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ABSTRACT
The aim of this study was to investigate the radiobiological effects of flattening filter (FF) and flattening filter-free
(FFF) modes of linear electron accelerators and to understand whether there is any difference between the effects of
these modes. We evaluated the number of chromosome aberrations following irradiation of lymphocytes from healthy
volunteers with X-ray photons at two energy levels, 6 and 10 MV; the dose rate ranged between 5.50 and 23.08 Gy/min
and absorbed doses ranged between 0.5 and 8 Gy. A 60Co curve was employed for comparison. Metaphases from the
lymphocyte cultures were prepared using standard cytogenetic techniques and chromosome analysis was performed.
Our results allow the performance of biodosimetry at higher energies and doses than the currently used reference
dosimetry. We observed significant differences in aberration frequencies when different irradiation techniques were
used. FFF mode has a higher radiobiological effect than the FF mode. Linear-quadratic dose response calibration
curves were constructed and relative biological effectiveness (RBE) values were calculated. Average RBE values using
6 MV (5.50 Gy/min) as a reference radiation were 1.28 for 60Coγ irradiation, 1.11 for 6 FFF and 0.79–0.92 for 10 FFF.
Since there are compelling differences between radiation modalities in cases of hypofractionation, these results may
be even more important in a therapeutic situation. In case of an accidental overdose of a patient, use of the appropriate
calibration curves for biodosimetry are also essential for quantifying the overdose.
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INTRODUCTION
Biological dosimetry has an important role in the investigation of radi-
ation accidents, and it can provide useful information on therapeutic
techniques as well [1].

A number of papers have presented dose–response curves for
dicentrics plus rings induced by 250 kVp X-rays, 137Cs and 60Cobalt
gamma rays [2, 3]. However, in the past few years many 60Co (1.25 MV)
sources have been replaced by electron linear accelerators (LINACs),
increasing the need for new biodosimetry calibration curves most
suitable for energy levels >4 MV in order to be prepared for dosimetric
accidents [4–6].

The effect of ionizing radiation in biological systems depends not
only on the applied dose, but also on the energy and such parameters as

dose rates and filters [7]. The same electron beam with equal nominal
energy is used to create both flattening filter (FF) and flattening filter-
free (FFF) photon beams. Therefore, electron energy at the target is
the same in both cases and the removal of the FF increases output, but
also reduces the penetrative quality of the photon beam due to reduced
beam hardening. The FFF beams have a different beam profile and
photon energy spectrum. The FFF mode also increases beam inten-
sity and reduces treatment time, especially for high-dose stereotactic
radiotherapy/radiosurgery.

There is a scarcity of information about the high dose range,
although Vinnikov et al. and Pujol et al. [8–10] provided some experi-
mental data on the radiobiological effect of high doses
(5–20 Gy). This dose range is particularly important for handling cases
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Fig. 1. Treatment plan of the irradiation. CT scan of the plastic phantom with the cryotube in the central axis.

Table 1. The applied energy and nominal dose rates of the
linear accelerator and the actual dose rates in the blood
samples

Energy Nominal Actual
MU/min Gy/min

6 MV 600 5.50
10 MV 600 5.88
6 FFF 600 5.36
6 FFF 1400 12.5
10 FFF 400 3.85
10 FFF 1600 15.40
10 FFF 2400 23.08

of health- or life-threatening radiation exposures. Extending the range
of radiation qualities for which the dicentric assay has been calibrated
is also highly necessary because of advances in medical treatment
techniques with LINACs. However, in most of these experiments
donors’ blood was irradiated with a cobalt (gamma) source and the
dose rate was between 0.5 Gy/min and 1.2 Gy/min.

The high dose rates of an FFF beam have re-introduced discussions
about the radiobiological consequences of high dose rates for both
normal tissues and tumors [11]. For example Lohse et al. examined the
radiobiological effect of the FF and FFF beams using two glioblastoma
cell lines, which were irradiated with either 5 or 10 Gy using different
dose rates [12]. Dose verification was performed and colony formation
assays were carried out. The results demonstrated that irradiation of
glioblastoma cell lines using the FFF beam is more efficient in reducing
clonogenic cell survival than the standard flattened beam. In contrast,
according to Verbakel et al. FFF irradiation with a dose rate of 2400
MU/min did not change cell survival for three human cancer cell lines
up to a fraction dose of 12 Gy compared with irradiation using FF
beams [13]. In summary, these rare and controversial studies used
colony formation assays, and data in the case of normal, non-cancerous
cells are still missing.

We used peripheral blood lymphocytes, because they circulate
throughout the body and are a good model for biodosimetric assays
[14, 15]. We investigated the cytogenetic effect of different techniques
at the level of all chromosomal aberration types and determined
which aberration is suitable for biological dosimetry besides dicentrics
plus rings in these cases. Our goal was to identify the potential
and substantial differences in cytogenetic parameters in clinical
settings that can have important therapeutic effects, especially for
hypofractionated schedules. The results obtained were compared with
curves found in published studies in which various types of radiation
were used to investigate differences in the linear and quadratic terms
for different radiation energies.

MATERIALS AND METHODS
This study was approved by the Hungarian Ethical Committee, ETT
TUKEB (23546-3/201) (23546–3/2017/EKU) and was conducted
following the principles of the Helsinki Declaration. All subjects
were informed about the aim of the study and gave their written
consent.

Irradiation of blood samples
Blood samples in 2 mL cryotubes were irradiated in a water-filled
plastic phantom (the bottom of the cryotube was 4 cm below
the surface of the water) at room temperature in order to achieve
homogenous doses. A TrueBeam linear accelerator (Varian, Palo
Alto, USA) was used for irradiation with an Eclipse 13.6 treatment
planning system. The machine was calibrated in water according to
the IAEA TRS-398 protocol. 1 MU corresponds to 1 cGy at dose
maximum, with 100 cm source surface distance (SSD). The absolute
calibration was performed with a PTW 30010 Farmer chamber
(Freiburg, Germany). The samples were positioned at the isocenter
(Fig. 1) with 95 cm SSD. The gantry angle was 90 degrees and the
field size was 8 × 8 cm at the isocenter. Table 1. shows the different
dose rates expressed as Gy/min. These are the only available dose
rates, for our measurements these settings were used. These dose
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rates are preprogrammed values of the linear accelerator therefore
these settings were used in our experiments. The doses ranged from
0.5 to 8 Gy.

Lymphocyte cultures
For preparation of the dose rate curves, venous blood samples were
obtained by venipuncture from 19 healthy non-smoker volunteers
(age: 38.5 ± 11.2 years, female: 11, male: 8) and were placed into Li-
heparinised vacutainers. To validate the dose–response curves, blood
samples were taken from five patients (age: 70 ± 5.5 years, female: 1,
male: 4) and were irradiated with 3 and 6 Gy (6 FFF, 12.5 Gy/min).
The lymphocytes were cultured using standard cytogenetic techniques
immediately after the exposure: 0.8 mL of blood was added to
9 mL of RPMI-1640 cell culture medium containing 15% bovine
serum albumin and penicillin/streptomycin (0.5 mL/L). Lymphocyte
proliferation was induced with phytohaemagglutinin M (0.2%). The
samples were incubated for 52 h at 37◦C. Cell proliferation was
inhibited with 0.1 μg/ml Colcemid (Gibco) in the last 2 h of culturing.
Cell cultures were then centrifuged, hypotonized with 0.075 M KCl for
15 min at 37◦C and fixed with cold methanol–acetic acid 3:1 mixture.
Following several washes in fresh fixative, the cells were gathered in
a small volume of fresh fixative, and this suspension was dropped on
glass slides, dried and stained with 3% Giemsa.

Study of chromosomal aberrations
More than 200 metaphases were analyzed per each experimental point
using a light microscope (Olympus BX51 with 100x Plan apo oil
immersion objective and 15x eyepiece). Chromosome analysis was
performed at the first cell division. Only clear oval metaphase cells
were counted. Based on the structural differences, chromatid-type
breaks (chromatid break, exchange) and chromosomal-type breaks
and rearrangements (fragments, dicentrics, rings, translocations) were
identified. One dicentric or ring and one acentric fragment observed
in the examined cell were counted together as one chromosome
aberration (CA). Excess fragments were not distinguished as terminal
or interstitial deletions according to the position of the chromatin loss.
Acentric fragments not associated with dicentric or ring aberrations
were counted as excess fragments. One tricentric chromosome was
counted as two dicentric equivalents. The evaluation was made in
accordance with the requirements of ICPEMC [16]. The slides were
coded and metaphases were analysed by four experienced investigators.
Each one scored a subset of the slides to lessen the bias from individual
scorers and different slides.

Statistical analysis
The yields of aberrant cells and aberrations (Y) were expressed per
100 cells scored. Standard errors (SE) of the mean of the aberration
yield were calculated from the dispersion (σ 2) of aberration among
cell distributions. At each experimental point aberrations among cell
distributions were checked for consistency with a Poisson model using
the variance to mean ratio (σ 2/Y) and Papworth’s u-test [17]. Fitting
the dose response to the linear-quadratic model was carried out by
the iteratively reweighted least-squares method. Student’s t-test was
used for statistical analyzes. Significant differences were determined

Fig. 2. Frequencies of dicentrics + rings, chromosome
fragments, translocations, total aberrations in human blood
lymphocytes of two donors irradiated by 6 MV/FFF photon
beam at different dose rates.

with 95% confidence interval, P value of < 0.05 was considered as
the limit of significance. Dose–response was fitted using CABAS-2
(Chromosomal Aberration Calculation) software [18]. GraphPad
InStat 3, GraphPad Prism 5 and Origin Pro 9 software packages were
used for calculations and data presentation [19].

RESULTS
Comparing the biological effects of different

modalities in chromosome aberrations measured
at 6–10 MV photon energy with or without FF

Each donor’s blood sample was irradiated with dose rates ranging
from 3.85-to 23.08 Gy/min (Table 1) and energy between 6–10 MV
with a dose of 0.5–8 Gy. All dose–response curves were calculated
from the blood samples of four different individuals. One non-
irradiated aliquot served as a control sample on every occasion.
(To eliminate the effect of individual sensitivity the same donor’s
blood sample was irradiated for the comparison of 6 MV in FFF
and FF mode). For scoring, 100–200 complete metaphase cells
were counted (blindly) per dose point per donor under every
condition.

We observed significant differences between the frequencies of
dicentrics plus rings at absorbed dose ranging between 2 and 8 Gy 6
MV FF 5.50 Gy/min vs 6 MV FFF 5.36 Gy/min (P < 0.0001); 6 MV
FF 5.50 Gy/min vs 6 MV FFF 5.36 Gy/min (P = 0.013); 6 MV FF
5.50 Gy/min vs 6 MV FFF 5.36 Gy/min (P < 0.001) and 6 MV FF
5.50 Gy/min vs 6 MV FFF 12.50 Gy/min (P < 0.001). There were
also significant differences in the number of total aberrations at 2 and
8 Gy (Fig. 2).

The effects of conventional irradiation techniques (chromosomal
aberrations) were also compared for the same donor’s blood samples
using 10 MV FF and FFF modes and dose rates with the 5.88 Gy/min
10 MV FF mode and 3.85, 15.40 and 23.08 Gy/min (Fig. 3). The
aberration frequencies (dicentrics + rings) were significantly higher
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Fig. 3. Frequencies of dicentrics + rings, chromosome
fragments, translocations, total aberrations, in human blood
lymphocytes of two donors irradiated by 10 MV/FFF photon
beam at different dose rates.

Fig. 4. Dose–response calibration curves for dicentrics + rings
induced by irradiation with LINAC X-rays. Fitted linear
quadratic model curves are represented by lines.
Y = c + αD + βD2, where Y is the number of dicentric and ring
chromosomes/number of metaphase spreads scored, D is
radiation dose, c is background level, and α is the linear and β is
the quadratic coefficient. Vertical bars indicate standard errors
of the observed yields. Calibration curve of 6 FFF at
12.5 Gy/min: Y = (0.001 ± 0.001) + (0.012 ± 0.011)D +
(0.046 ± 0.002)D2.

between 2 and 8 Gy (P < 0.05) at 10 MV FFF 3.85, 15.40 and
23.08 Gy/min than at 10 MV FF 5.88 Gy/min, the differences in
total aberrations were significant between 3 and 8 Gy (P < 0.0001).
Dicentrics plus rings and total aberrations were significantly higher
at 6 MV FFF mode than at 10 MV FFF mode for 2 (P = 0.001) and
8 (P = 0.011) Gy (Fig. 2 and 3).

Relation to other chromosome- and chromatid-type
aberrations

We could not find significant differences in frequencies of chromatid
breaks, exchanges (both chromatid-type aberrations), chromosome
fragments (excess fragments) and translocations (Fig. 2 and Fig. 3)
(chromosome-type aberrations) at different energies or at FF vs FFF
mode. In 6 MV FFF 5.36 Gy/min at 0.5 Gy, dicentrics plus rings
represented 22.2.% of the total aberrations and at 8 Gy this value was
70.1%, while at 10 MV FFF 3.85 Gy/min these values were 33.3%
(at 0.5 Gy) and 61.7% (at 8 Gy), respectively. The ratio of the yields
of dicentrics to centric rings was ∼5–10:1 and was independent of
the dose. Dicentrics were about as common as excess fragments at
≤ 2 Gy, and were ∼two times more frequent than excess fragments
at ≥3 Gy.

At lower doses (0.5–1 Gy), chromatid breaks and acentrics (not to
be confused with the dicentric or ring coupled fragments) exceeded the
number of dicentrics plus rings, however, at higher doses (>2 Gy) this
tendency was reversed, and the dicentrics plus rings predominated.

Excess fragments are 40.5–60.4% of dicentrics at 8 Gy and the
ratio depends on energy. The rate of translocations, which can still be
scored with conventional Giemsa staining, is ten times less than that of
dicentrics plus rings (range: 0–38/100 cells) and their frequencies also
grew quadratically with the dose. As Giemsa-stained translocations
are not always distinguishable (in 10% of the translocations) our
method is not directly comparable with translocation results using
Fluorescence in situ hybridization (FISH) methodology. On the
other hand, more metaphases can be analysed with the Giemsa
method. In our work, the number of chromatid breaks increased
with the dose linearly and the maximum value was 14/100 cells
at 6 Gy. There is no significant difference between frequencies of
chromatid breaks among the irradiation techniques used. How-
ever, chromatid breaks are not specific and are less significant for
irradiation.

The other chromatid-type aberrations investigated were the
exchanges, they were less frequent than chromatid breaks. The highest
yield of exchanges at 6 FFF was 3/100 cells.

Formal fitting of dose–response data to the
linear-quadratic model

The background level of chromosome aberration is very important
for dose estimation assessment. For the dicentric technique, we
obtained data from 19 healthy people. The average background
level was 6 dicentrics plus rings in 6000 cells (0.001 dicentrics plus
rings/cells). This value coincides with the results of our previous
population survey [20]. After in vitro irradiation with either 6 or
10 MV FF and FFF modes, a total of 28 000 metaphase spreads
were counted, and all stable and unstable chromosomal aberrations
were recorded. The distributions of dicentrics plus rings were in
accordance with the Poisson model (average U value was 0.119).
Fig. 4 shows the dose–response calibration curves for dicentrics plus
rings induced by irradiation with LINAC X-rays. Data are fitted with
CABAS. Factors like the energies employed and the dose rate directly
influenced the values of β . At 6 MV FF and FFF mode the values
of β (0.037 and 0.045 Gy−2 respectively) were higher than at 10
MV FF and FFF mode (0.023 and 0.036 Gy−2, respectively). The
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Table 2. Comparison of linear and quadratic yield coefficients and goodness of fit parameters calculated with CABAS software
(data of one person). α and β values are the coefficients of linear and quadratic terms; SE = standard error, DF = degrees of
freedom, P = probability for four degrees of freedom at 5 percent.

Energy, MV dose rate, Gy/min α value ± SE, Gy−1 β value ± SE, Gy−2 Chi2 DF P 5%

6 FFF 12.50 0.012 ± 0.011 0.046 ± 0.002 4.93 4 9.48
6 FFF 5.36 0.007 ± 0.006 0.044 ± 0.001 17.51 4 9.48
6 MV 5.50 0.020 ± 0.008 0.033 ± 0.002 3.65 4 9.48
10 MV 5.88 0.0009 ± 0.008 0.023 ± 0.002 17.20 4 9.48
10 FFF 3.85 0.004 ± 0.008 0.025 ± 0.002 4.46 4 9.48
10 FFF 15.40 0.013 ± 0.011 0.033 ± 0.002 10.89 4 9.48
10 FFF 23.08 0.007 ± 0.012 0.030 ± 0.002 9.89 4 9.49

Table 3. α and β values of the dose rate curves; every value is an average of 2–6 dose rate curves.

Energy, MV Dose rate, Gy/min α value, Gy−1 β value, Gy−2

6 FFF 12.50 0.006 ± 0.005 0.045 ± 0.002
6 FFF 5.36 0.008 ± 0.001 0.044 ± 0.0007
6 MV 5.50 0.002 ± 0.001 0.037 ± 0.005
10 FFF 23.08 0.007 ± 0.002 0.036 ± 0.003
10 FFF 15.40 0.001 ± 0.007 0.036 ± 0.002
10 FFF 3.85 0.009 ± 0.010 0.027 ± 0.001
10 MV 5.88 0.0009 ± 0.0008 0.029 ± 0.007

β values were the highest (0.044 ± 0.001 Gy−2) at 6 FFF mode (with
12.5 Gy/min), the lowest β values were (0.023 ± 0.002 Gy−2) at
10 MV FF (with 5.88 Gy/min). The values of α component were
lower than β values, and the lowest and highest values were: 0.0009
and 0.020 Gy−1, respectively (Tables 2 and 3). Linear coefficients
decreased with increasing photon energy. We also employed dose
estimation calculations based on all of the measured curves and found
correspondence with the dose range of the measured data. There is
an ∼0.2 Gy difference between steeper and flatter curves at 0.5 Gy,
but this value can be 1 Gy in the 6–7 Gy dose range. Generally, the
degree of variability in the predicted dose is greater at higher doses
than in lower doses. If only the 0–3 Gy dose range was included in our
calculations, then we would receive higher α and lower β values than
in the 0–8 Gy dose range. The linear coefficients tend to be reduced
at higher energies. There are also expected differences between the
dose rate curves we have recorded: the yield of dicentrics plus rings
increased with the radiation dose, showing increments that were clearly
dose-dependent.

We compared our results with data retrieved from the liter-
ature [21, 22]. Wilkins et al. and Prasanna et al. published tables for
comparison of results between laboratories. We also used the estimated
doses for comparison, but extended the tables with the data of 100 and
200 dicentrics. We also calculated the doses for the other mentioned
publications and our data, applying CABAS software (Table 4). These
comparisons demonstrated that there were no significant differences
between our and other authors’ dose rate curves at 2 dicentrics plus
rings/100 cells frequency at different applied energies (Table 4). How-
ever, in the case of 20–200 dicentrics plus rings/100 cells, there are
significant differences. For example, at 20 dicentrics plus rings/100

cells, there is a significant change between the estimated dose of 6
MV FF 0.54 Gy/min [4] and 10 MV FF 5.58 Gy/min (our data).
There were significant differences between the calculated estimated
doses obtained in our experiments and those of Lemos-Pinto et al.
[4] (at 6 and 10 MV energies with FF and FFF modes). Using our
own dose rate curves (6 MV FFF and 10 MV FFF) we estimated
higher doses than other authors [2, 8, 21, 23] with cobalt gamma
sources or 6 MV LINAC [4]. These calculations are important during
hypofractionated radiotherapy because we can influence the biologi-
cal effect of treatment with energy and dose rate of irradiation. For
example, 200 dicentric plus ring aberrations/100 cells predicts a 6.7 Gy
dose at 6 MV FFF (12.5 Gy/min) or 8.0 Gy dose at 10 MV FFF
(23.08 Gy/min). That is, the 6 FFF, 12.5 Gy/min has a greater biolog-
ical effect than the 10 FFF, 23.08 Gy/min.

To compare the effect of the different photon energies and dose
rates used, relative biological effectiveness (RBE) values were calcu-
lated based on the dose–response results obtained. RBE is defined as
the ratio of the dose given by a reference radiation quality and the
dose given by a test radiation that produce equal effect. We used 6
MV FF (5.50 Gy/min) as the reference radiation. The average RBE
value was 1.11 for 6 MV FFF (5.36–12.50 Gy/min), for 10 MV FFF
(3.85–23.08 Gy/min) it varied from 0.79 to 0.92, for 10 MV 0.72 and
for 60Co γ (0.2 Gy/min) 1.28 at a dose range 0–8 Gy (Fig. 5).

DISCUSSION
In our study, the spontaneous aberration frequencies appeared to be in
agreement with our earlier findings [20]. The yields of dicentrics plus
rings were 7–20.50/100 cells at 2 Gy irradiation dose, which is in line
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Table 4. Comparison of linear and quadratic yield coefficients for dicentric aberrations induced by 60Co γ and LINAC X-rays and
predicted doses (Gy). Estimated doses (Gy) of the same dicentric (dic + ring) chromosome aberration values based on estimates
of parameters for the different calibration curves by CABAS and lower and upper confidence limit (CI, second line in every row)
are shown. 95% CI: lower and upper confidence limit. Adapted from data of listed authors and predicted dose was calculated
from their dose–response calibration curves with CABAS program: 1Köksal,1996; 2Barquinero, 1995; 3Wilkins, 2008;
4Lemos-Pinto, 2015; 5Vinnikov, 2013; 6this study.

Irradiation
energy, dose
rate Gy/min

α-value β-value Estimated
dose, Gy 2
dic+ ring/100
cells

Estimated
dose, Gy 20
dic+ ring/100
cells

Estimated
dose, Gy 70
dic+ ring/100
cells

Estimated
dose, Gy 100
dic+ ring/100
cells

Estimated
dose, Gy 200
dic+ ring/100
cells

60Co γ 1 0.024 0.069 0.38 1.53 3.00 3.63 5.20
45.73/Rad/min 0.06–0.85 1.16–1.94 2.63–3.40 3.26–4.02 4.83–5.58
60Co γ 2 0.021 0.063 0.39 1.59 3.12 3.77 5.39
1.07–1.18 ±0.005 ±0.004 0.04–0.89 1.21–2.02 2.74–3.53 3.38–4.17 5.00–5.79
60Co γ 3 0.029 0.036 0.39 1.85 3.97 4.82
0.638 ±0.008 ±0.003 0–1.38 1.24–2.77 3.25–4.75 4.10–5.59
6 MV4 0.013 0.056 0.48 1.77a 3.42b 4.11 5.87n

0.54 ±0.007 ±0.004 0.08–1.02 1.36–2.23 3.00–3.86 3.70–4.55 5.45–6.30
60Co γ 5 0.129 0.033 0.14 1.17 3.02 3.86 6.02
0.5–1.2 ±0.009 ±0.001 0.01–0.49 0.78–1.66 2.54–3.55 3.35–4.39 5.51–6.57
60Co γ 6 0.005 0.058 0.53 1.80 3.41 4.09 5.81
0.2 ±0.018 ±0.006 0.12–1.06 1.39–2.25 3.01–3.85 3.69–4.52 5.40–6.23
6 FFF6 0.007 0.044 0.58 2.06 3.93c 4.71f,h,i 6.70n

5.36 ±0.006 ±0.001 0.12–1.20 1.58–2.57 3.45–4.42 4.23–5.20 6.22–7.18
6 FFF6 0.012 0.046 0.77 2.21 4.03b,d 4.78g 6.72l

12.50 ±0.011 ±0.002 0.33–1.37 1.75–2.71 3.56–4.51 4.33–5.26 6.26–7.19
6 MV6 0.020 0.033 0.51 2.16 4.28d,e 5.18j,k 7.44m

5.50 ±0.008 ±0.002 0.06–1.19 1.63–2.75 3.75–4.85 4.64–5.74 6.91–8.00
10 FFF6 0.004 0.025 0.84 2.90 5.51 6.61f,g,h,k 9.39m

3.85 ±0.008 ±0.002 0.18–1.73 2.24–3.63 4.86–6.21 5.95–7.30 7.39–8.52
10 FFF6 0.013 0.033 0.72 2.47 4.67 5.60 f,h 7.94l

15.40 ±0.011 ±0.002 0.16–1.45 1.91–3.08 4.12–5.26 5.04–6.18 6.77–7.82
10 FFF6 0.007 0.030 0.67 2.44 4.68 6.03f,g,h,k 8.01l

23.08 ±0.012 ±0.002 0.12–1.41 1.87–3.06 4.12–5.28 5.44–6.66 7.44–8.59
10 MV6 0.0009 0.023 0.89 2.94a 5.52c,e 6.61i,j 9.36m

5.88 ±0.008 ±0.002 0.23–1.75 2.28–3.66 4.87–6.21 5.96–7.29 8.71–10.03

Differences between estimated doses are significant as indicated: aP = 0.005, bP = 0.016, cP = 0.0002, dP = 0.001, eP = 0.005, fP = 0.0009, gP = 0.005, hP = 0.005, iP < 0.0001,
jP = 0.0014, kP = 0.043,lP = 0.005, mP < 0.0001, nP = 0.0011.

with the values of 12–49/100 cells published by others [24–26]. The
dicentric plus ring frequencies were 19–52/100 cells after irradiation
with 3 Gy, 80.5–199.7/100 cells at 6 Gy and 104–336/100 cells at 8 Gy.
The appearance of these aberrations highly depends on the absorbed
dose and energy.

To validate our dose–response curves, the blood samples taken
from five more people were irradiated with 3 and 6 Gy. This method
is also applicable to get some information about the radiosensitivity of
the radiotherapy patients [27]. The frequencies of dicentrics plus rings
observed in the individuals—whose blood samples were irradiated
with 3 and 6 Gy at 6 MV FFF, 12.5 Gy/min—were counted and
dose estimations were done using the proper dose rate curve. Table 5
shows the results of these comparisons. There are some individual
differences in the frequencies of dicentric plus ring aberrations found in
their lymphocytes, the average difference was 6.3% from the calibration

curve at 3 Gy and 2.7% at 6 Gy. The dose estimation was also done
using a 60Co γ (0.2 Gy/min) dose rate curve. The average deviation
was 22.3% at 3 Gy and 18.5% at 6 Gy.

We observed significant differences in aberration frequencies when
different irradiation techniques were used. The FFF mode has higher
radiobiological effect than the FF mode. We have also shown that more
dicentric plus ring aberrations were produced by lower energy. Conse-
quently, it seems that the FFF mode does not just have heterogeneous
energy spectra, but the effective energy is lower than in the FF mode.
This was shown with physical measurements in the publications of
Vassiliev et al. and Budgell et al. [28, 29], but biological measurements
are scarce. These phenomena arise because the FF can absorb lower
energies better and the depth dose characteristics of the 6 MV FFF
beam are similar to those of the 4 MV FF beam. We found that
these differences between the FF and FFF radiation techniques
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Table 5. Cytogenetic effects of LINAC X-ray irradiation in lymphocytes from five individuals’ blood samples (before their
treatment). Irradiation parameters were: 3 and 6 Gy, 6 FFF mode, 12.5 Gy/min. Dicentric + ring chromosome aberrations (Dic
+ ring) were counted and the estimated dose was calculated using calibration curves taken either from LINACs (6 FFF mode,
12.5 Gy/min) or from a 60Co source (0.2 Gy/min) indicated by asterisks (∗). The average deviation from the calibration curve (6
FFF mode, 12.5 Gy/min) was 6.3% at 3 Gy and 2.7% at 6 Gy. These values were 22.3% at 3 Gy and 18.5% at 6 Gy in the case of the
60Co curve. CI = confidence interval.

No., age, sex Dic + rings/100
cells 3Gy 95% CI

Dic + rings/100
cells 6Gy

Estimated dose
3 Gy

Estimated dose
6 Gy

95% CI interval
3 Gy

95% CI interval
6 Gy

1., 75, female 44 143 3.24 5.86 2.76–3.76 5.37–6.36
2.70∗ 4.91∗ 2.29–3.14∗ 4.50–5.33∗

2., 72, male 42 156 3.17 6.12 2.68–3.68 5.64–6.62
2.64∗ 5.13∗ 2.23–3.07∗ 4.72–5.55∗

3., 64, male 31 120 2.72 5.37 2.24–3.24 4.88–5.87
2.26∗ 4.49∗ 1.85–2.70∗ 4.08–4.91∗

4., 63, male 21 127 2.23 5.52 1.75–2.76 5.04–6.02
1.85∗ 4.62∗ 1.44–2.30∗ 4.21–5.04∗

5., 76, male 30 168 2.67 6.35 2.19–3.20 5.87–6.82
2.20∗ 5.32∗ 1.81–2.66∗ 4.91–5.73∗

Average 33.6 142.8 2.81 5.84 2.32–3.32 5.36–6.33
2.33∗ 4.89∗ 1.92–2.77∗ 4.48–5.31∗

Fig. 5. Average RBE values as a function of dose for the photon
energies: 60Co γ 0.2 Gy/min, 6 FFF (5.4–12.5 Gy/min), 10 MV
(5.9 Gy/min) and 10 FFF (3.9–23.1 Gy/min).

(6 MV FF 5.50 Gy/min vs 6 MV FFF 12.5 Gy/min) are most
profound in respect of their ability to induce formation of chromosome
fragments: 98–128/100 cells vs 228–316/100 cells of dicentrics plus
rings at 8 Gy. With regard to calibration curve measurements, we
suggest that although for every given technique the standard error
increases with the dose, the lower number of aberrations necessitates
more evaluated cells in the low dose range. It is also important to
measure the effects of different techniques using the same donor’s
irradiated blood, as individual differences may have an impact on the
results.

In our experiments the blood samples were irradiated with photon
beams at different dose rates at both 6 and 10 MV FF energy.

While there were differences between the chromosomal aberration
frequencies in cells exposed to radiation at different dose rates at
the same energy, the change was not always statistically significant.
The measurement of Brehwens et al. [30] can give some explanation:
when dose rate was in the range of ∼10 mGy-1 Gy/min, DNA repair
could take place during the irradiation. Above ∼1 Gy/min, dose was
delivered in a much smaller time scale than the time required for
lymphocytes to repair DNA, therefore DNA repair could not play
a significant role and there was no difference between the effects of
dose rates above this level [30]. All of our experiments were done
above 1 Gy/min.

We found significant differences in the dose–effect curves of dif-
ferent photon energies, as was expected from previous studies. For
example, Hill [31] determined that photons with lower energy are
expected to be more effective biologically because they have a higher
linear energy transfer value. The energy of secondary electrons emitted
is also decreasing, therefore microdosimetric energy depositions show
a significant shift in energy deposition patterns towards higher energy.
In terms of quantification, cell survival data [30] showed that the
RBE value for 200 kV X-rays was ∼10% greater than those for 6 MV
photon beams. We determined the RBE of 10 MV compared with 6
MV energies and found a 28% decrease.

In our study, the number of chromatid breaks increased linearly
with the dose, however independently of energy or dose rate.
Some authors suggested [32, 33] that chromatid-type aberrations
were typical for spontaneous chromosomal rearrangements that are
probably induced by endogenous reactive oxygen species (ROS). It
can be hypothesised, that an increased dose stimulates the production
of ROS in mitochondria, and results in a high yield of chromatid-
type aberrations, chromatid breaks and exchanges. At low dose
irradiation (0–0.5 Gy), the endogenously induced chromatid breaks
are commensurable with the ones induced directly by low doses of
ionizing radiation [34].
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According to our results, at the low dose range (0–2 Gy) the
dicentrics plus rings represent 13.3–33.3% at 0.5 Gy, 14.3–45.5% at
1.0 Gy and 35–54.9% at 2.0 Gy of the total number of aberrations.
In the 3–8 Gy dose range, this value increases to 45–70.2% and
depends on energy. Only a few reports contain data on doses at 6 Gy
and above [8]. However, in our opinion, the method applied even
in these conditions; the only difficulties that we experienced related
to scoring excess fragments. Vinnikov and Maznyk [8] investigated
higher doses (10, 16 and 20 Gy) and concluded that the main technical
complications are related to the poor quality of metaphases and the
too high number of chromosomal rearrangements. It seems that other
aberrations, which are not radiation specific, are more prominent at low
doses. Therefore, the other types of aberrations and total aberration
value can also be important indicators of the biological effect of
radiation. It would be worth considering using total aberrations instead
of dicentrics plus rings for biological dosimetry below 2 Gy.

In addition, recent evidence shows that at doses up to 15–18 Gy
acentric fragments get into cytosol and can activate an immune
response. However, at higher doses the concentration of cytosolic
DNA decreases. Finding the correct dose for induction of sufficient
double-stranded DNA breaks may be a key step in selecting optimal
radiotherapy protocols during immunotherapy [34, 35], and the
chromosome aberration method may help to achieve this goal.

To our knowledge, this study is the first comprehensive evaluation
of cytogenetic effects of different dose rates in a broad dose range,
including very high doses.

CONCLUSION
The FFF mode increased the biological effect of irradiation. Both
dicentrics plus rings and β parameters were higher in FFF mode than
in FF mode. The calculated order of efficiency is: 6 MV FFF > 6
MV FF > 10 MV FFF > 10 MV FF. The average RBE value for
60Co γ irradiation was 1.28, for 6 MV FFF (5.36–12.5 Gy/min) 1.11,
for 10 MV FFF (3.85–23.08 Gy/min) 0.79–0.92 and for 10 MV FF
(5.88 Gy/min) 0.72, relative to reference radiation of 6 MV FF with
5.50 Gy/min. These data show that 6 MV FFF has an 11% higher
relative biological effect, while the biological damage of 10 MV FF and
10 MV FFF is less than that of 6 MV FF.

In case of accidental overdose of a patient, the appropriate calibra-
tion curve should be used. Furthermore, these results can also be useful
for selecting the suitable energy and dose rate for clinical practice in the
future.
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