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3D PET list-mode reconstruction including all
available information provided by the detector
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PET list-mode reconstruction

List-mode data:
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sinogram [Rahmim2004]:



PET list-mode reconstruction

Iterative reconstruction
- LM-OSEM [Reader1998]
- For each LOR, forward and backward projection
System Matrix (SM)
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% store the “contribution” of each LOR in image space
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PET list-mode reconstruction
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SM decomposition [Qil 998] %
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PET list-mode reconstruction

<5

SM decomposition [Qil998] Siddon’s algorithm [Siddon 1985, Za02002]
]RMX N RNXN RNXN

SM = P—FMPO—I—MPZ'

Compute on-the-fly the
contribution of the LOR using a

contribution
X-Plane

Qi et al.,, Phys. Med. Biol., 1998
Siddon, Med. Phys., 1985
Zao & Reader, IEEE NSSCR, 2002



PET list-mode reconstruction

Recent and future detectors are able or will
be able to record many kind of information

using only detector IDs

List-mode data:

D3 k3. iEd DO 3

D5 T5 E5 DOI5
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How to use this information within the
projector




Considering the detector itself

=

Geometrical effects
- rectangular crystals shape
- cylindrical scanner

Gamma photon

Crystal penetration
- photoelectric effect

Intra and inter crystal scattering
- Compton scattering

Does Siddon projector (a simple line) is enough?
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Considering the detector itself
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LOR cross
section
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PET Philips GEMINI

resolution 100 pm?
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Considering the detector itself

I Y resolution 100 pm?

...........

Crystal
penetration

VOR cross
section

Probability density (A.U)

ﬂ ﬁ m w | FWTM ~13 mm
. 7 ;5 Positiog (mm) ’

PET Philips GEMINI
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Considering the detector itself

Wy, ===

% VOR cross
,: _ section :

Crystal
penetration

Volume-of-response (VOR)
- complex shape
- spatially variant

LR i A, N FWHM ~8 mm | R
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Considering the detector itself

Computes on-the-fly the VOR including the detector effects

Single line Multiple rays VOR modeling
[Siddon | 985] [Chen2007, Moehrs2008] [Ortuno201 |, Cui201 1]
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Considering the detector itself

Gaussian VOR modeling [Cui201 la, Cui201 I b]

50 100 150 200 250 50 100 150 200 250
s (mm) s (mm)

(@) o1 (s,p) (b) o2 (s,p)

1. From the first slice of the VOR: select O|eft 2. Render the 2D asymmetrical
and oright of the gaussian model using the Gaussian distribution in the current
tables of pre-measured data. slice.

Cui201 la: Cui et al., IEEE MIC, 201 |

Cui201 Ib: Cui et al., Med. Phys., 201 | E

3. Go to the next slice and back to
step 1 until the VOR is fully rendered.




Considering the detector itself

Gaussian VOR modeling [Cui201 la, Cui201 | b]

Gaussian as VOR:
- no rectangular shape

- no scattering

1. From the first slice of the SEEEEYYe[T{g=d MT3Ta<Tysle]Talel s oM LolV/= gl u s T W i< e E¥e SV TR tO the next slice and back to
and oright of the gaussian until the VOR is fully rendered.

tables of pre-measured data.

Cui201 la: Cui et al., IEEE MIC, 201 | 14
Cui201 Ib: Cui et al., Med. Phys., 201 |



Considering the detector itself

Computes on-the-fly the VOR including the detector effects

Multiple rays VOR modeling Multiple rays VOR modeling
[Chen2007, Moehrs2008] [ortuno201 |, Cui201 1] [Autret2012]
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Considering the detector itself

Intrinsic Detector Response VOR and IDRFs
Function (IDRF)

N Relationship between the VOR and the IDRFs of both
--------- detectors [Gonzalez201 I]:

1 1
Gamma photons X — _(1 2 t)X]_ —I— —(]_ —l— t)XQ
VOR 2 IDRF 2 IDRF
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Gonzalez et al., IEEE MIC, 201 |



Considering the detector itself

Full IDRF modeling based on Monte Carlo simulation [Awen2012]

Analytical model

17
Autret et al., IEEE MIC, 2012



Considering the detector itself

Iterative Random IDRF Sampling (IRIS) [Autret2012, Autret201 3a]

1. Select both IDRF models related to both
crystal detectors of the LOR.

1 1
i? X:—(l—t)X1+—(1—|—t)X2
stector ID2 VOR 2 IDRF 2 IDRF

2. Generate a pair of random points using the IDRF models. 3. Render and accumulate the line connecting the
generated pair points with the DDA algorithm
[Bert2011].

Detector ID1

. 7:;;26.

Accumulation

VOR contributions

Autret et al.,, IEEE MIC, 2012
Autret et al., Fully3D, 2013 18
Bert & Visvikis, IEEE MIC, 201 |



Considering the detector itself

IRIS is easy to use on GPU [Autret2012]

Lines or LOR




Evaluation study

Philips PET GEMINI scanner
- Monte Carlo Simulation [Lamare2006] performed with GATE [Jan201 | ]

- TOF resolution of 500 ps FWHM
- DO resolution of | mm FWHM

—_———— .




Evaluation study

NEMA |[EC NU2-2001 phantom
- 12x10° true coincidences

37 mm. 10 mm

28 mm. @ 13 mm

22 mm 17 mm

<€ >
300 mm

Miniature Derenzo phantom
- One centered inside the FOV
- - One 200 mm shifted from the center
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Evaluation study

Contrast Recovery Coefficient (CRC)

37 mm. 10 mm

28mm

Signal-to-noise ratio (SNR) [Lodge2010] (background)
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Results
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Results

VOR cross

section < %

resolution 100 pm?




Results

CRC/SNR (LM-OSEM | subset 70 iterations) [Awen201 3a]

|0 o Gausslan
oo IRIS

o o Siddon
o o Gaussian
o o |RIS

CRC in the smallest hot sphere

25
Autret et al., Fully3D, 2013



Results

Image Quality

Reconstructed image for the same SNR (=4.5)

Siddon Gaussian IRIS




Results

Image Resolution

Centered miniature Derenzo (LM-OSEM | subset |5 iterations)

Siddon Gaussian

Shifted miniature Derenzo (LM-OSEM | subset |5 iterations)

Siddon Gaussian IRIS
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Results

Image Resolution

Centered miniature Derenzo (LM-OSEM | subset |5 iterations)

IRIS is better in term of contrast

Siddon How to improve that?

. o Include more information from the list-mode data
Shifted miniature

Siddon Gaussian
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Considering time-of-flight (TOF)

Philips TruFlight: The solution to better PET imaging
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In conventional PET imaging, it's possible only to TruHight technology uses the actual
know that a coincdent event has taken place on time difference between the detection of

the line of response, but not the actual location coincident events to more accurately identify the

of the event. origin of the annihilation. Better identification leads

www.healthcare.philips.com to a quantifiable improvement in image quality.

Typical TOF resolution is 500 ps FWHM (7.5 cm)
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Considering time-of-flight (TOF)

Gaussian projector IRIS projector
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Results TOF

CRC/SNR (LM-OSEM | subset 70 iterations) [Awen2013b]

v v Siddon TOF v v Siddon TOF
v v Gaussian TOF v v Gaussian TOF
v v |IRIS TOF J v v RIS TOF

CRC in the smallest hot sphere

31

Autret et al., IEEE MIC, 2013



Results TOF

Image Quality

Reconstructed image for the same SNR (=4.5)

nu

Siddon Gaussian IRIS




Results TOF

Image Resolution

Centered miniature Derenzo (LM-OSEM | subset |5 iterations)

Siddon Gaussian

Shifted miniature Derenzo (LM-OSEM | subset |5 iterations)

Siddon Gaussian
33



Results TOF

Image Resolution

Centered miniature Derenzo (LM-OSEM | subset |5 iterations)

TOF resolution 500 ps

Siddor Diameter of the miniature Derenzo phantom: 5 cm IRIS

Shifted miniatu Include more information!

Siddon Gaussian
34



Considering Depth-of-Interaction (DOI)

Only available on prototype detector

DOI Crystal depth where the photon

——>
was detected
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Considering Depth-of-Interaction (DOI)

IRIS projector

Detector ID1

Modulate the IDRF with the a Gaussian function given by the FWHM of the DOI resolution

Gaussian model + DOI = Not a Gaussian anymore!
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Results DOI

CRC/SNR (LM-OSEM | subset 70 iterations)

o Siddon o Siddon

o Gaussian o Gaussian
| o o IRIS o IRIS
| * *IRIS DOI + IRIS DO

CRC in the smallest hot sphere
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Results DOI

Image Quality

Reconstructed image for the same SNR (=4.5)

Siddon Gaussian IRIS DOI




Results DOI

Image Resolution

Centered miniature Derenzo (LM-OSEM | subset |5 iterations)

Siddon Gaussian

Shifted miniature Derenzo (LM-OSEM | subset |5 iterations)

Siddon Gaussian IRIS DOI
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Results DOI

with DOI “ without DOI

Far to the center




Results TOF+DOI

CRC/SNR (LM-OSEM | subset 70 iterations)

o o |RIS o o |[RIS
v v IRIS TOF v v IRIS TOF
IRIS DOI IRIS DOI

o o |RIS TOF+DOlI| o @ |RIS TOF+DOI

CRC in the smallest hot sphere
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Results TOF+DOI

Image Quality

Reconstructed image for the same SNR (=4.5)

8.0 uuun

IRIS IRIS TOF RIS DOI IRIS DOI+TOF
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Results TOF+DOI

Image Resolution

Centered miniature Derenzo (LM-OSEM | subset |5 iterations)

IRIS IRIS TOF IRIS DOI IRIS DOI+TOF

Shifted miniature Derenzo (LM-OSEM | subset |5 iterations)

-
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L |
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0.0

IRIS IRIS TOF IRIS DOI IRIS DOI+TOF
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Results TOF+DOI

Final reconstruction

Siddon

Ne[e[e]y IRIS

Centered

Shifted
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Conclusion

New IRIS projector including geometry, TOF and DOI:

® Accurate detector modeling

® Improved image quality and resolution

® TOF: improve image quality (SNR, contrast and convergence)

DOI: improve image resolution (specially off center)

Easy to perform on GPU (only need to draw simple lines)




Thank for your attention
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