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ABSTRACT

Background: The aim was to study the impact of the flattening filter free (FFF) beam on overall treatment time for frameless
intracranial radiosurgery using TrueBeam® LINAC.

The development of frameless stereotactic radiosurgery (SRS) is possible due to the incorporation of image guidance in the
delivery of treatment. It is important to analyze the cost and benefits of FFF beams for treating SRS by understanding the
impact of FFF beams in reducing the treatment time.

Materials and methods: Dynamic conformal arc (DCA) and volumetric arc therapy (VMAT) plans were generated using 6 MV
with a flattening filter (FF) and FFF beams. Overall treatment time was divided into beam on time (BOT) and beam off time
(BFT). Percentage beam on time reduction (PBOTR) and Percentage total time reduction (PTTR) factors were defined for the
comparison.

Results: BOT reduction was observed to be significant for higher dose per fraction but subjected to the treatment technique
and modulation differences. PBOTR values are much higher than PTTR values. The 39.9% of PBOTR resulted in only 8% PTTR
for DCA and 65.3% resulted in 15.9% PTTR for VMAT.

Conclusion: Major BFT was utilized for imaging and verification. FFF beam significantly reduced the beam on time and was
found to be most effective if the fractional dose was as high as that for SRS. Newly defined PBOTR and PTTR factors are very
useful indicators to evaluate the efficacy of FFF beams in terms of time reduction.
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Introduction

Stereotactic radiosurgery (SRS) and Stereotactic
Radiotherapy (SRT) utilizes a stereotactic apparatus
and radiation beams to deliver a very high radiation
dose to the lesion in single or multiple fractions. Ste-
reotactic treatment techniques produce a concen-

trated dose in the target with rapid dose fall off from
the edge of the treated volume; it provides dramatic
sparing of normal brain tissues [1]. SRS was first de-
veloped by Leksell in the late 1940s using orthovolt-
age X-rays. While dealing with small targets in in-
tracranial radiosurgery, patient immobilization and
treatment positioning accuracy is very significant.
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The traditional approach is to use an invasive head
frame which can fix the cranium rigidly [2-4]. The
drawbacks of using an invasive frame include pa-
tient anxiety, pain associated with the placement of
the screws and risk of bleeding and infection at the
site of placement. Noninvasive immobilization sys-
tems offer patient immobilization inferior to what is
required for SRS, but sufficient and convenient for
fractionated stereotactic radiotherapy. There were
several publications on frame based and frameless
radiosurgery [5-8]. To assure high precision and ac-
curacy required for SRS when frameless noninvasive
localization is used, the literature indicates that 3D
image guidance is essential [9]. Non-invasive im-
mobilization systems first proposed for linear accel-
erator and proton radiation technologies have now
been developed for the Leksell Gamma Knife ICON
radiosurgical system as well [10].

In conventional radiotherapy, targets are relatively
large, so to provide large uniform X-ray fields a flat-
tening filter was required. For small fields, a flatten-
ing filter is not necessary; by eliminating it dose rate
can be enhanced. Modern LINAC provides a flatten-
ing filter-free beam with a higher dose rate. In MLC
based Intensity Modulated Radiotherapy (IMRT)
required fluence distribution can be achieved by
modulating the un-flattened non-uniform fluence
distribution directly [11]. The fluence of photons
that comes out of an unflattened beam is dosimetri-
cally different from a flattened beam [12, 13]. Beam
hardening does not occur since there is no flattening
filter, and the fluence of photons contains a larger
number of low energy photons (< 1 MeV). Head
scatter and electron contamination are much lower
since the flattening filter makes a significant contri-
bution to it. The variation of the photon spectrum
along the off-axis is much reduced in FFF beams.
With an enhanced dose rate, beam on time will be
reduced. But how much effect will it have on overall
treatment time is dependent to the speed of the col-
limating system and image verification time [11].

In 2013, Florian Stieler et al. [14] carried out stud-
ies on Intensity Modulated radiosurgery (IMRS) with
FFF beams and found that FFF radiosurgery is an efhi-
cient technique with reduced treatment time. In 2017,
Thu M Dang et al. [15] assessed the efficacy of the FFF
beam for stereotactic body radiation therapy (SBRT)
and found that beam on time substantially reduced
and appeared to impact the frequency of intra-frac-
tion imaging, which reduced overall treatment time.

The development of frameless SRS is possible
due to the incorporation of image guidance in the
delivery of treatment. Single or hypo-fractionated
treatment regime with the help of image guidance
planning target volume (PTV) margins can be re-
duced significantly and results in excellent local
control with minimal toxicity. These high precision
radiotherapy techniques rely upon the imaging sys-
tems for immobilization, tumor positioning, and
verification and the treatment time may be longer.
Aim of this study to evaluate the impact of the FFF
beam on overall treatment time for frameless intra-
cranial radiosurgery.

Materials and methods

Varian TrueBeam STx linear accelerator with
high definition 2.5mm leaf width at isocenter multi
leaf collimator (MLC) was used in this study. 6D
couch, kV cone beam CT and BrianLAB Exac Trac®
X-ray imaging system were used to support high
precision radiotherapy [17]. The Linac was cali-
brated to deliver 1 cGy/MU to water at Dmax for
10 x 10 cm” at SSD setup as per the recommenda-
tions of TRS-398 and TRS-483 [18, 19]. 6 MV FF
(TPR,,0: 0.669; Max dose rate: 600 MU/min) and
6 MV FFF (TPR,,,,: 0.632; Max dose rate: 1400
MU/min) beams were used. Dynamic conformal
arc (DCA) and Intensity Modulated Radiosurgery
(IMRS) plans were created with a single isocen-
ter using the Eclipse treatment planning system.
Anisotropic Analytical Algorithm (AAA) version
13.7.16 was used for dose calculation. All the plans
had used five arcs for both DCA and IMRS by
volumetric arc therapy (VMAT); consisted of two
coplanar and three non-coplanar arcs. Patients were
immobilized using BrainLAB frameless mask sys-
tem. Congruence of CBCT and Exac Trac X-ray
imaging isocenter had maintained below 0.3 mm.
PTV margin of 0.7 mm was given for SRS and 1.5
mm for SRT cases.

Overall treatment time was divided into Beam
on time (BOT) and Beam off time (BFT). There
are six sub-processes involved during BFT: 1. Ini-
tial positioning, 2. Initial imaging and verification,
3. Repositioning, 4. In-between couch motion,
5. In-between imaging and verification and 6. Re-
leasing of the patient, Time devoted for each pro-
cess was monitored using stop watch during patient
treatment. To obtain BFT, 30 patient treatments

112 https://journals.viamedica.pl/rpor



Gopinath Mamballikalam et al. Impact of FFF beam on overall treatment time for SRS

were monitored with five patients for each dose per
fraction of 5, 9, 12, 16, 20 and 25 Gy. For each dose
per fraction four plans were created: DCA with FF,
DCA with FFF, VMAT with FF and VMAT with
FFE BOT was monitored by the beams delivered
on the phantom.

Image guidance protocol

After the immobilization and initial positing
of the patient, ExacTrac X-ray imaging was done.
Verification was done by registering acquired 2D
image with digitally reconstructed radiograph
(DRR). Repositioning of patient was required if
shift found was above 0.7 mm by using BrainLAB
6D couch. A cone beam CT (CBCT) scan was ac-
quired and verified with planning CT. If couch
shifts were below 0.2 mm, first section of couch
zero arc would be proceeded. Before each non-co-
planar arc at different couch angles, MV imaging
would be done at zero gantry and Exactrac imag-
ing at regular intervals during the treatment. At
the end of the non-coplanar arcs, the CBCT scan
would be acquired followed by the last section of
couch zero arcs.

Comparison indices

Percentage beam on time reduction (PBOTR)
and percentage total time reduction (PTTR) fac-
tors were defined for the comparison of flattened
with unflattened plans. The higher the PBOTR
and PTTR values, the better FFF beam in reducing
beam on time and overall treatment time, respec-
tively.

PBOTR = [1 - Be"’”—O”‘FFFJx 100% ()
BeamOn,,,
[WTRz(l—ZgﬂzZEﬂiijm%) @)

TotalTime,..

where: Beam Ong;: — beam on time of unflattened
plan; Beam Ong — beam on time of flatted plan;
Total Timeg — total treatment time of unflattened
plan; Total Time;; — total treatment time of flat-
tened plan.

PBOTR and PTTR of 6 MV DCA and VMAT
plans for FF and FFF energies were estimated for
six independent plans with 5, 9, 15, 16, 20 and 25
Gy dose per fraction.

Time and motion study

Time and motion study is a method of data
collection that records the time taken for various
movements as part of the process to perform a de-
fined repetitive task [16]. The study consists of two
parts wherein the first part involves capturing the
time and its analysis results in knowing the time
taken to accomplish a specified task and the other
part relating to the motion denotes the various steps
in the process that could be altered to achieve better
efficiency in the process. Applicability of time and
motion study in the service industry has brought
about the importance of efficacy in the systems;
resulting in a better opportunity cost of time. This
method of study is based on the fundamental con-
cept of the value of time and is a tool to maximize
productivity. The study is also based on a few focal
points, such as optimal allocation of resources to
deliver the defined task, elimination of “Muda” and
cost control measures. Eliminating “Muda’, a Japa-
nese term that means futility, is the main objective
of the time and motion study. The idea is to opti-
mize resources and increase satisfaction levels to
the receiver of the service to achieve higher quality
in the outcomes. Increased time in performing cer-
tain tasks means reduced productivity resulting in
higher costs. Time and motion study enumerates
the elements in the process. To control the elements
in the process leads to reduced costs and increased
outcomes. The potential areas of reducing human
efforts are the core of the motion study through
simplifying and minimizing manual efforts. The
study begins with the understanding of the entire
process and recording the activities with the precise
time taken for the movements. To further improve
understanding, each of the movements is studied to
identify the areas that could be customized. Upon
detailed analysis and customization of the steps
in the process, the result obtained is the apt time
and most efficient way of performing the specified
task. The study is also a tool that aids in performing
the evaluation and determination of the maximum
output possible. With time fine-tuning, the process
leads to establishing standards and bringing out best
practices in the service industry specific to the task.

Results

Table 1 shows the minimum, maximum and av-
erage time devoted for each sub process involved
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Table 1. Minimum, maximum and average time devoted for each sub processes involved during beam off. Beam off time
(BFT) is the sum of t1, t2, t3, t4, t5 and t6

" Initial In-between .
Initial . . S In-between . . Time for
S imagingand  Repositioning . imaging and . Total Beam off
Positioning : . . couch motion : . releasing .
. verification time . verification : time
time . time . patient
time time
t1 t5 BFT
Minimum 3m 4m Tm 2m 3m 2m 15m
Average 7m30s 6m 2m 3m 5m30s 3m 27 m
Maximum 9m 9m 4m 4m 8m 4m 38m

M — minutes; s — seconds

Table2. Beam on time for dynamic conformal arc (DCA) and VMAT plans of 6 MV FF and FFF beams for different dose per

fraction

Dose/fr (Gy)

Beam on time (BOT)

5 3m20s 3mi12s 2m20s 1Tm49s
9 4m28s 3m50s 5m45s 3m16s
12 5m37s 3m36s 5m4ls 3mil4s
16 5m22s 3m39s 8m4ls 3mls
20 6m26s 3mb54s 11mb54s 5m36s
25 6m46s 4m4s 14m34s 6m7s

M — minutes; s — seconds

during beam off. Imaging and verification process
grabbed the majority of beam off time. Total BFT is
the sum of t1, 2, t3, t4, t5 and t6. There maximum
BFT duration was 38 min, minimum was found to
be 15 min and on average 27 min qas consumed
for BFT. Beam on time for DCA and VMAT plan
of 6 MV FF and FFF beams for different dose per
fraction were compared in Table 2. Beam on time
was reduced for unflattened beam as expected due
to its higher dose rate obtained in the absence of
a flattening filter. However, we found BOT reduc-
tion depends on the treatment technique used and
modulation differences in plans. BOT reduction
was observed to be significant for higher dose per
fraction. For 25 Gy dose delivery, BOT reduction
was 8 min 27 sec for the VMAT technique whereas
the reduction for the DCA plan was only 2 min 42 s.

Figure 1 is the representation of time contribu-
tion of sub-processes to deliver 25Gy in single frac-
tion for both DCA and VMAT plans using FF and
FFF beams. Among all the four treatment options,
on average of 36.25% contribution was taken for
immobilization and positioning, 33.5% time was

devoted for the entire imaging and verification pro-
cesses, 8.75% for releasing the patient and beam on
time is only 21.5%. There was a 7% reduction in
the beam on time for DCA and 17% for the VMAT
delivery technique due to the unflattened beam.
The percentage beam on time reduction (PBOTR)
and percentage total time Reduction (PTTR) fac-
tors of 6 MV DCA and VMAT plans for different
doses per fraction are tabulated in Table 3. There
was a maximum PBOTR of 65.3% among VMAT
plans and 39.9% among DCA plans. PBOTR maxi-
mum value was not for the highest dose per fraction.
The maximum PTTR of 8% and 20.3% belonged
to the highest dose of 25 Gy in a single fraction for
DCA and VMAT technique, respectively. 39.9% of
PBOTR resulted in only 8% PTTR for DCA and
65.3% resulted in 15.9% PTTR for VMAT. The ad-
vantage of the reduction in the beam on time is
not significantly utilized for the reduction in overall
treatment time. PBOTR values are much higher as
compared to PTTR values as shown in Table 3 for
both the DCA and VMAT plans. PBOTR and PTTR
factors are plotted against dose per fraction for DCA
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DCAFF

VMAT FF

t6
7%

[E] DCA FFF

t6

VMAT FFF
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Figure 1. Contribution of average time taken for each sub process involved in beam off time and beam on time (BOT) to
overall treatment time to deliver 25 Gy. t1. Initial positioning time, t2. Initial imaging and verification time, t3. Repositioning
time, t4. In-between couch motion time, t5. In-between imaging and verification time and t6. Time for releasing the patient.
A. Dynamic conformal arc (DCA) plan with 6 MV FF beam; B. DCA plan with 6 MV FFF beam; C. Volumetric arc therapy (VMAT)

plan with 6 MV FF beam; D. VMAT plan with 6 MV FFF beam

Table 3. Percentage beam on time reduction (PBOTR) and
percentage total time reduction (PTTR) of 6 MV dynamic
conformal arc (DCA) and volumetric arc therapy (VMAT)
plans for different dose per fraction

PBOTR (%) PTTR (%)
Dose/Fr (Gy)
DCA VMAT DCA VMAT

5 4.0 22.1 0.4 1.8
9 14.2 43.2 2.0 7.6
12 359 43.1 6.2 7.5
16 320 65.3 53 15.9
20 394 529 7.6 16.2
25 39.9 58.0 8.0 203

and VMAT techniques in Figure 2 and Figure 3. For
the same dose per fraction VMAT plans had higher
values of PBOTR and PTTR.

Discussion

Imaging and verification processes took the ma-
jor time contribution to overall beam oft time. It
could be justified that the frameless SRS relies upon
the image guidance system. Beam off time can be
reduced by avoiding the second CBCT and also by
modifying the imaging protocol. Beam on time for
VMAT plan with flattening filter was longer than
the DCA plan for a higher dose per fraction. But if
the unfiltered beam was used for VMAT plans, the
beam on time was significantly reduced. DCA plans
did not have any intensity modulation, so there was
a less substantial reduction in the beam on time at
a higher dose per fraction.

The percentage beam on time reduction (PBOTR)
and percentage total time reduction (PTTR) fac-
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Figure 2. Percentage beam on time reduction (PBOTR)
factor plotted against dose per fraction for dynamic
conformal arc (DCA) and volumetric arc therapy (VMAT)
techniques

tors were defined for evaluation. PBOTR values are
much higher as compared to PTTR values for both
the DCA and VMAT plans. For the same dose per
fraction VMAT plans had higher values of PBOTR
and PTTR. We observed that maximum PTTR was
in the highest dose delivery for both the fluence
un-modulated DCA and modulated VMAT. So,
overall treatment time reduction is significant for
high dose single fractions like SRS. Beam on time
reduction depended on the delivery technique, de-
gree of modulation and limitations of the collimat-
ing system.

It became very common to use the FFF beam
for SRS/SRT. Several groups studied the differ-
ence between radiobiological properties of high
dose rate FFF beam and conventional dose rate
FF [20-22]. Currently, there is no evidence pre-
dicting clinically relevant effects of FFF beams at
dose rates of up to 2500 MU/min. With slower
leaf speed, beam on time will be extended slightly
longer [23]. As per the optimization constraints,
mean dose rate and mean leaf speed determines
the delivery time. Even with a higher dose rate,
beam on time was delimited with mean MLC leaf
speed (maximum leaf speed: 2.5 cm/s). As per JM
Park et al. MLC speed and acceleration will affect
the delivery accuracy of VMAT [24]. For SBRT,
many studies recommended using FFF to mini-
mize intra-fraction organ motion and frequency

Figure 3. Percentage total time reduction (PTTR) factor
plotted against dose per fraction for dynamic conformal arc
(DCA) and volumetric arc therapy (VMAT) techniques

of imaging, reduce the patient breath-hold time
for lung cases and, thus, to reduce overall treat-
ment time [25-27]. But for intracranial radiosur-
gery with a frameless immobilization system, im-
age guidance is inevitable and takes the longest
process time as per time-motion study.

Conclusion

This study reveals interesting outcomes on how
much FFF beam is useful in reducing overall treat-
ment time for frameless intracranial radiosurgery.
The increased dose rate of a FFF beam (2.3 times
higher) does not necessarily directly translate into
shorter treatment time. During overall treatment,
beam off time is longer than beam on time. Ma-
jor BFT is utilized for imaging and verification as
frameless radiosurgery relies on image guidance.
FFF beam significantly reduced the beam on time
and was found to be most effective if the fractional
dose was as high as that for SRS. Beam on time also
depends on the treatment delivery technique and
plan specific modulations due to the limitations of
the collimating system. Newly defined PBOTR and
PTTR factors are very useful indicators to evalu-
ate the efficacy of the flattening filter free beams in
terms of time reduction.
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