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Abstract

Background. Flattening filter-free (FFF) beams are an emerging technology that has not yet been widely implemented 
as standard practice in radiotherapy centers. To facilitate the clinical implementation of FFF, we attempted to elucidate the 
difference in plan quality and treatment delivery time compared to flattening filter beams (i.e. standard, STD) for several 
patient groups. We hypothesize that the treatment plan quality is comparable while the treatment delivery time of volumet-
ric modulated arc therapy (VMAT) is considerably shorter using FFF beams, especially for stereotactic treatments.
Methods. A total of 120 patients treated for head and neck (H&N) tumors, high-grade glioma, prostate cancer, early 
stage lung cancer and intra-cranial metastatic disease (both single and multiple metastases) were included in the study. 
For each cohort, 20 consecutive patients were selected. The plans were generated using STD- and FFF-VMAT for both 
6 MV and 10 MV, and were compared with respect to plan quality, monitor units and delivery time using Wilcoxon 
signed rank tests.
Results. For H&N and high-grade gliomas, there was a significant difference in homogeneity index in favor for STD-
VMAT (p  0.001). For the stereotactic sites there were no differences in plan conformity. Stereotactic FFF-VMAT plans 
required significantly shorter delivery time compared to STD-VMAT plans (p  0.001) for higher dose per fraction, on 
average 54.5% for 6 MV and 71.4% for 10 MV. FFF-VMAT generally required a higher number of MU/Gy (p  0.001), 
on average 7.0% for 6 MV and 8.4% for 10 MV.
Conclusion. It was generally possible to produce FFF-VMAT plans with the same target dose coverage and doses 
to organs at risk as STD-VMAT plans. Target dose homogeneity tended to be somewhat inferior for FFF-VMAT for 
the larger targets investigated. For stereotactic radiotherapy, FFF-VMAT resulted in a considerable time gain while 
maintaining similar plan quality compared to STD beams.

Volumetric modulated arc therapy (VMAT) is a tech-
nique for delivering conformal dose distributions 
which consists of intensity-modulated radiotherapy 
(IMRT) delivered continuously as the gantry rotates 
around the patient in an arc [1]. During VMAT deliv-
ery the gantry rotation speed, multileaf collimator 
(MLC) field aperture and the dose rate are all simul-
taneously adjusted [2]. Comparisons between IMRT 
and VMAT have been reported in numerous studies 
confirming the potential of treatment time reduction 
and similar or better sparing of organs at risk (OARs) 
without compromising the dose to target [3–6].

Recently, the clinical use of flattening filter-free 
(FFF) beams and arcs have increased [7–9], follow-
ing the clinical introduction of platforms with this 
functionality [10]. Removal of the flattening filter 
will result in a FFF beam with a conical shaped  
fluence distribution, an increase in dose rate and a 
reduction in head scatter that may result in shorter 
treatment times and beam-on times as well as a lower 
peripheral dose that may increase the possibility  
to spare OARs [11–13]. A reduction in treatment 
delivery time is favorable because of the increased 
risk of tumor displacement during a longer treatment 
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[14,15]. Flattened beams are being commonly used 
for practical and historical reasons but the ability of 
inverse planning that takes into account the beam 
profile during optimization facilitates the use of FFF 
beams [16].

A growing number of publications report on the 
potential benefits and disadvantages of FFF beams 
[17–21]. However, in contrast to our study, the 
majority of these publications have focused on a 
small cohort of patients with one diagnosis. A small 
cohort may limit the possibility of appreciate patient-
to-patient variability as well as the possibility of per-
forming a statistical analysis of the data.

The purpose of this study was to investigate the 
clinical applicability of FFF beams for several indica-
tions, and thus we might better judge where the tech-
nology could be of best use. Specifically, we investigated 
any difference in plan quality and treatment delivery 
time compared to our current standard of practice. 
We hypothesize that the treatment plan quality is 
comparable while the treatment delivery time required 
is considerably shorter using FFF beams, and that the 
benefit in treatment time would be the greatest for 
stereotactic, high dose per fraction treatments.

Material and methods

Patients and treatment sites

The patients in this study had all undergone treat-
ment using STD-VMAT. A total of 120 patients 
(Table I) treated for high-grade glioma, WHO grade 
III–IV, bilateral head and neck (H&N) patients with 
oropharyngeal cancer with a gross tumor size of  4 
cm, early stage lung cancer with a tumor size of  6 
cm, localized or locally advanced prostate cancer 
with a classification of T2-4 N0 M0 and intra-cranial 
metastatic disease regardless of primary tumor site 
using RapidArc® (RA) were chosen. The different 
treatment sites were selected to test a wide variety 
of tumor sizes, target and OAR geometries as well 
as dose constraints. For each cohort, 20 consecutive 
patients were selected, except for the intra-cranial 
metastatic disease patients where we selected 20 
patients with a single metastasis [SRS (stereotactic 
radiosurgery) single metastasis] and 20 with multi-
ple metastases (SRS multiple metastases). In this 

work, we reserve the denomination of SRS for treat-
ments with small field sizes (i.e. small tumor vol-
umes) and high fraction doses. Treatment plans were 
generated using our current clinical protocol for 
each patient using FFF beams as well as conven-
tional beams with flattening filter (denoted STD – 
standard) for both 6 MV and 10 MV generating a 
total of 480 VMAT plans.

Delineation and treatment planning

The different energies and their denotation were 
6-MV flattened VMAT plan (STD6X), 6-MV FFF-
VMAT plan (FFF6X), 10-MV flattened VMAT plan 
(STD10X) as well as 10-MV FFF-VMAT plan 
(FFF10X). For all plans, the dose calculations and 
optimizations were performed using the Eclipse treat-
ment planning system version 11 (Varian Medical 
Systems, Palo Alto, CA, USA), anisotropic analytical 
algorithm (AAA) and progressive resolution optimi-
zation on 2 mm slice thickness computed tomogra-
phy scans. All plans were designed to be delivered by 
a Varian TrueBeam™ STx linear accelerator. For the 
STD 6 MV and 10 MV plans, the maximal dose rate 
was set to 600 monitor units per minute (MU/min) 
while the FFF6X had it adjusted to 1400 MU/min 
and FFF10X to 2400 MU/min. This means that all 
plans used the maximum available dose rate for the 
corresponding technique and energy. All beam quali-
ties were calibrated to deliver 1 Gy at dose maximum 
for a 10  10 cm2 field at 100 cm SSD for 100 MU. 
It should be noted that 10 MV beams, to some extent, 
can induce secondary neutrons that might generate 
an additional dose to the patient [22] and that it has 
not been taken into account explicitly when planning 
or analyzing. All planning objectives criteria and set-
tings were the same for all plans per patient. They 
can, however, change between the patients due to tar-
get size (PTV or GTV depending on diagnosis) and 
position as well as number of targets. The plans were 
optimized once before they were normalized and com-
pared. A more comprehensive summary containing all 
planning criteria and plan details for the different 
cohorts is available in the supplementary data (Sup-
plementary Tables I and II, available online at: http://
informahealthcare.com/doi/abs/10.3109/0284186X. 
2014.925578).

Table I. Summary of patient age (presented as median and range), target volume (presented as median and range), gender distribution 
and the number of patients in each cohort.

Brain H&N SRS lung Prostate SRS multiple Met. SRS single Met.

No. of patients 20 20 20 20 20 20
Age (years) 59 (31–74) 56 (43–76) 71 (62–88) 69 (54–76) 59 (28–78) 70 (37–84)
Gender (F/M) 4/16 7/13 11/9 0/20 15/5 7/13
PTV (cm3) 329 (139–553) 548 (322–873) 40 (11–101) 144 (62–177) 7 (2–20) 18 (2–33)

PTV, planning target volume (N.B. PTV equals GTV for brain metastases); SRS, stereotactic radiosurgery.
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Analysis and evaluation metrics

The FFF- and STD plans were evaluated with 
respect to target coverage, dose conformity, homo-
geneity, treatment delivery time and number of 
monitor units per prescribed Gy (MU/Gy). Target 
coverage was evaluated by calculating the percent-
age of the target volume receiving  95% of the PD 
(V95%). Homogeneity index (HI) and conformity 
index (CI) was calculated according to the definition 
proposed by others [19]. HI was used to evaluate 
the plans for high-grade gliomas, H&N and prostate 
cancer where the aim is to get a homogenous dose 
to the whole target volume. The CI was used to 
evaluate stereotactic plans because of the intentional 
inhomogenous dose distribution. The treatment 
delivery time (time from first field beam-on to last 
field beam-off), beam delivery time (treatment time 
minus the time it takes to get the next beam ready 
for delivery) and the number of MU/Gy were calcu-
lated from the RT plan files exported from our treat-
ment planning system. The datasets were tested for 
normality (Kolmogorov-Smirnov). Metrics were 
compared for FFF- and STD plans using Wilcoxon 
signed rank tests, p-values  0.05 were considered 
statistically significant. The standard deviation (SD) 
was calculated for all plans.

Results

All plans generated were deemed clinically accept-
able regardless of treatment technique. As expected, 
the plans with better target coverage and lower 
OAR doses tend to have a longer distance between 
the target volume and OARs. A much more com-
prehensive and detailed overview of the results is 
available in the supplementary data (Supplemen-
tary Tables III–VIII, available online at: http://
informahealthcare.com/doi/abs/10.3109/0284186X. 
2014.925578). None of the datasets were normally 
distributed, and therefore the Wilcoxon signed rank 
test was used.

Target coverage, homogeneity and conformity

The data for the target coverage and conformity 
showed that FFF beam plans, in most cases were 
dosimetrically equivalent, especially for the smaller 
target volumes. For larger target volumes the stan-
dard flattened beams managed to create better plans 
using a lower number of monitor units.

The flattened beams resulted in a statistically 
significant better PTV homogeneity (Figure 1) for 
high-grade glioma for both 6 MV and 10 MV 
(p  0.001). The mean HI difference was 1.1% and 
1.5% for 6 MV and 10 MV, respectively. The flat-
tened beams also resulted in significantly better HI 

for the oropharyngeal cancer cohort for both 6 MV 
(p  0.003) and 10 MV (p  0.001) with a mean HI 
difference of 2.4% and 5.4% for 6 MV and 10 MV, 
respectively. HI (Figure 1) for the H&N patients was 
calculated using the low risk elective volume because 
it contains both the high-risk elective volume as well 
as the tumor volume. For the prostate, lung and 
intra-cranial metastatic disease patients no signifi-
cant difference was found for target coverage, con-
formity and homogeneity (Figure 1).

OARs and healthy tissue

For most OARs the plans were comparable in terms 
of dose but for the high-grade glioma patients the 
FFF beams had lower volume of whole brain V50Gy 
for both 6 MV (p  0.048) and 10 MV (p  0.002) 
with a mean volume difference of less than 1% for 
both 6 MV and 10 MV. Even though the differ-
ences in dose to the spinal cord were very small 
(less than 1% for both sites), they were found to be 
significantly lower using STD beams for H&N 
while they were significantly lower using FFF beams 
for SRS lung. The V20Gy to both lungs for SRS lung 
patients was less than 10% for all patients and no 
statistically significant difference between STD- 
and FFF beams for either 6 MV or 10 MV was 
found. For the prostate patients, Rectum V70Gy and 
Rectum V60Gy were found to be statistically signifi-
cant lower for STD10X, however, the mean volume 
difference was only 0.5% (p  0.010) and 0.6% 
(p  0.030), respectively. There was no statistical 
significance found for 6 MV. For the patients with 
intra-cranial metastatic disease no statistically sig-
nificant differences were found for the OARs. 
Regarding the healthy tissue (brain V10-16Gy) for 
single targets SRS brain there was a lower volume 
receiving 10–16 Gy using FFF10X (p  0.001). 
However, the total difference for brain V10-16Gy 
between FFF- and STD plans was less than 0.1% 
and can most likely be considered as non-signifi-
cant from a clinical point of view. No statistically 
significant differences were found for 6 MV.

Delivery parameters

Beam delivery times (denoted as Beam-ON times in 
Figure 2) were almost identical (within one second) 
for high-grade glioma and H&N patients. We found 
that for the patients with higher doses per fraction 
there was a significantly shorter beam delivery time 
when using FFF beams. The average beam delivery 
times for FFF-VMAT was drastically reduced by 
55.3% (6 MV) and 75.0% (10 MV) for SRS lung, 
by 52.1% (6 MV) and 69.7% (10 MV) for SRS mul-
tiple metastases and by 56.1% (6 MV) and 69.5% 
(10 MV) for SRS single metastasis compared to 
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STD-VMAT. For both the high-grade glioma and 
H&N patients the gantry is able to move at maxi-
mum speed (6°/second) so there was almost no dif-
ference (less than 0.1%) between the techniques. For 

single arc prostate patients there was a small differ-
ence of 4.3% (6 MV) and 4.9% (10 MV) faster beam 
delivery time for FFF beams compared to STD 
beams.

Figure 1. Homogeneity- (brain, H&N and prostate) and conformity (SRS treatments) index for FFF (10 MV and 6 MV) plotted against STD 
(10 MV and 6 MV) with an identity line. Data points above the identity line represent cases where STD beams are superior and vice versa.

Figure 2. Beam delivery time (seconds) showing median (central red line), 25th and 75th percentiles (blue box) and the whiskers (black-
dashed line) which extend to the most extreme data points that are considered non-outliers. The red individually plotted crosses indicate 
the outliers in the data that are outside  2.7s. Observe the time difference on the y-axis; because of the large difference in prescribed 
dose per fraction, the treatments will undoubtedly differ in treatment time.
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Total treatment times can easily be calculated by 
adding 25 seconds (the time it takes before the next 
arc is ready for delivery on a TrueBeam™ STx) 
between each arc.

The MU/Gy were found to be slightly higher 
(Figure 3) for high-grade glioma patients for both 
FFF6X (p  0.001) and FFF10X (p  0.001). The 
same result was also found for the H&N patients for 
both FFF6X (p  0.003) and FFF10X (p  0.001). 
Even though prostate cancer patients with FFF-
VMAT had a significantly shorter beam delivery 
time (p  0.002), the difference was less than 10 sec-
onds. For all diagnoses except SRS lung and 10 MV 
single target SRS brain there was a significant 
increase in MU/Gy when using FFF beams. The 
FFF plans required on average 7% (SD: 2.8%) and 
8.4% (SD: 0.5%) more MU/Gy for 6 MV and 10 
MV, respectively.

Discussion

FFF beams is a technology that has not yet been 
implemented, or is currently under evaluation, at 
radiotherapy centers worldwide. We hope that by 
presenting an analysis of comparative treatment 
planning and delivery parameters radiotherapy 
centers can better prioritize the patients selected 
for FFF-VMAT. Overall, we found that the treat-
ment plan quality in terms of target coverage and 
doses to OARs was similar for FFF- and STD-
VMAT across all patient cohorts investigated. 

However, the target coverage was significantly bet-
ter for STD-VMAT for larger targets. In addition, 
we found that the number of MU was significantly 
larger for FFF-VMAT in general. Further, we 
found that the treatment time was substantially 
reduced for stereotactic hypofractionated treat-
ments and that the difference was statistically sig-
nificant. By means of this analysis of a large patient 
material allowing for testing for statistical differ-
ences, we were able to confirm some and dispute 
some trends observed in studies involving smaller 
patient cohorts.

Our data showed that FFF beams in most cases 
resulted in equivalent plans to STD beams regarding 
both target coverage and OAR sparing, which is sup-
ported by previous works involving fewer patient 
cases [17,19–21,23,24]. For larger target volumes 
the FFF technique caused a slight deterioration of 
the target coverage compared with STD beams. This 
is a very interesting result since there are previous 
studies indicating that FFF beams are equal in terms 
of plan quality compared to STD beams for larger 
target volumes [19]. Reggiori et al. [17] also found 
that there was a tendency for FFF beams to be more 
favorable for medium-sized target volumes while 
STD beams are more suitable for smaller and larger 
target volumes. The impacts of target volume size on 
plan quality found by the earlier studies were, how-
ever, not statistically significant and were based on a 
smaller cohorts patients as compared to the present 
study. Further, differences in patient material and 

Figure 3. Monitor units per prescribed Gy showing median (central red line), 25th and 75th percentiles (blue box) and the whiskers 
(black-dashed line) which extend to the most extreme data points that are considered non-outliers. The red individually plotted crosses 
indicate the outliers in the data that are outside  2.7s.
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