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Superior beam properties 
with protons

Introduction
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Improvement  
local control

Photons

85%

Translate into clinical benefits

Randomised
controlled trials

Target dose

Protons

Photons

Normal tissue dose

Protons

Prevention of 
complications

Photons

Target dose

Protons

Photons

Normal tissue dose

Protons

Protons

Protons

Randomised
controlled trials ?

4

NTCP-models
• Prediction models
• Relationship between dose in 

organs at risk and risk of 
complications

• Prospective data registration 
programs:
• Clinical data

• Toxicity data
• Dose distributions

NTCP-models
Normal Tissue Complication Probability
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1. Model-based selection
• Identify patients who will benefit most from proton 

therapy in terms of complication risk reduction

2. Model-based validation
• Alternative evidence-based method to evaluate the 

benefit of protons when used to reduce complication 
risk

Model-based approach

Langendijk, et al.  Radiother Oncol 2013
Langendijk, et al. Sem Radiat Oncol 2018
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1. Similar target dose (similar 
local control)

2. Lower dose to relevant OAR 
(∆Dose )

3. ∆Dose should translate into 
∆NTCP = reduction in 
complication risk

Model-based selection
Basic conditions
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Model-based selection
From ∆Dose to ∆NTCP
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Model-based selection
From ∆Dose to ∆NTCP

Model-based selection procedure
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Plan comparison NTCP-models Estimated clinical benefit
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∆NTCP
Biomarker for expected benefit of protons

High beneft ∆NTCP- profile Low beneft ∆NTCP- profile

Selection thresholdSelection threshold

Case example
Nasopharyngeal carcinoma

National indication protocol

Predictors
NTCP-models (6 months after end of RT)

Xerostomia grade ≥ 2 Dysphagia grade ≥ 2 Xerostomia grade ≥ 3 Dysphagia grade ≥ 3

Dmean parotid glands

Dmean submandibular glands

Baseline xerostomia

Dmean oral cavity

Dmean superior PCM

Dmean middle PCM

Dmean inferior PCM

Baseline dysphagia

Primary tumour site

Delta-NTCP threshold
≥ 10% ≥ 10% ≥ 5% ≥ 5%

Sum ∆NTCP ≥ 15% Sum ∆NTCP ≥ 7.5%

Van den Bosch et al.  Accepted for publication in Radiother Oncol 2021

VMAT (Photons)

Model-based dose 
optimisation

(NTCP-guided optimisation)
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Case

Dose profile VMAT NTCP-profile VMAT

VMAT (photons)

VMAT (Photons)

Model-based dose 
optimisation

(NTCP-guided optimisation)

IMPT (Protons)VMAT (Photons)
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Case

Dose profiles

VMAT (photons)

IMPT (protons)

∆NTCP

----- Threshold

Final ∆NTCP-profile
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VMAT 
plan

NTCP

Plan 
comparison

VMAT

IMPT

Not suited

Low NTCP

Negative

High NTCP

Positive

50%

20%

50%

50%

20%

70%

90%

10%

Experience UMCG (2018-2020)
Primary setting (n=470) 
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Which patients qualify?

29%

42%

64%

66%

97%

0% 20% 40% 60% 80% 100% 120%

Larynx

Oral cavity

Hypopharynx

Oropharynx

Nasopharynx

Percentage of patients qualifying for protons
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How to validate the 
benefit of proton 
therapy?
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1. Model-based selection
• Identify patients who will benefit most from proton 

therapy in terms of complication risk reduction

2. Model-based validation
• Alternative evidence-based methods to evaluate the 

benefit of protons when used to reduce complication 
risk

Model-based approach

Langendijk, et al.  Radiother Oncol 2013
Langendijk, et al. Sem Radiat Oncol 2018
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1. NTCP-model validation

2. Model-based clinical evaluation

Model-based validation

Langendijk, et al.  Radiother Oncol 2013
Langendijk, et al. Sem Radiat Oncol 2018
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NTCP-model validation

Langendijk, et al. Sem Radiat Oncol 2018
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NTCP-model validation
Observed versus expected
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NTCP-model validation
Observed versus expected

Model adjustment
needed at months

6, 12 and 18
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Closed testing procedure
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ADOPT: 
Original model

ADOPT: 
Model with update 
intercept

ADOPT: 
Recalibrated model

ADOPT: 
Revised model
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Vergouwe, et al. Stat Med 2014

LP0 = B0 + (B1*X1) + (B2*X2) LP1 = B0new + LP0 LP2 = B0new + (Ball*LP0) LP3 = B0new + (B1new*X1) + 
(B2new*X2)
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NTCP-model validation
Model after adjustment
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NTCP-model validation

Langendijk, et al. Sem Radiat Oncol 2018
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NTCP-model validation

Langendijk, et al. Sem Radiat Oncol 2018

Prospective data 
registration

Model-based 
selection

Photons

Protons

0%

5%

10%

15%

20%

25%

30%

35%

40%

0 5 10 15 20 25 30

N
T

C
P

 (%
)

Dose (Gy)

0%

5%

10%

15%

20%

25%

30%

35%

40%

0 5 10 15 20 25 30

N
T

C
P

 (%
)

Dose (Gy)

0%

5%

10%

15%

20%

25%

30%

35%

40%

0 5 10 15 20 25 30

N
T

C
P

 (%
)

Dose (Gy)

0%

5%

10%

15%

20%

25%

30%

35%

40%

0 5 10 15 20 25 30

N
T

C
P

 (%
)

Dose (Gy)

Updated NTCP-
models
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1. NTCP-model validation

2. Model-based clinical evaluation

Model-based validation

Langendijk, et al.  Radiother Oncol 2013
Langendijk, et al. Sem Radiat Oncol 2018
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Model-based clinical evaluation
Study design

PROTON
therapy

yes

Excluded: 
treated 

with 
photonsno

Observed 
toxicity 
rates

Comparison

Expected 
toxicity 
rates
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Model-based clinical evaluation

Observed toxicity rate 
after 

PHOTON therapy

R

Observed toxicity rate 
after 

PROTON therapy

Predicted toxicity rate 
(NTCP) based on 

PHOTON therapy plan 

Randomized controlled trial Model-based clinical validation

Each 
patient 
is its 
own 

control

Observed toxicity rate 
after 

PROTON therapy
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Model-based clinical evaluation
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RCT’s and new technologies
Variability in performance

• Treatment planning systems
• Treatment delivery 

equipment
• Equipment for imaging

• Definition and delineation of 
target volumes and OARs

• Beam set up (availability 
and capacity)

• Protocols IGRT and ART
• Dose specifications 
• Dose constraints

• Radiation oncologists
• Medical physicists
• RTT’s
• Dosimetrists
• Supportive care team

Variability of equipment Variability in standard 
operation procedures

Variability in team 
performance
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• RCT still valuable in case no proper NTCP-models are 
available

• Requirements:
• Solution to account for center variability (bias!)

• E.g. automated contouring (quality assurance)

• E.g. automated treatment planning

• Plan comparisons made and stored

• Population enrichment (e.g. based on ∆dose thresholds)

Are RCT useless?

37

Conclusions

• RCT’s are not the holy grail for EBM when validating the
added value of new RT techniques to prevent toxicity
– Driver = dose
– Many variables that affect the outcome
– Requirements “proof of principle” RCT

• Model-based approach
– Optimalisation – selection – clinical validation
– Account for center performance (always best treatment for individual

patient)
– Account for learning curve / technological improvements
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