
RESEARCH ARTICLE

Planning Study of Flattening Filter Free
Beams for Volumetric Modulated Arc
Therapy in Squamous Cell Carcinoma of
the Scalp
Youqun Lai, Liwan Shi, Qin Lin*, Lirong Fu, Huiming Ha

Department of Radiation Oncology, The First Affiliated Hospital of Xiamen University, Xiamen, PR China

*linqin05@163.com

Abstract

Purpose: Flattening filter free (FFF) beams show the potential for a higher dose

rate and lower peripheral dose. We investigated the planning study of FFF beams

with their role for volumetric modulated arc therapy (VMAT) in squamous cell

carcinoma of the scalp.

Methods and Materials: One patient with squamous cell carcinoma which had

involvement of entire scalp was subjected to VMAT using TrueBeam linear

accelerator. As it was a rare skin malignancy, CT data of 7 patients with brain

tumors were also included in this study, and their entire scalps were outlined as

target volumes. Three VMAT plans were employed with RapidArc form: two half-

field full-arcs VMAT using 6 MV standard beams (HFF-VMAT-FF), eight half-field

quarter-arcs VMAT using 6 MV standard beams (HFQ-VMAT-FF), and HFQ-VMAT

using FFF beams (HFQ-VMAT-FFF). Prescribed dose was 2562 Gy (50 Gy). Plan

quality and efficiency were assessed for all plans.

Results: There were no statistically significant differences among the three VMAT

plans in target volume coverage, conformity, and homogeneity. For HFQ-VMAT-FF

plans, there was a significant decrease by 12.6% in the mean dose to the brain

compared with HFF-VMAT-FF. By the use of FFF beams, the mean dose to brain in

HFQ-VMAT-FFF plans was further decreased by 7.4% compared with HFQ-VMAT-

FF. Beam delivery times were similar for each technique.

Conclusions: The HFQ-VMAT-FF plans showed the superiority in dose

distributions compared with HFF-VMAT-FF. HFQ-VMAT-FFF plans might provide

further normal tissue sparing, particularly in the brain, showing their potential for

radiation therapy in squamous cell carcinoma of the scalp.
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Introduction

Squamous cell carcinoma of the scalp (SCC) is a rare skin malignancy which may

be associated with human papillomavirus type 16 [1]. Radiation therapy is an

important therapeutic approach [2–3]. How to design radiotherapy plan for SCC

of the total scalp is an interesting investigative topic. The plan quality is one of the

most important pre-treatment prognostic factors in radiation therapy. Whether

applying photon-electron fields or intensity modulated radiotherapy (IMRT),

neither of them had significant advantage on the dose distributions, for example,

low target volume coverage and high hot spot [4].

In recent years, volumetric modulated arc therapy (VMAT) had been widely

used in the treatment of various tumors, such as nasopharyngeal carcinoma

(NPC), pelvic malignancy, prostate cancer and so on [5–7]. Several investigators

have studied the role of VMAT for stereotactic body radiotherapy (SBRT) which

has been shown to shorten beam on times (BOT) if compared with static gantry

IMRT [8]. In addition, Song JH et al. [9] have compared lateral photon-electron

(LPE), helical tomotherapy (HT), and VMAT plans for total scalp irradiation.

High-dose-rate (HDR) brachytherapy has also been used for total scalp irradiation

by investigators [10]. Recently, with more and more widespread and profound

application of TrueBeam linear accelerator (Varian Medical Systems, Paolo Alto,

CA) in radiotherapy, clinical application of flattening filter free (FFF) beams have

gradually become the focus of attention [11–12]. FFF beams potentially increase

dose rates thus reduce treatment delivery time, and lower peripheral dose

manifests its unique characteristic. Hrbacek J et al. [11] have demonstrated that

out-of-field dose deposited by FFF beams is lower than that for flattened beams

under most conditions. Georg D et al. [13] have also described the lower

peripheral dose for FFF beams and the resulting potential advantages in their

medical use. At present time, most of the studies focus on the high dose rates of

FFF beams for the clinical application to SBRT, such as brain metastases, lung

tumors, hepatic metastases and prostate cancer [14–17]. In addition, dosimetric

comparison was assessed for FFF beams compared with flattened beams for

several authors, and the results showed that FFF beams resulted in dose

distributions similar to flattened beams [18–19].

FFF beams have the potential for a higher dose rate and lower peripheral dose

[11]. In this planning study, we assessed that whether these advantages can apply

to large elliptical annular field treatment, like the whole scalp radiation therapy,

and investigated the planning study of FFF beams for VMAT in squamous cell

carcinoma of the scalp.

Methods and Materials

Patient selection and contouring

The study was approved by the ethics committee of the First Affiliated Hospital of

Xiamen University. All patients provided written consent for storage of their
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medical information in the hospital database and for research use of this

information, and the information of patients was anonymized and de-identified

prior to analysis.

One patient with squamous cell carcinoma which had involvement of entire

scalp was chosen for analysis in this planning study, and was subjected to VMAT

using the TrueBeam linear accelerator. Image guidance was performed by pre

treatment cone beam computed tomography (CBCT). As it was a rare skin

malignancy, CT data of 7 patients with brain tumors were also included and

planed as entire scalp treatment in this study. CT images were acquired by a

planning computed tomography scan with 2 mm slice thickness (General Electric

Medical Systems, CT Lightspeed 16).

Contouring of clinical target volume (CTV) included the entire scalp bordered

by the face anteriorly and the neck to the sides and posteriorly. The planning

target volume (PTV) was derived from CTV plus a symmetrical 1-mm margin

(Fig. 1A). Mean PTV size and standard deviation were 340.8¡21.1 cm3 (range:

310–357.2 cm3). Organs at risk (OAR) such as brain, brain stem, optic nerves,

optic chiasma and lens were outlined in the axial CT sections. Mean brain size and

standard deviation were 1426.3¡50.8 cm3 (range: 1355–1448 cm3). A 5-mm

bolus was applied to the skin surface around PTV to prevent the optimizer

compensating for lack of dose in the buildup region during optimization.

Treatment planning

Treatment planning was performed using two photon beams of TrueBeam

SN1402 machine equipped with standard Millennium MLC with 120 leaves. For

all patients, plans were designed for three techniques (HFF-VMAT-FF, HFQ-

VMAT-FF and HFQ-VMAT-FFF) as described below. 6 MV standard (6X-FF)

beams were applied for HFF-VMAT-FF and HFQ-VMAT-FF plans, and 6 MV

FFF beams were used for HFQ-VMAT-FFF plans.

All patients were planned to use VMAT (RapidArc, Varian Medical Systems)

technique in the Eclipse treatment planning system (Varian Medical Systems,

PRO 11.0, AAA 11.0) allowing the optimizer to use the maximum dose rate of

600 MU/min for 6X-FF and 1400 MU/min for 6X-FFF beams. Prescribed dose

was 2562 Gy (50 Gy). For every VMAT plan, the normal tissue objectives and

objectives for PTV were kept constant to avoid bias. Doses were normalized so

that 95% of PTV received 100% of the prescribed dose and to minimize the

volume inside the PTV receiving .110% of the dose. For the OARs, the

maximum dose of lens were received ,5 Gy, and the mean dose of brain was

required to be kept as low as possible.

Actually, the patient with SCC was irradiated with 2562 Gy (50 Gy) to CTV

and 3762 Gy (74 Gy) to gross tumor volume (GTV) (see S1, S2, and S3 Figure).

In this study, for the convenience purpose, only 50 Gy in 2 Gy fractions for the

entire scalp was used.
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Two half-field full-arcs VMAT with FF beams (HFF-VMAT-FF)

As it was showed in Fig. 1B, two 360˚arcs were used with half-field beams. Fig. 2A

showed the beam setup of HFF-VMAT plans using 6 MV standard beams. In

Fig. 1. Delineated planning target volume (PTV) for squamous cell carcinoma of the scalp (A), and two different beam setups in VMAT plans: (B)
Two 360˚ arcs were used with half-field beam. (C) Eight half-field quarter-arcs (90 )̊ were used in VMAT plan.

doi:10.1371/journal.pone.0114953.g001
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clockwise (CW) direction, collimator angle was 15˚ and field was opened at X2 of

collimator, and kept invariant from 180.1˚ to 179.9 .̊ Similarly, in counter-

clockwise (CCW) direction, collimator angle was 345˚ and field was opened at X1

of collimator.

Fig. 2. The beam setup of two designs for VMAT plans in clockwise (CW): (A) HFF-VMAT: two half-field full-arcs VMAT; (B) HFQ-VMAT: eight half-field
quarter-arcs VMAT.

doi:10.1371/journal.pone.0114953.g002
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Eight half-field quarter-arcs VMAT with FF beams (HFQ-VMAT-FF)

For HFQ-VMAT-FF plans, eight half-field quarter-arcs were employed with 6 MV

standard beams (Fig. 1C). One 360˚arc was divided into four equal sections, since

each section was 90 .̊ Fig. 2B showed the beam setup of HFQ-VMAT plans. In

CW, collimator angle was 15˚ and field was opened at X2 of collimator from

180.1˚ to 270˚ and 0˚ to 90 ,̊ while collimator angle was 345˚ and field was opened

at X1 of collimator from 270˚ to 0˚ and 90˚ to 179.9 .̊ It was similar in CCW.

Eight half-field quarter-arcs VMAT with FFF beams (HFQ-VMAT-

FFF)

For HFQ-VMAT-FFF plans, 6X-FFF beams (un-flattened beams) were used with

the maximum dose rate of 1400 MU/min.

Plan evaluation and statistical methods

Plan quantitative evaluation was performed according to the standard dose volume

histograms (DVH). For the PTV, the values of D98% and D2% (dose received by

98%, and 2% of the target volume) were defined as metrics for minimum and

maximum doses. The conformity index (CI) was defined as: CI5(VPTV/TVPV)/

(TVPV/VTV). VPTV is the volume of target volume. TVPV is the portion of the VPTV

within the prescribed isodose line. VTV is the volume of the body that received 100%

of the PD. The homogeneity index (HI) was defined as: HI5D5%/D95% (dose

received by 5%, and 95% of the target volume) [20]. For OARs, we focused on the

evaluation of the mean dose for the brain. The mean doses to brain stem, optic

nerves, optic chiasma and lens were also reported. Total MUs, beam on time (BOT)

and mean dose rate (MU/min) were compared for the three plans.

Statistical analyses were performed by comparing the different techniques using

6X-FF or 6X-FFF beams. Mean values and standard deviation were collected. All

data points were normally distributed by one-sample kolmogorov-smirnov test.

Relative dosimetric changes were compared using a paired t test: HFF-VMAT-FF

vs HFQ-VMAT-FF, and HFQ-VMAT-FF vs HFQ-VMAT-FFF. P#0.05 was

considered statistically significant.

Dosimetric validation of VMAT_FFF

VMAT treatment plan was delivered to a diode array phantom (ARCCHECK, Sun

Nuclear Corp., Melbourne, FL). The ArcCheck was analyzed with the global c-

index method with 3%/3 mm.

Results

PTV coverage and dose distribution

As presented in Table 1, dosimetric parameters of PTV for all three groups of

treatment plans created with different planning techniques. There were no
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statistically significant differences (P.0.5) among the three VMAT plans in target

volume coverage, conformity index (CI), and homogeneity index (HI). The dose

distributions were displayed in Fig. 3 for one patient with squamous cell

carcinoma in axial, coronal, and sagittal views. Fig. 4 showed dose-volume

histogram (DVH) comparison for the PTV and brain with three different

planning techniques: (a) HFF-VMAT-FF, (b) HFQ-VMAT-FF, and (c) HFQ-

VMAT-FFF.

Dose to organs at risk

Table 2 presented the mean doses of all remaining organs at risk for treatment

plans created with different planning techniques. By the use of 6 MV standard

beams, in HFQ-VMAT-FF plan, there was a significant decrease by 12.6%

(P,0.01) in the mean dose to the brain compared with HFF-VMAT-FF plan.

When 6 MV FFF beams were used, compared with HFQ-VMAT-FF plans, mean

dose to the brain was further decreased by 7.4% (P,0.01) for HFQ-VMAT-FFF.

Other organs at risk, such as brain stem, optic nerves, optic chiasma and lens,

were received low dose level in three VMAT plans.

MU and beam delivery time

In total MUs, HFQ-VMAT-FF plans were increased by an average of 10.6%

compared with HFF-VMAT-FF, while HFQ-VMAT-FFF plans resulted in an

average of 32.1% increase compared to HFQ-VMAT-FF (Table 2). However,

though the total MUs were increased, the mean body doses for HFQ-VMAT-FF

and HFQ-VMAT-FFF plans were 18.59 Gy and 17.98 Gy, respectively, repre-

senting an average 6.9% and 9.6% reduction compared with HFF-VMAT-FF

plans. Beam-on times (BOT) were similar for each technique. For the average dose

rate, HFF-VMAT-FF, HFQ-VMAT-FF and HFQ-VMAT-FFF plans were

459¡39 MU/min, 502¡33 MU/min and 673¡65 MU/min, respectively.

Table 1. Dosimetric parameters of PTV for treatment plans created with different planning techniques.

PTV HFF-VMAT-FF HFQ-VMAT-FF HFQ-VMAT-FFF P value*

Dmax (Gy) 55.64¡0.63 55.57¡0.55 55.61¡0.59 a50.73, b50.83

Dmin (Gy) 41.69¡0.45 41.75¡0.87 41.71¡0.79 a50.88, b50.9

Dmean (Gy) 51.83¡0.29 51.86¡0.35 51.79¡0.25 a50.85, b50.58

D2% (Gy) 53.60¡0.68 53.63¡0.74 53.62¡0.50 a50.88, b50.99

D98% (Gy) 49.33¡0.15 49.15¡0.23 49.32¡0.21 a50.11, b50.23

V95% (%) 99.82¡0.07 99.84¡0.08 99.88¡0.05 a50.67, b50.31

V110% (%) 0.0067¡0.008 0.0037¡0.005 0.004¡0.005 a50.28, b50.73

CI 1.40¡0.15 1.41¡0.14 1.42¡0.12 a50.35, b50.95

HI 1.066¡0.012 1.067¡0.015 1.066¡0.010 a50.41, b50.47

Abbreviations: HFF-VMAT-FF5two half-field full-arcs VMAT with conventional flattened (FF) beam; HFQ-VMAT-FF5eight half-field quarter-arcs VMAT with
FF beam; HFQ-VMAT-FFF5eight half-field quarter-arcs VMAT with flattening filter free (FFF) beam; CI5conformity index; HI5homogeneity index.
* P value corresponds to the paired t test: a5HFF-VMAT-FF vs HFQ-VMAT-FF, b5HFQ-VMAT-FF vs HFQ-VMAT-FFF.

doi:10.1371/journal.pone.0114953.t001
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Fig. 3. Isodose distributions for one patient with squamous cell carcinoma in axial, coronal, and
sagittal planes. (A) HFF-VMAT-FF: two half-field full-arcs VMAT with conventional flattened (FF) beam; (B)
HFQ-VMAT-FF: eight half-field quarter-arcs VMATwith FF beam; (C) HFQ-VMAT-FFF: eight half-field quarter-
arcs VMAT with flattening filter free (FFF) beam.

doi:10.1371/journal.pone.0114953.g003

Fig. 4. Dose-volume histogram (DVH) comparison for the PTV and brain with different planning techniques: (a) HFF-VMAT-FF: two half-field full-arcs
VMAT with conventional flattened (FF) beam; (b) HFQ-VMAT-FF: eight half-field quarter-arcs VMAT with FF beam; (c) HFQ-VMAT-FFF: eight half-field
quarter-arcs VMAT with flattening filter free (FFF) beam.

doi:10.1371/journal.pone.0114953.g004

FFF Beams for VMAT in Squamous Cell Carcinoma of the Scalp

PLOS ONE | DOI:10.1371/journal.pone.0114953 December 15, 2014 8 / 12



Dosimetric validation of VMAT_FFF

In FFF beams, VMAT treatment plan was delivered to ArcCheck. The c-index

analysis of ArcCheck resulted in an excellent agreement of 97¡1.5% for 3%/

3 mm.

Discussion

In our study, we designed three VMAT techniques (HFF-VMAT-FF, HFQ-

VMAT-FF, and HFQ-VMAT-FFF) and assessed plan quality and efficiency for

squamous cell carcinoma of the scalp.

Firstly, we made comparisons between HFF-VMAT and HFQ-VMAT plans

with 6X-FF beams. It was evident that the dose distributions in HFQ-VMAT-FF

plans were superior to HFF-VMAT-FF (Fig. 3A and Fig. 3B). However, what are

the causes of more advantage to HFQ-VMAT plans compared with HFF-VMAT

using same energy beams (6X-FF beams)? This can be attributed to the differences

in the beam setup between HFF-VMAT and HFQ-VMAT plans. As it was showed

in Fig. 2, the difference between two VMAT plans was that collimator angle and

field were changed in HFQ-VMAT plans from 270˚to 0˚and 90˚to 179.9 .̊ That is,

in CW, collimator angle was always 15˚ and field was always opened at X2 of

collimator for HFF-VMAT plans, while collimator angle was 345˚ and field was

opened at X1 of collimator from 270˚ to 0˚ and 90˚ to 179.9˚ for HFQ-VMAT

plans. Because of these changes, from 270˚ to 0˚ and 90˚ to 179.9˚ in CW, HFQ-

VMAT plans may improve efficiency in PTV coverage and brain sparing due to its

elliptical annular target volume of squamous cell carcinoma of the scalp; While in

HFF-VMAT plans, it would irradiate more healthy tissue (such as brain) in order

to irradiate target volume than in HFQ-VMAT plans. In addition, these changes

Table 2. The mean doses of organs at risk, MU, beam-on time, and mean dose rate (MDR) for treatment plans created with different planning techniques.

Mean dose HFF-VMAT-FF HFQ-VMAT-FF HFQ-VMAT-FFF P value*

Brain (Gy) 14.61¡3.67 12.76¡2.66 11.82¡2.99 a50.01, b50.001

Brain stem (Gy) 2.53¡0.32 2.11¡0.11 2.31¡0.24

lens (Gy) 3.54¡0.84 3.04¡0.27 2.88¡0.43

optic nerves (Gy) 5.68¡2.52 4.31¡1.35 4.43¡1.36

optic chiasma (Gy) 4.26¡0.48 3.19¡0.41 3.44¡0.47

Body (Gy)* 19.9¡1.99 18.59¡1.49 17.98¡1.74 a50.013, b50.001

MU 922¡88 1019¡79 1346¡130 a50.01, b50

Beam-on time (s) 241 243 240

MDR (MU/min) 459¡39 502¡33 673¡65

Abbreviations: HFF-VMAT-FF5two half-field full-arcs VMAT with conventional flattened (FF) beam; HFQ-VMAT-FF5eight half-field quarter-arcs VMAT with
FF beam; HFQ-VMAT-FFF5eight half-field quarter-arcs VMAT with flattening filter free (FFF) beam.
* Body: it is the region of the CT which was scanned.
* P value corresponds to the paired t test: a5HFF-VMAT-FF vs HFQ-VMAT-FF, b5HFQ-VMAT-FF vs HFQ-VMAT-FFF.

doi:10.1371/journal.pone.0114953.t002
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of HFQ-VMAT plans would be useful only to special elliptical annular target

volume.

Secondly, we assessed the role of FFF beams on dosimetry to compare with

flattened beams using same beam setup for VMAT plans (HFQ-VMAT). FFF

beams show the potential for a higher dose rate and lower peripheral dose, which

manifests its unique characteristic. If FFF beams were applied for HFQ-VMAT

plans, the mean dose to the brain was further decreased by 7.4% compared with

HFQ-VMAT-FF plans (Fig. 3), due to the non-flat profile and the lower

peripheral dose for the FFF beam. Zwahlen et al. [18] had presented that the

integral dose of open fields in a water phantom was smaller than for a flattened

beam in relation to 100 MU, and this finding was more pronounced with

increasing field size. In HFQ-VMAT plans, a half-field beam was used and field

size was about 10,12 cm due to the large elliptical annular target volume. Under

these conditions, the integral dose of peripheral field for FFF beam is decreased by

.10% compared with FF beam, and it means that energy is decline in peripheral

field. The optimization of VMAT plan for large elliptical annular target volume

was to apply peripheral field to irradiate target volume thus to reduce the dose of

healthy tissue. Therefore, by the use of FFF beams, the healthy tissue, such as the

brain, may be received lower dose than FF beams. In addition, in the case of the

lower-energy x-rays, the dose builds up to a maximum on or very close to the

surface. But for higher-energy beams, the point of maximum dose lies deeper into

the tissue or phantom.

Though the maximum dose rate could reach 1400 MU/min, the average dose

rate in HFQ-VMAT-FFF plans was only 673 MU/min (Table 2). For each VMAT

technique, BOT was similar due to the VMAT BOT was governed mostly by the

gantry speed. Hence, in conventional radiotherapy, about 2 Gy/fraction, the

potential for a higher dose rate of FFF beams could not be exploited in VMAT

plans. As it was showed in Table 2, a higher number of MU for FFF beams

compared with FF beams did not necessarily lead to an increased mean body dose,

due to the special non-flat profile of the FFF beam [18].

In summary, we demonstrated that the HFQ-VMAT plans provided more

advantages in dose distributions compared with HFF-VMAT plans. The potential

for lower peripheral dose of FFF beams would be adequately developed for

radiation therapy in squamous cell carcinoma of the scalp.

Conclusions

The data presented in this report demonstrate that with respect to large elliptical

annular target volume, HFQ-VMAT plans with FFF beams showed more

advantage on dose distributions, which may have target volume higher dose level

while in normal tissues, especially the brain, received minimum dose level. We

show that target volume coverage, beam delivery times, CI and HI were similar for

each technique. By the use of FFF beams, a higher number of MU compared with

FF beams did not necessarily lead to an increased mean body dose. In general, it is
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feasible to apply FFF beams for VMAT in squamous cell carcinoma of the scalp in

clinic.
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S2 File. S1 Figure. The PCTV and PGTV for the patient with SCC. S2 Figure. The

beam setup and isodose distributions for treatment plan of second phase.

Prescribed dose was 1262 Gy (24 Gy) to PGTV. For the treatment plan of second

phase, the patient with SCC was irradiated with 1262 Gy (24 Gy) to GTV to

boost the GTV up to 74 Gy. Four double partial arcs with a maximum individual

length of 60˚ were adopted in this plan. S3 Figure. The isodose distributions and

hose-volume histogram (DVH) for the sum plan with 2562 Gy (50 Gy) to PCTV

and 3762 Gy (74 Gy) to PGTV.

doi:10.1371/journal.pone.0114953.s002 (DOCX)

Author Contributions

Conceived and designed the experiments: YL LS. Performed the experiments: YL

LS LF. Analyzed the data: YL LS QL LF HH. Contributed reagents/materials/

analysis tools: YL LS QL LF HH. Wrote the paper: YL.

References

1. Murao K, Fukumoto D, Kubo Y (2011) Squamous cell carcinoma of the scalp associated with human
papillomavirus type 16. Eur J Dermatol. 21(6): 1005–1006.

2. Pipitone MA, Gloster HM (2006) Superficial squamous cell carcinomas and extensive actinic keratoses
of the scalp treated with radiation therapy. Dermatol Surg. 32(5): 756–759.

3. Ronel DN, Schwager RG, Avram MR (2004) Squamous cell carcinoma of the scalp after radiotherapy
for tinea capitis. Dermatol Surg. 30(3): 446–449.

4. Della Biancia C, Lee N, Mechalakos JG (2011) Comparison of Electron versus IMRT Treatment
Planning for Extensive Squamous Cell Carcinoma (SCC) of the Scalp. Int J Radiat Oncol Biol Phys.
81(2): S908–S908.

5. Lu S-H, Cheng JC-H, Kuo S-H, Lee JJ-S, Chen L-H, et al. (2012) Volumetric modulated arc therapy for
nasopharyngeal carcinoma: A dosimetric comparison with TomoTherapy and step-and-shoot IMRT.
Radiother Oncol. 104(3): 324–330.

6. Yang R, Wang J, Xu S, Li H (2013) SmartArc-based volumetric modulated arc therapy for endometrial
cancer: a dosimetric comparison with helical tomotherapy and intensity-modulated radiation therapy.
BMC Cancer 13: 515.

7. Hall WA, Fox TH, Jiang X, Prabhu RS, Rossi PJ, et al. (2013) Treatment Efficiency of Volumetric
Modulated Arc Therapy in Comparison With Intensity-Modulated Radiotherapy in the Treatment of
Prostate Cancer. J Am Coll Radiol. 10(2): 128–134.

8. Ong CL, Verbakel WFAR, Cuijpers JP, Slotman BJ, Lagerwaard FJ, et al. (2010) Stereotactic
radiotherapy for peripheral lung tumors: A comparison of volumetric modulated arc therapy with 3 other
delivery techniques. Radiother Oncol. 97(3): 437–442.

FFF Beams for VMAT in Squamous Cell Carcinoma of the Scalp

PLOS ONE | DOI:10.1371/journal.pone.0114953 December 15, 2014 11 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114953.s002


9. Song JH, Jung JY, Park HW, Lee GW, Chae SM, et al. (2014) Dosimetric comparison of three different
treatment modalities for total scalp irradiation: the conventional lateral photon-electron technique, helical
tomotherapy, and volumetric-modulated arc therapy. J Radiat Res. 1–10.

10. Wojcicka JB, Lasher DE, McAfee SS, Fortier GA (2009) Dosimetric comparison of three different
treatment techniques in extensive scalp lesion irradiation. Radiother Oncol. 91(2): 255–260.

11. Hrbacek J, Lang S, Kloeck S (2011) Commissioning of photon beams of a flattening filter-free linear
accelerator and the accuracy of beam modeling using an anisotropic analytical algorithm. Int J Radiat
Oncol Biol Phys. 80(4): 1228–1237.

12. Lang S, Shrestha B, Graydon S, Cavelaars F, Linsenmeier C, et al. (2013) Clinical application of
flattening filter free beams for extracranial stereotactic radiotherapy. Radiother Oncol. 106(2): 255–259.

13. Georg D, Knoos T, McClean B (2011) Current status and future perspective of flattening filter free
photon beams. Med Phys. 38(3): 1280–1293.

14. Stieler F, Fleckenstein J, Simeonova A, Wenz F, Lohr F (2013) Intensity modulated radiosurgery of
brain metastases with flattening filter-free beams. Radiother Oncol. 109(3): 448–451.

15. Ong CL, Dahele M, Slotman BJ, Verbakel W (2013) Dosimetric Impact of the Interplay Effect During
Stereotactic Lung Radiation Therapy Delivery Using Flattening Filter-Free Beams and Volumetric
Modulated Arc Therapy. Int J Radiat Oncol Biol Phys. 86(4): 743–748.

16. Reggiori G, Mancosu P, Castiglioni S, Alongi F, Pellegrini C, et al. (2012) Can volumetric modulated
arc therapy with flattening filter free beams play a role in stereotactic body radiotherapy for liver lesions?
A volume-based analysis. Med Phys. 39(2): 1112–1118.

17. Alongi F, Cozzi L, Arcangeli S, Iftode C, Comito T, et al. (2013) Linac based SBRT for prostate cancer
in 5 fractions with VMAT and flattening filter free beams: preliminary report of a phase II study. Radiat
Oncol 8: 171.

18. Zwahlen DR, Lang S, Hrbacek J, Glanzmann C, Kloeck S, et al. (2012) The Use of Photon Beams of
a Flattening Filter-free Linear Accelerator for Hypofractionated Volumetric Modulated Arc Therapy in
Localized Prostate Cancer. Int J Radiat Oncol Biol Phys. 83(5): 1655–1660.

19. Spruijt KH, Dahele M, Cuijpers JP, Jeulink M, Rietveld D, et al. (2013) Flattening Filter Free vs
Flattened Beams for Breast Irradiation. Int J Radiat Oncol Biol Phys. 85(2): 506–513.

20. Kuo YC, Chiu YM, Shih WP, Yu HW, Chen CW, et al. (2011) Volumetric intensity-modulated Arc
(RapidArc) therapy for primary hepatocellular carcinoma: comparison with intensity-modulated
radiotherapy and 3-D conformal radiotherapy. Radiat Oncol 6: 76.

FFF Beams for VMAT in Squamous Cell Carcinoma of the Scalp

PLOS ONE | DOI:10.1371/journal.pone.0114953 December 15, 2014 12 / 12


	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Figure 1
	Section_10
	Figure 2
	Section_11
	Section_12
	Section_13
	Section_14
	Section_15
	Section_16
	Section_17
	Section_18
	TABLE_1
	Figure 3
	Figure 4
	Section_19
	TABLE_2
	Section_20
	Section_21
	Section_22
	Section_23
	Section_24
	Section_25
	Section_26
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20

