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Annihilation photon acollinearity (APA) in PET

Inspired from www.depts.washington.edu/imreslab

Blur induced by APA:
Isotropic 2D Gaussian for a point source at the center of a 2D scanner
shaped as a perfect circle
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The beginning
Goal (back in 2019):

Validate that ultrafast TOF can mitigate the blur induced by detector size

.

Role of APA:
Demonstrate that the results were not due to numerical artifacts
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Sanity check: GateBenchmarks

GateBenchmarks:
Repository of GATE macros built to ensure that various functionalities are
working correctly

.

t_19acollinearity:
Test created to validate the implementation of acollinearity
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Sanity check: GateBenchmarks

Result of t_19acollinearity with GATE 9.2
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Understanding APA

Response function of APA:
Gaussian distribution with a ≈0.4◦ FWHM1

.

Trivia:
Estimated from water at 20◦C (significantly sharper at -144◦C)2

1Moses, “Fundamental limits of spatial resolution in PET”.
2Colombino, Fiscella, and Trossi, “Study of positronium in water and ice from 22 to -144 °C by annihilation quanta measurements”.
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Same magnitude: 
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So... deviation or magnitude?

Origin:
Positronium (ortho/para) vs non-zero kinetic energy vs laboratory frame

.

.

Conclusion?
Theoretical particle physics is complex
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So... deviation or magnitude?

Based on distance1

1Colombino, Fiscella, and Trossi, “Study of positronium in water and ice from 22 to -144 °C by annihilation quanta measurements”.
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So... deviation or magnitude?

x
y

p2

p1

Detector

θ
Based on ∆E of γγ1

1Shibuya et al., “Annihilation photon acollinearity in PET: volunteer and phantom FDG studies”.
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So... deviation or magnitude?

x
y

z

p2

p1

Detector

φ

ψ

Two angles parametrization1

1Toussaint et al., A rewriting of the relation between the acolinearity of annihilation photons and their energy in the context of positron emission
tomography. 6 / 11
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So... deviation or magnitude?
Conclusion:

APA deviation follows a 2D Gaussian
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Implementation of APA in GATE: a historical review
At the time of GATE creation, APA, in the context of PET, is not available
in Geant4

GATE introduced the G4PositronAnnihilation physics process to accounts
the γγ non-colinearity (GATE v6.2)

Added to Geant4 in version 10.7, released in 2022
Release Notes: "fixed problem seen in the rare case (...) contributes to a
small non-collinearity of the [annihilation photons], detectable and significant
in PET."

So... end of the story? Not so fast!
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Implementation of APA in GATE: a historical review

APA in GATE prior to version 10.0
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Effect on PET simulation: does it matter?

Context:
Scanner diameter: 80 cm

APA: 0.59◦ FWHM (GATE hard-coded value)

Detector width: 0.5 mm
.
.
Theoretical instrumental spatial resolution:

2.1 mm

8 / 11



Context Searching for answers Investigation with GATE Conclusion

Effect on PET simulation: does it matter?

GaussMag, 70 it.

GaussDev, 40 it.

Theoretical instrumental spatial resolution: 2.1 mm
8 / 11



Context Searching for answers Investigation with GATE Conclusion

Effect on PET simulation: does it matter?

GaussMag, 70 it.

GaussDev, 40 it.

Theoretical instrumental spatial resolution: 2.1 mm
8 / 11



Context Searching for answers Investigation with GATE Conclusion

Effect on PET simulation: does it matter?

GaussMag, 70 it. GaussDev, 40 it.

Theoretical instrumental spatial resolution: 2.1 mm
8 / 11



Context Searching for answers Investigation with GATE Conclusion

Effect on PET simulation: does it matter?

Theoretical spatial blur induced by APA at the center of a PET scanner
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Current situation

Not unique to GATE; observed it in all PET simulation software I was able
to access

e.g., PETSIM1, PeneloPET2, GePEToS3, GAMOS4 and SMART-PET5

So. . . spread the word!
Incorrect implementation of APA in GATE 9.4 and previous

If you can compile the program, two solutions are proposed in6

Available soon in GATE 10
Geant4 implementation can be activated for ion and positron sources
It will be available for GenericSource soonTM

Known as back-to-back prior to GATE 10

1Thompson, Moreno-Cantu, and Picard, “PETSIM: Monte Carlo simulation of all sensitivity and resolution parameters of cylindrical positron
imaging systems”.

2España et al., “PeneloPET, a Monte Carlo PET simulation tool based on PENELOPE: features and validation”.
3Jan et al., “GePEToS: a Geant4 Monte Carlo simulation package for positron emission tomography”.
4Arce et al., “Gamos: A framework to do Geant4 simulations in different physics fields with an user-friendly interface”.
5Pfaehler et al., “SMART (SiMulAtion and ReconsTruction) PET: an efficient PET simulation-reconstruction tool”.
6Toussaint et al., “On the implementation of acollinearity in PET Monte Carlo simulations”.
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Mea culpa

Tests are importants
Enable quick sanity checks

Ensure that code refactoring and updates do not introduce any issues

GATE 10 beta already has 80+ types of tests (Hope I am not spoiling it)
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Mea culpa

BTB vs Ion, G4Material BTB vs Ion, GATE
material

BTB vs Ion, Custom
material

Ion, only one material with
APA activated

e+, G4Material Value in human subject7

7Shibuya et al., “Annihilation photon acollinearity in PET: volunteer and phantom FDG studies”.
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Mea culpa

The second golden rule of debugging7:
When you’re sure that everything you’re doing is right, and your program
still doesn’t work, one of the things you’re sure of is wrong

7Cooper, Oh! Pascal!
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Talking about wrong assumption...

Results

 

Intuition

Context Goal & Contributions

Simulation Setup

Best case: gain of 0.8 mm is 
achieved when the instrumental 

spatial resolution is 2.2 mm

obliqueTORbasicTOR

In almost all cases, spatial 
resolution is better than 

the theoretical blur of APA

2-mm TOF (13.3 ps) 4-mm TOF (26.6 ps) 10-mm TOF  (66.6 ps) 2-mm TOF (13.3 ps) 4-mm TOF (26.6 ps) 10-mm TOF (66.6 ps)

Gain is possible even 
with 66.6 ps TOF As expected, worst 

spatial resolution 
compared to basicTOR

TOF resolution has more 
effect on gain compared 

to basicTOR cases

Gain of 0.8 mm even 
with low count statistics

Instrumental spatial 
resolution: 2.2 mm

Instrumental spatial 
resolution: 2.6 mm 

Notable difference 
in structures 
resolvability

Only true counts, no positron range, no decoding error  

GATE-based simulations [6]
Scanners configuration

Reconstruction parameters:
- FOV: 8.0 x 8.0 cm2, 0.3125 x 0.3125 mm2 pixels
- Stopping criterion: Minimize MSE with groundtruth  

- Custom Hot Spot phantoms (diameter: 60 mm)
- Contrast between spot and background : 4:1
- Spot diameters (mm): 1.0 to 3.0 with steps of 0.2

Phantom description:

Resolution phantoms

Theoretical blur induced by detector size: 1.0 mm

Resolvability:
>90% of the spots satisfy the Rayleigh resolution criterion [10] 
(Open source software presented at M-17-276. Github link)

BigBrain phantoms

2-D ring scanner:
  - 4 mm axial
  - 81 cm inner diameter
  - 40 6.4-cm sides polygon
  - 32 2-mm wide detectors 
    per panel

3-D scanner:
  - 128 replicas of the 2-D ring 
    scanner stacked axially 
       ! Detector axial size: 2 mm
       > Axial FOV of 25.6 cm

- 2015 3D Classified Volumes, MNI ICBM 152 Space [11] 
- 18F-FDG-like distribution

Phantom description:

Reconstruction parameters:
- CASToR with Distance-driven projector [12]
- Stopping criterion: Visual evaluation of best iteration  

Two values of APA FWHM: 
    - basicTOR:    0.55° [7]  -> APA blur: ~1.9 mm
    - obliqueTOR: 0.67°       -> APA blur: ~2.4 mm
        ? Emulate APA blur for the median lenght of TORs in
           the Explorer [8] (i.e., 102 cm)
TOF resolutions (FWHM):
    - 2, 4 and 10 mm (i.e., 13.3, 26.6 and 66.6 ps)
Count statistics: 
    - FullStat: Based on UHR brain PET scanner sensitivity [9] 
    - HalfStat and 1/10thStat: respectively half and 1/10th 
      of FullStat  

Uniform along 
the theta axis

Gaussian along 
the u axis

Effect of APA in 
Radon space 
(without TOF)

Effect of APA in 
image space with 

perfect TOF

1D Gaussian

Example of APA 
for a point source 
at the center of a 

scanner

Curvature is negligible 
in practice

APA without TOF and Radon inverse 
-> Gaussian

vs
APA with perfect TOF and direct image 

formation -> Gaussian divided by its norm

1 Department of Medical Imaging and Radiation Sciences, Université de Sherbrooke, Canada; 2 Sherbrooke Molecular Imaging Center, 

CRCHUS, Canada; 3 Institute for Instrumentation in Molecular Imaging, i3M CSIC-UPV, Spain; 4 Department of Computer Science, 

Université de Sherbrooke, Canada; 5 IR&T Inc., Sherbrooke, Canada

Time-of-Flight Requirements to Reduce the Effect 
of Acollinearity on PET Spatial Resolution

Maxime Toussaint1,2, Francis Loignon-Houle3, Jean-Pierre Dussault4 and Roger Lecomte1,2,5

- Annihilation photon acollinearity (APA) is a limiting factor in spatial resolution for whole/total-body PET
  scanner since its effect is proportional to the length of the tubes of response (TORs) [1] Investigate the requirements for TOF to mitigate the effect 

of APA on spatial resolution, particularly in terms of ...
- TOF resolution (13.3 to 66.6 ps FWHM) 

- Ultrafast Time-of-Flight (TOF) resolution can mitigate the effect of detector size on spatial resolution [2] 

- With perfect TOF resolution, the shape of the blur induced by APA becomes narrower, enabling a gain
  in spatial resolution even without modeling APA in the reconstruction process [3]

- Efforts to reach ultrafast TOF resolution, i.e., around 10 ps FWHM, are ongoing [4] 

- There is an ongoing debate as to whether these efforts are justified for PET imaging  [5]

- count statistics (low-count imaging)

- the type of geometry (i.e., whole-body and total-body scanners)

Ultrafast TOF vs acolinearity at
M-08-062

Link to the poster
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