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Early diagnosis and therapy increasingly operate at the cellular, molecular, or even at the genetic
level. As diagnostic techniques transition from the systems to the molecular level, the role of multimodality molecular imaging becomes increasingly important. Positron emission tomography (PET)
and magnetic resonance imaging (MRI) are powerful techniques for in vivo molecular imaging.
The inability of PET to provide anatomical information is a major limitation of standalone PET systems. Combining PET and CT proved to be clinically relevant and successfully reduced this limitation by providing the anatomical information required for localization of metabolic abnormalities.
However, this technology still lacks the excellent soft-tissue contrast provided by MRI. Standalone
MRI systems reveal structure and function but cannot provide insight into the physiology and/or
the pathology at the molecular level. The combination of PET and MRI, enabling truly simultaneous acquisition, bridges the gap between molecular and systems diagnosis. MRI and PET offer
richly complementary functionality and sensitivity; fusion into a combined system offering simultaneous acquisition will capitalize the strengths of each, providing a hybrid technology that is greatly
superior to the sum of its parts. A combined PET/MRI system provides both the anatomical and
structural description of MRI simultaneously with the quantitative capabilities of PET. In addition,
such a system would allow exploiting the power of MR spectroscopy (MRS) to measure the regional biochemical content and to assess the metabolic status or the presence of neoplasia and other
diseases in specific tissue areas. This paper briefly summarizes state-of-the-art developments and
latest advances in dedicated hybrid PET/MRI instrumentation. Future prospects and potential
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clinical applications of this technology will also be discussed. V
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I. INTRODUCTION
The continuous evolution of medicine has led to the necessity of studying biochemical processes at a molecular level
for clinical diagnosis and monitoring, pharmacology, genetic
and pathological investigations.1 This field of research is
usually called molecular imaging.2 Among the various molecular imaging techniques, positron emission tomography
(PET) is an exquisitely sensitive method for the quantitative
investigation of events at the molecular level through the use
of radio-labeled tracer molecules and has proved to be one
of the most powerful methodologies in vivo. The profound
success of PET lies in the wide range of biologically relevant
probes and results from its high sensitivity for tracer detection (10 11–10 12 mol/l),3 absolute quantification of tracer
distribution with good spatial resolution (4 mm for clinical
whole-body systems). Magnetic resonance imaging (MRI)
reveals structure and function through the interaction of a
strong magnetic field with primarily the protons present in
water, fat, etc., and their chemical environment. This modality has also had a profound effect on the practice of medicine
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and radiological sciences, having a good sensitivity
(10 3–10 5 mol/l) and an excellent spatial resolution
(1 mm isotropic for clinical systems). It should be noted
that the resolution in MRI depends on the signal-to-noise ratio (SNR) and could indeed be better than 1 mm. The wide
variety of imaging sequences, along with better soft-tissue
contrast compared to x-ray computed tomography (CT),
makes MRI an important diagnostic tool. In addition, MRI
does not use ionizing radiation and as such has many advantages compared to CT for small-animal imaging, the pediatric population and for applications where radiation dose is a
concern.
PET reveals physiology rather than anatomy; the anatomical information provided is either highly variable, depending on the tracer uptake distribution, or it is almost entirely
absent for some highly specific tracers. The more specific a
tracer is, the higher is the need for anatomical information.
Nowadays, there are tracers and tracer systems under development that are very specific. The inability of PET to provide anatomical information is a major limitation of PETonly studies and consequently, it has been recognized that to
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maximize the potential of PET, this technique needs to be
combined with an anatomical imaging modality, such as
x-ray CT or MRI. Adding anatomical information allows
accurate localization of the PET signal and also facilitates
improvement in the quantitative accuracy of the PET signal
through correction of the error in quantification that results
from the finite spatial resolution of PET (partial volume
effect).4,5 These benefits have resulted in software
approaches to coregister PET images to those from CT or
MRI,6 which generally work rather well in the brain but not
in the thorax and abdomen where there is nonrigid motion
between the two scans, and although transmission scans are
available for software coregistration, these too exhibit poor
anatomical detail. The development of combined PET/CT
scanners for preclinical and clinical imaging has made possible acquisition of both structural and functional images.7,8
Even though CT has certain advantages in oncological imaging, a highly attractive alternative to PET/CT is to combine
PET with MRI, since the repertoire of MR examinations is
highly complementary to PET.9
PET and MRI are powerful imaging techniques used in a
wide spectrum of research applications, ranging from process
engineering, biomedical research, and clinical diagnostics.
Utilization of fusion imaging combining PET and MR is
expected to grow as more molecular targeted imaging agents
are being developed. Today, there are more than 29 000
PubMed entries since 1980 (about half of them published during the last 5 years) when searching for “PET,” “MRI,” and
“FUSION” (Fig. 1). It should be noted that this search does
not imply that there are 29 000 papers dealing with PET/MRI
fusion or integration, but only that the increase of the occurrence of these words is an indicator of the rapidly growing
field (an increase of 150% from 2005 to 2010).
In response to the requirements of multimodality imaging, several investigators proposed and are developing various approaches specifically designed for clinical imaging
that allow one to combine through hardware approaches,
the power of PET with other imaging modalities such as
x-ray CT,10 MRI,11 and optical imaging (OI).12 Although
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multimodality systems such as single-photon emission computed tomography (SPECT)/CT and PET/CT have been successfully implemented in the clinic,10,13 the combination of
PET and MRI still represents the frontier challenge for molecular imaging technology.11 Conventional PET systems
employ photomultiplier tubes (PMTs) to detect the scintillation light. However, PMTs are sensitive to magnetic fields
and, therefore, cannot be operated inside an MR system.
Several approaches have been investigated in order to overcome this problem, such as the use of light guides to take the
scintillation light out of the MR system, where the PMTs
can be properly operated, or the use of avalanche photodiodes (APDs) that are insensitive to magnetic fields. More
recently APDs working in Geiger mode (GM-APD), also
known as silicon photomultipliers (SiPMs), have been proposed.14 All of these solutions have limitations and several
academic research groups, and companies are working on
various prototypes of combined PET/MRI systems.
Nevertheless, despite the difficulties and known limitations, several design approaches have been proposed and
used in clinical setting. The number of scientific contributions related to this subject has been increasing steadily during the last decade, which motivated the writing of this
paper as a snapshot of the dynamically changing field of
combined PET/MRI instrumentation.15 A detailed description of the various approaches proposed in the literature is
given. We also discuss some important considerations and
limitations of systems proposed so far. The strategies followed for clinical validation of novel technologies are briefly
described. Future opportunities and the challenges facing the
adoption of hybrid PET/MRI systems and their role in basic
and clinical research will be addressed as well.
II. HISTORICAL DEVELOPMENT OF PET/MRI
The interest in PET scanning within strong static magnetic fields was first suggested by the need to reduce the distance positrons travel before annihilation (positron range)
through magnetic confinement of the emitted positrons.16–19

FIG. 1. The increasing number of annual peer-reviewed publications reporting on the use of PET/MR fusion demonstrates the growing interest in combined
PET/MR. This graph is based on a PubMed query with using the following mesh terms: “PET” OR “POSITRON EMISSION TOMOGRAPHY” AND “MRI”
OR “MAGNETIC RESONANCE IMAGING” AND “FUSION” OR “REGISTRATION”. A time line was created with MEDSUM: an online MEDLINE summary tool by Galsworthy, MJ. Hosted by the Institute of Biomedical Informatics (IBMI), Faculty of Medicine, University of Ljubljana, Slovenia (Ref. 206).
Medical Physics, Vol. 38, No. 10, October 2011
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FIG. 2. (a). Influence of the magnetic field on positron
range, for 86Y (Emax ¼ 3.15 MeV) in water, illustrated
by Monte Carlo simulations obtained at 0 T (top) and
10 T (bottom) field. The 3D tracks are projected onto a
plane perpendicular to the direction of the magnetic
field. The average distance between the emission and
annihilation point is reduced considerably in the presence of the magnetic field. (b). Simulated positron
range reduction for I-124 (Emax ¼ 2.14 MeV) in a 0 T
(top) and 9 T (bottom) magnetic field. Adapted with
permission from Blanco et al., Nucl. Phys. B, Proc.
Suppl., 158, 157–160, 2006 and Burdette et al., IEEE
Nuclear Science Symposium Conference Record,
2376–2380, 2005. Refs. 20, 22.

A magnetic field collinear with the axis of the scanner will
improve its transaxial resolution, since the positron range is
reduced in that plane, while keeping the axial resolution
unaltered.19,20 Indeed, Monte Carlo simulation studies predicted improvements in spatial resolution for high energy
positron emitters ranging between 18.5% (2.73 mm instead
of 3.35 mm) for 68Ga and 26.8% (2.68 mm instead of 3.66
mm) for 82Rb for a magnetic field strength of 7 T.21 Figure 2
shows the compression of the spatial extent of positron trajectories originating from a spectrum with maximum energy
of 3.15 MeV (86Y) and 2.14 MeV (124I) in a magnetic field
of 10 and 9 T, respectively, obtained using Monte Carlo
simulations.20,22
It is amazing to point out that the history of combined
PET/MRI dates back to the mid 1990s even before the advent
of PET/CT.23 Early attempts to design MR-compatible PET
units relied on slight modification of PET detector blocks of a
preclinical PET scanner to keep the PMTs at a reasonable distance from the strong magnetic field of a clinical MRI unit.24
To avoid mutual interference between both systems, the
detectors were coupled to long optical fibers (4–5 m) to bring
the light from the scintillator to the photomultipliers and
read-out electronics outside of the magnetic field, leading the
weak scintillation light outside the fringe magnetic field to
position-sensitive PMTs.25,26 One major drawback of this
design is that the long fibers result in the loss of a significant
fraction of the scintillation light, thus affecting the energy
and timing resolution, deteriorating crystal identification and
losing PET signal performance, thus impairing the overall
PET performance.
Despite the limitations of this design, similar approaches
were adopted by other investigators.27–31 Other related design
concepts based on conventional PMT-based PET detectors
rely on more complex magnet designs, including a split-magMedical Physics, Vol. 38, No. 10, October 2011

net32 or a field-cycled MRI.33 In the former design, an 8 cm
gap in the axial direction of the B0-field of a 1 T actively
shielded superconducting magnet houses the preclinical PET
scanner and shorter (1.2 m long) optical fiber bundles.32,34
This allows to place the PMTs at very low-field strength
(30 mT). The major advantage of this design is that only
minor modifications of existing conventional PET detectors
are required, still the magnet and gradient coil design are
more complex and expensive compared to the technologies
used on typical MRI scanners. In the latter approach, the
PMTs are built into the magnet, but PET scanning is allowed
only within small time intervals (2.5 s) when the MR polarizing and read-out fields are switched off.33,35 The switching
cycle for the 1 T polarizing field requires about 1 s to magnetize the object and is shut-down very quickly. The hardware
implementation of this design still needs to be demonstrated
given that the exposure of the PMTs to a variable magnetic
field remains challenging. In addition, the use of electromagnets (instead of superconducting magnets) for field-cycled
MRI engages significant compromises.
The potential of novel read-out technologies insensitive to
magnetic fields including APDs and SiPMs was yet realized
to reach this endeavor. APD-based technology is already successfully implemented by one small-animal PET vendor36
and on many preclinical37–41 and dedicated breast42 PET/
MRI systems. SiPMs, small finely pixelated APDs operated
in “Geiger mode,” and more recently the Digital SiPMS,43,44
have a large potential for further improvement; however,
their current performance (high gain and an excellent SNR) is
sufficiently good to be considered strong candidates for the
design of combined PET/MRI scanners43–46 since they allow
to reduce significantly the amount of electronics needed
inside the MRI.47 SiPMs are, currently, commercially available from several vendors.48 The development of combined
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PET/MRI based on APDs is one of the promising designs
achieved so far. The first in vivo mice images confirmed the
capability of the system for performing simultaneous PET/
MR imaging.39,41 Further experimental analysis showed that
both systems work with unhindered performance, consolidating the observation that each modality is virtually invisible to
the other.
The conceptual design of combined PET/MRI instrumentation for humans benefited to a great extent from experience
gained in preclinical imaging. The promising results obtained
on preclinical systems encouraged one of the major industrial
leading players (Siemens Healthcare) to develop the first clinical PET/MRI prototype (BrainPET) dedicated for simultaneous brain imaging in collaboration with the University of
Tuebingen, Germany.49,50 The system was assessed during
the last 3 years in a clinical setting by exploiting the full
potential of anatomical MRI in terms of high soft-tissue contrast sensitivity in addition to the many other possibilities
offered by this modality including BOLD imaging, functional
MRI (fMRI), diffusion-weighted imaging (DWI), perfusionweighted imaging (PWI), and diffusion tensor imaging
(DTI).51,52 A second, in this case sequential combined PET/
MRI system, was also designed for molecular-genetic brain
imaging by docking separate PET and MR systems together
so that they share a common bed, which passes through the
field-of-view of both cameras.53 This is achieved by combining two high-end imaging devices, namely the high resolution
research tomograph (HRRT) and a 7 T MRI with submillimeter resolution.
On the other hand, the prospective applications of a
whole-body PET/MRI system have been explored in the
literature.54–72 Such a system would allow exploiting, in
addition to the above discussed applications, the power of
MR spectroscopy (MRS) to measure the regional biochemical content and to assess the metabolic status or the presence
of neoplasia and other diseases in specific tissue areas. Until
concurrent PET/MRI technologies for whole-body imaging
become more mature and economically viable, other
approaches for so-called sequential PET/MR imaging have
been researched.73 One such system is the Philips Ingenuity
TF PET/MRI, a hybrid imaging system with Philips time-offlight GEMINI TF PET and Achieva 3 T X-series MRI system.74 While this design does not allow simultaneous PET
and MRI acquisition, it allows acquisition of automatically
coregistered PET and MR images acquired sequentially,
similar to the workflow in PET/CT systems. Following initial development, two PET/MRI systems were installed in
Mount Sinai Medical Center, NY and Geneva University
Hospital, Switzerland, while the third was more recently
installed at the Forschungszentrum Dresden-Rossendorf
(FZD) in Dresden, Germany. Performance of the PET subsystem measured using the NEMA NU2-2007 protocol was
comparable to the commercial GEMINI TF PET/CT system
using phantom and clinical studies.75 Following the design
principles of the dedicated brain PET/MRI, the first simultaneous whole-body PET/MRI system called Biograph mMR
was developed by Siemens Medical Solution and installed
recently at University of Munich, Eberhard Karls University
Medical Physics, Vol. 38, No. 10, October 2011
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Tuebingen, and the Fiedrich-Alexander-University in Erlangen, Germany. Another system is being installed at Massachusetts General Hospital in Boston. More recent
developments of PET/MRI instrumentation are discussed in
Secs. III A and III B.
III. DESIGN CONSIDERATIONS OF PET/MRI
SYSTEMS
Clearly, the soft-tissue contrast of MR provides a superb
anatomical reference for the molecular PET data, but MR can
also provide significant functional data of its own, such as
diffusion-weighted MR for assessing tissue ischemia,
contrast-based perfusion measurements in the brain and heart,
fMRI and angiography. The ability to simultaneously acquire
MR and PET data would provide simultaneous PET and MR
functional measurements, of particular interest in the brain,
and would circumvent the coregistration errors induced by
organ movement during transfer from one scanner to the
other. There is considerable added value from a simultaneous
PET/MRI system, since we can consider using real-time MR
data to rebin the PET data to account for organ motion.76
Additionally, MR data can be used to guide statistical
approaches to PET image reconstruction using MR-derived
prior functions.77,78 Furthermore, the axial magnetic fields
employed in MR reduces the positron range in the transaxial
plane resulting in an improvement of the spatial resolution of
the PET scanner.16–19 It should be emphasized that this is not
noticeable at currently implemented field strengths of 2.8 T
(Siemens Healthcare) and 3 T (Philips Healthcare).
There are several ways to combine PET and MRI imaging
of the same patient.73,79 The simplest one is to adopt the
same arrangement as for PET/CT, in the so-called “tandem”
configuration [Fig. 3(a)], where the two examinations are
taken sequentially in space and time. However, a very attractive solution is to have the MRI and PET examinations taken
simultaneously in space and possibly in time. This solution
has brought to the “insert” concept [Fig. 3(b)], where a small
axial size PET insert fits inside a standard MRI scanner, and
to the “fully integrated” version [Fig. 3(c)], where a dedicated whole-body PET scanner is built in a dedicated MRI
scanner. This latter solution is the most challenging one, but
it is certainly the one that can bring to a real step forward the
use of combined PET/MRI systems in diagnosis, therapy,
and follow-up.11
The main issue for combining PET and MR imaging
modalities in a single device is to avoid degradation of the
performance of either scanner. All existing approaches
involve some compromises in performance such as reduced
PET sensitivity and quantification capability and MR gradient
performance. The goal of the many research groups working
in this field is to develop an innovative fully MR compatible
detector module with a flexible design that can be employed
in PET applications outperforming current scanners.
The seamless integration of PET and MR also requires significant software development: Monte Carlo simulations to
determine the final design of the detector module and to optimize it for PET applications;73 dedicated image reconstruction
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time between the two detectors in coincidence can be used to
reduce the uncertainty in the annihilation point of the event to
a limited region along the line of response, and thus to diminish the noise in the reconstructed images. A timing resolution
of 500 ps results in a reduction of a factor of 5 in the variance
of the reconstructed image compared to conventional PET.88
The development of ad-hoc techniques aimed at compensating
or correcting for image degradation effects and at ensuring
quantitative information, such as normalization, scatter,
attenuation, etc., are also necessary.
In the following two sections, we will illustrate in detail
the three approaches for combined PET/MRI systems and
discuss their advantages and drawbacks.
III.A. Instrumentation for sequential
PET/MR imaging

FIG. 3. Artistic cross-view of various potential designs of combined PET/
MRI systems: (a) tandem: The two scanners are mounted together back-toback allowing sequential (like PET/CT) rather than simultaneous acquisition, (b) insert: The PET scanner is inserted between the RF-coil and gradient set of the MR system, (c) full integration: the two systems are fully
integrated within the same gantry.

using fully 3D statistical based algorithms;78 simulations and
analytical models to generate the appropriate system response
matrix to be included in the reconstruction algorithm.80,81 In
addition, time-of-flight (TOF) techniques need to be used in
clinical applications, especially for whole body, for instance,
by including the TOF information in the image reconstruction.
Because TOF PET technique should be also implemented, fast
scintillators and very fast photodetectors must be used. New
scintillators such as LSO codoped with calcium (LSO:Ce,Ca),
that has a decay time of 30 ns instead of 40 ns of LSO:Ce,
improved light yield and reduced afterglow82 seems a promising solution. The advantages of TOF for clinical whole-body
PET are well demonstrated.83–87 The difference in the arrival
Medical Physics, Vol. 38, No. 10, October 2011

The simplest method to obtain combined PET/MR images
is to use the so-called tandem configuration, where MRI and
PET are taken sequentially one after the other in two separate
scanners. This could be achieved by having both systems in
the same room or in separate rooms. The later design was
adopted by General Electric Healthcare and installed at Zurich University Hospital. The same patient transfer table top
(PTTT) is docked on the two imaging modality gantries and
used for both PET/CT and MR examinations. The second sequential design concept makes use of the same bed for the
patient for a tandem configuration of PET and MR systems
within the same room [Fig. 3(a)]. This is also the cheapest solution from an economic point of view because the only technological improvement is the additional shielding for the MR
magnetic field, so as to have a negligible effect on the nearby
PET performance,89 and the necessity of having a patient bed
in cosharing among the two scanners.
Such a solution has been recently implemented by Philips
Healthcare that has made commercially available an MRI
scanner in the same suite as a PET camera, called Ingenuity
TF PET/MRI.75 The two scanners are placed about 4.2 m
apart (distance between centers of FOV), with a patient table
located in between that can pivot 180 to allow patients to be
shuttled from one scanner to the other without getting off the
table (Fig. 4).
The advantages of this solution are mainly in the reduced
cost, marginally above the cost of the two single scanners,
the lack of additional claustrophobia because of the large
separation between the two scanners and the simplicity of
image coregistration. Another important advantage is that
the high level of quantification and image quality of a TF
PET/CT and an unaffected MR could be used. However, the
lack of simultaneity of the two modalities introduces organ
motion effects and prevents the possibility of highly precise
quantitative measurements and, most of all, of functional
PET-functional MRI simultaneous investigations. Another
limitation is related to the room size needed for the installation of sequential PET/MRI systems since they need larger
room than standard PET/CT or integrated PET/MRI systems.
The typical room size required for such a system including
technical space is 4.3  13 m.
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FIG. 4. Photograph of the Philips whole-body Ingenuity
TF PETMR system design installed at Geneva University Hospital. A turntable patient handling system facilitates patient motion between the Achieva X-series 3 T
MRI system on the left and the time-of-flight PET system on the right. Whole-body MRI, PET, and fused
PET/MRI images area also shown.

III.B. Instrumentation for concurrent PET/MR imaging

The combination of the two modalities in a single instrument imposes severe technical challenges. The development
of a PET scanner that can be operated in combination with
an MR scanner must overcome two main limitations, namely
the space constraint inside the magnet and the interference
between the two modalities. This imposes the use of photodetectors that are insensitive to magnetic fields and read-out
electronics with minimum heat radiation. On the other hand,
the effect of the PET detector on the performance of the MR
scanner, due to the PET electronic interference on the RF
and gradient coils, especially if high frequency digital clocks
are used for read-out electronics or if eddy currents are produced, must be minimized.90,91 Additionally, the intrinsic
performance on both modalities should be at least similar to
what can be achieved on state-of-the-art scanners. The latest
measurements on the mMR show that the interference of the
PET on the MR is practically negligible.92
As discussed in Sec. II, the first solution adopted to minimize the interference was to position the scintillator for the
two 511 keV photons detection inside the MRI scanner. In
the original design by Christensen et al.,23 the photomultipliers used as photodetectors were replaced by Position sensitive avalanche photodiodes (PAPDs) placed at up to 5 m

away from the scintillator by Catana et al.37 However, the
need to bring the light outside of the magnetic field region
puts stringent topological constraints, basically limiting the
axial field-of-view that is possible to cover in PET mode
with this solution.
III.B.1. Split-field magnet

A similar PMT-based approach to PET/MRI is being pursued by Lucas et al.32 who make use of a novel split-magnet
low-field MRI system, which allows a relatively large number of PET detectors to be placed inside the gap within the
MRI system and also reduces the fiber length compared with
previous systems (Fig. 5). The adopted magnet is a 1 T
actively shielded superconducting magnet with a ‘split’
region where to accommodate a multiring PET detector
R focus 120 system (Siemens Molecubased on a microPETV
lar Imaging Preclinical Solutions, Knoxville).
By means of 120 cm long fiber, the light is brought to
PMTs that are located in 10 gauss (1 mT) field that produces
a minimal effect on image quality. On the other hand, the
effects of the long fibers on PET performance have been
studied by several groups23,24 that have proved to cause a
degradation of detector sensitivity, energy-, timing-, and
spatial-resolution. A comparison of the experimental results

FIG. 5. Schematic of PET/MR system with split-magnet.
The cut-away shows scintillating crystal ring (dark grey),
fiber bundles (light grey), and screened PMTs (dark grey
outside magnet cryostat) and “split” gradient coil (grey).
Reprinted with permission from Lucas et al., Technol.
Cancer Res. Treat. 5, 337–341 (2006) (Ref. 32).
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between the long (120 cm) fibers and 10 cm short ones
showed a degradation of the energy resolution at the photopeak from 17.2% to 27.1% (with a light loss of about 40%
for the long fibers), of the time resolution from 2.6 to 3.6 ns,
but a negligible sensitivity loss. More noticeably, although
the position map on the PMT was deteriorated, it was still
good enough to obtain the same spatial resolution (about 1.6
mm).32 This approach has the major drawback that it
requires a special and lower field magnet but has the advantage of excellent decoupling of electronic cross talk between
the two modalities. In fact, no interference between the PET
system and the pulsed RF, and gradient was observed.32
III.B.2. PET insert

A second approach exploits the potential of solid-state
light detectors (APDs) to allow the development of an MRcompatible PET detector insert that can be used inside a
standard MR scanner [Fig. 3(b)]. The prospect of such an
integration of MR and PET has been the subject of several
reports in the scientific literature11,37–42,49,93–100 especially
toward animal imaging101 and grant funded activity.
APD-based PET “insert” systems for conventional smallanimal MR systems have been used to acquire the first simultaneous PET/MR images.37 Those insert systems for
small-animal imaging have PET detector rings with small
(60 mm) diameters. This approach to constructing a PET
insert system for a conventional MR system results in a small
diameter PET detector ring due to the space occupied by the
conventional MR gradients. For example, the standard gradient set for a 200 mm bore magnet reduces clear bore access
from 200 to 120 mm. The latest version of the PET/MRI system developed at the University of Tuebingen (Fig. 6), fol-
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lowing major improvements of the initial design,38 consists of
detector modules comprising a 12  12 LSO scintillator array
(1.6  1.6  4.5 mm3), a 3  3 APD array, and custom charge
sensitive preamplifier electronics, located within a thin copper shielded housing.39,41 The multiring PET scanner comprises a total of 10 LSO-APD detector modules with an axial
and transaxial FoV of 19 and 40 mm, respectively, to produce
23 slices with a slice thickness of 0.8 mm.
This approach is also employed in the first prototype of a
clinical PET/MRI scanner for head only imaging developed
by Siemens Healthcare.49 The concept has proven to work,
and the first studies are ongoing in both preclinical and brain
scanner prototypes installed at a limited number of clinical
sites.50 However, the systems still suffer some difficulties in
their operation and are far from a stable system that can be
commercialized. In addition, these APD-based systems have
a comparatively poor timing resolution that makes them incompatible with time-of-flight technique.102
This approach is particularly sensitive to degradation of
PET performance as a result of the PET electronics suffering
interference from both the RF and gradient pulses of the MR
scanner.101 Unfortunately a small increase in magnet radius
results in a large increase in magnet cost; furthermore, the
strength and efficiency of gradient sets reduce dramatically
as the radius of the inner diameter of the gradient increases.
On the other hand, the combined gradient set—PET scanner
can be used in commercially available magnets for a smallanimal MRI, without affecting the cost of the magnet.
III.B.3 Fully integrated PET/MRI scanner

A new solution has been proposed to design a fully integrated hybrid system where a PET scanner and an MRI

FIG. 6. Combined small-animal PET/MRI developed by the University of Tuebingen (Germany). The PET insert is fully integrated into a 7 T MRI system
(ClinScan, Bruker). (a) Drawing of PET/MRI combination, showing the PET insert placed inside the MRI scanner, matching the centers of both fields of view.
(b) Photograph of the MRI compatible PET insert, consisting of ten detector modules. (c) Single PET detector module showing the LSO scintillator block,
APD-array, and preamplifier built into a MRI compatible copper shielding. The system showed excellent performance without noticeable mutual interference
between the two modalities. Reprinted with permission from Judenhofer et al., Nat. Med., 14, 4, 459–465, 2008 (Ref. 41).
Medical Physics, Vol. 38, No. 10, October 2011
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scanner are combined in a single device [Fig. 3(c)]. It has
been reported that significant system interaction occurs
when inserting PET detector electronic components into the
gradient and RF coils in an existing MR system.101 The PET
electronics might impact the signal-to-noise achievable with
the MR system, however, the MR operating frequency band
is relatively narrow and not necessarily affected by interference from the PET electronics. Also to prevent gradient and
RF pulses being picked up by the PET electronics, walled
screens of 0.15 mm copper have been introduced to provide
adequate electromagnetic attenuation, which then results in a
degradation of MR pulse performance with an SNR reduction of about 30%.38 Unless the shims, gradients and RF
transmitter are designed as an integral whole, optimal performance might be compromised and will be tricky to
achieve and maintain.
Hence, the instrumentation requirements for the next generation 4D high performance PET detector module compatible with the MR environment are very challenging. The MR
compatible PET module will have to provide highly accurate
3D position information and fast timing information, while
having at the same time a high intrinsic efficiency. It is conceivable that the module design will be based on the use of
matrices of pixilated crystal or continuous scintillator crystals in combination with fast, novel photodetectors of high
granularity.
III.B.4. Detector modules for integrated PET/MRI
scanners

The recent advances in front-end electronics and computing technology and the increasing need for multimodality
instrumentation such as PET/MRI now opens new opportunities for the advent of novel kinds of detectors. A key
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feature for the success of the integrated PET/MRI scanners
is the use of multicell Geiger-mode avalanche photodiodes
(GM-APD), also known as silicon photomultipliers (SiPMs),
for light detection which allow the exploitation of integrated
design features that minimize interference between the two
modalities and, hence, preserve PET and MR performance.
The SiPM is a novel type of photodetector that has had a
rapid development and has reached a performance level that
can offer significant improvements in medical imaging
applications.103–107
A SiPM pixel is a matrix of the GM-APDs (microcells)
connected in parallel by means of a resistive layer. In this
way, they permit to accurately measure the energy deposited
for a moderate photon flux (Nphotons < Nmicrocells). They are
small, light and insensitive to magnetic fields. Different geometries such as square devices of 1  1, 2  2, 3  3, and
4  4 mm2, circular devices, and 1D and 2D arrays, have
been implemented to fulfill the requirements of several different applications [Fig. 7(a)]. In addition, their improved characteristics in comparison to other solid-state photodetectors
(e.g., APD), namely high gain and excellent SNR, timing resolution, together with their potential for further development
and optimization for different applications, make SiPMs the
best candidates to be employed as photodetectors in PET and
PET/MRI. In order to handle the low gain of the APD, a low
input noise charge amplifier is usually adopted. Because of
the intrinsic variation of the gain of the APD with temperature, the time resolution is strongly limited due to the variation of the time jitter. A recent ASIC-based system has
achieved a time resolution of 5.4 ns with LYSO crystal.102
Although the percentage gain variation with temperature of
the SiPM is basically the same as for the APD, the very fast
intrinsic rise time (below 100 ps) of the SiPM signal makes
this device an extremely good candidate for TOF-PET84,85

FIG 7. (a) Photograph of various sizes of SiPM samples. (b). Photograph of the 8  8 matrix of 1.5
mm  1.5 mm pixel with lateral read-out from two
sides only, as developed by FBK-irst (Trento, Italy).
Adapted with permission from Llosa et al., Phys. Med.
Biol., 55, 23, 7299–7315, 2010 (Ref. 207).
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and PET-MRI systems with TOF capability. On the other
hand, it is not only the rise time of the SiPMs that defines the
pulse length of the system scintillator-SiPM which is an important parameter for energy resolution and dead time limitation. In fact, the decay time is very relevant since the system
output is the result of the convolution of the LYSO response
with the SiPM response. Single-photon spectra and energy
spectra for 511 keV photons have been acquired, while the
SiPMs are in the magnetic field and MR gradients and radiofrequency (RF) pulses are driven. The results clearly demonstrated that the performance of these photodetectors are not
affected either by static magnetic field or by gradient switching.108 It should be noted that in most of the cases, it is not
only the device itself but also the circuit that interfaces the
device that leads to noticeable interference.
Silicon photomultipliers from different manufacturers are
now commercially available, with different sizes, geometries, and photodetection characteristics based on different
detector layouts. Matrices of SiPMs are built by means of
individual SiPM embedded in a mechanical support with a
reasonable small dead space and are available in centimeters
(and more) side assembly. Monolithic matrices [Fig. 7(b)]
with a minimal dead area between the SiPM pixel elements
have been built by FBK-irst (Fondazione Bruno Kessler,
Trento, Italy), with excellent performance characteristics
and high production yield.109–111
In the case of preclinical applications, a granularity of
1.5 mm  1.5 mm has been suggested for the photodetector.
Simulations based on this configuration predict an intrinsic
spatial resolution of 0.4 mm full width at half-maximum
(FWHM) around the center of the crystal, which, however,
degrades toward the detector edges. The predictable spatial
resolution for a preclinical PET scanner with a ring diameter
of 10 cm based on this detector module is below 1 mm for
an F-18 source in the center of the FOV using the filtered
backprojection algorithm.47,110 For whole-body applications,
a photodetector pitch of 3 mm  3 mm or larger is probably
adequate, aiming at a spatial resolution of about 2 mm.
III.B.5. Dedicated ASIC and data acquisition read-out
electronics

Given the high granularity of the photodetectors, the use
of a dedicated front-end ASIC is mandatory to meet the photodetector and scintillator characteristics. In fact, it is not
possible to have off-the-shelf electronics or even semicustom
read-out. The number of channels for a PET tomograph can
easily reach 20–40k channels and an integrated solution
must be implemented. Furthermore, the read-out system has
also to be adapted to the photodetector-scintillator package
performance, aiming at preserving the intrinsic fast response
of the SiPM.112 In fact, in clinical applications a fast
response of the front-end electronics is essential to implement the TOF technique. A fast read-out system is also necessary to reduce noise and event pileup, in particular, in
preclinical applications in which the count rate per unit area
is higher. Many research groups are working on ASIC development specifically designed for reading SiPM-scintillator
Medical Physics, Vol. 38, No. 10, October 2011
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detectors, in particular for PET applications. Among these it
is worth mentioning the Orsay group, that has originally
developed an ASIC called MAROC suitable for the positionsensitive PMT,113 that was successfully adapted to the readout of SiPM matrices114 and a specific ASIC for SiPM,
called SPIROC.115 A position-sensitive time ASIC (PETA)
was developed by the Heidelberg group, specifically for
large-scale PET applications.116 It also performs a programmable integration, and time stamping and digitization. A
multi-University Italian collaboration has developed a specific ASIC,117 called BASIC,118 initially an 8-channel, now
a 32-channel,119 coupled to a dedicated fast electronic readout based on FPGA. The main features of the ASIC are that
it is based on a current amplifier, the output of which is
duplicated by current mirrors, so as to allow simultaneous
high time resolution and energy measurement. The two signals are shaped by a fast and slow shaper, respectively. Preliminary results for two LSO:Ce,Ca crystal read-out by two
SiPMs through the entire read-out chain shows a coincidence
time resolution of 185 ps (r) (Fig. 8).120 This excellent result
assumes 1:1 coupling with the crystal pixel.
An essential issue when working with SiPMs is the variation of the breakdown voltage with temperature, which
results in gain and photodetection efficiency (PDE) variations.121 This is even more important in an MR compatible
system, owing to the strong temperature variations in the
confined magnet environment, that requires calibration tests,
monitoring, and temperature control of the whole detector.
In addition, eddy currents induced by the gradient system in
the conducting structures of the PET housing can result in a
local increase of the temperature in some regions. The use of
an ASIC in a PET/MRI environment thus requires a special
additional caution in terms of limiting the power consumption for the ASIC, so as to reduce the stringent temperature
control requirements.
The high number of channels necessary for read-out of
the proposed module is possible with current fast, high performance ASICs and electronics. However, special considerations are needed to operate the module inside an MR
scanner to avoid interference between the two systems.
Switching signals, such as clocks, can easily interfere with
the MR detection and, therefore, analog-to-digital conversion of the signals must be performed far from the MR receiver coil. A possible solution is the use of optical fibers to
convey the detector analog signals, multiplexed by the
ASIC, with the aid of some control signals, outside the MR
detectors where they will be digitized. Optical fibers are
ideal candidates for signal transmission within the MR detector, and several fibers may be bundled together, thus
reducing the physical space and labor requirement, while
providing the same bandwidth capacity of a multifiber cable
with individual fiber/connector terminations per fiber.
III.B.6. Digital SiPM

The standard SiPM is essentially an analog device with a
linearity that depends upon its intrinsic granularity and number of microcells. PET instrumentation is going more and
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FIG. 8. Time delay distribution of two 3  3 mm2
SiPMs (multi-pixel photon counters (MPPCs) manufactured by Hamamatsu) coupled to a 5  5  5 mm3
LSO:Ce,Ca crystal each, read-out by two BASIC chips
in time coincidence. Reprinted with permission from
Marcatili et al., Nucl. Instr. Method A, 2011 (in press)
(Ref. 120).

more toward the direction of a fully digital read-out and handling of the data, and even more so with the proposed PET/
MRI systems. In this respect, it would be very convenient to
have a solid-state detector, whose response is intrinsically
digital without going through dedicated read-out, amplifier
ASICs, ADCs, etc. This ambitious idea has been recently
concretized with the first example of a “fully digital SiPM”
(dSiPM).43,44 This sensor is based on a single photon avalanche photodiode (SPAD) integrated in a standard CMOS
process. The block also contains active quenching and
recharge circuits as well as a one bit memory for the selective inhibit of detector cells. The trigger signal from all cells
is transported to the integrated time-to-digital converter
(TDC). Photons are detected and counted as digital signals.
This device (dSiPM) has a size of 3.8 mm  3.3 mm containing 8188 individual Geiger-mode cells. The coincidence timing resolution using a 22Na source for 3 mm  3 mm  5 mm
LYSO crystals coupled to these dSiPM was 153 ps FWHM.
The energy resolution at 511 keV was 10.7% FWHM for
4 mm  4 mm  22 mm crystals.44 Also, SiPM sensor tiles
with 8  8 channels controlled by an FPGA interface board
have been recently reported.122
More development of similar devices in CMOS technology is expected and will certainly be of great benefit for
PET/MRI systems.
III.B.7. Latest advances

Along these lines a new project for combined full-body
PET/MR imaging with silicon photomultipliers and pixilated
crystals, the HYPERImage project123 has started in 2008
(FP7/2007-2013). This project is funded by the European
Commission under the first Health call of the FP7 and coordinated by Philips Research. The use of a split-coil (gradient) offers the advantage that the gap can be made large
enough to accommodate a PET detector of increased dimensions, both axial and transaxial, resulting in a FOV similar to
the state-of-the-art commercial devices. More recently, the
SUBLIMA project lead by Philips Technologie GmbH was
Medical Physics, Vol. 38, No. 10, October 2011

funded by EU-FP7 in 2010.124 The project aims at truly simultaneous, fully integrated, solid-state PET/MRI technology for concurrent functional and anatomical imaging.
On the other hand, and as discussed in Sec. II, the first
whole-body PET/MRI prototype (mMR) was recently developed by Siemens Healthcare and is now being assessed in
clinical setting (Fig. 9). The detector block consists of 8  8
LSO crystals read-out by a matrix of 3  3 APDs. The MR
system uses the TrueForm magnet design to provide
improved MR image quality even at the edges of the field of
view (FOV), improved spectral fat saturation and less overlap is needed for multistation (multiple bed) acquisitions.
The transaxial FOV of the MR is 50 cm, whereas the axial
FOV is 45 cm. The PET subsystem consists of 8 rings of 56
blocks with an axial FOV of 25.8 cm and ring diameter of
65.6 cm. It is worth noting that the MR scanner is specially
designed for the Biograph mMR and fully integrated with
the PET architecture. Some preliminary results achieved
using this system were presented at the 2011 meeting of the
Society of Nuclear Medicine.92,125

IV. MR USAGE FOR QUANTITATIVE IMAGING ON
HYBRID PET/MRI SYSTEMS
Notwithstanding the widespread clinical interest in PET/
MR imaging, there are several challenges that face the use of
this technology in clinical setting and that may represent inherent limitations in this technique. The primary motivation
for multimodality imaging including PET/MRI has been
image fusion of molecular and anatomical data to facilitate
anatomical localization of functional abnormalities and to
assist region-of-interest (ROI) delineation for quantitative
analysis.15,126 However, the anatomical information can also
be useful for many other tasks including, attenuation compensation, transmission-based scatter modeling, motion
detection, and correction, introducing a priori anatomical information into reconstruction of the PET emission data, and
partial volume correction.127 Given its clinical relevance and
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FIG. 9. Artistic view of the whole-body mMR MR-PET prototype (a) showing the basic components of the system where the PET detector ring is placed
between the RF coil and the RF body coil. (b). Configuration of the detector block consisting of 8  8 LSO crystals read-out by a matrix of 3  3 APDs. Courtesy of Siemens Healthcare.

the challenges faced, the issue of MR-guided attenuation
correction will be discussed in more detail below.
IV.A. MRI-guided attenuation correction

The use of CT-based128,129 and more recently MRIguided130,131 attenuation compensation has received a great
deal of attention in the scientific literature. As discussed earlier, the former has many advantages compared to conventional transmission-based scanning which is now considered
obsolete following the advent of hybrid systems.132 However, CT-based attenuation correction still has many drawbacks that need to be addressed through research including
polychromaticity of x-ray photons and beam hardening
effect, misregistration between CT and PET images resulting, for instance, from respiratory motion, truncation artifacts, the presence of oral and intravenous contrast medium,
Medical Physics, Vol. 38, No. 10, October 2011

metallic implants, x-ray scatter in CT images, and other CT
artifacts from any source.133 On the other hand, the limited
space available on PET/MRI units makes placement of
external radionuclide sources difficult or even impossible.
This has spurred the development of MRI-guided attenuation
correction, which is still in its infancy and remains challenging for whole-body imaging.130,131 This is a very active
research topic that will certainly impact the future of hybrid
PET/MRI technology.
The expanding diagnostic and therapeutic applications of
quantitative PET imaging have motivated the development of
sophisticated scatter correction techniques, which incorporate
patient-specific attenuation maps derived from either CT or
MR image and the physics of interaction and detection of
emitted photons to estimate the scatter magnitude and distribution accurately.134 Transmission-based scatter correction
methods use an attenuation map to define the inhomogeneous
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properties of the scattering object and derive a distribution of
scattered events using line integrals calculated as part of the
attenuation correction method. Algorithms belonging to this
class of model-based methods have been successfully applied
in a clinical setting.135–138 Although computationally intensive, more refined algorithms that use a patient-specific
attenuation map, an estimate of the emission image and
Monte Carlo-based radiation transport calculations to estimate
the magnitude and spatial distribution of Compton scattered
events that would be detected were also considered.139–141
The major difficulty facing MRI-guided attenuation correction lies in the fact that the MR signal or tissue intensity
level is not directly related to electron density, which renders
conversion of MR images to attenuation maps less obvious
compared to CT. The basic problem of attenuation map
determination from MRI is to locate and map the major
attenuating structures in the body. Theoretically, this can be
achieved in two steps: segmentation into regions of tissues/
organs having different attenuating properties and assignment of corresponding linear attenuation coefficients at 511
keV to the segmented tissues/organs. Some of the problematic tissues in whole-body imaging are bone and brain skull,
the lungs and other unpredictable benign or malignant anatomical abnormalities with varying densities. Bone is
intrinsically not detectable by conventional MR sequences
(except dedicated sequences such as ultrashort echo time—
UTE) as it provides a black or void “signal,” making it difficult to distinguish air from bone. However, in the head, the
skull bone is covered by subcutaneous fat and encloses the
brain. Incorporation of a priori anatomic knowledge allows
for sufficient information to be collected to precisely segment MR scans and thus to provide an accurate attenuation
map. More sophisticated bone segmentation techniques
using active shape models might help to circumvent the limitations discussed above.142,143 Ignoring bone was reported to
be acceptable in the abdomen and hip regions144–146 but certainly not in the thorax.147
Early attempts aimed to construct a nonuniform attenuation map from MRI for brain PET imaging relied on the use
of segmented T1-weighted 3-D MR images.148 The technique was further refined by automating the segmentation of
the skull procedure of T1-weighted MRI149,150 using a
sequence of mathematical morphological operations.151
Another appealing approach for segmentation of the skull
and bony structures is to use multispectral MR data acquisition with varying contrast characteristics to provide additional information for distinguishing between different
tissues. For example, T1-weighted images show better softtissue contrast, whereas T2-weighted images show bony
structures more clearly. The development of more refined
MR sequences to label the bone structure more precisely
(e.g., UTE sequences) will certainly play a significant role in
novel methodological developments aiming at deriving
attenuation maps from MR images.152,153 Careful optimization of the MR sequences is a prerequisite for successful
implementation of the technique and needs to be investigated
further. However, long acquisition times make acquisition of
more than one MR sequence (as needed for some segmentaMedical Physics, Vol. 38, No. 10, October 2011
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tion algorithms) unpractical. Segmentation of lung regions in
thoracic MR imaging is another challenging issue that has
received little attention.154 With respect to MRI-guided
attenuation correction, the lung is one of the most challenging organs given that it has been shown that the density of
lung tissue is considerably different from subject to subject,
depends on breathing patterns and varies with age and in the
event of respiratory diseases by as much as 30%.155
Another approach is to use representative anatomical atlas
registration where the MRI atlas is registered to the patient’s
MRI and prior knowledge of the atlas’ attenuation properties
(for example, through coregistration to CT atlas) is used to
yield a patient-specific attenuation map.156 The critical and
crucial part of the algorithm is the registration procedure,
which might fail in some cases with large deformations.157
The second fundamental question that remains to be
addressed is: does the global anatomy depicted by an atlas
really predict individual attenuation map? The use of support
vector machines to predict the attenuation coefficients
directly from the local image information by training a
machine learning algorithm using small image patches has
been reported recently.158 Combination of this approach
with the atlas registration described above might be an
appealing technique. Despite the promising results presented
so far, more research is still needed to fully automate the
procedure and to render it applicable to whole-body imaging.130 Moreover, the clinical applicability of this approach
remains to be demonstrated.
Atlas-based methods rely on registration of the undergoing
MR data to a set of MR images in the training dataset that
has corresponding CT images to create pseudo-CT image.158
While atlas-based methods are proclaimed to be more accurate, they suffer from massive computation cost and sensitivity to anatomic variations of structures. Segmentation-based
methods are robust but suffer from limited precision in the
derivation of attenuation coefficients owing to the limited
number of segmented clusters.131 It is not clear whether the
segmentation-based approach outperforms the atlas-guided
technique. A comparative study between both approaches is
indeed worth to be performed.
The fully automated three-segment (background air, soft
tissue, and lung) technique implemented on the Philips Ingenuity TF PET/MRI system75 seems to be suitable for clinical
whole-body imaging.145 It uses the so-called atMR acquisition protocol (Philips sequence for anatomical mapping and
attenuation correction purposes) and consists of a fast multistack whole-body protocol, which takes about 4 min for 100
cm axial coverage. This is a 3D multistack spoiled T1weighted gradient echo sequence with flip angle 10 , TE
2.3 ms, TR 4.1 ms, smallest water-fat shift, 600 mm transverse FOV with a slab thickness of 120 mm, voxel size
3  3  6 mm3, and 12 mm overlap between adjacent stacks.
The atMR acquisition on its own is not intended to be of
diagnostic quality. The attenuation correction algorithm
offers robust extraction of the outer contour of the body and
the lungs. Figure 10 shows the above described T1 weighted
gradient echo MRI sequence coregistered to CT image of the
same patient, the three-segment (soft tissue, lung, and air)
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FIG. 10. From left to right, whole-body T1 weighted gradient echo MRI sequence coregistered to CT image of the same patient, derived three-segment (soft
tissue, lung, and air) attenuation map (MRAC), CT-based attenuation map (CTAC), and attenuation-corrected PET images using MRAC and CTAC.

attenuation map (MRAC) derived from the image shown on
the left, CT-based attenuation map (CTAC) obtained on clinical PET/CT scanner, and attenuation-corrected PET images
using MRAC and CTAC, respectively.
Another technique considers a four-class attenuation map
(background, lungs, fat, and soft tissue), which requires the
acquisition of a two-point Dixon MR sequence.144 A similar
four-class segmentation approach is implemented on the Siemens mMR MR-PET scanner, although the detailed technical specifications of this algorithm are unknown to the
authors. The largest SUV changes (<15% on average) were
reported in lesions located in the bone.144–146 The MRAC
validation procedure is illustrated in Fig. 11 where the
MRAC map obtained on the PET/MRI scanner was modified
by removing the scanner table template and then coregistered using a nonrigid deformable algorithm159 to the CTAC
map, then the CT scanner bed was added. The PET data
were then reconstructed using both attenuation maps.
Other challenging issues that remain to be explored
include contrast instability of MR compared to CT, misclassification issues and inaccuracies associated with assigning
theoretical attenuation coefficients and neglecting some biological tissues (e.g., bone), motion artifacts, attenuation of
MR hardware (e.g., MR table, RF coils. Pillows, headphones, medical probes, and all the items that are MR invisible but contribute to photon attenuation),160,161 other patient
positioning aids162 present in the field-of-view, and conductive MR compatible or even nonconductive but MR invisible
implants. Truncation in the transverse plane owing to the
limited size of the MR field-of-view leads to incomplete
attenuation maps, thus causing artifacts in the reconstructed
PET image. The proposed techniques rely on the nonattenuation corrected (NAC) PET images as starting point to derive
attenuation properties of the body outside the MR FOV by
segmenting the body contour using active contour models to
fill the truncated parts of the attenuation map.163 Another

technique uses a MAP (or penalized likelihood) approach to
estimate the missing truncated part of the attenuation map
from the PET emission data, together with the unknown activity distribution.164 It has been shown that PET images are
less sensitive to attenuation artifacts when reconstructed
with TOF information.165 The latter study reported the
NAC-TOF images were more uniform than the non-TOF
images and that the use of TOF-NAC may be useful in providing more interpretable images in some situations were an
attenuation map is impossible to obtain, or introduces noticeable errors. The TOF property is exploited by Salomon et
al.166 using an iterative reconstruction approach to simultaneously estimate the activity concentration (via maximumlikelihood estimation) and attenuation distribution (via
gradient-ascent based algorithm) using the segmented MR
image as anatomical reference. An obvious advantage of this
technique is that it obviates the need of incorporating additional anatomical a priori information and as such, it is not
affected by issues such as person-specific tissue attenuation
variability and unpredictable anatomical abnormalities.
IV.B. MRI-guided PET image reconstruction

An undesirable property of the statistical iterative reconstruction techniques including the popular maximumlikelihood—expectation maximization algorithm (ML-EM)
is that large numbers of iterations increase the noise content
of the reconstructed PET images.167 The noise characteristics can be controlled by incorporating a prior distribution to
describe the statistical properties of the unknown image and
thus produce a posteriori probability distributions from the
image conditioned upon the data. Bayesian reconstruction
methods form a powerful extension of the ML-EM algorithm. Maximization of the a posteriori (MAP) probability
over the set of possible images results in the MAP estimate.168 This approach has many advantages since the
FIG. 11. Attenuation correction maps derived from segmentation of T1-weighted MRI followed by assignment
of known linear attenuation coefficients to the lung and
soft tissue and addition of the scanner table template
(left), same image shown on the left after nonrigid
alignment to the CT attenuation map following removal
of the PET/MR bed and addition of the CT scanner bed
CT (middle), and the CT-based attenuation map (right)
of the same patient.
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various components of the prior, such as pseudo-Poisson nature of statistics, non-negativity of the solution, local voxel
correlations (local smoothness), or known existence of anatomical boundaries, may be added one by one into the estimation process, assessed individually, and used in the
practical implementation of the algorithms. A Bayesian
model can also incorporate prior anatomical information
derived from a registered CT (Ref. 169) or MRI (Refs. 78
and 170) image in the reconstruction of PET data with the
aim to avoid resolution loss due to the regularization, yet to
recover the resolution exploiting the superior resolution of
the anatomical images.
This class of algorithms incorporates a coupling term in
the reconstruction procedure that favors the formation of
edges in the PET data that are associated with the location of
noteworthy anatomical edges from the anatomical images.
A Gibbs prior distribution is usually utilized to encourage
the piecewise smoothness of reconstructed PET images. A
Gibbs prior of piecewise smoothness can also be incorporated in the Bayesian model. Some groups have published
preliminary promising results with segmentation-free anatomical priors based on measures similar to mutual information, but further investigation is required. In this way, the
development of dual-modality imaging systems producing
accurately registered anatomical and functional image data
is motivating the further investigation of the potential of
Bayesian MAP reconstruction techniques. MRI-guided PET
image reconstruction in brain imaging outperforms CTguided reconstruction owing to the high soft-tissue contrast
provided by MR and the accuracy obtained using sophisticated brain MRI segmentation procedures available today.127
The potential of x-ray CT for this purpose in whole-body
PET/CT seems to be limited in this respect with only limited
preliminary results presented so far.169
More recently, a new MAP reconstruction method for
PET image reconstruction was proposed.171 The algorithm
incorporates MR image information with the joint entropy
between the PET and MR image features serving as the regularization constraint. A nonparametric method is then used
to estimate the joint probability density of the PET and MR
images. It has been shown that the incorporation of the anatomic information using this approach, after parameter optimization, results in remarkable improvement of the noise
versus bias tradeoff in region-of-interest-based quantitative
analysis, compared to the results obtained using conventional MAP reconstruction.
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lution of the imaging system. It should be noted that the total
number of counts is conserved in the corresponding PET
images. In this case, the resulting PET images reflect the
total amount of the activity within the object but not the
actual activity concentration. This phenomenon is referred to
as the partial volume effect (PVE) and can be corrected
using one of the various strategies developed for this purpose.5,172 The simplest technique uses recovery coefficients
determined in a calibration measurement for objects of simple geometrical shape.173 This technique works relatively
well for objects that can be approximated by simple geometrical shapes (e.g., tumors of spherical shape).174 More sophisticated anatomy-based postreconstruction approaches
were also developed to correct for this effect knowing the
size and shape of the corresponding structures as assessed by
structural imaging (MRI or CT).175,176
In the context of multimodality brain imaging, a main
concern has been related to the PVE correction for cerebral
metabolism in the atrophied brain, particularly in Alzheimer
disease (AD). Figure 12 illustrates the impact of voxel-based
MRI-guided PVE correction in functional FDG-PET brain
imaging of a patient with probable AD using the approach
by Matsuda et al.177 The procedure involves realigning the

IV.C. MRI-guided partial volume effect correction

The quantitative accuracy of PET is hampered by the low
spatial resolution capability of currently available clinical
scanners. The well accepted criteria is that one can accurately quantify the activity concentration for sources having
dimensions equal or larger than twice the system’s spatial resolution measured in terms of its FWHM. Sources of smaller
size only partly occupy this characteristic volume and as
such, the counts are spread over a larger volume than the
physical size of the object owing to the limited spatial resoMedical Physics, Vol. 38, No. 10, October 2011

FIG. 12. Illustration of MRI-guided partial volume correction impact in
functional brain PET imaging showing for a patient with probable Alzheimer’s disease the original T1-weighted MRI (a) and PET image before (b)
and after partial volume effect correction (c). The arrows put in evidence
that the hypometabolism extends beyond the atrophy.
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PET and MR image volumes followed by segmenting the
MR image into white and grey matters. The next step of this
correction method consists in convolving the segmented
white and grey matter images by the PET scanner’s spatial
resolution modeled by a Gaussian response function. The
grey matter PET image is then obtained by subtraction of
convolved PET white matter image from the original PET
image. The partial volume effect corrected grey matter PET
image is then obtained by dividing the grey matter PET
image by the convolved grey matter MR image. A binary
mask for grey matter is finally applied.
The accuracy of MRI-guided PVE correction in PET
largely depends on the accuracy achieved by the PET/MRI
coregistration procedure, which will be improved by using
simultaneous hybrid PET/MRI systems. The second issue
impacting the accuracy of MRI-guided partial volume correction in brain PET is the MR segmentation procedure. In
this context, the high soft-tissue contrast of MR allows the
differentiation between grey and white matter. The impact of
brain MR image segmentation on partial volume correction
was investigated by Zaidi et al.127 Inaccuracies resulting
from mis-segmentation can be considered in the context of a
more general problem of tissue heterogeneity. In fact, the
key limiting factor of these techniques is mainly the hypothesis made regarding the homogeneity of tracer distribution in
each region or tissue component.
More recent techniques using multiresolution synergetic
approaches that combine functional and anatomical information from various sources appear promising and should be
investigated further in a clinical setting.178 The corrections
for the PVE can also be applied during the reconstruction
process by incorporating a mathematical model for PVE
along with other physical perturbations (photon attenuation,
scattered radiation, and other physical effects) directly into
the reconstruction algorithm.179
IV.D. MRI-guided motion correction

With the spatial resolution achieved on modern high resolution PET scanners available today, the development and
implementation of accurate patient motion correction strategies became essential in clinical setting. Advanced motion
correction methods for the three cases of (1) unwanted
patient motion, as well as motions due to (2) cardiac, and (3)
respiratory cycles are described elsewhere.180 Broadly, three
types of general approaches were reported in the literature:
(1) nonrigid registration of independently reconstructed
images, (2) initial estimation of the motion information from
the gated PET or MR/CT images, which is subsequently
used in a new reconstruction applied to all the gated frames,
and (3) simultaneous estimation of the motion parameters
and the images.
Patient motion (either voluntarily or involuntarily)
between or during the anatomical and functional image
acquisitions remains a major challenge for PET/MR imaging
protocols. The typical misalignment between PET and CT
images at the level of the diaphragm on combined PET/CT
scanners owing to differences between breathing protocols
Medical Physics, Vol. 38, No. 10, October 2011
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will likely be partly addressed through the introduction of
PET/MRI owing to the longer acquisition time of typical
MR sequences used for attenuation correction, thus leading
to temporal averaging that would, not necessarily, but in
some cases improve the alignment between MRI and PET.
The PET/MRI can improve the matching of PET and MR
data by the use of a defined respiratory protocol. A PET
image alone corresponds to an average of multiple respiratory cycles and is susceptible to motion-related distortion.
Likewise, typical MR data which are used for attenuation
correction produce an image from an average of fewer respiratory cycles but carrying a lot of motion compared to CT. It
should be emphasized that the averaging process in MRI is
not comparable to the process involved with PET. Even
more, if the motion is too high, motion artifacts appear and
consequently organs which are subject to motion will appear
smaller on the MR derived attenuation map compared to CT.
Moreover, the result is an image carrying more visual noise
and not very useful for clinical diagnosis. The requirement
for effective attenuation correction, as well as improved spatial resolution, is that PET and MR data correspond to the
same respiratory phase and spatial details, without which the
MR-based attenuation-corrected PET images would be inaccurate. Therefore, an incongruent lesion position during MR
acquisition will induce misregistration and incorrect anatomical localization and more importantly bias activity estimates
using PET. In order to correlate PET and MR at a certain respiratory phase, the patient’s breathing throughout MR scanning needs to be regulated to minimize the distortional
effects of respiratory movement. The breathing protocol
involves coaching patients on their breathing before they are
scanned.
Various MRI motion tracking techniques particularly for
rigid-body motion are being used in clinical setting including
but not limited to embedded cloverleaf navigators.181 Such
techniques have been used on the brain PET/MRI prototype
where high-temporal-resolution MRI-derived motion estimates obtained, while simultaneously acquiring anatomic or
functional MRI data are used for motion correction of corresponding brain PET data.76 Recent efforts focus on 4D MRderived motion correction schemes to eliminate artifacts
seen in PET/CT by developing MR-based motion-compensated PET attenuation correction strategies. Careful work
must be done to design protocols to reduce MR artifacts,
while minimizing the mismatch between the MR and PET
data. The scheme consists in correcting PET images blurred
by patient motion through motion estimated from MR
images to obtain motion free PET images. Acquired MR
data can then be used to correct for motion in PET. It has
been demonstrated that motion artifacts will be significantly
reduced thus enabling more accurate PET image quantification and improvement in image quality through the use of
MR motion fields, compared to the use of PET-only motion
information.182 Novel 3D cine MR sequences have been
developed by several groups to track the position and deformation of organs (e.g., the heart or thorax), which can be
used to generate deformation fields for direct incorporation
in statistical iterative PET reconstruction algorithms.183,184 It
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should be emphasized that the difficulty of obtaining
dynamic MR images of a large enough ROI with sufficient
spatial and temporal resolution for motion correction has led
to the investigation of possible surrogates.
Tsoumpas et al.182 reported significant reduction of
motion artifacts and substantial improvement of PET image
quality and quantitative accuracy through the use of MR
motion fields compared to the use of motion information
derived only from PET. They concluded that combined PET/
MRI acquisitions potentially allow nonrigid motion compensation in whole-body PET acquisitions without increasing
acquisition time. Using 3D Hoffman brain phantom and
human volunteer studies, Catana et al.76 reported that hightemporal-resolution MRI-derived motion estimates acquired
simultaneously on the hybrid brainPET scanner can be used
to improve PET image quality, thus increasing its reliability,
reproducibility, and quantitative accuracy.
V. CLINICAL RELEVANCE OF PET/MRI
The clinical role of multimodality imaging encompasses
a wide variety of applications and now is performed routinely with commercially available radiopharmaceuticals to
answer important clinical questions including those in oncology,2,185 cardiology,186,187 neurology, and psychiatry.188,189
Nowadays, a plethora of novel tracers are used routinely for
assessing tumor metabolism and other biological and physiological parameters associated with many diseases1,190 that
have clearly demonstrated the enormous potential of emerging hybrid technologies in the field of molecular imaging.
As discussed earlier, much of multimodality imaging
with special emphasis on PET/MRI fusion was restricted to
intrasubject brain applications, where the confinement of
compact brain tissues within the skull renders a rigid-body
model a satisfactory approximation.191,192 Therefore, correlative PET/MR imaging techniques were introduced in the
clinic, mostly for neuroimaging applications, well before the
advent of hardware-based PET/MR imaging. Multimodality
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imaging played a pivotal role in the assessment of central
nervous system disorders such as seizures, Alzheimer and
Parkinson diseases, head injury, and inoperable brain
tumors.193–195
Correlated FDG-PET and anatomical T1/T2-weighted
MRI studies are generally used for the evaluation of epilepsy
to allow accurate localization of the epileptogenic focus.
Similar approaches are used in the evaluation of neurodegenerative diseases including dementia. Likewise, in the
neuro-oncology field, dedicated tracers including amino
acids (e.g., 18F-fluoro-ethyl-tyrosine) are used in conjunction
with anatomical MRI for biological tumor volume delineation for the purpose of radiation therapy treatment planning.196 This kind of PET/MR image registration and fusion
techniques has been a standard component of many clinical
practices for the last two decades and is used routinely in
many institutions. However, corresponding techniques for
other regions of the body have not achieved the same widespread clinical use.
The limited role of PET/CT in some clinical indications
including central nervous system disorders, orthopedic infections, and inflammatory disorders and in the evaluation and
follow-up of metastatic disease is well established. In this
respect, the potential of the simultaneous hybrid brain PET/
MRI system49 was explored for a relatively limited applications including brain tumors197 using 11C-methionine198 and
68
Ga-DOTATOC (Ref. 199) and more recently head and
neck tumors.200 Moreover, it has recently been demonstrated
that high resolution combined PET/MRI allow substructurespecific metabolic activities in the thalamus to be measured
accurately.201 Figure 13 shows representative clinical brain
PET/CT and PET/MR images of a normal subject acquired
sequentially on two combined systems, namely Biograph
TrueV (Siemens Healthcare) and Ingenuity TF PET/MRI
(Philips Healthcare). The PET/CT study started 30 min following injection of 370 MBq of 18F-FDG followed by PET/
MRI, which started about 80 min later. The better soft-tissue
contrast observed on MRI is obvious and further emphasizes

FIG. 13. Representative clinical PET/CT (left) and PET/MR (right) brain images of a normal subject acquired sequentially (80 min time difference) on two
combined systems (Siemens Biograph TrueV and Philips Ingenuity TF PET/MRI, respectively) following injection of 370 MBq of 18F-FDG. Courtesy of Geneva University Hospital.
Medical Physics, Vol. 38, No. 10, October 2011
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FIG. 14. Representative clinical PET/CT (left) and
PET/MR (right) whole-body images of the same patient
acquired sequentially (60 min time difference) on
two combined systems (Siemens Biograph Hirez TrueV
and Philips Ingenuity TF PET/MRI, respectively) following injection of 370 MBq of 18F-FDG. Courtesy of
Geneva University Hospital.

the ineffectiveness of PET/CT for this indication and the
potential role of PET/MRI.
Despite the fact that the clinical role of PET/MRI in clinical setting is controversial and has not been yet addressed
properly, the prospective applications of a whole-body PET/
MRI system in clinical oncology have been explored in the
literature.54–72 The potential of nanoparticle-based dual-modality PET/MRI contrast agents is also being investigated.202
Figure 14 shows a representative whole-body PET/CT and
PET/MRI studies of the same patient acquired sequentially
where the PET/CT started approximately 60 min following
injection of 370 MBq of 18F-FDG. The time delay between
the PET/CT and PET/MRI studies was 60 min. Both studies presented with comparable image quality leading to similar findings. The lesions detected at PET/CT were also
identified by PET/MRI, with small difference between PET/
CT and PET/MRI uptake ratios.
Some scientific arguments on the advantages of simultaneous imaging of morphological and functional information
using hybrid PET/MRI technology will improve tissue characterization. However, many challenging issues still need to
be addressed including the clinical relevance and justification for this technology. We learned from the history of multimodality imaging that any new technology should be
assessed carefully with respect to benefits conveyed to
patients before widespread acceptance and adoption. Largescale studies are needed to demonstrate the clinical benefits
of PET/MRI and, to define where more widespread PET/CT
systems are sufficient and where PET/MRI is needed.
In addition to offering a diversity of tissue contrasts, MRI
will provide a wealth of additional information through
fMRI and MRS to enhance the diagnostic performance and
quantitative capabilities of PET. More importantly, using simultaneous (rather than sequential) scanning will enable to
resolve many of the impediments to precise coregistration of
anatomomolecular information and accurate attenuation correction. Second, reimbursement issues were mainly driven
by prospective clinical studies that demonstrate improvements in health outcomes conveyed by an imaging modality
for a given indication. Therefore, given the higher soft-tissue
contrast resolution of MRI and its highest sensitivity and
specificity for many indications, coverage for PET scans will
undoubtedly be expanded.
The strategies for clinical validation of novel multimodality imaging technologies including PET/MRI are not well
established and are often dictated by regulations imposed by
Medical Physics, Vol. 38, No. 10, October 2011

regulatory bodies. Usually the Food and Drug Administration (FDA) in the U.S. requires a certain number of patients
scanned using a well defined protocol to demonstrate the
safety and clinical relevance of novel technologies through
comparison with a well established imaging modality used
as reference for comparison. The Ingenuity TF PET-MRI
system (Philips Healthcare) already obtained the CE mark
(European regulator) early this year, whereas the mMR system (Siemens Healthcare) obtained the CE mark and FDA
approval in June 2011.
VI. CONCLUDING REMARKS AND FUTURE
PROSPECTS
There is no doubt that multimodality imaging had changed
drastically over the last two decades. The pace of change has
accelerated rapidly in the last decade driven by the introduction and widespread acceptance of combined PET/CT units
in the clinic and the likely deployment of compact PET/MRI
systems in the near future. The recent introduction of hybrid
PET/MRI technology is considered by many experts as a
major breakthrough that will potentially lead to a revolutionary paradigm shift in healthcare and revolutionize clinical
practice.11,15 Several active research groups in academic and
corporate settings are focusing on the development of various
configurations of MR-compatible PET inserts to allow simultaneous scanning using the most highly sophisticated molecular imaging technologies available today. The requests
imposed to the instrumentation by a simultaneous PET/MRI
scanner have triggered the use of innovative and promising
technologies that will outperform currently existing detectors.
The PET detector module should have a flexibility to allow
its use in both preclinical and clinical applications. The high
granularity of the photodetector, adapted to each application,
will result in an improvement of the spatial resolution. The
fast response of the scintillators and the photodetectors
employed, and a dedicated ASIC that preserves these properties, will result in a fast detector module, making possible
implementation of the TOF technique in clinical PET, with a
significant reduction of image noise and consequent improvement of image quality. In the case of preclinical imaging,
given the small size of the organs of rodents (mice and rats),
a high spatial resolution is of utmost importance. An MR
compatible detector module needs to have a high intrinsic
spatial resolution and DOI capability for parallax error reduction that will result in a truly submillimeter PET spatial
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resolution. A high sensitivity would also be desired since this
is the factor limiting the effective spatial resolution at the
small voxel volumes. The implementation of a new block detector in a fully simultaneous PET/MRI scanner will certainly
open new possibilities in preclinical and clinical studies,
research, diagnosis, therapy, and follow-up.
Finally, the advances in PET/MRI have also triggered
research in SPECT/MR hybrid scanners, where direct photon
conversion detectors such as CdZnTe are mostly used.
The first prototypes for small-animal imaging are now
available.203–205 SPECT/MR will provide an additional and
improved multimodality information to the hybrid imaging
field in the near future.
The future of hybrid PET/MR imaging lies in the development of systems that make multimodality and multiparametric imaging simple, easy, and reproducible. The target
information is not so much pretty images, but rather the information content related to how much probe went to what
specific location. PET/MR imaging systems will expand to
incorporate MR-compatible devices required for various purposes and to consider these devices during the MRI-guided
attenuation correction procedure.
The production of fused coregistered images from multiple modalities including PET and MRI will become increasingly automated and requires less user interaction. The
images themselves will become increasingly less emphasized as the content becomes the focus, shifting from images
to relevant data about timing and uptake information (parametric). The future will likely see a shift toward the end user
offering the possibility to operate these systems by minimally trained personnel with little or no support required to
analyze the imaging-based data. One issue does remain
clear, which is that the more information that can be
obtained, whether sequentially or simultaneously, the better
a biological system can be understood. Often the imaging
modalities are complementary, providing different information about the disease, thus multimodality is likely to
become the normal way imaging-based clinical diagnosis
and research is conducted in the future.
Thus, many different design paths have been and continue
to be pursued in both academic and corporate settings, that
offer different trade-offs in terms of their performance. It
still is uncertain, which designs will be incorporated into
future clinical and research systems, but it is certain that
technological advances will continue and will enable novel
applications of multimodality and multiparametric imaging.
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