, significant differences remain between 48 and
72 h (P<0.01) and 56 and 72 h (P<0.05). An extension

Fig. 1 Dose response relationship for the induction of dicentric
and centric ring chromosomes (dic+cRing) after 200 kV
X-irradiation at culture times of 48, 56, and 72 h. Error bars
represent the standard errors of the mean (SEM)

Table 3 Percentage of metaphases and proliferation indices (PI) in first, second, and further cell cycle divisions in 48, 56, and 72 h cultures
after X-ray (200 kV) and neutron (<En>=2.1 MeV) exposures

Dose Gy 48 h 56 h 72 h

1 2 ‡3 PI 1 2 ‡3 PI 1 2 ‡3 PI

X-rays
0.0 98.8 1.2 0.0 1.01 66.1 33.6 0.3 1.35 34.3 51.6 14.1 1.77
1.0 99.3 0.7 0.0 1.01 84.9 15.1 0.0 1.15 32.3 50.9 16.8 1.80
2.0 99.8 0.2 0.0 1.00 91.3 8.7 0.0 1.10 36.9 55.7 7.4 1.71
3.0 99.9 0.1 0.0 1.00 94.6 5.4 0.0 1.05 41.8 49.6 8.6 1.67
4.0 100.0 0.0 0.0 1.00 93.8 6.2 0.0 1.06 42.9 53.0 4.1 1.62
5.0 100.0 0.0 0.0 1.00 96.9 3.‘1 0.0 1.03 54.4 42.9 2.7 1.53

Neutrons
0.1 99.1 0.9 0.0 1.01 76.9 23.0 0.1 1.25 47.6 42.3 10.1 1.61
0.3 98.5 1.5 0.0 1.02 76.1 23.9 0.0 1.24 57.0 33.5 9.5 1.54
0.5 99.2 0.8 0.0 1.01 83.8 16.2 0.0 1.16 65.7 26.7 7.6 1.43
0.7 100.0 0.0 0.0 1.00 85.0 15.0 0.0 1.15 60.0 32.7 7.3 1.48
1.0 99.9 0.1 0.0 1.00 86.9 13.1 0.0 1.13 61.7 32.3 6.0 1.45
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of culture time from 48 to 56 h does not considerably
increase the number of cells with multiple aberrations.
The most heavily damaged cells induced by neutrons
require 72 h culture time to become apparent.

The number of excess ace increases significantly: after
0.5 Gy between 48 and 56 h (P<0.05) and 48 and 72 h
(P<0.01), after 0.7 Gy between 48 and 72 h (P<0.01),
and after 1.0 Gy between 48 and 56 h (P<0.01) and 48
and 72 h (P<0.01).

The PI decreased with increasing dose towards 1.0.
Table 3 shows the yield of metaphases in their first,
second, and third or higher cell divisions. At 48 h culture
time 98.5–100% of lymphocytes in metaphase are in
their first cell division, at 56 h the main proportion
(76.1–86.9%) of lymphocytes is in their first cell division,
at 72 h still a large part of metaphases is in the first cell
division (47.6–65.7%). The percentage of the second
division metaphases ranges between 26.7 and 42.3% and
the percentage of the third and higher division meta-
phases varies between 6.0 and 10.1%.

The observed frequencies of dicentrics and centric
rings after 48 and 56 h were fitted to a linear dose effect
model: y=c + aD, since applying a linear-quadratic
model resulted in negative coefficients for the quadratic
term. After 72 h, however, a better fit was obtained
using the linear-quadratic dose effect model: y=c + aD
+ bD2. Applying the Bremen laboratory control value
of 0.0005±0.0001 the models resulted in the following
coefficients:

48 h : y¼ð0:0005�0:0001Þþð0:6331�0:0138ÞD
ðv2¼19:8; 9df ; P ¼0:02Þ;

56 h : y¼ð0:0005�0:0001Þþð0:6855�0:0145ÞD
ðv2¼30:3; 9df ; P\0:01Þ;

72 h : y¼ð0:0005�0:0001Þþð0:6903�0:0323ÞD
þð0:1640�0:0524ÞD2ðv2¼12:3; 8df ; P >0:05Þ:

Discussion and conclusions

A number of investigations raised doubts about the
common notion that lymphocytes show consistent
aberration frequencies which are independent of the
duration of culture time. Bender and Brewen [25] pos-
tulated two subpopulations of lymphocytes which can be
distinguished by radiation sensitivity and cell cycle
progression. Beek and Obe [26] described higher aber-
ration frequencies in the early first metaphases com-
pared to the late ones. In contrast, Hoffmann et al. [27]
observed increasing frequencies of chromosomal aber-
rations in first metaphases from 48 h, over 70 h, and up
to 94 h of culture time. Similar data were obtained by
Boei et al. [28], who detected this increase after FPG
staining as well as after applying fluorescence-in-situ-
hybridization (FISH). However, others observed con-
stant aberration frequencies in FISH experiments [29].
Krishnaja and Sharma [30] reported increasing fre-
quencies of dicentrics after 60Cobalt irradiation and
culture times between 50 and 96 h.

In various studies it has been postulated that
sparsely ionizing radiation, like gamma and X-rays, as
well as particle radiation with an LET of up to some
30 keV/lm, exert only a small effect on cell cycle
kinetics [9]. Irradiated cells should yield either a stable
aberration frequency [8, 31–33] or a limited increase in
aberration frequency with sampling time [5, 10, 11].
However, strong cell cycle disturbances and a consid-
erable increase in aberrant metaphases with prolonged
culture times were observed after densely ionizing
radiation with LET values exceeding 100 keV/lm [8,
11, 34]. It is likely that these differences between the
sparsely and densely ionizing radiations are based on
the different patterns of local energy deposition in the
cell nucleus. A uniform energy distribution with a
homogenous aberration distribution in an exposed cell
population is typical of sparsely ionizing radiation,
while a densely ionizing radiation induces an inho-
mogeneous energy distribution with the occurrence of
non-hit, slightly hit and heavily hit cell populations.
The heavily hit cells should reach mitosis later than the
other groups.

In the present study, the dic + cRing frequency in
human lymphocytes was found to increase with pro-
longed culture times, and significant differences between
48 and 72 h could be observed after exposure to 200 kV
X-rays with doses ‡2 Gy. There were also significant
differences between culture times of 48 and 72 h after
neutron irradiation at 0.1, 0.5, 0.7, and 1.0 Gy. After X-
ray exposure, the main increase in chromosomal aber-
ration frequency occurred between 48 and 72 h, after
neutron exposure between 56 and 72 h. In comparison
to the X-rays, neutron radiation causes an enhanced cell
cycle delay, which even after 56 h can clearly be seen and
can also be inferred from the yields of metaphases in
their different division phases. The number of second
metaphases exceeded the number of first metaphases in

Fig. 2 Dose response relationship for the induction of dicentric
and centric ring chromosomes (dic+cRing) after <En>=2.1 MeV
neutron irradiation at culture times of 48, 56, and 72 h. Error bars
represent the standard errors of the mean (SEM)
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culture times of 72 h after X-ray exposure up to 4.0 Gy,
whereas after neutron exposure the number of lympho-
cytes in first metaphases at 72 h was still higher than the
number of second metaphases.

If mitotic delay were mainly due to heavily damaged
cells, as assumed by Lloyd et al. [5], an enhanced yield of
cells with multiple aberrations might be expected in
metaphases arising late (after 56 or 72 h) as compared to
metaphases arising after 48 h culture time. The FISH
data of Hoffmann et al. [27] after high doses of X-rays
showed such a trend, which was, however, not signifi-
cant. Considering all the doses and culture times in this
study, neutron exposure was found to cause significant
differences in the number of Cd2+ cells as well as Cd3+

cells between culture times of 48 and 72 h and between
56 and 72 h. After an X-ray exposure also significant
differences exist in the number of Cd2+ cells between 48
and 72 h, as well as between 56 and 72 h, whereas the
number of Cd3+ cells differs significantly only between
48 and 72 h. This shows that neutrons cause a more
pronounced cell cycle delay than the X-rays. Especially
after neutron exposure highly damaged cells require up
to 72 h of culture time to become visible in first meta-
phases. This observation is corroborated by chemically
induced premature chromosome condensation (PCC)
experiments [8, 35] which showed that heavily damaged
cells require longer periods of time to pass the G2-phase
of the cell cycle than lightly damaged cells. The initial
molecular damage induced by high-LET radiation dif-
fers qualitatively from the damage induced by low-LET
radiation, which implies that the repair is more difficult
and slower [10, 36, 37].

The extent of the observed delay probably depends
on the dose and on the different mean LET of the ap-
plied radiation types. For X-rays the mean LET is
1.7 keV/lm [38]; for the neutron spectrum the mean
value is 40 keV/lm. Even in the dose range £ 1.0 Gy
neutrons induce mitotic delay compared to the X-ray
dose range: the smallest X-ray dose exceeds the smallest
neutron dose by a factor of 10. Prolonged culture times
after particle irradiation with a LET of up to 30 keV/lm
only showed a minimal effect on the aberration fre-
quency [9], neutrons with a broad LET distribution (10–
90 keV/lm) with an average of about 40 keV/lm (as
used in the present study) already affect significantly the
cell cycle of damaged lymphocytes.

Excess acentric fragments, which may hint at
uncompleted repair, increased significantly after the
three highest doses of X-rays and neutrons as the culture
time lengthened. An increase in the frequency of excess
acentric fragments has been associated with exposure to
high-LET radiation [39, 40]. Here, a direct comparison is
only possible between 1.0 Gy of X-rays and 1.0 Gy of
neutrons. After 1.0 Gy and 48 h culture time neutrons
induce 3.5 times more excess ace than 1.0 Gy of X-rays;
after 56 h culture time this ratio becomes 4.5 times and
after 72 h culture time it is 4.7. These data support the
notion of LET-dependent increases in the yield of excess
acentric fragments.

In vitro calibration curves are a prerequisite to the
estimation of absorbed radiation doses by biological
dosimetry. The data of the present study are compatible
with a linear-quadratic dose effect model for 200 kV X-
rays and 48 h culture time. However, after 56 and 72 h
the data agreed poorly with a linear-quadratic effect
curve. This may be due to the saturation effects after high
doses: heavily damaged cells die by interphase death or
do not reach metaphase. The dic + cRing data after X-
ray exposure tend towards a non-significant underdi-
spersion; this observation complies with the data of
Lloyd et al. [41]. To investigate the influence of mitotic
delay on dose estimations in biological dosimetry, dose
estimations were performed with three different, culture
time specific calibration curves, using the observed
aberration frequencies as input data. Although different
dose values were obtained for the different calibration
curves, they had overlapping confidence intervals and
were thus not considered significantly different.

Fitting of the <En>=2.1 MeV neutron data after
48 and 56 h culture time to a linear dose effect model or
a linear-quadratic model, respectively, resulted in rather
poor agreements, which may be explained by the ob-
served mitotic delay, especially after doses ‡ 0.7 Gy.
After 72 h, the data were compatible with a linear-
quadratic dose effect model. This might be an indication
that the observed mitotic delay was no longer in effect
after 72 h of culture time. Again, dose estimates based
on these calibration curves did not yield significant dif-
ferences, since the confidence intervals of the estimated
dose values overlap.

Thus, in spite of the significant influence of mitotic
delay on the yield of chromosome aberrations ob-
servable after 48 h culture time, it can be concluded that
dose response curves established after this time provide
reliable dose estimations. This even holds in the high
dose range, and significantly biased estimations of the
equivalent whole body dose for biological dosimetry
would not be expected. It has to be emphasized, how-
ever, that this conclusion may only be valid for the
radiation types investigated here; especially neutrons
with higher LET values may result in drastically differ-
ent aberration patterns. If feasible, dose estimates
should be carried out using dose response curves that
had been established under conditions which are strictly
comparable to those of the sample investigated for
biological dosimetry.
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