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Early History 



Use of Magnetic Field to  

Reduce Positron Range 
1986 



PMT Sensitivity to Magnetic Fields 

1T = 10,000 gauss! 
Courtesy Hamamatsu Corp. 



PET/MRI first proposed? 1990 



Early Experimental Studies 

From: Ray Raylman, PhD Thesis, “Reduction of positron range effects by use of a magnetic 

field: use in positron emission tomography”, University of Michigan (1991) 

1991 



Positron Range Reduction 

Hammer et al. 

Med Phys 21; 1917-20 (1994) 
 

Christensen et al. 

Phys Med Biol 40; 691-7 (1995) 
 

Hammer et al. 

IEEE Trans Nucl Sci 42; 1371-6 (1995) 

1994-95 



First Biomedical Experiments 

Buchanan M, Marsden PK et al. 

IEEE Trans Nucl Sci 43; 2044-8 (1996) 

1995 



microPET 

8x8 LSO 

array 

2x2x10 mm 

elements 

multichannel PMT 

readout 

electronics 

optical fibers 

1994-96 



Simultaneous PET/MR Images 1996 

Shao Y,  Cherry SR, Farahani K et al.  

Phys Med Biol 42: 1965-70 (1997) 



Service RF, Science 272, 1423 (1996) 

“…but performing 

related feats in 

people may be 

difficult.” 

 Z.H. Cho 

“…doing something 

like this has been 

discussed in the 

community for a long 

time” 

  Paul Lauterbur 



Simultaneous In Vivo Images 

56 mm ring  
diameter 

72 2x2x25 mm  
LSO scintillators 

200 g Rat - 18F-FDG Brain Study 

1997 



LSO-APD Detector at 9.4T 

Pichler BJ, Lorenz E, Mirzoyan R, Pimpl W, Roder F, Schwaiger M, Ziegler SI. 

1997 IEEE Medical Imaging Conference Record  pp. 1237-9, (1998) 

1997 



PET/MR Publications versus Year 



The Dark Ages 



The Invasion of PET/CT 

Courtesy GE Medical Systems Images courtesy of David Townsend, University of Tennessee 

Courtesy Siemens Preclinical Solutions Image courtesy UCLA 



The Renaissance 



PET 

Detectors 

Light 

Guides 

MRI 

Coil 

R

at 

Phys Med Biol, 2006;51:6371-6379 and NIMA, 2006;569(2):306-309. 

Fiber-Optically Coupled PET/MRI 

courtesy of Ray Raylman, West Virginia University 

 

LGSO Blocks 
Optical fibers 

(~80cm) 
PSPMTs 

courtesy of Seiichi Yamamoto, Kobe, Japan 



Split Magnet PET/MRI 

CAMBRIDGE 
UNIVERSITY  OF 

A Lucas, R. Hawkes, P 

Guerra, R Ansorge, R Nutt, J 

Clark, T Fryer, A Carpenter.  

 



Field-Cycled MRI 

for MRI/PET 

Blaine Chronik 

University of Western 

Ontario 

 



MR-Compatible PET Detector  

based on APDs 

preamplifiers optical fiber bundle PSAPD scintillator array 

Si avalanche photodiode with position-sensitive 

resistive anode, field tolerant beyond 9.4 T 



PET Insert 

scintillator ring optical fibers PSAPDs preamplifiers 



Therapeutic Monitoring with PET/MRI 
Control  

Treated  “IT101”   Campothecin / β-cyclodextrin nanoparticle  Prof. Mark Davis Caltech 

Thomas Ng,  Russell Jacobs, Caltech 



APD-Based PET/MRI 

Courtesy of Bernd Pichler 

Mouse glioma model imaged 

with 18F-FLT, 11C-methionine 

and various MR sequences 



MRI 

PET 

PET/MRI 

APD-Based PET/MRI 

Courtesy of David Schlyer 



Approaches to PET/MRI 

magnet 

magnet 

magnet 

magnet 

“tandem” PET/MRI “integrated” PET/MRI 

PET 

+ interference easier to avoid 

+ largely use existing hardware 

+ least expensive 

 

 

+ simultaneous PET/MRI possible 

+ higher throughput/easier scheduling 

+ best image registration 

 

 



Sequential PET/MRI 

Cho ZH et al.  Int J Imaging Systems Technol 17: 252-65 (2007) 



Industrial Revolution 



Human Brain PET/MR 

Catana/Benner/van der Kouwe/Andronesi/Jennings/Gerstner/Plotkin/Rosen/Sorensen (MGH) 

PET 

•5.45 mCi FDG injected approx. 

2.5 hours prior to acquisition 

•OSEM 3D reconstruction 

•Attenuation correction 

performed based on MR data 

MR 

•T1 MP-RAGE, T2 SPACE 

(shown), FLAIR, DTI, CSI, SVS 

sequences run simultaneously 

•CP coil 



Clinical PET/MRI 
mMR, clinical whole body PET/MRI system at 3 Tesla 

• APD based LSO Block detector (4x4mm2) 

• Fully integrated with MRI system 

• Shared cooling system 

LSO array 

3x3 APD 

array & 

electronics 

Crystal 

APD 

Cooling 

Courtesy of Siemens Courtesy of Henrik Michaely &Alex Guimaraes, MGH 



Whole-Body PET/MR (Sequential) 

Courtesy Philips and University Hospital of 

Geneva 

 

Philips Gemini TF (PET) and Achieva  3T (MRI)  

Courtesy GE Healthcare and Gustav von 

Schultess, University Hospital Zurich 



Preclinical PET/MRI (Sequential) 

Courtesy Mediso Medical Imaging Systems 



The Modern Era 



PET/MR Publications versus Year 



Preclinical PET/MRI Systems  

so far… 



Depth of Interaction Problem 

• High sensitivity requires 
thick detector crystals 

 

• Thick detector crystals 
leads to a loss in spatial 
resolution with increasing 
severity for  
– increasing radial location 

from center of scanner 

– small diameter scanners 
(such as found in PET/MR) 

 courtesy Bernd Pichler 



High Resolution Depth Encoding Detectors 

PSAPD 

Average DOI resolution  

1.9 mm +/– 0.2 mm  

Energy ratio 

= E1/E1+E2 



New Small Animal PET/MR Design 

Detector modules:  64 

PSAPDs:   128 

Channels:  512 

Crystals: 10,816 
 



New PET Insert Design 



Dedicated Breast PET/MRI 

• Dedicated system for 

breast PET/MRI 

 

• Uses modified version of 

the “RatCAP” PET 

detector 

 

• Based on APDs and 

LYSO crystals 

(2.2x2.2x15 mm3) 

 

• Operates inside 1.5 T 

MRI 

Slide Courtesy: B. Ravindranath, D. Schlyer, 

Brookhaven National Laboratory 



Brain PET/MR at 9.4T 

0T 

Brain Phantom: H. Iida et al., J. Nucl. Med. 50, Suppl. 2, 123P, 2009.  

9.4T 

Courtesy of Hans Herzog, Jülich 



Silicon Photomultipliers: 

the future for PET/MRI? 
Digital 

SiPMs Characteristics:   

High gain, fast, compact,  low bias 

voltage, magnetic field tolerant, scaleable 

 

Challenges:   

Cost per cm2, dark rate, optical crosstalk, 

afterpulsing, recovery time, 



Position-Sensitive SiPMs 

• Continuously 

position-sensitive 

• Up to 10 x 10 mm 

in size 

4 x 4 LSO array, 1.5 mm elements on 

position-sensitive SiPM 

No SiPM 

detector 
SiPM 

OFF 

SiPM 

ON 

Spin 

echo 

Gradient 

echo 

Courtesy of Purushottam Dokhale, RMD 



SiPM-

based  

PET/MRI 

 

 

MR-images 

with PET 

Simultaneously measured Si-PM-PET and 0.15T MRI 

PET images 

(FDG) inside 

MRI w RF 

Courtesy of  

Seiichi Yamamoto 

Kobe, Japan 



SiPM-based PET/MR 

Courtesy of Jae Sung Lee, 

Seoul National University 

MAGNETOM Trio 3T MRI 

4-cm loop  

receiver coil 

X2 

T2 MRI Fusion SNU SiPM PET 

Kidneys 



Human TOF PET/MRI  

based on SiPMs 

HYPERimage consortium:  http://www.hybrid-pet-mr.eu/ 



The Molecular Imaging  

Scanner of the Future? 

• Very long axial FOV 

• Time of flight 

• x100-fold reduction in variance, x10 improvement in SNR 

• Whole-body MRI 

 

University of Tübingen 

magnet 

magnet 



PET/MRI 

 endless possibilities 

MRI 

Structural imaging 

fMRI 

DCE MRI 

DTI 

MR Spectroscopy 

paraCEST 

Hyperpolarized 13C 

… 

PET 

Metabolic imaging 

Blood flow 

Receptor ligands 

Hypoxia 

Proliferation 

Amyloid imaging 

Cell trafficking 

… 

PET/MRI 



Summary 

• PET/MRI has a long history! 

• PET/MRI systems have been successfully 

developed for small animal and human imaging  

• PET/MRI is a powerful multimodality platform for 

biomedical research – commercial systems for 

preclinical and human imaging now available 

• Although most current systems are based on 

APDs, SiPMs appear to offer many advantages for 

hybrid PET/MR systems 

• To what extent simultaneous PET/MR is required 

for emerging clinical applications is being debated 
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