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Background. Individual radiosensitivity has a crucial impact on radiotherapy related side effects. Our aim was to 
study a breast cancer collective for its variation of individual radiosensitivity depending on the patients’ age. 
Materials and methods. Peripheral blood samples were obtained from 129 individuals. Individual radiosensitivity 
in 67 breast cancer patients and 62 healthy individuals was estimated by 3-color fluorescence in situ hybridization. 
Results. Breast cancer patients were distinctly more radiosensitive compared to healthy controls. A subgroup of 9 
rather radiosensitive and 9 rather radio-resistant patients was identified. A subgroup of patients aged between 40 and 
50 was distinctly more radiosensitive than younger or older patients. 
Conclusions. In the breast cancer collective a distinct resistant and sensitive subgroup is identified, which could be 
subject for treatment adjustment. Preliminary results indicate that especially in the range of age 40 to 50 patients with 
an increased radiosensitivity are more frequent and may have an increased risk to suffer from therapy related side 
effects.
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Introduction

The very demanding task of a radiotherapy is to 
kill all cancer cells and at the same time to spare 
the surrounding normal tissue. However, there is 
a spectrum of confounding parameters which can 
affect normal tissue tolerance. One parameter is 
the individual radiosensitivity of the patient.1 By 
prediction of individual radiosensitivity and ad-
justing the dosing regimen side effects and adverse 
events could be avoided. Different techniques to 
determine individual radiosensitivity were used 
with varying degree of success.2-5 Yet, chromo-
somal aberrations are generally known to have the 
potential to predict individual radiosensitivity.1,6-10 
Mostly lymphocytes are irradiated in vitro in the 
G0 phase and afterwards stimulated to proceed in 
cell cycle. The advantage of this approach is that 

chromosomal aberrations are a late endpoint in 
radiation damage processing. Chromosomal aber-
rations cover the entire ability of cells to recover 
from DNA damage and to process these damages. 
It includes: (i) DNA damage repair, (ii) mediating 
a proper signal transduction, (iii) achieving an ap-
propriate cell cycle control and (iiii) induce cell 
death, if necessary. The analysis of this late end-
point could be favorable compared to assays de-
tecting earlier endpoints like DNA-double strand 
breaks (γH2AX), apoptosis (sub-G1 peak, Annexin 
V or cleaved Caspase 3) or cell-cycle control (PI-
flow cytometry).

Nevertheless, even if the individual radiosensi-
tivity could be determined with great accuracy, it 
is not certain that a study allows proving the rela-
tion between radiosensitivity and side effect. There 
have been several studies with disappointing re-
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sults. The reason is based on the observations of 
Jung et al.11 that the probability to develop adverse 
events is defined depending on radiotherapy treat-
ment. The treatment defined risk will be higher in 
the group of sensitive individuals than in the in-
termediate and resistant group. Nevertheless, also 
individuals in the intermediate group take the risk 
of developing side effects and because this group 
is normally much bigger than the sensitive one 
there will be more individuals suffering from side 
effects in the intermediate group than in the sensi-
tive group. As a consequence, testing predictive as-
says individuals must be grouped prospectively in 
sensitive, intermediate and radio-resistant and side 
effects may be collected at different time points.2

Our aim was to determine the sensitive, interme-
diate and resistant groups of a breast cancer collec-
tive by a 3-color-fluorescence in situ hybridization 
approach (3-color-FISH) in a prospective study. 
Therefore the frequency of chromosomal aberra-
tions in blood lymphocytes after in vitro irradiation 
with 2 Gy was detected. Additionally the influence 
of age on individual radiosensitivity was studied.

Material and methods

67 breast cancer patients and 62 healthy controls 
were included in the prospective study (Table 1). 
Patients were included into the study randomly. 
A peripheral blood sample was obtained from pa-
tients and healthy controls. The blood withdrawal 
was performed within one week before the be-
ginning of radiotherapy. Blood samples were di-
vided into two parts. One part was used to detect 
spontaneous aberrations, the other one was irra-
diated in vitro with 2 Gy on a 6 MV linear accel-
erator (Mevatron, Siemens, Germany). This study 
was approved by the ethics review committees 
of the Friedrich-Alexander-Universität Erlangen-
Nürnberg (No. 2725), and informed consent was 
obtained from all patients and healthy volunteers. 
None of the patients used medications which are 
suspected to increase radiosensitivity.

Chromosomal aberrations were detected using 
3-color FISH with whole chromosome painting 
of chromosomes 1, 2 and 4 as described earlier.7,12 
Heparinized blood samples of each patient were 
cultivated at 37°C for 48 h in RPMI 1640 medium 
with 1% penicillin-streptomycin, 1% glutamine, 
2.5% phytohemagglutinin and 15% fetal calf serum. 
Cell division was stopped by adding colcemid (5µg/
ml) 2.5 h before starting preparation of lymphocytes 
according to a standard technique as previously 

described.13 Metaphase spreads were dropped on 
slides and preserved in 70% ethanol at -20°C be-
fore performing the 3-color FISH assay with whole 
chromosome painting of chromosomes 1, 2 and 4.12 
Chromosomes were counterstained with DAPI.14

A fluorescence microscope (Zeiss, Germany) 
was used to detect chromosomal aberrations, such 
as breaks, deletions, translocations, dicentrics, in-
sertions and rings (Figure 1 A). 500 metaphases 

Table 1. Patients characteristics

129 individuals

67 breast cancer patients 62 healthy controls

mean age 57.2a (±12.9a) 56.3a (±14.2a)

stage 0 / I / IIA / IIB / IV 5 / 30 / 11 / 18 / 3

Tis / T1 / T2 / T3 / T4 6 / 37 / 22 / 1 / 1 -

N0 / N+ 44 / 23 -

M0 / M1 64 / 3 -

Dcis / no Dcis 37 / 30 -

mastectomy 9 -

breast-preserving 58

single dose / total dose 1.8 Gy / 50.4 Gy

body weight 78.8 kg (±15.4 kg)

volume 20%-95% isodose 1460 ml (±870 ml) -

dose*volume 6.8 Gy*dm3 (±4.5 Gy dm3)

FIgure 1: A – Three-color FISH painting of chromosomes 1 (red), 2 (green) and 4 
(yellow). A metaphase without aberrations (left) and a metaphase (right) with a 
reciprocal dicentric chromosome and a break are displayed. The two aberrations 
were scored as 3 breaks. B – Frequency of patients and controls age distribution. 
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were scored for non-irradiated controls and 150 
metaphases for 2 Gy in vitro irradiated slides.15 
Additionally the mitotic index was counted by us-
ing image analysis software (Biomas 3.3, MSAB, 
Erlangen, Germany).

Data analysis and statistics were performed us-
ing SPSS 16 for Windows (IBM Corp., Armonk, 
NY, USA). For comparing the results referred to the 
different groups, the Kolmogorov–Smirnov test 
and Lilliefors test were applied for testing normal-
ity and data were fitted by a Gaussian distribution. 
Standard deviations of the Gaussian distributions 
have been used to designate an individual’s cat-
egorization. The cut-off values of 2 and 3 standard 
deviations are equivalent to the 95% and 99% con-
fidence intervals. Different groups were compared 
using the two-sample t-test. Graphics were plotted 
with TechPlot for Windows 3.0.11 (SFTek, Dr. Ralf 
Dittrich, Braunschweig, Germany).

results

Our intention was to study the individual radio-
sensitivity in a prospective collective of breast 
cancer patients. Three-color-FISH was used to 
estimate radiosensitivity (Figure 1 A). All aber-
rations in chromosomes 1, 2 and 4 were scored 
for themselves and additionally the breaks per 
metaphase were estimated according to the theo-
retically necessary number of breaks to form the 
aberrations: fragments equate to one break event, 
reciprocal translocations, simple dicentrics and 
rings equate to two break events and complex ab-
errations to as many breaks would be needed to 
cause this aberration at least. The 129 individu-
als in this study consisted of 67 patients suffer-
ing from breast cancer and 62 healthy individuals 
as controls. The median age of the breast cancer 
patients was 57.2a (±12.9a) and 56.3a (±14.2a) for 
the control individuals (Figure 1 B). The patients’ 
clinical characteristics are described in Table 1. All 
patients got adjuvant radiotherapy and were ir-
radiated with single doses of 1.8 Gy up to a total 
dose of 50.4 Gy. Blood was analyzed after in vitro 
irradiation with 2 Gy.

If possible, 650 metaphases per patient were 
scored, i.e. 150 metaphases from lymphocytes irra-
diated in vitro with 2 Gy and 500 metaphases from 
non-irradiated lymphocytes. Breaks per metaphase 
in the patients’ group were slightly higher than in 
the group of healthy individuals. An in vitro irra-
diation with a 2 Gy dose leads to a distinct higher 
amount of breaks. Yet there was only a trend to an 
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FIgure 2. Individual chromosomal radiosensitivity as measured in in vitro and in vivo 
irradiated lymphocytes by three-color FISH. Chromosomal aberrations were scored 
as breaks per metaphase. Blood samples were derived from healthy individuals 
(controls) and breast cancer patients (BC patients). A – Breaks per metaphase of 
unirradiated samples (spontaneous) and after in vitro irradiation by a dose of 2 Gy 
(2 Gy in vitro IR) were shown as scatter plots and box plots. Frequency of breaks per 
metaphase fitted to a Gaussian distributions of B – unirradiated samples, C - after in 
vitro irradiation by a dose of 2 Gy
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taken before starting adjuvant radiotherapy using 
a 2 Gy in vitro irradiation. Breaks per metaphase 
were normally distributed with increased values 
of the breast cancer patients compared to controls. 

A
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FIgure 3. Breaks per metaphase in dependence of the patients (open square, 
continuous line) and healthy individuals age (filled triangle, dashed line). Ten year 
intervals were summarized and the average was given as mean value with its 
standard deviation. A – Unirradiated blood samples, B – samples after 2 Gy in vitro 
irradiation individual values and C – samples after 2 Gy in vitro irradiation mean 
values and standard deviation. B C – Thin line gives the linear regression including all 
patients values, thick continuous line gives the linear regression excluding the group 
aged 40 to 50 years. 

increase of breaks in the patients’ group compared 
to the controls (Figure 2 A). 

Breaks per metaphases were classified and the 
normality of the distributions was tested by the 
Kolmogorov–Smirnov algorithm. All distribu-
tions were found to be normally distributed and 
Gaussian fits were performed. The average of the 
normal distribution of unirradiated blood sam-
ples was displaced to higher values by 23% in the 
breast cancer group compared to the healthy indi-
viduals group (Figure 2 B). The distributions of the 
blood samples after 2 Gy in vitro irradiation were 
changed similarly. The mean of the distribution 
was shifted by 12% to higher breaks per metaphase 
and the width of the distribution increased by 28% 
(Figure 2 C).

Additionally we studied the age dependence 
on the breaks per metaphase. A broad range of pa-
tients between 28 and 93 years was analyzed. All 
values of ten year intervals were summarized and 
the average was given as mean value. Breaks per 
metaphase did not increase with patients’ age in 
the unirradiated group. In healthy controls breaks 
per metaphase increased with age (Figure 3 A). 
After in vitro irradiation by 2 Gy a linear regres-
sion indicated a marginal decrease of break events 
with advancing age of the patients and a distinct 
increase of the healthy controls breaks per meta-
phases (Figure 3 B). However, there was a distinct 
deviation of the 40 to 50 years data point from 
the linear regression and marked it as an outlier 
(Figure 3 B, C). Patients aged between 40 and 50 
years have a significantly increased level of breaks 
per metaphase. After exclusion of the patients in 
this age range the linear regression matches the 
remaining data points and indicates an increase 
of breaks with advancing age by 0.01 breaks per 
metaphase per ten years.

Breaks per metaphases were fitted in a Gaussian 
distribution and patients were classified in resist-
ant, intermediate and sensitive patients (Figure 4 
A). In this way we defined a group of 49 intermedi-
ate patients, 9 resistant and 9 sensitive patients. A 
putative age dependency is displayed in Figure 4 
B. Patients were divided into three groups which 
were supposed to reflect the patients’ sensitivities 
best (Figure 4 C).

Discussion

Chromosomal aberrations were detected in pe-
ripheral blood lymphocytes of 67 breast cancer pa-
tients and 62 healthy controls. Blood samples were 
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It reflects that individuals with an increased prob-
ability of suffering from chromosomal aberrations 
or other mutations have an increased risk of can-
cer.16,17 However, the main interest was not the 
comparison between the radiosensitivity of control 
individuals and cancer patients, but the group-
ing into radioresistant to sensitive cancer patients. 

These patient groups should be surveyed for the 
next years and it should be estimated whether in 
the sensitive group a higher portion of patients suf-
fering from chronic side effects will be found18,19.

The dose of 2 Gy given in the in vitro irradia-
tion leads to a distinctly increased rate of breaks 
per metaphase. Breaks per metaphases fitted very 
well in a Gaussian distribution and were classified 
in resistant, intermediate and sensitive patients 
(Figure 4 A). The patients will be surveyed over the 
next years to gather the occurrence of late therapy 
side effects. However, the risk for developing radi-
ation-induced late effects after conventional RT for 
breast cancer is low. Fibrosis and telangiectasia are 
still the most common late effects. Due to the low 
frequency and the time delay of occurrence of the 
adverse events it needs several years to quantify 
these late effects properly.20 Therefore, we cannot 
compare the individual radiosensitivity in means 
of breaks per metaphase with late effects so far.

A further aspect of this study was the age de-
pendency of radiosensitivity. There is a very lim-
ited increase of spontaneous chromosomal aberra-
tions with advanced age. It is in contrast to a study 
comparing young healthy individuals (38.8 years) 
with older individuals (69.2 years) and a sponta-
neous increase of chromosomal aberrations by a 
factor of 5.21 After a 2 Gy in vitro irradiation there 
is a discontinuous course of metaphase breaks per 
patient in dependence of age. Patients with age 40 
to 50 are distinctly more sensitive. A putative age 
dependent radiosensitivity is displayed in Figure 4 
B. Very young patients below age 40 have a low 
average radiosensitivity, patients between 40 and 
50 years are extraordinarily sensitive and patients 
older than 50 are distinctly less sensitive. With fur-
ther increasing age the sensitivity slowly increases 
(Figure 4 B). The reason for this may be that the 
cancer at different ages is acquired for different 
reasons. The very young patients have acquired the 
cancer by other mechanisms than the other groups, 
probably by an immature tissue. Patients between 
40 and 50 are a group of sensitive individuals and 
may have acquired cancer because of genetic fac-
tors influencing the early onset of breast cancer. 
About 5-7 percent of all breast cancer patients have 
a familial breast cancer history. The most common 
mutations linked to an earlier onset of cancer are 
the BRCA 1 and 2 mutations and a large number of 
additional genes including STK11, CDH1, PTEN, 
TP53.22 Genes related to an early onset of cancer 
are frequently related to an increased sensitivity 
to ionizing radiation and this may be the reason 
for the observed higher number of chromosomal 

FIgure 4. A - Classification of the breast cancer patients on the basis of the 
breaks per metaphase level after in vivo irradiation (2 Gy IR). B – Putative 
individual radiosensitivity dependent on breast cancers patients’ age. C - Presumed 
classification of the breast cancer patients in three groups of different radiosensitivity.
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breaks. Individuals with a resistant or intermediate 
sensitivity do not acquire cancer before the age of 
50 due to the lower mutation probability. 

In Figure 4 C the three putative groups are 
marked. It must be assumed that patients in the 
sensitive group have an increased probability to 
suffer from therapy related side effects. However, 
the risk for radiation therapy related side effects 
in breast cancer are generally low, therefore only 
a limited increase in additional side effects will be 
expected. There are some publications that men-
tion an increased risk in younger patients after 
radiotherapy and chemotherapy treatment.23-25 It’s 
worth bearing in mind that in this age group sensi-
tive patients exists and therapy related side effects 
should be monitored carefully.

Conclusions

In the breast cancer collective a distinctly resist-
ant and sensitive subgroup is identified by using 
3-color-FISH after 2 Gy in vitro irradiation of pe-
ripheral blood lymphocytes, which could be sub-
ject for treatment adjustment. Especially in the 
range of age 40 to 50 there is an increased fraction 
of patients having an increased radiosensitivity. 
These patients have an increased probability to suf-
fer from therapy related side effects.
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