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Supplementary methods

Patient cohort

The median age of the patients was 73 years (range: 
57–85). Tumour stages of the patients were T1: 9, 
T2: 9, and T3: 3. Of the 21 patients, 13 had a tumour 
less than 2 cm from the thorax wall; four had the 
tumour closer than 2 cm to the bronchial-tree; and 
four had a tumour in the free part of the lung.

Planning protocol

Since the clinically delivered treatments were not  
initially planned for the Versa HD™ accelerators, new 
6 MV FF and FFF plans based on the initial con-
tours were generated in Pinnacle ver. 9.2 using the 
same objectives.

The dual FF beams had previously been used 
clinically in order to conveniently accommodate  
re-imaging midway through the delivery; the first arc 
normally covers approximately 200° and the second 
arc around 180°, both restricted to the ipsilateral 
lung. The same dual arc setup was adopted in this 
study. The single arc VMAT plan is based on one 
200° arc restricted to the ipsilateral lung.

Planning objectives

Constraints for organs at risk (OAR) were: lung 
V12Gy  30%, spinal cord D0%  18 Gy (D0% also 
known as DMAX), heart D0%  25 Gy and 

V22.5Gy  20%, skin D0%  25 Gy and great vessels 
D0%  30 Gy. The target and OAR risk constraints 
were mandatory to be fulfilled for all patients; how-
ever, the doses to OARs were reduced as much as 
possible during the FF plan optimisation with ring 
structures around the PTV to facilitate rapid dose 
fall off.

Planning optimisation

After the dFF plan optimisation FFF plan calcula-
tions were performed using identical objectives and 
weights as for the related FF plan. This method 
ensured that no bias in favour of FFF plans was 
introduced since no additional optimisation of the 
FFF plans was performed. However, a bias in disfa-
vour of FFF may exist since the optimal objectives 
may not be identical for FF and FFF optimisation.

In the optimisation cost function within Pinnacle 
a term related to maximum delivery time is included. 
In the current study the user defined limit for this 
term was specified as a very large value which effec-
tively removes its effect during the optimisation. The 
calculation grid size was 3 mm, covering the entire 
CT volume.

In Pinnacle, an initial continuous fluence optimi-
sation is performed before the initial segmentation of 
the beams, based on MLC constraints, i.e. physical 
leaf size and speed. All final calculations are based 
on the collapsed cone algorithm while a faster singu-
lar value decomposition pencil beam algorithm is 

Supplementary Table I. Summary of SBRT VMAT FFF publications and treatment delivery efficiency.

Author

Beam 
energy

MV FFF

Dose  
prescription pr 

fraction Gy

Average  
beam on  
time min

Average  
treatment dose  
rate Gy/min*

Average dose 
rate efficiency 

%#

Hrbacek et al. [7] 6 10 2.03 4.9 98
10 10 1.73 5.8 65

Lang et al. [6] 6 10 1.84 5.4 98
6 12 3.09 3.9 97

Navarria et al. [8] 10 12 1.5 8 ∼80
Ong et al. [13] 10 7.5 2.5 3 36

10 11 2.15 5.1 51
10 18 2.61 6.9 76

Peguert et al. [9] 10 7.5–18 1.9 – –
Predergast et al. [10] 10 6–20 2.3 – 79
Thomas et al. [11] 6 20 ∼5 ∼4 –

10 20 ∼2.5 ∼8 –
Nakagawa et al. [12]¤ 6 12.5 1.5 8.3 64
Hansen et al. [this study]¤ 6 22 2.5 8.8 89

*Average treatment dose rate is dose prescription pr. fraction divided by the beam on time; #Average dose rate 
efficiency is treatment MU/min divided by nominal linac dose rate (max MU/min); Varian linacs; ¤Elekta 
linacs.
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used during optimisation [1]. In the current study 
the first and second parts of the optimisation, con-
tinuous and segmented fluence, were iterated 75 and 
45 times, respectively (both being user defined input). 
The latter was divided into 25 and 20 iterations sep-
arated by a full collapsed cone calculation. Details of 
the optimisation algorithm are given in Bzdusek et al. 
2009 [2].

Accelerator setup

According to the standard Elekta FFF setup proce-
dure the beam quality of the 6 MV FFF beam is 
matched to the 6 MV FF beam by matching PDD 
at 10 cm depth for a 10  10 cm2 field, with Tissue 
Phantom Ratio TPR20,10 (Qi) of 0.679 and 0.682, 
respectively. This is different to the Varian approach 
where the bending magnet current, is kept the same, 

resulting in reduced beam quality parameters for the 
FFF beam. Calibrated at depths of 10 cm of water, 
the dose rates of the accelerator were 4.65 Gy/min 
and 12.90 Gy/min for FF and FFF beams, respec-
tively (at Dmax ∼5.6 Gy/min and ∼15.50 Gy/min). 
The accelerator output was calibrated so that 100 
MU  1 Gy under reference conditions (10  10 cm2 
field, Source Chamber Distance 100 cm, 10 cm 
water depth).
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