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Online adaptive proton therapy

Imaging Treatment planning Patient alignment (CBCT) 

Adapt?
No

Treatment delivery

Plan adaptation

Yes

• Monitor anatomical changes, restore dose conformity
– Current practice: weekly CTs

Next fraction



Online adaptive proton therapy

Imaging Treatment planning Patient alignment (CBCT) 

Adapt?Lack of 
tools 

No

Treatment delivery

Plan adaptation

Yes

• Monitor anatomical changes, restore dose conformity

• Lack of tools:
– High quality daily 3D images à synthetic CTs
– Quality control tools à proton radiography

Next fraction



Synthetic CT generation via DL

CBCT
Right before treatment

Wrong CT numbers
Image artefacts

Synthetic CT (3D, 4D)

• Deep conv. neural network
– U-net

• CT - CBCT image pairs
• 25 patients
• 4D-sCTs: 

• 3D CBCTs phase binned
• 4D reconstruction (MC-Rooster)



Synthetic CT generation via DL

Input

Output

Different CBCT image 
quality for 3D and 4D 
training



Quality control of synthetic CTs

Synthetic CT (3D, 4D)
Safe to use in clinic?

Proton radiography
Quality control

• Proton dose calculations
on synthetic CTs

• Implementation in adaptive
workflows

• Daily anatomy



Why do we need quality control tools?

• Detect outliers in DL output
– Anatomical abnormalities
– Positioning
– Implants
– Acquisition settings
– System updates

Elements that fall outside the training distribution
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Aim of this study

Evaluate 3D and 4D thorax synthetic CTs in terms of CT number 
accuracy via proton radiography simulations



Proton radiography simulations

• Gantry angle 0 degrees

• Multi-layer ionization chamber

• 15 patients

• Range errors maps in 3 scenarios:
1. 3D sCT

2. 4D sCT (50%)

3. average 4D sCT

Synthetic CTCT

Range error map

Proton radiography



Examples of sCT quality

CT

3D-sCT



Examples of sCT quality

CT

3D-sCT



Range error map quantification

• Mean (MRE) and standard deviations (SD)
a) whole anatomy 
b) only lung tissue 
c) whole anatomy excl. lung



Results: whole anatomy
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Scenario 1: 3D-sCT
Scenario 2: 4D-sCT(50%)
Scenario 3: 4D-sCT(ave)

• High variability across patients: MREs between 0.0±1.0mm and 0.6±5.6mm
• Comparable results between 3D and 4D
• Systematically positive MREs à why?



Results: lungs 

• Increased MRE and SDs in lungs
• Lower CT number accuracy in lung tissue

-10,00
-8,00
-6,00
-4,00
-2,00
0,00
2,00
4,00
6,00
8,00

10,00
12,00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

M
ea

n 
ra

ng
e 

er
ro

r (
m

m
)

Patient number



Results: anatomy excl. lungs

• Reduced MREs and SDs in the rest of the anatomy
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Conclusions

• Proton radiography as a quality control tool
for synthetic CTs.

• Highlight CT number inaccuracies in
synthetic CTs.

• CT number accuracy of synthetic CTs is
particularly challenging in lung tissue.



Future perspectives

• In vivo range verification in thoracic patients
– Patient specific dosimetry checks
– 4D synthetic CT validation with ground truth 

measurements

• QA workflows for AI-based tools in the clinic
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Thank you for your attention!


