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Abstract

Original Article

IntroductIon

Breast cancer is the most commonly diagnosed cancer among 
American women, and there are about 3.8 million breast cancer 
survivors in the United States.[1] Radiotherapy (RT) has been 
coupled with surgery and chemotherapy as the standard of care 
for breast cancer patients and depending on the stage of disease, 
the patient can receive either breast-conserving irradiation, 
including whole-breast irradiation (WBI) and partial-breast 
irradiation (PBI), or postmastectomy irradiation (PMI), and 
flattened radiation beams have been used for breast RT in 
most clinics.

There has been an increasing interest in using flattening 
filter-free (FFF) beams for RT[2-5] because unflattened photon 

beams exhibit many benefits over traditional flattened 
beams, including reduced beam penumbra, head scatter, 
and out-of-field dose.[6] Another benefit of FFF beams is the 
increased delivery efficiency due to the increased dose rate,[5] 
which can potentially reduce the delivery time of treatments 
but is dependent on physical machine constraints, such as 
multileaf collimator (MLC) speed and gantry rotation speed. 

Purpose: Unflattened photon beams exhibit many benefits over traditional flattened beams for radiotherapy (RT), but comprehensive evaluations 
of dosimetric results and beam-on time using flattening filter-free (FFF) beams for all types of breast irradiations are still lacking. The purpose 
of this study was to investigate if FFF RT can maintain equal or better dose coverage than standard flattened-beam RT while reducing doses to 
organs at risk (OARs) and beam-on time for various types of breast cancer irradiations.  Methods and Materials: FFF volumetric-modulated 
arc therapy (FFF-VMAT) and standard VMAT (STD-VMAT) treatment plans were created for 15 whole-breast irradiation (WBI) patients with 
50 Gy/25 fractions, 13 partial-breast irradiation (PBI) patients with 38.5 Gy/10 fractions, and 9 postmastectomy irradiation (PMI) patients 
with 50 Gy/25 fractions. Planning target volume (PTV) coverage and dose to OARs were evaluated. Results: Both techniques produced 
clinically acceptable plans for all three types of irradiations. For WBI, FFF-VMAT plans exhibited similar PTV and OARs evaluation metrics 
as STD-VMAT. For PBI, FFF-VMAT plans showed significantly lower mean and maximum doses for ipsilateral and contralateral lungs, 
contralateral breast, and heart. For PMI, FFF-VMAT plans showed significantly lower mean dose and V5 for contralateral breast but significantly 
higher Dmean, Dmax, and V20 for ipsilateral lung and significantly higher Dmean, V22.5, and V30 for heart. FFF-VMAT techniques significantly 
reduced beam-on time than STD-VMAT for all cases. Conclusion: This work has shown that FFF beams are most beneficial for small-field 
irradiation such as PBI, and breast cancer patients could potentially benefit from the shortened beam-on time.

Keywords: Breast cancer, flattening filter-free, partial-breast irradiation, postmastectomy irradiation, volumetric-modulated arc therapy, 
whole-breast irradiation

Address for correspondence: Dr. Rui Zhang, 
Department of Physics and Astronomy, Louisiana State University,  

Baton Rouge, Los Angeles, USA. 
E‑mail: rzhang@lsu.edu

Access this article online

Quick Response Code:
Website:  
www.jmp.org.in

DOI:  
10.4103/jmp.jmp_146_21

This is an open access journal, and articles are distributed under the terms of the Creative 
Commons Attribution‑NonCommercial‑ShareAlike 4.0 License, which allows others to 
remix, tweak, and build upon the work non‑commercially, as long as appropriate credit 
is given and the new creations are licensed under the identical terms.

For reprints contact: WKHLRPMedknow_reprints@wolterskluwer.com

Flattening Filter‑Free Volumetric‑Modulated Arc Radiotherapy 
for Left‑Sided Whole‑Breast, Partial‑Breast, and 

Postmastectomy Irradiations
Rui Zhang1,2, Yibo Xie1, Chloe DiTusa1, Raymond Ohler3, David Heins4, Daniel Bourgeois2,5, Beibei Guo6

Departments of 1Physics and Astronomy, 3Biological Sciences and 6Experimental Statistics, Louisiana State University, Baton Rouge, LA, USA, 2Department of 
Radiation Oncology, Mary Bird Perkins Cancer Center, Baton Rouge, LA, USA, 4Department of Radiation Oncology, CTSI Physics Services, Springfield, MO, USA, 

5Department of Radiation Oncology, Slidell Memorial Regional Cancer Center, Slidell, LA, USA

Received on: 29-11-2021 Review completed on: 23-03-2022 Accepted on: 09-04-2022 Published on: 05-08-2022

How to cite this article: Zhang R, Xie Y, DiTusa C, Ohler R, 
Heins D, Bourgeois D, et al. Flattening filter-free volumetric-modulated arc 
radiotherapy for left-sided whole-breast, partial-breast, and postmastectomy 
irradiations. J Med Phys 2022;47:166-72.



Zhang, et al.: FFF radiotherapy for breast cancer

Journal of Medical Physics ¦ Volume 47 ¦ Issue 2 ¦ April-June 2022 167

There were some studies that evaluated FFF beams for WBI 
and PMI, but conclusions from these studies are contradictory: 
for WBI, some studies reported that FFF and flattened beams 
will produce comparable WBI plans,[5,7,8] while the other 
studies reported that FFF beams induced compromised target 
coverage for WBI using tangential dynamic and step-and-shoot 
IMRT,[9] or improved WBI plan quality;[10] for PMI, some 
studies showed that FFF beams better spared contralateral 
breast, contralateral lung and liver but did not reduce heart 
dose,[11] while the other PMI study reported that significant 
dosimetric benefits for all organs at risk (OARs) using FFF 
beams.[12] So far, comprehensive evaluations of dosimetric 
results and beam-on time using FFF beams for all three types 
of breast irradiations are still lacking.

This study was conducted to determine if 6 MV FFF 
volumetric-modulated arc therapy (FFF-VMAT) can 
maintain equal or better dose coverage than standard VMAT  
(STD-VMAT) for WBI, PBI, and PMI patients while 
significantly reducing doses to OARs and beam-on time.

MaterIals and Methods

Patient selection
Fifteen left-sided postlumpectomy patients in our clinic were 
retrospectively selected for WBI planning, 13 left-sided 
postlumpectomy patients who met PBI criteria[13] were 
retrospectively selected for PBI planning, and 9 left-sided 
postmastectomy patients were retrospectively selected for 
PMI planning. Computed tomography (CT) scans were 
acquired, and all patients were scanned in the supine position 
with the free-breathing CT data sets. The PMI patients had 
a 1-cm thick Superflab bolus (Radiation Products Design, 
Inc., Albertville, MN) placed on the surface of the ipsilateral 
chest wall for the purpose of dose buildup. The evaluation 
planning target volumes (PTVs_EVAL) for PMI, WBI, and 
PBI patients were contoured by the same radiation oncologist 
and by following the RTOG Atlas.[13] PTV_EVAL for WBI was 
defined as the ipsilateral breast with 7 mm expansion, limited 
anteriorly to exclude the part outside the patient body and the 
first 5 mm of tissue under the skin, and posteriorly no deeper 
to the anterior surface of the ribs. PTV_EVAL for PBI was 
defined as the excision cavity with 25 mm expansion, limited  
anteriorly to exclude the part outside the patient body and 
the first 5 mm of tissue under the skin and the part beyond 
the posterior extent of breast tissue. PTV_EVAL for PMI 
included the left chest wall, left supraclavicular and axillary 
area and internal mammary chain area, excluded the Superflab 
bolus. Lungs, whole heart, contralateral breast, esophagus, 
trachea, spinal cord, and skin were contoured as the OARs.

Characteristics of flattening filter‑free beams in our clinic
Figure 1 compares the normalized measured percentage depth 
dose data for the flattened and unflattened 6 megavoltage (MV) 
beam from an Elekta Versa HD™ (Elekta, Crawley, UK) linear 
accelerator (linac) in our clinic. The two beams are very similar 
with only slight differences in the buildup region, depth of 

maximum dose (dmax), and <5% difference in the low dose 
tail of the curve. The dmax is 1.67 cm for the flattened beam 
and is 1.78 cm for the FFF beam. The 1.1 mm difference is in 
agreement with other institutions.[4]

Figure 2 shows the normalized dose profiles for the flattened 
and unflattened 6 MV beam from the same machine in our 
clinic. It shows the forward peak and the flattened peak of the 
FFF and flattened beams, respectively, and shows a reduction 
in out-of-field dose for the FFF beam

Treatment planning and beam‑on time evaluations
All treatment plans were created with 6 MV beam energy in a 
commercial treatment planning system (Pinnacle v9.8, Philips 
Medical Systems, Fitchburg, WI) using SmartArc optimization 
algorithm. All PMI and WBI plans had a prescribed dose of 
50 Gy in 25 fractions, and PBI plans had a prescribed dose of 
38.5 Gy in 10 fractions. 0° couch angle and maximum dose 
rate were used for all plans: STD-VMAT used 600 Monitor 
Units (MU)/min, while FFF-VMAT used 1200 MU/min. All 
plans utilized two partial arcs due to the complexity of the 
cases and the close proximity of the treatment target to lungs, 
heart, and contralateral breast, and collimator angle was set to 
15° and 75° for the two arcs, respectively.

For WBI, the beam isocenter was placed at the middle of 
the PTV_EVAL in the superior-inferior direction and lateral 
direction, and at the interface of breast tissue and chest wall in 
the anterior-posterior direction. The first arc was planned to be 
delivered counterclockwise with starting and stopping gantry 
angles determined by the fiducial markers placed on the skin, 
and the second arc was planned to be delivered clockwise over 
the same range of gantry angle.

For PBI, the beam isocenter was placed at the center of the 
PTV_EVAL. The first arc start was planned to be delivered 
counterclockwise with starting angle around 180° and stopping 
angles around 60°, and the second arc was planned to be 
delivered clockwise.

For PMI, the beam isocenter was placed at the middle of 
the PTV_EVAL in the superior-inferior direction and lateral 
direction, and in the lung in the anterior-posterior direction due 
to the past pointing.[14] The first arc was planned to be delivered 
counterclockwise with starting angles between 170° and 180° 
and stopping angles between 304° and 320°, and the second 
arc was planned to be delivered clockwise.

The same optimization objectives were used for standard 
and FFF-VMAT plans. The treatment plans were considered 
clinically acceptable when the following criteria were met: for 
all PMI, WBI, and PBI patients, the volume of the PTV receiving 
at least 95% of the prescribed dose is ≥95%; for PMI and WBI 
patients, the volume of lungs receiving at least 20 Gy is <20%,[15] 
and the volume of heart receiving 22.5 Gy is <20%;[16] for 
PBI patients, the volume of heart receiving 2 Gy is <40% and 
the volume of lungs receiving 11.5 Gy is <15%.[13] After plan  
objectives were achieved through optimization, dose-volume 
metrics were calculated for target volume, lungs, heart, and 



Figure 1: Normalized percent depth dose data for 6 MV flattened and 
FFF photon beams from one of the linacs in our clinic. MV: Megavoltage, 
FFF: Flattening filter‑free Figure 2: Normalized dose profile for flattened and FFF 6 MV photon 

beams from one of the linacs in our clinic. MV: Megavoltage, FFF: 
Flattening filter‑free

Zhang, et al.: FFF radiotherapy for breast cancer

Journal of Medical Physics ¦ Volume 47 ¦ Issue 2 ¦ April-June 2022168

contralateral breast. Homogeneity index (HI)[17] and conformity 
index[18] were calculated for the target coverage.

The beam-on time was measured for the two arcs in one 
treatment fraction for each plan using a stopwatch. All 
plans were delivered through an Elekta Versa HD™ linear 
accelerator (Elekta, Crawley, UK) with Agility MLCs. In 
addition, the total number of MU was obtained from the TPS 
for each plan.

The paired t-test was used to determine the statistical 
significance of the differences. All statistical analyses were 
conducted with R software (version 3.2.3. The R Foundation, 
Vienna, Austria), and the differences were considered 
statistically significant when P < 0.05.

results

The dose distributions for representative patients are shown 
in Figure 3. Figure 4a shows the cumulative dose-volume 
histograms (DVHs) for a typical WBI patient, and the 
two techniques are quite comparable. Figure 4b shows the 
DVHs for a typical PBI patient, and FFF-VMAT plan shows 
improved PTV coverage and better OARs sparing compared 
to STD-VMAT. Figure 4c shows the DVHs for a typical 
PMI patient. With similar PTV coverage, FFF-VMAT shows 
decreases in the high-dose region for the contralateral breast 
compared to STD-VMAT at the cost of increases in high dose 
for both the lungs and heart.

The total number of MUs, PTV and OARs evaluation metrics 
are summarized in Table 1. All treatment plans met the plan 
acceptance criteria and were deemed clinically acceptable by 
the radiation oncologist. All FFF-VMAT plans use significantly 
more MUs than STD-VMAT. For the WBI patient cohort, 
overall FFF-VMAT plans exhibit similar PTV and OARs 
evaluation metrics as STD-VMAT except for the significantly 
lower Dmean and HI for PTV, significantly lower V1 for the 
contralateral breast, significantly higher Dmax for the ipsilateral 

lung, and the significantly higher Dmax for the heart. For the 
PBI patient cohort, FFF-VMAT plans show significantly lower 
Dmean and Dmax for both ipsilateral and contralateral lungs and 
the contralateral breast, significantly lower V1 and V5 for the 
ipsilateral lung, significantly lower V1, Dmean, and Dmax for the 
heart, compared to STD-VMAT. For the PMI patient cohort, 
FFF-VMAT plans show similar target coverage as STD-VMAT, 
significantly lower Dmean and V5 for the contralateral breast, 
significantly higher Dmean, Dmax, and V20 for the ipsilateral lung, 
and significantly higher Dmean, V22.5 and V30 for the heart.

The average beam-on time for the three patient cohorts is listed 
in Table 2. All FFF-VMAT plans demonstrate significantly 
shorter beam-on time (on average 12% less time for WBI, 18% 
less for PBI, and 15% less for PMI) compared to STD-VMAT 
plans.

dIscussIon

We compared FFF-VMAT and STD-VMAT for all types of 
breast cancer irradiations in this study. The results show that 
FFF-VMAT can maintain equal or better dose coverage and 
significantly reduce beam-on time compared with STD-VMAT 
in all cases. FFF beams can reduce dose to all OARs for 
small-field irradiation like PBI, whereas cannot significantly 
improve dose distributions for most OARs for large-field 
irradiation such as WBI or PMI.

For WBI, Wang  et  al. [7] showed that FFF hybrid 
intensity-modulated RT (IMRT) plans can achieve similar 
plan quality as the clinically approved forward planning plans 
for WBI with breath-hold; Spruijt et al.[5] reported that IMRT, 
hybrid IMRT, electronic tissue compensator, and multiple static 
field plans using flattened and FFF beams are dosimetrically 
comparable, and beam delivery times were on average 31% 
less for FFF plans; Koivumaki  et al.[9] reported a significant 
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reduction of beam-on time (18%–39%) when using FFF 
beams with tangential arc VMAT and tangential IMRT, but 
target coverage was compromised with FFF IMRT while no 

reduction of coverage with FFF VMAT; Wisnoskie et al.[8] 
showed that FFF beams with electronic tissue compensation 
planning technique can generate comparable breath-hold WBI 

Figure 3: Axial view of isodose distribution for STD‑VMAT (first row) and FFF‑VMAT plans (second row) for a typical (a) WBI patient, (b) PBI patient, 
and (c) PMI patient. The red color wash represents the PTV. STD‑VMAT: Standard volumetric modulated arc therapy, FFF‑VMAT: Flattening filter‑free 
volumetric modulated arc therapy, WBI: Whole breast irradiation, PBI: Partial breast irradiation, PMI: Postmastectomy irradiation, PTV: Planning target 
volume

cba

Figure 4: DVHs for STD‑VMAT and FFF‑VMAT for typical (a) WBI patient, (b) PBI patient and (c) PMI patient. STD‑VMAT: Standard volumetric modulated 
arc therapy, DVHs: Dose volume histograms, FFF‑VMAT: Flattening filter‑free volumetric modulated arc therapy, WBI: Whole breast irradiation, PBI: 
Partial breast irradiation, PMI: Postmastectomy irradiation

c

ba
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plans as flattened beams, and FFF beams can significantly 
reduce contralateral breast maximum dose and beam-on 
time (22%–42%); Thomas et al.[19] compared FFF beams with 
standard beams for various cancer sites, including breast, for 
which they planned with tangential forward IMRT, and they 

reported comparable plan quality and improved treatment 
efficiency; Maier et al.[10] reported that FFF VMAT and 
FFF tangential arc VMAT could significantly improve plan 
quality and reduce delivery time in simultaneous integrated 
boost (SIB) irradiation of right-sided breast cancer than 

Table 1: Monitor units, planning target volume and organs at risk evaluation metrics (mean±standard 
deviation) for whole‑breast irradiation, partial‑breast irradiation, and postmastectomy irradiation patients using 
standard‑volumetric‑modulated arc therapy and flattening filter‑free‑volumetric modulated arc therapy

WBI PBI PMI

STD FFF p value STD FFF p value STD FFF p value
MU/fx 487±68 624±84 <0.001* 657±80 737±80 <0.001* 468±34 649±61 <0.001*
PTV

Dmean (Gy) 50.1±0.4 49.8±0.5 <0.001* 38.2±0.4 38.2±0.5 0.346 49.3±0.3 49.3±0.4 0.838
Dmax (Gy) 54.9±1.3 54.3±1.4 0.051 40.5±0.4 41.2±0.8 0.001* 53.3±0.7 53.2±1.1 0.724
V107% (%) 0.0±0.0 0.0±0.0 - 0.0±0.0 0.0±0.0 - 0.0±0.1 0.0±0.1 1.000
CI 0.8±0.0 0.8±0.1 0.635 0.64±0.14 0.62±0.14 0.314 0.7±0.1 0.7±0.0 0.071
HI 0.1±0.0 0.1±0.0 0.012* 0.2±0.2 0.1±0.0 0.489 0.1±0.0 0.1±0.0 0.751

Ipsilateral lung
Dmean (Gy) 7.9±1.1 7.8±0.5 0.851 1.0±0.5 0.6±0.2 0.004* 15.9±0.9 17.3±1.5 0.011*
Dmax (Gy) 45.4±2.8 47.7±3.5 0.034* 14.0±6.5 11.2±6.6 0.01* 49.0±2.0 51.0±1.7 0.025*
V1 (%) 95.5±5.5 94.9±6.7 0.279 32.1±12.0 17.4±8.3 <0.001* 100±0.0 100±0.0 0.356
V5 (%) 38.9±9.3 42.5±7.9 0.441 2.4±3.0 0.6±0.7 0.026* 85.4±7.7 87.1±6.6 0.589
V10 (%) 23.7±3.6 22.1±7.5 0.661 0.3±0.7 0.1±0.2 0.26 54.0±5.2 57.8±4.4 0.138
V20 (%) 12.5±2.5 10.6±4.5 0.227 0.0±0.0 0.0±0.0 - 29.1±2.2 31.8±3.5 0.011*

CL lung
Dmean (Gy) 4.2±1.5 4.0±1.2 0.634 0.3±0.2 0.1±0.04 0.02* 3.0±0.6 3.3±0.9 0.078
Dmax (Gy) 27.6±11.7 26.6±12.9 0.4 1.5±0.6 1.1±0.8 0.02* 21.5±4.7 22.6±3.6 0.395
V1 (%) 88.1±12.8 93.7±5.6 0.106 1.5±1.1 0.3±0.6 0.34 97.3±3.7 97.9±2.7 0.659
V5 (%) 29.7±17.2 27.4±16.2 0.651 0.0±0.0 0.0±0.0 - 12.5±7.1 16.3±11.2 0.124
V10 (%) 6.3±6.5 5.3±3.9 0.691 0.0±0.0 0.0±0.0 - 1.4±1.2 1.8±1.9 0.545
V20 (%) 0.5±0.8 0.4±0.6 0.089 0.0±0.0 0.0±0.0 - 0.0±0.0 0.0±0.0 0.637

Heart
Dmean (Gy) 7.0±1.4 6.6±1.1 0.387 0.8±0.3 0.4±0.7 <0.001* 9.0±1.5 9.9±2.0 0.017*
Dmax (Gy) 38.3±4.6 40.6±4.3 0.048* 4.0±2.2 2.3±1.2 0.009* 41.7±4.9 44.6±3.2 1.000
V1 (%) 100.0±0.1 100.0±0.0 0.334 24.7±14.4 5.3±4.8 <0.001* 100.0±0.0 100.0±0.0 1.000
V5 (%) 49.9±18.2 46.7±17.4 0.315 0.8±0.5 0.0±0.0 0.175 65.3±13.2 70.4±14.0 0.197
V10 (%) 17.6±8.0 15.7±5.3 0.397 0.0±0.0 0.0±0.0 - 23.8±6.0 27.6±9.5 1.000
V22.5 (%) 3.4±2.6 3.5±2.3 0.946 0.0±0.0 0.0±0.0 - 8.8±3.5 10.4±3.7 0.003*
V30 (%) 1.3±1.5 1.6±1.6 0.329 0.0±0.0 0.0±0.0 - 4.5±2.9 5.9±2.8 0.007*

CL breast
Dmean (Gy) 1.6±0.2 1.4±0.2 0.321 0.2±0.08 0.14±0.07 0.008* 3.8±1.1 3.2±0.8 0.025*
Dmax (Gy) 10.1±2.8 11.2±7.3 0.439 1.1±0.3 0.8±0.3 0.043* 26.1±8.6 24.2±7.5 1.000
V1 (%) 76.9±12.6 68.3±13.2 0.011* 0.2±0.3 0.0±0.1 0.086 95.0±8.8 92.0±10.8 0.080
V5 (%) 0.5±0.5 0.5±0.7 0.642 0.0±0.0 0.0±0.0 - 22.6±12.4 15.4±8.5 0.032*

*Indicates statistical significance (P<0.05); - Indicates statistical test is not feasible. Dmax: Depth of maximum dose, WBI: Whole breast irradiation, PBI: 
Partial breast irradiation, PMI: Postmastectomy irradiation, FFF: Flattening filter-free, STD: Standard, MU: Monitor units, PTV: Planning target volume, CL: 
Contralateral, HI: Homogeneity index

Table 2: The average beam‑on time (min) per fraction for standard‑volumetric‑modulated arc therapy and flattening 
filter‑free‑volumetric‑modulated arc therapy plans

WBI PBI PMI

STD‑VMAT FFF‑VMAT p value STD‑VMAT FFF‑VMAT p value STD‑VMAT FFF‑VMAT p value
Beam-on time (min) 2.6±0.2 2.3±0.1 <0.001* 1.8±0.1 1.5±0.1 <0.001* 2.0±0.0 1.7±0.0 <0.001*
*Indicates statistical significance (p<0.05). WBI: Whole-breast irradiation, PBI: Partial-breast irradiation, PMI: Postmastectomy irradiation, VMAT: 
Volumetric-modulated arc therapy, FFF: Flattening filter-free, STD: Standard
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flattened plans, but FFF IMRT plans were inferior to flattened 
plans. Our study is generally consistent with these previous 
studies as we found comparable plan quality using FFF and 
flattened beams, and we confirmed FFF beams can significantly 
reduce beam-on time. The different target (right-sided and SIB) 
used in Maier et al.[10] could be the reason for the improved 
plan quality when FFF beams were used.

For PMI, Lai et al.[11] showed modified VMAT using FFF beams 
provided superior dosimetric results than modified VMAT 
using flattened beams with respect to contralateral breast, 
contralateral lung, and liver doses  Subramaniam  et al.[12] 
showed that RapidArc plans using FFF beams were superior 
to conventional RapidArc plans with respect to contralateral 
breast, heart, and lung doses. In our study, we found 
FFF-VMAT significantly reduced contralateral breast dose 
but did not reduce heart dose compared to STD-VMAT, which 
is consistent with Lai et al.,[11] and slightly increased dose to 
lungs. Lai et al.[11] also showed that FFF-VMAT did not reduce 
ipsilateral lung dose. The distant organ doses were reduced 
using FFF beams since FFF beams are characterized by 
reduced out-of-field dose due to lower head leakage at off-axis 
locations.[3,6] On the other hand, since the isocenter of VMAT 
plans was located outside the PTV (under chest wall and within 
the ipsilateral lung) for PMI, leakage through MLCs near the 
FFF beam axis may be higher than flattened beam due to the 
peaked FFF beam profile. This explains the increased mean 
organ doses near PTV. It is possible Subramaniam et al.[12] used 
a different definition of PMI target and a different planning 
goal, i.e., they planned to cover 100% of the PTV with 90% 
prescribed dose, while both Lai et al.[11] and our study aimed 
for 95% of the PTV received 95% prescribed dose. This could 
be the reason we did not observe the significant dosimetric 
benefits for all OARs using FFF beams as Subramaniam 
et al. did.

For PBI, Thomas et al.[19] compared FFF beams with standard 
beams for IMRT and VMAT, and they reported comparable plan 
quality and improved treatment efficiency. Because they did 
not provide dosimetric data for their plans, it is not feasible to 
compare their results with ours; one abstract[20] that compared 
FFF beams and flattened beams for prone accelerated PBI, and 
it reported FFF beams provided dosimetrically equivalent target 
coverage and similar OAR doses compared to flattened beams. 
However, they did not provide details of their prescribed dose 
or planning technique, so it is difficult to compare their findings 
with ours. Among all three types of breast cancer irradiations, 
we found that FFF beams provided the largest benefit for PBI 
and significantly reduced doses to all OARs. This is consistent 
with the previous report[21] from the American Association 
of Physicists in Medicine Therapy Emerging Technology 
Assessment Work Group that recommended FFF beams are 
advantageous for small-field treatments.

Our study is the first study that compares dose distribution 
and beam-on time for FFF and standard beams for all types of 
breast irradiations, while the previous studies only considered 

WBI or PMI, or neglected time comparison. FFF-VMAT 
significantly lowered the contralateral breast dose for PMI, 
and significantly lowered all OAR doses for PBI. Clinically, 
these can be translated to patients’ benefits: it has been reported 
one radiogenic second cancer occurred in every 200 breast 
cancer patients treated with RT,[22] and the beneficial effect 
of RT was offset by an 18% increase in contralateral breast 
cancer, a 27% increase in heart disease death rate, and a 78% 
increase in lung cancer death rate.[23] These breast cancer 
patients with an increased risk of radiogenic side effects could 
significantly benefit from FFF beams. Furthermore, FFF beams 
significantly reduce treatment times for breast cancer patients, 
which indicates FFF-VMAT plans could be advantageous for 
the patients who are unable to remain on the treatment couch 
for long periods due to discomfort and the patients who need 
reduced treatment time such as patients treated with breath 
hold or with hypofractionated prescriptions.

One limitation of our study is that we did not compare other 
techniques except for VMAT for flattened and FFF beams. 
However, among RT techniques, VMAT has been increasingly 
used and shows specific advantages,[24-30] and it is expected 
that VMAT will eventually replace conventional IMRT due 
to its faster delivery, increased degrees of freedom for dose 
optimization, and improved dose conformity.[31] Therefore, our 
study should be very valuable for breast cancer management.

conclusIons

By comparing FFF-VMAT and STD-VMAT for WBI, PBI, 
and PMI, we concluded that FFF-VMAT can maintain equal 
or better target coverage and significantly reduce beam-on time 
compared to STD-VMAT in all cases. FFF beams are most 
beneficial for small field irradiation like PBI in that they can 
significantly reduce OAR doses and can benefit breast cancer 
patients who need reduced treatment time.
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