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Safety of high-dose-rate stereotactic body
radiotherapy
Sonja Stieb, Stephanie Lang, Claudia Linsenmeier, Shaun Graydon and Oliver Riesterer*

Abstract

Background and purpose: Flattening filter free (FFF) beams with high dose rate are increasingly used for

stereotactic body radiotherapy (SBRT), because they substantially shorten beam-on time. The physical properties of

these beams together with potentially unknown radiobiological effects might affect patient safety. Therefore here

we analyzed the clinical outcome of our patients.

Material and methods: Between 3/2010 and 2/2014 84 patients with 100 lesions (lung 75, liver 10, adrenal 6,

lymph nodes 5, others 4) were treated with SBRT using 6 MV FFF or 10 MV FFF beams at our institution. Clinical

efficacy endpoints and toxicity were assessed by Kaplan-Meier analysis and CTCAE criteria version 4.0.

Results: Median follow-up was 11 months (range: 3–41). No severe acute toxicity was observed. There has been

one case of severe late toxicity (1%), a grade 3 bile duct stricture that was possibly related to SBRT. For all patients,

the 1-year local control rate, progression free survival and overall survival were 94%, 38% and 80% respectively, and

for patients with lung lesions 94%, 48% and 83%, respectively.

Conclusions: No unexpected toxicity occurred. Toxicity and treatment efficacy are perfectly in range with studies

investigating SBRT with flattened beams. The use of FFF beams at maximum dose rate for SBRT is time efficient and

appears to be safe.
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Dose rate, Toxicity

Background
Novel linear accelerator technology allows compensating

non uniform photon fluence by use of intensity modulation

instead of directing the beam through a flattening filter. A

major advantage of using flattening filter free (FFF) beams

is that the dose rate can be multiplied in comparison to flat-

tened beams thereby shortening beam-on time [1,2]. This is

especially attractive when a high dose per fraction is used,

e.g. in the case of stereotactic body radiotherapy (SBRT).

Although FFF beams at maximum dose rate have been

rapidly introduced into clinical use, little clinical data

about their safety and efficacy are available.

Shortening of treatment time improves patient comfort

especially in elderly and frail patients and was shown to

improve patient stability [2-4]. On the other hand, it may

introduce novel hazards, e.g. in case of patient or organ

movement there is less time to intervene. There are also

dosimetric uncertainties due to the interplay effect; e.g.

Ong et al. [5] investigated the dosimetric impact of intra-

fractional motion during spine radiosurgery and found an

increased sensitivity of the target coverage and dose to the

spinal cord if FFF beams are used compared to flattened

beams.

Because of putative unknown radiobiological hazards

of using high instantaneous dose rate, several research

groups recently performed preclinical investigations.

Using exclusively in vitro assays, four studies could not

detect any effect of high dose rate on clonogenic cell

survival [6-9], whereas Lohse et al. [10] found that FFF

beams given with high dose per pulse impaired clono-

genic survival and this effect became significant with

high dose per fraction. Only one preclinical study so

far investigated the effect of extremely high dose rate

in vivo. Using a murine lung fibrogenesis model as well as

human xenografts and murine syngenic and orthotopic
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lung tumors a differential response between normal and

tumor tissue in mice was shown when ultrahigh-dose-rate

flash irradiation was compared to conventional dose

rate irradiation [11]. Also classical radiobiological con-

siderations seem to support a dose rate effect of very

high dose rates. Based on the linear quadratic model, in

a recent comprehensive review it was suggested that the

influence of high dose rate on tumor response and toxicity

is determined by beam-on time with late reacting tissue

being more sensitive to dose rate effect than tumors and

early reacting tissues [12].

Our clinic was the first to use FFF linear accelerator

technology at maximum dose rate for SBRT in patients.

With the lack of a clear biological rationale not to use

FFF beams we introduced this technology assuming that

the benefit in terms of increased treatment efficiency

would outweigh the minimal risk of additional toxicity.

Here we report the results of our patients with focus on

patient safety, which is the biggest patient cohort re-

ported so far.

Methods
From March 2010 to February 2014 84 patients were

treated with SBRT using FFF beams at our institu-

tion. Patient and treatment parameters are listed in

Table 1. Clinical data were collected retrospectively

from the patient charts and radiotherapy parameters

were extracted from the Eclipse treatment planning

system.

Patients and lesions treated

Altogether 84 consecutive patients with 100 lesions

were included in this study. Inclusion criteria were

defined as the use of FFF beams at maximum dose rate

for SBRT. Patients with pancreatic lesions were ex-

cluded due to the pre- or postoperative setting of

radiotherapy. Of the 84 patients, 48 were male and 36

female. Patient age ranged from 19 to 88 years (median:

67 years).

The irradiated lesions were localized in the lung 75

(75%), liver 10 (10%), adrenal glands 6 (6%), lymph node

5 (5%) or other sites 4 (4%) (Table 1). Of all tumors 25%

were primary tumors (19 non-small cell lung cancers

and 2 small cell lung cancers with histology, 2 solitary

lung nodules suspicious for primary lung cancer but

without histology, 2 liver cancers), 45% metastases, 16%

tumor recurrences and for 14% no differentiation was

possible. Mean gross tumor volume (GTV) was 15.4

cm3 (range: 0.6–126.7 cm3). BED was ≥100 Gy in 33% of

the patients. For patients with lung lesions the mean

forced expiratory volume (FEV1) was 1.87 l (range:

0.41–4.30 l) and the mean diffusion capacity (DLCO)

was 66% (24–115%).

Table 1 Patient and treatment parameters

N1

Gender

Male 48 (57%)

Female 36 (43%)

Age

Mean/Median [years] 66/67

Range [years] 19 - 88

RT localization

Lung 75 (75%)

Liver 10 (10%)

Adrenal gland 6 (6%)

Lymph node 5 (5%)

Other site 4 (4%)

Lesions treated

Primary tumor 25 (25%)

Metastasis 45 (45%)

Tumor recurrence 16 (16%)

Primary tumor/Metastasis 14 (14%)

Prescription dose

48 Gy/4 fx 19 (19%)

40 Gy/4 fx 10 (10%)

35 Gy/5 fx 6 (6%)

60 Gy/10 fx 5 (5%)

50 Gy/10 fx 5 (5%)

Other 55 (55%)

BED

<100 Gy 66 (66%)

≥100 Gy 34 (34%)

GTV size

Mean [cm3]/Median [cm3] 15.4/6.7

Range [cm3] 0.60 - 126.7

<14 cm3 65 (65%)

≥14 cm3 35 (35%)

PTV size

Mean [cm3]/Median [cm3] 58.2/35.2

Range [cm3] 5.9 - 368.7

Energy

6 MV 84 (84%)

10 MV 16 (16%)

Dose rate

Mean [MU/min.]/Median [MU/min.] 1319/1400

Range [MU/min] 451 - 2400

N1 = number of patients or lesions if not indicated otherwise. (RT: Radiation

Therapy, fx: fractions, BED: Biologically Effective Dose, GTV: Gross Tumor

Volume, PTV: Planning Target Volume, MU: Monitor Unit).
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Treatment

A TrueBeam linear accelerator (Varian Medical Systems,

Palo Alto, CA) was used to apply 6 MV FFF or 10 MV

FFF beams with a maximum dose rate of 2400 MU/min.

Overall mean dose rate considering all treatments was

1319 MU/min (range: 451–2400 MU/min). Patients

were treated using Volumetric Modulated Arc Therapy

(VMAT) with 1–4 arcs. The tumors were delineated as

internal target volumes (ITV) on 4-dimensional computed

tomographies (4DCTs). For peripheral and central lung

lesions the planning target volume (PTV) was defined

as the ITV + 6 mm and 3 mm, respectively, and for liver,

adrenal gland and lymph node lesions ITV to PTV mar-

gins of 5 – 10 mm were used. Prescribed doses were

21–66 Gy in 3–15 fractions. In case of curative intention a

BED of at least 100 Gy was envisaged (usually 48 Gy in 3

to 4 fractions, 10 × 6 Gy for tumors adjacent to the thor-

acic wall, 8 × 7.5 Gy for centrally located lung tumors).

For palliative indications individualized and risk-adapted

regimens were used depending on tumor localization,

remaining organ function and anticipated life expectancy.

Normal tissue constraints for lung tumors were adopted

from current RTOG protocols (RTOG 0618 and 0915,

http://www.rtog.org). Treatment planning was performed

on the average projection of the 4DCT in the Eclipse

treatment planning system (Varian Medical system, Palo

Alto). The dose was prescribed inhomogeneously to the

PTV in a way that 95% of the PTV should receive 100% of

the prescribed dose with maximum doses between 125%

to 152% [13].

Follow up

The patients were usually seen at three months after SBRT

and then in 6-monthly intervals. For follow-up imaging

either CT of the chest or FDG PET/CT were used.

Data analysis

Local control rate (LCR), progression free survival (PFS)

and overall survival (OS) were assessed at 1 year after

start of treatment. Local tumor recurrence or distant

relapse were evaluated following the RECIST criteria

version 1.1 [14]. In case RECIST criteria were not useful,

an FDG PET/CT was performed to differentiate between

tumor recurrence and lung fibrosis. Acute and late toxic-

ities were assessed according to the Common Termin-

ology Criteria for Adverse Events Version 4.0 (CTCAE

v4.0). Acute toxicity was defined as adverse event within a

90 days period from start of treatment and late toxicity as

adverse event thereafter. Grade 3–4 toxicity was assessed

for all patients and grade 1–2 toxicity only for radiological

changes in the lung (pneumonitis, pleural effusion, atelec-

tasis) due to the retrospective character of the analysis.

The biologically effective dose (BED) was calculated by

the following formula: BED ¼ nd 1þ d

α=β

� �

, whereby α/β

was assumed to be 10 (n: number of fractions, d: dose per

fraction). BED was calculated and analyzed for prescribed

dose.

Statistics

Descriptive statistics were used to calculate number,

percentage, mean, median and standard deviation. Sur-

vival curves were calculated by Kaplan Meier analysis.

Log-rank test and Cox regression were used to analyze

correlation of outcome with BED, tumor size and mean

dose rate. For log-rank test a BED of 100 Gy and a

tumor volume of 14 cm3 (diameter ~ 3 cm) were chosen

as cut-off values because BED above 100 Gy and tumor

size ≤ 3 cm were associated with improved tumor control

rates after SBRT with flattened beams [15-20]. A p-value

of ≤ 0.05 was considered to be statistically significant.

All statistical analyses described above were performed

using the software program SPSS Version 22 (IBM SPSS

Statistic Software).

Results
Toxicity

There was no treatment related mortality or ≥ grade 3

acute toxicity observed. Only 2 patients (3%) presented

with grade 2 acute pneumonitis (Table 2).

Late toxicity could be assessed in 74 of 84 patients,

who had a minimum follow-up of 90 days from start of

treatment. One patient with centrally located liver metas-

tasis developed a grade 3 bile duct stenosis after SBRT

with 4 × 12 Gy. However this patient also had hemihepa-

tectomy after SBRT with the resection line being close to

the bile duct and the relationship to both treatments re-

mains unclear. The patient received a percutaneous biliary

drainage and was still alive at last follow-up, 22 months

after treatment. Of 75 lung lesions 63 were peripherally

and 12 centrally located. No ≥ grade 3 late lung toxicity

Table 2 Acute and late lung toxicity in 75 patients with

lung lesions

Adverse event Grade

I II ≥III

Acute toxicity

Pneumonitis 11% 8% -

Pleural Effusion 3% - -

Atelectasis 8% - -

Late toxicity

Pneumonitis 44% 6% -

Pleural Effusion 14% 2% -

Atelectasis 20% 2% -

If patients were treated at multiple sites, each site was analyzed separately.
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occurred and there have been only 4 patients (5%) with

grade 2 late lung toxicity: two cases with pneumonitis, one

case with pneumonitits and atelectasis and one case with

pleural effusion.

Treatment efficacy

The median follow-up of all patients was 11 ± 10 months.

For all patients the 1-year LCR, PFS and OS were 94%,

38% and 80% and for patients with lung lesions 94%, 48%

and 83%, respectively (Figure 1). If lung lesions are strati-

fied into primary lung cancers (n = 48) and lung metasta-

ses of other histologies (n = 27) the 1-year LCR, PFS and

OS were 93%, 60% and 85% for primary lung cancers and

95%, 29% and 77% for lung metastases. All patients with

liver metastases (n = 9) or thoracic lymph nodes (n = 4)

remained locally stable after one year and all but one pa-

tient with adrenal lesion (n = 5). No significant correlation

could be found between GTV size and LCR, if all lesions

were analyzed, whereas for lung lesions there was a signifi-

cant negative correlation when using the log-rank test

with a cut-off value of 14 cm3 (p = 0.02), but not if Cox

regression analysis was performed (Table 3). No significant

correlation was found for LCR and the PTV surrounding

BED (p = 0.52), but all patients irradiated with BED ≥ 100

Gy remained locally stable after 1 year of treatment, or

between LCR and mean dose rate (p = 0.44).

Discussion
In the present study we analyzed the clinical results of

the patients treated with SBRT and FFF beams at max-

imum dose rate at our institution. We included all pa-

tients treated so far, although it is a hetergenous cohort,

because we wanted to analyze overall patient safety and

detect any unexpected toxicity rather than investigating

specific tumor sites. We show in 84 patients with 100 le-

sions in the lung, liver, adrenal glands, lymph nodes and

other sites that the use of FFF beams for these indications

is associated with low rates of acute and early late toxicity

and results in excellent early local tumor control. The re-

sults shown appear similar to results of studies using

SBRT with flattened beams and lower dose rates.

Most of the data published about FFF beams explored

their physical properties [1,2,13,21-25]. Altogether these

studies show that the use of FFF beams significantly re-

duces treatment time for high single fractions and dose

distributions are comparable to flattened beams. Apart

from the technical benefits there have been some concerns

about patient safety when FFF beams with high instantan-

eous dose rate are used due to physical uncertainties of

beam application and biological considerations.

A physical concern is that very short beam-on times

introduce dosimetric uncertainties in case of tumor shifts.

In patients with spinal metastases Ong et al. [5] investi-

gated shifts of 1–5 mm during 5–30 seconds in the case

of single fraction SBRT with flattened or FFF beams. Dosi-

metric deviations in FFF plans were approximately 2-fold

greater than with flattened beams, which resulted in sig-

nificant overdosage of the spinal cord and underdosage of

the GTV with increasing shift size and dependent on shift

duration. In their study GTV to PTV margins of 2–3 mm

were used. In our clinic until recently we did not use

SBRT for spinal metastases and therefore the lesions

analyzed had usually less proximity to critical organs.

In addition we fractionated SBRT und applied much

larger margins (3–10 mm). Therefore potential dosimetric

uncertainties are much less important for the treatments

reported by us.

Recently several preclinical studies were published in-

vestigating the biology of high instantaneous dose rate

in clonogenic cell survival assays [6-10]. Sorensen et al.

used Chinese hamster and FADU cells irradiated with 6

MV flattened beams with single doses up to 10 Gy, dose

Figure 1 Kaplan Meier curves for local control rate (LCR), overall survival (OS) and progression free survival (PFS) for all lesions

(left side) and separately for lung lesions (right side).
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rates between 5 and 30 Gy/min and instantaneous dose

rates per pulse between 56 and 338 Gy/s [8]. They did

not find any effect of high instantaneous dose rates on

cell survival. In contrast, Lohse et al. [10] irradiated dif-

ferent glioblastoma cell lines using 10 FFF beams with

overall dose rates of 0.2 Gy/min or 24 Gy/min and in-

stantaneous dose rates per pulse up to 350 Gy/s and

found that high dose per pulse but not delivery time

reduced clonogenic survival. The anti-tumor cell effect

of high dose rate increased with fraction size and be-

came significant at 10 Gy. Three additional preclinical

studies were published investigating FFF beams in differ-

ent cell-lines, all showing no difference in clonogenic cell

survival if FFF beams with dose rates up to 24 Gy/min are

used [6,7,9]. A preclinical study using clinically more rele-

vant in vivo models was recently published by Favaudon

et al. [11]. The authors used a lung fibrogenesis model

and human tumor xenografts as well as syngenic and

orthotopic murine lung tumors and treated them with

high single fractions of ultrahigh-dose-rate flash irradi-

ation (dose rate ≥ 40 Gy/s) versus conventional dose rate

irradiation (≤0.03 Gy/s). Interestingly both techniques

exerted similar anti-tumor effects but the ultrahigh-dose-

rate flash irradiation induced much less TGF-β dependent

lung fibrosis indicating a differential response between

normal and tumor tissue. A somehow contrary differential

effect was recently suggested and modeled by Ling and

coauthors considering various factors such as different

mechanisms of DNA repair and implications of the α/β

model [12]. Their conclusion was that the dose rate effect

is not determined by the instantaneous dose rate but in-

stead by beam-on time, which mostly affects late reacting

tissues. By computing with the LQ Model they calculated

for example that, if a single fraction of 10 Gy is given in 2

minutes instead of 10 minutes, this acceleration increases

BED to the tumor (α/β = 10) by ~1.5% and BED to late

responding tissue (α/β = 3) by ~3.9%.

We previously demonstrated that the gain in beam-on

time by using 6 or 10 FFF beams in comparison to a 6

MV flattened beam increases with dose per fraction and

amounts to several minutes when fractions beyond 10

Gy are used [2]. Therefore based on the paper by Ling

et al. there might be clinical situations, e.g. in case of

spinal SBRT when high doses are given in close proxim-

ity to critical serial organs, when the use of FFF beams

with maximum dose rate might lead to a small increase

of complications.

Only few clinical studies so far investigated the clinical

outcome of SBRT with FFF beams in patients [26-31]

(Table 4). Almost all studies except the studies by

Prendergast and Wang were conducted from the re-

search group of the Humanitas Cancer Center in Milano

[26-28,30,31]. Generally, patient numbers in these studies

were small and the follow-up was short. In the biggest

retrospective patient series, 67 patients with 70 lesions in

different organs were treated with SBRT using FFF beams

[30]. The treatment schedules ranged from 32–48 Gy in 4

fractions for lung and 75 Gy in 3 fractions for liver tu-

mors. With a minimum follow-up of 3 months two acute

grade 3 lung toxicities (3%) were observed and 89% of pa-

tients showed a tumor response at 60–90 days after SBRT.

In the only prospective study published with FFF beams

so far, 40 prostate cancer patients were treated with 35 Gy

in 5 fractions [26]. After a median follow-up of 11 months

no grade 3 toxicity was observed.

In the studies of the Milano group the dose was pre-

scribed homogeneously to the 95% isodose [26-28,30]. In

contrast, we use a SBRT protocol, where the dose is pre-

scribed inhomogeneously to the PTV with dose maxima in

the tumor of up to 152%. Therefore, in case of similar dose

prescription, the patients reported by us received a substan-

tially higher dose to the GTV and immediately surrounding

PTV without evidence of increased toxicity. The only study

that reported substantial high-grade toxicity when using

SBRT with FFF beams was published by Prendergast et al.

[29]. This study included 64 patients with lung malignan-

cies receiving 30–60 Gy in 3–5 fractions. Median follow

up was 11.5 months and 6 cases of severe ≥ grade 3 late

toxicity (12%) occurred; of these, five were pulmonary and

one nerve-related. One patient died because of sepsis after

pneumonia in the irradiated lobe. Tumor control and sur-

vival data were not presented.

Table 3 Local Control Rate (LCR) 12 months after start of radiotherapy for all lesions and lung lesions

All (N = 100) Lung (N = 75)

LCR – 12 months All 93.8% (N = 83) 93.5% (N = 61)

BED ≤ 100 Gy 90.7% (N = 55) p = 0.43 89.7% (N = 39) p = 0.51

BED > 100 Gy 100% (N = 28) 100% (N = 22)

GTV≤ 14 cm3 98.1% (N = 58) p = 0.06 97,9% (N = 51) p = 0.02

GTV > 14 cm3 84.9% (N = 25) 74.1% (N = 10)

Cox regression BED p = 0.36 (0.994) p = 0.21 (0.986)

GTV p = 0.72 (1.013) p = 0.16 (0.986)

p-values indicate significance determined by log-rank test. Cox Regression is shown with p-values and hazard ratio in brackets. (BED: Biologically Effective Dose,

GTV: Gross Tumor Volume).
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Table 4 Clinical studies investigating toxicity and outcome of SBRT with FFF beams

Current study Wang 2014 [31] Prendergast 2013 [29] Alongi 2013 [26] Navarria 2013 [28] Alongi 2012 [27] Scorsetti 2011 [30]

Patients (Lesions) 84 (100) 20 (22) 64 40 46 25 (28) 67 (70)

Tumor Various (mostly lung) HCC Lung Prostate NSCLC Stage I Abdominal/pelvic LN Various (mostly lung)

RT schedule 21 – 66 Gy (3–15 fx) 40 - 75 Gy (3–10 fx) 30 – 60 Gy (3–5 fx) 35 Gy (5 fx) 48 Gy (4 fx) 45 Gy (6 fx) 32 – 75 Gy (3–6 fx)

Median follow-up (range) 11 months (3–46) 7 months (3–13) 12 months (3–25) 11 months (5–16) 16 months (2–24) 6 months (2–19) NA7

Acute toxicity1 ≥G3 0% 5%3,6 2%4 0% 4%4,6 0% 3%4

Late toxicity1 ≥G3 1%2 12%4,5 0% 0% -

Local control 1-y-LC: 94% Actuarial-LC: 95% NA8 NA8 1-y-LC: 100% Actuarial-LC: 100% Actuarial-LC: 89%

1Toxicity was assessed either by number or by lesion; 2Bile duct stricture; 3Radiation induced liver disease (RILD); 4Pulmonary toxicity; 5Brachial plexopathy; 6Data show overall toxicity; 7Minimum follow up 3 months;
8Local control not reported. RT: radiotherapy, fx: fractions, LC: local control, LN: lymph node, y: year, NA: not applicable.
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We report a 1-year local control rate of 94%. All tumors

treated with a PTV surrounding BED > 100 Gy were lo-

cally stable after one year and small lung tumors ≤ 14 cm3

(~3 cm diameter) had a significant lower recurrence rate.

Dependency of tumor control on BED and tumor size is

well known from studies predominantly performed with

flattened beams [19,32,33]. In addition, the toxicity re-

ported by us is similar or even lower in comparison to the

toxicity reported in the literature for SBRT with flattened

beams [17,34-36]. In order to detect small changes in tox-

icity, when FFF beams are used, large randomized studies

would be needed, which are unlikely to be performed, be-

cause FFF beams are rapidly adopted into the clinic and

are FDA-approved. In addition to LCR and toxicity we

also analyzed PFS and OS. Of clinical importance, the PFS

was much lower than the LCR suggesting that patients

tend to recur distant from the irradiated lesion. In addition,

the low numbers of 1-year PFS and OS in primary and

secondary cancers indicate a selection bias of inoperable,

comorbid or extensively pretreated patients.

A limitation of our study is the retrospective design,

which doesn’t allow evaluating all side effects of radio-

therapy in the same manner. On the basis of medical

records we often could not distinguish between toxicity

grade 1 and 2, therefore we focused on side effects of

grade 3 and higher: events that made hospitalization or

prolongation of hospitalization necessary. Because of

only one case of ≥ grade 3 toxicity we could not perform

statistical analysis of toxicity related risk factors (e.g. ra-

diation dose, tumor size, centrally located vs. peripheral

lung tumors, etc.). Although our clinic was the first cen-

ter to implement FFF beams for clinical use, the median

follow-up of 11 months is relatively short with, on the

other hand, the follow-up period ranging up to 41

months.

Conclusion
In our cohort of patients with lung, liver, adrenal gland

and lymph node lesions, who were treated with FFF

beams, the acute and early late toxicity, local control and

survival data are perfectly in range with the literature in-

vestigating SBRT with flattened beams. Therefore the use

of FFF beams for SBRT appears to be safe for these indica-

tions, if carefully applied.

Competing interests

The authors declare that they have no conflicts of interest.

Authors’ contributions

SS carried out the data analysis, performed statistical analysis and drafted the

manuscript. SL participated in data analysis and statistical analysis. CL helped

to analyze toxicity. SG participated in data analysis. OR conceived of the

study, participated in study design and data analysis and helped to draft the

manuscript. All authors read and approved the final manuscript.

Acknowledgements

This work was supported by the KFSP Tumor Oxygenation of the University

of Zurich.

Received: 10 October 2014 Accepted: 21 December 2014

References

1. Hrbacek J, Lang S, Klock S. 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.

2011;80:1228–37.

2. Lang S, Shrestha B, Graydon S, Cavelaars F, Linsenmeier C, Hrbacek J, et al.

Clinical application of flattening filter free beams for extracranial stereotactic

radiotherapy. Radiother Oncol. 2013;106:255–9.

3. Mancosu P, Castiglioni S, Reggiori G, Catalano M, Alongi F, Pellegrini C, et al.

Stereotactic body radiation therapy for liver tumours using flattening filter

free beam: dosimetric and technical considerations. Radiat Oncol. 2012;7:16.

4. Reggiori G, Mancosu P, Castiglioni S, Alongi F, Pellegrini C, Lobefalo F, et al.

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. 2012;39:1112–8.

5. Ong CL, Dahele M, Cuijpers JP, Senan S, Slotman BJ, Verbakel WF.

Dosimetric impact of intrafraction motion during RapidArc stereotactic

vertebral radiation therapy using flattened and flattening filter-free beams.

Int J Radiat Oncol Biol Phys. 2013;86:420–5.

6. Karan T, Moiseenko V, Gill B, Horwood R, Kyle A, Minchinton AI.

Radiobiological effects of altering dose rate in filter-free photon beams. Phys

Med Biol. 2013;58:1075–82.

7. King RB, Hyland WB, Cole AJ, Butterworth KT, McMahon SJ, Redmond KM,

et al. An in vitro study of the radiobiological effects of flattening filter free

radiotherapy treatments. Phys Med Biol. 2013;58:N83–94.

8. Sorensen BS, Vestergaard A, Overgaard J, Praestegaard LH. Dependence of

cell survival on instantaneous dose rate of a linear accelerator. Radiother

Oncol. 2011;101:223–5.

9. Verbakel WF, van den Berg J, Slotman BJ, Sminia P. Comparable cell survival

between high dose rate flattening filter free and conventional dose rate

irradiation. Acta Oncol. 2013;52:652–7.

10. Lohse I, Lang S, Hrbacek J, Scheidegger S, Bodis S, Macedo NS, et al. Effect

of high dose per pulse flattening filter-free beams on cancer cell survival.

Radiother Oncol. 2011;101:226–32.

11. Favaudon V, Caplier L, Monceau V, Pouzoulet F, Sayarath M, Fouillade C,

et al. Ultrahigh dose-rate FLASH irradiation increases the differential

response between normal and tumor tissue in mice. Sci Transl Med.

2014;6:245ra293.

12. Ling CC, Gerweck LE, Zaider M, Yorke E. Dose-rate effects in external beam

radiotherapy redux. Radiother Oncol. 2010;95:261–8.

13. Hrbacek J, Lang S, Graydon SN, Klock S, Riesterer O. Dosimetric comparison

of flattened and unflattened beams for stereotactic ablative radiotherapy of

stage I non-small cell lung cancer. Med Phys. 2014;41:031709.

14. Eisenhauer EA, Therasse P, Bogaerts J, Schwartz LH, Sargent D, Ford R, et al.

New response evaluation criteria in solid tumours: revised RECIST guideline

(version 1.1). Eur J Cancer. 2009;45:228–47.

15. Guckenberger M, Klement RJ, Allgauer M, Appold S, Dieckmann K, Ernst I,

et al. Applicability of the linear-quadratic formalism for modeling local

tumor control probability in high dose per fraction stereotactic body

radiotherapy for early stage non-small cell lung cancer. Radiother Oncol.

2013;109:13–20.

16. Guckenberger M, Wulf J, Mueller G, Krieger T, Baier K, Gabor M, et al.

Dose-response relationship for image-guided stereotactic body

radiotherapy of pulmonary tumors: relevance of 4D dose calculation.

Int J Radiat Oncol Biol Phys. 2009;74:47–54.

17. Kestin L, Grills I, Guckenberger M, Belderbos J, Hope AJ, Werner-Wasik M,

et al. Dose-response relationship with clinical outcome for lung stereotactic

body radiotherapy (SBRT) delivered via online image guidance. Radiother

Oncol. 2014;110:499–504.

18. Onishi H, Araki T, Shirato H, Nagata Y, Hiraoka M, Gomi K, et al. Stereotactic

hypofractionated high-dose irradiation for stage I nonsmall cell lung carcinoma:

clinical outcomes in 245 subjects in a Japanese multiinstitutional study. Cancer.

2004;101:1623–31.

Stieb et al. Radiation Oncology  (2015) 10:27 Page 7 of 8



19. Rusthoven KE, Kavanagh BD, Cardenes H, Stieber VW, Burri SH, Feigenberg

SJ, et al. Multi-institutional phase I/II trial of stereotactic body radiation

therapy for liver metastases. J Clin Oncol. 2009;27:1572–8.

20. Wulf J, Baier K, Mueller G, Flentje MP. Dose-response in stereotactic

irradiation of lung tumors. Radiother Oncol. 2005;77:83–7.

21. Boda-Heggemann J, Mai S, Fleckenstein J, Siebenlist K, Simeonova A,

Ehmann M, et al. Flattening-filter-free intensity modulated breath-hold

image-guided SABR (Stereotactic ABlative Radiotherapy) can be applied in a

15-min treatment slot. Radiother Oncol. 2013;109:505–9.

22. Kragl G, af Wetterstedt S, Knausl B, Lind M, McCavana P, Knoos T, et al.

Dosimetric characteristics of 6 and 10MV unflattened photon beams.

Radiother Oncol. 2009;93:141–6.

23. Lechner W, Palmans H, Solkner L, Grochowska P, Georg D. Detector

comparison for small field output factor measurements in flattening filter

free photon beams. Radiother Oncol. 2013;109:356–60.

24. Stieler F, Fleckenstein J, Simeonova A, Wenz F, Lohr F. Intensity modulated

radiosurgery of brain metastases with flattening filter-free beams. Radiother

Oncol. 2013;109:448–51.

25. Zwahlen DR, Lang S, Hrbacek J, Glanzmann C, Kloeck S, Najafi Y, et al. 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. 2012;83:1655–60.

26. Alongi F, Cozzi L, Arcangeli S, Iftode C, Comito T, Villa E, et al. 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. 2013;8:171.

27. Alongi F, Fogliata A, Clerici E, Navarria P, Tozzi A, Comito T, et al. Volumetric

modulated arc therapy with flattening filter free beams for isolated

abdominal/pelvic lymph nodes: report of dosimetric and early clinical

results in oligometastatic patients. Radiat Oncol. 2012;7:204.

28. Navarria P, Ascolese AM, Mancosu P, Alongi F, Clerici E, Tozzi A, et al.

Volumetric modulated arc therapy with flattening filter free (FFF) beams for

stereotactic body radiation therapy (SBRT) in patients with medically

inoperable early stage non small cell lung cancer (NSCLC). Radiother Oncol.

2013;107:414–8.

29. Prendergast BM, Dobelbower MC, Bonner JA, Popple RA, Baden CJ, Minnich

DJ, et al. Stereotactic body radiation therapy (SBRT) for lung malignancies:

preliminary toxicity results using a flattening filter-free linear accelerator

operating at 2400 monitor units per minute. Radiat Oncol. 2013;8:273.

30. Scorsetti M, Alongi F, Castiglioni S, Clivio A, Fogliata A, Lobefalo F, et al.

Feasibility and early clinical assessment of flattening filter free (FFF) based

stereotactic body radiotherapy (SBRT) treatments. Radiat Oncol. 2011;6:113.

31. Wang PM, Hsu WC, Chung NN, Chang FL, Jang CJ, Fogliata A, et al.

Feasibility of stereotactic body radiation therapy with volumetric modulated

arc therapy and high intensity photon beams for hepatocellular carcinoma

patients. Radiat Oncol. 2014;9:18.

32. Guckenberger M, Allgauer M, Appold S, Dieckmann K, Ernst I, Ganswindt U,

et al. Safety and efficacy of stereotactic body radiotherapy for stage 1

non-small-cell lung cancer in routine clinical practice: a patterns-of-care and

outcome analysis. J Thorac Oncol. 2013;8:1050–8.

33. Klement RJ, Allgauer M, Appold S, Dieckmann K, Ernst I, Ganswindt U, et al.

Support vector machine-based prediction of local tumor control after

stereotactic body radiation therapy for early-stage non-small cell lung

cancer. Int J Radiat Oncol Biol Phys. 2014;88:732–8.

34. Baumann P, Nyman J, Hoyer M, Gagliardi G, Lax I, Wennberg B, et al.

Stereotactic body radiotherapy for medically inoperable patients with stage

I non-small cell lung cancer - a first report of toxicity related to COPD/CVD

in a non-randomized prospective phase II study. Radiother Oncol.

2008;88:359–67.

35. Ong CL, Palma D, Verbakel WF, Slotman BJ, Senan S. Treatment of large

stage I-II lung tumors using stereotactic body radiotherapy (SBRT): planning

considerations and early toxicity. Radiother Oncol. 2010;97:431–6.

36. Stauder MC, Macdonald OK, Olivier KR, Call JA, Lafata K, Mayo CS, et al. Early

pulmonary toxicity following lung stereotactic body radiation therapy

delivered in consecutive daily fractions. Radiother Oncol. 2011;99:166–71.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Stieb et al. Radiation Oncology  (2015) 10:27 Page 8 of 8


	Abstract
	Background and purpose
	Material and methods
	Results
	Conclusions

	Background
	Methods
	Patients and lesions treated
	Treatment
	Follow up
	Data analysis
	Statistics

	Results
	Toxicity
	Treatment efficacy

	Discussion
	Conclusion
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

