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DNA double strand breaks induced by low dose
mammography X-rays in breast tissue: A pilot study
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Abstract. Breast tissue is very sensitive to ionizing radiation due
to the presence of reproductive hormones, including estrogen. In
the present pilot study, the efficiency of mammography X-rays
to induce DNA double strand breaks (DSB) in mammary
epithelial cells was investigated. For this, freshly resected
healthy breast tissue was irradiated with 30 kV mammography
X-rays in the dose range 0-500 mGy (2, 4, 10, 20, 40, 100 and
500 mGy). Breast specimens were also irradiated with identical
doses of ®°Co y-rays as a radiation quality standard. With the
vyH2AX-foci assay, the number of DNA DSB induced by radia-
tion were quantified in the mammary epithelial cells present
in breast tissue. Results indicated that foci induced by 30 kV
X-rays and y-rays followed a biphasic linear dose-response.
For 30 kV X-rays, the slope in the low dose region (0-20 mGy)
was 8.71 times steeper compared with the slope in the higher
dose region (20-500 mGy). Furthermore, compared with y-rays,
30 kV X-rays were also more effective in inducing YH2A X-foci.
This resulted in a relative biological effectiveness (RBE) value
of 1.82 in the low dose range. In the higher dose range, an RBE
close to 1 was obtained. In conclusion, the results indicated
the existence of a low dose hypersensitive response for DSB
induction in the dose range representative for mammography
screening, which is probably caused by the bystander effect.
This could affect the radiation risk calculations for women
participating in mammography screening.

Introduction
In many countries, screening programs based on periodic

mammography are provided to women aged 45-50 to
70-75 years, to diagnose breast cancer in an early stage (1).
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Breast glandular doses are low and typically 3-5 mGy for a
two-view mammography (2-4). However, the use of ionizing
radiation always implies a risk for radiation-induced breast
cancer.

Mammography radiation consists of low-energy X-rays
with a typical peak and mean photon energy of 28-30 kV
and 15-20 keV respectively. 30 kV X-rays have a more-dense
ionization pattern resulting in a higher linear energy transfer
(LET) of 4.34 keV/um compared to high energy photons such
as e.g., ¥Co y-rays (LET 0.3 keV/um, energy 1.25 MeV). The
biological impact of the higher LET of low-energy mammog-
raphy X-rays compared to high energy photons is still a matter
of debate. The International Commission on Radiological
Protection (ICRP) acknowledges that, based on in vitro
experiments on cells, there seems to be significant differences
in relative biological effectiveness (RBE) of different low LET
radiation qualities, but still recommends the use of an RBE of
1 for 30 kV X-rays (5).

In the high dose range, starting from 100 mGy, there is
a linear relationship with the dose received and the long
term effects of radiation such as induction of cancer (6). The
effects of low (<100 mGy) and very low doses (<10 mGy),
typically applied in medical diagnostics, are debated, as the
published data are more dispersed; on the contrary, for doses
higher than 100 mGy more consistent data are available (7-9).
Furthermore, epidemiological data on the low dose range do
not have sufficient statistical power to assess the long term
radiation risks of the low and very low exposure levels (3).
However, the inability to quantify these risks does not imply
that the risk to the population is negligible. A very small risk,
if applied to a large number of healthy individuals, can result
in a significant public health problem (3).

In vitro studies investigating cellular and genetic effects
can highlight the consequences of low and very low doses
of ionizing radiation. After an exposure to just a few mGy
damage to the DNA, such as DNA double strand breaks (DSB)
evidenced by YH2AX foci, can be demonstrated (10-12) even
in primary breast epithelial cells (13), and changes in transcrip-
tion level of genes can also be detected (14-16). Doses as low
as a few mGy have an impact on the cell physiology and gene
expression analysis demonstrated that different gene profiles
are activated after low and high doses of X-rays in whole
blood (17). However, how these effects translate into low dose
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risks, and whether they have detrimental or beneficial effects,
is still a matter of debate. In radiation protection practice a
linear no threshold (LNT) extrapolation is used to calculate
the risks at low doses using data from higher doses. However,
this is just a working hypothesis which might underestimate or
overestimate the effects of low dose radiation (3).

Most data on the low dose effects of mammography X-rays
are derived from blood lymphocytes, primary fibroblasts or
cell lines (18-20). However, the breast is a unique tissue in
terms of sensitivity to radiation, due to the presence of repro-
ductive hormones like estrogen. Estrogens can act as complete
carcinogens as they stimulate both estrogen receptor-mediated
cell proliferation and induce DNA damage through the forma-
tion of genotoxic metabolites such as reactive oxygen species
(ROS) (21-24).

In this pilot study we investigated the effect of mammog-
raphy X-rays in the dose range of 0-500 mGy, with special
emphasis on the very low doses (0-20 mGy), in mammary
epithelial cells present in freshly resected healthy breast tissue.
By using the YH2AX-foci assay we quantified the number of
DNA DSB induced by radiation in the glandular epithelial
tissue (25). To study the RBE of mammography X-rays,
%9Co y-rays were used as reference radiation quality.

Materials and methods

Subjects, preparation of the breast tissue and irradiations.
Non-cancerous, freshly resected breast tissue was collected
during surgery in the department of plastic surgery and breast
clinic of the Ghent University Hospital (Ghent, Belgium).
Ethical clearance was received from the commission for
medical ethics from the Ghent University hospital. Signed
informed consent, allowing the analysis of the effects of irra-
diation on breast tissue, was obtained from each donor.

From a total of 18 specimens, 15 breast tissue-samples were
of good quality (see further): 11 out of 15 were from women
without an increased risk for breast cancer (mammectomy for
esthetical reasons), whereas 4 were from women with a high
risk profile for breast cancer of which 3 had a confirmed BRCA
mutation (we do not have the information if it was a BRCA1 or
2 mutation). Mean age of the women was 41 years. None of the
women had breast cancer.

Immediately after resection, the tissue samples were
processed for irradiation by first removing the fat tissue.
The remaining connective tissue containing the mammary
epithelial cells was cut into slices with a thickness between
1.5 and 2 mm, while being kept in Ringer's solution (9 g/l
NaCl (Sigma-Aldrich, Bornem, Belgium), 0.42 g/ CaCl, and
0.24 g/1 KCI (VWR, Leuven, Belgium), pH 7.2). The slices of
breast tissue were kept until irradiation in a 5% CO,-incubator.
Once the slices of breast tissue were ready for irradiation, they
were kept in a 5% CO,-incubator at 37°C in DMEM/F12-ham
medium (Invitrogen, Merelbeke, Belgium) supplemented with
5% fetal calf serum (Invitrogen), antibiotics and growth factors
[10 pg/ml insulin (Sigma, Belgium); 0.5 ug/ml hydrocorti-
sone (Sigma); 20 ng/ml epidermal growth factor (Tebu-bio,
Boechout, Belgium); 50 U/ml penicillin and 50 ug/ml strepto-
mycin (Invitrogen)].

Samples from each donor were irradiated with mammog-
raphy X-rays, with doses ranging from 2 to 500 mGy (doses:
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2,4, 10, 20, 40, 100 and 500 mGy). Samples from the same
donors were also irradiated with identical doses of °Co y-rays,
used as reference radiation. Mammography-irradiations were
performed with a Siemens Mammomat3 producing a 30 kV
Mo/Mo X-ray spectrum at a dose rate of 0.125 Gy/min. As
this mammography X-ray device is designed to deliver very
low doses, the number of doses in the higher dose range
(20-500 mGy) had to be kept to a minimum. A layer of exactly
2 mm medium, containing the slices of breast tissue, was
irradiated at 37°C. The irradiations with %°Co y-rays were
performed in a water bath at 37°C at a dose rate of 5 mGy/min
for doses up to 40 mGy and at a dose rate of 0.6 Gy/min for
higher doses. Within each experiment sham-irradiated controls
were included.

Fixation, embedding and haematoxylin-eosin staining.
Immediately after irradiation, the tissue samples were
incubated at 37°C for 30 min, the time for maximal YH2AX
foci-formation (26). Thereafter, samples were transferred to
cold ringer's solution and kept on ice-water to inhibit repair
processes. Subsequently they were transferred to paraformal-
dehyde (PFA; 4%; VWR) for fixation.

After 24 h in PFA the tissue-samples were dehydrated and
embedded in paraffin. Tissue sections of 5 ym were cut with a
microtome. Two tissue sections for each specimen were placed
on the same slide and multiple slides were made.

The quality of the tissue and the presence of mammary
glands was inspected by performing a haematoxylin-eosin
staining using a multipurpose slide staining device (Robot
stainer: Microm HMS 740; Microm, Walldorf, Germany).

yH2AX immunostaining. Prior to the YH2AX immunostaining,
tissue sections were deparaffinised and rehydrated using the
Robot stainer (Microm HMS 740; Microm).

Antigen retrieval was performed in sodium citrate buffer
(0.2 g/l citric acid, pH 6; Merck KGaA, Darmstadt, Germany).
The tissue sections were brought in the buffer and boiled twice
during 5 min using a microwave. After washing of the sections
in PBS, they were pretreated in 3% H,O, (VWR) to inactivate
the endogenous peroxidases. Sections were further incubated
in blocking serum (BS) (PBS 5 ml, BSA 50 mg (bovine serum
albumin; Roche Diagnostics, Vilvoorde, Belgium); NRS
0.250 ml [Normal rabbit serum; Dako; Agilent Technologies,
Inc., Santa Clara, CA, USA); Tween-20 (I ml 10% Tween-20
(VWR)] for 30 min to avoid nonspecific binding and to
permeabilize the membranes.

Immunostaining was done using a tri-step reaction
using consecutively a mouse-anti-yH2AX primary antibody
[Biolegend, Trembodegem, Belgium; 2 h, 1/1,000 in PBS
with 10% BS at room temperature (RT)], a biotinylated
rabbit-anti-mouse secondary antibody (Dako; Agilent
Technologies, Inc.; 30 min, 1/200 in PBS with 10% BS at
RT) and streptavidine-horse radish peroxidase (Dako; Agilent
Technologies, Inc.; 30 min, 1/200 in PBS at RT). Between
the steps the tissue-sections were washed in PBS (2x5 min).
Next, the sections were incubated with DAB-NiCl, (stock
solution (ss) DAB: 25 mg/1 ml AD; ss NiCl,: 4 g/50 ml AD;
work solution: 200 ul DAB ss; 50 ul NiCl, ss; 10 ml PBS;
5 ul H,0,) during 10 min in the dark to visualize the YH2AX
foci. Slides were washed during 10 min in running tap water
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before dehydrating and mounting the sections with mounting
medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Slides were sealed with a cover slip.

Foci scoring. yYH2AX-foci scoring was done manually, using
a light microscope (Leica LEITZ-DMRB; Leica, Diegem,
Belgium) at 63X magnification (Fluotar 63X/1.25 Oil,
Leica). Per breast tissue sample and per radiation condition,
at least two tissue-sections were scored by two experienced
researchers. In each section the number of YH2AX foci in 100
nuclei was scored, if possible in at least 4 different glandular
groups. Only the epithelial cells from the inner luminar layer
of the glands were taken into account.

Analysis. For the analysis of the YH2AX foci data, two linear
fittings (Y=c+aD) were performed for both radiation qualities
(30 kV X-rays and vy-rays): one in the very low dose range of
0-20 mGy and one in the higher range of 20-500 mGy.

To compare the effects of the different radiation qualities,
the RBE of 30 kV X-rays compared to y-rays was calculated
using the following formula: ‘RBE=a,/0.,’. The RBE is defined
as a ratio, between two absorbed doses delivered with two
radiation qualities, one of which is a ‘reference radiation’, that
result in the same effect in a given biological system, under
identical conditions.

Statistical analysis was done using the program SigmaPlot
(SigmaPlot for Windows Version 13.0; Systat. Software, Inc.,
San Jose, CA, USA). To compare two groups of data, a Student
t-test or a rank sum test was used, depending on the normal
distribution of the data.

Results

Hematoxylin and eosin (H&E) staining. Inspection of the
tissue samples by H&E staining revealed that for some donors,
the samples contained cells with an abnormal morphology.
In those cases, all tissue samples of that donor were excluded
from the study.

Furthermore, in a number of tissue samples no glands
were present. Especially samples taken from elderly women
tended to contain a very limited amount of glandular epithe-
lial tissue. Tissue samples containing less than 100 epithelial
cells were discarded. As a result, per donor not all dose points
and sham-irradiated controls could be analyzed for foci
formation.

yH2AX foci assay. Examples of the foci staining are given in
Fig. 1. The use of DAB-NICl, resulted in very distinct black
foci and a light background staining of the tissue. No counter-
stain was used, since the immunostaining already resulted in
sufficient contrast to the tissue and counterstaining tended to
darken the nuclei, reducing the ability to distinguish the foci.

The number of background foci could be measured in all
4 high-risk women and in 5 women with a normal risk profile.
No difference in the mean number of background foci could
be detected between women at high risk for breast cancer
(0.44 foci/cell £ 0.15) and women without an elevated risk
(0.36 foci/cell +0.10) (P=0.68). Also for all irradiated samples
(2-500 mGy), no significant differences between women with
and without elevated risk could be observed.
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Figure 1. YH2AX foci staining of breast tissue sections showing glandular
ducts surrounded by connective tissue. YH2AX foci, visible as black dots,
were scored in the epithelial cells lining the glandular ducts. Images were
taken with a 63 X objective. (A) Negative control (no primary antibody);
(B) unirradiated sample; (C) sample irradiated with 100 mGy; (D) sample
irradiated with 500 mGy. Scale bar 10 gm.

As no differences were observed between women with
and without elevated genetic breast cancer risk, all the data
were pooled (Table I). The mean number of background foci
in the pooled samples was 0.38 foci/cell + 0.08. The threshold
detection dose, leading to a significant increase in number of
foci per cell, was 10 mGy after irradiation with 30 kV X-rays
(P=0.0487) while this was 20 mGy after irradiation with
80Co y-rays (P=0.0358).

The dose response relationship over the whole dose range
shows a biphasic linear behavior for both 30 kV X-rays and
y-rays, with the very low dose range (0-20 mGy) being character-
ized by a steeper slope than the higher dose range (20-500 mGy)
(Fig. 2). An overview of the a-values or slopes of the linear
fittings performed in both dose ranges are given in Table II. It
can be observed that the slope in the very low dose range is
8.71, resp. 5.77 times steeper than the slope in the higher dose
range for 30 kV X-rays, resp. y-rays. Table I also lists the RBE
(=030iv/0x,) values. In the dose range 0-20 mGy, 30 kV X-rays are
more effective in inducing DNA DSB than y-rays (RBE=1.82).
In the higher dose range an RBE close to 1 was obtained.

Discussion

A mammography examination consists of 2 views of approxi-
mately 2 mGy each resulting in a glandular dose of 3-5 mGy.
In most screening programs 10 examinations are performed
during a screening period of about 20 years. Although the dose
per examination is very small, the risk for radiation-induced
breast cancer cannot be neglected in view of the large popula-
tion size and the repetitive character involved in this type of
asymptomatic screening. At low doses, phenomena such as
hypersensitivity, bystander effect, adaptive response, threshold
hypothesis and hormetic response can play a role (3,6,27) and
extrapolation of radiation-effects from the high-dose range
to the low-dose range by the LNT model can lead to both an
underestimation and overestimation of the low-dose effects of
radiation.
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Table I. Yield of YH2AX foci in cells exposed to increasing doses of 30 kV X-rays and vy-rays.
30 kV X-rays y-rays

Dose Number of scored Mean number of Number of scored Mean number of
(mGy) samples foci per cell SEM samples foci per cell SEM
0 9 0.38 0.08 9 0.38 0.08
2 4 0.55 0.14 6 0.33 0.10
4 6 0.50 0.11 10 045 0.09
10 4 0.60 0.08 5 041 0.07
20 2 0.94 0.34 4 0.73 0.07
40 8 0.65 0.07 8 0.59 0.06
100 5 1.06 0.19 5 1.06 0.11
500 4 2.29 0.82 4 1.96 0.62

The mean number of YH2AX foci per cell was obtained by averaging the data of samples taken from different donors (number of scored
samples). For each donor specimen, two tissue sections were analyzed and in each section YH2AX foci were scored in 100 glandular epithelial

cells. SEM, standard error of the mean.

2.004

1.00 4

Number of radiation-induced foci/cell

.
°

0.00 +=

*:30kV X-rays
o Y-rays

0 100 200

300 400 500 600

Dose (mGy)

Figure 2. Biphasic dose response for YH2AX foci induction after irradiation with 30 kV X-rays and ®’Co y-rays. The linear regression curves in the very low
dose range (0-20 mGy) and the higher dose range (20-500 mGy) are shown (full lines: 30 kV X-rays, dashed lines: ®°Co y-rays). Each data point represents the
mean number of YH2AX foci per cell, obtained by averaging the data of samples taken from different donors. For each donor specimen, two tissue sections
were analyzed and in each section YH2AX foci were scored in 100 glandular epithelial cells The mean foci numbers together with the standard errors are given
in Table I. Note that for 100 mGy an identical mean foci number was obtained with both radiation qualities.

In this study we wanted to investigate the biological
efficacy of mammography X-rays for DNA DSB induction in
glandular epithelial cells present in resected breast tissue of
healthy women and ex vivo irradiated with very low doses.
For this, our study is unique as the set-up corresponds as close
as possible to the exact physiological conditions of mammog-
raphy screening.

To focus on a high number of data points in the high dose
range was beyond the scope of this study, as we and others
have previously published such data (19,28-30). Nevertheless,
the lack of details between 100 and 500 mGy may be a possible
limitation of our study.

As our population included 4 women with an increased
genetic risk for breast cancer, we first investigated if a
significant difference could be observed between those

women and women without a high risk for breast cancer in
the number of background YH2AX foci, and in the number of
radiation-induced foci at any dose. No significant differences
were detected. These results are in contrast with the results
of Colin et al who found an increased background number
of YH2AX and an increased radiation-induced number of
foci (2, 4 mGy and fractionated 2+2 mGy) in cell cultures
of primary mammary epithelial cells of high-risk patients
compared to low-risk patients (13). Since YH2AX functions
upstream of BRCA1 and BRCAZ2, it is not surprising that no
differences are found in YH2AX induction between donors
with and without a BRCA mutation 30 min after irradia-
tion (31). Analysis of residual DSB by scoring YH2AX foci at
later time points after irradiation (e.g., 24 h) is better suited
to detect deficiencies in DSB-repair, that may be related to
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Table II. Overview of the slopes or a-values of the linear dose response fittings (Y=c+aD) performed in the 0-20 and 20-500 mGy

dose-range.

0-20 mGy 95% CI 20-500 mGy 95% CI o /oty 95% CI
O30k Xorays 0.027 0.023-0.031 0.0031 0.0012-0.0050 8.71 4.64-25.20
Oy ays 0015 0.004-0.020 0.0026 0.0009-0.0044 5.77 0.94-22.14
RBE 1.82 1.17-7.56 1.19 0.28-5.58

Table indicated the 30 kV X-rays and y-rays with the RBE values (04y,0,) and the ratio of the a-values in the lower (L) and higher (H) dose
range (o, /ay). RBE, relative biological effectiveness; 95% CI, 95% confidence interval.

cancer induction, but this was not the aim of our study. In
the paper of van Oorschot et al (32), radiation-induced foci
were analyzed in repair deficient cell lines immediately and
24 h after irradiation. Differences in foci number were only
observed when the cells were allowed to repair the DNA
DSB for 24 h after irradiation. At 30 min post irradiation no
differences were observed, in agreement with our findings.

As no differences were observed the data of all donors
were pooled for further analysis. The threshold detection dose
obtained with the YH2AX foci-assay after irradiation with
30 kV X-rays was 10 mGy. In a previous study using lympho-
cytes, we also found a significant increase in YH2AX foci after
10 mGy of 30 kV X-rays (19). Other research groups showed a
statistical significant increase of DNA DSB in MCF-10A cells
after 9 mGy of 30 kV X-rays (20) and in cultured primary
mammary epithelial cells a threshold detection dose of 4 mGy
and of a fractionated 2+2 mGy was reported (13). These results
suggest that the threshold detection dose of mammography
X-rays for DSB induction is around or below 10 mGy.

Although some literature data report a linear dose response
for yYH2AX, pointing to a proportionally identical biological
response to low and high radiation doses, other studies
demonstrated that for very low doses, foci induction is much
higher than at higher doses pointing to the phenomenon of
low dose hypersensitivity (for a review see Beels er al (33,34)).
Beels et al (33) found a hypersensitive response in whole blood
in pediatric patients exposed in vivo to low doses of X-rays
for cardiac catheterization (mean dose 6 mSv). They further
confirmed these results with a study on YH2AX-induction in
whole blood and isolated T-lymphocytes irradiated in vitro
with 100 kVp X-rays and vy-rays (34). When whole blood was
irradiated with X-rays, a biphasic dose response was observed,
characterized by a very steep response in the 0-10 mGy dose
range, which became less steep if doses higher than 20 mGy
were used. After irradiation with y-rays, the biphasic effect
was still there, but much less pronounced. The effects were
also less pronounced when isolated lymphocytes instead of
whole blood was used. They concluded that both cellular envi-
ronment and radiation quality play a role in this hypersensitive
response. A strong correlation between cell culture conditions
and a low dose hypersensitive response was also found by
Groesser et al (35).

The results obtained in this study are comparable with
those of Beels et al (33,34). A clear biphasic dose response
was noted, with a hypersensitive component for both 30 kV
X-rays and y-rays in the very low dose range of 0-20 mGy,

indicating that the LNT-model results in an underestimation of
the induced DNA damage. In the very low dose range, 30 kV
X-rays were also more effective in inducing DNA DSB than
y-rays resulting in an RBE of 1.82. In the higher dose range of
20-500 mGy an RBE close to 1 was obtained.

The low dose hypersensitivity observed in our study
is probably caused by the bystander effect. The bystander
effect is largely propagated by damaged cells which release
signaling molecules to neighboring cells via gap-junction
mediated intercellular communication and via the release of
diffusible factors such as ROS into the extra-cellular environ-
ment (36-40). In our study, 2 mm thick slices of breast tissue,
including epithelial glandular structures, were irradiated
and as such, gap-junction mediated communication between
cells in their natural micro-environment is still intact. Also,
estrogens, which are highly available in breast tissue, are an
important source of ROS.

Mills et al on the other hand, did not find an increased RBE
in the low dose range (0-30 mGy) for mammography X-rays,
on the contrary, they found an RBE value of only 1.1 (20). The
difference between our study - performed on freshly resected
breast tissue containing mammary glands - and the study of
Mills et al could be due to the fact that Mills et al worked with
an MCF10A cell line and not with breast tissue sections. In
their study, MCF-10A cells were grown in monolayers, which
could influence gap-junction mediated intercellular commu-
nication. Furthermore, the cells were kept at 0°C some time
before, during and after the irradiation. From literature it is
known that hypothermia is a known radioprotectans and has
a protective role against the damaging effects of ROS (41,42).
Moreover, hypothermia could influence cell processes such as
cellular communication.

Overall, it seems that the bystander effect might induce a
hypersensitive response in breast tissue and that this response
is also dependent on the energy deposition which differs
between 30 kV X-rays and y-rays, tissue culture conditions and
temperature.

In conclusion, our results indicate the existence of a
low dose (0-20 mGy) hypersensitive response in glandular
epithelial cells of breast tissue, with an RBE=1.82 for
mammography X-rays. The impact of these findings on
the radiation risk calculations for women participating in
mammography screenings is unclear, since several param-
eters will affect the repair of these radiation-induced DSB.
However, in our previous study, we have shown that DSB
induced by mammography X-rays are more difficult to repair
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than those induced by vy-rays, and that the same number of
mammography induced DSB resulted in a higher number
of chromosomal aberrations which are a hallmark for
cancer (19).

These results are based on a limited patient-population and
a future larger study, including ROS measurements, will be
needed to confirm the obtained results.
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