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ABSTRACT

This study investigated the dosimetric differences in treatment plans from flattened and flattening filter-free (FFF) beams from
the TrueBeam System. A total of 104 treatment plans with static (sliding window) intensity-modulated radiotherapy beams and
volumetric-modulated arc therapy (VMAT) beams were generated for 15 patients involving three cancer sites. In general, the
FFF beam provides similar target coverage as the flattened beam with improved dose sparing to organ-at-risk (OAR). Among
all three cancer sites, the head and neck showed more important differences between the flattened beam and FFF beam. The
maximum reduction of the FFF beam in the mean dose reached up to 2.82 Gy for larynx in head and neck case. Compared to
the 6 MV flattened beam, the 10 MV FFF beam provided improved dose sparing to certain OARs, especially for VMAT cases.
Thus, 10 MV FFF beam could be used to improve the treatment plan.
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Introduction

Intensity-modulatedradiationtherapy (IMRT) techniques
have led to improved conformal dose delivery methods.
Modemn IMRT techniques include static step and shoot
IMRT, rotational IMRT' (ec.g., volumetric-modulated arc
therapy [VMAT], " and helical tomotherapy.” In contrast to
the three-dimensional conformal radiotherapy (3D-CRT),
IMRT provides improved dose conformity to the target,
which may lead to better local tumor control.’! However,
IMRT tends to have higher monitor units (MU) compared to
3D-CRT technique. This contributes to higher leakage from
the gantry head and consequently increased dose to normal
tissues and whole body in general.**! This undesirable dose
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is likely to result in higher second tumor induction rate.!®
It is, therefore, desirable to reduce the unnecessary scatter
from the gantry head and shorten the treatment time for
IMRT delivery. The removal of the flattening filter has been
a logical choice to reduce the scatter.

The flattening filter was first introduced to provide flat
dose profiles at a certain depth. The development of IMRT
eliminates the need for a flattening filter in modern linear
accelerator (linac) systems. In recent years, the application
of the flattening filter-free (FFF) photon beam has been
studied extensively.>”!1"l Forward peaked dose profile is the
major characteristic of the FFF beam.!'?! Compared with
the flattened beam, the FFF beam also has increased dose
rate,™'? reduced dose to organ-at-risk (OAR),!">") reduced
neutron contamination for high energy beams (>15 MV), 4
and reduced uncertainty in dose calculation.® Thus,
clinical application of the FFF beam would lead to reduced
treatment time!'!' and secondary cancer risk induced by
radiation.!!t14
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Several clinical comparative studies have investigated
the differences between flattened beam and FIT
beam.?*3" Most of these clinical comparison studies
focused on the time efficiency obtained from the high
dose rate of the I'I' beam compared with the flattened
beam. The dosimetric differences between flattened
beam and FFF beam for static IMRT and VMAT
plans with typical (=10 cm X 10 cm) and large field
sizes (=16 ¢cm X 20 cm) are not well understood. The
presented work investigated the differences between
flattened beam and FFF beam. The 6- and 10-MV beams
were selected to design the treatment plans. Three clinical
sites were used to investigate the dosimetric differences in
treatment plans using the flattened beam and FFF beam.
Static IMRT (sliding window) and VMAT techniques
were utilized in this study.

Materials and Methods

Patient selection

Iifteen anonymized patients with three anatomical
cancer sites, such as head and neck, lung, and prostate, were
randomly selected from the patient database in Human
Oncology Department. A case number was assigned to
refer to each anonymized patient. Clinical constrains for
planning target volume (PTV) and OARs were obtained
from the patients’ medical document and were used for
each patient to simulate the real treatment process. The
dose prescriptions were selected from the typical dose range
prescribed by the physicians. Dose prescription and patient
information are summarized in Table 1.

Radiation therapy planning techniques

A Varian TrueBeam (Varian Medical Systems, Palo
Alto, CA, USA) linac was commissioned on the Eclipse™
treatment planning system (TPS) (version 10.0, Varian
Medical Systems, Palo Alto, CA). An anisotropic-analytical
algorithm was used to calculate the dose for both static
IMRT and VMAT plans. In this study, the static IMRT
was based on the sliding window technique. The dose grid
in the calculation was 2.5 mm for all plans. Photon beam
energies of 6- and 10-MV were selected for this study. Beam
modalities included flattened and FFF beams. All treatment
parameters such as isocenter position, beam angle, arc
number, and field size were set to be identical for the
flattened and FFF beam plans in each case. High-definition
120-leaf multileaf collimator (MLC) (2.5 mm width in
the center and 5 mm width in the peripheral) was used to
generate all treatment plans.

For cach patient, § treatment plans were generated,
using 6- and 10-MV beams. Flattened and FFF static
IMRT and flattened and FFF VMAT plans were created.
In the FFF beam mode, the maximum dose rate varied
from 600 MU/min to 1400 MU/min for 6 MV and from
600 to 2400 MU/min for 10 MV photon beam. For the
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Table 1: Summary of cancer sites, beam energies,
dose delivery techniques, dose prescriptions,

and patient number used to design the treatment
plans

6- and 10-MV flattened beam and FFF beam
VMAT and static IMRT
Prescription Number of patient
60 Gy /30 fx 2
30 Gy/15 fx 1
70 Gy/28 fx 1
66 Gy/33 fx 1
69.96/33 fx 2
Lung 45 Gy/30 fx 1
66 Gy/33 fx 2
1
3
1

Cancer sites

Head and neck

60 Gy/30 fx
70 Gy/28 fx
78 Gy/39 fx

FFF: Flattening filter-free, IMRT: Intensity-modulated radiation therapy,
VMAT: Volumetric-modulated arc therapy

Prostate

VMAT plans with FFF beams, the TPS automatically
selected the optimal dose rate during the optimization
process. In our study, the optimal dose rates of the VMAT
plans were lower than the maximum dose rates of the FFF
beam for both energies. For treatment plans with large field
sizes (e.g., =16cm X 20 cmin case 2), the optimal dose rates
of the VMAT plans were reduced (e.g., about 350 MU/min
in case 2 for 6 MV beam) from the maximum dose rates
of the FFF beam. For static IMRT plans, a constant dose
rate of 600 MU/min was applied to design the treatment
plans. This eliminated the influence of the speed limit of
the MLC. For all treatment plans, the normal tissue falloff
function, priority of each organ in the optimizer were set
to be the same for all treatment plans in each case. The
optimization processes were repeated 5 times for all static
IMRT and VMAT plans to get an optimal dose distribution.
To exclude the bias of treatment plan skills of different
individuals in the final results, all treatment plans were
designed by the same person.

Digital imaging and communications in medicine
files from the Eclipse workstation were exported to the
computational environment for radiotherapy research”! to
calculate dose-volume histogram (DVI). In-house developed
MATLAB code (Math Works, Natick, MA, USA) was used
to calculate the dose and to perform statistical analysis.
The dosimetric results were benchmarked with the Eclipse
software system for each case. All dosimetric parameters
obtained from the two systems were in agreement.

Treatment plan evaluation

Target coverage (TC) and dose to OARs were analyzed to
evaluate the treatment plans for all cases. For all treatment
plans, 95% of the target volume was normalized to 95%
of the dose prescription for evaluation and optimization.
The criteria used to evaluate the TC included conformity
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index (CI), TC, conformity number (CN), and gradient
index (Gl). These are defined as:*?

CI = TV, /PTV,, (1)
TC = PTV,/PTV 2)
CN = CI/TC (3)
Gl = TV./TV,. )

In equations 1-4, TV, and PTV, refer to the treated volume
and the PTV covered by the 95% dose line, respectively. A value
closer to one indicates better TC for all indices. A paired sample
t-test??* was applied to analyze the statistical differences of TC
among patients (statistical significance, P < 0.05).

Results

The DVIIs of one patient showing the obvious differences
between the flattened beam plans and the FFEF beam plans

are selected from each treatment site and are shown in
Figures 1 and 2. In general, the FFF beam provided similar TC
as the flattened beam. No significant difference (P >> 0.05)
in TC was observed for head and neck cases. Among the
three cancer sites, the dose sparing effect of the FFF beam is
significant in head and neck cases. For certain OARs such as
right parotid, left cochlea, larynx, and right submandibular
gland, noticeable dose sparing effect is obtained by the
FFF beam compared to the flattened beam. In Figures 1
and 2, for static IMRT plans, the FFF beam has the most
significant dose sparing effect compared to the flattened
beam on larynx and right submandibular gland. Compared
to the flattened beam, the FFF beam reduces mean dose up
to 2.05 Gy and 1.36 Gy for larynx and right submandibular,
respectively, for 10 MV beam. For VMAT plans, left cochlea
and larynx show the best dose sparing effect from the FI'F
beam compared to the flattened beam. The mean dose
reductions are on the order of 2.36, 2.82 Gy, respectively.
Compared with the static IMRT plans, the VMAT plans
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Figure 1: Normalized treatment plans comparison between the flattened and the flattening filter-free beams for the static intensity-modulated radiation
therapy and the volumetric-modulated arc therapy plans for 6 MV beam. Head and neck, lung, and prostate cases are shown. The solid lines are the
flattened beam plans and the dashed lines are the flattening filter-free beam plans
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Figure 2: Normalized treatment plans comparison between the flattened and the flattening filter-free beams for the static intensity-modulated radiation
therapy and the volumetric-modulated arc therapy plans for 10 MV beam. Head and neck, lung, and prostate cases are shown. The solid lines are the
flattened beam plans and the dashed lines are the flattening filter-free beam plans

show considerable differences between the flattened beam
and FFF beam. Relative dose ratio between the flattened
beam and FFF beam for five head and neck cases is shown
in 'Table 2. For right parotid, left cochlea, larynx, and right
submandibular gland, the mean dose reduction of the Il
beam compared to the flattened beam reaches up to 9%, 5%,
3%, and 7%, for VMAT plans, respectively.

Significant differences (P < 0.05) between the flattened
beam and FFF beam were observed for the VMAT plans
in lung cancer cases. For VMAT plans, FFI* beam provides
a higher (1%) relative mean dose (D, /D ) to the target
compared with the flattened beam for both 6- and 10-MV
beams. For the static IMRT plans, the difference between
the flattened beam and Il beam is not significant. For
the lung cancer case, as shown in Figures 1 and 2, larynx has
the most significant dose sparing etfect from the FI'I" beam

compared to the flattened beam, both for 10 MV static

IMRT and VMAT plans. In Figures 1 and 2, the reduction in
the mean dose for the FFF beam compared to the flattened
beam is 1.6 Gy for larynx. For other organs, comparable
doses are obtained by the FFF beam and flattened beam
for static IMRT and VMAT plans in both beam energies.
Relative dose ratio between the flattened beam and FIT
beam for four lung cases is shown in Table 3. For organs such
as heart and lungs, the FI'l" beam compared to flattened
beam tends to provide higher maximum dose of 2% and 3%,
respectively. This effect is more significant in 10 MV VMAT
lung plans compared with the other three plans.

For the prostate cancer, the TC was similar to head and
neck cases. No significant difference (P >> 0.05) in TC was
observed between the flattened beam and IFIY beam. For
both VMAT and static IMRT plans, the FFF beam provides
a comparable or improved dose sparing effect to OARs. The
dose of a selected prostate case is shown in Iigures 1 and 2.
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Table 2: Relative dose ratio (flattening filter-free /flattened) to organ-at-risks for head and neck cases

OARs 6 MV 10 MV
Mean dose ratio Maximum dose ratio Mean dose ratio Maximum dose ratio
VMAT (n=5)
Left cochlea 0.97+0.02 0.97+0.02 0.95+0.06 0.95+0.04
Larynx 0.98+0.02 1.00+0.01 0.97+0.04 1.00£0.02
Cord 0.96+0.01 1.00+0.02 0.97+0.03 1.00+0.03
Brainstem 0.87+0.11 0.90+0.13 0.86+0.09 0.91+0.11
Right parotid 0.91+0.06 0.95+0.04 0.92+0.03 0.95+0.03
Right submandibular 0.94+0.04 0.98+0.01 0.93+0.02 0.98+0.04
IMRT (n=7)
Left cochlea 0.97+0.01 0.99+0.02 0.96+0.04 0.99+0.06
Larynx 0.98+0.01 1.00£0.00 0.98+0.02 1.00£0.02
Cord 0.97+0.01 0.98+0.02 0.97+0.02 0.99+0.01
Brainstem 0.91+0.03 0.95+0.06 0.88+0.04 0.93+0.08
Right parotid 0.95+0.04 1.00+0.02 0.92+0.07 0.96+0.07
Right submandibular 0.98+0.02 0.99+0.02 0.97+0.03 0.98+0.03

IMRT: Intensity-modulated radiation therapy, VMAT: Volumetric-modulated arc therapy, OARs: Organ-at-risks

Table 3: Relative dose ratio (flattening filter-free /flattened) to organ-at-risks for lung cases (n=4)

OARs 6 MV 10 MV
Mean dose ratio Maximum dose ratio Mean dose ratio Maximum dose ratio
VMAT
Cord 0.99+0.01 1.01+0.01 0.98+0.01 1.00+0.02
Esophagus 0.99+0.01 1.01£0.00 1.00£0.01 1.01£0.02
Heart 0.94+0.06 1.01£0.02 0.95+0.06 1.02+0.02
Larynx 0.95+0.06 1.00£0.02 0.95+0.00 1.01£0.02
Lungs 0.99+0.01 1.01£0.02 1.00£0.01 1.03+0.02
IMRT
Cord 0.98+0.02 1.00£0.01 0.97+0.01 0.98+0.01
Esophagus 0.99+0.01 1.01£0.01 0.98+0.01 1.01£0.01
Heart 0.94+0.06 1.00£0.01 0.92+0.06 1.01£0.00
Larynx 0.94+0.05 0.99+0.02 0.92+0.04 0.98+0.02
Lungs 0.98+0.01 1.01+0.01 0.98+0.00 1.01£0.00

IMRT: Intensity-modulated radiation therapy, VMAT: Volumetric-modulated arc therapy, OARs: Organ-at-risks

The maximum reduction in the mean dose is obtained for
the right hip (1.03 Gy) in the 10 MV VMAT plan compared
to the flattened beam. The relative dose ratios between
the flattened beam and FFF beam for 4 prostate cancer
patients are shown in Table 4. For rectum, in VMAT plans,
the FI'I" beam provided slightly higher (1%) maximum dose
compared to the flattened beam. For all OARs, the FFF
beam provided improved dose sparing effect compared to
the flattened beam.

Discussion

Based on our investigation, we found that in terms of
TC, the FFF beam provided similar TC as the flattened
beam in most cases. The only difference was observed in
the VMAT plans for lung cases. In terms of dose sparing
to OARs, in head and neck cases, the differences between
the FI'l" beam and flattened beam are significant for both
6- and 10-MV beams. For lung and prostate, results were

comparable. Some head and neck cases required relatively
larger field size (=16 cm X 20 cm) to cover the target. For
the VMAT plans, two arcs with different isocenters were
used to provide the required dose coverage for the PTVs.
In other cancer sites, typical field sizes (=10 cm X 10 cm)
were used to create the treatment plans.

The noticeable dose sparing effect of the FI'I' beam
compared with the flattened beam for large treatment
field size is due to the forward peak beam profiles of the
FFF beam. There is no observable difference between
the beam profiles of flattened beam and FFF beam for
small field size (e.g. =6 cm X 6 cm). For relatively large
field sizes (e.g. 16 cm x 20 c¢m), the FFF beam provided
lower dose to the out-of-field region compared with the
flattened beam for both 6- and 10-MV beams. This is of
clinical significance for cases receiving a high radiation dose
(~70 Gy) and having a diversity of sensitive normal tissue
structures as found in the head and neck region. When we
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Table 4: Relative dose ratio (flattening filter-free /flattened) to organ-at-risks for prostate cases (n=4)

OARs 6 MV 10 MV
Mean dose ratio Maximum dose ratio Mean dose ratio Maximum dose ratio

VMAT
Rectum 0.99+0.01 1.01£0.01 0.99+0.02 1.00£0.00
Bladder 0.96+0.04 1.02+0.01 0.98+0.02 1.01£0.00
Right hip 0.97+0.02 0.97+0.02 0.96+0.04 0.96+0.04
Left hip 0.97+0.02 0.99+0.01 0.97+0.04 0.99+0.03
Penile 0.86+0.07 0.87+0.08 0.87+0.02 0.89+0.03
Bulb

IMRT
Rectum 0.98+0.01 1.00+0.00 0.99+0.00 1.00+0.00
Bladder 0.99+0.02 1.00+0.00 0.99+0.02 1.00+0.00
Right hip 0.98+0.02 1.00+£0.01 0.98+0.01 0.98+0.02
Left hip 0.98+0.02 1.00+0.02 0.98+0.01 1.00+0.02
Penile 0.92+0.02 0.92+0.03 0.89+0.02 0.90+0.04
Bulb

IMRT: Intensity-modulated radiation therapy, VMAT: Volumetric-modulated arc therapy, OARs: Organ-at-risks

increased the beam energy from 6 MV to 10 MV, the dose
reduction effect in the out-of-field region was significant
for the FFF beam compared to the flattened beam.?! This
fact also explains the improved dose sparing effect of the
FFF beam in head and neck cases in both 10 MV static
IMRT and VMAT plans compared to the 6 MV plans.

However, due to the nonuniform beam profile of the FFF
beam, compared to the flattened beam, the FFF beam tends
to use more MUs to deliver the uniform dose to target. In
our clinical investigation, the ratio of MUs between the
FFFE beam plans and the flattened beam plans was typically
around 1.3 for the static IMRT and VMAT plans. The
higher MUs of the II'I" beam may lead to increased dose
leakage from the MLC and escalated dose to OARs. Based
on our investigation, even with the increased leakage dose
from MLC, the FFF beam can still provide comparable
dose sparing cffect to OARs in most cases.

Randomized studies showed that compared to 3D-CRT
technique, IMRT can dramatically reduce the dose to OARs,
whichleads to improved toxicity outcomes and quality of life
for patients.’*?*! Despite these improvements, both acute
and late toxicity represent ongoing challenges to successful
head and neck cancer treatments. In the cases we examined,
the lower dose to submandibular glands and parotid glands
could contribute to lower xerostomia rates as the mean
dose to each of these OARs has been directly associated
with xerostomia.’” In the dose range where xerostomia is
likely to happen, a linear correlation with the mean dose
Is apparent, suggesting even modest dose improvement
may have a clinical impact.P® Other toxicities that may
be affected include voice quality, swallowing function,
breathing function, and cataract development. In head and
neck, for both static IMRT and VMAT plans, the flattened
beam and FFF beam provided improved dose sparing to
right parotid gland and right submandibular gland. Clearly,

the FEFL beam provided a significant dose sparing effect to
the right parotid and right submandibular gland compared
to the flattened beam and should lead to a lower probability
of xerostomia. The higher larynx dose associated with a
flattened beam may contribute to poor voice quality as
the larynx mean dose has been correlated with laryngeal
edema.P” The late toxicity of radiation treatment is directly
related to both overall dose and dose per fraction. The lower
mean and maximal doses achieved to OAR reduces both
total delivered dose to several critical organs and the daily
fraction size. Thus, FFF treatment for the examined head
and neck cases may allow for the same local control with a
decreased risk of late side effects of treatment.

The design of this study has several limitations. (1) To
simulate the typical clinical treatment, three cancer sites
with a total of 15 patients were selected for the study.
Arelative small number of patients was used for each cancer
site. (2) Different prescribed doses were used to design the
treatment plans, which make the statistical analysis such
as t-test to be difficult for the dose sparing to OARs. For
head and neck cases, 10 MV beam is not used for typical
treatments. Further studies are needed to investigate the
potential applications of the 10 MV FFF beam in clinical
head and neck treatments.

Conclusion

In this work, 15 clinical cancer cases for three anatomical
sites were investigated to analyze the dosimetric differences
between the flattened and FFF beam plans in terms of TC
and dose to OARs. It was observed that the FFF beam
provides comparable TC to the flattened beam in all three
sites of cancer. The FFF beam for head and neck cancer
obtained observable dose sparing. For right parotid, the
maximum mean dose reduction of the FFF beam compared
to the flattened beam reached up to 9% for VMAT plans.
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For the other two sites, the FIF beam provided improved
dose sparing effect to most of the OARs. For certain OARs
such as heart in the VMAT plan for lung cancer, the FFF
beam delivered higher maximum dose. Due to the speed
limit of the MLC, the maximum dose rate of the FFF beam
may be considerably lower than the theoretical maximum
dose rate value, especially for large field sizes.
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