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Abstract:

This study aims to compare and evaluate the dose distribution and physical characteristics of
photon beams 6 MV Flattening Filter (FF) and 6 MV Flattening Filter Free (FFF) of TrueBeam STx

(FFF) in Eclipse v13.6 software in head and neck cancer (H&N) treatment plans.

Computed Tomography Simulation (CT-Sim) imaging of 31 H&N cancer patients treated
with photon beam 6 MV-FF and Volumetric Modulated Arc Therapy (VMAT) technique were

used to re-plan the Eclipse v13.6 software with photon beams 6 MV-FFF.

The Quality of Coverage (Q), the Conformity Index (CI), the Homogeneity Index (HI) and

the Dose-Volume Histograms (DVH) for the targets and the dose on organs at risk (OARs) were
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used to compare and evaluate the dose distribution and physical characteristics of 6 MV-FF and

FFF photon beams. All plan quality assurance (QA) was performed using the Electronic Portal

Imaging Device (EPID), and the gamma index method was used to qualify the agreement of dose

distribution between the calculations and the measurements. Besides, total Monitor Units (MUs)

and the beam on time (BOT) were investigated.

The dose evaluation indicators obtained from plans using 6 MV-FFF photon beams give

values close to the ideal values than 6 MV-FF photon beam plans. In terms of physical characteristics,

the plans to use the FFF photon beam for the average number of MU are about 17.39% higher than

the plans to use FF photon beams. However, the BOT of FFF photon beam (1400MU/mins) is

reduced by 49.34% compared to FF photon beam (600MU/mins). For the tolerances dose to OARs,

FF photon beams give tolerated dose values at some OARs using 6 MV-

FF photon beam for lower dose values than 6 MV-FFF photon beams at the spinal cord (0.76%) and

right inner ear (0.24%). However, the 6 MV-FFF photon beam has a lower dose value than the 6 MV-

FF photon beam in most of the remaining OARs such as 0.36% in the brainstem, 5.68% in the

chiasm, 12.18% in the left len, 14.77% in the right len, 1.01% in the left inner ear, 3.07% in the left

optic nerve, 2.79% in the right optic nerve, 1.15% in the left parotid gland, 0.87% in the right parotid

gland and 4.44% of the body mean dose. Therefore, the results calculated by 6 MV-FFF photon beam

are different and close to ideal values than 6 MV-FF photon beam.



The dose distribution indices obtained from 6 MV-FFF photon beams are better than FF
photon beams in H&N cancer. Therefore, maybe the application of 6 MV-FFF beam in the

routine clinical treatment of H&N cancer.
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Tém tit:

Muc dich: So sanh, ddnh gia phan b liéu va cac ddc trung vat Iy cta hai chum tia photon loc
phang Flattening Filter (FF) va khong loc phing Flattening Filter Free (FFF) trén ké hoach bénh nhan
ung thu ddu — ¢6 bang viéc sir dung phan mém Eclipse v13.6. Poi twong va phwong phap: Dir liéu
hinh 4nh CT — mé phoéng cua 31 bénh nhan ung ving dau cd dd dugc didu tri bang k¥ thudt VMAT
dugc str dung dé 1ap lai ké hoach trén phan Eclipse v13.6 bang hai chum photon 1a FF va
FFF va thuat toan AAA trén may Trubeam STx. Vi tit ca cac ké hoach, cac chi sb d6 bao phu
(Quality of Coverage — Q), chi s do phu hop (Conformity Index — CI), chi s6 d6 dong nhit
(Homogeneity Index — HI) va gian d6 liéu khdi (Dose Volume Histograms — DVH) cho thé tich diéu
tri va cac co quan nguy cdp (Organs at risk — OARs) duoc ding dé so sanh va danh gia. Kiém chuan
chat luong ké hoach (Quality Assurance — QA) dugc thuc hién bang cach sir dung EPID (Electronic
Portal Imaging Device) va phuong phap gamma index duoc st dung dé phén tich phan b liéu gitta
tinh toan va do dac. Ngoai ra, s6 MU (Monitor Unit) va thoi gian phat tia cling dugc sit dung nghién

ctru. Két qua: Céc chi s6 danh gia vé licu thu dugc tir cac ké hoach diéu tri sur



dung chum tia photon FFF cho gi4 tri gin véi gia tri 1y tuéng hon so véi cac ké hoach sir dung chum
tia photon FF. V& dic trung vat 1y, cac ké hoach sir dung chum tia photon 6 MV-FFF cho s6 MU
trung binh cao hon cac ké hoach sir dung chum photon 6 MV-FF khoang 17,39%. Tuy nhién, thoi
gian phat tia cia chum photon 6 MV-FFF (1400MU/phut) thi lai gidam hon 49,34% so voi chum
photon 6 MV-FF (600MU/phut). Béi véi liéu dung nap vao co quan nguy cap, chum tia photon 6
MV-FF cho gia trj liéu dung nap tai mot sé co quan nguy cap thip hon so chim tia 6 MV-

FFF 6 tity séng (0,76%) va tuyén tai trong phai (0,24%). Tuy nhién, chim tia photon 6 MV-FFF
lai cho gia tri lidu thép hon chum tia photon 6 MV-FF tai hau hét cac co quan nguy cép con lai nhu
0,36% & than nio, 5,68% & giao thoa thi, 12.18% & thily tinh thé trai, 14,77% & thiy tinh thé phai,
1,01% ¢ tai trong trai, 3,07% & tuyén than kinh thi tréi, 2,79% & tuyén than kinh thi phai, 1,15% ¢
tuyén nudc bot trai, 0,87% & tuyén nudc bot phai va 4,44% licu trung binh dung nap vao co thé. Vi
vay, cac két qua tinh bai chum tia photon 6 MV-FFF c¢6 khac biét va gan véi gia tri 1y tuong hon so
v6i chum tia photon 6 MV-FF. Két ludn: Cac chi s phan bd liéu thu duoc tir chum tia photon 6 MV-
FFF t5t hon so v6i chum tia photon 6 MV-FF trong ung thu du c¢d. Vi thé viéc ap dung chum tia 6

MV-FFF trong diéu tri 1dm sang ung thu ddu — c6 thuong quy 1a rat trién vong.

Tir khéa: FF, FFF, chi sé d¢ phit hop CI, chi s6 dong dong nhat HI, ung thir dau — co, Eclipse

vi3.6.

I. INTRODUCTION



Today, linear accelerators (Linac) used in advanced radiotherapy have been integrated

with dose calculation algorithms in addition to existing algorithms such as Analytical Anisotropic

Algorithm (AAA), Acuros XB (AXB), Pencil Beam (PCB) in Varian's Eclipse software, or

beams photon FF and FFF. All aimed at improving the quality and accuracy of the treatment

process for patients [1]. The trend of high dose radiation therapy is being widely used [2][3] as

well as studying ultra-high dose rate such as FLASH radiotherapy [4][5][6].

Since September 2017, The Department of Radiation Oncology and Radiosurgery — 108

Military Central Hospital is equipped with TrueBeam STx accelerator system and Eclipse v13.6

planning software. H&N cancer patients were prescribed radiotherapy on the TrueBeam STx linac

accelerator, using the VMAT technique with the AAA dose calculation algorithm — a convolution

superposition algorithm used to calculate radiation dose distribution in a treatment planning system

computer. The treatment plans are dosed using FF photon beams. FFF photon beams are commonly

used in stereotactic radiosurgery (SRS) and stereotactic body radiation therapy (SBRT) to provide

high doses and reduce the number of a fraction [7]. Currently, there is no research on the use of

FFF photon beams in the routine of radiotherapy. This study was conducted to show the

advantages and disadvantages of two FF and FFF photon beams characteristics in dose

distribution on treatment plans. The indicators of dose distribution, physical characteristics, and

tolerance dose to healthy organs. plan with two algorithms on the same CT image sequence used

for the evaluation and comparison.



II. MATERIALS AND METHODS
2.1 CT - Simulation dataset

We conducted retrospective studies based on phase I CT-Sim data of 31 H&N cancer
patients who were treated with VMAT technology at the Department of Radiation Oncology and
Radiosurgery — 108 Military Central Hospital from September 2017 to December 2019. In 31

patients, there were 23 males and 8 females, ages from 29 to 80. The volume of PTV is from 16.7

em® to 236.3 cm’. The thickness of each CT slice is 2.5 mm. The position of patients is head

first-supine, permanent with a 5-point mask Q-fix to positioning and immobilization and

simulated by CT GE Optima 580 machine.

Figure 1: Three arcs of VMAT plan for H&N cancer patients.

Treatment planning for H&N cancer patients using three flat same arcs CW: 179° — 181°

and CCW: 181° — 179° with avoidance sectors from 80° — 110° and 250° — 280° to limit the dose to



the two joints action on both shoulders with AAA algorithm to calculate dose. The photon beam
has an energy level of 6 MV with FF photon beam characteristic with a dose rate of 600

MU/mins. The dose prescription was at PTV with 69.96 Gy in 33 fractions.

To compare the advantages and disadvantages between FF and FFF photon beams. We
conducted re-plan the plans by using the 6 MV-FFF photon beam (1400MU/mins) and then used
the evaluation indicators of dose including: Coverage — Q [8], Conformity index — CI [9][10], the
homogeneity index — HI [8][11] and physical characteristics are the number of MUs and the beam

on time used. Table 1 present the formula for calculating the indicators.

Table 1: The formula of planning evaluation indicators.

Variables Formula Ideal value References
Q — A=1 RTOG — 1993 [8]
Clicru-62= " A=1 ICRU - 62 [9]
CI CIPaddick :— A=1 Paddick [10]
HI=—o A=0 Wu — Qiuhen [11]
HI HI= - 1<A<l1.1 RTOG — 1993 [8]

*Dmax = maximum dose, Dmin = minimum dose, Dp = dose prescription, Dx = the percentage of the
prescribed dose covering x% planning target volume, PTV = planning target volume, PTVi00 = the

volume PTV received 100% dose prescription, TV = target volume.



Based on the Dose Volume Histogram (DVH), we compared and evaluated the value of

tolerated dose at OARs between two photon beam FF and FFF. The dose of tolerance at OARs of

all plans were evaluted by using the recommendation by The Radiation Therapy Oncology Group

~RTOG 0623 [12], RTOG 0912 [13], RTOG 0225 [14].

Pretreatment quality assurance (QA) was performed using the Electronic Portal Imaging

Device (EPID) for all VMAT plans.

2.2. Results

The average value of Quality of coverage — Q, Conformity Index — CI, Homogeneity Index

— HI, MUs, Beam on time BOT and dose of tolerance at OARs of 31 plans H&N cancer patients

(6 MV-FF) and 31 plans H&N cancer patients (6 MV-FFF) is show in Table 2,3.,4,5.

Table 2: Average values of Cl index and Q of VMAT plans H&N cancer.

Indicators Q (%)
ICRU-62 Paddick
Beam
6 MV-FF 6 MV-FFF 6 MV-FF 6 MV-FFF 6 MV-FF 6 MV-FFF
characteristics
Values 0974 -1.217| 0976 -1.175 0.741 -0.926 0.768 -0.925| 31.90-97.60| 30.00-97.30
Mean 1.079 £0.047] 1.055+0.035 0.840 £0.037| 0.857+0.028| 83.66+14.63| 83.73+15.01
p 0.0032 0.0052 0.8236




Table 3: Average values of HI index of VMAT plans H&N cancer.

HI
Indicators
RTOG Wu
Beam
6 MV-FF 6 MV-FFF 6 MV-FF 6 MV-FFF
characteristics
Values 1.063 —-1.132 1.072-1.126 | 0.046 —0.082 0.047 - 0.091
Mean 1.097 £0.011 1.098 £ 0.012 | 0.067 £ 0.006 0.068 = 0.008
) 0.5500 0.4811

Table 4: Average values of MUs and BOT of VMAT plans H&N cancer.

Physical characteristics

Indicators
MUs Beam on time — BOT (min)
Beam
6 MV-FF 6 MV-FFF 6 MV-FF 6 MV-FFF
characteristics
Values 486.80 — 868.40 625.20-1070.70 0.811-1.447 0.447 - 0.765
Mean 638.12 £ 57.08 749.12 + 85.14 1.064 £ 0.095 0.535£0.061
p 0.0000 0.0000

Table 5: Average values of tolerant doses at OARs of of plans H&N cancer.




Beam

OARs Values Mean P
characteristics
Spinal Cord 6 MV-FF 37.24 -42 81 40.95+1.04
0.1783
(Dmax: Gy) 6 MV-FFF 37.71 —44.54 41.26+1.48
Brainstem 6 MV-FF 48.95-59.27 52.96 +£2.07
0.3877
(Dmax: Gy) 6 MV-FFF 49.24 — 60.19 52.77 £ 1.66
Chiasm 6 MV-FF 6.75 - 58.73 19.35+9.91
0.0076
(Dmax: Gy) 6 MV-FFF 5.18 - 58.06 18.31+10.17
Left Lens 6 MV-FF 4.07 - 8.67 6.53+0.95
0.0000
(Dmax: Gy) 6 MV-FFF 3.04 -7.98 5.79+1.20
Right Lens 6 MV-FF 3.91-8.68 6.37+1.00
0.0000
(Dmax: Gy) 6 MV-FFF 2.77-17.67 5.55+1.05
Left Inner Ear 6 MV-FF 39.72 -49.30 4423 +£1.07
0.1127
(Dmean: GYy) 6 MV-FFF 37.27-46.95 4379 £ 1.24
Right Inner Ear 6 MV-FF 30.01 —48.53 41.95+3.21
0.7257
(Dmean: Gy) 6 MV-FFF 3052 — 4826 4205 + 327
Left Optic Nerve 6 MV-FF 6.28 —59.76 30.88+13.00
0.1377
(Dmax: Gy) 6 MV-FFF 5.23 - 58.39 29.96+ 13.39
Right Optic Nerve 6 MV-FF 6.52 —59.63 29.12+12.64
0.1328
(Dmax: Gy) 6 MV-FFF 5.43 —58.79 28.33+13.95
Left Parotid Gland 6 MV-FF 22.77-25.97 24.69 + 0.56
0.0592
(Dmean: GYy) 6 MV-FFF 22.95-2599 24.41 +0.58
6 MV-FF 22.37-27.34 24.47 +0.79 0.0845
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Right Parotid Gland
6 MV-FFF 21.33-27.19 24.26 + 0.84
(Dmean: GY)
Body Mean Dose 6 MV-FF 6.66 — 15.35 11.06 +2.10
0.0320
(Dmean: Gy) 6 MV-FFF 6.42 - 14.40 10.59 +2.02

Table 2,3,4 show the evaluation indicators of dose and the average physical characteristics of

H&N cancer VMAT plans. Most of the dose evaluation indicators, the 6 MV-FFF photon beam

results close to the ideal value than the FF photon beam. With MU numbers, the plans use 6 MV-

FF photon beams, the average number of MU generated per plan is 638.12 £ 57.08 while for 6 MV-

FFF photon beams it is 749.12 + 85.14. We see that the MU number in the 6 MV-FFF photon beam

plans is much bigger than the 6 MV-FF photon beam plans and is about 17.39% larger. The average

beam on time for the plan of using 6 MV-FF photon beam to calculate the dose is 1,064 + 0.095

minutes while for 6 MV-FFF photon beam is 0.535 + 0.061 minutes. It was found that the beam on

time of 6 MV-FFF photon beam plans was significantly reduced compared to plans using 6 MV-FF

photon beams, down to 49.34% despite the MU numbers in the plans using 6 MV-FFF photon beam

emitting 17.39% more because the dose rate of 6 MV-FFF photon beam is 1400 MU/mins bigger 2.33

times than that of 6 MV-FF photon beams. The CI, MU, and the beam on time with p < 0.005 should

be statistically significant and the HI and Q index, the value p > 0.05 should not be statistically

significant. Such a result may be due to the properties of the beam. With

11




the FFF photon beam, the removal of a flattened filter reduces the dose in the half-life region, the

dose outside the field of projection, and increases the surface dose.

Table 5 shows that the radiotherapy VMAT plans were made according to the evaluation
criteria according to RTOG 0623 [12], RTOG 0912 [13] and RTOG 0225 [14]. The value of
tolerance at some OARs when using 6 MV-FF photon beams gave lower dose values than 6 MV-
FFF photon beams such as spinal cord (0.76%) and right inner ear (0.24%). However, the 6 MV-
FFF photon beam has a lower dose value than the 6 MV-FF photon beam in most of the
remaining OARs such as 0.36% in the brain stem, 5.68% in the chiasm, 12.18% in the left lens,
14.77% in the right lens, 1.01% in the left inner ear, 3.07% in the left optic nerve, 2.79% in the
right optic nerve, 1.15% in the left parotid gland, 0.87% in the right parotid gland and 4.44% of
the body mean dose. Therefore, the results calculated by 6 MV-FFF photon beam are different
and close to ideal values than 6 MV-FF photon beam (Table 5). In OARs such as chiasm, left
lens, right lens, and body mean dose have p < 0.05 should be statistically significant. As for the

other OARs have p > 0.05 should not be statistically significant.

I1I. DISCUSSIONS

For FF and FFF photon beams, there have been several studies on the treatment plans of
authors in different areas of the body such as that of Maged Mohammed et al 2016 [15], this study

resulted in the removal of a flattened filter that reduces the dose in the half-life area, scattering

12



at the treatment head, the out-of-field dose and increasing the dose rate and surface dose. The
dose rate of beams without flat filters is about 2.46 times higher than beams with flat filters,
reducing treatment time. Another study by Wuzhe Zhang et al. 2014 [16] evaluated the dose
distribution when using a beam without a flat filter (FFF) with IMRT radiotherapy technique for
cancer treatment in the early stages of esophagitis, this study resulted in a treatment plan using
IMRT technique with two types of FF and FFF photon beams achieving full dose distribution
results for the treatment volume. The FFF photon beam is more effective at reducing the lower
dose in the lungs and reducing the average lung dose by 20% compared to FF photon beam. The
results of the above studies show that the applicability of FFF photon beams to routine clinical

treatment is very large.

However, in the process of studying and calculating the data collected at the Department
of Radiation Oncology and Radiosurgery — 108 Military Central Hospital, Both FF and FFF

photon beam characteristics have advantages and own disadvantages.

The most obvious difference between the two beam characteristics is the maximum dose rate
FFF photon beams due to the removal of a flat filter, the maximum dose rate for 6 MV-FFF photon
beams is 1400 MU/mins compared to only 600 MU/mins for 6 MV-FF photon beams, increasing to
2.33 times [17]. Therefore, although the MU of the 6 MV-FFF photon beams plans is higher, the

beam on time is reduced by nearly half compared to the 6 MV-FF photon beam plans.
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Thereby, improving the effectiveness of treatment for patients, helping patients more comfortable

in treatment.

Treatment results are evaluated on two criteria: tumor destruction and protection of
OARs. Based on Table 5, we see that there are some tolerable values for brainstem, chiasm, left
inner ear gland, right inner ear gland, left optic nerve gland, right visual nerve gland, left parotid
glands and right parotid glands are higher than the rating given by RTOG 0225 [14][18]. The
reason is that these are the plans made follow the CT phase I with a large volume of treatment,
close or invading OARs. At the Department of Radiation Oncology and Radiosurgery — 108
Military Central Hospital, for H&N radiotherapy VMAT plans, the treatment regimen consists of
33 fractions in two phases, with the initial phase I being 20 fractions. The physician will give
sufficient priority to the therapeutic volume and accept high doses into the OARs. For phase II,
when the therapeutic volume meets the radiation dose, the volume will be reduced, then priority
will be given to reducing the dose into the OARs as long as the total two-phase dose still meets
the given evaluation criteria. Therefore, it will meet the requirement of just enough dose to the

volume of PTV treatment while ensuring the dose to OARs.

This study has only been researched with VMAT plans for H&N cancer on Eclipse V13.6
software. We will continue to work with radiologist, conduct further research and clinical evaluation

on issues of concern when using FFF photon beams and their use in routine radiotherapy
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treatment. Thereby, making recommendations on the use of FFF photon beams in practical

application with ordinary radiation.

IV. CONCLUSIONS

For H&N patients' VMAT plans, indicators of dose distribution and OARs show that the

FFF photon beam is close to the ideal value. At the same time, due to the large dose rate, the

advantage of treatment time should be considered using FFF photon beams. Therefore, the

application of FFF photon beams in clinical treatment for routine radiotherapy has great promise.

This is consistent with the studies of Maged Mohammed [15] and Wuzhe Zhang et al.[16].

However, the above conclusions are for reference only, the use of which beam properties depends

on many factors such as facility equipment, the possible effects when using the FFF photon beam

haven't researched yet.
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