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Margin concepts in proton therapy aim to ensure full dose coverage of the clinical target volume (CTV) in
presence of setup and range uncertainty. Due to inter-observer variability (IOV), the CTV itself is uncertain. We
present a framework to evaluate the combined impact of IOV, setup and range uncertainty in a variance-based
sensitivity analysis (SA). For ten patients with skull base meningioma, the mean calculation time to perform the
SA including 1.6 x 10* dose recalculations was 59 min. For two patients in this dataset, IOV had a relevant

impact on the estimated CTV Dygsy, uncertainty.

1. Introduction

Treatment plans in proton therapy are affected by range and setup
uncertainties. These are typically compensated through margin concepts
or robust planning approaches. Margin concepts aim at covering the
clinical target volume (CTV) in presence of range and setup uncertainty
[1]. However, due to inter-observer variability (IOV), the CTV itself is
uncertain. While there are many studies assessing IOV, only few studies
have investigated dosimetric consequences of IOV [2], e.g Lobefalo et al.
[3] who investigated the dosimetric impact of IOV in three-dimensional
conformal radiotherapy (3D-CRT) and volumetric modulated arc ther-
apy for rectal tumours, Hellebust et. al. [4] who assessed the dosimetric
impact of IOV in brachytherapy for cervical cancer and Eminowicz et al.
[5], who studied the dosimetric impact of IOV in VMAT for cervical
cancer. To the best of our knowledge, there is no study assessing the
combined and relative impact of range, setup uncertainty and IOV in
proton therapy in a quantitative way. The statistical method of variance-
based sensitivity analysis (SA) is suited for this, since it can be used to
assess the impact of uncertainty of multiple input parameters on the
output of a quantitative model [6]. In the context of patient dose
calculation in medical physics, the technique has been previously
applied to relative biological effectiveness (RBE) uncertainties in carbon
ion therapy [7,8] and to estimate the impact of interpatient variability
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on organ dose estimates in nuclear medicine [9]. Recently, a framework
to evaluate the combined impact of range, setup and RBE uncertainty in
a variance-based SA has been presented by our group [10]. In this
technical note, an extension of the framework to include IOV is shown.
The feasibility of the approach was demonstrated by using it to inves-
tigate the relative impact of IOV, range and setup uncertainty on proton
plans for a dataset with ten patients with skull base meningioma.

2. Materials and methods
2.1. Variance-based sensitivity analysis

In the Monte Carlo method of global variance-based SA, the output of
a model Y =f(X) with k input factors X = (x1,X2,...,Xx) which are
subject to uncertainty is recalculated many times while simultaneously
and randomly varying the input factors within their assumed distribu-
tions. In our particular case, the model f(X) corresponded to a dose
calculation followed by a dose volume histogram (DVH) calculation. The
output Y corresponded to DVH parameters of interest. The input factors
(x1,X2...xx) included patient shifts in three spatial dimensions, absolute
and relative range shifts as well as IOV, resulting in k = 6 input factors.
The resulting variance V(Y) is decomposed as [6]:
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resulting in (2 —1) terms. The first order terms are

The expectation value E(Y|X;) is hereby calculated over all possible
values of all input factors except for X;, which is kept fixed. The second
order terms, which are representing the interaction between the inputs
X; and X,,, are

Viw = VIEY|X, X,,)] = Vi =V 3

Higher order terms are defined in an analoguous fashion. Sensitivity
indices are defined by normalising to the overall variance

Vi

S = V(Y) ()]
Vim
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and so on. Total effect indices are defined by summing all terms of any
order containing I

S+ Zslm

m#l

ST, = et Sk (6)

Like in a previous study from our group [10], the efficient Monte
Carlo method proposed by Saltelli [6] was used for direct calculation of
S) and STj, and sampling from low-discrepancy quasi-random sequences
was employed to improve convergence. This method requires N(k +2)
model evaluations, where N is typically of the order of 10%. In our study,
as described above, we had k = 6 input factors. We set N = 2048, which
resulted in approximately 1.6-10* model evaluations. The sensitivity
analysis framework was extended to include IOV. Additionally to the
fast, graphics processing unit (GPU) based pencil beam algorithm
capable of modeling setup and range variations described in the previ-
ous publication from our group [10], the possibility to include multiple
treatment plans and to switch randomly between them was added.

2.2. Clinical dataset

Datasets of ten patients with benign (WHO grade I) meningioma of
the skull base were included in this study. For all patients, contrast
enhanced magnetic resonance imaging (MRI) and DOTATATE positron
emission tomography (PET) images were available in addition to a
planning computed tomography (CT).

2.3. Target delineation and treatment planning

A rigid image registration of MRI, PET and planning CT images was
performed. For each patient, four clinicians independently delineated
the gross tumor volume (GTV) taking into account all imaging modal-
ities (GTVopserver)- A consensus GTV (GTVsraprg) was created using the
simultaneous truth and performance level estimation (STAPLE) algo-
rithm [11] in the research treatment planning system computational
environment for radiological research (CERR) [12]. This implementa-
tion of an expectation-maximization algorithm generates a probabilistic
estimate of the true volume based on the volumes delineated by multiple
observers. The GTVsrap g was used as the “ground truth” GTV. As an
example, the four GTVpserver and the GTVgsraprg contours for patient
number 1 are shown in the supplementary material. The CTVpgerver and
the CTVgrapLg Were defined as the respective GTV without any margins
applied (i.e. GTV = CTV), as suggested in a current guideline [13]. To
obtain the planning target volumes (PTVs), gantry-angle specific mar-
gins were applied. To compensate for proton range uncertainty, larger
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margins were applied in beam direction than laterally. The applied
margins were 6, 5 and 3 mm in distal, proximal and lateral directions,
respectively. For a typical margin receipe of 3.5% + 3 mm, the distal
margin of 6 mm would correspond to a radiological target depth of
approximately 9 cm. Since all tumours were at the skull base and
therefore at similar depths, the same absolute margins were applied to
all patients for simplicity. For each CTVgpserver @ PTVgbserver Was created.
For each PTVpserver Of €ach patient a spot scanning proton treatment
plan with one beam was generated using non-robust optimization,
resulting in a total number of 40 treatment plans (four treatment plans
for each of the ten patients). The gantry angle was chosen individually
for each patient. The proton plans were optimized to deliver 1.8 Gy
(RBE) per fraction to the PTVpserver- A spatially constant RBE of 1.1 was
assumed.

2.4. Application of the SA framework

Like in the previous study from our group [10], the variance-based
SA was performed assuming the following uncertainty distributions
for the input factors mentioned in Section 2.1: For patient shifts in X,Y
and Z directions, a normal distribution with standard deviation oxyz =
1 mm truncated to 20xyz was assumed. For relative range shifts the
probability density was set to a normal distribution with standard de-
viation oy, = 3 % truncated to 20, ;. Additionally, absolute range shifts
following a normal distribution with standard deviation o, 45 = 1 mm
truncated to 20, g were assumed. For IOV, an equal probability of p =
0.25 for each of the four observer treatment plans was chosen. To
perform the SA, the dose distribution was re-calculated approximately
1.6-10* times (corresponding to N = 2048 and k = 6 in the Saltelli
formalism, as described in Section 2.1) while simultaneously sampling
from the above uncertainty distributions. An Nvidia Quadro RTX 8000
GPU with 48 gigabytes of memory was used. For the resulting dose
distributions, DVHs were calculated for the CTVsrapie. Confidence in-
tervals (CIs) and sensitivity indices for the dose level enclosing 95% of
the CTVgrapLe (Dosy,) were calculated. Convergence plots of the sensi-
tivity indices were created. The obtained total effect indices ST were
converted to Sljgy, the sum of all interaction terms with involvement of
IOV and Slyher, the sum of all interaction terms without involvement of
IOV. By definition is

SII()V = STI()V - SIOV (7)
and due to normalization

Sloer = 1 = Sseup — Srange — ST 10v (8)
3. Results

The mean calculation time to perform the 1.6-10* dose calculations
was 59 min. Large differences were observed for the calculation times
for different patients, which ranged from 11 min to 195 min. Conver-
gence plots for S; and ST; for an exemplary patient are shown in panels A
and B of Fig. 1. By visual inspection of the convergence plots it becomes
evident that a sufficient convergence was achieved well below N =
2048.

Results for the Dgsy, are presented in Table 1. For six patients, the
width of the Clgs, for the Dgso, was below 0.18 Gy (10% of the pre-
scribed dose of 1.8 Gy). Uncertainties of more than 10 % were observed
for patients 2, 3, 7 and 9. Here the widths of the Clgs, for the Dgs¢, were
0.57, 0.24, 0.28 and 0.48 Gy, respectively. Plots of the DVHs for the
CTVsrapLg for these four patients with their corresponding 95 % and 68
% CIs are shown in panels C to F of Fig. 1. For two of these patients, the
overall influence of IOV was negligible (S;oy + SIjov < 0.05 for patients
7 and 9). In both cases, range uncertainty was the most important
contribution to overall uncertainty (S;ange was 0.53 and 0.70 for patients
7 and 9, respectively). For patients 2 and 3, however, IOV played a major
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Fig. 1. Convergence plots for S and ST, for one patient (panels A and B) and DVHs for CTVgrapig for the four patients with the largest overall Dgsy, uncertainties
(panels C to F). The variability of the DVH in presence of setup uncertainty, range uncertainty and IOV is visualized by the shaded areas (68% and 95% CIs). The solid

line indicates the mean value over all simulated error scenarios.

Table 1

Uncertainty and sensitivity analysis results for the Dgso, for (CTV)staprg. For each patient, the mean value and 95% and the 68% CIs have been calculated. The relative
contribution to the overall uncertainty is broken down to first order indices Ssetup, Srange and Siov, higher order indices with involvement of IOV (Sliov) and higher order

indices without involvement of IOV (SIyher)-

pat. mean [Gy] Closy, [Gy] Clesy [Gy] Ssetup Srange Siov Sliov Slother
1 1.71 1.62-1.74 1.69-1.73 0.21 0.29 0.11 0.10 0.29
2 1.56 1.16-1.73 1.35-1.72 0.12 0.35 0.34 0.09 0.10
3 1.66 1.49-1.73 1.59-1.71 0.14 0.11 0.62 0.01 0.12
4 1.70 1.59-1.73 1.68-1.72 0.19 0.14 0.10 0.12 0.45
5 1.73 1.71-1.74 1.72-1.74 0.37 0.31 0.00 0.14 0.18
6 1.73 1.70-1.74 1.72-1.73 0.20 0.29 0.03 0.04 0.44
7 1.67 1.45-1.73 1.61-1.73 0.25 0.53 0.00 0.02 0.20
8 1.69 1.58-1.74 1.65-1.73 0.23 0.49 0.04 0.05 0.19
9 1.62 1.25-1.73 1.48-1.71 0.13 0.70 0.01 0.00 0.16
10 1.73 1.70-1.74 1.72-1.74 0.26 0.24 0.02 0.06 0.42

role for overall uncertainty (Sjoy + Slioy was 0.43 and 0.63 for patients 2
and 3, respectively).

4. Discussion

A framework for the variance-based SA of setup, range and IOV has
been presented. To the best of our knowledge, this study is the first to
assess the relative dosimetric impact of setup uncertainty, range un-
certainty and IOV in a variance-based SA. In a first analysis of ten pa-
tients, calculation times were of the order of a few minutes to a few
hours. These calculation times are fast enough for offline plan evalua-
tion. Although this was not investigated in this study, it can be assumed
that the differences in calculation time were caused by differences in the
sizes and depths of the target volumes. The convergence plots in Fig. 1
suggest that actually less than N = 2048 would have been sufficient to
achieve convergence, therefore the calculation times could be reduced
by stopping the calculation after reaching a predefined convergence
criterion. While for the majority of patients, the overall uncertainties in
CTV coverage were small, in some cases the coverage was deteriorated.
The dominating contributions to overall uncertainty were either range
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uncertainty or IOV. This suggests that IOV might have a relevant effect
on target coverage in some patients.

In this work, the analysis was restricted to skull base meningioma,
since the framework does not support organ motion at the moment.
Furthermore, a pencil beam algorithm was used, whose accuracy is
known to decrease in regions of high heterogeneity. The framework
would be applicable without modification to other tumour sites for
which these limitations are acceptable. The possibility to model motion
could be included by extending the framework to use multiple CT ge-
ometries (e.g. phases of a 4D-CT to model breathing motion), at the cost
of an increased memory usage and longer calculation times. In the
previous publication from our group [10], uncertainties in variable RBE
models were evaluated in combination with setup and range uncer-
tainty. In this study, since the focus was on IOV, RBE uncertainty was not
taken into account and a constant RBE of 1.1 was assumed. However, the
combined evaluation of all four types of uncertainty could in principle
also be included in the framework. This could be used in future studies to
assess the combined impact of range, setup and RBE uncertainty and
IOV. The evaluation of the CTV Dgsy, in presence of IOV required a
”ground truth” CTV. Unfortunately, this volume is not known. In this
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work, the consensus target volume created with the STAPLE algorithm
was used to define a “ground truth” target volume, as has been done
previously [14]. Since this algorithm provides a maximum likelyhood
estimate for the actual CTV based on the observer CTVs themselves, this
approach is well suited to capture the variability within a group of ob-
servers. However, it cannot correct systematic deviations from the
ground truth CTV within the observer group. Furthermore, in this study
only data from four observers was available, which was considered
sufficient to show the feasibility of the approach. However, outlier
contours could have considerable effect on the evaluation. For this
reason, both the number of patients and the number of observers needs
to be increased for future systematic evaluations of the impact of IOV in
combination with setup and range uncertainties. Another limitation is
that in our study simple proton plans with only one beam direction were
used. More clinically realistic plans with multiple beam directions are
supported by the framework without modifications, but have higher
memory requirements and will lead to longer calculation times.

In this technical note, no metrics of contour similarity such as Dice
coefficients or Hausdorff distances were evaluated. The presented
framework might be used in future studies to investigate the correlation
of these metrics with dosimetric parameters. It could also have potential
applications in the investigation of the implications of uncertainty
reduction. If technical advances such as dual energy computed tomog-
raphy (DECT), proton CT and improved image guidance reduce range
and setup uncertainty, the relative impact of IOV on overall uncertainty
becomes larger. The SA framework could complement studies such as
[15-17], who have investigated the impact of range and setup margin
reduction. By also including IOV into the analysis, questions such as how
far the overall uncertainty can be reduced by reduction of setup and
range uncertainty before IOV becomes the limiting factor could be
comprehensively investigated in future studies. Similarly, the following
question could be assessed: Although not explicitly accounted for in the
PTV concept, it can be assumed that IOV is compensated by the margins
(or, in an analogous manner in the case of robust optimization, the plan
robustness settings) to a certain extent. The SA framework could help to
investigate whether a CTV-to-PTV margin reduction (or reduction of
plan robustness settings) justified by reduced range and setup un-
certainties would lead to an unexpected increase in uncertainty of CTV
coverage caused by IOV.

In conclusion, a previously presented framework for variance-based
sensitivity analysis has been extended to include IOV. The approach is
feasible and enables the evaluation of the combined impact of setup and
range uncertainty and IOV. In a first analysis of ten patients, IOV had a
relevant impact on the CTV Dgs, for two of these patients. This suggests
that IOV could have a deteriorating effect on CTV coverage in some
cases.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.phro.2021.11.005.
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