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1            Introduction 

 Multimodality imaging using positron emission tomography (PET) and Magnetic 
resonance imaging (MRI) is emerging as an extremely valuable tool for investigating 
disease and physiological processes in small animal models. MRI has high spatial 
resolution but low sensitivity for detecting low abundance molecules and PET has 
very high sensitivity for the detection of radiotracers but relatively poor spatial reso-
lution. The combination of these two molecular imaging techniques offers syner-
gistic advantages over either modality alone. A fused anatomical and functional 
image affords complementary information that clearly improves our understanding. 
Images acquired simultaneously offer distinct advantages over sequential image 
acquisition since this gives “perfect” coregistration and observing the same process 
from two different vantage points can ensure the correlation of information that is 
impossible in separate experiments. 

 PET/CT has become the standard for clinical imaging studies because CT also 
gives anatomical detail not possible with PET. However, PET/MRI is better in sev-
eral respects as a diagnostic tool than PET/CT, and even more so in pre-clinical, 
small-animal studies. In the simplest application, using MRI data to detect and cor-
rect for motion during a PET scan, and making optimum use of dynamic data is 
likely to lead to better, more detailed images. The study of tumor uptake and dynam-
ics with dual-labeled, functionalized nanoparticle contrast agents [ 1 ], and simulta-
neous PET and fMRI monitoring of brain activity are just two examples of the 
possibilities with this dual-modality system. PET employs radiotracers that target 
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specifi c sites or molecules with a sensitivity many orders-of-magnitude greater than 
is possible with current MRI techniques, but PET cannot distinguish the molecular 
species to which the radioactive atom is attached. Combining PET radiotracers with 
magnetic resonance spectroscopy (MRS) using C-13 labeled tracers could signifi -
cantly improve our insight into molecular processes occurring in the body [ 2 ]. Some 
additional advantages are listed below:

•    Radiation dose is reduced. MRI does not contribute to the patient’s radiation 
dose whereas the dose from a CT scan is signifi cant.  

•   Excellent spatial registration is obtained between the MRI and PET images. This 
ability is particularly important for organs and tissues whose position and shape 
can shift even between temporally proximal scans.  

•   Soft-tissue contrast is enhanced, and tissue boundaries are more clearly delin-
eated than is possible with CT. This may support reliable partial-volume correc-
tion of PET data that can be very important for quantitative clinical data.  

•   Accurate temporal registration between the MRI and PET scans allows the determi-
nation of pharmacokinetics and pharmacodynamics. The MRI data also could be 
used to obtain blood fl ows and to correct for the effects of blood-vessel partial 
volume, effects that are inherent in the PET data sets, potentially enabling accurate 
measurement of input functions from this data without requiring arterial sampling.  

•   The magnetic fi eld of the MRI may slightly improve the PET spatial resolution 
for high energy positron emitters, as is the case for some non-traditional PET 
radionuclides being used in preclinical studies.    

 Several approaches have been explored in the pursuit of the goal of simultaneous 
PET and MRI. There has been signifi cant progress in identifying PET scintillators with 
magnetic properties [ 3 ] which are compatible with MRI. PET/MRI tomographs have 
been designed that use optical fi bers to transmit the scintillation light from the crystal 
out of the magnetic fi eld of the MRI to photomultiplier tubes (PMTs) [ 4 – 9 ]. Several 
groups favor a design that replaces the PMTs in the PET tomograph with magnetic 
fi eld-insensitive avalanche photodiodes (APD) [ 10 – 16 ]. Since one issue in running 
PET and MRI simultaneously is the potential for the two modalities to interfere, there 
has been some effort to design shielded PET electronics to avoid electromagnetic 
interference [ 17 ]. However, several technical challenges remain that must be met to 
reduce or eliminate such interference. We describe the history of the development of 
this instrumentation, and its current state-of-the art in the following sections.  

2     Instrumentation Development 

2.1      PET Using PMTs and Optical Fiber Technology 

 Early commercial PET scanners for human and animal imaging were built on the 
concept of directly coupling a scintillator, such as Bismuth Germanate (BGO), to a 
PMT. The earliest commercially available animal PET scanner, the CTI/Siemens 
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Animal Tomograph—model 713 [ 18 ] was built on this concept. It utilized Anger 
type logic for locating the event position and had a reconstructed transaxial radial 
spatial-resolution ranging from 3.8 mm full-width-at-half-maximum (FWHM) at 
the center of the scanner, to 6.7 mm FWHM at a radius of 12 cm; the scanner’s 
tangential resolution was consistent at 3.8 mm FWHM. 

 The prospect for simultaneous PET and MRI imaging has intrigued researchers 
since the early 1980s. Complimentary imaging information offered by the two 
modalities and the improvement in the PET’s spatial resolution when using high- 
energy isotopes in strong magnetic fi elds engendered new approaches for combining 
these two imaging modalities. The most logical approach towards integrating them 
was to develop an MRI-compatible PET insert; the fi rst such device was patented by 
Hammer in 1990 [ 19 ]. The then-available scintillator-PMT combination for PET 
scanners was not MRI-compatible due to the sensitivity of the PMT to magnetic 
fi elds. The presence of PMTs also made the magnetic fi eld inhomogeneous, so dis-
torting the MRI image. Researchers recognized that the key to making the two imag-
ing modalities compatible was to position PMTs in a region of low magnetic-fi eld 
strength where they could function normally and not disturb the homogeneity of the 
MRI’s magnetic fi eld. Guiding the optical photons from the scintillator blocks to the 
PMTs via light guides accomplished this aim (Fig.  15.1 ). The portion of the PET 
detector that is positioned in the MRI’s fi eld-of-view is free of ferromagnetic mate-
rial, so minimizing inhomogeneities and susceptibility artifacts in the MRI image.

   Such a design was implemented in a prototype system with two NaI(T1) scintil-
lation crystals placed inside a 5 T magnet and coupled to the PMTs via a cylindrical 
Lucite rod [ 4 ]. A measurement of the point-spread function of a Ge-68 source inside 
the 5 T magnet showed a FWHM of 1.64 mm, while outside the magnet the FWHM 
was 2.19 mm, suggesting an improvement in resolution from a reduction in the 
range of the positrons perpendicular to the 5 T fi eld. 

 To image and quantify a radiotracer’s concentration in the organs of small ani-
mals, a small animal PET must have high resolution. Resolution using block detec-
tor technology is limited by the size of the individual crystals in the block detector 
array, mispositioning of events by the light-sharing technology used and the inabil-
ity to identify interactions undergoing multiple scatter within a block. BGO scintil-
lators was chosen for its high density, but had the limitations of being diffi cult to 
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  Fig. 15.1    Schematic of 
combined PET and MRI 
scanner where light from 
scintillator blocks inside the 
MRI scanner is guided to 
PMTs placed in a low 
magnetic fi eld via light 
guides, as described by 
Hammer [ 19 ]       
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saw into fi ner crystals and having low light output making positioning of events 
using Anger logic for larger array of fi ner crystals diffi cult [ 20 ]. 

 Cherry et al. [ 21 ,  22 ] developed an approach to work around this problem. Instead 
of using saw cuts to divide a block of scintillator into array of smaller crystals, fi ner 
individual crystal elements were stacked together and coupled on a one-to- one basis 
with an individual pixel of a multi-channel photomultiplier tube through optical 
fi bers. This approach overcomes the size limitation of individual crystal pixels, 
thereby increasing the intrinsic resolution possible, reducing errors in event posi-
tioning, eliminating light-sharing, and correctly identifying and rejecting scattered 
events. Figure  15.2  is a schematic of such a detector array, which is the building 
block of the Concord microPET ®  high-resolution small animal imaging system.

   As Fig.  15.2  shows, such an arrangement of scintillators and PMT lends itself to 
simultaneous PET/MRI imaging, similar to the design proposed by Hammer. The 
scintillator array is placed inside the MRI’s bore and connected on a one-to-one 
basis by optical fi bers to the PMT placed in a low magnetic fi eld area well outside 
the magnet. Shao and Cherry utilized this design as the McPET (MRI Compatible 
PET) system [ 7 ]. This scanner produced the fi rst simultaneous PET/MRI images. 

 The McPET I system consisted of a ring of forty eight 2 × 2 × 10 mm 3  Lutetium 
Oxyorthosilicate (LSO) crystals of inner diameter 38 mm, connected via 2 mm 
diameter, 4 m long double clad optical fi bers to three multi channel PMTs (MC-PMT). 
Each 2 × 2 mm 2  LSO crystal face was coupled to each individual element of the 
MC-PMT. The crystals were arranged such that their 10 mm side formed the scan-
ner’s axial length. The crystal ring of McPET I was placed inside the radio frequency 
receiver coil of a 0.2 T open magnet MRI. The MC-PMTs were positioned at 3 m 
from the center of the MRI’s bore, where the magnetic fi eld was less than 0.1 mT and 
the MC-PMTs could be operated properly (B less than or equal to 10 mT). A steel 
box shielded the MC-PMTs and their associated readout electronics from ambient 
light, magnetic fi elds, and radio frequencies. Figure  15.3  is an image of a newer 
 version of the McPET system, showing its positioning in the MRI machine.

   McPET I had a reconstructed spatial resolution of 2.1 mm at the center, an energy 
resolution of 41 % at 511 keV, and a coincidence timing resolution of 20 ns FWHM. 

 A second prototype (McPET II) was fabricated [ 8 ] consisting of seventy two 
2 × 2 × 5 mm 3  LSO crystals arranged in a ring with an inner diameter of 54 mm. The 
crystals of McPET II are arranged such that their 5 mm length forms the thickness 
of the scanner in the radial direction. This arrangement increases the system’s stop-
ping effi ciency from 14 % in the McPET I to 34 % in the McPET II. McPET II has 
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  Fig. 15.2    Schematic of array 
of BGO crystals with 
one-to-one coupling with 
multi-channel PMT via 
optical fi bers used in the 
microPET module       
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an energy resolution of 45 % and a coincidence timing resolution of 26 ns, both 
lower than McPET I due to light loss from the optical fi bers being coupled to the 
crystal’s side face (2 × 5 mm). 

 Along with simultaneous PET/MRI images, McPET II was used to acquire the 
fi rst simultaneous PET- P-31 NMR spectroscopy of an isolated perfused rat heart in 
the 9.4 T Bruker NMR spectrometer [ 23 ], the so-called PANDA acquisition system 
(PET and NMR dual acquisition). Figure  15.4  illustrates the positioning of McPET 
II and the NMR probe.

  Fig. 15.3     Left : picture of the McPET system’s detector module.  Right : detector system installed 
inside the MRI magnet (Pictures courtesy of Simon Cherry)       
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  Fig. 15.4    Arrangement of McPET II inside the Bruker 9.4 T spectrometer with a custom-designed 
NMR probe in place. Reprinted with permission from Garlick et al. [ 23 ]       
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   The use of fi ber optic cables to position MRI sensitive equipment far from the 
magnet, and avoiding ferromagnetic material in the PET system, minimizes inter-
ference between the two imaging modalities. An analysis of the quality of MRI and 
PET images obtained with McPET inside the MRI revealed no signifi cant artifacts 
due to such interferences [ 24 ].  

2.2     Development of Solid-State Electronics 

 The major drawbacks of photomultiplier tubes that prevented their use in an MRI 
were overcome with the development of semiconductor detector technology. 
In particular, the development of Avalanche Photodiodes (APDs) paved the way for 
much of the PET technology possible today. The operation principle of an APD is 
based on the conversion of photon energy into free charge carriers in the semicon-
ductor bulk, and their multiplication via the process of impact ionization. The basic 
element of the structure is the p-n junction. When a reverse bias is applied, a vol-
ume close to the junction is depleted of free charge carriers. The charge carriers 
created in the depleted region drift in the electric fi eld towards the corresponding 
electrodes, and while traversing this region, acquire enough energy to produce elec-
tron–hole pairs by impact ionization. The newly created charge carriers may create 
new ones, and so on. Thus, there is an avalanche of electrons and holes moving 
through the detector. An external circuit then detects these current pulses. 

 Although other types of semiconductor detectors, such the pin photodiodes, were 
studied as an alternative to PMTs, their poor timing resolution and high noise char-
acteristics limited their use in PET [ 25 ]. On the other hand, APDs with their reason-
able timing- and energy-resolution, and, very importantly, magnetic-fi eld 
insensitivity, were extremely attractive for high-resolution PET and multi-modality 
imaging, such as simultaneous PET/MRI. The small size and ruggedness of APDs 
allowed the development of PET architectures with very small crystals and high 
packing fraction which was not possible with traditional PMT based designs with-
out employing light guides or the light sharing block detector techniques. 

 Rapid growth in semiconductor technology in the 1980s resulted in several 
improvements, such as higher gain and gain uniformity, due to better doping and 
growth techniques of the Si wafer, and higher quantum effi ciency in the blue range 
of the spectrum (surpassing PMT quantum effi ciencies) thereby making them suit-
able for coupling with scintillators. APDs also have an advantage over PMTs in not 
requiring high bias voltages to operate. Nevertheless, APDs are prone to high noise 
due to factors such as shot noise from internal and surface currents, capacitance 
noise from downstream electronics such preamplifi ers, and statistical noise due to 
the avalanche processes. Hence, low-noise front-end electronics are required to 
minimize the noise and assure a good signal-to-noise ratio from such detectors. 
Another disadvantage is that APD gains are sensitive to temperature and, conse-
quently, temperature monitoring or control is needed when operating APD-based 
devices [ 25 ,  26 ]. 
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 The combination of APDs with scintillators for application in PET began with 
Petrillo et al.’s studies of APD-scintillator detector units [ 26 ]. Using reach-through 
APDs (RAPDs), the fi rst test that coupled APDs to NaI(T1) crystals, yielded an 
energy resolution of 10.4 % FWHM for the Cs-137 photopeak at 662 keV, with a 
quantum effi ciency of over 50 % at NaI’s emission wavelength (415 nm). 

 Work continued by making detector units of BGO, at that time the crystal of 
choice for PET scanners and APDs [ 25 ,  27 ,  28 ]. Those detector modules consisted 
of two individual 3 × 5 × 20 mm 3  BGO crystals coupled to 4 × 4 mm2 APDs. In prin-
ciple, the modules could be stacked to form larger arrays. Tests demonstrated an 
average energy-resolution of 20 % for 662 keV Cs-137 γ rays, and a coincidence- 
timing resolution of 15 ns FWHM (511 keV) between two such modules, perfor-
mance characteristics suitable for PET. The outcome of these and further studies 
was the construction of the fi rst APD-based PET system for small animals, The 
Sherbrooke Avalanche Photodiode Positron Tomograph. This scanner consisted of 
256 BGO APD detector modules [ 29 ] and a transaxial FOV of 118 mm and an axial 
FOV of 10.5 mm. Figure  15.5  illustrates the tomograph and its detector modules.

   The introduction of Ce-doped LSO crystals ushered in new detector modules 
containing this scintillator with APDs. LSO was superior to BGO in having a much 
faster decay time (40 ns vs. 300 ns), hence leading to better timing-resolution. 
Several tests of LSO–APD detector modules established the feasibility of this 
approach, especially by achieving nanosecond timing resolution [ 32 ,  33 ]. Various 
detector confi gurations were explored, such as the one to one coupling of LSO crys-
tal arrays to a matching APD array (Fig.  15.6 ) as well as position encoding using 
APDs [ 14 ,  34 ,  35 ]. Furthermore, progress was made in designing ultra low noise 
front end electronics [ 36 ,  37 ].

   Pichler et al. evaluated the performance parameters of this LSO APD combina-
tion. Studies were conducted at 9.4 T [ 38 ] by wrapping a polished 3.7 × 3.7 × 12.0 mm 3  
LSO crystal in Tefl on tape, coupling it to a 3 mm active diameter APD via a silicone 
rubber disc, and placing them in a magnet bore. The output of the APD was con-
nected by a coaxial cable to a preamplifi er also situated inside the magnet (Fig.  15.7 ).

   Two aluminum boxes enclosed the LSO APD module, the Na-22 point source, 
and the preamplifi er, shielding their electronics from any kind of interference from 

  Fig. 15.5     Left : diagram of the Sherbrooke Small Animal Tomograph, the fi rst LSO-APD based PET 
scanner (Fontaine et al. [ 30 ] used with permission, © [2005] IEEE).  Right : a detector “cassette” mak-
ing up the ring of the scanner. Reprinted with permission from Bergeron et al. [ 31 ], © [2009] IEEE       
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the MRI. Further, a copper tube surrounded the aluminum boxes. The output from 
the preamplifi ers inside the magnet is fed to a preamplifi er shaper outside the mag-
net via an 11 m long coaxial cable. Other components of the setup, such as the high-
voltage supplies for the APD bias and a multichannel analyzer, were also situated 
outside the magnet. The study demonstrated the stable performance of the LSO 
APD detector module inside the 9.4 T, with no dependence in gain and energy reso-
lution (14.4 % at 511 keV) of APD on the magnetic fi eld. Also, there was no effect 
of changes in the orientation of the APD electric fi eld with respect to the main 
magnetic fi eld lines (parallel vs. perpendicular), hence proving the feasibility of 
operating such a PET detector module inside an MRI.   

3     Current Instrumentation 

 Several groups developed operating PET/MRI systems for small animals, and sev-
eral more formulated new technologies. In this section, we discuss current technolo-
gies and how they will take us into the future. 

  Fig. 15.6    A 4 × 8 LSO 
crystal array next to a 4 × 8 
array of non-magnetic APDs 
(Hamamatsu S 8550)       

  Fig. 15.7    Schematic 
of a LSO-APD detector 
module and preamplifi er 
inside a 9.4 T magnet with 
the associated electronics 
outside the magnet       
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3.1     Current PET Systems 

 We have broadly classifi ed current preclinical PET/MRI systems on the basis of the 
detector confi guration as follows:

    (a)    Scintillator-PMT combination wherein the PMT is placed in a low magnetic 
fi eld and light is directed into it from the scintillator via optical fi bers. Section  2.1  
details this system,   

   (b)    Scintillator-APD combination that positions the APD and electronics in a low mag-
netic-fi eld and directs light from the scintillator to the APD through optical fi bers,   

   (c)    Direct or closely coupled scintillator and APD detectors wherein the detector 
module is in the MRI’s fi eld of view (FOV), and hence experiences strong mag-
netic fi elds. Two such systems are summarized below,   

   (d)    Silicon photomultipliers for APDs in a close coupled detector module.     

 In this section, we cover the design of two directly coupled APD scintillator 
PET/MRI systems, one developed by Judenhofer et al. at the University of Tubingen 
[ 15 ], and another developed by Schlyer et al. at Brookhaven National Laboratory 
(BNL) [ 39 ]. 

3.1.1     University of Tubingen Simultaneous PET/MRI Small Animal System 

 This PET system was built to function in a 7-T BioSpec 70/30 Ultra Shielded 
Refrigerated MRI, or a 7-T ClinScan MRI system (Bruker BioSpin MRI) [ 15 ]. The 
PET system consists of a detector module where a 12 × 12 array of individual 
1.6 × 1.6 × 4.5 mm3 LSO crystals is coupled via 3-mm long light guides to a 3 × 3 
APD array. The system comprises ten such detector blocks arranged in a ring. The 
RF coil of inner diameter 36 mm fi ts inside the PET ring that, in turn, fi ts inside the 
MRI gradient coil. This arrangement results in a transaxial PET/MRI FOV of 
36 mm. Figure  15.8  shows the detector module and its positioning in the MRI.

   The output of the APD is fed to a charge sensitive preamplifi er after which it is 
buffered to electronics placed at a fi eld <0.0005 T and shielded with non-magnetic 
coaxial cables. A copper-clad (10 μm thick) dual-sided printed circuit board (PCB) 
shields the detector modules. The shielded module is shown in Fig.  15.9c . These 
shielded modules then are assembled in a ring (Fig.  15.9b ). The entire unit is posi-
tioned inside the MRI bore as illustrated in Fig.  15.9a .

3.1.2        BNL’s Simultaneous PET/MRI Small Animal Imaging System 

 The BNL small animal PET/MRI system is based on the RatCAP technology [ 39 ]. 
The detector module consists of a 4 × 8 array of 2.2 × 2.2 × 5 mm 3  LSO crystals, 
directly coupled to a 4 × 8 APD array. Each of these detector modules is mounted on 
a socket on a rigid fl ex circuit (Fig.  15.10 ). Twelve such detector modules on the 
circuit are rolled up to make the PET ring.
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  Fig. 15.8     Top : a detector module consisting of LSO crystals coupled to APDs and preamplifi er 
unit printed-circuit board.  Bottom : arrangement of PET system inside MRI showing its position 
between the RF and gradient coils. Adapted with permission from Judenhofer et al. [ 15 ]       

  Fig. 15.9    ( a ) PET ring positioned inside scanner bore. ( b ) PET system consisting of ten shielded 
detector modules arranged in a ring. ( c ) PET detector module shielded by copper-clad printed 
circuit boards (PCBs). PET insert from the Tubingen group. Reprinted with permission from 
Judenhofer et al. [ 40 ])       
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   The APD signals are amplifi ed and digitized using an application specifi c inte-
grated circuit (ASIC) developed for this system [ 41 ]. The ASIC is mounted on the 
back of each socket on the fl ex circuit. The digital signal output from the ASIC is 
further routed to a time stamp and signal processing module (TSPM) via shielded 
coaxial cables; there, the events are processed further and buffered to a computer via 
optical fi ber [ 42 ]. The TSPM is placed inside an aluminum box at the edge of the 
magnet bore. The power supply units and data acquisition computer also are outside 
the MRI room. 

 The PET system (Fig.  15.11 ) is housed in a Delrin (polyoxymethylene) plastic 
case, with a custom-designed RF coil that can operate in a quadrature mode posi-
tioned inside it. The PET assembly with the RF coil has a transaxial FOV of 31 mm. 
Cables transferring PET signals to the TSPM are housed in concentric segmented 
copper sheets to provide shielding and minimize eddy currents.

  Fig. 15.10     Left : a rigid fl ex circuit partially populated with LSO-APD detector modules.  Right : a 
rolled up rigid fl ex circuit showing the PET architecture       

  Fig. 15.11     Left : PET ring housed inside Delrin can with RF coil placed inside it.  Right : the custom 
MRI coil used inside the PET ring       
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   In experiments, the PET ring and the RF coil were positioned at the center of the 
9.4 T microMRI and simultaneous PET/MRI images of a rat’s brain labeled with 
[ 11 C]raclopride were acquired. Raclopride binds specifi cally to dopamine receptors 
in the brain, and is refl ected in the increased intensity of the PET signal in the brain 
striata, as shown in Fig.  15.12  [ 43 ].

3.2         Position Sensitive Avalanche Photodiodes (PSAPD) 

 One recent development in semiconductor technology for PET application was the 
introduction of position-sensitive APDs or PSAPDs [ 44 ]. Simply put, PSAPDs con-
sist of a continuous layer of detector material (rather than pixelated arrays of tradi-
tional APDs) with output terminals positioned such that the relative intensity of the 
avalanche signal at these contacts serves to determine the exact location of the photon 
interaction, a principle similar to that underlying Anger logic positioning (Fig.  15.13 ).

   With such a positioning logic, far fewer contact terminals are necessary for a 
PSAPD compared with a pixelated APD to achieve the same nominal spatial- 
resolution, thereby minimizing the electronics needed for downstream processing. 

  Fig. 15.12     Top : T1 weighted FLASH 3D isotropic MRI images of rat brain.  Middle : PET images 
showing increased uptake of [ 11 C]Raclopride in the striata.  Bottom : Fused PET/MRI images       
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This, in turn, reduces the cost and complexity of scanners being built using this 
technology, especially for small animal imaging systems where resolution is a cru-
cial requirement, so that thousands of APD pixels have to be read out within only a 
small space to accommodate all the electronics. Tests with PSAPDs revealed energy 
and timing resolution suffi cient for PET imaging and several groups have started 
incorporating PSAPDs into their scanner design [ 11 ,  47 – 49 ]. PSAPDs, similar to 
APDs, are insensitive to magnetic fi eld and, with fewer electronics, are suitable 
candidates for simultaneous PET/MRI where PET detectors must fi t in the space 
available inside a high-fi eld MRI bore. Catana et al. implemented one such PET/
MRI scanner in a 7 T magnet and acquired simultaneous PET/MRI images with it 
[ 11 ] (Fig.  15.14 ).

   The PET detector in this setup consists of a module of an 8 × 8 array of LSO 
crystals (1.43 × 1.43 × 6 mm 3 ) coupled via optical fi bers (approx. 10 cm long) to a 
14 × 14 mm 2  PSAPDs whose terminals are further connected to charge sensitive 
preamplifi ers (CSP) (Fig.  15.14 , top). The PET ring consists of 16 modules arranged 
as shown in Fig.  15.14  (bottom). Concentric copper cylinders surround the CSP and 
associated electronics in the MRI bore minimizing electromagnetic interference 
between PET and MRI. The signals from the CSP are transmitted to signal process-
ing electronics placed away from the magnet by using non-magnetic coaxial cables. 
The PET ring lies inside the MRI’s bore between the RF and gradient coil 
(Fig.  15.15a ). Simultaneous PET/MRI images of a mouse head acquired using this 
system is shown in Fig.  15.15b .

   No visual artifacts were evident in the MRI images as a result of inserting the PET 
detectors. The effect of the MRI on PET involved a rotation in the fl ood histograms 
obtained during MRI pulsing, but unique crystal identifi cation was still possible. 

 Another prominent application of PSAPDs is in depth of interaction (DOI) 
encoding. For small animal scanners that require high sensitivity, scintillator 
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crystals need to be long (10–20 mm) to stop more annihilation gammas, and the 
detectors must be placed very close to the imaged object to increase solid-angle 
coverage. However, the combination of these two factors can result in severe paral-
lax errors. With fewer electrical contacts and low gamma attenuation properties, 
depth of interaction encoding is feasible by placing PSAPDs on two opposite faces 
of the scintillator crystal. Several studies demonstrated the DOI encoding capabili-
ties of PSAPDs [ 50 ,  51 ] thereby improving the spatial resolution attainable. Hence, 
PSAPD detectors can support high-sensitivity, high-resolution MRI compatible 
PET scanners.  

  Fig. 15.14     Top : a detector module consisting of an LSO array coupled to PSAPD using optical 
fi bers.  Bottom : PET detector ring consisting of 16 such detector modules shielded with copper. 
(Photographs courtesy of Simon Cherry)       

  Fig. 15.15    ( a ) Arrangement of PET detector inside MRI’s bore. ( b ) Simultaneous PET/MRI 
images of a mouse head using  18 F showing uptake of the radiotracer in the bones.  Top row : MRI 
images,  Middle row : PET Images, and,  Bottom row : Fused PET/MRI images. Reprinted with per-
mission from Catana et al. [ 11 ]       
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3.3     Silicon Photomultiplier 

 The Silicon Photomultiplier (SiPM) is a promising new technology that combines 
the high-gain, low-noise properties of a photomultiplier tube with the magnetic 
insensitivity of an APD. Also known as the Geiger Mode APD, these devices are, as 
the name suggests, APDs operating at a bias voltage slightly above their breakdown 
point, or in the Geiger mode [ 52 ]. Consequently, SiPMs exhibit very high internal 
gains on the order of 10 5 –10 6 , and have timing properties that act as a single-photon 
counter. Figure  15.16  illustrates the typical structure of a SiPM array. The array 
comprises a few hundred to a few thousand microcell or micropixel APDs on a com-
mon substrate of 1 × 1 mm 2 .

   An incident photon triggers the production of a charge carrier that, in turn, cre-
ates an avalanche breakdown. The SiPM is essentially a photon counter, and gener-
ates a standard output signal for one or more photon interactions per cell. This is 
where the structure of the microcell array, and the detector’s single-photon counting 
capability come into play. With multiple photon interactions over a given area, mul-
tiple microcells are triggered into avalanche breakdown. Hence, the number of 
microcells fi red in the array is proportional to the number of photon interactions 
taking place. This is true only if the rate of incoming photons is such that only a 
single photon interaction occurs in a microcell within its quenching time, i.e., the 
period it takes for a microcell APD to come back to its normal state after an ava-
lanche breakdown. Passive quenching is achieved by connecting each of the micro-
cell APDs in the series with a resistor to a common aluminum grid for reading out 
the signals from the array. The resistive layer also acts as a decoupling element 
between the adjacent microcells in an array. However, it also reduces the active area 
of the SiPM array, thereby reducing its overall detection effi ciency. 
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  Fig. 15.16    A SiPM array 
consisting of several 
micropixels on a common 
substrate. Adapted from [ 53 ]       
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 From the perspective of using these detectors for PET, the following are its key 
advantages:

    1.    High intrinsic gain and low excess noise,   
   2.    Insensitivity to magnetic fi eld (particularly suitable for PET/MRI imaging),   
   3.    Good timing-resolution (in picosecond range),   
   4.    Low temperature-dependence compared traditional APDs,   
   5.    Low operating voltages,   
   6.    Low production costs.     

 Studies of SiPMs with scintillator crystals, such LSO/LYSO for PET have dem-
onstrated good energy and timing resolution along with the listed favorable proper-
ties [ 53 – 55 ]. However, one drawback of SiPMs is their low detection-effi ciency at 
the LSO/LYSO emission wavelengths (or the blue end of the spectrum). Hence, 
more work is needed here to fully exploit their usefulness for PET.  

3.4     Modifi ed MRI Scanner Architectures 

 Until recently, most work combining PET and MRI focused on modifying 
PET instrumentation to fi t and function inside an existing MRI scanner. 
However, PET/MRI scanners have been designed wherein the MRI scanner 
 instrumentation was modifi ed to accommodate PET detectors. We describe two 
such systems below. 

3.4.1     The microPET ® -MRI System 

 The microPET ® -MRI system, as the name suggests, implements the architecture of 
the microPET ®  (Focus 120) small animal scanner inside an MRI [ 5 ]. The MRI scan-
ner is a novel 1 T superconducting magnet, fabricated in two halves with an inter-
vening 80 mm gap, i.e., in a “split magnet” design that accommodates the PET 
detector modules in the gap. The modules, consisting of LSO crystals (12 × 12 
array) are coupled to a position-sensitive PMT through optical fi bers in a ring archi-
tecture. Figure  15.17  is a schematic of this arrangement.

   As the illustration shows, the PMT is positioned outside the magnet bore at a 
radial position of 120 cm (length of optical fi bres) where the fi eld strength is about 
30 mT. The PMTs are further shielded with soft iron, reducing the fi eld strength 
experienced at the PMT to 1 mT. This confi guration, with PET detectors positioned 
in the center of the MRI, supports simultaneous PET/MRI. There was minimal deg-
radation in the sensitivity and energy spectra obtained from the PMT due to the 
magnetic fi eld. However, using 120 cm long fi ber-optic cables causes some degra-
dation in energy resolution from loss of light. MRI images of a mouse brain obtained 
using this split magnet scanner verifi ed that it generates good-quality, high- 
resolution images.  
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3.4.2     Field Cycled MRI-PET System 

 The principle of operation of a fi eld-cycled MRI-PET system is that PET data is 
acquired when the MRI magnetic fi eld is turned off or cycled to zero [ 58 ]. This 
practice avoids the limitations faced when attempting to operate traditional PET 
systems in a magnetic fi eld. A fi eld-cycled MRI consists of two sets of magnets. The 
fi rst one, called the polarizing magnet, is a high-strength magnet that polarizes the 
objects placed in its fi eld of view. After polarization, this magnet is cycled to zero 
and the second magnet, a low fi eld strength readout magnet is activated such that the 
polarized volume is precessing at the Larmor frequency of the readout magnet. 
During the readout magnet phase, excitation and readout pulse sequences are car-
ried out by pulsing the RF and gradient coils. This phase of the pulse sequence is 
followed by a period when the readout magnet is cycled to zero and the magnets are 
allowed to cool, during which period, the PET images are acquired. Since there is 
no magnetic fi eld during this period, readout can be accomplished by placing the 
PMTs in the fi eld of view, hence allowing direct coupling and avoiding the use of 
light guides that degrade the PMT’s performance. Gilbert [ 59 ] proposed this design 
(Fig.  15.18 ). A gap of 9 cm in the MRI system accommodates the PET system.

   Other advantages of this mode are reduced distortion due to the magnetic fi eld’s 
homogeneity because the readout magnets are of low fi eld-strength. This feature also 
reduces the requirements on RF and gradient power, thereby lowering their impact 
on the PET’s electronics in comparison with standard high-fi eld MRI systems.    

  Fig. 15.17    Schematic drawing of PET detectors positioned in the split magnet space of the MRI. 
Reprinted with permission from Lucas et al. [ 57 ], © [2006] IEEE       
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4     MRI and PET Data Acquisition System Interactions 

 Potential interactions between the MRI system and the PET system could degrade 
their respective images. Interferences and artifacts might appear in the MRI images 
from the PET’s electronics, and excess random counts in the PET’s data stream 
might be created by the magnetic and radio frequency characteristics of the MRI 
data acquisition system. In this section, we a look at some potential interferences 
and describe different approaches to minimizing or eliminating them. 

4.1     Shielding Approaches 

 There are three basic approaches to minimizing interference between the PET’s 
electronics and the MRI data-acquisition system. The fi rst is to move the electronics 
away from the MRI data system. This approach uses optical fi bers to transmit the 
light from the scintillation crystals to the light detection devices, either PMTs or 
APDs. The second approach uses heavily shielded PET electronics situated inside 
the bore of the magnet and in close proximity to the MRI transmit and receive coils. 
This is the approach that has been used in the commercial PET system developed 
for human use and has also been employed for small animal scanning [ 12 ]. The 
third approach uses minimal or no shielding between the PET and MRI. This allows 
the maximum sensitivity for the MRI, but can result in a signifi cant number of 
random counts in the PET system caused by the effects of the gradient fi elds and the 
RF pulses on the PET electronics.  

  Fig. 15.18    Schematic of a fi eld-cycled MRI with PET detectors. Reprinted with permission from 
Gilbert et al. [ 59 ]       
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4.2     Degradation of the MRI Image Due to PET Inserts 

 Using the confi guration with light fi bers and remote electronics seemingly guaran-
tees minimal interference in the MRI images. In a study using a prototype MRI 
compatible PET system, subtraction images were used to delineate artifacts in the 
MRI images and none were observed [ 60 ]. Placing PET detectors and electronics 
that might contain metal components inside the MRI magnetic fi eld can compro-
mise the magnetic fi eld’s homogeneity, and may result in artifacts in the MRI 
images. Photodiodes or avalanche photodiodes are compatible with magnetic fi elds, 
but the acquisition of artifact free MRI images with these devices require assuring 
that components that do not contain any ferromagnetic materials. 

 In some PET systems, the PET events are timed using a high frequency “clock” 
signal that is propagated through the electronics on the PET insert. In this confi gura-
tion, the clock signal might interfere with the MRI signal if the frequencies are close 
to each other, or are harmonics of each other. Offsetting the frequencies some 
amount will reduce the interference greatly. We studied the effects of PET electron-
ics and hardware on MRI images with a 1.5 T MRI. These tests were performed 
without power on the PET circuits to demonstrate their potential effect. We fi lled 
one row in a Mini Deluxe Phantom (Data Spectrum Corporation, NC USA) hot spot 
insert with vegetable shortening to mimic fat, and the rest with 1 mM CuSO 4  solu-
tion. Figure  15.19  shows MRI images of the center slice of the phantom with no 
PET insert and with PET inserted and turned on. Yellow arrows mark the artifacts.

  Fig. 15.19    MRI images and profi les of a resolution phantom containing water in some compartments 
and fat in others, without a PET system ( left ) and with a PET insert in place and powered on 
( right ). Notice the line artifacts marked with the  yellow arrows  in the MRI image in the upper right 
and extending through the center of the image       
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   Accordingly, we demonstrated that good MRI images are obtainable without RF 
shielding. Mild artifacts due to interference are represented in the form of streaks on 
the image. With RF fi ltering, we were able to eliminate these artifacts 

 Using shielding on the PET insert will allow essentially noise-free MRI images. 
Figure  15.20  plots the results of a study by Simon Cherry (private communication) 
on the signal-to-noise ratio in the MRI images; it shows the uniformity of this ratio 
as a function of the pulse sequence.

4.3        MRI Effects on Spatial and Temporal Resolution 
of the PET Images 

 Using the confi guration of shielded light fi bers and remote electronics, apparently 
there is minimal interference in the PET images. When the electronics are placed 
inside the MRI scanner, there can be signifi cant effects. Using an unshielded case 
for the RatCAP and taking data in the 9.4 T magnet, we observed the following 
interference [ 39 ]. A very clear noise signal was generated in the unshielded PET 
electronics from the RF pulse sequence as shown in Fig.  15.21 . The fi gure illustrates 
MRI pulse sequence on the upper part of the fi gure and the PET single counts below.

   There are two ways to overcome this problem. The fi rst is to remove the noise 
from the data by gating out the RF pulses, out. The second is to carefully shield the 
PET electronics from the RF pulse sequence. Figure  15.22  illustrates a case that we 
designed at BNL for this purpose.

   The shield is constructed of G-10 material with a thin (5 μm) copper layer on the 
surface to block penetration of the RF power. The shielding is segmented to reduce 
eddy currents, and the electronics are placed inside a secondary shield shown on the 
right hand side of the fi gure. 

 In PET/MRI scanners that use shielded, short optical fi bers and APDs, the num-
ber of counts per second is constant as the gradient coils are operated. Figure  15.23  
plots the number of PET counts recorded as the gradient coils are turned.
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  Fig. 15.21    PET data showing the noise introduced by the RF pulse sequence in an unshielded 
PET scanner       

  Fig. 15.22     Left : RF-shielded case for the RatCAP scanner used in the 9.4 T magnet at BNL; 
 Right ; RatCAP with RF shield before sliding the outer shield over the entire assembly       
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  Fig. 15.23    Plot of number of counts during operation of the MRI gradient coils.  Dark gray bars  
indicate that the gradients are off, and the  lighter blue bars  show that the gradients are on. (Plot 
courtesy of Simon Cherry)       
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4.4        PSAPD Detector Effi ciencies in Magnetic Fields 

 Position Sensitive Avalanche Photodiodes (PSAPDs) provide similar noise, gain 
and quantum effi ciencies to single channel APDs, but employ charge sharing 
amongst anodes to obtain position information. Only fi ve contacts are needed to 
identify the position of the photon interaction, thereby greatly simplifying the elec-
tronic circuitry. In summary, PSAPDs offer good resolution in energy, timing, and 
space, and have greatly reduced electronic readout requirements. 

 When a uniform fl ood source is imaged in PET tomographs that use PSAPDs, 
the positional information is typically somewhat distorted showing a “pincushion” 
effect. This effect is a result of the Anger logic used to decode the position of the 
event using the four electrodes on the resistive sheet that comprises the PSAPD. 
This can complicate accurate segmentation of crystal positions if the distortion is 
very severe. Methods have been developed to correct for this effect [ 61 ]. 

 The major potential problem of placing the PSAPD in the magnetic fi eld is 
that the “pincushion” distortion may become more severe and events will be 
mispositioned and the energy resolution compromised due to the distortion from 
the magnetic fi eld. In calibrating a PET system, the individual crystals are 
mapped by using a look-up table to normalize for the individual crystal’s charac-
teristics, such as energy, coincidence time-windows, and effi ciencies. Plotting 
the maps in the magnetic fi eld and applying this correction consistently elimi-
nates such mispositioning. The only added complication is distortion due to the 
gradient fi elds. These effects were explored and algorithms developed to mini-
mize the effects and produce an accurate segmentation of the crystals, even down 
to 1 mm resolution [ 61 – 64 ].  

4.5     Magnetic Field Effect on Positron Range 

 Researchers have studied the effects of the magnetic fi eld on the range of the posi-
trons. Since the positrons’ range is one of the limiting factors in the ultimate spatial 
resolution obtainable with PET, any improvement in it is an added benefi t of the 
MRI environment, although this applies only in the 2-dimensional plane perpen-
dicular to the magnetic fi eld. 

 Raylman’s Monte Carlo study [ 65 ], demonstrated that a substantial improvement 
in resolution can be achieved for higher energy positrons. Table  15.1  lists the fi nd-
ings for F-18, C-11, O-15, and Rb-82.

   Raylman noted that there was some degradation in the annihilation non- 
collinearity that will degrade the resolution in large PET scanners, but which will be 
less important with a smaller diameter ring. There have been some experimental 
measurements of the improvement in spatial resolution in PET with magnetic fi elds 
[ 4 ,  66 ]. Using germanium-68 as the source of high energy positrons 
(Emax = 1.89 MeV), the results in Table  15.2  were obtained. These values are the 
ratio of the full width at half maximum of the point-spread function (PSF) in the 
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   Table 15.1    Maximum positron energy and resolution change with and without an applied 10 T 
magnetic fi eld [ 65 ]   

 Radionuclide  Max energy (Mev)  FWHM (0 T) (mm)  FWHM (10 T) (mm) 

 F-18  0.64  3.85  3.78 
 C-11  0.96  4.24  3.85 
 O-15  1.7  5.28  3.88 
 Rb-82  3.15  8.03  4.13 

   Table 15.2    Ratio of the full width at half maximum (FWHM) of the point 
spread function (PSF) with the fi eld off, divided by the FWHM of the PSF 
with the fi eld on as a function of magnetic fi eld for Ge-68 in water  

 Field   

FWHM off

FWHM on    

 0 T  1.0 
 4.0 T  1.22 
 5.0 T  1.42 
 9.4 T  2.05 

  Fig. 15.24    Range of positrons with no magnetic fi eld ( left ), and in a 7 T magnetic fi eld ( right ). 
Reprinted with permission from Wirrwar et al. [ 68 ], © [1997] IEEE       

transverse direction with the magnetic fi eld off, divided the same measure with the 
magnetic fi eld on as a function of the magnetic fi eld (Table  15.2 ) [ 67 ].

   A similar study, one with a very high-energy positron (3 MeV) and a 7 T magnet 
[ 68 ] encompassed theoretical and experimental measurements. Figure  15.24  is a 
graphical representation of the data generated from the GEANT simulation.
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4.6        MRI Images for PET Attenuation Correction 

 One key advantage of PET is the possibility of gathering quantitative information on 
the distribution of radioactivity inside an object. However, for PET data to be quan-
titative, it is necessary to correct for the attenuation of the gamma rays as they pass 
through the object being scanned. The key characteristics of a material determining 
gamma attenuation are its atomic number and the electron density. When PET was 
being used alone, the attenuation was measured directly with either a ring source or 
with one or more rotating sources containing a positron emitter (usually Ge-68). 
Since the advent of PET/CT, the correction for attenuation is based on the data from 
the CT scan. This generates a relatively accurate attenuation map, although some 
concerns remain, such as the difference in attenuation of the 511 keV gammas com-
pared to the attenuation of the much lower energy X-rays used in CT imaging. 

 With the move to MRI as the PET’s complementary imaging modality, the atten-
uation correction must be based on the data available. A problem arises because the 
MRI signal is related to the proton density and not directly related to the electronic 
density that determines gamma attenuation in an object. Several approaches have 
been developed to obtain the attenuation map from MRI data and these methods are 
discussed here. 

 The attenuation of gamma rays by matter is a function of the electron density of 
the material through which they pass. Attenuation differs, depending on the energy 
of the gammas and the different processes contributing to attenuation. The X-ray CT 
maps are obtained with X-rays with maximum energy of 140 keV, while attenuation 
must be corrected in PET for photons of 511 keV. Thus, the attenuation- correction 
algorithm must convert the attenuation coeffi cients for 140 keV derived from CT 
maps, to the coeffi cients of 511 keV. This conversion may affect the accuracy of the 
attenuation corrected PET image for different tissue densities normally encountered 
in clinical studies such as lung and bone. However, in clinical practice the CT atten-
uation map often is more accurate than the traditional Ge-68- derived one, even with 
the extrapolations made due to the differences in energy, because the noise level of 
the CT image is very low, and therefore yields a very accurate map of the object. 

 The usual method in MRI is to segment the image in some way and then assign 
values for the attenuation based on this segmentation [ 69 ,  70 ]. One approach is to 
use the MRI image directly and assign different average values of attenuation for 
regions of bone, soft tissue, and air. There may be more regions, depending on the 
required level of complexity. An alternative is to obtain a CT attenuation map for 
several patients, and form an averaged attenuation map with the corresponding 
attenuation values. This attenuation map is then transformed (stretched and adjusted) 
to match the MRI image of the particular patient. This attenuation correction is then 
applied to the PET image to get an attenuation corrected image. This population 
based approach has some advantages and some disadvantages. The advantages are 
that it is relatively easy to implement, and does not require any additional scans. The 
disadvantages are that the general template must be adjusted for each patient using 
some either manual or automated fi tting and that there is no easy way to adjust for 
differences in bone density. 
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 The most common approach for MRI attenuation correction of PET images is 
using some type of segmentation. The parameters employed for segmentation and 
the number of components determines the model’s sophistication and accuracy. 
The simplest method of attenuation correction without using a transmission scan is 
to apply a uniform attenuation coeffi cient throughout the volume being imaged. 
For the brain, a simple elliptical model is often used. There was an improvement in 
the accuracy of the PET data using this approach, but it did not produce quantita-
tive values. Early attempts to use MRI data to give an attenuation map followed that 
methodology [ 71 ]. The method was enhanced by adding more types of tissue with 
better estimates of the attenuation coeffi cients [ 72 ]. Table  15.3  gives typical seg-
mentation values for these parameters for imaging several organs and tissues.

   Correcting PET data for attenuation using MRI images still is being investigated 
actively. Several reviews [ 72 – 74 ] examined the possibilities and covered the work 
already done. The general conclusion is that using MRI for attenuation correction 
certainly is not as straightforward as using CT, but should be possible. Segmenting 
the skull into several regions and assigning attenuation coeffi cients seems to work 
well. For the torso, the favored approach seemingly is to fi t the MRI images to a 
standard atlas by adjusting the standard organ sizes and shapes to match the patient.   

5     Prospects for the Future 

 The fi rst steps have been taken in the development of simultaneous PET/MRI scan-
ners. There is a great deal left to do in terms of instrument improvements and the 
applications are just beginning. This is a very exciting time in multi-modality imag-
ing that promises to get better. 

5.1     Technical Challenges Still Ahead 

 Several technical challenges must be overcome before simultaneous PET/MRI is a 
mature technology. The ultimate goal is to design a system where the MRI does not 
degrade the PET image signifi cantly, and the PET electronics do not interfere with 
the MRI electronics causing artifacts or decreasing the signal-to-noise in the MRI 
images. The greater the distance between the two systems, the easier this goal is to 
realize. Even a few millimeters will greatly reduce the interaction between the two 

  Table 15.3    Typical 
attenuation coeffi cient values 
for MRI segmented  

 Region  Typical values (cm −1 ) 

 Brain  0.095–0.099 
 Skull  0.143–0.151 
 Nasal sinuses  0.054–0.055 
 Soft tissue, and skin  0.095–0.096 
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systems. Any conductive materials in the PET part of the system will need to be 
compensated by tuning the RF coil with the PET insert and object in place. For this 
reason, it is important to be able to tune the coil remotely from outside the machine. 

 Another consideration is the sensitivity of the gain of APDs to changes in tem-
perature. Typically, a few degrees shift in temperature alters the gain by a large 
factor. The switching gradient’s magnetic fi eld and RF pulse sequences sometimes 
cause a notable rise in temperature from interactions with the PET system itself due 
to eddy currents, or even with the object being scanned. A temperature compensa-
tion mechanism should be incorporated in the PET electronics to deal with tempera-
ture drifts. PET electronics generate noise that can be picked up by the sensitive 
receivers in the MRI system. This is particularly true if there is a clock frequency 
running in the PET electronics to supply a timing signal. The frequency of this clock 
must be different from the MRI’s fundamental or harmonic frequencies because the 
receivers are tuned specifi cally for this frequency and therefore, are particularly 
sensitive in this range. In our experience, the difference between 100 MHz and 
105 MHz can be crucial for a 400 MHz (9.4 T) MRI system in terms of the signal-
to- noise ratio of the MRI images.  

5.2     MRI Spectroscopy with PET 

 Figure  15.25  shows a specifi c potential application of our hybrid PET/MRI system 
in a small-animal model. This mouse study illustrates how MRI spectroscopy, which 
can image fl ux rates throughout the tricarboxylic acid (TCA) cycle, when combined 
with PET, will afford a temporal correlation that is critical in meaningfully compar-
ing these two functional datasets.

5.3        MRI Dynamic Domain Compared to PET Dynamic Domain 

 One interesting aspect of combining PET with MRI is the comparison of their time 
domains. The quality of a PET image mainly rests on the number of counts in it. 
It makes little difference if those counts are acquired over a few seconds or over sev-
eral hours (neglecting deadtime considerations). MRI, on the other hand, has relatively 
constant signal and the accessible time-domain depends on the strength of the magnet, 
the pulse sequence used and, the relaxation constants of the environment. 

 One advantage of MRI is that an indefi nite number of repeat studies can be done, 
so longitudinal studies are easy. On the other hand, for such studies in PET, with its 
short-lived positron emitters, usually necessitates two, three, or more injections of 
the radiotracer. 

 Under the right conditions the temporal information gained from PET can be 
closely correlated with the information from MRI. As an example of this, the study 
of brain function in small animal models requires both the localization of neural 
activity and the time sequence of the activation. Neuronal activation consumes 
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oxygen [ 76 ]. After neural activation (particularly in the cerebral cortex), an increase 
in blood fl ow produces an infl ux of oxygenated hemoglobin. This infl ux reduces the 
local concentration of deoxygenated hemoglobin (deoxyhemoglobin). This effect is 
called the hemodynamic response (HR). This reduction can be measured using 
BOLD fMRI (blood oxygen level-dependent functional magnetic resonance imag-
ing) [ 77 ], which now is the most popular method in functional magnetic resonance 
imaging (fMRI) and serves as one of the major experimental methods for analyzing 
neural function. However, vascular processes take at least an order of magnitude 
longer time than the underlying functional activation. The time-to-maximum of a 
HR due to a transient stimulus is typically delayed by 5–8 s and dispersed by 3–4 s. 
Oxygen-15 and PET can be used to correlate with the BOLD signal. This is a rela-
tively new area, but promises to give new insight into neural activation. Oxygen-15 
studies have been used extensively for the analysis of stroke in humans [ 78 ] although 
the possibility of doing both PET and MRI simultaneously will add a new dimen-
sion to these studies.  
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  Fig. 15.25    Hyper-polarized  13 C-MRS in mouse-tumor imaging. Color maps representing 
[1- 13 C]-lactate and [1- 13 C]-pyruvate peak intensities and spectra from the tumor and a blood vessel 
(indicated by  arrow ) in mouse treated with an etoposide (chemotherapeutic agent). The  1 H images, 
shown in grayscale, were used to defi ne the tumor’s margins (indicated by  white lines ). Reprinted 
with permission from Day et al. [ 75 ]       
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5.4     Preclinical and Research Applications 

 Imaging protocols are currently under development where MRI and PET are used in 
conjunction either to monitor the same physiological parameter for cross- validation, 
or to monitor different stages of metabolic activity and thus, different targets. 
We give examples of these types of investigations below. 

 A goal of neurophysiology is connect behavioral results with observables of 
non- specifi ed or background mental functions, like awareness. The successes of 
PET and fMRI in non-invasively localizing sensory functions encouraged research-
ers to transform the subjective concepts of cognitive psychology into objective 
physical measures. Experimental results are interpreted in terms of fl exible defi ni-
tions of both cognitive concepts and the degree of localization. New approaches 
may connect measurements by fMRI,  13 C MRS, and PET of brain energy with 
observable behavior or more elusive parameters such as awareness. A sensory stim-
ulation experiment could show whether the degree of localization found in BOLD 
signals is related to the global energy of the brain, which, when manipulated by 
anesthetics, will affect the degree of awareness. The infl uence of brain energy upon 
functional imaging maps is changing the interpretations of neuroimaging experi-
ments [ 79 ]. Gerstl et al.’s study [ 80 ] is another example of correlating the regional 
distribution patterns of transmitters and the observable functional fi elds of the brain 
using fMRI and PET. They found that the distribution pattern of the major inhibi-
tory serotonergic neurotransmitter-receptor, the 5-HT1A subtype, measured by PET 
is associated with the functional organization of the primary and secondary visual 
cortex defi ned by retinotopic mapping with fMRI. This work demonstrated study 
showed that multimodal neuroimaging combining PET and fMRI can clarify the 
relationship between the distribution of neurotransmitter receptors and functional 
specialization in human cortical areas in vivo. 

 One exciting area for combining PET and MRI is the ability to carry out func-
tional and morphological imaging simultaneously. A specifi c example is employing 
advanced MRI techniques, such as diffusion tensor imaging (DTI), to delineate 
nerve tracks and correlate this with PET activation of nerve cells. This approach was 
used to demonstrate the invasion of tumor cells into pyramidal tracts and relate this 
information to the uptake of the PET tracer  18 F-fl uoroethyl- L -tyrosine that measures 
cell proliferation [ 81 ]. Such data could prevent the destruction of important struc-
tures through more precise preoperative planning. 

 As another similar example of the complementary nature of PET and MRI is in 
ischemic stroke, where diffusion-weighted (DW), and perfusion-weighted (PW) 
magnet resonance imaging (MRI) are used to defi ne the therapeutic target as the 
mismatch between the two volumes. Positron emission tomography (PET) can 
quantify the metabolic patterns of tissue compartments identifi ed using this MRI 
technique. In one such study, the mismatch area did not reliably detect elevated 
Oxygen Extraction Fraction and overestimated the penumbra defi ned by PET [ 82 ]. 

 Oxygen-15 labeled water imaging has become the gold standard for assessing 
cerebral blood fl ow (CBF). A new technique, arterial spin labeling (ASL), makes 
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it possible to measure CBF accurately with MRI without using contrast agents. 
In ASL, arterial blood water is fi rst magnetically labeled just below the region 
(slice) of interest by applying a 180° radiofrequency (RF) inversion pulse which 
inverts the net magnetization of the blood water. After a period of time (called the 
transit time), this ‘paramagnetic tracer’ fl ows into the slice of interest where it 
exchanges with tissue water. The inverted spins carried with the blood coming into 
the volume of interest reduce total tissue magnetization. During this time, an image 
is taken (called the tag image) which highlights the change. The primary advantages 
are that completely noninvasive, absolute cerebral blood fl ow (CBF) measurements 
are possible with relative insensitivity to permeability, and that multiple repeated 
measurements can be obtained to evaluate one or more interventions or to perform 
perfusion-based functional MRI [ 83 ]. In one study, three patients with epilepsy and 
tuberous sclerosis underwent brain MRI with ASL and positron emission tomogra-
phy (PET). The results were closely correlated with each other and with electro-
physiological data [ 84 ]. Chen et al. [ 85 ] compared cerebral blood fl ow changes 
(ΔCBF) measured with fl ow-sensitive alternating inversion recovery (FAIR) ASL 
perfusion method to those obtained using H 2  15 O PET, the current gold standard for 
in vivo imaging of CBF. They imaged a group of healthy volunteers under identical 
conditions to study changes in regional and global CBF during fi ve levels of visual 
stimulation and one level of hypercapnia. The CBF changes were compared using 
three types of region-of- interest (ROI) masks and found to be closely correlated [ 85 ]. 

 There is some correlation between the size of the hippocampus and the develop-
ment of Alzheimer’s disease. Recently, a PET compound was developed and pat-
ented by researchers at the University of Pittsburg (Pittsburg Compound B or PIB) 
that apparently is a marker for amyloid plaque. One study aimed at relating the size 
of the hippocampus, the uptake of PIB, and the degree of cognitive impairment in 
an older population [ 86 ]. This study gives a preview of how anatomical detail as 
measured by MRI can be correlated with activation, enzyme concentration, or other 
measures physiological processes to give a clearer correlation between structure 
and function. 

 In a further application of simultaneous PET/MRI images, obtained with the 
Tubingen system, of the uptake by a mouse colon carcinoma [ 40 ] revealed selective 
uptake in its viable regions compared with degenerate areas (Fig.  15.26 ).

   The corresponding MRI images also show increased contrast uptake in the viable 
regions of the tumor, while, at the same time, providing high-resolution structural 
information. Hence, the combination of PET/MRI accurately localizes the viable 
region versus regions with infl ammation or necrosis on the tumor.  

5.5     Multimodality Probes 

 Based on the discussion, it is clear that the total information that is obtained using 
PET and MRI simultaneously is greater than the sum of the parts. For PET and MRI 
probes to be truly simultaneous, they must have identical pharmacodynamic 
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  Fig. 15.26     Top row : F18- FLT PET image of colon carcinoma uptake.  Middle row : corresponding 
T1-weighted MRI image.  Left : pre-contrast enhanced MRI.  Right : post-contrast enhanced MRI. 
 Bottom row : fused PET/MRI image. Reprinted with permission from Judenhofer et al. [ 40 ]       

properties. Multi-modal contrast agents and imaging probes under development 
will help solve this problem [ 87 ]. Despite the great wealth of information that such 
probes provide, their development is far from trivial, representing an important 
challenge to synthetic chemists [ 88 ]. An example of a multimodal probe based on a 
MRI active nanoparticle is shown in Fig.  15.27 .

   These probes may be made sensitive to other modalities, such as optical, by 
attaching the appropriate molecule to the nanoparticle. Disease processes often can 
be identifi ed by altered molecular profi les and/or cell behavior before to anatomic 
alterations can be visualized. The more we learn in this regard, the more this seems 
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to be a general phenomenon. Insight into these processes could potentially allow (1) 
the early detection of disease, (2) more accurate prognoses and personalized treat-
ments, (3) the ability to monitor the effectiveness of therapeutic treatments, and, (4) 
improvements in our understanding of how cells behave and interact in their intact 
environment in living subjects. Molecular imaging with PEt already has profoundly 
affected our understanding in preclinical and clinical areas including cancer research 
and many aspects of neuroscience. MRI is in its early stages of moving from struc-
tural and functional imaging to molecular imaging, but this and requires consider-
able development. The combined use of PET and MRI with these proposed 
multi-modality imaging agents could be extraordinarily valuable in advancing our 
understanding of cellular pathophysiology. 

 Nanoparticles may not only provide sensitive and specifi c imaging information 
in cancer patients, but also selectively deliver anticancer drugs to tumor sites [ 89 – 91 ]. 
There are examples of using nanoparticles as drug delivery agents [ 92 ,  93 ]; more 
recently, magnetically guided nanoparticles have been used to deliver therapeutic 
drugs to the specifi c areas [ 94 ]. Although the feasibility of using targeted magnetic 
iron oxide nanoparticles (MINO) for tumor imaging and therapy is demonstrated, 
methods and strategies to produce tumor targeted imaging probes with a high speci-
fi city and sensitivity still are greatly needed [ 95 ,  96 ]. The added benefi t of using 
nanoparticles for therapy requires that the therapeutic drug stays attached to the 
nanoparticle until it reaches the desired site. After two decades of effort, iron 
oxide nanoparticles have become a powerful platform, but are not yet in widespread 
use clinically [ 96 ]. There are questions about how to optimize the nanoparticle-
therapeutic drug constructs for delivering the drug to the tumor site and how mag-
netic direction might be optimized for delivery using magnetically directed drug 
constructs. By combining the MRI visualization of these nanoparticles with the 
ability to quantify the concentration of the nanoparticles with PET, we have a pow-
erful tool for investigating the fate of these nanoparticles. Labeling the therapeutic 
drug with a PET tracer and following the uptake of the nanoparticle with MRI, 
allows us to visualize clearly the fate of the drug versus that of the nanoparticle as 
they dissociate in vivo. It will be possible to label a magnetically active nanoparticle 
in the core and observe the loss in signal as the nanoparticle changes its magnetic 
properties over time in vivo, while concurrently tracking the total number and 

Specific
Targeting

Optical
Probe

Radionuclide
Label (core or chelate)

MRI active
nanoparticle

  Fig. 15.27    Multimodal nanoparticle suitable for simultaneous PET and MRI imaging       
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distribution of iron atoms from the nanoparticles using the PET signal, which 
remains sensitive to the iron regardless of its chemical form. 

 Various biological molecules attached to nanoparticles have been used in vitro 
and in vivo. To date, studies showed that the polymer-coated nanoparticles have 
minimal impact on cell viability and function. Examples include:

•    Monoclonal Antibodies. Two initial approaches were to conjugate dextran- 
coated particles to internalizing monoclonal antibodies and the HIV-tat-peptide. 
In the fi rst case, the particles end up in the cell in small vesicles or endosomes, 
and, in the second case in the nucleus.  

•   Stem Cells. Using stem cells as delivery vehicles opens up the opportunity for 
targeting therapeutic proteins to the damaged or degenerating central nervous sys-
tem. Most cellular imaging studies to date were conducted in disease models of 
the central nervous system (CNS); recently, the infarcted heart received attention.  

•   Cell Migration and Cell Traffi cking. There are several examples of MRI imaging 
of cell migration following transplantation in the CNS.  

•   Transfection Agents. Another interesting area is employing iron-oxide nanopar-
ticles coated with a transfection agent (TA). TAs usually are positively charged, 
bind rapidly to negatively charged cell membranes, and can shuttle associated 
macromolecules (i.e., oligonucleotides) into cells. The same concept applies for 
the intracellular delivery of SPIO particles.    

 We will be able to quantitatively map the dynamics of these molecular imaging 
probes, and measure their fi nal concentrations. There is a difference in scale of the 
two types of imaging agents. Iron-based MRI contrast agents usually require about 
50–100 μmol of iron per kilogram of body weight to give good semi-quantitative 
images, while PET tracers usually need about 1 nmol of tracer per kilogram of body 
weight. By using the two in conjunction, we gain the sensitivity and quantitation of 
the PET tracer, while using the anatomical sensitivity of the MRI agent to obtain 
their precise location and volume so that the PET images can be corrected for 
partial- volume effects in small structures.   

6     Summary 

 The instruments and applications of PET combined with MRI are just beginning to 
scratch the surface of what is achievable with multi-modality imaging. The ability 
to view a metabolic or physiological process from several vantage points simultane-
ously gives us a new perspective in understanding nature. We believe PET/MRI is a 
cornerstone of these new developments. Even more modalities, such as optical, and 
ultrasound techniques might well be combined with PET/MRI, and undoubtedly 
will be valuable research tools for pre-clinical human and small-animal research in 
the near future.     
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