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 Abstract 
  Background . Volumetric modulated arc therapy (VMAT) for treatment of non-small cell lung cancer (NSCLC) patients 
potentially changes the risk of radiation-induced pneumonitis (RP) compared to intensity modulated radiation therapy 
(IMRT) if the dose to the healthy lung is changed signifi cantly. In this study, clinical IMRT plans were used as starting 
point for VMAT optimization and differences in risk estimates of RP between the two plan types were evaluated.  Material 
and methods.  Fifteen NSCLC patients prescribed 66 Gy in 2 Gy fractions were planned with IMRT and subsequently with 
single arc VMAT. Dose metrics were evaluated for target and lung together with population averaged dose volume histo-
grams. The risk of RP was calculated using normal tissue complication probability (NTCP) models. Finally, applicability 
of the plans was tested through delivery on an Elekta accelerator.  Results . When changing from IMRT to VMAT only 
modest differences were observed in the dose to the lung and target volume. On average, fractions of lung irradiated to 
doses between 18 Gy and 48 Gy were statistically signifi cant reduced using VMAT compared to IMRT. For the fraction 
of lung receiving more than 20 Gy the reduction was 1.2% percentage points: (range �0.6  –  2.6%). The evaluated toxic-
ity were smaller with VMAT compared to IMRT, however only modest differences were observed in the NTCP values. The 
plans were delivered without any problems. The average beam on time with VMAT was 83 s. This was a reduction of 141 
s (ranging from 37 s to 216 s) compared to IMRT.  Conclusions . Using IMRT as reference for the VMAT optimization it 
was possible to implement VMAT in the clinic with no increase in estimated risk of RP. Thus, toxicity is not expected to 
be a hindrance to using VMAT and will profi t from the shorter delivery time with VMAT compared to IMRT.   

 The introduction of volumetric modulated arc 
 therapy (VMAT) for external beam radiotherapy has 
increased the delivery effi ciency, especially in regards 
to treatment time, compared to intensity modulated 
radiation therapy (IMRT) [1]. VMAT plans are 
delivered continuously during gantry rotation which 
might change the dose distribution in the healthy 
tissue from “a lot to a little” towards “a little to a 
lot”, compared to IMRT , as previously reported in 
radiotherapy of head and neck cancer [2]. This may 
not be a problem if the organs surrounding the target 
tolerate large low dose volumes. However, in radio-
therapy of lung cancer large volumes of healthy lung 
tissue irradiated to low doses is a concern [3]. Ani-
mal studies have shown that the volume of healthy 
lung irradiated to small doses could be the dominant 

factor for radiation induced lung toxicity [4]. Several 
clinical studies have shown a relation between frac-
tion of lung volume irradiated to low dose and inci-
dence of pneumonitis [5 – 8]. Furthermore, a recent 
study indicates that increased low dose volumes 
might lead to a higher risk of pneumonitis when 
combined with chemotherapy [9,10]. 

 In six lung patients VMAT plans generated using 
a non-commercial VMAT segmentation algorithm 
have been compared to clinical IMRT plans in a 
previous planning study [11]. No differences were 
observed between IMRT and VMAT evaluating 
single value dose metrics for dose to target and 
healthy lung for this limited number of patients. Fur-
thermore, a recent study reported acceptable acute 
toxicity rates for NSCLC patients treated with 
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VMAT [12], but these results were not compared to 
a similar cohort treated with IMRT. 

 In the present study, clinical implementations of 
IMRT and VMAT using commercial available sys-
tems were evaluated for a larger number of patients. 
The purpose of this study was to evaluate whether 
a clinical implementation of VMAT alters the dose 
to the healthy lung signifi cantly compared to IMRT 
plans in such a way that increased lung toxicity 
should be a concern. Therefore, differences in risk 
of toxicity were assessed not only using single value 
dose metrics but also by evaluation of the population 
mean dose volume histograms (DVHs) and esti-
mates of the risk for pneumonitis calculated using 
normal tissue complication probability (NTCP) 
models.  

 Material and methods  

 Planning and optimization 

 Fifteen consecutive non-small cell lung cancer 
(NSCLC) patients treated in 2011 at Odense Uni-
versity Hospital were included in this planning study. 
In Table I are listed the patient specifi cs. The patients 
were treated supine with their arms elevated and 
immobilized using a Vacfi x vacuum bag with a 
thermo plastic cover. Treatment planning was based 
on the mid ventilation phase of a 4D kV-CT scan 
with slice thickness of 2.5 mm [14] and performed 
using Pinnacle 3 ®   9.0. The gross tumor volume 
(GTV) was delineated based on the planning-CT 
and FDG-PET scans. The planning target volume 
(PTV) was generated using margins to the GTV in 
the mediastinum and lung of 10 mm and 15 mm, 
respectively. The patients were prescribed 66 Gy in 
33 fractions to the PTV. Treatment plans were opti-
mized according to our current clinical procedure 
using the following clinical objectives for plan 
approval listed in order of importance: maximal 
dose to spinal cord less than 45 Gy, fraction of resid-
ual lung (defi ned as both lungs excluding the GTV) 
receiving more than 20 Gy constrained to less than 
40% and reduced if possible without compromising 
the target coverage, i.e. the PTV should receive 95% 
of the prescribed dose. The heart was not consid-
ered as a dose-limiting organ according to a previous 
study [15]. However, high doses in the heart were 
avoided if possible due to the possible interaction 
between dose to the heart and adverse effects in the 
lung [16]. IMRT and VMAT plans were created for 
an Elekta Synergy accelerator (MLCi2 leaf bank, 
2  �  40 leaves) using 6 MV. For step-and-shoot 
IMRT plans fi ve to seven co-planer treatment fi elds 
were distributed depended on the patient geometry 
and position of the target volume to avoid unneces-
sary irradiation of the contra lateral lung. Thus, 

beam angles were individualized and not evenly 
spaced. The median length of the arcs spanned by 
the IMRT fi elds was 215 °  (ranging from 150 °  to 
310 ° ). The IMRT optimization process was per-
formed using the Pinnacle 3 ®   DMPO segmentation 
algorithm that sequenced a median number of 58 
control points per plan to obtain the required dose 
modulation. 

 Due to the patient heterogeneity, use of standard-
ized optimization parameters for all patients would 
lead to non-optimal balance between dose to target 
and minimal dose to residual lung. Thus, some plan-
ning iterations are needed to fi nd the best optimiza-
tion parameters for the individual patient. Initial plan 
iterations are faster with IMRT compared to VMAT, 
due to large differences in degrees of freedom between 
the two techniques. Therefore, in our clinical proce-
dure, the VMAT plan was generated, subsequently 
to the IMRT planning, using the optimization param-
eters from the IMRT optimization process as starting 

  Table I. Patient speci fi cs.   

Sex 

 Male 8
 Female 7
Age [Years] median (min; max) 71 (56; 86)
Performance (WHO)
 0 3
 1 7
 2 5
FEV 1  [l/min] median (min; max) 1.6 (0.7; 3.1)
Stage ∗ 
 1A 1
 1B 2
 2B 1
 3A 6
 3B 5
Affected lopes of lung ∗  ∗ 
 Left (Lower/Upper) 7 (3/5)
 Right (Lower/Middle/Upper) 8 (1/4/5)
Position
 Central 8
 Hilar 4
 Periferial 2
 Dorsal 1
Invading mediastinum 8
Histology
 Squamous cell carcinoma 5
 Adenocarcinoma 6
 Large cell carcinoma 2
 Undifferentiated 2
Taget Volume [cm 3 ] median (min; max)
 GTV 13 (4; 109)
 PTV 252 (77; 509)

 If units are not given, values are number of patients out of the 
group of 15 patients.   
∗   Staging performed according to Goldstraw et al. [13].  ∗∗   For one 
patient both lopes of the right lung were affected and for two 
patients both the middle and upper lope of the left lung were 
affected.   
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point. The VMAT plans, generated using the Pin-
nacle SmartArc algorithm [17], consisted of single 
arcs with a 2 °  separation of the control points and 
median arc length of 216 °  (ranging from 178 °  to 
358 ° ). The VMAT arcs were in general similar to the 
arcs spanned by the IMRT fi elds. However, because 
the gantry cannot pass 180 °  (posterior direction) 
360 °  arcs were used for patients with posterior tumor 
positions. For one patient this restriction was circum-
vented by use of two 90 °  arcs (the minimal VMAT 
arc length in Pinnacle 3 ®   9.0) to reduce irradiation of 
the anterior part of the lungs (see Figure 1). In the 
optimization process, the maximal delivery time was 
set to 400 s in order not to limit the modulation 
depth. The Collapsed Cone dose engine with density 
correction was used for the fi nal dose calculation 
[18 – 20]. For all plans the optimized dose distribu-
tions were normalized to give a mean PTV dose of 
66 Gy. The IMRT and VMAT plans were approved 
for treatment by oncologists specialized in radiother-
apy of lung cancer. Dose and planning data were 
transferred to MATLAB for further data analysis 
using in-house develop routines as well as subrou-
tines of the CERR package [21]. 

 To validate that all plans were deliverable and to 
assess the difference in the delivery time between 
VMAT and IMRT the plans were delivered at an 
Elekta accelerator, using the Integrity ™  R1.1 treat-
ment control system which facilitates continuously 
variable dose rate [22], while the time from fi rst to 
last beam-on was measured for each plan. In this 
process, to maximize the delivery effi ciency, the 
treatments were scheduled as an automatic fi eld 
sequence with minimal movement of gantry between 
the individual fi elds in the record and verify system 
(MOSAIQ 2.20.05B1, Elekta).   

 Toxicity models 

 Two NTCP models were used to calculate the 
expected risk of radiation induced pneumonitis 
(grade  �  2, steroids needed); the Lyman-Kutcher-
Burman (LKB) model and a critical volume model, 
both using three parameters [6]. The model param-
eters used in the LKB model were: a volume expo-
nent n, the dose for 50% complication probability 
TD 50  and a steepness parameter m with values of 
n  �  1, TD 50   �  31.4 Gy, m  �  0.45, respectively, 
according to recent QUANTEC publication [3]. By 
choosing n  �  1 the LKB model is reduced to a model 
based on the mean lung dose. The parameters of the 
critical volume model were: D 50  the local threshold 
dose for subunit tissue damage, rvD the fraction of 
damage volume for a 50% complication probability 
and m a steepness parameter. The critical volume 
model parameters were selected to D 50   �  13 Gy, 

rvD  �  77% and m  �  0.44, according to data analysis 
published by Seppenwolde et al. [6]. Doses in the 
residual lung tissue were corrected for fractionation 
using   α  /  β   ratio of 3 Gy, prior to NTCP calculations, 
in accordance with the study by Seppenwolde et al. 
[6]. The   α  /  β   corrected local threshold dose of 13 Gy 
used in the critical volume model corresponds to a 
physical dose of 18.3 Gy delivered in 33 fractions, 
which is close to the 20 Gy used as a threshold dose 
at many institutions. In the QUANTEC cohort, 
some of the studies use physical doses. Therefore, 
the complication probability calculations were 
repeated for the QUANTEC model using physical 
doses. All dose metrics as well as DVHs reported in 
this paper are given as physical doses.   

 Statistics 

 Non-parametric Wilcoxon signed rank test was used 
as a paired test of differences between the planning 
techniques. Two-tailed p-values less than 0.05 were 
considered statistically signifi cant. The population 
mean DVHs were calculated for the residual lung 
and PTV as the average volume fraction for given 
dose levels. To illustrate dose regions in which sig-
nifi cant differences exist between the DVHs of the 
two techniques two-sided Wilcoxon signed rank test 
was calculated for all dose levels of the DVHs [2].    

 Results 

 The planning strategy made it possible to create 
IMRT and VMAT plans that were approved for 
clinical use for all included cases. 

 Figure 1 displays IMRT and VMAT fi eld setups, 
dose distributions and relevant DVHs for one patient. 
For this particular patient the target coverage is very 
similar using the two techniques, while the healthy 
lung DVH of the VMAT plan presented larger vol-
ume fractions in the low dose regions compared to 
IMRT as expected according to the hypothesis. 

 Figure 2 displays the population mean DVHs. 
On average the dose to the residual lung for the 
IMRT and VMAT plans are quite similar. However, 
small but statistically differences exist between the 
two plan types. On average, in the large range of 
intermediate dose values between 18 Gy and 48 Gy 
the VMAT plan presents statistically signifi cant 
lower values compared to IMRT. The opposite is the 
case in the high dose range 66 – 68 Gy where IMRT 
is statistically lower than VMAT caused by a lower 
dose to the part of the PTV in the residual lung for 
the IMRT plans compared to VMAT. This is also 
seen in the population mean DVHs of the PTV 
shown in Figure 2. In Table II mean values and 
ranges of dose metrics for PTV and residual lung 
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together with calculated NTCP values are shown. 
On average, it was possible to reduce the V 20  statis-
tically signifi cantly with VMAT compared to IMRT 
without compromising the target coverage, while no 
signifi cant difference was observed in the MLD and 
thus not in the LKB NTCP either using physical 
doses nor doses corrected for fractionation. However, 
a signifi cant difference in NTCP was found using the 
critical volume model predicting the NTCP to be 
slightly decreased with VMAT compared to IMRT. 

 It was unproblematic to deliver the plans on the 
Elekta Synergy accelerator. On average, the beam on 
time was reduced signifi cantly from 223 s with IMRT 
to only 83 s with VMAT, i.e. an average reduction 
of 140 s ranging from 36 s to 216 s.   

 Discussion 

 In the present study, the optimization parameters of 
clinical approved IMRT plans were used as starting 
point for VMAT optimization. This strategy com-
bined with VMAT arc lengths similar to the arc 
lengths spanned by the IMRT fi elds resulted in 
VMAT plans with dose distributions in residual lung 
and target volume very similar to those obtained with 
IMRT. Furthermore, the low dose volume was not 
increased with VMAT compared to IMRT, contrary 
to the “little to a lot” hypothesis. 

 On average, the used planning strategy made it 
possible to decrease V 20  statistically signifi cant with 
VMAT compared to the reference IMRT plans. This 
difference in V 20  could be related to the use of this 
dose value as optimization parameter combined with 
the use of the IMRT plan as reference. However, on 
average in the intermediate dose range (18  –  48 Gy) 
the VMAT plans performed statistically signifi cant 
better than the IMRT plans with a lower mean DVH. 
This could be due to coupling to the V 20  value, but 
it might also be due to differences in planning tech-
nique and the increased degrees of freedom presented 
by VMAT. With IMRT, decisions such as choice of 
fi eld angels are left to the planner, with VMAT the 
dose per entrance angle is optimized by the algorithm, 
which potentially results in more optimal plans. 

 The change in V 20  from IMRT to VMAT is also 
refl ected in the signifi cant difference in NTCP values 
calculated using the critical volume model and   α  /  β   
corrected doses. Due to slightly larger high dose vol-
umes in the residual lung (close to or within the 
PTV) with VMAT compared to IMRT no signifi cant 
difference was found neither for MLD nor for the 
NTCP values calculated using LKB due to the rela-
tion between MLD and the used LKB model. How-
ever, for none of the evaluated toxicity metrics the 
VMAT plans performed worse than the reference 
IMRT plans. 

   Figure 1.     Field setups, dose distributions (a and b) and relevant 
Dose Volume Histograms (DVHs) (c) of the Volumetric Modulated 
Arc Therapy (VMAT) and Intensity Modulated Radiation Therapy 
(IMRT) plans for one patient. The shaded area indicates the PTV. 
The arc of the VMAT plan is separated in two 90 °  arcs to avoid 
using anterior fi elds for treatment of a target volume with posterior 
location. The VMAT and IMRT plan provide similar target 
coverage, while the low dose region ( �  20 Gy) is increased with 
VMAT compared to IMRT for this particular patient.   
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 The parameters used for NTCP calculations in 
both models are based on three-dimensional (3D) 
conformal radiation therapy data, and are not vali-
dated for the dose distribution of neither IMRT nor 
VMAT plans. Thus, more clinical outcome data on 
patients treated with IMRT/VMAT are needed [3]. 
Another issue with the currently used models is the 
reduction from 3D dose information to a single value 
like the MLD, rdV and equivalent uniform dose. In 
this process, the spatial distribution of the dose is dis-
carded .  It is also a main problem that a large inter-
patient toxicity variation is present which diminish the 
validity of patient specifi c NTCP values. Both of these 
effects potentially could be reduced by use of imaging 
modalities, which have the potential of providing 3D 
data to predict the expected patient specifi c toxicity 
before or during treatment. It would thereby be pos-
sible to adapt the treatment based on a patient specifi c 
balance between tumour control and toxicity [23]. 

   Figure 2.     Population mean Dose Volume Histograms (DVHs) of residual lung (a) and PTV (b) for Volumetric Modulated Arc Therapy 
(VMAT) (solid line) and Intensity Modulated Radiation Therapy (IMRT) plans (dashed line). For each dose level p-value of Wilcoxon 
signed rank test is shown (dotted line) to indicate dose regions in which difference exists between IMRT and VMAT.   

  Table II. Dose metrices and toxicity calculations.  

Parameter IMRT VMAT
Difference:

  IMRT - VMAT p-value

PTV V 105%;  [%] 97.4 (91 – 100) 97.0 (92 – 100) 0.4 (�3.1 – 4.9) 0.3
V 95%;  [%] 0.6 (0 – 3) 0.6 (0 – 3) 0 (�2.4 – 2.4) 0.6

Std; [Gy] 1.4 (0.9 – 2.2) 1.6 (0.9 – 2.7) �0.22 (�0.9  –  0.4) 0.1

Lung V 5;  [%] 51.8 (34.1 – 70.0) 50.3 (27.6 – 71.5) 1.5 (�5.1  –  8.6) 0.3
V 20;  [%] 21.6 (9 – 28) 20.4 (7 – 27)  1.3  (�0.6  –  2.6)  0.01 

MLD; [Gy] 13.1 (7 – 18) 12.8 (6 – 18) 0.3 (�0.8  –  1.2) 0.1
 ∗ NTCP  ‡   LKB ; [%] 10.2 (4 – 17) 9.8 (4 – 18) 0.4 (�1 – 1.4) 0.1

 ∗∗   NTCP  ‡   LKS;  [%] 7.6 (3 – 13) 7.3 (3 – 13) 0.3 (�0.6 –   0.9) 0.1
 ∗  ∗ NTCP  †    rdV;  [%] 5.7 (3 – 8) 5.4 (2 – 8)  0.4  (�0.5 – 1.1)  0.01 

 Mean values and ranges for dose parameters of Planning Target Volume (PTV) and residual lung together with calculated Normal Tissue 
Complication Probability (NTCP) values. Differences are calculated as IMRT minus VMAT. The heterogeneity of the PTV is given as 
the standard deviation (SD) of the dose to the PTV. MLD is the Mean Lung Dose given in Gy. Doses used for NTCP calculations were 
∗the physical doses or  ∗  ∗ doses corrected for fractionation (using an   a / b   ratio of 3 Gy);  † NTCP calculated using a critical volume model 
with parameters published by Seppenwoolde et al. [6];  ‡ NTCP calculated using QUANTEC Lyman-Kutcher-Burman (LKB) parameters 
[3]. Statistically signifi cant differences, according to Wilcoxon signed rank test, are shown in bold.   

 The absolute uncertainties of the NTCP models 
are likely larger than any differences observed in the 
current study. The absolute NTCP values depend on 
the cohort of patients used to calculate the model 
parameters, the clinical scoring system and the calcu-
lated dose. Small changes in any of these can infl uence 
the absolute NTCP values as seen in Table II in which 
different models do not predict the same NTCP value. 
Thus, the absolute values of the predicted NTCP for 
the patients in the current study may have a large 
uncertainty. However, the conclusions in the study is 
not based on the absolute NTCP value but the relative 
differences between NTCP values within a given 
NTCP model, which is much more robust to the 
above mentioned uncertainties. As an example, in 
Table II use of correction for fractionation in the LKB 
model changes the absolute NTCP values signifi cant 
while the difference between the IMRT and VMAT 
calculations is almost unchanged. 
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differences in the dose distribution are small and 
most likely of limited clinical relevance. On average, 
this implementation of VMAT did not enhance the 
low dose regions compared to IMRT, and based on 
NTCP calculations the VMAT plans are not expected 
to increase the risk of radiation induced pneumoni-
tis. Using the presented method VMAT have been 
implemented in the clinic, which makes it possible 
to take advantage of the very short delivery time with 
VMAT compared to IMRT.      
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