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Introduction:To study the impact of 6 MV and 10 MV flattened beam (FB) and flattening filter free (FFF)
beam in whole brain radiotherapy (WBRT) by using volumetric modulated arc therapy (VMAT).

Material and Methods: Twenty WBRTpatients were selected randomly. The dose prescription was 30 Gy,
which was delivered in ten fractions. The planning target volume (PTV) and organs at risk (OARs) were
contoured. Four VMAT plans, including 6 MV FB, 6 MV FFF, 10 MV FB, and 10 MV FFF beam plans,
were generated.

Results: The 6MV FB and FFF beam plans were statistically significant (p<0.05) in terms of the dose
received by 98% of the PTV (Dggw) (26.86 Gy vs. 27.31 Gy, P=0.006), the dose received by 95% of the PTV
(Desss) (28.28 Gy vs. 28.52 Gy, P=0.038), 107% isodose (V107%) of the PTV (2.43% vs. 3.74%, P=0.001),
Dioo% Of the hippocampus (9.31 Gy vs. 9.16 Gy, P=0.009), and the Dmean Scalp (16.7 Gy vs. 16.8 Gy,
p=0.035). The 10 MV FB and FFF beam plans showed significant differences in the conformity index (0.9
vs. 0.85, P=0.01), V107% of the PTV (1.68% vs. 4.54%, P=0.001), D10 (10.08 Gy vs. 9.81 Gy, P=0.036),
and Dpean Of the hippocampus (12.78 Gy vs. 12.57 Gy, P=0.018). The 6 MV and 10 MV FFF beams showed
homogeneous conformal plans, which required 18-19% more MUs, compared to the FB plans.

Conclusion: The 6 MV and 10 MV FB and FFFB spared the hippocampus and the scalp with acceptable

target coverage in WBRT cases.
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Introduction

Brain metastasis is the most common tumor in 10-
30% of cancer patients [1]. The best treatment
modality for brain metastasis is whole brain
radiotherapy (WBRT) to relieve the intracranial
pressure and improve local tumor control. The most
common side effects of WBRT include irreversible
neurological sequelae, such as dementia, cerebellar
dysfunction, and neurocognitive function decline
(NCFD). To avoid NCFD, hippocampal sparing is
generally recommended. The main function of the
hippocampus is the formation of new memories,
consolidation and retrieval of information, and
cooperation in learning [2]. However, cranial radiation
can damage the hippocampus in WBRT. Besides,
radiation-induced damage to the hippocampus can
affect learning and memory formation [3].

The Radiation Therapy Oncology Group (RTOG)
0933 trial [4] reported that preservation of memory
function can be achieved by sparing the hippocampus,
as reported in 113 WBRT patients. Previously, two
bilateral open fields were used to treat patients with
brain metastasis. However, hair loss was common in
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conventional treatments for these patients, since a 5-7
mm margin around the brain was countered,
including the hair follicles. Overall, sparing of the
hippocampus using three-dimensional conformal
radiation therapy (3D-CRT) is difficult, because the
hippocampus is surrounded by the planning target
volume (PTV), and therefore, more time is required to
generate a clinically acceptable plan. To avoid the
mentioned problems, an intensity-modulated
technique is needed, such as intensity-modulated
radiotherapy (IMRT) and volumetric modulated arc
therapy (VMAT).

In the present study, the VMAT modality [5] was
used to generate a highly conformal and homogenous
plan by varying the dose rate, gantry, and multi-leaf
collimator (MLC) speed. It should be noted that the
VMAT plan requires fewer monitor units (MUs) and a
shorter treatment duration as compared to fixed-field
IMRT. Recently, the Varian TrueBeam accelerator has
been designed, delivering flattened beams (FB) and
flattening filter free (FFF) beams. The results of an
experimental study and a Monte Carlo (MC)
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simulation [6, 7] showed that removal of the flattening
filter in the path of the beam had some advantages,
such as reduction of head scatter, lower out-of-field
dose, reduced neutron production at higher energies
(>15 MV), and increased dose rate as compared to
FBs.

Most dosimetric studies of FFF beams have
focused on breast [8, 9], lung [10], and cervicalcancer
patients [11]. Besides, the dosimetric study of FFF
beams in WBRT with hippocampus sparing is limited.
The present study aimed to compare treatment
planning parameters, such as target coverage, OAR
dose, MU, conformity index (CI), homogeneity index
(HI), and low-dose volume coverage in normal tissues,
using 6 MV and 10 MV FB and FFF beams by the
VMAT technique.

Materials and Methods

Patient  selection, imaging, contouring, dose
prescription, and optimization objectives for inverse
treatment planning

Twenty WBRT patients were randomly selected in
this study. The patients were assigned to a headrest, and
Orfit immobilization was performed for reproducibility.
The CT slices were taken within 3-mm intervals, and
images were transferred to an Eclipse treatment
planning system (TPS) for planning. The planning target
volume (PTV) and OARs (i.e., lens, eyes, optic nerves,
optic chiasm, hippocampus, and scalp) were delineated
in the respective slices on the planning CT scan. The
RTOG 0933 protocol was used for contouring and dose
prescription. According to the RTOG 0933 protocol, the
PTV was defined as the whole brain parenchyma,
excluding the hippocampal avoidance region.

The hippocampal avoidance region was defined as a
5-mm uniform margin around the hippocampus. The
total dose prescription was 30 Gy, delivered in ten
fractions. According to the RTOG 0933 protocol, 90%
of the PTV must be covered by a prescription dose of 30
Gy, with 2% of the PTV (D2%) receiving no more than
37.5 Gy and at least 98% receiving 25 Gy (D98%). The
optic nerve and optic chiasm dose was 37.5 Gy at any
point. Also, 100% of the hippocampus volume (D100%)
must receive <10 Gy, with a maximum dose of <17 Gy.
The dose for the scalp must be as low as reasonably
achievable.

Planning technique

Treatment planning for all 20 patients was
performed in the Eclipse TPS (v. 11.0). The VMAT
planning was performed using 6 MV and 10 MV FB and
FFF beams. The dose rate was set at 600 MU/min for 6
MV FB and 10 MV FB beams. In 6 MV FFF and 10
MV FFF beam plans, the dose rates were 1400 MU/min
and 2400 MU/Min, respectively. The VMAT plans were
generated with two full arcs of 360° in clockwise and
counter-clockwise directions, with collimator rotations
of 30° and 330°, one non-coplaner partial arc at a couch
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angle of 90°, and an arc angle of 130° in a clockwise
direction.To minimize the dosimetric effect of the
tongue-and-groove effect in the MLC, the collimator
was rotated. The plans were delivered on a Varian
TrueBeam linear accelerator with a high-definition (HD)
MLC. Besides, dose calculations were performed using
an anisotropic analytical algorithm (AAA) with a grid
size of 2.5 mm.

Plan evaluations and statistical methods

All of the plans were analyzed based on the CI and
HI. The HI for the PTV was calculated to evaluate the
dose homogeneity in the target [12]:

Hi= (D2%-Dgsw)/Dso%

where D2y, Dsow, and Dgsy denote the doses received
by 2%, 50%, and 98% of the PTV, respectively; HI=0
represents a homogeneous dose distribution. Moreover,
the Cl was measured to evaluate the coverage of the
prescription dose in the treatment plans:

Cl=Volume within 98% isodose line / PTV

where CI=1 indicates a good dose conformity.

The IBM SPSS v. 20.0 (SPSS Inc., Chicago, IL,
USA) was used to evaluate the differences between the
FB and FFF beam VMAT plans. Statistical analyses
were performed using paired sample t-tests. The level of
statistical significance was set at P<0.05.

Results

All of the plans were evaluated based on the
cumulative  dose-volume  histograms. The PTV
coverage, Cl, HI, dose delivered to OARs, treatment
MU, and low dose volume coverage of normal tissues
are presented in Table 1 (means, standard deviations,
and significant paired t-test P-values). The isodose
distribution and dose-volume histogram for one patient
are also shown in Figure 1 to Figure 4.

All of the plans achieved PTV coverage and spared
the hippocampus and the scalp, according to the RTOG
0933 criteria. The PTV coverage in the D98% region
was 27.3 Gy for the 6 MV FFF plan and 26.86 Gy for
the 6 MV FB plan (P=0.006). As for the 10 MV plans,
the PTV coverage in D98% was 26.5 Gy in both FB and
FFF beams, and no significant difference was found
(P=0.908). However, a significant difference was found
between the 10 MV FB and FFF plans in the D90%
region of the PTV (P=0.023). On the other hand, in all 6
MV and 10 MV plans, the D90% coverage was 0.5%
less. In the PTV, for 6 MV and 10 MV FB and FFF
plans, the dose coverage was within 32.4 Gy in the D2%
region (P<0.05). Also, the 107% isodose coverage
(V107%) of the PTV was higher in 6 MV and 10 MV
FFF beam plans as compared to the FB plans (3.7% for
6 MV FFF plan vs. 4.5% for 10 MV FFF plan), and the
difference was significant (P=0.001).
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Table 1. The target, OARs, body-PTV, and MU comparisons between the flattened beams (FB) and flattening filter free (FFF) beams for 6 MV and
10 MV energies (SD: Standard deviation)

Plans (mean+SD) P-value
Target  and 6MVFBvs. 10 MVFBvs.
OARs Parameters 6 MV FB 6 MV FFF 10 MV FB 10 MV FFF 6 MV FEF 10 MV FEE
Dogs (Gy) 26.86£1.35  27.31+1.04 26524157 265150 0.006 0.908
Dosy (Gy) 28.28+0.99  28.5240.75 27974120  27.76+1.28 0.038 0.113
Doos (Gy) 29.2130.66  29.3240.51 28.97+0.89  28.7+1.02 0.177 0.023
PTV30 Gy Dsos (GY) 30.82:¢0.15  30.83:0.18 30.76£0.21  30.71%0.35 0.937 0.255
D2% (Gy) 32124015  32.26%0.15 3204014  32.4%0.22 0.001 0.000
HI 0.1740.04 0.16+0.03 0.18+0.05 0.19+0.06 0.058 0.084
cl 0.93£0.07 0.93+0.06 0.940.09 0.85£0.12 0.950 0.010
V107(%) 2.43£1.21 3.74+1.63 1.68£0.96 4.54+1.81 0.001 0.001
D10o% 9.31+0.60 9.16+0.58 10.08+0.91  9.8120.92 0.009 0.036
Hippocampus  Dpax 16.45¢124  16.52+1.24 17134124 17.02¢1.13 0.354 0.182
Dinean 11.95:0.77  11.85+0.90 12784092 12.5740.90 0.176 0.018
Scalp Dinen 16.7+3.44 16.83.45 16213315  16.2£3.18 0.035 0.736
Lens Drnax(GY) 6.8+1.27 6.33+1.13 7.08£1.17 6.60+1.28 0.000 0.000
Eyes Dinax(GY) 20.76£343  20.72+3.34 20594391  21.02+3.01 0.695 0.339
Opticnerves  Dinax(Gy) 30.3+1.83 30.43+1.92 30£1.63 30.06+1.93 0.339 0.721
Brainstem Drnax(GY) 3277047  33.16£0.70 32.66£0.46  33.13%0.66 0.007 0.001
Optic chiasm  Dyax(Gy) 3239+£1.07  32.76+0.90 31714122 32124128 0.045 0.037
Cochlea Drmean(GY) 30.34t151  30.55:1.65 30.12¢151  30.22+1.62 0.343 0518
Body-PTV Dimean(GY) 10.62+2.07  10.54+2.04 10.49+2.03  10.24%2.05 0.045 0.001
1 Gy (%) 83.79t13.75 8217+14.41 83711336 82071360 0016 0.050
2 Gy (%) 69.5£14.55  67.37+14.83  69.65+14.60 66.61+1526  0.001 0.001
Low-dose 3 Gy (%) 63.3:14.89  61.88£15.10  636£1481  6157+#1498  0.001 0.001
volume 4 Gy (%) 50.74+14.85  58.87+14.92  60.06+14.81  58.74t1498  0.001 0.001
5 Gy (%) 57.08+14.39  56.29+14.42  57.41#14.34  56.24+1444  0.001 0.001
10 Gy (%) 442341085  43.73+10.76  44.18£10.70  43.26:1071  0.000 0.001
Monitor units 702.9+104.54 829.25+109.16 618.3x107.79 735.9+116.99  0.001 0.001

(MUs)

BMV_FB - Unapproved - Transversal - CT_study

6MV FLATTENED BEAM

Figure 1. The isodose distribution generated by the VMAT planning for one patient in the axial, coronal, and sagittal planes with (a) 6 MV FB (left)
and (b) 6 MV FFF (right) beam plans.
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[10MV_FB - Unapproved - Transversal - CT_study

Figure 2. The isodose distribution generated by VMAT planning for one patient in the axial, coronal, and sagittal planes with (a) 10 MV FB (left)
and (b) 10 MV FFF (right) beam plans

HIPPOCAMPUS

OPTIC NERVES \ '\

Figure 3. Comparison of the cumulative dose-volume histogram (cDVH) of 6 MV FB (square) and 6 MV FFF (triangle) beam plans of the PTV and
OARs (lens, eyes, optic nerves, scalp, and hippocampus)

HIPPOCAMPUS

Figure 4.Comparison of the cumulative dose-volume histogram (cDVH) of 10 MV FB (square) and 10 MV FFF (triangle) beam plans of the PTV
and OARs (lens, eyes, optic nerves, scalp, and hippocampus)
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The HI (mean+SD) was superior in the 6 MV FFF
plan (0.16+0.03) as compared to the 6 MV FB plan
(0.17£0.04) (P=0.058). In the 10 MV plans, the HI value
of FBs (mean+SD) was superior (0.18+0.05) to that of
FFF beams (0.19+0.06); however, there was no
significant difference (P=0.084). On the other hand, the
Cl was similar in 6 MV FB (0.93+0.07) and 6 MV FFF
(0.93£0.06) plans (P=0.95). As for the 10 MV plans, the
ClI was superior in the FB plans (0.9+£0.09) as compared
to the FFF plans (0.85+0.12) (P=0.01).

The 6 MV FFF plan spared the Digos regionof the
hippocampus (9.16+0.58 Gy, P=0.009) significantly
better than the 6 MV FB plan (9.31+0.60 Gy). Also,
among 10 MV plans, the FFF beams spared the D100%
region of the hippocampus (9.81+£0.92 Gy) significantly
better than the 10 MV FB plan (10.08+0.91 Gy)
(P=0.036). The Dmax of the hippocampus in 6 MV and
10 MV FFF plans was within 16.4 to 17.1 Gy, and the
P-value was not significant. While no significant
difference was found in the Dmean Of the hippocampus
for 6 MV FB and FFF beam plans, the difference was
significant (P=0.018) for 10 MV FB (12.78+0.92 Gy)
and 10 MV FFF (12.57+0.90 Gy) plans. The scalp Dmean
was found to be lower in the 10 MV FB and FFF beam
plans (16.2 Gy, P=0.736), although the difference was
not significant. Conversely, the difference was
significant between the 6 MV FB (16.7 Gy) and 6 MV
FFF (16.8 Gy) plans regarding the scalp Dmean
(P=0.035).

The lens Dmax Was 6.33 Gy in the 6 MV FFF plan as
compared to 6.8 Gy in the 6 MV FB plan (P<0.05). The
lens Dmax was 7.08 Gy in the 10 MV FB plan and 6.69
Gy in the 10 MV FFF beam plan (P<0.05). The Dmax of
the eyes and optic nerves in all plans was 20.76 and 30.4
Gy, respectively, and no significant difference was
found. Moreover, the Dmean Of the cochlea in all plans
was 30.55 Gy, and no significant difference was found.
Also, the Dmax of the brainstem and optic chiasma was
33.16 Gy and 32.76 Gy, respectively in all plans, and a
significant difference was found.

Moreover, the body-PTV mean dose was found to be
lower in the 6 MV FFF (10.52 Gy) and 10 MV FFF
(10.24 Gy) beam plans as compared to 6 MV (10.62 Gy)
and 10 MV FB plans (10.49 Gy) (P<0.05). The effects
of low radiation doses of 1 Gy, 2 Gy, 3 Gy, 4 Gy, 5 Gy,
and 10 Gy in the non-tumor volume were found to be
lower in 6 MV and 10 MV FFF beam plans as compared
to the FB plans. The MU was found to be higher in the 6
MV FFF (829 MU) and 10 MV FFF (735 MU) beam
plans as compared to 6 MV (702 MU) and 10 MV (618
MU) FB plans (P<0.05).

Discussion

The physical characteristics of FB and FFF beams
differ in terms of head scatter, dose rate, and peripheral
dose. The FFF spectrum was soft due to the absence of
flattening filter. The FB and FFF electron energies were
the same at the target level, and the observed difference
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was attributed to the difference in penetration caused by
beam hardening. Also, the absence of flattening filter
resulted in reduced head scatter, increased dose rate
(1400 MU/min for 6 MV FFF beams and 2400 MU/min
for 10 MV FFF beams), reduced out-of-field dose, and
reduced neutron contamination (>15 MV) [8].

Considering the non-uniform dose profile of the FFF
beam, in our study, the 6 MV and 10 MV FFF beam
plans required more MUs to generate a uniform dose in
the target volume. The FFF beam to FB beam MU ratio
was 1.18 for 6 MV plans and 1.19 for 10 MV plans, as
the increased dose rate and higher MU in the FFF beam
plans did not reduce the beam-on time (BOT). In the 6
MV and 10 MV FB and FFF beam plans, the average
BOT was onlyfour minutes. However, in the current
study, the increased MU in the FFF beam plan reduced
the OAR dose, similar to the hippocampal D100% (9.31
vs. 9.16 Gy), hippocampal Dmean (11.95 vs. 11.85 Gy),
lens Dmax (6.8 vs. 6.33 Gy), eyes Dmax (20.76 vs. 20.72
Gy), and body-PTV mean dose (10.62 vs. 10.54 Gy) in
6 MV FB plans compared to FFF beam plans. In 10 MV
FFF plans, the OAR dose reduced similar to the
hippocampus D100% (10.08 Gy vs. 9.81 Gy), Dmax
(17.13 Gy vs. 17.02 Gy), Diean (12.78 Gy vs. 12.57 Gy),
and lens Diax (7.08 Gy vs. 6.69 Gy).

Lechner W et al. [13] found that with an increase in
the MUs with FFF beams due to the non-uniform beam
profile, more modulation was needed to generate a
uniform dose to the target. Moreover, Siglin J et al. [14]
reported that an inclined head angle of 30° and a seven-
field coplanar IMRT plan would influence the
hippocampal sparing, as compared to the flat head
position of WBRT. The hippocampal Dmaxwas 14.7 Gy,
the Digow Was 7.4 Gy, and the Dmean dose was 9.3 Gy in
the 30° head angle. Also, in the flat head position, the
hippocampal Dmax Was 22.9 Gy in the Digy 0f 9.2 Gy,
with a mean dose of 11.7 Gy. In our study, all patients
were positioned in a standard manner, without any head
angle rotations; our plans also met the RTOG criteria.
The hippocampal Digow and Dmax were 9.16-10.08 Gy
and 16.45-17.13 Gy, respectively in the present study. In
this regard, Kyung Su Kim et al. [15] reported that a
head angle of 11° in the VMAT plan reduced the
hippocampal D1 to 10.45 Gy (Dmax=13.7 Gy and
Dmean=12 Gy) as compared to the non-inclined head
position (hippocampal D100%=12.07 Gy, Dmax=15.7 Gy,
and Dmean=13.9 Gy).

Whole brain irradiation induces memory function
deterioration [16] after completion of treatment within
8-10 months at a rate of 30% to 60%. In the RTOG 0933
protocol, the deterioration probability is about 17.2% at
six months. Also, radiotherapy plays an important role
in brain cancer. In this regard, Olsen E et al. [17]
reported that 2-3 weeks after completion of radiation
therapy, temporary alopecia occurs commonly, and hair
growth occurs 2-3 months after the completion of
radiotherapy. The International Commission on
Radiological Protection Publication (ICRP) report 85
[18] reported that a single fraction dose of 7 Gy induced
permanent epilation. Also, the collected data from the
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historical Hiroshima atomic bomb survivors revealed
that epilation occurred at 0.75 Gy radiation doses.

Many researchers [19-21] have reported that whole
brain external beam radiotherapy of 2 Gy can cause
temporary alopecia. J. Krayenbuehl et al. [22] reported
that dose homogeneity and reduction of unnecessary hot
spots in the brain could be achieved by using a Pinnacle
automated planning system for HS-WBRT cases. In
their study, the VMAT technique was used, and the
beam setup consisted of two coplanner full arcs and two
non-coplanar partial arcs (couch at 300°, arc range: 181°
to 10° couch at 60°, arc range: 350° to 179°). The
hippocampal Dmaxwas 14.1 Gy, the Digww Was 8.1 Gy,
and the Dmean dose was 7.3 Gy. Also, the Dggy Of the
PTV was 25.2 Gy, the PTV V3 was 92%, the PTV D2%
was 33.5 Gy, the HI was 0.24, and the treatment MU
was nearly 1481.

Wang Y et al. [23] reported that the surface dose
increased linearly with the field size (both 6 MV and 10
MV), and the FFF beams had a higher surface dose due
to the contribution of low-energy photons (field size of
2x2 c¢m? to 10x10 cm?) as compared to the FB beams.
Kao et al. [24] reported that the IMRT WBRT plan
reduced the scalp dose from 26.2 Gy to 16.4 Gy, which
helped reduce transient alopecia in a short time and
reduce the permanent alopecia risk. Moreover, Sood et
al. [25] found that the scalp and cochlea mean doses in
the VMAT plan were lower than the non-coplanar
WBRT plan. The scalp mean dose in the VMAT versus
non-coplanarWBRT was 19.33 Gy versus 28.14 Gy;
also, the mean cochlea dose was 26.88 Gy versus 30.14
Gy. In our study, in all of the plans, the beam setup
consisted of two full arcs in the coplanar direction and
one partial arc in the non-coplanar direction; the scalp
and cochlea mean doses were 16.8 Gy and 30.55 Gy,
respectively.

Ghia A et al. [26] reported that hippocampal sparing
is safe due to the lower incidence of metastasis at the 5-
mm margin of the hippocampus. The metastasis risk in
the hippocampus is estimated to be low. In this regard,
Gondi V et al. [27] reported 1133 metastases in 371
patients, 8.6% of whom had metastasis in the 5-mm
region of the hippocampus. However, according to the
RTOG 0933 protocol, 98% of the target volume should
receive a dose of 25 Gy to avoid cold spots and prevent
the risk of local relapse. In the current study, in all
plans, the Dgsy received a dose of more than 25 Gy;
therefore, the risk of local relapse was low in both FB
and FFF beam plans.

The AAPM report TG-158 [28] defined a non-target
dose as a dose outside the PTV (body-PTV), which is
irradiated unintentionally. The non-target dose is
defined to be as low as 3 Gy or 5% of the prescription
dose. Fogliata et al. [29] reported that the non-target
mean dose was in the range of 3 to 8 Gy in current
craniospinal irradiation (CSI) cases. In our study, the
non-target mean dose (body-PTV) was 10.62 Gy in the
6 MV FB plan and 10.54 Gy in the 6 MV UF plan. In
the 10 MV FB and UF plans, the non-target mean doses
were 10.49 Gyand 10.24 Gy, respectively. Moreover,
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Diallo ID et al. [30] found that if a normal tissue
received a dose of 2.5 Gy or less, the secondary cancer
risk increased in pediatric patients after radiotherapy.
The second cancer risk might occur at a distance of 5 cm
to 1 m from the PTV. Hall et al. [31] reported that the
second cancer risk increased with an increase in the
volume of normal tissue exposed to a low dose of
radiation. In our study, the FFF beam plans showed that
doses of 1 Gy, 2 Gy, 3 Gy, 4 Gy, and 5 Gy in the non-
tumor area were low in comparison with the FB plans.

Additionally, Kragl G et al. [32] reported that the
FFF beams reduced the head leakage by 52% in the 6
MV FFF plan and by 65% in the 10 MV FFF beam plan.
Similarly, the peripheral dose was reduced at a rate of
23% for the 6 MV FFF beam plan and at 31% for the 10
MV FFF beam SBRT plan (20 cm from the field edge).
Moreover, Kry SF et al. [33] reported that the peripheral
dose at a distance of around 30 cm from the field edge
was related to leakage radiation and that neutron
production contributed to the out-of-field dose in
energies above 10 MV. To reduce the neutron
contamination in high energy beams, FFF beam is
recommended The neutron production at higher
energies is due to high energy photon interact with
high atomic number material such as flattening
filter, primary collimator, multi-leaf collimator in
the linear accelerator head [34]. Recently, Sohrabi et
al. [35] found that the fast, thermal and epithermal
photo-neutrons produced in Siemens ONCOR medical
linear accelerators, the measured dose equivalent at
the isocenter in a 10 x 10 cm? field per 100 cGy of
6 MV X-rays is 0.0014% and 0.21% for 18 MV. The
production of photoneutrons by 6 MV X-rays was about
150 times less than 18 MV X-rays; however, this value
was clinically insignificant.

Conclusion

This study showed that the FFF beam spared the
hippocampus and the scalp with an acceptable target
coverage, according to the RTOG 0933 protocol. The
VMAT therapy with FFF beams may help us eliminate
uncertainties related to treatment delivery and a second
cancer risk. Overall, the FFF treatment is safe, although
further clinical studies are required.
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