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* Introduction to Compton Cameras
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Compton cameras

« Compton camera: electronically collimated
device.

- Cone surface from measured positions

and energies, if E_is known or can be

measured. Detector 2 (x3, Ey)

1 1
6039:1—m62< ~ ——)
EO — E1 EO

-  Cone intersection.
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Compton cameras

« Compton camera: electronically collimated
device.

- Cone surface from measured positions

and energies, if E_is known or can be

measured.

Detector 3 (x3, Ej3)

-  Cone intersection.
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Compton cameras

Physics experiments Location of radioactive sources

Imaging Compton Telescope
(COMPTEL)

V. Schonfelder 1991 Adv. Space Res. 11(8), pp. (8) 313—(8) 322
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Compton cameras

Physics experiments Location of radioactive sources

Imaging Compton Telescope
{(COMPTEL)

V. Schonfelder 1991 Adv. Space Res. 11(8), pp. (8) 313—(8) 322 Hadron therapy
treatment monitoring

Imaging in huclear medicine

Absorber;
= LaBr Scatterer/Tracker:
i (+ PMT) DSSs5D

99mTc-DMSA .
Shinji Motomura et al 2008 J. Anal. At. Spectrom. 23, Peter Thirolf et al 2014 Med. Phy. 40(6)

1089-1092

Takashi Nakano et al 2020 Phys. Med. Biol. 65 05LTO1
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https://doi.org/10.1039/1364-5544/1986
https://www.researchgate.net/profile/Peter-Thirolf?_sg%5B0%5D=PK4tEerWPZ-FqewyXua6PTcPBlc2hs5H9oOs4lSu2iXDyo0dryo-Vg6uCrUernuj7i1hBO8.Fw9PhCT-ruYfPsk9Yf8c9WYj4eD5eDhlrSgrkfZxm_7IqNZfq0q40y2VWrjn9DYT9m-9sVJk7Q4TtjK4eHWaMA&_sg%5B1%5D=4fo_FMsW3blRx6xRezIKMXOmvIXUZGaBBuVgeih4iu39J7BKGsksm2ymuN03f3XYTfaQ8E0.3bI_O2J6ffvTFeCTqn7NYjwCXeRJ-g280uazfwjuzUHslbIE9lVmYBiGDS-nC1Hw_MGHOswL8okTYqbtBgDzyw

- MACACO Compton Camera
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MACACOQO ||| Medical Applications CompAct COmpton camera

Monolithic LaBr, scintillator crystals of 25.8 x 25.8 mm? and 5 mm thickness.

SiPM arrays S13360-3025CS from Hamamatsu photonics.

MACACO IIl employs the ASIC VATA64HDR16 from IDEAS.

AliVATA DAQ system developed by the group and commercialized by Alibava Systems S.L.

Javier Pérez Curbelo



 Application of Neural Networks to Enhance MACACO Compton

Camera Imaging

« Event Selection with Multi-Energy Radioactive Sources

Javier Pérez Curbelo Sept 25", 2024



Event Selection with Multi-Energy Radioactive Sources Simulations

MACACO Il simulation in Gate v8.2 Array of 37 22Na sources
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Event Selection with Multi-Energy Radioactive Sources Simulations

1275 keV

511 keV

MACACO Il simulation in Gate v8.2 Array of 37 22Na sources
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Event Selection with Multi-Energy Radioactive Sources Simulations

Data Type
1275 _good
511 good

1275 keV

511 bs
bad

511 keV

0
1
1275 _bs 1
1
1
1

unknown

MACACO Il simulation in Gate v8.2 Array of 37 22Na sources
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Event Selection with Multi-Energy Radioactive Sources Simulations

Data Type
1275 keV
1275 _good 0
511 good 1
1275 bs 1
511 bs 1
511 keV -
bad 1
unknown 1
MACACO Il simulation in Gate v8.2 Array of 37 22Na sources
Input Hidden Output
Scatter Detector s N layer layers layer
(x1,y1,21.E1)

- Z
Absorber Detector 4 x

(X2,y2,22,E2)

¥p

J. Pérez-Curbelo et al., Rad. Phys. and Chem (2024), https://doi.org/10.1016/j.radphyschem.2024.112166.
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Event Selection with Multi-Energy Radioactive Sources

NNs trainning

Hyperparameters tuning by using Weights and Biases* NN
Layers 1-6-1
(# of neurons) (8-200-90-90-40-40-10-3)
' Optimizer Adam
Learning rate 0.001
Activation RelLU
sigmoid
Batch size 2000
Epoch 300

*L. Biewald. Weights & Biases. [Online]. Available: http://wandb .com.
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Event Selection with Multi-Energy Radioactive Sources  EXperimental setup

37 22Nasources

* 0.28 Mbq at the time
of the measurement

« 21600 s
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Event Selection with Multi-Energy Radioactive Sources  EXperimental setup

37 22Nasources

* 0.28 Mbq at the time
of the measurement

« 21600 s

edep1 vs edep2

edeplvsedep2_before
Entries 262274
Mean x 0.196
Meany 0.2712
Std Dev x  0.2021
Std Devy 0.2348
30

edep2(MeV)

Deposited energy in
the first plane 08
VS
Deposited energy in
the second plane

0.6

0.4

0 3 J : 1.2 1.4 0
edepi(MeV)

Data from coincidences in Plane 1 and Plane 2.
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Event Selection with Multi-Energy Radioactive Sources  EXperimental setup

37 22Nasources

* 0.28 Mbq at the time
of the measurement

« 21600 s

edep1 vs edep2

edepivsedep2_before
g Entries 262274

Mean x 0.196
) Meany 0.2712
Std Dev x  0.2021
Std Devy 0.2348

edep2(MeV)

Deposited energy in 3°
the first plane 8- = 2
vsp . Random events
20
Deposited energy in  *° "
the second plane 04
10
5
. -
0 0.2 0.4 0.6 0.8 1 1.2 1.4
edepi(MeV)

Data from coincidences in Plane 1 and Plane 2.
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Event Selection with Multi-Energy Radioactive Sources  EXperimental setup

37 22Na sources

0.28 Mbq at the time
of the measurement

21600 s

edep1 vs edep2

edepivsedep2_before
Entries 262274

Mean x 0.196
Mean y 0.2712
Std Devx  0.2021
Std Devy 0.2348
30

edep2(MeV)

Deposited energy in
the first plane 08
VS
Deposited energy in
the second plane

Total photon

06 energy absorption

0.4

-
|
1.2 1.4 0
edepi(MeV)

Data from coincidences in Plane 1 and Plane 2.
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Event Selection with Multi-Energy Radioactive Sources  EXperimental setup

37 22Nasources

* 0.28 Mbq at the time
of the measurement

« 21600 s

edep1 vs edep2

edepivsedep2_before
Entries 262274

Mean x 0.196
Mean y 0.2712
Std Devx  0.2021
StdDevy 0.2348
30

edep2(MeV)

Deposited energy in
the first plane 08
VS
Deposited energy in
the second plane

Backscatter events
0.6

0.4

o T i T, ()
0 0.2 0.4 0.6 0.8 1 1.2 1.4
edepi(MeV)

Data from coincidences in Plane 1 and Plane 2.
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Event Selection with Multi-Energy Radioactive Sources  EXperimental setup

37 22Nasources

* 0.28 Mbq at the time
of the measurement

« 21600 s

Sum of deposited energies in first and second plane

edep1 vs edep2 " edep12_before

= «aEdep1vsedep22é3;;c>7rz g L Entries 262274

— : ntries = 0.4674

2 e : Mean x 0.196 1012500 — gean 152
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Std Devy 0.2348 r
. ) 30 2000(—
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- 1500—
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g . e, (I E
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E(MeV)

Data from coincidences in Plane 1 and Plane 2.
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Event Selection with Multi-Energy Radioactive Sources

edep1 vs edep2 edep1 vs edep2

Deposited energy in

. edepivsedep2_before i . edepivsedep2_before
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Event Selection with Multi-Energy Radioactive Sources

edep1 vs edep2 ; ; edep1 vs edep2
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Event Selection with Multi-Energy Radioactive Sources

edep1 vs edep2 edep1 vs edep2
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Event Selection with Multi-Energy Radioactive Sources

« Maximum Likelihood Expectation
Maximization (MLEM) algorithm.

« System and sensitivity matrices
are calculated analytically.”

» Median filter with 3x3x1 voxel

window size.

 Field of View: 101x101x21
mm?3, volume grid composed by

1 mm?3 voxels.

* E. Munoz et al., Phys. Med. Biol., 2018, 63 (13): 135004.

* J. Roser et al., Phys. Med. Biol., 2020, 65, 145005.
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Event Selection with Multi-Energy Radioactive Sources

,g %10’
S
Maximum Likelihood Expectation =

Maximization (MLEM) algorithm.

System and sensitivity matrices
are calculated analytically.”

20 40

Median filter with 3x3x1 voxel _ x (mm)
window size.

Image with good coincidences
generated by 1275 keV photons
classified by the two NNs.
101x101x21
mm?3, volume grid composed by
1 mm?3 voxels.

* Field of View:

* E. Munoz et al., Phys. Med. Biol., 2018, 63 (13): 135004.

* J. Roser et al., Phys. Med. Biol., 2020, 65, 145005.
Javier Pérez Curbelo
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Event Selection with Multi-Energy Radioactive Sources

%10’

y (mm)

« Maximum Likelihood Expectation
Maximization (MLEM) algorithm.

« System and sensitivity matrices
are calculated analytically.”

—40 =20 0 20 40 —40 =20 0 20 40

 Median filter with 3x3x1 voxel X (mm) x (mm)
window size. _ o . .
Image with good coincidences Image with all experimental
generated by 1275 keV photons events applying a cut in 600 keV
classified by the two NNs. prior to reconstruction.

 Field of View: 101x101x21
mm?3, volume grid composed by

1 mm?3 voxels.

* E. Munoz et al., Phys. Med. Biol., 2018, 63 (13): 135004.

* J. Roser et al., Phys. Med. Biol., 2020, 65, 145005.

Javier Pérez Curbelo \Y[e]n]= 8




Event Selection with Multi-Energy Radioactive Sources

Image with good coincidences generated by Image with all experimental events applying a cut in
1275 keV photons classified by the two NNs. 600 keV prior to reconstruction.

= x10° E

= £

\; 40 250 >

20 200
150

100

—40 -20 0 20 40

X (mm) x (mm)

Intensity profiles

a.u.

—— NN selection

— cut in 600 keV

o o
o o )
Or\ I O I O B
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S
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! | 1 1 | | | ] 1 1 | |
20 40 60 80 100
X (mm)
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 Application of Neural Networks to Enhance MACACO Compton

Camera Imaging

 Photon Interaction Localization in Monolithic Crystals

Javier Pérez Curbelo Sept 25", 2024



Photon Interaction Localization in Monolithic Crystals Introduction

« Maximum Likelihood Expectation
Maximization (MLEM) algorithm.

« System and sensitivity matrices
are calculated analytically.

" ~ Source

‘ Ep
A
i

Plane 1

5
e
et

e
Plane 2 E2, X2, ¥2, Z2
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Image reconstruction for a multi-layer Compton telescope:
an analytical model for three interaction events
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Photon Interaction Localization in Monolithic Crystals Introduction

Image reconstruction for a multi-layer Compton telescope:
an analytical model for three interaction events
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Photon Interaction Localization in Monolithic Crystals

Introduction

« Maximum Likelihood Expectation
Maximization (MLEM) algorithm.

« System and sensitivity matrices
are calculated analytically.

" ~ Source

Ep

Plane 1 El, X1, Y1, Z1

"
e
T

e
E2, X2, Y2, 22

Plane 2

Analytical method y

3D position determination in monolithic
crystals coupled to SiPMs for PET

Ane Etxebeste, John Barrio, Enrique Mufioz, Josep F Oliver,
Carles Solaz and Gabriela Llosa

r CSIC/Universitat de Valincia, Vaencia, Spain
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Photon Interaction Localization in Monolithic Crystals Simulations

* Realistic simulations:
> One plane of MACACO lII.
» 25.8 x 25.8 x 5 mm?3 LaBr; scintillator crystal.
- 8 x 8 SiPM array with a pixel size of 3 X 3 mm2.
> Perpendicular 511 keV pencil beam.

MACACO Il simulation in Gate v7.0
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Photon Interaction Localization in Monolithic Crystals
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Simulations

» Realistic simulations:
> One plane of MACACO lII.
» 25.8 x 25.8 x 5 mm?3 LaBr; scintillator crystal.

- 8 x 8 SiPM array with a pixel size of 3 X 3 mm2.

~ Perpendicular 511 keV pencil beam.

« 12 x 12 grid, 1 mm step.
- 6000 events per position for training.
» 2000 events per position for testing.
* 6 X 6 grid, 0.5 mm step.

» 2000 events per position for validating and avoiding

overfitting.

Two grid sweeps for model training, validating and testing
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Photon Interaction Localization in Monolithic Crystals NNs trainning

* The light collected by each pixel of the SiPM was used to create an 8 x 8 image for training the CNN model.

Pixels 2D - Module 0 Pixels 2D - Module 0

% 500
&
= & 450
400 =00
5
350 350
nn o 300 x = 12.0 y= 5.0
250
250
_s| 200
200
150
150 -10
100
100 -10 -5 0 5 10
PosX

PosX
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Photon Interaction Localization in Monolithic Crystals NNs trainning

* The light collected by each pixel of the SiPM was used to create an 8 x 8 image for training the CNN model.

Pixels 2D - Module 0 Pixels 2D - Module 0

x=12.0 y=5.0

Published as a conference paper at ICLR 2015

5 X
+ + | +: 3 VERY DEEP CONVOLUTIONAL NETWORKS
. AW y FOR LARGE-SCALE IMAGE RECOGNITION
.r;-i;’.
e . .
R Karen Simonyan* & Andrew Zisserman®
isual roup, f Engineering Science, University of Oxford
Input: 8x8x1image 512 filters (3x3) 512 filters (3x3) 512 filters (3x3) flatten 4096 4096 1000 Tkaren: a216robots on ae uk E e Science, Universty of Oxfor
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Photon Interaction Localization in Monolithic Crystals NNs trainning

* The light collected by each pixel of the SiPM was used to create an 8 x 8 image for training the CNN model.

Pixels 2D - Module 0

Pixels 2D - Module 0

x=12.0 y=5.0

Published as a conference paper at ICLR 2015

VERY DEEP CONVOLUTIONAL NETWORKS

y FOR LARGE-SCALE IMAGE RECOGNITION
) Karen Simonyan* .& Andrew Zisserman*l i . o
Input: 8x8x1image 512 filters (3x3) 512 filters (3x3) 512 filters (3x3) flatten 4096 4096 1000 T o o s o ey Engincering Sclence, University of Oxford
* Ground truth: positions provided by Gate. * MAE, euclidean distance and the full width at half

maximun (FWHM) as figures of merit (FOMs).

Lo * Once the 2D model was trained, it was used to
* Optimizer: Adam. predict the depth of interaction (DOI).

* Loss function: Mean absolute error (MAE).
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Photon Interaction Localization in Monolithic Crystals

/Difference real - predicted in x direction 2D Error distribution \

x coordinate
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Photon Interaction Localization in Monolithic Crystals
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Photon Interaction Localization in Monolithic Crystals
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Photon Interaction Localization in Monolithic Crystals

( FOMs (mm) \

MAE eucliden FWHM
distance
2D - 0.27 0.22

3D 0.21 0.44 0.62
\Z —/

( Analytical method )

* FWHM and median 2D euclidean distance of 0.32 mm and 0.35 mm for x and y positions
estimation, respectively.

\. 1.8 mm for the spatial resolution in the case of the DOI estimation. y
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MACACO Il simulation in Gate v8.2
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NNs trainning
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Experimental setup
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90 MeV
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Profiles of the images with true
signal data classified by the NN

Obtained displacements +1.4 mm

model.
88.38 —90.00 MeV  90.00 —91.62 MeV  88.38 — 91.62 MeV
T 1
|I.|I | — .38 MeV 1 MaXimum 20 20 40
| i omi By RS0 0.9 44 5.5
| R50 3.5 20 55

maximum

R80

R50

Relative dose

Javier Pérez Curbelo \Y[e]n]= 20




Background Reduction for Proton Range Verification

Profiles of the images with true
signal data classified by the NN

Obtained displacements +1.4 mm
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Ongoing work
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Conclusions

« We have successfully applied neural networks to enhance the

performance of Compton cameras in various imaging tasks.

 Neural networks were used in three distinct scenarios: event selection,
photon interaction localization, and background reduction,
demonstrating positive results in each case.

 The results showed promising improvements, indicating that neural
networks have the potential to significantly enhance the detector
performance.

 As newcomers to the field of neural networks, we recognize that there

is still room for improvement and further refinement of our models.
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BaC ku p Slides Thresholds study

Table 6
Statistical results for events selection on simulated circular array data. Highlighted rows
correspond to the selected cases for image reconstruction.

Model Type 0 Background TSP (%) Recall
NNc 136282 41 600 77 83
NNc_soft(0.3) 143648 54164 73 87
NNc_soft(0.4) 139765 46 466 75 85
NNc_hard(0.6) 123363 29139 81 75
Cut in 600 keV 109795 57573 66 67
NNc NNc_soft(0.3)
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J. Pérez-Curbelo et al., Rad. Phys. and Chem (2024),
https://doi.org/10.1016/j.radphyschem.2024.112166.
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Fig. 7. Deposited energy in plane 2 vs. plane 1 of the CC for the selected events from the simulated circular array.
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Fig. 10. Deposited energy in plane 2 vs. plane 1 of the CC for the selected events from the experimental circular array: (a,b,c,d,e) the NN models and (f) the energetic cut method.
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Backup SlideS Background reduction on

simulated data
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Figure 1. Reconstructed images at 4.4 MeV using three different simulated data sets: only true signal events
(a}, all events (b) and events selected by the trained NN (c). (d) Line profiles along the beam direction from
the above images. (e) Transverse line profiles at the maximum position. (f) Energy spectra recovered after
integration over the reconstructed image spatial domain.
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