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HIGHLIGHTS

– TCP/NTCP models allow for a clinical evaluation of uncertainty scenarios.
– For this cohort, in silico-PTV based IMPT plans and VMAT plans were robust
for random setup errors.
– Effect of systematic errors on the population was limited: mean TCP loss was 0%–2%.

Abstract
Purpose/Objective Setup and range uncertainties compromise radiotherapy plan robustness.

We introduce a method to evaluate the clinical effect of these uncertainties on the population using tumor
control probability (TCP) and normal tissue complication probability (NTCP) models.

Material/methods Eighteen oropharyngeal cancer patients treated with curative intent were
retrospectively included. Both photon (VMAT) and proton (IMPT) plans were created using a planning
target volume as planning objective. Plans were recalculated for uncertainty scenarios: two for range
over/undershoot (IMPT) or CT-density scaling (VMAT), six for shifts. An average shift scenario (<XYZ>)
was calculated to assess random errors. Dose differences between nominal and scenarios were translated
to TCP (2 models) and NTCP (15 models). A weighted average (W_Avg) of the TCP\NTCP based on
Gaussian distribution over the variance scenarios was calculated to assess the clinical effect of systematic
errors on the population.

Results TCP/ NTCP uncertainties were larger in IMPT compared to VMAT. Although individual

perturbations showed risks of plan deterioration, the <XYZ> scenario did not show a substantial decrease
in any of the TCP endpoints suggesting evaluated plans in this cohort were robust for random errors.
Evaluation of the W_Avg scenario to assess systematic errors showed in VMAT no substantial decrease
in TCP endpoints and in IMPT a limited decrease. In IMPT, the W_Avg scenario had a mean TCP loss of
0-2% depending on plan type and primary or nodal control. The W_Avg for NTCP endpoints was around
0%, except for mandible necrosis in IMPT (W_Avg: 3%).

Conclusion

The estimated population impact of setup and range uncertainties on TCP/NTCP
following VMAT or IMPT of oropharyngeal cancer patients was small for both treatment modalities.
The use of TCP/NTCP models allows for clinical interpretation of the population effect and could be
considered for incorporation in robust evaluation methods.
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Introduction
Intensity modulated proton therapy (IMPT) is
an emerging practice for treating oropharyngeal
cancer.1-3 An important factor in evaluating IMPT as
suitable treatment, is evaluation of the susceptibility
of treatment plans to uncertainties. Due to the
presence of uncertainties a shift of the Bragg peaks
can occur, for instance due to a change of tissue
density along the beam line, creating cold and hot
spots. IMPT treatment plans in the head and neck
area are likely to be susceptible to uncertainties
because of the planning technique with multifield-optimization and the presence of complex
heterogeneities4,5. Examples of uncertainties that
can affect dose delivery are organ motion, setup
inaccuracy, anatomical changes, dose calculation
approximation and biological considerations4-6.
The effect of uncertainties is often modeled based
on a limited number of error scenarios. A fast and
convenient method for uncertainty analysis is the
calculation of 8 scenarios, i.e., 6 scenarios for setup
errors with isocenter shifts and 2 for range errors by
scaling of the range.
The clinical interpretation of the resulting dose
volume histograms (DVH) of range and shift
scenarios is cumbersome since each error scenario
has a probability of occurring and it is uncertain if
the worst-case will occur. This challenge is reflected
by the different evaluation methods published in
literature. A relative straightforward approach is
the visual evaluation of DVHs of various scenarios.
The worst-case scenario can be selected for plan
evaluation or DVHs can be combined to create
DVH-bands representing the possible dosimetric
variability.7 Lomax5 proposed to calculate the
difference between nominal and uncertainty
scenarios on a voxel level. However, the resulting
worst-case distribution is not physical, since this
method selects the worst dose in each voxel
from among multiple scenarios. Albertini et al.8
determined plan robustness for setup and range
errors using an error bar dose distribution method.

92

|

Individual spatial 3D error dose distributions can
be combined into one unique error-bar distribution
presenting the spread of dose values at each point.
Similarly, Liu et al.9 calculated volume histograms
of the root mean square dose of the error per voxel.
These two methods serve the purpose of relative
comparison between treatment plans. Kraan et al.10
evaluated the percentage of simulations fulfilling
certain criteria, i.e. D98>95%. Forty simulations
were done per patient with a combination of range
and setup errors. Plan quality was determined by
the number of scenarios not fulfilling the criteria. All
these methods use dose differences in Gy and are
heavily weighted on worst-case analyses. However,
to estimate the clinical effect on the population,
the use of worst-case analysis might be overly
pessimistic since it does not consider the prevalence
of the other scenarios. Furthermore, errors do
change the dose but the clinical consequence is
difficult to estimate based on these dose differences.
In this paper, we use tumor control probability
(TCP) and normal tissue complication probability
(NTCP) models to translate dose differences of
error scenarios. Evaluation in the context of TCP
and NTCP, instead of dose space, facilitates the
clinical interpretation of uncertainties. Moreover,
it allows one to evaluate the effect of errors on a
population level since uncertainties with associated
probabilities can be incorporated into expected
probability of tumor control and toxicity. The
robustness of IMPT and volumetric modulated
arc therapy (VMAT) plans was investigated using
this evaluation method for 18 patients with an
oropharyngeal carcinoma.

Method and Materials
Patients
The 18 patients evaluated in this work were
selected from an imaging trial protocol for photon
treatment based on their oropharyngeal tumor
location and bilateral neck treatment (Table 1 ).
Each patient had a contrast enhanced planning
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Table 1: Patient characteristics of the
18 patients included.

total dose (NTD), Brainstem < 55 Gy NTD,
Parotid glands Dmean < 26 Gy, Submandibular
glands Dmean < 39 Gy, Oral cavity Dmean < 45 Gy,
Constrictor muscle Dmean < 45 Gy, Larynx Dmean
< 45 Gy, Cochlea Dmean < 45 Gy, Mandible Dmax
< 70 Gy, Brain Dmax < 70 Gy, Thyroid gland: no
constraint.

Patient characteristics

#

Site
Tonsillar fossa
Base of tongue
Soft palate
Posterior wall

10
5
1
2

T Stage:
T1
T2
T3
T4

2
6
8
2

Photon treatment plans were created using
Pinnacle (Philips Medical Systems, Eindhoven,
The Netherlands). Plans were achieved with a
dual arc (178-182) VMAT technique with 6 MV.

N Stage:
N0
N1
N2a
N2b
N2c
N3

2
2
1
6
7
0

Proton treatment planning used the Astroid
IMPT treatment planning system (.decimal Inc,
Sanford, FL, USA). The Astroid planning system
includes multi-criteria optimization to achieve
Pareto optimal plans.11

#: number of patients

CT (Somatom Sensation Open, Siemens AG,
Erlangen, Germany). The primary tumor and
pathological nodes (GTV) were delineated based
on clinical and imaging information available.
A high risk CTV was created by expansion of
the GTV with 10 mm, allowing adjustment for
anatomical borders. A low risk CTV was created
around the high risk CTV by another expansion
of 5 mm. Additionally, a low risk CTV including
bilateral elective neck nodes was delineated. A
PTV margin of 5 mm was constructed around all
CTVs. The prescribed dose was 54.25 Gy(RBE)
in 35 fractions to low risk PTV and 70 Gy(RBE)
in 35 fractions to high risk PTV, delivered using
a simultaneous integrated boost technique.
Organs at risk (OAR) were delineated according
to hospital guidelines. Constraints and objectives
were optimized to obtain adequate (D99 > 95%)
and homogenous coverage of target volumes
while minimizing dose to OAR. OAR constraints
used were: Spinal cord Dmax < 50 Gy normalized

Planning techniques

Three beam angles were used at 45, 180 and
315 degrees. Beam spots were placed on a fixed
size grid, extending 15 mm around the target
volume, with spots spaced at 0.8 sigma (spot
size). Scanning layers were spaced by 0.8 x the
distal 80% Bragg peak width. A 4.7 cm range
shifter was used to appropriately reach the
superficial targets. A medium spot size, average
7 mm as a function of energy, was used. Paretooptimal plans were generated and navigated to a
preferred state. Adequate coverage of the target
volume, as well as the absolute constraints of
the brainstem and spinal cord were prioritized
and achieved in all patients. Then sparing of at
least one parotid gland was attempted. After
that, possibility of sparing of the other OAR was
evaluated. The preferred state was individually
determined, all plans were evaluated by the first
author.

Uncertainty analysis
IMPT plans were recalculated for eight
uncertainty scenarios: two for range over- and
under-shoot of 3% (R+, R-) and six for shifts of
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3 mm along each translational axis (right/left:
X+/X-, anterior/posterior: Y+/Y-, superior/
inferior: Z+/Z-). Additionally, for each patient,
the average shift (<XYZ>) was computed as the
sum of all shift dose distributions divided by 6.
Similarly, the shift scenarios were computed for
the VMAT plans. To simulate range uncertainty
in VMAT plans, CT density was scaled with 3%,
both up and down.
CTV coverage and OAR doses were evaluated
in all scenarios. TCP was calculated with an
EUD-based TCP formula12. The EUD represents
the uniform dose which leads to the same
probability of local control as the actual nonuniform dose distribution. It was calculated from
the DVH curves with an a value of -20 resulting
in an EUD close to the minimal dose. The EUD
was translated to TCP using: 1/(1+(TD50/
EUD)^(4*γ50)). TD50 is the dose in Gy for
50% tumor control probability, γ50 is a unitless
parameter that describes the slope of the doseresponse curve. Two sets of model parameters
were used: model 1 has a TD50 of 50 Gy and
a γ50 of 2, model 2 has a TD50 of 60 Gy and a
γ50 of 4 (Supplementary Figure S1 ). Fifteen
NTCP endpoints were evaluated with models
derived from literature, Table 2 presents the used
model parameters. For evaluation of uncertainty
scenarios, the registered dose difference between
the nominal and each scenario in Gy(RBE) was
translated in TCP and NTCP values. For a fair
comparison of nominal NTCP values between
IMPT and VMAT treatment plans, the dose was
scaled such that TCPprimary x TCPnodes was
equal in both techniques.

Evaluation
Nominal plan NTCP values were compared
between IMPT and VMAT plans, a paired T-test
was performed as well as a count of the number
of patients per endpoint with a NTCP difference
over 10%.
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To assess plan robustness on a patient level,
cutoff values of -2% for TCP endpoints, +1% for
neurological NTCP endpoints and +5% for all
other NTCP endpoints were used for the change
(∆) in TCP/NTCP of individual uncertainty
scenarios in reference to the nominal. The <XYZ>
scenario represents the average effect of random
shift errors. For each endpoint, the average <XYZ>
and standard deviation were calculated. To assess
the effect of systematic errors on the population,
the ∆TCP and ∆NTCP of the different scenarios
were averaged for each endpoint. This was done
by calculating a weighted average (W_Avg)
based on a Gaussian distribution of scenarios. The
estimated probability contribution was 7% for the
nominal, 16.5% for each range scenario and 10%
for each shift scenario, details are described in the
supplemental material. For all results, IMPT plans
were compared to VMAT plans.

Results
Nominal scenario
Nominal plan comparison typically showed
a lower NTCP for IMPT compared to VMAT
(Figure 1 , Supplementary Table S1 ); differences
per endpoint were not statistically significant.
Endpoints with a potential benefit of more than
10% NTCP for either plan type are shown in
Supplementary Figure S2 .

Individual uncertainty scenarios
As expected, a substantial ∆TCP in individual
uncertainty scenarios compared to the nominal
scenario was far more frequently present in
IMPT compared to VMAT (Table 3 ). TCP loss
in individual uncertainty scenarios was more
pronounced for nodes than for primary tumor
(Figure 2 ). ∆TCP depended on the model used,
model 1 showed less TCP decrease than model
2. Worst range and shift scenarios per patient
are presented in Supplement Table S4 . In IMPT,
comparison of the number of patients with a
threshold violation of the worst-case in dose
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Table 2: NTCP models
Lyman Kucher Burman model (LKB)* 13,14
Endpoint

Input

TD50

m

n

Reference

Myelophathy

Dmax spinal cord

69.4

0.175

0.05

Kirkpatrick15,
Emami16

Brainstem injury

Dmax brainstem

72

0.1

0.16

Burman17, Mayo18

Brain necrosis
Xerostomia parotid
gland_L
Xerostomia parotid
gland_R

Dmax brain

155

0.33

1

Lawrence19

Dmean parotid L

39.9

0.4

1

Houweling20

Dmean parotid R

39.9

0.4

1

Houweling20

Xerostomia
submandibular gland_L
Xerostomia
submandibular gland_R

Dmean submandibular
gland L

35

0.3

1

Murdoch-Kinch21

35

0.3

1

Murdoch-Kinch21

47.3

0.23

1.17

Rancati22

Larynx edema

Dmean submandibular
gland R
Dmean larynx

Larynx stricture

Dmean larynx

68

0.01

1

Cagler23

Pharynx stricture

Dmean inf. constrictor
m.

50

0.34

1

Werner-Wasik24

Mandible necrosis

Dmax mandibula

72

0,1

0.07

Hearing loss L

Dmean cochlea L

50

0.15

1

Bhandare25

Hearing loss R

Dmean cochlea R

50

0.15

1

Bhandare25

Burman17

NTCP=(1+e-S)-1 (described by El Naqa et al.)26
Endpoint
Hypothyroidism

Dysphagia

*

Input
Dmean thyroid gland,
Thyroid gland
volume (V)
Dmean sup. constrictor
m. (Dm_SCM), Dmean
supraglottic larynx
(Dm_L)

S

Reference

0.011+(0.062*
Dmean)+(-0.19* V)

Boomsma27

6.09+(Dm_
SCM*0.057)+(Dm_L
*
0.037)

Christianen28

There are three parameters in the LKB model. TD50 represents the dose for a homogenous dose distribution to an organ at

which 50% of patients are likely to experience a defined toxicity, m is related to the standard deviation of TD50 and describes the
steepness of the dose-response curve and n indicates the volume effect of the organ being assessed.
#The input for parameter S was determined with multivariable logistic regression analysis for each endpoint.

(D98<66.5 Gy(RBE)) versus TCP (decrease > 2%)
showed that the number of dose violations was in
between the number of violations calculated with
both TCP models. (Supplementary Table S2).

The number of patients per NTCP endpoint
which exceeded the defined thresholds in at
least one of the scenarios, is shown in Table 3.
As an example, box-plots of ∆NTCP are
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Figure 1: Boxplot of nominal NTCP value for
VMAT and IMPT treatment plans.

0% ∆TCP for all TCP endpoints. In IMPT, with
model 1, ∆TCP was 0% for primary tumor and 1%
for the nodes. With model 2, ∆TCP for primary
tumor was also limited to 1%, however, 5 of 18
patients had a decrease in TCP nodal control over
2% with a maximum TCP nodal decrease of 4%.
In four other patients, the W_Avg was 0%, this
resulted in a mean of 2% TCP decrease for the
population (Supplement Table S4 ).
For the NTCP endpoints, the W_Avg of ∆NTCPs
were around 0%, except for the endpoint
mandible necrosis in IMPT with a mean of 3%
(Table 2, Figure 3).

Discussion

shown for parotid gland xerostomia, mandible
necrosis and brainstem necrosis for all scenarios
(Figure 2). The endpoint with the highest risk of
NTCP increase in the presence of uncertainties,
especially in IMPT, was mandible necrosis. Of
the neurological endpoints, only brainstem
necrosis had a risk of NTCP increase in 3 patients
(Supplement Table S3).

Population effect of uncertainty
scenarios

The effect of random set-up errors was evaluated
with the average of the shift scenarios presented
as the <XYZ> scenario. This scenario did not
show a substantial ∆TCP or ∆NTCP in any of the
endpoints for both type of plans.
The population effect of systematic errors was
determined by calculating the W_Avg scenario
based on a Gaussian distribution of all scenarios,
both shift and range (Table 3). The W_Avg for
TCP endpoints depended on the TCP model
used and plan type. The W_Avg for VMAT was
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In our study with oropharyngeal carcinoma
patients, the clinical effect on the population of
uncertainties was calculated with TCP and NTCP
models. In-silico PTV based IMPT treatment
plans created without robust optimization and
VMAT treatment plans were evaluated for
robustness. Evaluation was done for random shift
errors, evaluated with an average shift scenario,
as well as for all systematic errors with a Gaussian
distribution, evaluated with a calculated weighted
average. The effect of random shift errors was
negligible for all TCP or NTCP endpoints, both in
VMAT and in IMPT plans. For systematic errors,
as expected, VMAT plans were more robust
than IMPT plans. Although individual scenarios
revealed risk of plan deterioration in IMPT, the
population effect, both on the TCP and NTCP
was limited. This leads to the question: how
robust should an IMPT plan be optimized?
With the development of IMPT, robust
optimization instead of a PTV margin is assumed
clinical practice to account for uncertainties
during treatment planning and assure adequate
CTV coverage. The degree of robustness, the
robustness model, parameter variances and
trade-off comparison are under debate. Such
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Figure 2: Boxplots of the TCP/NTCP change (∆) of the different scenarios to the nominal VMAT and
IMPT plans for all scenarios for TCP primary, TCP nodes (TCP model 2), Xerostomia parotid glands,
mandible necrosis and brainstem necrosis.

R+/R-: range over/under shoot, X+/X-: shift right/left, Y+/Y-: shift anterior/posterior, Z+/Z-: shift superior/inferior.
The scaling of the y-axis is adjusted to the range of ∆TCP/NTCP for each plot.
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Figure 3: Boxplot of the difference (∆)
between the nominal and weighted average
TCP or NTCP for each endpoint.

optimization considers dose distributions for a
number of uncertainty scenarios and optimizes
them to satisfy specified criteria.29 Frequently,
the worst-case scenario is used to guide robust
optimization, for instance the minimax worstcase optimization selects the dose distribution
corresponding to the worst-case in each step
of the process of minimizing the objective
function.30 However, the level of robustness
will be a trade off with the dose to surrounding
organs at risk and improved tumor control,
robustness will cost conformality with an increase
of NTCP.31 In our estimation, the negative effect
of uncertainties on the population was less than
the worst-case scenario, therefore, completely
optimizing the worst-case scenario might not
always be necessary. The majority of our PTV
based IMPT plans had a substantial decrease of
coverage in the worst-case scenario, especially
in the high dose area of the lymph nodes. A
reason for the larger perturbation in the lymph
node TCP compared to the primary tumor TCP
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might be the adjacent location to skin-air as
well as mucosal-air boundary since the largest
deviations were seen in the left-right shift errors.
Other authors also reported similar percentages
of PTV based IMPT plans with a worst-case
scenario where the D98 was less than 95% of the
prescribed dose.10,32 However, after translation in
TCP values and considering the range of possible
dose distributions by calculating a weighted
average, we only found a clinical effect of more
than 2% TCP decrease in 5 of 18 patients with
model 2, and in none of the patients with model
1. Furthermore, the effect on NTCP values was
very limited, with mainly a slight increase in the
risk of mandible necrosis. Irrespective of how
a plan is achieved, however, robust evaluation
must be used to demonstrate plan effectiveness
per patient or patient cohort. Incorporation of
TCP and NTCP models into the robust evaluation
methods could give more information about the
clinical effect of uncertainties and make it possible
to consider the effect on the population when it is
unknown which scenario will materialize.
A limitation of the presented method is the
assumption of a Gaussian distribution for all
systematic errors in the population to calculate the
expected TCP/NTCP per patient. The systematic
aspect of range errors is of concern. The sources
of in-patient range errors are diverse and include
dose-calculation accuracy, anatomical stability
and conversion to relative stopping power or
material composition.6 We do not know how
the balance of systematic errors per patient (our
assumption) compares to systematic errors over
the population. However, margin recipes and
robust optimization are applied to counteract
systematic errors per patient and are the topic
of this research, at the same time, accurate
calibration is needed to minimize systematic
errors over the population.
Another limitation is the choice of TCP and
NTCP models. First of all, these models harbor
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Table 3: The number of patients per endpoint which exceeded the threshold of 2% TCP decrease,
1% NTCP increase for neurological endpoints or 5% NTCP increase for non-neurological endpoints,
in at least one of the scenario’s and the weighted average (W_avg), is shown. Also the mean of the
weighted average for each endpoint and the standard deviation (SD) are shown.

(N)TCP Endpoint
TCP primary_model1

Threshold violation
in at least one
scenario

Threshold violation of
the W_Avg

Mean of the W_Avg

# of patients

# of patients

% (SD)

VMAT

IMPT

VMAT

IMPT

VMAT

IMPT

0

0

0

0

0% (0)

0% (0)

TCP nodes_model1

0

9

0

0

0% (0)

-1% (0)

TCP primary_model2

0

8

0

0

0% (0)

-1% (0)

TCP nodes_model2

1

14

0

5

0% (0)

-2% (1)

Myelophathy

0

0

0

0

0% (0)

0% (0)

Brainstem injury

3

3

0

1

0% (0)

0% (0)

Brain necrosis

0

0

0

0

0% (0)

0% (0)

Xerost parotid_L

9

13

0

0

0% (0)

0% (0)

Xerost parotid_R

8

11

0

0

0% (0)

0% (1)

Xerost submand_L

0

4

0

0

0% (0)

0% (0)

Xerost submand_R

0

3

0

0

0% (0)

0% (0)

Dysfagia

0

1

0

0

0% (0)

0% (0)

Pharynx stricture

0

0

0

0

0% (0)

0% (0)

Larynx edema

2

6

0

0

0% (0)

0% (0)

Hypothyroidism

0

0

0

0

0% (0)

0% (0)

Hearing loss L

3

2

0

0

0% (1)

0% (2)

Hearing loss R

3

2

0

0

0% (0)

0% (1)

Mandible necrosis

3

18

0

3

0% (1)

3% (3)

Larynx stricture

0

0

0

0

0% (0)

0% (0)

#: number of patients

uncertainty within them. Furthermore, current
models are derived from photon treatment and
have not been validated for proton treatment.
For most endpoints, consensus is absent on
the choice of appropriate models. However,
interpretation of dose differences with such
models will facilitate the clinical interpretation

of error scenario’s despite these uncertainties.
Routine use of NTCP models is under
development in selecting patients for proton
treatment in the Netherlands, TCP models are
not yet routinely used in clinical practice. In this
study, a research tool to calculate EUD based
TCP was applied.12 The model parameter TD50
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was chosen based on the work of Baumann et
al.33 analyzing the response of human squamous
cell carcinoma xenografts of different sizes to
irradiation. They reported that the radiation
dose required to control 50% of tumors (TD50)
of different sizes between 36 and 479 mm3
increased from 52.1 to 60.1Gy in normal nude
mice. Two different γ50 values were chosen to
compare different models.34 The parameters in
model 2 resulted in more individual scenarios
exceeding thresholds, but substantial TCP loss
for the population was still low. In this study we
used a relatively simple model to demonstrate
our method, however, more complex models
with additional parameters describing a wide
range of phenomena, including the four R of
radiotherapy have been published.35 Moreover,
incorporation of individually measured biological
data could improve the ability to predict
radiation therapy outcome compared with
the use of population derived data.36 Another
issue to take into account is the high amount

of variables to choose from in proton therapy
treatment planning. For instance, the choice
in spot size and layer spacing, choice of range
shifter, possibility of multi-criteria optimization
and application of robust optimization can all
influence outcome. Despite these limitations,
we feel that only reviewing the worst-case is too
negative and may result in overly conservative
treatment plans.
In conclusion, with the use of TCP/NTCP
models a clinical interpretation of the population
effect can be estimated by taking the probability
of scenarios into account. For this cohort of PTV
based IMPT and VMAT plans for oropharyngeal
cancer, both TCP decrease and NTCP increase
due to uncertainties was limited. Further
refinement of endpoint specific thresholds and
TCP/NTCP models is required to optimize this
method and consider implementation in robust
evaluation methods.
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Supplementary material
Figure S1: TCP models used to translate dose
difference in tumor controle probability.

∑=1.7 mm. Based on the work of Paganetti,2 the
SD for range uncertainties was estimated to be
SDR=2.7%. Therefore, underlying distributions
were modelled with a 3D Gaussian distribution
with zero mean and SD=1.7 for spatial
uncertainties and a 1D Gaussian distribution with
zero mean and SD=2.7 for range uncertainties.
As the uncertainty scenarios were derived
from ±3mm and ±3%, the nominal plan was
given the probability with ≤1.5mm and ≤1.5%
and the scenarios the probability associated
with >1.5mm and >1.5%. As the combination
of range and spatial uncertainties were not
available, the probabilities associated with these
potential scenarios were distributed 50-50 to
range and spatial uncertainty scenarios.

Addendum 1: Description of the weighted
average calculation,
The weights for the weighted average were
based on Gaussian distributions and derived as
follows. Given the well-known margin recipe
M=2.5∑+0.7δ,1 with ∑ and δ the standard
deviation of the systematic and random
uncertainties, a PTV margin of 5 mm used in this
work, and assuming ∑=δ, it can be derived that

1. Van Herk M, Remeijer P, Rasch C, Lebeque JV.
The probability of correct target dosage: dose
population histograms for deriving treatment
margins in radiotherapy. Int J Rad Oncol Biol
Phys. 2000;47;1121-35.
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Phys Med Biol. 2012;57:R99-R117.
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Table S1: Median and inter quartile range (IQR) of TCP and NTCP of nominal scenarios of VMAT
and IMPT treatment plans.
VMAT

IMPT

Median

IQR

Mean

IQR

TCP primary_model1

93%

92-93%

93%

92-93%

TCP nodes_model1

92%

92-93%

93%

92-93%

TCP primary_model2

90%

89-91%

90%

88-90%

TCP nodes_model2

89%

88-90%

90%

89-91%

Myelophathy

0%

0-0%

0%

0-0%

Brainstem_injury

0%

0-0%

0%

0-0%

Brain_necrosis

2%

1-2%

1%

0-1%

Xerost_Parotid_L

18%

10-34%

13%

11-19%

Xerost_Parotid_R

31%

14-43%

18%

11-52%

Xerost_Submand_L

99%

93-100%

99%

91-100%

Xerost_Submand_R

100%

96-100%

100%

95-100%

39%

28-44%

39%

28-46%

Dysfagia

0%

0-0%

0%

0-0%

Larynx_edema

Pharynx_Stricture

56%

35-67%

48%

Hypothyroidism

65%

48-78%

63%

22-56%
47-75%

Hearing_loss__L

0%

0-0%

0%

0-0%

Hearing_loss_R
Mandible_necrosis
Larynx_Stricture

0%

0-0%

0%

0-0%

39%

35-43%

42%

40-43%

0%

0-0%

0%

0-0%

Table S2: Shows the mean nominal dose for target volumes in IMPT plans, the mean dose in the worst
case scenarios (Perturbedmin) and the number of patients with a threshold violation in the worst case
scenario both of dose (D98 < 95% of prescribed dose: 66.5Gy)) as well as TCP value (> 2% decrease).
IMPT

CTVsd (n=18)

CTVsdln (n=16)

Nominal D98 (mean (SD))

67.8 (0.4)

68.0 (0.5)

Perturbed D98min (mean (SD))

66.8 (0.7)

65.3 (1.5)

D98 < 66.5 Gy

5/18

11/16

TCP_1 > 2% decrease

0/18

9/16

TCP_2 > 2% decrease

8/18

14/16

Dose in Gy:

Number of patients with a treshold violation in:
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Figure S2: A potential benefit of more than 10% NTCP in favor of IMPT plans was found 31
times, distributed over all 18 patients, varying from 1-5 endpoints per patient and predominantly
found in the endpoints larynx edema and xerostomia. A potential advantage of VMAT to IMPT
was found in 3 patients (3x for mandible necrosis, 1x for larynx stricture).

Table S3: Brainstem necrosis NTCP increase in the uncertainty scenario’s range overshoot, shift superior
and shift posterior comparing VMAT and IMPT plans. Threshold violations (>1%) are printed in bold.
Nominal

R+

Z+

Y-

VMAT

IMPT

VMAT

IMPT

VMAT

IMPT

VMAT

IMPT

Patient 6

0.1%

0.6%

0.0%

8.7%

0.1%

2.0%

2.6%

6%

Patient 8

0.6%

0.0%

0.0%

0.5%

0.2%

1.8%

1.9%

0.7%

Patient 9

0.1%

0.0%

0.0%

1.4%

0.1%

0.5%

1.0%

0.3%
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Table S4: ∆TCP values for primary and nodes using TCP model 2: Worst range and shift scenario,
<XYZ> and W_avg for each patient.
IMPT

Primary - TCP 2

Patient worst range worst shift <XYZ>

Nodes - TCP 2
W_Avg worst range worst shift

<XYZ>

W_Avg

1
2

-1%

-2%

0%

-1%

-2%

-14%

0%

-2%

0%

0%

0%

-3%

-8%

0%

-2%

3

-1%

-1%
-1%

0%

0%

-4%

-6%

0%

-2%

4

-3%

-3%

0%

-1%

-1%

-1%
-6%

0%

0%

0%

0%

6

-2%
-3%

-5%
-2%

0%

5

-3%
-2%

0%

-1%

-6%

-15%

-1%

-4%

7

-1%

-1%

0%

0%

-2%

-1%

0%

0%

8

-2%
-1%
-3%

-1%

0%

-1%

-3%

-11%

0%

-2%

-1%
-6%

0%

0%

-2%

-7%

0%

-2%

0%

-1%

-3%

-7%

0%

-3%

11
12

-1%

-3%

0%

-1%

-2%

-12%

0%

-1%

-2%

-3%

0%

0%

0%

0%

-1%

-1%

0%

0%

-2%
-2%

-3%

13

-12%

0%

-2%

14

-2%

-3%

0%

-1%

-2%

-3%

0%

15

-1%

-2%

0%

0%

-6%

-14%

-1%

-1%
-3%

16

-2%

-1%

0%

0%

na

na

na

na

17

-3%

-3%

0%

0%

-1%

-2%

0%

0%

18

-3%

0%

-1%

na

na

na

na

Average

-3%
-2%

-2%

0%

-1%

-3%

-8%

0%

-2%

SD

0.8%

1.6%

0.1%

0.2%

1.3%

4.6%

0.3%

1.1%

9
10

Na: not applicable
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