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  Introduction 

 Recently evolved techniques within radiation oncology, such 
as intensity-modulated radiation therapy (IMRT), result 
in better dose conformity to tumors with increasing sparing 

of healthy tissues. Th is is realized through modifi cation of 
the dose rate as well as the beam shape, while accepting 
more monitor units, an increased out-of-fi eld dose volume 
and longer delivery times (Wang et   al. 2003). Volumetric-
modulated arc therapy (VMAT) shortens overall treatment 
time using dynamically modulated arc beams which dis-
penses of fl attening fi lters. Flattening fi lter free (FFF) beams 
can deliver higher instantaneous dose rates with reduced 
head scatter, increased beam stability and lower out-of-fi eld 
dose (Georg et   al. 2011). Removing the fl attening fi lter causes 
a softer energy spectrum in the center of the radiation fi eld 
(Verhaegen and Seuntjens 2003). Th e lower photon energy 
results in lower energy electrons, which theoretically may 
cause more biological damage, i.e., provide a higher rela-
tive biological eff ectiveness (RBE) (Liu and Verhaegen 2002, 
Kirkby et   al. 2007, Syme et   al. 2009). 

 For low dose rates, ionizing irradiation does aff ect cel-
lular survival (Bedford and Mitchell 1973). Data on the 
actual radiobiological consequences of these high dose 
rates using FFF beams show confl icting results. Higher 
instantaneous dose rate beams have been shown to reduce 
clonogenic cell survival in some studies (Lohse et   al. 2011), 
while no diff erences were observed in others (Sorensen 
et   al. 2011, Karan et   al. 2013, King et   al. 2013, Verbakel 
et   al. 2013, Lasio et   al. 2014). Before safely implementing 
FFF irradiation in the clinic, more research is needed to 
resolve these reported discrepancies obtained using dif-
ferent cell lines and experimental settings. DNA repair of 
sublethal damage determines the outcome of dose rate 
experiments (Steel et   al. 1987, Lambin and Wouters 2004) 
and more residual DNA damage is present upon high dose 
rate (HDR) irradiation in repair-defi cient cells (Hu and 
Hill 1996). Additionally, cells defi cient for homologous 
recombination (HR) often have a lower alpha/beta ( α / β ) 
ratio and are more sensitive for high dose per fraction. 

                            

  Abstract 
  Purpose : We hypothesize that fl attening fi lter free (FFF) high dose 
rate irradiation will decrease cell survival in normal and cancer 
cells with more pronounced eff ects in DNA repair defi cient cells. 
Additionally, we hypothesize that removal of the fl attening fi lter 
will result in an enhanced relative biological eff ectiveness inde-
pendent of the dose rate. 
  Materials and methods : Clonogenic survival was assessed after 
exposure to dose rates of 4 or 24 Gy/min (FFF 10 megavolt [MV] 
photon beam) using a Varian TrueBeam accelerator. Additionally, 
cells were exposed to 4 Gy/min with or without fl attening fi lter. 
Relative biological eff ectiveness estimations were performed 
comparing the diff erent beam photon spectra. 
  Results : Cell survival in tumor and normal cell lines was not 
infl uenced by high dose rate irradiation. The intrinsic radiation 
sensitivity of DNA repair defi cient cells was not aff ected by high 
dose rate compared to normal dose rate. Furthermore, the rela-
tive biological eff ectiveness was not signifi cantly diff erent from 
unity in any of the cell lines for both FFF and conventional fl at-
tened beam exposures. 
  Conclusions : High dose rate irradiation did not aff ect long-term 
survival and DNA repair for cell lines of diff erent tissues. This sug-
gests that high dose rate does not infl uence treatment outcome 
or treatment toxicity and could be safely implemented in clinical 
routine.  
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Th erefore, we hypothesize that FFF high dose rate irradia-
tion will decrease cell survival in normal and cancer cells 
and this eff ect will be more pronounced for HR DNA repair 
defi cient cell lines. Since the RBE is believed to correlate 
with radiobiological damage (Goodhead 1994), we also 
hypothesize that fl attening fi lter (FF) removal will result in 
an enhanced RBE independently of the dose rate.   

 Methods  

 Cell culture 
 Exponentially growing human lung (A549, ATCC CCL-185), 
breast (MCF7, ATCC HTB-22) and brain (U373 MG, ATCC 
HTB-17) carcinoma cells and human lung (NL20, ATCC CRL-
2503) and breast (MCF10A, ATCC CRL-10317) immortalized 
non-tumorigenic epithelial cells were cultured in the appro-
priate medium, as described by ATCC, supplemented with 
10% fetal bovine serum (FBS) (Greiner Bio-One B.V., Alphen 
a/d Rijn, Th e Netherlands). Th e Human DNA repair defi cient 
colon (HCT116 parental and DNA-dependent protein kinase, 
catalytic subunit [DNA-PKcs-/-] non-homologous end join-
ing [NHEJ] defi cient, HD PAR-082 and HD R02-049) and 
colorectal (DLD1 parental and breast cancer 2, early onset 
[BRCA2-/-] homologous recombination [HR] defi cient, HD 
PAR-008 and HD 105-007) carcinoma cells were cultivated as 
recommended by the supplier (Horizon Discovery Ltd, Cam-
bridge, UK). Chinese hamster ovary cells (CHO9 wild type 
[wt], CHO9 X-ray repair complementing protein 1 [XR-C1] 
DNA-PKcs-/- NHEJ defi cient, CHO9 derivative AA8 wt, AA8 
ionizing irradiation sensitive clone 1sf [IRS1sf] X-ray repair 
cross-complementing protein 3 [XRCC3-/-] HR defi cient 
and AA8 ultraviolet sensitive mutant 5 [UV5] xeroderma 
pigmentosum D orthologue [XPD-/-] nucleotide excision 
repair [NER] defi cient) were cultured in Ham ’ s F-10 medium 
(Lonza Benelux B.V., Breda, Th e Netherlands), supplemented 
with 10% FBS.   

 Treatment planning 
 A CT (Siemens Biograph 40, Siemens Healthcare, Malvern, 
PA, USA) scan (slice thickness 1 mm) of the experimen-
tal set-up was made for accurate treatment planning 
(Figure 1). 10 megavolt (MV) FF beams were delivered at a 
dose rate of 4 Gy/min, 10 MV FFF beams at 4 or 24 Gy/min 
using a Varian TrueBeam accelerator (Varian Medical Sys-
tems, Palo Alto, CA, USA). For FF beams, the dose per pulse 
at the depth of the maximum dose (d max ) was found to be 0.03 
and 0.056 cGy/pulse, respectively, for low and high dose rate 
10 MV photon beams. Th e dose per pulse at d max  for 10 MV 
FFF beams equals 0.13 cGy/pulse and was found to be inde-
pendent of the nominal dose rate (Kry et   al. 2012). For each 
uniform dose level, treatment planning was performed with 
the Anisotropic Analytical Algorithm (AAA [10.0.28], Eclipse, 
Varian Medical Systems) calculation model with a dose cal-
culation grid resolution of 1 mm. Polymethylmetacrylate 
(PMMA, 2 cm) dose build-up was used for calculations and 
irradiation. Surface (cells) source distance was kept at 96.4 cm 
for both beam schedules. FF and FFF beams were delivered 
using a 20    �    20 cm or 8    �    8 cm irradiation fi eld respectively, 
with the center of jig (FF) or the center of the dish (FFF) at the 

isocenter of the beam. Th is setup resulted in 88.6 and 102.8 
monitor units per Gy for FF and FFF beams, respectively.   

 Dose verifi cation 
 Th e delivered dose was verifi ed using circular pieces 
(35 – 40 mm diameter) of GafchromicÒ       EBT3 fi lms (Ashland 
Specialty Ingredients, Wayne, NJ, USA), cut to fi t the dishes 
for a 2 Gy delivery. Th e fi lms were placed at the bottom of 
the dishes using the same experimental set-up as described 
above. Th e fi lm batch was calibrated in the beam used for the 
cell experiments. Each piece of fi lm was scanned at the same 
time as a test piece irradiated at a known dose to validate the 
absolute dose measurements. Absolute dosimetry was vali-
dated by the ratios of the measured doses to the calculated 
doses for the test fi lms which were 0.7% for the FF scan and 
1.2% for FFF scan. Th e average delivered dose on an 80% area 
of the dish was found to be 196    �    3.9 cGy and 203.1    �    14.9 cGy 
for the FF and FFF beam respectively (Figure 1C). Th e area 
profi les obtained from the fi lm measurements at the position 
of the cells are compared to the planned doses using diff er-
ence maps (Figure 1C). For FF irradiation, 76.3% of the pixels 
measured with the fi lm are within 3% of the planned dose, 
while for FFF irradiation this was found to be 90.2%   

 Irradiation and clonogenic survival 
 Exponentially growing cells were cultivated in dishes until 
70% confl uency was reached. Subsequently, cells were irradi-
ated (0, 2, 5 or 10 Gy) with or without fl attening fi lter accord-
ing to the treatment planning described above. To ensure 
an adequate number of colonies, irradiation dose within 
our study was limited to 10 Gy, since cell survival probabil-
ity is too low for higher dose levels. Afterwards, cells were 
trypsinized and plated in triplicate for clonogenic survival. 
Cells were allowed to form colonies for 10 – 14 days, the day on 
which they were fi xed and stained with 0.4% methylene blue 
in 70% ethanol. Afterwards, colonies were counted manually 
and survival was calculated by dividing the number of colo-
nies ( �    50 cells) by the number of seeded cells, corrected for 
the plating effi  ciency of the non-irradiated cells. Th e survival 
plots were fi tted using the linear-quadratic model.   

 Calculation of Relative Biological Eff ectiveness (RBE) 
 RBE for DNA double-strand break (DSB) induction was 
calculated in a three-step procedure (Reniers et   al. 2008). 
First, Monte Carlo simulations were used to obtain pri-
mary electron distributions in water. 10 MV FF and FFF 
photon distributions emitted by the linear accelerator were 
obtained from the manufacturer (Varian Medical Systems). 
Th ese were used as input for Monte Carlo simulations with 
the Electron Gamma Shower from the National Research 
Council of Canada (EGSnrc) code (Kawrakow 2000). Sam-
pled photons were transported in water to a depth of 0.5 
cm where the primary electrons were scored. Contaminant 
electrons from the accelerator were neglected. To ensure the 
production of Compton electrons below 1 kile electron volt 
(keV), the photon and electron production cut-off s were set 
to 100 eV. Second, the Monte Carlo Damage Simulation pro-
gram (Hsiao and Stewart 2008) was used for calculation of 
distributions of clustered DNA lesions such as DSB. Th ird, 
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from these damage distributions, an estimate of the RBE for 
initial DSB induction can be derived, from the ratio of the 
DNA DSB yield for a test radiation to that for the reference 
radiation (Hsiao and Stewart 2008). Th e test radiation in this 
work was the commonly used  60 Co photon spectrum.    

 Results  

 Eff ect of high dose rate 
 First we compared clonogenic survival after exposure to a 
standard clinical beam dose rate (4 Gy/min) or to HDR 
irradiation (24 Gy/min) in the absence of the fl attening fi lter. 
Th erefore, the dose rates diff ered in pulse repetition frequency 
(PRF), while dose per pulse (DPP    �    0.13 cGy/pulse) was con-
stant, which resulted in a shorter delivery time for the HDR 
irradiation setup. Tumor cells were selected from a variety of 
organs to cover several cancer sites. No diff erences in tumor cell 
survival were observed upon irradiation for all cancer cell lines 
(Figure 2A). In addition, we extended our investigations on the 
eff ect of HDR irradiation on human non-tumorigenic lung and 

breast epithelial cells. Similar to what we observed in all tumor 
lines, there was no diff erence in cell survival between HDR and 
a standard dose rate of 4 Gy/min (Figure 2B).   

 Eff ect fl attening fi lter removal 
 Monte Carlo simulations showed that within the central 
axis of the radiation fi elds, the beam without fl attening fi lter 
(FFF) had an estimated RBE for DSB induction that exceeded 
the beams with fl attening fi lter (FF) by only 3%. Th is value 
is expected to lead to negligible diff erences in biological 
damage for both photon beam modalities. To investigate 
if the biological eff ect on cell survival of FFF irradiation is 
indeed similar, cells were exposed to 4 Gy/min with (FF) or 
without fl attening fi lter (FFF). Neither for the tumor cells 
(Figure 3A), nor for the normal epithelial cells (Figure 3B), 
signifi cant eff ects on cell survival were observed.   

 DNA repair defi ciency 
 Since cell lines with low  α / β  ratio are more sensitive to 
variations in RBE of the ionizing irradiation to which they 

  Figure 1.     Experimental set-up and dose verifi cation. (A) Drawing of the custom made jig for irradiation. (B) Color wash dose distribution for FFF 
(top) and FF (bottom) beams using 8    �    8 or 20    �    20 cm irradiation fi eld respectively. Th e center of the irradiation dish (FFF) or the center of the 
jig (FF) was positioned at the isocenter of the beam. A, anterior; P, posterior; R, right; L, left; H, head; F, feet. (C) Dose uniformity assessed using 
EBT3 fi lm dosimetry (left) and diff erence map between delivered and planned dose (right) for FF and FFF beam. Th e circle indicates the 80% area 
of the dish.  

780 L. Dubois et al. 



A NER deficient carcinoma cell line was included as con-
trol for single-strand break repair deficiency (Figure 4). As 
expected, both human and hamster carcinoma cell lines 
deficient for NHEJ were more radiosensitive compared to 
the wild type cells. In the HR deficient cells, radiosensi-
tization was less pronounced for the human cells, while 

are exposed to, we investigated whether HDR FFF irra-
diation had a more pronounced effect on survival of DNA 
repair deficient cells. For this purpose, we assessed clo-
nogenic survival capacity in NHEJ or HR repair deficient 
human colorectal or Chinese hamster ovary (CHO) carci-
noma cells compared to their wild-type isogenic controls. 

  Figure 2.     Effect of high dose rate irradiation on clonogenic survival for tumor and non-tumorigenic cells. Clonogenic survival for human 
tumor (A) and non-tumorigenic immortalized epithelial (B) cells from different tissues for low (4 Gy/min, black) and high (24 Gy/min, gray) 
dose rate irradiation with flattening filter removed (FFF). Data represent the mean  �  SD of at least three independent experiments.  
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no difference was found for the hamster carcinoma cells. 
No difference in radiosensitivity was observed for the 
NER deficient cells compared to the parental cell line. 
Although differences in radiosensitivity were observed for 
DNA repair deficient cells, HDR irradiation did not alter 

their survival in either direction compared to normal dose 
rates (Figure 4). Additionally, flattening filter removal did 
not result in a decreased survival compared to conven-
tional filtered beam irradiation (Supplementary Figure 1, 
available online at http://informahealthcare.com/abs/doi

  Figure 3.     Eff ect of fl attening fi lter free irradiation on clonogenic survival for tumor and non-tumorigenic cells. Clonogenic survival for human tumor 
(A) and non-tumorigenic immortalized epithelial (B) cells from diff erent tissues for conventional fl attened beam (FF, black) and fl attening fi lter free 
(FFF, gray) irradiation keeping the dose rate constant (4 Gy/min). Data represent the mean  �  SD of at least three independent experiments.  
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repair defi cient human colorectal or Chinese hamster ovary 
carcinoma cells. Additionally, Monte Carlo simulations esti-
mated only a 3% increase of RBE for DSB induction from FFF 
beams compared to FF beams, confi rming the equal clo-
nogenic survival for the diff erent beams. Our results for the 
tumor and non-tumorigenic human cells are in agreement 
with recent experimental reports (Supplementary Table I, 
available online at http://informahealthcare.com/abs/doi/
10.3109/09553002.2015.1068457), which applied however 
a diff erent beam energy (6 MV) and dose rates (Karan et   al. 
2013, King et   al. 2013, Lasio et   al. 2014), and theoretical cal-
culations (Ling et   al. 2010). In contrast, Lohse et   al. (2011) 

/10.3109/09553002.2015.1068457) in DNA repair deficient 
cells.    

 Discussion 

 Instantaneous HDR (24 Gy/min) or FFF (4 Gy/min FF ver-
sus FFF) irradiation did not result in altered clonogenic 
survival. Th is was observed for tumor cell lines originat-
ing from diff erent sites (lung, breast, colon and brain) and 
for non-tumorigenic human epithelial cells (lung and 
breast). Furthermore and for the fi rst time, this was shown 
as well for homologous and non-homologous end joining 

  Figure 4.     Eff ect of high dose rate irradiation on clonogenic survival for DNA repair defi cient carcinoma cells. Clonogenic survival for human 
colorectal (A) or Chinese hamster ovary (B) DNA repair defi cient carcinoma cells (dashed line) compared to wild type cells (full line) for low 
(4 Gy/min, black) and high (24 Gy/min, gray) dose rate irradiation with fl attening fi lter removed (FFF). Data represent the mean  �  SD of at least 
three independent experiments. Arrows indicate signifi cant diff erences between LQ fi tted curves based on the Extra sum-of-squares F test.  *  p     �    0.05, 
 *  *  p     �    0.01.  
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for high dose rate irradiation compared to only a marginal 
eff ect for Ku70 defi cient cells (Hu and Hill 1996). 

 First clinical studies have also demonstrated the feasibil-
ity and safety of, e.g., stereotactic body radiotherapy (SBRT) 
treatment in FFF mode reaching dose rates up to 24 Gy/min 
(Scorsetti et   al. 2011, Mancosu et   al. 2012, Prendergast et   al. 
2013, Wang et   al. 2014). Our study confi rms that FFF high 
dose rate beams have no additional detrimental eff ects on 
tumor and more importantly on normal tissue cell survival. 
Furthermore, no diff erence in eff ect on survival was observed 
for DNA repair defi cient cells. Additionally, preliminary 
experiments using fractionated irradiation have provided 
similar results (Karan et   al. 2013, Verbakel et   al. 2013).   

 Conclusion 

 Overall, these data indicate that from a radiobiological point 
of view FFF high dose rate irradiation at clinical relevant 
doses is safe and could be implemented in daily clinical 
practice.                  
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did observe enhanced glioblastoma cell killing after removal 
of the fl attening fi lter (10 MV 4 Gy/min) of cells exposed to 
doses of 10 Gy and higher. 

 Importantly, our results indicated also no diff erence in 
clonogenic survival after exposure to 4 Gy/min FF versus 
24 Gy/min FFF irradiation. Consistent with our fi ndings, 
Verbakel et   al. (2013) found equal biological eff ects after increas-
ing the instantaneous dose rate from a 6 Gy/min FF to 24 Gy/min 
FFF 10 MV schedule and similar eff ects were observed upon 
fractionated irradiation. Sorensen et   al. (2011) also reported 
no dependence of cell survival on the instantaneous dose rate, 
although no FFF beams were used. In the latter study, high dose 
rates were obtained using regular FF 6 MV beams for which the 
distance to the source was varied resulting in dose rates of 5, 10 
and 30 Gy/min. Our results obtained using similar settings how-
ever are in contrast with the data from Lohse et   al. (2011), who 
reported increased radiation effi  cacy with increasing dose rates. 
Lasio et   al. (2014), using the same cell lines, reported contradic-
tory results as well. 

 Th e biological outcome of dose rate experiments is 
dependent on successful repair of sublethal DNA damage 
during and immediately after irradiation (Steel et   al. 1987). 
Th is has shown to be especially important for low dose rate 
irradiation. As radiation dose delivery time increases, a num-
ber of biological processes, such as DNA repair, proliferation, 
reoxygenation and cell cycle redistribution might already 
take place during irradiation, obscuring the observed radia-
tion response (Steel et   al. 1986). Th is implies that during high 
dose rate irradiation more residual DNA damage is present 
at the end of treatment compared to low dose rate which 
would be exacerbated by DNA repair defi ciencies. We there-
fore investigated if HDR FFF irradiation would have more 
pronounced eff ects on survival of NHEJ, HR or NER defi cient 
human colorectal or Chinese hamster ovary carcinoma cells. 
As expected, both NHEJ and HR defi cient cells were more 
radiosensitive compared to their wild type control cell lines, 
with an even more pronounced diff erence for the NHEJ-
defi cient cells. Th is could be explained by the diff erential 
contribution of NHEJ and HR to radiation-induced repair, 
with NHEJ being the predominant repair pathway through-
out the cell cycle (Rothkamm et   al. 2003). Additionally, Ku70 
defi ciency resulted in a more radiosensitive phenotype com-
pared to DNA-PKcs repair defi cient cells (Hu and Hill 1996). 
Furthermore, the AA8 IRS1sf HR defi cient cell line demon-
strates only a marginal radiosensitive eff ect on survival likely 
due to the fact that these cells are only partially defective in 
HR (Rothkamm et   al. 2003). As expected, NER defi cient UV5 
cells were not more radiosensitive than wild type cells, mainly 
because NER is involved in the repair of bulky lesions or DNA 
adducts after UV irradiation or cisplatin treatment rather than 
dsDNA break repair (Shuck et   al. 2008). Whereas enhanced 
radiosensitivity was observed in DNA repair defi cient cells, 
neither HDR irradiation nor fl attening fi lter removal had an 
additional eff ect on cell survival in any of these cell lines. A 
diff erential sensitization eff ect upon increasing dose rate 
(0.09 – 10 Gy/min) has been observed to correlate with defi -
ciency of NHEJ pathway components. DNA-PKcs defi ciency 
resulted in a 4-fold increased surviving fraction at 2 Gy (SF2) 
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