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My background

AEngineering Physics at Ghent University

AMaster thesis at Kyushu University
AMolecular dynamics and (S)TEM to study nanoparticles

AData Science consultant Bievoteam
AFraud detection with deep learning and graph theory

APhD at Ghent University
ATime of flight in monolithic PET detectors
Almage reconstruction for the WPET




Cerenkov In monolithic BGO

A simulation study in GATE



Cerenkov iIn monolithic BGO

Cerenkov emission

Cerenkov

Cerenkov

Photoelectric effect Compton scattering
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Figures from: https://ocw.mit.edu/courses/1291-medicalgeologygeochemistryan-exposurejanuaryiap-2006/



Cerenkov in monolithic BGO

Cerenkov emission

BGO Compton scattered Purely photoelectric
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Cerenkov in monolithic BGO

Cerenkov emission
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Cerenkov iIn monolithic BGO

Cerenkov detection
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Cerenkov in monolithic BGO

Cerenkov detection

Monolithic 50x50x12 mm3 BGO
Cerenkov only

back surface

Bl polished grease
10 | [[rough grease

12

Spread out over 8x8 (6&iPMs
A Unlikely to detect > 1 Cerenkov photons [8PM

A Requires triggering below the single photoelectron level

o N OB~ O

photons detected per event

rough black rough bare polished grease ESR
lateral surface
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The Walklhrough PET

A flat panel LAFOV PET design based on monolithic detectors



The WalkThrough PET

The team In Belgium

Stefaarivandenberghe
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Maya AbIAKI MeysamDadgar Jens Maebe BorisVervenne
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The WalkThrough PET

Outline

ADesign and current state
ANEMA system characterization
Almage reconstruction

ARemaining challenges
ALimited angle artefacts
A CTless attenuation correction

AXCAT lesion detectability
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Design and current state



Design and current state

TotalBody PET

Increased sensitivity

A Better image quality
A Lower dose scans
A Shorter scans

SAFOV PE

Single bed position scanning
A Dynamic imaging

Increased system cost
ACAESR O2aiday /¢ RIGFEkNBO2Y
A Scales linearly with AFOV: scintillat@¥Ms electronics
- Patient throughput remains limited
A Sub oneminute scans become possible
LAEOV PE A patient preparation becomes limiting factor
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Design and current state

WallkkThrough PET

WT-PET

82 cm
106 cm
106 cm
v Reduced system cost i
/ A5SONBI SR RSGISOG2NI O29gSNY IS o
74.cm A Use of monolithic detectors

50 A BGO scintillators

»
|

v

A

Dimensions based on &€ans from PET patients [ncreased patient throughput

106 cm AFOV: simultaneous head + torso imagingd Aiming for 30 s acquisitions 18



Design and current state

Monolithic detectors

50 mm

v

i
<«

BGO

50 mry

16 mmI

8x8 SiPM array

*Based on experimental results from Pisa

Spatial resolution:

A 2D: 1.3 mm

A DOI: 2 mm

TOF resolution:

A 327/ 400ps
Energy resolution:

A 15 %
Maximumcountrates
A 1 Mcps

A 370 ns deadtime

19



Design and current state

Current state

T A Fundamental system/detector design
GHENT A Simulations for system characterization
UNIVERSITY A Software development

A System integration (electronics, mechanical)
A Cooling system
A Enduser usability

- A Provides the electronic readout; TOFPET2 ASIC
P ETsyS Electronics

20



Sparse LYSO configuration

14 12

A
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A
\4
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Design and current state

Sparse LYSO configuration

coronal

70cm NEMA source

500
& =
g - —— Full coverage
3 250 .
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Full detector coverage

Sensitivity (kcps/MBQ) 77 63 60

Sparse 70% coverage
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NEMA system characterization

A comparison with Quadra based on GATE simulations



NEMA system characterization

Sensitivity

WT-PET (70 cm source) Quadra (70 cm source)
—0cm(322 MRD) — 0 cm (85 MRD)
—Ocm ——10em{xy —10em(y) me (322 MRD) — 1;an (85 MRD)
800 800
500 - 500 -
8,4[][] B 8_4[][] i
< 3001 < 3001
2007 2007 - 70 cm source Sensitivity Sensitivity
o o (center) (simulated) (experimental)
60 40 20 0 20 40 60 6 40 20 0 20 40 60 Cps/k Bqg Cps/kBq
axial position (cm) axial position (cm)
WT-PET (106 cm source) Quadra (106 cm source) WT'P ET 154 O -
—Oem —10em( —10cm(y) D) 1o ) Quadra (MRD 85) 87.0 82.6
400 400 Quadra (MRD 322 179.7 175.3
300 300
a a
< 200 < 200
100 - 100 - \
U T T ] ] ] U T T ] ] T
60 -40 -20 O 20 40 B0 .60 -40 -20 0 20 40 60

24
axial position (cm) axial position (cm)



NEMA system characterization

Scatter fraction

_ Simulated Experimental

WT-PET 30.72 %

(offset along panels)

WT-PET 29.58 %

(offset towards panels)

Quadra 34.80 % 36 %
(MRD 85)

Quadra 36.18 % 37 %
(MRD 322) /

Includes patient bed
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NEMA system characterization

Count rates

— total rate true rate — scatterrate — randomrate — NECR
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NEMA system characterization

Spatial resolution

Quadra

( vl
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~ scanner © NEMA points
® points along primary axes @ points along diagonal

A In warm background
A No background
A No background
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NEMA system characterization

Spatial resolution: detector smearing

50 mm

16 mm

SiPM

28



NEMA system characterization

Spatial resolution

(10’ O’ O) cm ——along x -+ alongy -+ alongz
WT-PET Quadra (322 MRD) Quadra (85 MRD)
7 7 7
EE_ EE— EE_
E?] E?] §:.,C_ E?] E
=17 w =9 =10
D ] I | | | | ] D I I | | | | I D ] I | | | | ]
1 3 5 7 9 1113 15 1 3 5 7 9 1113 15 13 5 7 91113 15
iteration iteration iteration
E 20 1 E 20 1 E 20
E 15+ E 15+ E 15+
E 10 - E 10 - E 10 -
= 5'% z 57 g 5°
D I I | | | | ] D I I | | | | I D I I | | | | ]
1 3 5 7 91113 15 1 3 5 7 91113 15 13 5 7 9111315
iteration iteration iteration

29




NEMA system characterization

Spatial resolution: NEMA point sources

S Source Position FWHM (mm) FWTM (mm) WT-PET Quadra
canner
(cm) X y z x y z
(1,0, 0) 120 [1.62] 130 287 414 3.06
Center (10, 0, 0) 1.16 J190] 112 2381 4.83 2.89
(20, 0, 0) 117 |194] 119 260 436 281

(1,0,39.75) 114 |213] 124 286 522  3.20
3/8 of AFOV | (10,0,39.75) 121 |248] 120 319 711  3.06
v (20,0,39.75) 126 [252| 1.05 208 558  2.08

WT-PET

0, 1, 0) 118 |175| 134 243 379 254
Center (0, 10, 0) 1.22 J192] 133 254 420 254
v (0, 20, 0) 1.32 2250 141 271 7.08 2.71

(0,1,39.75) 129 [224] 116 258 571 259
3/8 of AFOV | (0, 10,39.75) 1.52 |2.71] 146 291 654  3.35
v (0,20,39.75) 165 |3.36] 1.88 376 818  3.96

(1, 0, 0) 255] 262 285 568 645 7.03 - i
Center (10, 0, 0) 3.76] 327 295 7.24 7.98 7.78 Y (em) 25 40 Y em) 40
(20, 0, 0) 5.24] 397 3.62 10.39 9.39 8.03

Quadra 322 MRD

(1,0,39.75) |2.00] 235 224 476 570 468
3/8 of AFOV 1 (10, 0, 39.75) J2.78] 3.14 289 5.85 7.64 5.03
(20, 0, 39.75) J4.63] 331 320 8.61 6.81 .76
(1, 0, 0) 262 270 272 502 566 4.82
Center (10, 0, 0) 2.86] 2.72 278 6.66 6.43 5.86
(20, 0, 0) 524 340 294 927 971 579

Quadra 85 MRD (1,0, 39.75) [2.22] 244 240 480 571 484

3/8 of AFOV | (10,0,39.75 |3.31] 3.02 271 635 6.67 5095
(20, 0, 39.75) l4.29] 266 223 855 10.78 5.82 -




FWHM (mm)

NEMA system characterization

Spatial resolution: additional point sources
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NEMA system characterization

Spatial resolution: additional point sources
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NEMA system characterization

Spatial resolution: additional point sources

WT-PET Quadra
> > >
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NEMA system characterization

Image gquality: visual

WT-PET Quadra 322 MRD Quadra 85 MRD
9 9 9
> > %>
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A 4:1 activity ratio
A 30 s acquisition

A trues only 34



NEMA system characterization

Image quality: contrast recovery

WT-PET Quadra (322 MRD) Quadra (85 MRD)
1.0 1.0
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NEMA system characterization

Image quality: additional lesions

center of AFOV 1/8 of AFOV
9 9
€= % =
N =B N = -
5 E 37 5 E 37 ﬂ”
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'D | 'D | I | | I
200 200 ]
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200 . | . T -200 ' '. . o
-200 -100 0 100 2000 1 2 3 -200 -100 0 100 2000 1 2 3
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intensity intensity
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Image reconstruction



Image reconstruction

PETRecon

Alterative listmode reconstruction on the GPU

AWritten in Julia
AHigh level but fast (similar speed to C++)
A Good support for GPU programming with CUDA
A Good support for deep learning
A Supports auto differentiation

A Implementations for:
A Emission tomography (MLEM)
A Transmission tomography (MLTR)
A Simultaneous estimation of activity and attenuation (MLAA)
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Image reconstruction

PETRecon
{ A R Ralggrithin Slicebased raytracing
~ - Thread 1 \\ ]
- Thread 2 N ]
/ N
- Thread 4 \ ]

P
V GPU
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Image reconstruction

PETRecon

Row major Column major Block major

40



A Male XCAT phantom (BMI=22.7)
A 30 s acquisition
A trues only

41
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Limited angle artefacts



Limited angle artefacts

Angular coverage

224°1360° = 62%

259°/360° =72%
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Limited angle artefacts

Angular cover




Limited angle artefacts

Impact of TOF

200 ps 400 ps 600 ps
200 200 200
100 100 100
E E T
E 0 E 0- E 0-
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Limited angle artefacts

Rotating configuration

180°/30s

——

4 \\
V4

~--
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Limited angle artefacts

Rotating configuration

A Remove limited angle artefacts

A Reduced sensitivity (about 33% lower)
A Increased system complexity
A Decreased patient throughput

A Other solution may be preferable (e.g. Al based)
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Limited angle artefacts

Deep learning artefact correction

fixed rotating deep
configuration configuration learned

Artefact correction as post-processingstep ! ‘

2D- UNet

A a
& «

ﬁig g - s :’:.i‘l (v

|—|~|
| :;g_:;
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Limited angle artefacts

Deep learning artefact correction

Artefact correction as eegularizationstep

®w Oi "Qa[@EO®n ) _Y®] Y [[o Owl|

v

data consistency regularization Artefact correcting neural network
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Limited angle artefacts

Deep learning artefact correction

lteration 1 lteration 2 lteration 3

b _»*,‘5’_>9:"":1—>
' — X

Network needs to be trained on a wide variety of inputs!
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Limited angle artefacts

Deep learning artefact correction

Forward Filtered
projection » TOE binned back projection

sinogram

A Randomize TOF
A Randomize angular range

A Add Poisson noise (randomized magnitude)
A Add Gaussian blur (randomized sigma)

C—)

Training pairs

53



CFless attenuation correction



CTFless attenuation correction

Available methods

ATransmission based MLTR &
AEmission based MLAA a
ADeep learned (Florence)
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CTFless attenuation correction

Transmission based

106 cm

fixed configuration

106 cm

rotating configuration

8x 3MB(q G&8 transmission sources

3MBgA 10% of maximum detector count rate

56



CTFless attenuation correction

Transmission based

TOF difference does not
match transmission sources

compare
Endpoints do not match
transmission sources

H I
1 1
v 1
v
1 1
1 1
1 1
v v
' |
: i
\4 v
1 1
1 1
1
1
y v

attenuation map

Can be done simultaneously with emission scan

But for the purpose of simulation done separately .,



CTFless attenuation correction

Transmission based: stationary \RET
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y (mm)
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coronal
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CTFless attenuation correction

Transmission based: rotating WET

coronal

coronal sagittal
400 400
500 500
200 transverse 200 200 200 transverse o e
= 100 - o nval |
€ Ed € A €
N
100 ™ & ™
200§ -200 -200 ;
-200 0 200 ! :
x (mm) 500, | 500
-400 -400 '
-200 0 200 -200-100 0 100200 -200 0 200 -200-100 0 100200
x (mm) y (mm) x (mm) y (mm)
106 cm
MLTR MLEM

rotating configuration
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CTFless attenuation correction

Emission based

Maximum likelihood activity and attenuation (MLAA):

I v
* fixed, update_ _ fixed, updaté
MLEM update MLTR update

t |

For TOF PET: attenuation/ activity determined up to a constant
A Additional constraintrequired (e.g. injected activity)

62



CTFless attenuation correction

Emission based: stationary WET

coronal

coronal sagittal

500 500 500
transverse 200 transverse
. . 100 .
E £ . ¢ & E
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-200 0 200 -200 0 200
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fixed configuration 63
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CFless attenuation correction

Emission based: rotating WPET

rotating configuration 65



