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Introduction: The use of volumetric modulated arc therapy (VMAT) with
flattening-filter-free (FFF) beams is becoming more prevalent in lung cancer
stereotactic body radiotherapy (SBRT). The aim in this study was to assess the
impact of dosimetric and radiobiological differences between FFF and flattening
filtter (FF) beams for lung SBRT based on the target volume.

Methods: A total of 198 lung stereotactic body radiation therapy treatment plans
with FFF beams and FF beams were retrospectively selected for this study. For all
plans, the prescribed dose was 50 Gy/5 fractions, and the dose volume histogram
(DVH) for the target and organs at risk (OAR) and the normal tissue complication
probability (NTCP) of the lung were recorded and compared. Moreover, monitor
units (MUs), the beam on-time and the treatment time were evaluated.

Results: The study was performed following the Radiation Therapy Oncology
Group (RTOG) 0813 and 0915 protocols. No significant differences in Dgg,
coverage rate (CR) or conformity index (Cl) of the target were observed
between FFF beams and FF beams (p>0.05). The D5, Rsqy and gradient index (Gl)
for the target improved with FFF beams compared with FF beams (p<0.05). FFF
beams also significantly reduced the dose for the lung, heart, spinal cord,
esophagus and NTCP of the lung (p<0.05), compared with FF beams. However,
there was no significant difference in sparing of the trachea (p>0.05). The mean
MUs, beam on-time and treatment time were 1871 + 278 MUs, 3.2 + 0.2 min and
3.9 + 0.3 min for FFF beams, and 1890 + 260 MUs, 4.2 + 0.3 min and 4.8 + 0.4 min
for FF beams, respectively.

Discussion: The FFF beam technique for lung SBRT with VMAT results in a better
dose fall-off, better dose-sparing of OAR, lower NTCP of the lung and a shorter
beam on-time compared with the FF beam technique. Additionally, the
improvement in target and OAR-sparing for FFF beams was increased with
increasing target volume.
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Introduction

Among Chinese men, lung cancer is the most common cancer,
accounting for about 24.6% of all new cancer cases, according to data
released in 2022 by the Chinese National Cancer Center (1). The use
of stereotactic body radiation therapy (SBRT) has become the
standard treatment for medically inoperable, early stage, non-small-
cell lung cancer (NSCLC) (2-4). Compared to conventional radiation
therapy, SBRT has the major feature of delivering large doses, while
minimizing the dose to the organs at risk (OAR) (5-7). However, with
the delivery of large doses, which results in a prolonged beam on-
time, it could impact patient safety, such as patient motion, and the
succeeding risk of dose uncertainties increases. The crucial challenges
of SBRT concern safety, accuracy, and speed.

Due to advances in technology, there has been growing interest in
the clinical use of flattening-filter-free (FFF) beams to deliver lung
SBRT treatment (8-10). The FFF beam has had the flattening filter
removed, such that the beam is not flat, as flatness is not necessary for
volumetric modulated arc therapy (VMAT). The main characteristics
of FFF beams are the high dose rate (1400 monitor units per minute
for 6 MV photon beam), a cone-shaped dose profile (11), reduced
peripheral dose outside of the beam (12) and an increased superficial
dose. The most notable results of FFF beams are the large reduction in
beam on-time, increased clinical efficiency, a better target dose
coverage and OAR-sparing (8, 10, 13, 14).

With these advantages of FFF beams, many researchers have
studied the dosimetry of FFF beams and FF beams in lung SBRT (8,
15, 16). However, according to a previous paper (17) and our
experience, the difference in plan quality between FFF beams and
FF beams is dependent on PTV. Only Reggiori et al. (17) have
compared FFF beams with FF beams based on PTV for liver SBRT.
To the best of our knowledge, there have been few studies evaluating
the dosimetric and radiobiological differences between FFF beams
and FF beams for lung SBRT based on PTV. Treatment plan

TABLE 1 Patient characteristics of 175 patients with 198 pulmonary lesions.

Patients
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evaluation metrics for lung SBRT were recommended by the
Radiation Therapy Oncology Group (RTOG) 0813 and 0915
protocols; these include Rsgy, the gradient index (GI), the
conformity index (CI), and the coverage rate (CR) for PTV, and
dose volume limits for OAR (18, 19). Furthermore, the normal tissue
complication probability (NTCP) for the lung was evaluated between
FFF beams and FF beams. The patients were divided into four groups
according to the 0813 and 0915 protocols, as Groupl (3.8
cm’<PTV<7.4 cm’), Group 2(7.4 cm’<PTV<13.2 cm?), Group 3
(13.2 cm’<PTV<22.0 cm’) and Group 4(22.0 cm’<PTV < 34.0
cm?). In this work, we retrospectively compared the dosimetry and
NTCP of 175 lung SBRT patients, using VMAT with FFF beams and
FF beams dependent on PTV.

Materials and methods
Patients

175 patient with 198 pulmonary lesions (198 independent
isocentre) treated with SBRT using either FFF or FF beams during
June 2021 to March 2022 were included in the study. This
retrospective study was approved by the Ethics Committee of our
hospital. Patient characteristics are summarized in Table 1. The
patients were immobilized in a supine position with their arms
above their head. All patients received two computed tomography
(CT) scans: a free-breathing CT scan and a four-dimensional CT scan
(4DCT). CT scans with a 3 mm slice thickness were acquired with a
16-slice Brilliance Big Bore CT (Philips Medical Systems, Cleveland,
OH, USA). All 10 phases of the 4DCT slices and respiratory motion
data were transferred to MIM Maestro software (MIM Software Inc.,
Cleveland, OH, USA) using 4D Workflow, where the maximum
intensity projection (MIP) images and average intensity projection
(AIP) images were generated. Visible lesions on CT were used to

Sex Tumors site

Male 115 (65.7%) Left lung 100 (50.5%)
Female 60 (34.3%) Right lung 98 (49.5%)
Age Peripheral 181 (91.4%)
<50 60 (34.3%) Central 17 (8.6%)
>50 115 (65.7%) Primary tumors

PTV volume (cc) Lung 135 (77.1%)
Groupl (3.8 < PTV< 7.4) 7 (3.5%) Liver 25 (14.3%)
Group2 (7.4 < PTV< 13.2) 83 (41.9%) Stomach 5 (2.9%)
Group3 (13.2 < PTV< 22.0) 91 (46.0%) Breast 6 (3.4%)
Group4 (22.0 < PTV < 34.0) 17 (8.6%) Unknown 4(2.3%)

Originally treated beams

FFF beams 177 (89.4%)

FF beams 21 (10.6%)
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determine the gross tumor volume (GTV) using the window/level
settings on the lung (window/level ranges from 800 to 1600 HU or
-600 to -750 HU), and the GTV and clinical target volume (CTV) was
often considered to be equal (20, 21). CTVs from 4DCT were
contoured on CT images of each respiratory phase (CTV0, CTV10
to CTV90) and added together to define the internal target volume
(ITV). The planning target volume (PTV) was generated by
expanding 5 mm in three dimensions to ITV. The volume for the
PTV range was from 5.07 to 33.49 cc (mean 14.63 + 5.25 cc), and the
detail of the PTV is shown in Table 1. The patients were stratified into
four groups according to the RTOG 0813 protocol by the volume
lesion: the first group included 7 patients with a PTV from 3.8 to 7.4
cm?, the second group included 83 patients with a PTV from 7.4 to
13.2 cm?, the third group included 91 patients with a PTV from 13.2
to 22.0 cm?, and the fourth group included 17 patients with a PTV
from 22.0 to 34.0 cm®. The OAR of this study were contoured on the
CT image, which included the lung, heart, spinal cord, esophagus
and trachea.

Treatment planning

All clinical treatment plans were generated using the Pinnacle
TPS (version 9.10, Philips Radiation Oncology Systems, Fitchburg,
WI, USA). Intensity modulation was performed using the direct
machine parameter optimization (DMPO) algorithm. The collapsed
cone (CC) algorithm was applied for final dose calculations, with a
grid size of 2.5 mm. For each patient, two plans were created:1) a
triple VMAT arc using FFF beams (VMATggg) with collimator 0° and
couch 0% and 2) a triple VAMT arc using FF beams (VMATgg) with
collimator 0° and couch 0°. The treatment beam was a non-
coplanar6MV photon using the Infinity Linear Accelerator (Elekta
AB, Sweden). The Infinity Linear Accelerator is equipped with a
multileaf collimator, MLCi2, which has 40 leaf pairs of 0.5 cm

FIGURE 1

The arcs for right lung for FFF beams and FF beams. (A) the lower region of the lung. (B) the upper region of the lung. (C) the midline of the body
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thickness. The maximum dose rate of the FFF beams and FF beams
was 1400 and 600 monitor units (MU)/min for 6 MV photons at the
Elekta Infinity linear accelerator, respectively. VMATggr and
VMATgr plans were generated using 3 arcs; for example, when the
target was in the right lung, the arcs were as follows: 1) located in the
lower region of the lung with 3 partial arcs, the first of which was
clockwise from 181° to 300°, the second was counterclockwise from
300° to 181°, and the third was clockwise from 120° to 179°; 2)
located in the upper region of the lung, with 3 partial arcs, the first of
which was clockwise from 250° to 30°, with the same range of angles
for arc 2 and arc 3; and 3) located near the midline of the body with 3
full arcs, from 181° to 179°.The arcs for right lung are presented
in Figure 1.

The penalties and weights for the target and OAR, and the
number of iterations were kept the same for the VMATgpr and
VMATgg plans. The prescribed dose was 50 Gy in 5 fractions
aimed to cover the PTV with 90% of the prescribed dose (Dg).The
dose constraints for the PTV werel) Dgp>100% of the prescribed
dose, and 2) D, < 125% of the prescribed dose. For the OAR, both the
VMATgpr and VMATEe plans met the dose volume limits of the
RTOG 0813/0915 protocols, as detailed in Table 2.

TABLE 2 Dose-volume constraints for OARs.

OARs Dose volume parameters

Spinal cord Dy 25cc<22.5 GY, D 5.c<13.5 Gy, Dppax<30 Gy

Lung Di500cc<12.5 Gy, Dyggocc<13.5 Gy
Esophagus Ds.<27.5 Gy
Heart Dy5.<32 Gy
Trachea Dy.<18 Gy
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Evaluation of dosimetric data

The dosimetric quality of the treatments were measured using
a dose volume histogram (DVH) metrics. For PTV, the target
coverage (Dgg and D,), the coverage rate (CR), the conformity
index (CI), Rsgo, and the gradient index (GI) were reported
(22-24).

CR was defined as:

CR:Tva/TV (1)

where TVpy is the target volume covered by the prescription
isodose and TV is the volume of the target.
CI was defined as:

CI = (TVpy)?/(TV x PV) ()

where PV is the volume covered by the prescription isodose. CI
values range between 0 and 1, and a CI close to 1 represents better
conformity. GI was defined as the ratio of the volume of half the
prescription isodose and the TVpy. Rsgy, was calculated using the
RTOG 0813 protocol (18), and it was defined as the ratio of 50%
prescription isodose volume to the PTV. Furthermore, dosimetric
parameters were evaluated for the lung, spinal cord, esophagus,
heart and trachea. The dose to the lung was evaluated using Vs,
V20> D1oooce> Disooce and the mean lung dose (MLD). D x> Do asec
and Dy 5. of spinal cord were recorded. For the esophagus, heart
and trachea, the Dy . Dsce, Disgocc and Dy.. were scored,
respectively. Moreover, monitor units (MUs),the beam on-time
(BOT) and the treatment time for the two plans were
also recorded.

Evaluation of NTCP data

The NTCP for > grade 2 radiation pneumonitis (RP) of the lung
was assessed for VMATgrr and VMATgg plans. For all patients, we
exported DVHs of the lung to convert the physical dose into the
biologically effective dose (BED) (25), using the LQ model and o/f-
ratio of 3 Gy (26), as follows:

BED = D(1+ai/ﬁ) 3)

in which the total dose (D) is the dose per fraction (d) multiplied
by the number of fractions (n). The Lyman-Kutcher-Burman (LKB)
model of NTCP (27) can be calculated from the EUD or V, according
to:

1 L
NTCP =—— 2 d 4
NG / . @

TABLE 3 Parameters used to calculate NTCP.

10.3389/fonc.2023.1108142

With
EUD-TDy,
Tl for MLD
t=
V-V,
v Jfor Vs, and Vy,

In Equation (4), the MLD (BED-corrected) can be used instead of
the EUD to calculate the NTCP, according to Seppenwoolde et al.
(28). TDsp, the mean dose for 50%of the NTCP, and m, a slope
parameter (the steepness of the curve decreases with increasing m),
were 20.8 Gy and 0.45, respectively, for the equation based on MLD,
as proposed by Borst et al. (26). V5, represents the V parameter for
50% of the NTCP. The parameters for the NTCP model are given
in Table 3.

Data were statistically analyzed using SPSS 19.0 software
(IBM, New York, USA). A paired t-test(two-sided) was used for
analyzing the dosimetric and radiobiological parameters of the
PTV and OAR between VMATgrr and VMATEr plans with
normal distribution. A value of p<0.05 was considered to
be significant.

Results
Dosimetric evaluation of PTV

All plans were normalized to cover 90% of the PTV with the
prescribed dose and met the planning objectives, as described in
Table 2.A comparison of the PTV and OAR dosimetric parameters
for the VMATgrr and VMATEg plans for all 198 lung SBRT plans
(generated on 175 patients with 198 independent isocentre) is
presented in Table 4. In general, the dose within the PTV was
similar for the VMATggr plan and the VMATEg plan. There was no
significant difference in Dgy, CR and the CI of the PTV between the
two plans (p>0.05). However, the D,, Rsgq, and GI of the VMATggr
plan were significantly lower than the VMAT}y plan (p<0.05). D, of
the PTV was 55.30 + 0.45 Gy for the VMATggr plan and 55.90 + 0.50
Gy for the VMATgg plan. Rsgo, of the PTV was 4.88 + 0.61 for the
VMATrggr plan and 4.98 + 0.64 for the VMATg plan. GI of the PTV
was 521 + 0.73 for the VMATggr plan and 533 + 0.78 for the
VMATgg plan.

Dosimetric evaluation of OAR

All dosimetric parameters of the lung, esophagus, spinal cord
and heart were significantly decreased in the VMATggr plan
(p<0.05). The absolute differences in Djgooccr Di1so0cr MLD, Vs,
V10, and Vypof the lung were up to 0.13 Gy, 0.04 Gy, 0.08 Gy, 0.94%,

Vs 0.46

Vao 0.50
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TABLE 4 Comparison of the dosimetric parameters (mean + standard)of PTV and OARs.

10.3389/fonc.2023.1108142

EETEINEE VMATEge (range) VMATE¢ (range)

Do (Gy) 50.0 + 0.21 (50.0-50.12) 50.0 + 0.21 (50.0-50.13) 035

D, (Gy) 55.30 + 0.45 (54.52-56.42) 55.90 + 0.50 (54.68-57.52) <0.001

CR 0.85 + 0.02 (0.80-0.95) 0.86 + 0.02 (0.79-0.92) 0.21
PTV

CI 0.78 + 0.06 (0.62-0.91) 0.78 + 0.07 (0.63-0.92) 0.15

Rso 4.88 + 0.61 (3.29-6.72) 4.98 + 0.64 (3.96-6.88) <0.001

GI 521 + 0.73 (3.52-6.64) 5.33 + 0.78 (3.55-6.91) <0.001

Dinax(Gy) 7.29 + 4.37 (1.52-26.46) 7.44 + 4.42 (1.63-26.55) <0.001
Spinal cord Do2sec(GY) 6.60 + 3.85 (1.23-22.7) 6.81 + 3.93 (1.3-22.75) <0.001

Dosec (Gy) 6.37 + 3.66 (1.05-21.62) 6.60 + 3.88 (1.1-21.56) <0.001

Dinax(GY) 6.95 + 4.43 (0.04-24.72) 7.08 + 4.39 (0.05-23.94) 0.011
Esophagus

Ds.. (Gy) 3.71 + 2,67 (0.37-16.13) 3.81 + 2.72 (0.44-15.74) <0.001

Dpax(GY) 5.12 + 5.37 (0.03-23.16) 5.20 + 5.37 (0.03-23.77) 0.13
Trachea

D,(Gy) 3.11 + 3.44 (0.01-13.81) 3.06 + 3.44 (0.02-13.95) 0.25

Diovoce (Gy) 1.21 + 0.66 (0.08-4.10) 1.34 + 0.93 (0.08-5.22) <0.001

Diso0ce (Gy) 0.51 + 0.37 (0.05-2.44) 0.55 + 0.40 (0.05-2.70) <0.001

MLD(Gy) 2.39 + 0.78 (0.61-4.59) 2.47 + 0.80 (0.63-4.68) <0.001
Lung

V(%) 12.10 + 3.89 (2.11-24.15) 13.04 + 3.90 (2.42-24.35) <0.001

V10(%) 6.69 + 2.47 (1.12-13.97) 7.02 + 2.42 (1.21-14.86) 0.013

V0(%) 3.01 + 1.39 (0.14-6.96) 3.07 + 1.35 (0.14-7.27) 0.016
Heart Dis00ce (Gy) 5.48 + 5.0 (0.06-36.48) 5.61 + 5.05 (0.05-36.13) <0.001

0.33% and 0.06% higher, respectively, with the VMATg plan.
Compared with the VMATgg plan, the VMATggr plan provided a
lower Dyax Do2scc and D e to the spinal cord, Dy, and Dsc to
the esophagus, and D50, to the heart by 0.15 Gy, 0.21 Gy, 0.23 Gy,
0.13 Gy, 0.1 Gy and 0.13 Gy, respectively. No substantial differences
were observed in Dy, and Dy of the trachea (p>0.05). Figure 2
shows the Vs, Vo, V0 and MLD of the lung for FFF beams and FF
beams for all treatment plans, and the metrics are represented as a
function of the PTV volume.

Figure 3 and Figure 4 show the DVHs and a dose distribution in
one patient, respectively. As can be seen in Figure 1, for the PTV, the
high-dose spillage of the VMATggg plan was significantly lower than
the VMATgg plan; for the OAR, the VMATggr plan significantly
reduced low-dose spillage for the lung and spinal cord. In Figure 3, the
VMATggr plan had the slight advantages of providing tighter
intermediate-dose spillage (see Rspy, and GI) compared with the
VMATgg plan.

NTCP evaluation of the lung

Table 5 lists the NTCP values for the VMATgg plan and the
VMAT¢gg plan. According to the NTCP model based on MLD, the
average values [range] were 1.86 + 0.19% [1.58%-5.71%] and 1.88 +
0.19% [1.58%-5.82%] for the VMATggr plan and VMATg: plan,
respectively. For the model based on Vs, the average NTCP [range]

Frontiers in Oncology

value for the VMATggr plan was 3.87 £ 1.73% [1.74%-9.01%]
compared with 4.17 = 1.80% [1.83%-9.51%] for the VMATg plan.
The NTCP based on V,, were 3.31 + 0.70% [2.28%-5.37%] and 3.33 +
0.73% [2.28%-5.59%] for the VMATgrr plan and the VMATgg
plan, respectively.

MUs, beam on-time and treatment time

The average MU values were 1871 + 278 MUs and 1890 + 260
MUs for the VMATggr plan and the VMATgg plan, respectively. The
average beam on-time was 1.3 times higher for the VMATgg plan: 4.2
+ 0.3 min, while for the VMATggg plan, due to the higher dose rates,
the beam on-time reduced to 3.2 + 0.2 min. The average treatment
time were 3.9 + 0.3 min and 4.8 + 0.4 min for the VMATggg plan and
the VMATgg plan, respectively.

A volume-based analysis

Patient’s PTVs ranges from 5.07 to 33.49 cc were stratified into four
volume groups according to the RTOG 0813 protocol. All values for
PTV (Rsgy and GI), the lung (Vs, V19, Vo9 and MLD) and the NTCP of
the lung in the four groups are provided in Table 6. The results for the
heart, esophagus, trachea and spinal cord are not listed since these
OARs were not close to the PTV and do not show a clear trend with the

frontiersin.org
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FIGURE 2

Lung representative dosimetric parameters for FFF beams and FF beams. (A)Vs of lung. (B)V,o of lung.(C) Vo of lung. (D) MLD of lung.
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PTV. For all groups, the data showed significant differences between the
VMATggr plan and the VMAT plan (p<0.05).
The TD was calculated as follows:

~ Vi

TD =
VEre

(©)

where Vg and Vipp represent the values for the VMATgr and
VMATrgr plans, respectively. The GI and Rso, values show a decrease

FIGURE 3

Dose-volume histogram of target and selected OARs. (Solid line: VMAT g, Dashed line: VMATe). (A) dose ranges from 0 to 61 Gy. (B) dose ranges from

0 to 20 Gy.
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FIGURE 4

Comparison of dose distributions for a patient with contoured PTV (red), lung (light green), heart (brown), esophagus (cyan), and trachea (dark cyan).
(A) VMATee plan. (B) VMATe¢ plan. The dose distribution ranges from 25 Gy to 65 Gy. (C) The absolute dose difference distribution between the (A) and
(B). The dose distribution ranges from -3.11 Gy (blue color) to 3.11 Gy (red color).

10.3389/fonc.2023.1108142

the trend observed was similar to that of Figure 5B and the biggest
difference between the two plans appeared in Group 4.

Furthermore, Rsgo, for the VMATggr plan and the VMATgg plan
are described with a power functional form and shown in Eq.(6) and
Eq.(7):

Ry = 7.72V°07 (6)

where V is the volume of PTV, with a standard error of 0.36 and
0.02 for the A and B parameters, and an R? of 0.4;

Rsgo, g = 7.92V 702 )

with an R® of 0.4, and a standard error of 0.38 and 0.02 for the A
and B parameters. A plot of Rsgo, versus PTV is presented in Figure 6.
Figure 6 shows that VMATggr plan have steeply dose fall-off than
VMAT}g plans. According to the RTOG 0813/0915 reports, 195 plans
exhibited no deviation, 3 plans a minor deviation (less than 10%
difference), and none exhibited a major deviation (more than 10%
difference) for the VMATggr plan; 186 plans exhibited no deviation,

TABLE 5 Comparison of NTCP (mean + standard)of lung.

12 plans a minor deviation, and none exhibited a major deviation for
the VMAT¢gg plan.

Figure 5 The differences between VMATgrr and VMATg plans
in four groups: (A) Rsge and GI of PTV. (B) V5, V4, V50 and MLD of
lung. (C) NTCP of Vs, V,, and MLD.

Discussion

In the present study, for 175 patients with 198 pulmonary lesions,
we investigated the potential advantage of using FFF beams in lung
SBRT based on the target volumes. For the investigated VMAT
techniques, treatment planning with FFF beams resulted in plans of
similar or better quality and a lower NTCP of the lung compared with
FF beams. Furthermore, our results indicated that the differences
between FFF and FF beams for the parameters of PTV of the lung and
the NTCP have been related to the target volume, as shown in Table 6
and Figure 5.

Parameters VMATEge (range) VMATE (range) p

MLD (%) 1.86 + 0.19 (1.58-15.87) 1.88 + 0.19 (1.58-16.35) <0.001
Vs (%) 3.87  1.73 (1.74-9.01) 4.17 + 1.80 (1.83-9.51) <0.001
Vo (%) 3.31 £ 0.70 (2.28-5.37) 333 + 0.73 (2.28-5.59) <0.001
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TABLE 6 Summary of the results for parameters of PTV, lung and NTCP (mean + standard)in four group according to the PTV volume.

Parameters Group 1 (range) Group 2 (range) Group 3 (range) Group 4 (range)
VMAT g5 5.59 + 0.40 (5.11-6.23) 5.11 + 0.62 (4.11-6.72) 475 + 0.43 (3.55-5.7) 4.13 + 0.47 (3.29-5.19)
RSO%
VMATyp 5.80 + 0.45 (5.23-6.42) 523 + 0.63 (4.12-6.88) 4.84 + 0.46 (3.55-5.79) 421 +0.49 (3.37-5.44)
PTV
VMATrgr 6.09 + 0.37 (5.35-6.64) 5.45 + 0.72 (4.23-6.49) 5.06 + 0.64 (3.52-6.57) 4.53 + 0.51 (3.61-5.69)
GI
VMATjg 6.31 + 0.37 (5.49-6.68) 5.58 + 0.75 (4.28-6.83) 5.16 + 0.67 (3.55-6.91) 4.60 + 0.59 (3.66-6.61)
VMATrgp 7.55 + 2.23 (5.11-11.05) 10.86 + 3.63 (2.11-19.23) 12,95 + 3.19 (5.14-24.15) 15.03 + 4.46 (4.12-21.22)
V(%)
VMAT;g 8.35 + 2.25 (5.42-11.52) 11.94 + 3.61 (2.42-19.71) 13.63 + 3.14 (6.23-24.35) 17.02 + 5.09 (5.15-24.12)
VMAT;gp 371 + 1,67 (1.12-7.12) 5.43 +2.90 (1.50-10.41) 6.65 + 2.26 (3.61-13.04) 7.84 + 2.83 (2.10-13.97)
Vio(%)
VMAT;g 4.04 + 1.63 (1.21-7.23) 5.76 + 2.98 (1.66-11.14) 7.07 + 2.26 (3.32-13.44) 8.58 + 2.80 (2.85-14.86)
Lung
VMATrer 1.73 £ 0.80 (1.12-3.38) 2.33 + 1.05 (0.14-5.18) 3.48 + 1.15 (1.49-6.34) 4.38 + 1.63 (1.59-6.96)
V0(%)
VMATGg 1.79 + 0.80 (1.19-3.43) 2.38 + 1.07 (0.14-5.18) 3.52 + 1.17 (1.50-6.74) 4.56 + 1.72 (1.59-7.27)
VMATrgr 1.60 + 0.55 (0.61-2.42) 2.19 + 0.82 (0.61-3.23) 2.53 + 0.66 (1.15-4.59) 2.98 + 0.77 (0.99-4.33)
MLD(Gy)
VMAT;g 1.66 + 0.57 (0.63-2.52) 2.25 + 0.83 (0.63-3.27) 2.61 + 0.66 (1.16-4.68) 3.09 + 0.77 (1.05-4.47)
1.86 + 0.84 338 +0.82
VMAT;gp 2.44 + 027 (1.58-15.87) 291 + 0.67 (1.83-5.71)
(1.79-2.74) (1.74-5.16)
MLD (%)
3.53 +0.87
VMATrg 1.88 + 0.85 (1.79-2.75) 2.50 + 0.27 (1.58-16.35) 2.99 + 0.67 (1.83-5.82)
(1.79-5.48)
2.73 +0.50 4.66 + 1.28
VMATrgr 3.72 £ 0.79 (1.74-5.37) 3.95 + 1.02 (2.44-9.01)
(2.22-3.51) (2.07-6.94)
NTCP V(%)
2.92 +0.50 533 + 1.69
VMAT;g 4.05 + 0.69 (1.83-6.06) 4.16 + 1.04 (2.62-9.51)
(2.33-3.67) (2.28-8.38)
3.76 + 0.85
VMATgp 2.92 + 0.32 (2.68-3.59) 3.11 +0.39 (2.28-8.85) 3.43 +0.53 (2.68-4.75) (2.28.5.37)
V20(%)
2.93 +0.33 3.84 + 091
VMAT;g 3.14 + 0.38 (2.28-9.18) 3.45 + 0.55 (2.68-4.75)
(2.68-3.59) (2.28-5.59)

p values<0.05 for all parameters.

With large doses in a few fractions and a conventional dose rate,
the SBRT beam on-time can become very long, increasing patient
discomfort and treatment uncertainty. Hence, shortening the SBRT
beam on-time becomes crucial. A primary advantage of FFF beams is
that they have similar MUs; meanwhile, they shave a shortened beam
on-time compared with FF beams. Our results showed that the FFF
beams obtained a 23.8% reduction in beam on-time, a 18.8%
reduction in treatment time and a 1.0% reduction in MUs for
VMAT. A few investigators have reported the time advantage of
FFF beams for VMAT plans. For instance, Pokhrel et al. (8) reported
that the average beam on-time for FFF beams was 6.5 min, and was
much shorter than for FF beams (15.1 min). Pokhrel et al. (15) has
shown an overall reduction in beam on-time by about 57.0% using
FFF beams for lung lesions. However, in our study, the beam on-time
of FFF beams was not significantly reduced compared to the FF
beams, which could be related to the DMPO algorithm (Pinnacle)
generating segment having less MUs than others TPS. When the dose
rate was still increasing, the segment was over. Furthermore,
compared to the FF beams, the MUs did not change significantly
while using FFF beams. Furthermore, the reason for similar MUs for
FFF beams and FF beams is likely to be the small PTV in this study.

One of the major concerns for treating lung cancer using SBRT is
the low-dose bath exposure of the lung, such as Vs, Vg, V5, and the

Frontiers in Oncology

MLD (29). According to the RTOG 0813 recommendation (18), all of
the SBRT plans had D;500c<12.5 Gy, D1g00cc<13.5 Gy and V,,<10%.
The use of FFF beams in lung SBRT treatment has been previously
studied (6, 15, 30). Pokhrel et al. (15) designed VMAT plans using
FFF beams and FF beams for 13 patients with lung cancer. They
found that the VMATggr plans had a lower dose to OAR. Similarly,
Vassiliev et al. (30) investigated dosimetric differences between FFF
beams and FF beams, and reported that FFF beams achieved
significantly better target coverage and OAR-sparing than FF
beams. This dosimetric advantage of FFF beams was due to the
lower out-of-field dose, more rapid dose fall-off, and softer energy
spectrum removing the flattening filter compared to FF beams (31). In
the current study, utilizing FFF beams for VMAT plans resulted in a
better D, and falloff gradient (Rss and GI) and achieved a similar
target coverage (Dgg, CR, and CI) compared to FF beam plans. The
differences in the Dgj, CR, and CI were not significant. For all plans,
the VMATggr plans provided similar or better OAR-sparing (lung,
esophagus, spinal cord and heart), except the trachea. Vs, Vo, and
V0 of lung were found to be lower by an average of 0.94%, 0.33%, and
0.06% for FFF beams compared with FF beams, respectively.
Although, FFF beams has significantly better OAR-sparing than FF
beams, the absolute differences between the values are very small. This
result might due to the small target volume in our study, the mean
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FIGURE 5

(A-C) presents the difference (TD) between two plans for the PTV, lung and NTCP, respectively.

volume of PTV is 14.63 + 5.25 cc. With the target volume increase, the
absolute difference between FFF beams and FF beams will increase.
For instance, Vs, Vi, and V,, of lung were lower by an average of
1.99%, 0.74%, and 0.18% for FFF beams compared with FF beams in
Group4, respectively.

For the lung, FFF beams appeared the most advantageous for a
large-size target (Group 4) in Vs, Vg, Vo and the MLD of lung.
Although the fluctuations were more marked, the trend in the
differences increased with an increasing target volume. A different
trend was observed for Rsg, and GI; the biggest differences between
two techniques appeared in Group 1: 3.62% for Rsgy, and 3.49% for
GI, respectively. There may be several possible explanations for these
trends, including (1) there was no significant difference in Dg,, CR,
and the CI of PTV between the two techniques due to the profile of
the FFF and FFF beams, which are similar; the difference is a lower

RS0%=7.72V""
R™=04

RTOG-0813 Max R,

45

40 |

PTV volume (cc)

FIGURE 6

The Rsoy for VMAT e and VMAT e plans plotted with PTV volume and was presented by a power functional form: (A) Rsgy of VMATEe plan. (B) Rsgy, of

VMATE¢ plan.

Frontiers in Oncology

09

.
Group3 Group4

penumbra, as described by Hrbacek et al. (31) (2); FFF beams have a
reduced out-of-field dose that is lower than that for FF beams,
especially at the edge of the field and at distances further from the
edge; thus, there is a noticeable reduction effect for low doses, such as
Vs of the lung.

Previous studies have indicated that the dose difference can be
significant for radiobiological factors of NTCP (32), which could
affect radiotherapy quality. Therefore, evaluating NTCP is a very
important part of a comparative study of the two technologies.
Timmeren et al. (33) compared a multiple-isocenter technique and
a single-isocenter technique for lung SBRT with NTCP based on
MLD and V,,. Kang et al. (34) evaluated the dosimetric and
radiobiological parameters in four radiotherapy regimens for
synchronous bilateral breast cancer. However, to our knowledge,
there are fewer related studies on FFF beams in lung SBRT. Lower

R50%=7.92V"
R'=04

RTOG-0813 Max R, ,,

PTV volume (cm’)
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doses to the lung of FFF beams resulted in a significantly lower NTCP
based on the MLD, V5 and V. Evaluated by an NTCP model based
on the MLD developed by Borst et al. (26), the risk of radiation
pneumonitis decreased, on average, by 0.02% using FFF beams
compared to FF beams; this was 0.3% to the model based on Vs
and 0.02% to the model based on V,,. We found that lung SBRT with
FFF beams could be safely used in order to improve the plan quality
and reduce beam on-time. As a result, it is expected that a lower
incidence of pneumonitis would be responsible for lung toxicity in
lung SBRT patients using FFF beams.

Additionally, we assessed the equations to predict the Rsgo, with a
small PTV (<34 cm®). Of the 198 lung SBRT plans, 3 exhibited a
minor deviation for the VMATgr plans and 12 exhibited a minor
deviation for the VMAT} plans, respectively, and none exhibited a
major deviation according to the RTOG 0813/0915 reports. It is also
worth highlighting that FFF beams have better dose fall-off than FF
beams. Hoffman et al. (35) provided the equation of Rsge, for 317 lung
SBRT plans, and the PTV range was from 1.8 cm® to 163 cm®. Our
equation was larger than Hoffman’s work, which may be due to the
values of Rsge in our work having a major deviation compared with
the equation. The predictive capability of Rsgy equations for FFF
beams and FF beams could function as a useful tool to guide a
treatment planner before and after optimization. It can be time-
consuming for a planner to generate VMAT plans, and they are often
required to generate additional structures such as dose-limiting ring
structures. Prior to optimization, the planner could approximately
predict the dose distribution of the plan through the Rsq, equation,
and the ring could be generated more accurately, which would reduce
the plan optimization time. After optimization, the Rsy, equation
could evaluate the value of Rsg, with no deviation, minor deviation,
or major deviation, and potentially improve the plan quality. As part
of the plan quality control (QC), the planner could benchmark the
plan against Rsge, from the equation. Knowing a deviation of Rsgo,
compared with the equation, the planner could potentially be spared
their efforts in pursuing a better outcome.

However, a limitation of our study was that we only studied a total
of 7 and 17 lesions for Group 1 and Group 4, respectively. Future
studies are needed to compare the two techniques for more lesions
and to increase the PTV range from 34 cc to 95 cc or larger. Moreover,
we only selected patients with lung cancer, but the potential for the
target and OAR using FFF beams might be suitable for brain and liver
SBRT cases. The clinical advantages of FFF beams should be also
studied in other tumor cases based on the PTV. Another limitation is
that we don’t investigate the interplay effects between the tumor
respiratory and dynamic MLC movement for FFF beams and FF
beams. The interplay effects plays an important role and could create
cold or hot spots inside the lung tumor (36, 37). Fernandez et al. (36)
investigated interplay effects in SBRT lung cases and concluded that
the interplay effects could result in up to 20% dose variation near the
edges of the PTV. However, it has been indicated that the interplay
effects causes might negligible dose blurring when using two or more
VMAT arcs for FFF beams (38). In the future, one could expand the
investigation of interplay effects.
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FFF beams and FF beams showed significant differences in
dosimetric and radiobiological parameters. For the parameters of
the lung, the biggest difference was observed between FFF beams
and FF beams for a large target volume; the opposite was observed
for the PTV parameter. In this retrospective analysis, we
demonstrated that using FFF beams for lung SBRT can reduce the
dose to OAR (except the trachea) and potentially provide faster
treatment delivery by significantly reducing the beam on-time, when
compared with FF beams. Furthermore, using FFF beams could
improve patient’s comfort, reduce intra-fraction motion and reduce
the probability of radiation pneumonitis. The advantage of FFF
beams could be observed with an increasing volume range from
3.8 cm’ to 34 cm”’.
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