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TOF PET technology 
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Time of Flight (TOF) systems measure the time 

between each coincidence photon to determine the 

event location along the line of response. The event 

location accuracy can be measured proportionally 

to the system’s time resolution. 

c = speed of light
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TOF systems are able to record segments of 

response instead of lines of response. The time 

resolution defines the size of the segment of 

response (“time bin”).

Conventional line of response

Segments of response (“time bins”)
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Time-of-Flight PET (TOF)



Time-of-Flight PET (TOF)

Conventional ToF

• LOR projections are summed together

• The resulting image is a rough approximation of 
the real image with noticeable blurring 

• Projections are organized in time bins along each 
LOR

• The result is better estimation of the actual image 
with much less blurring (noise)
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TOF reconstruction = sensitivity amplification or noise reduction

D is patient “diameter”, t is time resolution of TOF PET scanner

*estimate based on uniform cylindrical object and analytical 

reconstruction:

• T.F. Budinger, “Time-of-flight positron emission tomography: status relative to conventional PET”, J. Nucl. 

Medicine, vol. 24,  pp. 73-78, 1983.

• M. Conti, "State of the Art and Challenges of Time-of-Flight PET", Physica Medica, no. 25,  pp. 1-11, 2009.
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Time-of-Flight PET (advantage)



SNR TOF gain validation: experimental and simulation

SNRgain (or TOF gain) vs. Sqrt(D/Dx) 
at zero random fraction. 

Graph is summary of all experimental and 
simulated data acquired in this work, plus 
data from reference 

L. Eriksson and M. Conti, “Randoms and TOF Gain revisited”, Phys. Med. Biol. 60 1613-1623 (2015).



same time, 

better image

3 minute/bed

non-TOF TOF

Time-of-Flight PET (advantages): noise reduction or 
improved contract recovery



Multiple lesions (<2cm)

analyzed in 30 patients

Body Mass Index used as a

measure of the size
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Time-of-Flight PET (advantages): noise reduction 
and patient size



50 cm diameter water cylinder with cylindrical inserts.

Variable contrast to background.

m-map was assumed uniform, and normalization

was incorrect.
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13 mm

25 mm
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51 mm

101 mmInaccurate m-map and normalization

Time-of-Flight PET (advantages): more robust with 
inconsistent data



nonTOF TOF TOF+CT

Respiratory artifacts: a mismatch between attenuation and emission data

mCT patient: CT during breath hold, PET in shallow breathing 

Time-of-Flight PET (advantages): more robust with 
inconsistent data



Biograph Vision performance



Biograph Vision – system overview

Biograph Vision

• SiPM-based LSO detector with 3.2 x 3.2 x 20 mm crystals

• 82 cm transaxial diameter and 26 cm axial length

• 19 detector module assemblies with 16 detectors per 
assembly

• 60,800 total crystals. 760 per ring and 80 rings

• Water-cooled gantry with 3 zones of cooling

• Large 78 cm bore

• 64 or 128-slice CT

• FlowMotion continuous bed motion



Biograph Vision performance (IEEE MIC 2018)
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Biograph Vision performance



Clear visualization of the 2.4 mm cylinders of the 
Mini-Derenzo Phantom with Biograph Vision

Biograph mCT Biograph VisionDiameter (mm)

1.2 1.6

2.4

3.24.0

4.8



All planes of a modified Defrise phantom are 
clearly visible with biograph vision, even off-center

Biograph mCT Biograph Vision

3 mm

4 mm

5 mm
Central 
position

3 mm

4 mm

5 mm
20 cm 
off center

Axial Resolution
Phantom

Same acquisition time for both phantom scans 

center

off
center



Vision detector technology



3.2 mm 
LSO 

crystal 
element

2x4 mini -
blocks

100% 
coverage1

of the 
LSO array5x5  

crystal 
mini-
block

A new approach to detector design with Biograph 
Vision™



SiPM-based LSO detector

• A mini-block consists of a 5 x 5 array of 3.2 x 
3.2 x 20 mm3 LSO crystals.

• Coupled to a 4x4 array of  4.0 x 4.0 mm 
SiPMs.

• 2x4 mini-blocks in a block detector

• 2x8 detectors axially =26.3 cm axial FOV 

• 19 detector modules in the detector ring

• Operates at room temperature

Description of the Detector

2x2 array of mini-
blocks

(= 1 readout channel)

SiPMMini-
block

2 detectors transaxially and 8 
axially are packaged into a 

detector module

2 readout channels are 
packaged into a 

detector



Biograph Vision detector (IEEE MIC 2017)





Timing performance



Energy and time resolution



TOF PET update



Direct TOF back projection from listmode, simulation 

“cardiac “simulation: 4-cm diameter ring, 1-cm thick , with on 1-cm defect

500 ps 200 ps 10 ps



Direct TOF back projection from listmode, simulation 

CTR 10ps CTR 50ps CTR 100ps CTR 200ps CTR 500ps

Background (17.5 cm Ø): 4.1 kBq/mL Spheres: 16.4 kBq/mL
Hot: 2.0/5.0/10.0/15.0/20.0 mm Ø
Cold: 25.0/30.0 mm Ø
No attenuating media (no AC/SC)
3.0x107 coincidences

P1 P2

P1

P2
5 mm Ø

10 mm Ø

15 mm Ø

20 mm Ø



Transaxial

Coronal Sagittal MIP

Direct TOF back projection from listmode, Biograph mCT

No normalization, attenuation, scatter correction – 550 ps time resolution
Data Courtesy of University of Tennessee



Transaxial

Coronal Sagittal MIP

Direct TOF back projection from listmode, Biograph Vision

No normalization, attenuation, scatter correction – 210 ps time resolution
Data Courtesy of Hospitalier Universitaire Vaudois, Lausanne, Switzerland



Do we still need reconstruction physicists?

Probably yes…

Consistency of space-time information is enforced by iterative reconstruction

TOF BP (200ps) OSEM TOF (200 ps, 4i5s) reconstruction



conclusions

o In the Biograph Vision, the excellent time resolution and improved 

reconstruction software allows for unique image quality, in terms of noise 

reduction and detectability, which can be exploited in new clinical 

applications

o The dramatic jump in time resolution in Biograph Vision allows to consider 

alternative reconstruction approaches, unrealistic for the previous 

generation of PET scanners

oWith the Biograph Vision, the LSO-block technology has (almost) reached 

the physical limits of achievable time resolution: “something different” will 

be needed to match the 10 ps challenge!
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