
BJR

Cite this article as:
Teoh S, George B, Fiorini F, Vallis KA, Van den Heuvel F. Assessment of robustness against setup uncertainties using probabilistic 
scenarios in lung cancer: a comparison of proton with photon therapy. Br J Radiol 2020; 93: 20190584.

https://​doi.​org/​10.​1259/​bjr.​20190584

Proton Therapy special feature: Full Paper

Assessment of robustness against setup uncertainties 
using probabilistic scenarios in lung cancer: a 
comparison of proton with photon therapy
1,2Suliana Teoh, FRCR, 1,2Ben George, PhD, 1,3Francesca Fiorini, PhD, 1,2Katherine A Vallis, PhD, FRCR and 
1,2Frank Van den Heuvel, PhD, FAPM

1CRUK and MRC Oxford Institute for Radiation Oncology, Old Road Campus Research Building, Off Roosevelt Drive, University of Oxford, 
Oxford, OX3 7DQ, UK
2Department of Radiotherapy, Oxford Cancer Centre, Oxford University Hospitals NHS Foundation Trust, Oxford OX3 7LE, UK
3Rutherford Cancer Centre Thames Valley, 3 Collegiate Square, Shinfield, Reading RG2 9LH, UK

Address correspondence to: Suliana Teoh
E-mail: ​suliana.​teoh@​oncology.​ox.​ac.​uk

Introduction
Proton beam therapy (PBT) holds the promise of improving 
cure without increasing treatment-related toxicity due to its 
highly localised dose deposition at the Bragg peak. However, 
accurate placement of the Bragg peak is necessary if under 
dosing the target or overdosing organs at risk (OAR) are to 
be avoided. Sources of uncertainty in PBT include setup, 
anatomical variations, dose calculation algorithms, organ 
motions and biological effects.1 The sensitivity of a plan to 
various uncertainties is termed robustness.

In photon therapy, setup errors are compensated for by 
adding a margin to the treatment volume to produce a 
planning target volume (PTV).2 This may be inadequate in 

PBT as the margin required is highly dependent on tissue 
density changes along the beam path. A standard PTV does 
not account for the non-uniform distortion of the proton 
dose distribution caused by a setup error. This situation is 
particularly concerning when non-uniform fields—multi-
field optimisation (MFO), are used. Incorporating uncer-
tainties in MFO plan is not straightforward. Margins can 
improve target coverage only at the edges of the target 
volume and not within the target itself and have little effect 
on the sensitivity of the plan when there are steep dose 
gradients within the clinical target volume (CTV).3

Alternatively, setup and range uncertainties can be 
accounted for using robust optimisation.4–7 This approach 
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Objective: We compared the sensitivity of intensity 
modulated proton therapy (IMPT) and photon volu-
metric modulated arc therapy (VMAT) plans to setup 
uncertainties in locally advanced non-small cell lung 
cancer (NSCLC) using probabilistic scenarios.
Methods: Minimax robust (MM) and planning target 
volume (PTV) optimised IMPT and VMAT nominal plans 
were created with physical dose of 70 Gy in 35 fractions 
in 10 representative patients. Using population data of 
setup errors, a fractionated treatment course was simu-
lated, summed (Dsum) and compared to the nominal 
plan. Three treatment-course simulations were done for 
each plan. Target robustness criteria were: dose devia-
tion of ≤5% to clinical target volume (CTV) D98% and CTV 
V95% ≥ 99.9%. Voxelwise simulation repeatability was 
analysed using Bland–Altman plots. Acceptable limits of 
agreement were 2% of the prescription dose.
Results: All Dsum met target robustness criteria. While 
fraction VMAT and MM-IMPT doses were excellent, 

simulated fraction doses in PTV-IMPT were suboptimal. 
Almost all (>99%) of VMAT and MM-IMPT fraction doses 
met both target robustness criteria. For PTV-IMPT, only 
96.9 and 80.3% of fractions met CTVD98% and V95% 
criteria respectively. Simulation repeatability was excel-
lent (limits of agreement range: 0.41–1.1 Gy) with strong 
positive correlations.
Conclusion: When considering the whole treatment 
course, setup errors do not influence robustness irre-
spective of planning techniques used. However, on a 
fraction level, VMAT and MM-IMPT plans are superior 
compared to PTV-IMPT plans.
Advances in knowledge: Probabilistic analysis provides 
a fast and practical method for evaluating VMAT and 
IMPT plan sensitivity against setup uncertainty. VMAT 
and robust-optimised IMPT plans have comparable 
sensitivity to setup uncertainties in conventionally frac-
tionated treatment for NSCLC.
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does not require a PTV to be created. Current commercially 
available treatment planning systems (TPS) use minimax opti-
misation which optimises the worst-case scenario dose distribu-
tion at each iteration.6

Following optimisation, evaluation of plan sensitivity is neces-
sary. Several methods have been reported for quantifying plan 
robustness.3,8,9 There is currently no consensus on the defini-
tion of robustness or on the ideal metric for assessment. Some 
methods rely on simulating treatment plans under a number 
of extreme conditions: worst-case dose distribution,8 error–
volume histogram3 and dose–volume histogram (DVH) bands,9 
which can overestimate errors. Furthermore, the assumption 
that larger shifts result in worse errors than smaller ones may 
not be true,10 especially in the presence of high tissue heteroge-
neity (i.e. thoracic intensity modulated proton therapy (IMPT)). 
Other analyses use statistical sampling where several hundred 
scenarios are simulated.11,12 These may be more realistic, but 
may not be practical for routine clinical use due to the time it 
takes to simulate the scenarios.

In the treatment of moving targets, plans need to be robust 
against various uncertainties. We describe a practical step in 
assessing one of these uncertainties—setup uncertainty in non-
small cell lung cancer (NSCLC) using probabilistic scenarios. 
Using a simple extension of a commercial TPS, a fractionated 
treatment course was simulated, summed and compared to the 
nominal treatment plan. Our initial results appeared prom-
ising with robust-optimised IMPT plans having similar target 
robustness to volumetric modulated arc therapy (VMAT).13 
The time taken to simulate a 35-fraction treatment course was 
approximately 5 minutes on a Xeon-based workstation. The 
method was independent of the TPS optimisation algorithm, 
thereby providing an independent measure of robustness. The 
main requirement for the probabilistic method is knowledge of 
the population setup errors, which can be derived by individual 
institutions. This is advantageous for new proton centres or 
treatment of new tumour sites where retrospective robustness 
analysis of PBT treatments is not possible.14 If IMPT is to be a 

viable alternative, plans created need to be robust and its robust-
ness needs to be comparable to photon therapy. Therefore, we 
compared the robustness of IMPT to photon VMAT.

Methods and materials
Plans
10 patients with NSCLC treated with photon radiotherapy 
between August 2013 and March 2017 at the Oxford Cancer 
Centre were selected based on varying tumour sizes and loca-
tions (Table 1). The planning study was registered and approved 
by the NHS Health Research Agency and conducted under 
the auspices of Oxford University Clinical Trials and Research 
Governance (research ethics committee reference: 16/LO/1324).

Four-dimensional (4D) CT simulation (Optima CT580RT, GE 
Healthcare, WI) were acquired for all patients. Each 4DCT data 
set was acquired under free breathing conditions and recorded 
using the Real-Time Position Management system (Varian 
Medical Systems, Palo Alto, CA). The entire thorax and upper 
abdomen were scanned with 2.5 mm slice thickness. Each 
breathing period was phase-binned into 10 bins. Unweighted 
averaged-intensity projection (Ave-CT) data sets were generated 
for treatment planning.

Contouring
Target and normal anatomy delineation were done by a Radia-
tion Oncologist (ST) following the RTOG1308 trial protocol.15 
To account for tumour motion, the gross tumour volume (GTV) 
was contoured in the maximum and minimum inhalation phases 
and combined to form the internal target volume (ITV). The ITV 
was verified in all 4DCT phases. An 8 mm isotropic expansion 
of the ITV, edited to anatomical boundaries, formed the CTV. 
The CTV–PTV margins were calculated using 2.5Σ + 0.7σ, where 
Σ is the population setup mean systematic error and σ is the 
corresponding population mean random error.16 Oxford Cancer 
Centre mean population systematic errors, Σ, were 1.0, 1.3, and 
0.8 mm and random errors, σ, were 2.3, 2.7, and 2.3 mm in the x-, 
y- and z- directions respectively. This is calculated from recorded 

Table 1. Tumour characteristics

Patient GTV (cc) TNM seven staging Primary tumour location IASLC lymph node stations
1 15 TxN2M0 - 5

2 25 TxN2M0 - 10R, 4R

3 27 T2N1M0, T1N0M0 Left lower lobe and upper lobe 10L

4 28 T1N2M0 Left upper lobe 10L, 4L

5 32 T2N0M0 Right lower lobe -

6 50 T2N2M0 Right upper lobe 4R

7 106 T2N0M0 Right middle lobe -

8 115 T4N1M0 Right lower lobe 10R

9 261 T4N2M0 Left upper lobe 7, 10L

10 404 T4N0M0 Left upper lobe -

GTV, gross tumour volume.
Tx – undetectable primary.
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daily online shifts of patients who underwent radical radio-
therapy for lung cancer at our institution. The maximum calcu-
lated distance defined the CTV–PTV isotropic margin (5 mm).

Treatment planning
For every patient clinical nominal plans (Dnom) were generated 
for each optimisation technique: VMAT, PTV-optimised IMPT 
(PTV–IMPT) and two MFO robustly optimised IMPT (MM–
IMPT). VMAT plans were designed with two 360° arcs using 
6 MV beams.

Unlike photon plans, IMPT plans need to account for both 
setup and range errors. The robust-optimiser expand the 
CTV for both of these errors to varying degrees. Therefore 
for fair comparison, MM-IMPT plans optimised with only 
setup parameter (MM–IMPT(S)) were created. The second 
plan was optimised with both setup and range uncertainties 
parameters (MM–IMPT(S + R)). IMPT plans used three to 
four beams. The same beam angels were used for both PTV- 
and MM–IMPT plans (see Appendix A for beam arrangements 
of all the plans). As far as possible, use of range shifters were 
minimised due to limitations of the analytical dose engine.17 
Beam arrangements chosen were based on least anatomical 
distance to the tumour to reduce irradiation of normal tissue. 
Use of anterior beams were also minimised to reduce the error 
resulting from breathing motion. Where tumour motion is 
not more than 7 mm our analysis have shown that use of the 
minimax robust optimisation is sufficiently robust against 
tumour motion (data not shown, unpublished work).

The beam data used was based on an IBA cyclotron at Provi-
sion Proton Therapy Centre, Knoxville, TN (98–230MeV).18 
The dose calculation grid resolution was 2 × 2 × 2 mm3. All 
treatment planning and dose calculations were performed on 
Raystation 5.0.2 TPS (RaySearch Laboratories, Stockholm).

Dose specifications and constraints
The target prescription was 70 Gy (relative biological effective-
ness (RBE)) in 35 fractions. RTOG-1308 trial dose specifica-
tions and constraints were used.15 Proton RBE was assumed 
to be 1.1. In the PTV-optimised plans, plans were normalised 
such that the prescribed dose covered 95% of the PTV. In 
the CTV-optimised plans, plans were normalised such that 
the prescribed dose covered 99% of the CTV. Plans were 
normalised such that 70 Gy (RBE) the prescribed dose covered 
95% of the PTV and 70 Gy (RBE) covered or 99% of the CTV 
in MM–IMPT plans. In all treatment modalities, the prescrip-
tion dose had to cover at least 99% of CTV.

Robust optimisation parameters
A minimax robust optimisation method was used for MM–
IMPT.6 The minimax optimisation minimised the objective 
function in the worst-case scenario. An estimate of the effects 
of the errors was obtained by recalculating a set of dose distri-
butions based on the scenarios. The TPS would then expand 
the CTV based on this. The optimisation parameters for setup 
error was 3 mm based on the institution’s threshold for online 
shifts and 3.5% for range uncertainty as commonly done in 

multiple proton centres.1 The range uncertainty component is 
attributed to CT imaging and conversion to stopping power 
which is considered to be a systemic error with a constant 
value for a specific patient throughout the treatment course.1

Robustness evaluation against setup uncertainty
For every plan, a set of 35 shifts, representing a treatment course 
of 35 fractions, in the x, y and z directions were generated. A 
fraction dose is calculated by shifting the isocentre in the x, y and 
z direction. In total 30 sets of shifts were generated (3 simulations 
for 10 patients). The maximum shift was limited to ±3 mm for 
each of the three Cartesian planes. The shift was limited to this 
maximum distance due to the protocol in place at our institution 
for repeat imaging during radiotherapy setup.

For each plane, shifts were generated as follows:

Using the calculated mean and standard deviation of the popula-
tion systematic and random errors, we first defined the patient-
specific systematic error by sampling from a normal distribution, 
denoted as follows:

	﻿‍
Σs ∈ N

(
µs, σ2s

)
‍� (A.1)

where μs is the institution’s population mean systematic error 
and σs is the standard deviation of the systematic error. Secondly, 
we defined the patient-specific random error by sampling from a 
normal distribution:

	﻿‍ Σr ∈ N
(
µr, σ2r

)
‍� (A.2)

where μr is the institution’s population mean random error and 
σr is standard deviation of the random error.

Finally, for each simulation, 35 shifts were obtained by sampling 
from a normal distribution with mean, ‍ΣS‍ , and standard devia-
tion, ‍Σr‍ , determined as follows:

	﻿‍ Shifts ∈ N
(
Σs, Σr

)
‍� (B)

The arithmetic sum of the voxel doses from each of the fractions 
represent a treatment course (Dsum). Three treatment-course 
simulations were performed for each plan (35 × 4 = 140 dose 
calculations). The simulations were performed in RayStation 
using the scripting application programming interface accessed 
with IronPython.

Robustness evaluations
Criteria
Each Dsum was compared to its respective nominal plan. In all 
cases, OAR dose constraints should be met. Target robustness 
criteria were:

•	 Dose deviation of ≤5% to CTV D98% as recommended by the 
Particle Therapy Co-operative Group consensus guidelines.19

•	 CTV V95% ≥ 99.9% to mirror the target coverage criterion from 
which the PTV margin was derived.20

http://birpublications.org/bjr
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Fraction dose analysis
Each fraction dose was evaluated against the target robustness 
criteria and OAR constraints.

Simulation repeatability
We evaluated the reliability of a single simulation in predicting 
target robustness by comparing the voxel doses within the CTV of 
Dsum using Bland–Altman plots21 and Pearson correlation coeffi-
cient. A single simulation would be considered representative of 
many if the difference in dose for a given voxel between simulations 
were no more than 1.4 Gy (limits of agreement (LoA) = 2% of the 
prescription dose).

Analysis
Conformity indices (CI = 95% isodose volume/CTV volume) were 
calculated. CI and dose metrics were compared using Wilcoxon 
signed-rank test. The variance of the difference in voxel doses 
between Dnom and Dsum were calculated for the three treatment 
modalities. In all the statistical analyses, a p-value of < 0.05 was 
considered to be statistically significant. All statistical analyses were 
done in Matlab 2015b, The Matworks, Natick, 2015.

Results
Nominal plans
CI for both MM–IMPT was statistically significantly lower 
compared to that for PTV–IMPT (p < 0.05). Dose to the heart 

(mean heart dose, V5, V30), lung (MLD, V5 and V20) and spinal 
cord (Dmax) was significantly lower with IMPT compared to 
VMAT (p < 0.05).

Summed and fraction dose distributions
Three treatment course simulations consisting of 35 fractions 
each were simulated in all 10 patients (4200 fraction doses = 3 
simulations x 35 fractions x 4 plans x 10 patients). All Dsum met 
target robustness criteria. One Dsum plan for PTV-IMPT (Patient 
9) exceeded the maximum dose constraint for the spinal cord 
(simulation 3, maximum dose to the spinal cord was 50.2 Gy). 
All other Dsum met OAR constraints.

When fraction doses were examined, plan qualities were variable 
and particularly so for PTV–IMPT plans. Almost all VMAT and 
both MM–IMPT plans fraction CTV D98% doses were within 5% 
of the respective nominal plans (VMAT-99.9%; MM–IMPT(S) 
and (S + R)−100%). However, only 96.9% (1017/1050 fractions) 
of PTV–IMPT fractions were within 5% of the nominal CTV 
D98%. Similarly, almost all VMAT and MM–IMPT fractions 
met the V95% criterion (VMAT-100%; MM–IMPT(S)−99.4%, 
(S + R)−99.5%) compared to 80.3% (843/1050) for PTV–IMPT 
(Figure 1a). The proportion of fractions per simulation meeting 
the minimum dose criteria varied most widely for PTV–IMPT 
(range 54–100%) as can be seen in the boxplots in Figure 2.

Figure 1. Summary of: (A) target coverage (number indicates percentage out of 35 fractions) and (B) adherence to OAR for frac-
tion doses in the different treatment modalities. OAR, organs at risk.

http://birpublications.org/bjr
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A proportion of fractions failed to meet OAR constraints: 
six VMAT, five PTV–IMPT, three MM–IMPT(S) and three 
(MM–IMPT(S + R) simulated plans. Doses to OAR are generally 

lowest with MM–IMPT(S), followed by MM–IMPT(S + R) and 
PTV–IMPT. Details on fraction dose OAR constraint adher-
ence is summarised in Figure 1b. The lung V5 was exceeded in 

Figure 2. Boxplots of all fractions CTV D98% and V95%. PTV–IMPT has the largest spread of fraction doses compared to VMAT 
and both MM–IMPT plans. CTV, clinical targetvolume; IMPT, intensity modulated proton therapy; PTV, planning target volume; 
VMAT,volumetric modulated arc therapy

http://birpublications.org/bjr
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a proportion of simulated fraction (maximum lung V5: 66.4%, 
range 17–25 fractions) in Patient 3. For Patient 9, where the 
tumour was immediately adjacent to the spinal cord, spinal cord 
Dmax was exceeded in a number of fractions for all three simula-
tions for VMAT (nominal Dmax 46.9 Gy; range, 12–19 fractions), 
PTV–IMPT (48.2 Gy; 14–19 fractions), MM–IMPT(S) (44.0 Gy; 
5–12 fractions) and MM–IMPT(S + R) (45.3 Gy; 10 fractions 
each).

DVH and coronal dose colour maps of a representative patient 
(Patient 10) are shown in Figures 3 and 4. Visual inspection of 
the DVHs shows differences between the nominal and summed 
dose distributions in all three plans. Figure 3b shows DVHs for 
fraction Dnom vs fraction dose distributions. There is little devi-
ation in target coverage with VMAT and MM–IMPT plans on 
a single fraction level. In contrast, target coverage is inferior in 
PTV–IMPT plan with sub volumes receiving over- and under-
dosage. However, despite the variation of the areas of under-/
overdosage with each fraction the sum of all fractions still met 
the robustness criteria (see Appendix B). A coronal view of the 
difference between the nominal and summed dose distributions 
of the PTV–IMPT plan is shown in Figure 4 (PTV–IMPT C). An 
area of cold spot of up to 2 Gy was observed (indicated by red 
arrow). This was not observed in the other treatment modalities.

There was internal consistency in the OAR doses for each simu-
lation. IMPT plans deliver statistically significantly lower spinal 
cord Dmax, lung V5Gy, lung V20Gy, MLD, heart V30Gy, and heart 

V5Gy compared to VMAT (p < 0.005). There was no statistically 
significant difference between the techniques with respect to 
heart V45Gy and oesophagus V50Gy. A comparison of OAR dose 
metrics in VMAT and IMPT Dsum is shown in Appendix C.

Simulation repeatability
Considering the difference in dose between nominal and 
simulated plans, VMAT had the smallest variance followed by 
MM–IMPT, then PTV–IMPT (VMAT - 0.78 Gy2; MM–IMPT(S) 
– 0.97 Gy2, MM–IMPT(S + R) - 1.21 Gy2; PTV–IMPT - 2.52 Gy2).

Voxelwise CTV dose analysis showed strong positive correla-
tions between each simulation for all plans (range of r: 0.89–
0.94, n = 107500,, all p < 0.001) with LoA ranging from 0.4 to 
1.1 Gy (Appendix D and E). All simulations met a priori criteria 
of LoA <1.4 Gy meaning, for 95% of the target voxel doses, the 
difference in dose between each simulation was within 2% of 
the prescribed dose. Similarly, in all cases the 95% confidence 
interval of the mean difference, upper and lower limit of LoA 
were no more than 0.02. VMAT and MM–IMPT had superior 
agreement compared to PTV–IMPT. Appendix D shows the 
Pearson correlation statistics between each simulation for the 
different treatment modalities.

Discussion
The sensitivity of PBT plans to uncertainties is a concern in 
lung cancer due to tissue heterogeneity. The use of MFO with 
inhomogeneous dose distribution within the target reduces 

Figure 3. Dose volume histograms of Patient 10. Nominal versus summed dose distributions and nominal versus perturbed frac-
tion dose distributions with different the treatment modalities. CTV, clinical targetvolume; IMPT, intensity modulated proton ther-
apy; MM, minimax robust; PTV, planningtarget volume; VMAT, volumetric modulated arc therapy.
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plan robustness. Solutions used in passive scatter and single-
field optimised plans such as beam-specific PTV may not hold 
in highly modulated fields as margins only ensure coverage at 
the edge of a target and not within it. Use of margins alone may 

result in uncertainties within the target.3 In this analysis, we eval-
uated and compared the robustness of plans against setup errors. 
Robust-optimised plans were created with the minimax robust 

Figure 4. Coronal views of dose colour map of Patient 10—VMAT, PTV-IMPT and MM-IMPT(S) and MM-IMPT(S + R) plans. IMPT, 
intensitymodulated proton therapy; MM, minimax robust; PTV, planning target volume; VMAT,volumetric modulated arc therapy. 
CTV—red contour, 4A—nominal plan, 4B—summed dose distribution, 4C—difference in dose between nominal plan and sum dose 
distribution. Red arrow indicates area of cold spot within CTV in PTV–IMPT plan.

http://birpublications.org/bjr
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optimisation algorithm using a method independent of the opti-
misation algorithm.

We evaluated plan robustness using probabilistic scenarios for 
setup uncertainty in locally advanced NSCLC. Although, the 
method of sampling from a normal distribution is not new,22,23 
the probabilistic method is novel because each patient is assigned 
a systematic and random error based on the population setup 
error. By sampling from various normal distributions, we 
assumed that smaller setup errors were more likely to occur 
than larger ones. All summed simulated doses met the robust-
ness criteria for the target for all patients in VMAT, PTV–IMPT 
and both MM–IMPT plans. Similar results have been reported 
in other studies which showed that fractionation reduced the 
effect of setup uncertainty.24,25 However, evaluation of the frac-
tion doses revealed marked differences in plan quality. VMAT 
and MM–IMPT fractions had comparable target robustness and 
were superior to PTV–IMPT plans. For PTV–IMPT plans, the 
minimum dose coverage criteria to the CTV was only fulfilled in 
80% of the simulations.

The minimax algorithm produced robust plan to setup error in 
locally advanced lung cancer. Little variation was observed in 
fraction and summed dose distribution in the MM–IMPT(S) 
plans. In PBT, range uncertainty associated with CT and conver-
sion to stopping power exists.1 As this error needs to be accounted 
for during planning, we reported the sensitivity analysis for 
MM–IMPT plans optimised with setup and range parameter.

Typically, the aim of conventional fractionation is to deliver 
a homogenous dose distribution, the biological effect of the 
dose variation to the target in IMPT is not known. Simple dose 
accumulation of the fractions in 2Gy-equivalent doses (EQD2) 
showed target robustness against both criteria was maintained 
in all treatment techniques. Conversely, robustness is likely to be 
an issue if PTV-optimisation is to be used for hypofractionated 
treatment as hyperfractionation improves plan robustness by 
compensating for areas that are under/overdosed.

Where OAR constraints were exceeded for fraction doses, care 
must be taken when deciding if a nominal plan is acceptable, 

even if the summed dose distribution meet the constraints. In 
such cases, the nominal OAR doses are usually close to the OAR 
constraints.

Comparison of Dsum within the CTV at voxel level showed 
excellent repeatability with LoA within 2% of the prescription 
dose and strong positive correlations (within 1% for VMAT 
and MM–IMPT). Given the large number of individual random 
numbers in each simulation and the excellent agreement between 
the results from three simulation, these results suggest that the 
performing a single simulation is representative of multiple 
simulations for evaluating robustness of the target dose coverage.

We recognised that multiple uncertainties exist in the treat-
ment of moving targets. Setup uncertainty is one aspect that 
needs to be considered in the treatment of thoracic tumours. 
In the presence of high tissue heterogeneity, any systematic 
or random error could result in large dose perturbations. 
Therefore, assessment of setup uncertainty is just as important 
as assessment of other uncertainties such as anatomical 
changes and interplay effects. Furthermore, when investi-
gating different uncertainties, it is crucial to investigate the 
different sources individually to identify areas that need to 
be addressed. Assessment of range uncertainty has not been 
included in this study. A population study is required to use 
the probabilistic method to assess the effect of range uncer-
tainty. Robustness evaluation of this optimisation algorithm by 
scaling to the maximum and minimum expected range error 
has previously been described.6 Finally, we recognised the 
limitation of the pencil beam algorithm for dose calculations. 
Better agreement with physical measurements were found 
with Monte Carlo algorithms.18,26 Further work is focused on 
combining the probabilistic scenarios method with interplay 
using a commercial Monte Carlo dose engine.

In conclusion, probabilistic analyses provide a practical method 
for determining the sensitivity of VMAT and IMPT plans to setup 
uncertainties in patients with NSCLC. Whilst target robustness 
between VMAT and MM–IMPT fractions were excellent, frac-
tion doses in PTV–IMPT were suboptimal.
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