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      PET/MR: Basics and New 
Developments                     

     Magdy     M.     Khalil     

     Abstract  

  It has become evident that hybrid modalities 
are one of the most important technical and 
clinical achievements in clinical imaging over 
the last two decades. This has impacted sig-
nifi cantly many aspects of patient diagnosis, 
stratifi cation, prognosis, and treatment strate-
gies. After the advent of SPECT/CT and PET/
CT to the clinical arena, PET/MR was intro-
duced shortly afterward with real simultane-
ous capabilities and additional features mainly 
characterized by the inherent differences 
between MR and CT imaging techniques. In 
this chapter, objectives were made to describe 
the technical challenges behind the hybridiza-
tion of PET and MR in one imaging system 
especially if the aim is to produce a simultane-
ous data acquisition. Different commercially 
available PET/MR systems were also 
described along with their specifi c character-
istics, geometry, and design. The use of new 
PET detector technology was one of the rea-
sons beyond the success of hybrid PET/
MR. Thus, some details were provided for dif-
ferent types of crystals and light photosensors 
along with other interfering variables with 
MR detector components. Attenuation and 
motion correction in PET/MR imaging were 
reviewed with recent tips on approaches 
devised and their relative merits. Small animal 
PET/MR was outlined as well. Challenges, 
opportunities, and future directions were high-
lighted at the end of the chapter.  
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9.1       Introduction 

 In the last two decades, there was a large interest in 
multimodality hybrid imaging. The combination 
of functional imaging with anatomical imaging 
modalities was so attractive to the nuclear medi-
cine community on both clinical and technical lev-
els. The functional imaging is provided by nuclear 
medicine imaging techniques that include single-
photon emission computed tomography (SPECT) 
and positron emission tomography (PET), while 
the latter is the main focus of morphological diag-
nostic imaging such as x-ray computed tomogra-
phy (CT) and magnetic resonance imaging (MRI). 
The advent of hybrid multimodal SPECT/CT, 
PET/CT, and PET/MR and introduction into the 
clinic were so close in time such that we can call 
the last two decades the age of hybrid imaging. 

 The rationale behind that interest was to gain 
the strength of each imaging modality, to reveal 
the maximum information about human diseases 
in one imaging session, to shorten the diagnostic 
workup, and to accelerate the treatment decision- 
making process. This obviously has several fea-
tures and advantages in patient management and 
clinical outcome. The morphological modalities 
have several quality parameters such as high spa-
tial and contrast resolution providing high ana-
tomical details of patient morphology. Nuclear 
medicine and molecular imaging techniques, on 
the other hand, have much better molecular sen-
sitivity but poor spatial resolution in comparison 
to the structural modalities. The tracer or radio-
pharmaceutical can be injected in nano- or pico-
molar molar concentration without disturbing the 
physiological system or molecular/cellular path-
ways [ 1 – 3 ]. PET tracers lie in a wide range 
library, and tailoring new probes able to decipher 
a biological question or investigate a particular 
molecular pathway can be designed. The advent 
of PET/CT and SPECT/CT to the clinical arena 
and their wide spread in routine practice have 
encouraged researchers to copy the same experi-
ence in introducing PET/MR imaging systems 
into the clinic. 

 First attempts to combine PET with MR were 
focused on preclinical system model in the 1990s, 
whereas it was not until 2006 that the fi rst  integral 
simultaneous PET/MR (BrainPET, Siemens 

Healthcare, Inc.) imaging of the brain took place 
[ 4 ]. Combining PET with MRI in the same scan-
ner has several diagnostic benefi ts and clinical 
advantages. A great soft tissue contrast can be 
achieved with MRI sequences avoiding the use of 
ionizing radiation imparted by CT imaging pro-
cedures. MRI has also a functional part but with 
sensitivity signifi cantly lower than PET; it is in 
the range of 10 −5  mol/L, while for molecular PET 
imaging lies in the range of 10 −9 –10 −12  mol/L. MRI 
can provide functional information such as tissue 
perfusion, diffusion, and spectroscopy in addi-
tion to other benefi ts such as motion correction 
and anatomy-based image reconstruction as well 
as reduction of positron range effects and 
improvement in spatial resolution [ 5 ]. 

 There are many technical and operational dif-
ferences between PET/CT and PET/MR, and this 
obviously comes from the different underlying 
principles of CT and MR imaging components. 
These are but not limited to image acquisition, 
data reconstruction and processing, clinical 
examinations and data fl ow, contrast agents and 
contraindications, scan speed and patient 
throughput, radiation exposure to patients and 
staff and some other variables that include reim-
bursement and examination fees, etc. [ 6 ]. PET/
MR examinations have successfully been intro-
duced into the clinic, and extensive research work 
is being carried out to assess its effectiveness in 
routine practice of medical diagnosis. 
Nevertheless, the clinical utility of simultaneous 
PET/MR may be seen more effective in organ- 
specifi c, disease-specifi c, and pediatric-related 
applications or in those patients where their fol-
low- up would be of important clinical value [ 7 ]. 
Eventually, the marathon of PET/CT and PET/
MR has started trying to address some questions 
such as whether PET/MRI will be able to provide 
incremental diagnostic accuracy, an incremental 
impact on management, or an incremental impact 
on patient outcome compared with PET/CT [ 8 ].  

9.2     PET/CT 

 One of the ideal design goals of a hybrid imaging 
modality is to acquire diagnostic information at 
the same time without compromising patient 
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comfort or prolonging acquisition times with little 
or no mutual interference of one system to another. 
Up to the moment of writing this chapter, there is 
no commercial hybrid system able to acquire PET 
signal as well as CT or MRI information at the 
same time using the same detector module. 
However, the commercial designs available so far 
are built on the notion of simultaneously  acquiring 
the different diagnostic signals using two different 
detector systems or sequentially acquiring one 
after the other. The fi rst PET/CT design has incor-
porated a single-slice spiral CT scanner (Somatom 
AR.SP; Siemens Medical Solutions, Forchheim, 
Germany) and a rotating ECAT ART scanner 
(CTI PET Systems, Knoxville, TN) [ 9 ]. The PET 
scanner consisted of two opposing detector banks 
leaving a physical gap between the two detectors. 
This gap was suggested to be a useful space for 
incorporating a CT scanner so that anatomical 
information can be obtained. While this idea was 
not practically applicable due to the heavy ele-
ments of CT imaging system, it was inspiring to 
design a hybrid PET/CT such that both can be 
located side by side [ 10 ]. 

 The fi rst PET/CT prototype was funded by the 
National Institutes of Health (NIH) and designed 
such that the CT and PET components rotated as 
a single assembly acquiring CT and PET data 
sequentially. The entire rotating assembly was 
housed within a single gantry cover. This proto-
type became operational in 1998 and subse-
quently clinically evaluated at the University of 
Pittsburgh [ 9 ]. 

 An increased radiation dose especially for 
repeated measurements of therapy monitoring is 
one of the PET/CT drawbacks that might have a 
potential risk implication. This is particularly 
critical in pediatric patients and response moni-
toring. Poor soft tissue contrast is also a limita-
tion in some clinical examinations such as brain, 
prostate, abdomen, and breast imaging that may 
require an injection of contrast agents. Similarly, 
PET/CT in small animal research has some limi-
tations as increased dose to the animal may con-
tribute to the total radiation burden, creating a 
confounding or interfering effect to the drug 
under investigation. The poor soft tissue contrast 
provided by CT especially in the era of  developing 
new specifi c radiotracers that need clear anatomi-

cal details is also a clear drawback in animal 
research. Physics and instrumentation of PET 
and PET/CT are described in Chap.   8    .  

9.3     PET/MR: System Design 

 Attempts to manufacture PET/MR imaging sys-
tems were based on two distinct designs, sequen-
tial versus concurrent (or simultaneous) data 
acquisition. The main difference in both systems 
is the way how the two detector systems are 
located in relation to each other. Sequential 
design is straightforward, is less integrated, is not 
temporally correlated, and requires less hardware 
modifi cations, and two major vendors have 
adopted that design. 

 One design was implemented by Philips 
Healthcare (The Ingenuity TF PET/MR, 
Cleveland, OH) and fabricated such that the PET 
and MR scanners are located in the same imaging 
room and able to perform a time of fl ight (TOF) 
data acquisition [ 11 ]; see Fig.  9.1 . The PET and 
MR scanners are axially aligned at opposite ends 
of a linearly translating bed and the centers of the 
scanners are 4.2 m apart. The room dimension 
requirement is relatively large measuring 4.5 × 
13 m. The chance of patient motion between the 
two scans still exists, and the acquisition time is 
also compromised and varies according to the 
clinical question. The PET detector ring is sur-
rounded by additional shielding (i.e., laminated 
steel shield), and each photomultiplier is inserted 
in a mu-metal case [ 12 ].

   The other sequential system was adopted by 
GE Healthcare (Milwaukee, USA) where two 
scanners, one hybrid (PET/CT) and one stand- 
alone (MR), are separated and installed in two dif-
ferent rooms as shown in Fig.  9.2 . The two 
separate systems have the same imaging table that 
can be transferred from one room to another 
achieving a multimodality sequential PET/CT 
and MR diagnostic examination [ 13 ]. This system 
has minimal if no mutual interference between the 
two scanning units, and therefore image quality 
and quantitative accuracy are maintained. While 
this approach provides more fl exibility to use the 
two imaging systems  separately and  independently 
and can be optimized to select those patients who 
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need PET/CT or a combination of PET/CT/MR, it 
remains an additional source of radiation due to 
CT part of the examination besides likelihood of 
patient motion that causes undesired imaging arti-
facts [ 13 ].

   On the other hand, the concurrent PET/MR 
systems provide a simultaneous data acquisition 
preserving the temporal and spatial correlation 
between the two data sets. This approach is either 
a PET insert located inside the magnet bore or 
alternatively a PET detector fully integrated into 

an MR scanner [ 14 – 16 ]. Initial attempts were 
focused on the insert type to reduce positron 
range and thus improved spatial resolution of the 
PET data. However, some challenges are needed 
to be tackled due to the presence of PET scintilla-
tor and associated electronics within the MR fi eld 
of view. Magnetic susceptibility of the PET com-
ponents needs to be minimized; otherwise, a del-
eterious infl uence on the static fi eld would impact 
data acquisition and image quality. Therefore, 
shielding of the magnetic-sensitive components 

  Fig. 9.1    The model implemented in Philips PET/MR 
 system. The two modules are located at adequate far 
 distant apart, minimizing mutual interference between the 

two systems, and data are acquired in a sequential mode 
(Image is courtesy of Philip Health Care, Inc.)       

TOF-PET/CT
GE Disc, 690

Floor fixed
shuttle

MR 3T GE 750 w
with undockable table

  Fig. 9.2    First PET/CT/MR version adopted by GE Healthcare using 3 T MRI system and a TOF-PET/CT in two rooms 
directly adjacent to each other (Taken from Ref. [ 14 ] with permission)       
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would be essential to maintain fi eld homogeneity 
and minimize cross talk interference. 
Alternatively, using magnetic insensitive PET 
components or placing the PET electronics out-
side the fringe fi eld would be an alternative 
option. Size constraints would impact negatively 
on PET detection sensitivity as the axial extent 
would be limited as well. 

 The insert-type PET/MR provides a reduced 
total acquisition time, minimizes likelihood of 
patient motion, and doesn’t require major modifi -
cations in the MR magnet confi gurations. The 
PET insert design is successful in scanning small 
objects like small animals’ imaging, brain, and 
extremities but of limited feasibility in whole- 
body PET/MR due to space limitations that cre-
ated in the magnet bore. In addition, removing 
the insert would make the MR to work as a single 
imaging module providing a cost-effective less 
integrated option [ 6 ,  17 ]. 

 In comparison to PET/CT, the integrated 
design is a unique feature that characterizes PET/
MR over PET/CT in providing a perfect intrinsic 
co-registration. Reduction of the total acquisition 
time is also another advantage provided by simul-
taneous PET/MR systems in comparison to 
sequential design. However, integrated design is 
more challenging and expensive and requires 
major changes and modifi cation when compared 
to separate scanning units. The fi rst hybrid whole- 
body PET/MR scanner (Biograph mMR, Siemens 
Healthcare) was installed in 2010. It is based on 
the Siemens Verio 3-T MRI scanner using ava-
lanche photodiode with water cooling mecha-
nism. The bore has been reduced due to this 
integration from 70 to 60 cm and the PET detec-
tor was placed behind the RF coil [ 14 ] (Fig.  9.3 ).

   Note that larger-bore magnet is also challeng-
ing because the gradient system pays a steep 
price and performance penalty for its increased 
size as power requirements go steeply with radius 
and manufacturing tolerances for gradient shield-
ing become much more demanding [ 18 ]. Having 
the PET detector behind the RF coils allows for 
reduction of interference with excitation pulses, 
but temperature and other gamma rays’ attenua-
tion and photon scatter need to be addressed. 
A split magnet is an approach that also permits 

PET detector integration and facilitates coupling 
of the processing electronics, rendering the signal 
more robust to interference [ 19 ]. 

 The other simultaneous PET/MR system 
recently reported by GE Healthcare is the Signa 
TOF-PET/MR. The MR component is based on 
the GE 3-T Discovery 750w MRI system which 
has an inner bore of 70 cm diameter. The PET 
scanner has a transverse FOV of 60 cm and an 
axial extent of 25 cm (89 slices) and comprises of 
fi ve rings of 112 detector blocks. Each block con-
sists of 4 × 9 array of lutetium based with similar 
density to LYSO crystal [3.95 mm (transverse) × 
5.3 mm (axial) × 25 mm 3  (depth)] coupled to 1 × 
3 arrays of SiPM devices [ 20 ]. The PET detec-
tors’ modules are centered inside the MR gradi-
ent set and mounted on the outside of the RF 
body coil that provides additional space to 
accommodate the PET detector ring with a 60-cm 
patient bore. The PET detector relies on SiPM 
photodetector technology and uses a custom- 
made ASIC for readout, which permits gain 
adjustment on the individual pixel level. 

 Preliminary system performance showed 
4-mm spatial resolution (using line source), 
10.5 % energy resolution, 22.5 kcps MBq −1  sys-
tem sensitivity based on NEMA measurements, 
and 215 kcps at 17 kBq/ml activity concentration 
[ 21 ]. Initial evaluation resulted in roughly more 
than 50 % of dose reduction can be clinically 
achieved [ 22 ]. The relatively high sensitivity is 
owing to large axial extent (25 cm), detector 
depth, and recovery of events occurred by 
Compton interactions within the detector [ 23 ]. 
The system is shown in Fig.  9.4 . The three major 
vendors of PET/MR systems are summarized in 
Table  9.1 .

9.3.1        PET/MR Technical Challenges 

 Allocation of the PET detector within the  magnetic 
bore and removing mutual interference with MRI 
components are the two initial but major issues 
that need to be tackled before realizing an inte-
grated hybrid PET/MR system. The magnetic fi eld 
has its well-known degrading effect on the photo-
multiplier tube (PMT). The vacuum of the PMT 
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Gradient coil

PET detector
based on APDs

Radiofrequency
coil

Avalanche
photo Diodes (APD)

Integrated
cooling channels

LSO array

Crystsls

3x3 APD array

9-Channel preamplifier
ASIC board

9-Chennel driver board

32 mm

a

b

  Fig. 9.3    ( a ) Cross section of the Siemens fully integrated 
PET/MR (Biograph mMR, Siemens Healthcare, Inc.). ( b ) 
PET detector module showing the segmented LSO crystal 

coupled to APD with the integrated cooling system (Images 
are courtesy of Siemens Healthcare)       
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has several accelerating  dynodes of varying poten-
tial difference. The photoelectrons emitted from 
the tube cathode are amplifi ed through this process 
which is very  sensitive to magnetic fi elds. The 
existence of PMT-based PET detector in the MRI 

magnetic fi elds results in a potential signal deterio-
ration and distorted PET image. Another unde-
sired feature of the PMT is the bulky structure that 
doesn’t facilitate an easy integration inside the 
magnet core. 

  Fig. 9.4    GE Healthcare 
TOF-PET/MR integrated 
system (i.e., Signa) that 
simultaneously acquires 
PET and MR signals. It 
combines simultaneous 
data acquisition from GE’s 
latest 3.0 T MR750w and 
SiPM-based PET 
technology       

    Table 9.1    Summary of the PET/MR systems released by the three major manufacturers   

 PET/MR system  Biograph mMR (Siemens)  Ingenuity TF (Philips) 
 Discovery PET/CT 690 
+ MR 750 (GE) 

  PET system  

 Crystal material  LSO  LYSO  LYSO 

 Crystal elements dimension  4 × 4 × 20 mm 3   4 × 4 × 22 mm 3   4.7 × 6.3 × 25 mm 3  

 Photomultipliers  No, 4032 APDs  420  1024 

 Ring diameter  65.6 cm  90.3 cm  88.6 cm 

 Transaxial FoV  59.4 cm  67.6 cm  70 cm 

 Axial FoV  25.8 cm  18.0 cm  15.7 cm 

 Energy window  430–610 keV  460–665 keV  425–650 keV 

 Coincidence window  5.9 ns  6 ns  4.9 ns 

 Time of fl ight  No  Yes  Yes 

  MR system  

 Field strength  3 Tesla  3 Tesla  3 Tesla 

 Bore diameter  60 cm  60 cm  60 cm 

 Max FoV  50 × 50 × 45 cm 3   50 × 50 × 45 cm 3   48 × 48 × 48 cm 3  

 Field homogeneity (40 cm 3 )  0.25 ppm  0.5 ppm  0.25 ppm 

  PET/MR  

 Acquisition  Simultaneous  Sequential (same 
room) 

 Sequential (2 separate 
rooms) 

 PET attenuation correction  MR-based  MR-based  CT-based 

  Namely, Biograph mMR from Siemens, Ingenuity TF from Philips, and the trimodality hybrid system from GE Healthcare 
that consists of Discovery PET/CT and MR 750 [ 24 ]. The GE Healthcare Signa PET/MR system is described in the text  
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 The strong static magnetic fi eld and abrupt 
changes in the gradient magnetic fi eld in addition to 
the radio-frequency pulse are major MRI elements 
that infl uence the PET detector system. Furthermore, 
the radio frequency and its rapidly changing pulses 
create eddy currents in any conductive material 
present in the fi eld in addition to mechanical and 
vibrational noise [ 25 – 27 ]. Eddy current is a phe-
nomenon created when a time- varying magnetic 
fl ux through a closed circuit produces an electro-
motive force proportional to its rate of change in a 
close proximity conductive material. It results from 
the excitation RF pulse and the rapidly changing 
gradient coil and could have several imaging draw-
backs like a spatially variant phase change of the 
resonance signal, or the associated fi eld will alter 
the spatial encoding of the signal leading to a distor-
tion of the reconstructed images [ 24 ]. 

 The presence of PET electronics in the mag-
netic fi eld of the MR system has also its own draw-
backs. It is important to maintain the magnetic 
fi eld homogeneity avoiding any source that affects 
this uniform pattern. PET electronics including 
crystal, front-end electronics, any RF or radiation 
shielding, and particularly ferromagnetic compo-
nents could potentially affect fi eld homogeneity 
and linearity of the coil gradient system. Therefore, 
the shielding material should be carefully selected 
and optimized for data acquisition and elimination 
of imaging artifacts and data distortion [ 28 ]. 

 In terms of image quantitation, attenuation 
correction is one of the major challenges that 
need to be properly tackled in order to achieve 
reliable (absolute or relative) quantitative mea-
sures. Other aspects that are tightly associated 
with MR imaging are the presence of metallic 
components and bony structures that have no sig-
nifi cant information on the MR images. MR 
hardware is also critical in photon attenuation 
and could compromise correction techniques. 
These points will be discussed later.  

9.3.2     What Is the Solution Then? 

 To solve the aforementioned problems, there were 
two major but different approaches that were 
taken into consideration. One of them was to keep 

the PMT at adequate distance away from the MR 
interfering signal. The distance was calculated 
such that the fringe magnetic fi eld drops below 
10 mT and the scintillation light was transmitted 
through lines of optical fi bers. The fi rst simultane-
ous preclinical prototype was built analogous to 
that way and consisted of a ring of forty eight 
2 × 2 × 10 mm 3  lutetium oxyorthosilicate (LSO) 
crystals of 38-mm inner diameter, implementing a 
one-to-one pixel coupling to three multichannel 
PMTs (MC-PMT) connected via (2 mm diameter 
and 4 m long) double clad optical fi bers [ 29 ]. 

 Shielding the PMT using steel or mu-metal is 
effective in weak magnetic fi eld but fails in the 
strong fi elds used in MRI imaging systems. 
Using long optical fi bers was not a perfect solu-
tion and showed some drawbacks such as loss of 
light signal (fi ve to tenfold), deterioration of 
energy resolution, as well as degradation of tim-
ing resolution [ 30 ]. However, recent work on this 
area has also been extended to use a 90° light 
guide to transfer the light from the crystal to the 
optical fi bers permitting the PMT to be placed in 
a magnetic-shielded region of 0.3 mT behind the 
yoke [ 31 ]. A reduction of light loss was achieved 
by newly developed fl exible optical fi ber bundle- 
based block detectors, employing them in a high- 
resolution integrated PET⁄MRI system [ 31 ]. 

 The other solution was to use solid-state semi-
conductor photodetector such as avalanche pho-
todiode (APD) or silicon photomultiplier (SiPM) 
that are insensitive to high magnetic fi eld of the 
MR scanner [ 32 ,  33 ]. Avalanche photodiodes can 
operate in MR magnetic fi eld without apparent 
distortion and have been successfully coupled to 
bismuth germinate (BGO) or cerium-doped lute-
tium oxyorthosilicate (LSO) crystals. The size of 
the APD is very small, and thus a compact PET/
MR design can be manufactured using this type 
of solid-state photodetectors. The timing resolu-
tion in the range of nanoseconds and thus TOF is 
not possible. However, SiPM has been emerging 
as a potential and better candidate due to its 
signal- to-noise (SNR) ratio, higher gain, and tim-
ing resolution in the range of sub-nanosecond, 
and thus time of fl ight can be realized [ 34 ]. 
Further details on those types of photodetectors 
are discussed in Sect.  9.2.5 .  

M.M. Khalil



207

9.3.3     PET Detector in PET/MR 

 The current generation of PET imaging systems 
relies on the full ring design that provides a 
simultaneous data acquisition of all projection 
angles at the same time. So detector rotation is 
eliminated and count sensitivity is greatly 
improved in comparison to older versions such as 
partial ring or single ring design. As discussed in 
Chap.   8    , the block detector is the conventional 
and most adopted standard detector design used 
in PET imaging scanners. The scintillator block 
is viewed from the backside normally by 4 PMT 
that read out the light signal converting it into 
electric current for further processing and event 
spatial, temporal, and energy determination. 

 TOF-PET scanners do utilize the new advances 
in scintillation crystals, electronics, and computer 
technology by exploiting the full potential of PET 
in improving SNR [ 35 ]. TOF was not the only 
feature, but in the last decade, there were several 
developments in PET imaging such as an 
improved detector technology, electronic cir-
cuitry, data acquisition boards, processing and 
computer workstations, image reconstruction, and 
modeling of image-degrading factors, and all of 
these resulted in overall improved system perfor-
mance and diagnostic accuracy.  

9.3.4     Crystal 

 Scintillation crystal is the fi rst component that 
receives the coincidence photons during the scan-
ning process. The crystal role is to shift the wave-
length of the incident energy into higher values 
that permit further downstream signal processing. 
This is because the light quanta emitted from the 
crystal have lower energy (higher wavelength) 
than the incident radiation beam. BGO crystal 
was the conventional detector material used for 
many years in PET systems due to its effi cient 
stopping power and nonhygroscopic properties in 
comparison to Na(Tl) crystal. The scintillation 
crystal in PET/MR system should be carefully 
selected so that any magnetic susceptibility must 
be avoided (i.e., the degree of magnetization of a 
material in response to an applied magnetic fi eld) 

[ 36 ]. BGO, LSO, and LYSO crystals were found 
to have lower magnetic susceptibility, but GSO 
and LGSO are not appropriate and can cause MRI 
artifacts. The former group is the most common in 
the current PET/CT and PET/MR systems. 
Currently, the most preferred crystal type is the 
LSO-type crystals due to high light output, good 
detection effi ciency, and short decay constant that 
permits TOF applications. 

9.3.5      Photodetectors 

9.3.5.1     Photomultiplier Tube (PMT) 
 The most commonly used photosensors in 
gamma camera and PET imaging systems are the 
PMTs due to its high gain that lie in the range of 
10 5 –10 7  in addition to the fast timing characteris-
tics. It is manufactured in wide range of geome-
tries, sizes, and designed base on vacuum tube 
technology that improved signifi cantly over the 
years. Some of these improvements are better 
timing performance, enhanced quantum effi -
ciency, and developments of multichannel and 
position-sensitive PMT [ 34 ]. PMT has two major 
undesired properties that make its integration in 
PET/MR systems indeed diffi cult. These are the 
sensitivity to magnetic fi eld and the relatively 
large structure that impedes its easy integration 
inside the magnetic bore. Keeping the PMT tube 
at a distance from the magnetic fi eld fringe below 
500 μT has been reported in simultaneous pre-
clinical PET/MR system. However, this confi gu-
ration results in great reduction of scintillation 
light (90 %) leading to a degraded energy resolu-
tion [ 31 ].  

9.3.5.2     Avalanche Photodiode (APD) 
 One of the major transitions in the fi eld of PET/
MR detector technology is the use of semicon-
ductor photosensors in PET detector design [ 32 ]. 
APD operates below the breakdown voltage, and 
the signal produced is proportional to the ion pair 
created and to the energy deposited by the coinci-
dent photons interacted with the crystal. APDs 
also have an advantage over PMTs in not 
 requiring high bias voltages to operate. At reverse 
bias, a volume close to the junction is depleted of 

9 PET/MR: Basics and New Developments

http://dx.doi.org/10.1007/978-3-319-40070-9_8


208

free charge carriers. The charge carriers created 
in the depleted region drift in the electric fi eld 
toward corresponding electrodes and, while tra-
versing this region, acquire enough energy to 
produce electron-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 detec-
tor. An external circuit then detects these current 
pulses [ 37 ]. 

 The quantum effi ciency reaches 70–80 %, and 
when coupled to LSO crystal (peak wavelength 
420 nm), the timing resolution lies in the range of 
few nanosecond. Avalanche photodiodes provide 
great advantages in terms of dimension and sub-
sequent detector design compactness. The small 
size provided by APD is a positive characteristic 
toward an improved spatial resolution that 
matches small crystal dimensions and high pack-
ing fraction. The insensitivity to magnetic fi eld 
was central property that made APD an accept-
able alternative to PMT in PET/MR systems [ 38 ]. 
APD coupled to LSO crystal in preclinical 9.4 T 
magnet showed stable performance with no 
dependence in gain and energy resolution (14.4 % 
at 511 keV) of APD on the magnetic fi eld. There 
was also 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 [ 39 ]. 

 However, APD has a number of limitations 
that requires special attention in the detector sys-
tem. It has low internal gain (10 2 –10 3 ) and 
requires charge-sensitive preamplifi ers to con-
vert electron charge to a measurable voltage sig-
nal. Charge integration occurs over several 
nanoseconds to achieve high conversion factors, 
and pulse pileup takes place at high counting 
rates. APD needs advanced front-end electronics 
to meet the lower gain, and therefore special and 
application-specifi c integrated circuits are used 
[ 40 ]. Noise and time variation in electron drift 
during multiplication process are factors that 
restrict using the APD in time of fl ight applica-
tions [ 41 ]. The gain is sensitive to changes in 
temperature and voltages applied, and thus spe-
cial measures are required to control these tech-
nical factors. Thus, temperature sensitivity of 
APD imposes special constraint on the design of 
PET/MR such that a well control over the solid- 
state detector should be maintained and eddy 
current, if not minimized, would affect the gain 
of the electron avalanche due to increased colli-
sion with semiconductor lattice [ 36 ,  37 ]; see 
Table  9.2 . 

 APD can be coupled directly to the scintilla-
tor but also can be located at a short distance 

   Table 9.2    Comparison of three major photodetectors used in clinical or preclinical PET/MR imaging systems a    

 Characteristic  PMT  APD  SiPM 

 Active area (mm 2 )  1–2000 cm 2   1–100 mm 2   1–10 mm 3  

 Gain  10 5 –10 7   100  10 5 –10 7  

 Rise time  <1 ns  2–3 ns  ~1 ns 

 Dark current/count rate  <0.1 nA/cm 2   1–10 nA/mm 2   0.1–1 MHz/mm 2  

 Capacitance (pF/mm 2 )  9  2–10  >30 

 Quantum effi ciency @ 
420 nm (%) 

 25  60–80  <40 a  [~25–75] 
 Photon detection effi ciency 

 After pulsing  Yes  No  Yes 

 Bias voltage (V)  1000–2000  ~200–1500  ~50 [30–80] 

 Power consumption  100 mW/ch  10 μW/mm 2   <50 μW/mm 2  

 Temperature coeffi cient (%/°C)  <1 %/°C  2–3 %/°C  3–5 %/°C 

 Bias coeffi cient  <1 %/V  10 %/V  ~100 %/V 

 Magnetic susceptibility  Very high (mT)  No (up to 9.4 T)  No (up to 15 T) 

 Price/channel ($) in 2010  >200  ~100  ~50 

   a Taken from [ 41 ,  44 ]  
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using optical fi bers, depending in large part on 
system confi guration including space allocated 
for PET module inside the magnet and minimiz-
ing the interference between the two subsystems 
[ 15 ,  42 ]. The advent of APD to the medical arena 
has been attractive for large academic institu-
tions to build their own hybrid PET/MR systems. 
It has been successful in initial attempts made to 
construct simultaneous hybrid systems with fur-
ther investigations performed to optimize the 
design and improve the quality of either systems 
[ 43 ]. The fi rst insert-type PET detector was a 
prototype released by Siemens (BrainPET, 
Siemens Healthcare, Inc.) providing an opportu-
nity to acquire a simultaneous PET/MR on 
human brain [ 17 ,  43 ] as mentioned earlier. The 
insert was integrated with a standard 3-T MRI 
scanner (Magnetom TIM Trio; Siemens 
Healthcare, Inc.), and proof-of-principle simul-
taneous data acquisition was demonstrated. In 
addition, the BrainPET can be docked at the 
back of the magnet without obstructing the bore 
so that the MR scanner can be used in stand-
alone mode [ 17 ,  43 ].

9.3.5.3        Silicon Photomultiplier (SiPM) 
 Geiger-mode avalanche photodiode (AVP) or 
SiPM (also called multi-pixel photon counter) is 
made of arrays of small APD (e.g., 50 × 50 μm) 
and operated beyond the voltage breakdown in 
the Geiger counting mode [ 44 ]. The compact size 
permits also an easy incorporation in small ani-
mal PET/MR systems and implementation in 
depth of interaction-based scanners [ 31 ]. In this 
solid-state photodetector, the high electric fi eld in 
a very small space that collects the ion pair allows 
for better quantum effi ciency and provides good 
resistance to magnetic fi eld in contrary to those 
effects seen in PMT. It was shown that SiPM can 
tolerate a magnetic fi eld of 7 T [ 45 ]. Coupling of 
the SiPM to scintillation needs some attention 
especially one-to-one coupling as it increases the 
number of photodetector in the magnet substan-
tially; however, it eliminates light sharing and 
improves spatial resolution [ 31 ,  41 ]. 

 Like APD, low temperature is also an impor-
tant prerequisite for operating SiPM, and varia-
tion in temperature can lead to alteration of the 

breakdown voltage and subsequent variation of 
photodetection effi ciency, dark current, and gain 
[ 27 ]. Each cell in SiPM photodetector works 
independently, and the charge created from the 
ion pair is no longer proportional to the energy 
deposited, but the summed output from all cells is 
proportional to the energy deposited in the scin-
tillator. It is therefore important to maintain good 
energy linearity as photodetector outputs need to 
be compared in crystal identifi cation schemes 
[ 11 ]. While the quantum effi ciency of APD is 
nearly 80 % (as mentioned above), the photode-
tection effi ciency of SiPM is below 40 % when 
coupled to LSO crystal. Proper eddy current 
management, cooling system, and accounting for 
residual inaccuracies in system calibration are 
measures taken to tackle heat generation and 
associated problems. 

 Based on the above discussion, the SiPM has 
a high gain similar to that revealed from PMT, 
resistance to high magnetic fi eld, and low bias 
voltage when compared to APD. The emerging 
digital SiPMs have shown improved performance 
and low temperature sensitivity. It also provides a 
good timing, energy and spatial resolution, as 
well as good temperature stability, making it a 
promising candidate concerning their MR com-
patibility. However, they tend to generate digital 
electromagnetic noise patterns which might 
degrade the MR image quality; a design measure 
that needs to be taken into consideration [ 46 ]. 
Table  9.1  compares the three commonly used 
photodetectors used in PET/MR. 

 As previously mentioned, the Signa PET/MR 
from GE Healthcare utilizes the SiPM technol-
ogy. This new digital detector is characterized by 
its enhanced sensitivity; it is up to three times 
more sensitive than GE Healthcare’s Discovery 
690 PET/CT. SiPM photosensor is also being 
adopted in the European Hyperimage collabora-
tion to build a small animal PET insert inside a 
clinical 3 T MR system of a ring diameter of 
20 cm and axial fi eld of view of 9 cm. Each detec-
tor comprises a 22 by 22 array of 1.3 × 1.3 × 
10 mm 3  LYSO crystals coupled to an 8 × 8 array 
of 4 × 4 mm 2  SiPM where the signal is immedi-
ately digitized using application-specifi c inte-
grated circuit (ASIC) that release digital energy, 
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timing, and channel information [ 46 ,  47 ]. This 
last feature is substantial as it reduces and could 
eliminate the interference that affects connection 
and transmission cables between photodetectors 
and signal processing circuitry. See Fig.  9.5 .     

9.4     MR System Technology 

 An MR imaging system has several major compo-
nents that interplay to acquire an image. The most 
important parts are static magnetic fi eld, gradient 
magnet, and radio-frequency coil. The magnetic 
fi eld magnetizes the human body once the patient 
is inside the magnet bore. Most of the imaging 
interest in MR is the hydrogen atom (i.e., protons) 
due to its plenty and large abundance in human 
tissues and cells. Under the strong magnetic fi eld 
applied by the static magnet, the protons are 
aligned into two directions: parallel and antiparal-
lel. Majority of protons are aligned in parallel 
with the magnetic fi eld (B o ) in comparison to 
those protons aligned antiparallel as the former is 
a lower energy state compared to high energy 
state of the antiparallel direction. A net magneti-
zation is therefore produced in parallel to the 
magnetic fi eld (B o ) and takes place along the 
z-direction. In addition, a precession or rotational 
motion of the protons is created that precess with 
frequency proportional to the magnetic fi eld. In 
clinical setting, 1.5 and 3 T static magnet is used, 

but higher strength (e.g., 7 and 9.4 T) is used for 
more advanced application. It is important to 
maintain the homogeneity of the static magnetic 
fi eld, and any component of magnetic susceptibil-
ity (a property of a material to be magnetic when 
exposed to magnetic fi eld) must be avoided or 
adequately isolated within the fi eld of view to 
keep image quality with minimal distortion. 

 The gradient coil has an important role in 
 providing a spatial localization of the MR signal 
by varying the static fi eld strength in the three 
orthogonal planes in a linear fashion. Gradients 
are loops of wire or thin conductive sheets on a 
cylindrical shell lying just inside the bore of an 
MR scanner. When current is passed through 
these coils, a secondary magnetic fi eld is created. 
This  gradient fi eld  slightly distorts the main mag-
netic fi eld in a predictable pattern, causing the 
resonance frequency of protons to vary as a func-
tion of position. The primary function of gradi-
ents, therefore, is to allow a spatial encoding of 
the MR signal. Gradients are also critical for a 
wide range of “physiologic” techniques, such as 
MR angiography, diffusion, and perfusion imag-
ing [ 49 ]. 

 The second important part is the transmis-
sion coil which sends uniform radio-frequency 
excitation at the Larmor frequency over the 
fi eld of view. Local receive coil or surface coil 
is placed over the region of interest to improve 
the magnetic sensitivity and hence signal-to-
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  Fig. 9.5    Digital silicon photomultiplier (dSiPM)-based 
detector stack ( left ) with scintillation crystal array ( a ), 
light guide ( b ), sensor ( c ), and interface board ( d ). On the 
right side of the fi gure, the single detection module (SDM) 

contains up to six detector stacks. The carbon fi ber shield 
is pushed over the module and the RF screen is closed on 
both sides by shielding plates (From Ref. [ 48 ] under 
Creative Commons Attribution 3.0 License)       
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noise ratio. This coil is also affected by distance 
such that the sensitivity decreases appreciably 
beyond a distance equal to the diameter of the 
coil. Upon relaxation and switching off the RF 
signal, the information received is processed 
using a reconstruction algorithm from 2D to 3D 
images of the resonance signal [ 27 ]. 

 Most commercial MRI scanners are supercon-
ducting high-fi eld strength magnets because of 
their faster scanning ability, higher magnetic fi eld 
homogeneity, higher SNR, and wider range of 
applications. In a superconducting magnet, a 
magnetic fi eld is generated by a current that runs 
through a loop of wire. The wire is surrounded 
with a coolant, such as liquid helium, to mark-
edly reduce the electric resistance of the wire. 
Once a system is energized, it maintains its mag-
netic fi eld [ 50 ]. Early work on PET/MR systems 
was specially focused on manufacturing an 
MR-compatible PET detector with modifi cations 
made to the PET detector system. Recent 
approaches taken are to modify aspects of the 
MRI in order to achieve close integration and 
minimize interactions between the two systems 
within the magnet bore [ 25 ]. 

9.4.1     Magnetic Shielding 

 The presence of PET front-end electronics and 
data transmission cables inside the magnet bore 
represents one of the major challenges in hybrid 
simultaneous PET/MR systems. A proper but 
effective shielding system should be implemented 
to reduce to an acceptable level the interferences 
that come from the gradient as well as radio-fre-
quency pulse and able not to disturb the main 
magnetic fi eld uniformity [ 51 ]. Signal refl ection 
and absorption together with material skin depth 
are important physical measures of the shield. 
Moreover, magnetic susceptibility, gamma rays’ 
attenuation coeffi cient, and eddy currents are fac-
tors to be considered in the candidate shield mate-
rial. Connection and transmission cables need 
also a sort of attention as it needs to be masked 
from the above interferences sources. 

 Refl ection loss is proportional to material con-
ductivity and inversely proportional to permea-

bility, while absorption loss is proportional to 
conductivity, permeability, and thickness of the 
shield [ 27 ]. In electromagnetism, permeability is 
the measure of the ability of a material to support 
the formation of a magnetic fi eld within itself. 
Hence, it is the degree of magnetization that a 
material obtains in response to an applied mag-
netic fi eld. Skin depth, however, is inversely pro-
portional to permeability, electrical conductivity, 
and signal frequency. One skin depth is defi ned 
as the required thickness of a metal to reduce the 
RF to 37 % of its original strength. The smaller 
the skin depth, the thinner the material is used for 
shielding to a particular level. Gradient switching 
typical in MRI sequences can result in count 
losses in the particular PET detector design stud-
ied. Moreover, the magnitude of this effect 
depends on the location of the detector within the 
magnet bore and which MRI gradient is being 
switched. This information is substantial in the 
design of PET shielding in MR environment [ 43 ]. 

 Aluminum (Al), copper (Cu), and carbon (C) 
are different materials that can be used for shield-
ing. High conductive materials, e.g., copper, 
show excellent radio-frequency (RF) shielding 
properties, but have negative impact on the MRI 
image quality due to induced eddy currents. 
However, carbon fi ber composites are less con-
ductive for low frequencies and thus can mini-
mize MRI gradient-induced eddy currents. 
Furthermore, they show good RF shielding prop-
erties for higher frequencies. First prototypes 
using carbon fi ber have shown excellent eddy 
current performance, good RF shielding proper-
ties, and superior mechanical robustness in a 
 preclinical simultaneous PET/MRI insert in a 
clinical 3-T scanner [ 52 ]. 

 In a different setting of 7-T PET/MR preclini-
cal scanner (RF at Larmor frequency of 300 MHz, 
81 kHz from gradient power supply), placing the 
PET detector module between two carbon fi ber 
tubes and grounding the inner carbon fi ber tube 
to the PET detector module ground reduced the 
RF and the eddy currents. Further reductions 
were achieved by adding thin copper (Cu) foil on 
the outer carbon fi ber case and electrically 
grounding the PET detector module so that all 
three components had a common ground [ 43 ].   
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9.5     Small Animal PET/MR 

 As outlined earlier, initial incentives on PET/MR 
imaging were on developing small animal hybrid 
system. This has several advantages in terms of 
superb soft tissue contrast provided by MRI and 
wide range of MRI sequences that address ana-
tomical and functional questions in biomedical 
imaging research [ 53 ]. Radiation dose reduction 
is also another important advantage provided by 
PET/MR when compared to PET/CT due to the 
great reduction of cumulated radiation dose over 
several sessions as occurs in longitudinal studies. 
Small animal imaging has become a substantial 
tool in development of new diagnostic biomark-
ers and drug and essential step in translational 
medicine. Hybrid PET/MR should have a superb 
spatial and contrast resolution in order to meet 
small structure challenges posed by rodents such 
as mice and rats during in vivo animal imaging. 
In addition to the diffi culties placed by the inte-
gration of the PET and MR scanners into one 
hybrid system, the spatial and temporal resolu-
tion together with system sensitivity should also 
be enhanced. 

 Small animal hybrid PET/MR systems vary 
substantially in terms of design parameters that 
include but not limited to magnet strength, 
scintillator- photodetector coupling method, type 
of photodetectors and associated electronics, 
arrangement of the front-end electronics, and 
confi guration and positioning of the gradient and 
RF coils. Also, there are some variations in PET 
detector ring dimensions (axial and transaxial 
fi eld of views), shielding of the PET electronics, 
and methods of reducing mutual interferences 
between the two subsystems. The PET detector is 
mostly LSO-based scintillator with different 
array size and segmentation and also whether it is 
positioned at distance or in direct coupling to 
readout photodetector. 

 The use of position-sensitive APD (PSAPD) 
has become attractive for some reasons such as 
less contact terminals and hence less connection 
lines. It consist of a continuous layer of detector 
material 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 [ 42 ]. This 
 easily permits incorporation of PET system elec-
tronics within the magnet bore while maintaining 
the same spatial resolution provided by the con-
ventional APD, as well as it helps reducing costs 
and complexity of system design. Depth of inter-
action or parallax error is a potential source of 
resolution degradation due to radial shift of 
radioactivity from detector center within the PET 
ring. The small solid angle and increased crystal 
thickness are desired detector properties in small 
animal PET systems but unfortunately serve to 
increase this parallax error that can be mitigated 
with the use of PSAPD [ 54 ]. 

 Two nonstandard designs employed by differ-
ent research groups are split magnet and fi eld- 
cycled PET/MR systems. The former was devised 
and employed in Cambridge small animal PET/
MR model in which the microPET Focus 120 
was inserted in a gap of 80 mm between a split 
1-T superconducting magnet (Fig.  9.6 ). The mag-
net and the PMT were appropriately shielded 
producing a net magnetic fi eld below 1 mT 
around the PMT. Furthermore, the gradient was 
also split with little impact on static fi eld homo-
geneity and gradient performance [ 55 ]. A novel 
set of gradient and shim coils has been specially 
designed for this split MRI scanner to include an 
110-mm gap from which wires are excluded so as 
not to interfere with annihilation detection [ 55 ].

   Field-cycled MRI systems use two indepen-
dent, actively controlled resistive magnets to 
polarize a sample and to provide the magnetic 
fi eld environment during data acquisition pro-
ducing comparable quality to clinical supercon-
ducting systems [ 56 ]. The static magnet is split so 
that the PET block detectors can be placed but 
with less shielding to the detector and without the 
use of optical fi bers. However, the gradient mag-
net is not split in this design [ 57 ]. 

 Mediso nanoScan® PET/MRI scanner consists 
of PET scanner (LYSO coupled to 256 channel 
position-sensitive PMT) in sequential mode with 
1 T static magnet [ 59 ]. The PET component of the 
instrument is based on the PET ring of the 
NanoPET/CT scanner [ 60 ]. The PET detector con-
sists of 12 modules, each comprising a 39 × 81 
(tangential x axial) array of 1.12 × 1.12 × 13.00 mm 
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LYSO crystal on a pitch of 1.17 mm, and the sys-
tem matrix is monitored by two position- sensitive 
photomultipliers (PSPMT). The MR imaging 
component of the instrument is based on the M2 
system by Aspect Imaging. The 1-T vertical fi eld, 
horizontal-bore permanent magnet has better than 
5-ppm homogeneity in the central 60-mm-diame-
ter region and a fringe fi eld below 13 mT any-
where on the magnet surface. It features built-in 
gradient coils used for shimming and an internal 
radio-frequency cage. The gradient can deliver 
450 mT/m pulses with a 250-μs ramp time. It was 
shown that system integration had no adverse 
effect on the PET performance with acceptable 
system spatial resolution and sensitivity [ 59 ]. 

 A recent report highlighting the use of digital 
SiPM coupled to LYSO assembled in MRI- 
compatible PET insert has been published [ 48 ]. 
Digital SiPM from Philips Digital Photon 
Counting (PDPC) was used to develop a preclini-
cal PET/RF gantry as an insert for clinical MRI 
scanners. The scintillation arrays were made 
from 30 × 30 12-mm-long LYSO crystal applying 
1-mm crystal pitch and optical isolation. With 
three exchangeable RF coils, the hybrid fi eld of 
view has a maximum size of 160 × 96.6 mm 
(transaxial x axial). Depending on the coil, MRI 
SNR is decreased by 13 or 5 % by the PET 

 system. PET performance measures such as 
count rates, energy resolution (12.6 % full width 
at half maximum, FWHM), and spatial resolution 
(0.73 mm 3 ) were not affected by applied MRI 
sequences. PET time resolution of 565 ps 
(FWHM) is degraded by 6 ps during an echo pla-
nar imaging [ 48 ]. See Fig.  9.7 .

9.6        Attenuation Correction 

 Photon attenuation is the major source of errors 
in SPECT and PET imaging [ 61 ]. Photoelectric 
effect and Compton scattering are the two main 
interactions that serve to produce suboptimal 
quantitative results and deteriorated image qual-
ity. The former results in photon absorption and 
complete loss of the 511 keV photons energy, 
while the latter interaction serves to reduce pho-
ton energy by imparting part of the incident 
energy to the orbital electrons. When considering 
the total attenuation length that varies from small 
range as in patient skull or more longer as in 
chest area, there is approximately 5–22 % of the 
PET signal that is recoded by the scanner 
accounting for attenuation factors of 18 and 4.5, 
respectively. These measures indicate that small 
errors or erroneous values may lead to a 

  Fig. 9.6    The preclinical 
PET/MR Cambridge 
model where 1 T actively 
shielded superconducting 
magnet with 80-mm gap to 
accommodate a multi-ring 
PET detector array is 
shown. The PET detectors 
and MR imager view the 
same region in space, 
which facilitates 
simultaneous MRI and 
PET acquisition (Reprinted 
from Ref. [ 58 ] with 
permission)       
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 signifi cant deterioration of image quantitative 
accuracy [ 62 ]. 

 The traditional way of attenuation correction 
in the past and still used in small percentage of 
old PET scanners is the use of radioactive trans-
mission sources such as Cs-137 or Co-60 [ 63 , 
 64 ]. After the advent of the PET/CT and intro-
duction of the CT as complementary component 
in the diagnostic process, it has become so feasi-
ble to use the Hounsfi eld units to get the μ-values 
of individual image pixels. This permits to derive 
the attenuation correction factors by forward pro-
jecting the μ-map produced from the CT scan. 
Low dose, diagnostic, or contrast-enhanced CT 
images (with treatment of increased area of con-
trast concentration) can be used for CT-based 
attenuation correction using the most common 
method of bilinear transformation. In this algo-
rithm, HU units below zero are considered as 
combination of water and air, while values above 
zero are considered as combination of the bone 
and soft tissue. This assumption allows one to 
produce a two regression lines intersecting at HU 

of zero with different regression slopes [ 65 ,  66 ]. 
However, two important steps need to be consid-
ered while correcting for photon attenuation in 
CT. The fi rst is pixel down-sampling due to small 
size of the pixels of the CT image in comparison 
to PET image. The second is the energy conver-
sion of the μ-values produced from the CT energy 
photons (around 50 keV for 120 kV tube voltage) 
to the corresponding value at 511 keV [ 65 ]. 

 For the purpose of relative and absolute quan-
titative PET imaging, correction of photon atten-
uation is a fundamental prerequisite to achieve 
better image quality and acceptable quantitative 
accuracy. MRI data set, on the other hand, has an 
essential drawback in which the images refl ect 
protons’ density and longitudinal (T1) and trans-
verse (T2) magnetization relaxation properties of 
the tissue of interest. These parameters unfortu-
nately don’t refl ect the electron density and atten-
uation properties of the human tissues, and this is 
exemplifi ed in bone- and air-containing tissues 
such as the skeletal system and lung tissues, 
respectively. Both tissues have similar MRI 

Connection panel for 
data, power and coolingAccessory

compartmentPower switch

Power
supply

Trolley

Synchronization Unit RF coil

RF coil electronics

Singles detection modules

MRI

  Fig. 9.7    The PET/RF insert “Hyperion II D ” mounted on 
the patient table of a clinical 3 T MRI system (gantry 
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 signal output and greatly infl uence the correction 
process. Therefore, correction of photon attenua-
tion in PET/MR is not a straightforward process, 
and some maneuvers are required to tackle this 
issue. Various approaches have been developed 
such as those based on templates, atlas informa-
tion, direct segmentation of T1-weighted MR 
images, or segmentation of images from special 
MR sequences, as well as methods relying on 
PET emission data and MR anatomic informa-
tion to obtain attenuation map [ 67 ]. 

9.6.1     Template-Based Attenuation 
Correction 

 In this technique, an MR template image and co- 
registered attenuation correction map are gener-
ated. The MR template can be produced from 
MR T1-weighted images and the attenuation map 
can be derived from transmission scan [ 68 ,  69 ]. 
The MR template is initially warped to fi t the 
patient MR image using nonlinear registration, 
and the transformation parameters are used to 
align the attenuation map template to the PET 
data of the same patient. This process allows one 
to produce an individual attenuation map for a 
given patient study. The incorporation of bone 
tissues into the correction is relatively easy, but 
the algorithm suffers from misalignment errors 
caused by nonlinear registration due to inter- 
patient anatomical variations. Variants of this 
method include gender specifi c or combination 
of both male and female to generate attenuation 
map template or produce an average template 
based on spatial normalization of the individual 
MR images and the associated co-registered 
measured attenuation maps [ 70 ]. Template-based 
methods are common only in brain studies.  

9.6.2     Atlas-Based Attenuation 
Correction 

 Atlas-based approaches are implemented using 
global anatomical knowledge derived from a rep-
resentative intensity-based or segmented refer-
ence data set into the attenuation correction 

process. Atlas-based methods have been devised 
to account for bone attenuation in the PET/MR 
hybrid images using the bone tissue density 
revealed from co-registration with CT template 
[ 71 ]. The idea is to utilize a standard CT atlas or 
a combination of MR and CT atlas data sets and 
co-register with the patient MR data set to come 
up with information regarding the transformation 
parameters. This information is then used to pro-
duce a pseudo or synthetic CT data set valid for 
attenuation correction [ 67 ,  72 ]. 

 One approach is to deform one representative 
CT data to co-register with patient MR image, 
and then the newly deformed CT is used for PET 
data attenuation correction. The registration is 
carried out through a multistep process that 
include rigid, B-spline, and optical fl ow [ 73 ]. 
Another approach utilizes a pair of CT and MR 
atlas to produce the pseudo-CT data set. In this 
algorithm, the MR atlas is co-registered with the 
patient MR, and the transformation parameters 
are then applied to the CT atlas to produce indi-
vidualized CT attenuation map. The pseudo-CT 
data set is weighted sum from each co-registered 
atlas data set [ 71 ,  74 ]. 

 Advantages of atlas-based methods are the pos-
sibility of providing attenuation maps with con-
tinuous linear attenuation coeffi cients eliminating 
issues associated with the use of single tissue val-
ues that do not account for tissue heterogeneities 
[ 75 ]. However, shortcomings of these algorithms 
include limitations in identifying pathologic lesion 
using the atlas data set, lung density variations 
among different patients, and metallic implants. 
Performance of atlas-based algorithms can be 
enhanced by the incorporation of the pattern rec-
ognition, multiple sequences to improve tissue 
classifi cation, modifying the registrations method, 
and artifact detection [ 71 ,  76 – 79 ]. 

 A relatively recent study compared four dif-
ferent methods in MR attenuation correction in 
relation to CT-based attenuation correction [ 76 ]. 
Namely:

    1.    Two segmentation-based methods that do not 
account for the bone.   

   2.    An atlas and pattern recognition method and 
accounted for the bone.   

9 PET/MR: Basics and New Developments



216

   3.    A hybrid method that combined both 
approaches, atlas-based and segmentation. It 
accounted for the bone tissues such that the 
attenuation map in areas where the bone is 
likely to occur was predicted with atlas and 
pattern recognition, whereas a segmentation- 
based method was used for the rest of the body.    

  For soft tissue lesions, none of the methods 
revealed a signifi cant difference, whereas for 
bone lesions, underestimation of PET standard-
ized uptake values was found for all methods with 
minimized error for the atlas-based approaches. 
There were also underestimations of lower mag-
nitude observed in lesions near to bony structure. 
For lesions affected by MR susceptibility arti-
facts, quantifi cation errors could be reduced using 
the atlas-based artifact correction [ 76 ].  

9.6.3     Image Segmentation 

 Image segmentation is the process of classifying 
or clustering every similar group of pixels into a 
distinct category. In MR segmentation, image 
intensity is the most common way that enables to 
classify the human body into air, water, and fats. 
However and as mentioned earlier, areas that 
contain air or bone structures have poor MR sig-
nal and thus imposing great diffi culties on seg-
mentation and classifi cation algorithms. The 
algorithm works such that every group of pixels 
that have the same MR signal would be assigned 
the same tissue properties and hence will be 
given corresponding attenuation coeffi cients. 

 Direct segmentation methods depend on MR 
T1-weighted sequence routinely acquired in 
patient examinations. Segmentation methods 
have been applied to brain as well as whole-body 
PET/MR imaging procedures. Approaches like 
the use of fuzzy clustering and anatomical knowl-
edge combined with neural network-based tissue 
classifi cation have been reported. These methods 
require further processing tools to segment, for 
example, lung tissues, bone structures, or outlin-
ing the body boundaries [ 80 – 84 ]. 

 Specifi c MR sequences combined with seg-
mentation algorithms are the most common 

approach employed in clinical practice of attenu-
ation correction in PET/MR imaging systems 
[ 75 ]. It is based on the two-point Dixon gradient 
echo sequence that enables separation of water 
and fat tissues by using the chemical shift of fat 
relative to that of water. This allows one to 
 segment the MR images into individual different 
tissue types including either 3-class (air, lung, 
soft tissue) or 4-class segmentation (air, lung, 
soft tissue, and fat). The former has no distinction 
between water-equivalent and fat tissues, while 
the latter provides water and fat distinction using 
Dixon MRI sequence [ 81 ,  83 ,  85 ,  86 ]. Figure  9.8  
shows the attenuation map derived from different 
methods.

   One major drawback of image segmentation 
using this approach is that every individual tissue 
is given a specifi c value ignoring tissue heteroge-
neities. Another drawback is the absence of bone 
signal, and its similarity to air-containing struc-
tures serves to confound the attenuation correc-
tion process. The deviation of the quantitative 
results relies on the location of the pathology and 
areas of osseous lesions [ 82 ,  84 ]. 

 It is not only the location and type of tissues 
but quantitative results could also be negatively 
impacted by the composition of the bone lesions. 
An underestimation of more than 20 % of tracer 
concentration was found in the brain cortex when 
inaccurate assessment of bone attenuation was 
performed while not identifying the internal cavi-
ties resulted in more than 20 % overestimation of 
the adjacent structures [ 87 ]. In the same report, 
ignoring the RF coil in the attenuation correction 
process leads to up to 50 % underestimation of 
the reconstructed PET images. 

 In whole body, the situation is relatively differ-
ent as bone segmentation is not so infl uential, 
especially in body regions located at distance 
from bone tissues, as in brain-based applications. 
There were some directions to perform segmenta-
tion without bone classifi cation in areas of the 
body that are not adjacent to bone structure with-
out a trade-off in quantifi cation accuracy or image 
interpretation [ 83 ]. Another issue is lung segmen-
tation which appears with low signal in conven-
tional MR sequences in addition to inter- patient 
variability in tissue density. The utilization of 
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ultrashort echo time (UTE) or zero echo time 
(ZTE) sequences may benefi t this problem by pre-
serving signal within the lung parenchyma and 
therefore allows better differentiation of diseased 
or consolidated lung with possible incorporation 
of these values into tissue classifi cations [ 89 ]. The 
latter sequence was successfully implemented in 
skull attenuation correction when compared to 
corrections derived from CT data. The segmenta-
tion results show better bone depiction and sepa-
ration from air cavities and collagenous tissue 
than previously reported methods; however, fur-
ther work would be interesting to show its feasi-
bility in chest and cardiac imaging [ 86 ]. 

 The UTE sequence enables an improved sig-
nal of the bone tissue due to the low T2 relaxation 
times of the bone. This when combined with an 
image of longer echo time where bone signal is 
signifi cantly low can produce an improved seg-

mentation outcome of bone structures. Recently, 
this approach has been adopted to synthesize a 
brain CT image (or μ-map) from dual echo UTE 
images using reference or training data while 
avoiding the step of co-registering the reference 
atlas with the subject MR [ 90 ]. This algorithm 
(GENErative Sub-Image Synthesis, GENESIS) 
matches patches between the reference images 
and subject images based on a statistical model. 
It has three major features which are as follows: 
(1) it does not require any segmentation of the 
MR images, (2) it does not require the reference 
images to be registered to the subject images, and 
(3) it utilizes the MR images to determine the 
optimal matching patches in the reference data as 
well as the reference CT image [ 90 ]. 

 UTE time sequences have also some limita-
tions like increased acquisition time and induced 
artifacts when the fi eld of view is increased. In 

a b c d
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  Fig. 9.8    Upper row: a sample MR data set acquired with a 
T1-weighted 3D gradient echo sequence with 2-point 
Dixon fat and water separation. ( a ) In-phase, ( b ) opposed 
phase, ( c ) fat, and ( d ) water images. Lower row: attenuation 
maps created from the MR data using ( e ) the segmentation 

method based on Martinez-Möller [ 83 ] and ( f ) the atlas- 
and pattern recognition-based method described in 
Hofmann et al. [ 71 ]. ( g ) The corresponding CT slice from 
the same patient (Reproduced from Ref. [ 88 ] with 
permission)       
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whole-body PET/MR, it will be time-consuming 
to use UTE. An underestimation down to 40 % 
and overestimation up to 11 % were recorded in 
brain PET quantitation using UTE sequence when 
compared to CT-based attenuation  correction at 
the same location [ 91 ,  92 ]. Further improvement 
of UTE in clinically adopted PET/MR system has 
been suggested due in part to bone misclassifi ca-
tion and in adequate performance in the neck and 
nasal/face area [ 93 ]. 

 Joint estimation of radioactivity and attenua-
tion from the emission data using a constrained 
maximum likelihood reconstruction of attenuation 
and activity has been also proposed to determine 
the attenuation map which improves by the inclu-
sion of time of fl ight information [ 94 ]. Time of 
fl ight capabilities were found to improve the accu-
racy of attenuation correction especially when 
attenuation correction is not accurate [ 25 ,  95 ].   

9.7      Data Acquisition 

 PET/MR imaging systems vary in their approach 
in data acquisition. Image acquisition may start 
by acquiring a short sequence for anatomical ref-
erencing and attenuation correction. Oncologic 
application is generally lengthier than non- 
oncologic studies and may extend to 60 or 70 min 
in simultaneous data acquisition. However, in 
sequential PET/MR examinations, the scan 
length may go up to 90 min [ 96 ]. PET data acqui-
sition is simple in comparison to MRI since the 
former is a time-based acquisition system, and 
once the collected information is thought to sat-
isfy the diagnostic task, nothing needs to be 
added. MRI sequences are various but longer and 
reveal different information and often the pri-
mary cause of prolonging the acquisition time. 

 Before starting looking at the appropriate pro-
tocol for a given patient study, a number of steps 
need to be taken into consideration. Patient prepa-
ration, instructions, positioning, and setup are 
some of those that should be viewed not only 
from one modality perspective but also from other 
diagnostic angles. In PET, physiologic parameters 
such as glucose levels or other safety concerns 
that are related to pregnancy or pediatric examina-
tions will need to be properly assessed. In MR, 

some precautions need to be checked as well like 
metallic implants and patient claustrophobia, 
while patient motion remains an issue in both 
imaging techniques. Patient centering on the 
couch and positioning of the surface coils in 
 addition to time taken to perform these tasks are 
important parameters to avoid imaging artifacts 
and reduce technologist radiation exposure [ 97 ]. 
Patient preparation in PET/MR studies shouldn’t 
be different in terms of plasma glucose level, 
 fasting conditions, hydration, pregnancy, and 
uptake period void of any muscular activity that 
also need to be potentially minimized 24 h before 
the commence of the study. MR patient precau-
tions are different and include MR-incompatible 
implants and contraindications from injecting 
contrast agents. 

9.7.1     Imaging Workfl ow 

 Imaging workfl ow is an essential element in the 
diagnostic workup and of considerable interest in 
patient throughput. It is controlled and managed 
through a number of variables such as the organ 
or disease under investigation, type of hybrid 
PET/MR scanner, patient indications, partial or 
whole-body scan, and other imaging logistics 
[ 12 ,  96 ,  97 ]. 

 Workfl ow is platform dependent. Simultaneous 
systems provide about 10–15-min saving due to 
the fact that patient is positioned and removed 
only once [ 98 ]. Apart from acquisition time 
reduction, patient comfort, and other logistics, 
the clinical rationale behind simultaneous PET/
MR needs to be fully exploited and demonstrated 
similar to its biomedical applications where sev-
eral biological or physiological questions can be 
answered. However, one of the major goals is to 
maintain the total acquisition time as low as pos-
sible while achieving the required diagnostic 
accuracy. Another feature provided by simultane-
ous hybrid PET/MR is the ability of acquiring 
complex imaging workfl ow and multiple MR 
sequence acquisitions with different contrasts 
during the PET data acquisition [ 7 ,  8 ]. 

 In cardiac and neurologic applications, one- bed 
position might be suffi cient to address a particular 
clinical question, and the total acquisition time is 
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determined by the modality that would stay longer. 
Multiple bed positions might be needed, and this 
largely depends on scanner axial extent and the 
organ or disease under examination. 

 In oncology-based studies, the imaging proto-
col might differ signifi cantly as different parts of 
the body may require different MR sequences 
and accordingly different time frames. For the 
same purpose, the acquisition time may be 
extended longer due to more elaborate examina-
tions required such as those used in advanced 
molecular imaging applications and MR spec-
troscopy analysis [ 8 ]. Similar to stand-alone MR 
scanner, surface coils in PET/MR are used to 
increase MRI image quality and reduce imaging 
time. However, because the surface coils may 
cause additional photon attenuation of the 511- 
keV photons, only dedicated coils approved for 
PET/MRI should be used [ 8 ,  96 ]. 

 In the trimodality imaging systems proposed 
by GE Healthcare as well as in tandem-based 
hybrid PET/MR introduced by Philips Company, 
imaging session can start in the MR module at 
approximately 25 min postinjection, and this per-
mits to exploit the rest of the uptake time (around 
30–35 min, usually 60 min uptake time) in per-
forming the required MR sequences. Once the 
MR examination is carried out, then the patient 
can be moved to the PET/CT or PET portion of 
the imaging scanner [ 12 ,  13 ]. 

 Whole-body PET/MR imaging protocol is sig-
nifi cantly different than other organ-based proto-
cols such as cardiac or neurological disorders. A 
scout or topogram initial image is performed out-
lining the axial extent of the patient under exami-
nation. This MR localizer is similar to the CT 
scout image normally taken in commencing PET/
CT imaging procedures. The acquisition of PET 
data is taken in a step-and- shoot mode with bed 
acquisition time of 2–5 min, but it may extend for 
longer exploiting the time demanding feature of 
MR sequences [ 96 ]. Time of fl ight helps reduce 
the acquisition time or the injected dose further, 
but overall the acquisition time of PET is deter-
mined based on many factors such as clinical 
preferences and experience, system performance, 
and the adopted standard protocol [ 22 ]. 

 In integrated PET/MR, the attenuation correc-
tion 2-point Dixon volume-interpolated breath- 

hold examination (VIBE) is performed fi rst 
before the desired MR protocol for each bed 
position; VIBE takes 19 s. This is followed by the 
simultaneous acquisition of the PET and the 
desired MR sequence [ 99 ]. A number of diagnos-
tic MRI sequences may be variably and fl exibly 
selected based on body region and clinical 
 indications but usually at a minimum include a 
T1-weighted and a T2-weighted sequence [ 97 ]. 
After completion of a whole-body scan, a dedi-
cated MR imaging confi ned to one-bed position 
is started with or without simultaneous PET data 
acquisition. The dedicated MR imaging includes 
standard anatomic sequences and multiparamet-
ric MR sequences such as diffusion-weighted 
imaging (DWI), perfusion-weighted imaging 
(PWI), and dynamic contrast-enhanced (DCE) 
MR sequences, depending on the diagnostic pur-
poses [ 18 ,  96 ]. 

 In a similar fashion, in sequential design 
adopted by Philips Company, a specifi c MR 
sequence (i.e., MRAC) is run prior to PET acqui-
sition. The MRAC sequence is acquired only 
with the integrated body coil of the MR scanner, 
matches the PET dimensions, and allows both 
anatomical detail and attenuation correction. The 
MRAC image is then segmented into three tissue 
classes (air, soft tissue, and lungs), and predeter-
mined linear attenuation coeffi cients are assigned 
to each class (0, 0.095 and 0.022 cm −1 , respec-
tively). An attenuation template of the patient 
table and MR coils (provided by system manu-
facturer) is incorporated into the attenuation cor-
rection map [ 100 ,  101 ]. 

 To show data acquisition and imaging work-
fl ow provided in sequential PET/MR systems, 
one approach is to perform all the diagnostic MR 
acquisitions at the beginning, followed by attenu-
ation correction dedicated sequences and then 
starting PET. For instance, this imaging scenario 
could be an indication to assess response to treat-
ment or in head and neck cancer surgery planning 
[ 12 ,  50 ]. The acquisition time of MR sequences 
has been an issue as it works against patient com-
fort and low throughput imaging rate and is vul-
nerable to imaging artifacts due to likelihood of 
patient motion. New technologies are attempting 
to tackle this issue by developing fast pulse 
sequence in addition to parallel acquisition with 
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multiple coil elements and also the use of parallel 
transmission [ 44 ].  

9.7.2     Motion in PET/MR 

 Object motion in photography is generally an 
undesired feature that results in image blurring but 
in medical imaging is a crucial source of image 
quality degradation and impaired quantitative 
accuracy. Patient motions either voluntary or invol-
untary are among those degrading sources that 
need special attention in routine clinical practice. 
Consequences are loss of sharp edges and diffi cul-
ties in outlining pathologic lesions in addition to 
less confi dence in image interpretation [ 56 ,  102 ]. 

 This resulting image blurring is simply due to 
the lack of timing information about the moving 
object in relation to stationary assumptions of the 
detection process or absence of an accurate 
motion model in the iterative reconstruction 
scheme. Patient motion and associated imaging 
artifacts in PET/CT are discussed in details in 
Chap.   16    . Although the scanning period of MR 
sequences is relatively lengthy and might appear 
that it could be in temporal matching with those 
images from PET scanning, the data acquired 
with time-averaging process by MR are not com-
parable to the same average process in PET data 
acquisition [ 11 ]. However, the 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. 

 Voluntary (cardiac and respiratory) and invol-
untary motion artifacts need to be addressed 
before an accurate image interpretation takes 
place. Organ or lesion motion causes a count 
smearing effect over an area larger than the actual 
size of the lesion and hence causes volume inac-
curacy determination and loss of quantitative 
accuracy. Acquiring the images at small time 
interval using the conventional “freezing” or gat-
ing approach has been effective in eliminating 
many of the motion-related diagnostic artifacts, 
but still suffers from low sensitivity and high 
image noise with low statistical quality due to the 
short scan time. In case of static cardiac imaging 
and free-breathing conditions, the heart moves in 
the range of 4.9–9 mm due to heartbeat and respi-

ration, together with changes in myocardial shape 
and density. ECG gating, however, helps to 
acquire multiple frames representing heart 
motion intervals from diastole to systole, and 
hence motion-related artifacts can be removed. 

 In an attempt to match the two data sets and 
improve attenuation correction in cardiac PET/
MR, a specifi c pulse sequence (two-dimensional 
fast spoiled gradient-recalled echo (SPGR)) has 
been applied to obtain an average MR image of 
patient under free-breathing conditions [ 103 ]. 
MR images were converted into PET attenuation 
maps using a three-class tissue segmentation 
method. In the myocardium, the voxel-by-voxel 
differences and the differences in mean slice 
activity between the attenuation MR-corrected 
PET data and the average CT-corrected PET data 
were found to be small (less than 7 %). The use of 
MR-derived attenuation images in place of 
CT-based attenuation correction did not also 
affect the summed stress score [ 103 ]. 

 In principle, an accurate attenuation correc-
tion map is obtained if the CT- or MR-derived 
attenuation coeffi cients have the same static or 
dynamic phase as the acquired PET data. 
Diaphragmatic motion (i.e., 7–28 mm excursion) 
is a major source of image spatial resolution loss 
and degraded quantitative accuracy such as SUV 
measurements. It is of particular importance in 
oncological studies where the lung and upper 
abdomen are involved in a number of different 
tumor types. In similar fashion to cardiac gating, 
the respiratory signal can be acquired over short 
time bins (i.e., respiratory gating), and this 
approach was found successful in part solving 
motion-associated artifacts. It also prolongs the 
acquisition time affecting patient comfort and 
reduce patient throughput. Nevertheless, gating 
methods are the most widely used in motion cor-
rection strategies in the clinic. Realignment of 
the PET image bins after reconstruction into a 
single reference image is also a proposed solu-
tion but denatures the Poisson characteristics of 
the PET data [ 104 ,  105 ]. 

 Using the list-mode PET data to derive motion 
estimates based on elastic deformation from sim-
ulated respiratory gating phantom has been pro-
posed [ 106 ,  107 ]. Comparison of corrected and 
uncorrected respiratory motion average frames 
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suggests that an affi ne transformation in the list- 
mode data prior to reconstruction can produce 
signifi cant improvements in accounting for respi-
ratory motion artifacts in the lungs and heart 
[ 104 ]. On the other hand, list-mode-based and 
model-based image reconstruction where motion 
information is incorporated, similar to other 
image-degrading factors, in the framework of 
image reconstruction has shown to be superior in 
improving the temporal sampling as well as a 
reduction in the effects of irregular respiratory 
motion [ 106 ,  108 ]. 

 The simultaneous nature of some hybrid PET/
MR opened new avenues for researchers to use 
the MRI information to address the issue of organ 
motion by either using simple methods such as 
T2-weighted imaging during free breathing and 
T1-weighted imaging using either shallow end 
expiration or free breathing using a radial acquisi-
tion scheme [ 105 ,  109 ]. More advanced 
approaches are to use motion-sensitive MRI 
imaging sequences such as velocity-encoded 
phase contrast MRI (VEPC-MRI) or MRI tagging 
technique [ 105 ,  110 ]. MRI-based motion correc-
tion has not demonstrated robust translation into 
the clinic because of signal to noise and/or fi eld of 
view problems within the larger human. The most 
promising techniques proposed with human 
applications include a T1-weighted approach that 
utilizes navigator echoes combined with either a 
2D multi-slice gradient echo technique [ 111 ] or a 
steady-state free precession (SSFP) [ 104 ] in order 
to both track the respiratory excursion and create 
a motion tracking fi eld that is utilized in the PET 
processing algorithm [ 109 ]. 

 Tagged MR uses a special pulse sequence to 
create temporary features (tags) in tissue, which 
deform and can be tracked in images as the anat-
omy deforms. Another recent approach has been 
devised such that no external hardware exist to 
provide a respiratory signal and no change to the 
imaging examination except for the addition of a 
short PET/MR sequence after the clinical acqui-
sition [ 112 ]. The authors hypothesized that suffi -
cient data for respiratory correction can be 
acquired in just 1 min. The acquisition was used 
to build a patient-specifi c respiratory motion 
model and then used to motion correct the clini-
cal PET data of any duration. The method used 

only standard MR sequences and image registra-
tion techniques. The PET-derived signal was 
used to drive a motion model formed by nonrigid 
registration of MR slices acquired rapidly after 
the main scan. This motion was then incorpo-
rated into the PET reconstruction. An increase in 
SUV measurements has been reported, and 
sharpness of count profi les drawn over some 
lesions was observed. However, further work is 
requested to investigate the technical feasibility 
in clinical setting and to prove signifi cant lesion 
detectability over large patient population [ 112 ]. 

 An MR self-gating method was also applied to 
perform respiratory gating of the MRI data and 
simultaneously acquired PET raw data [ 113 ]. The 
MRI sequence allows for retrospective self- gating 
without the need for additional MRI navigator 
echoes or sensors attached to the patient. After 
gated PET reconstruction, the MRI motion model 
is used to fuse the individual gates into a single, 
motion-compensated volume with high SNR. The 
MRI motion model is utilized for motion-cor-
rected PET image reconstruction according to the 
post-reconstruction registration scheme [ 113 ]. 
The motion model yielded a reduced motion blur 
and improved quantifi cation accuracy compared 
to static reconstructions and in higher SNR com-
pared to conventional gated reconstructions. 

 Figure  9.9  shows PET data acquired in a 
simultaneous mode with MR signal integrating 
motion correction, attenuation correction, and 
point spread function modeling into a single PET 
reconstruction framework. A dedicated MRI 
pulse sequence (denoted “NAV-TrueFISP”) was 
used allowing an accurate measurement of respi-
ratory motion in the lower abdomen. It is com-
posed of two-dimensional (2D) multi-slice 
steady-state free precession MRI acquisitions 
(“TrueFISP”) interleaved by pencil-beam naviga-
tor echoes.

9.8         Opportunities, Challenges, 
and Future 

 PET/MR provides a signifi cant number of technical 
and clinical advantages to the current state of 
molecular and morphologic imaging. These fea-
tures can be exploited to improve the overall perfor-
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mance of hybrid PET/MR imaging systems in 
patient diagnosis, therapy, and management. The 
well-known improved soft tissue contrast character-
izing MR imaging is a unique feature when com-
pared to CT-based examinations. This characteristic 
is essential in brain studies, head and neck, abdo-
men, pelvis, and other soft tissue abnormalities. 
Furthermore, it will be benefi cial in breast, liver, 
musculoskeletal, and urogenital imaging [ 115 ]. The 
lack of ionizing radiation in image acquisition is 
also an important asset in pediatric age group, preg-
nant women, and repeated acquisitions in patient 
follow-up and therapy monitoring. A recent work 
looking at diagnostic risk of medical exposure to 
CT scans in pediatric patients showed a probable 
triple risk of leukemia after a cumulative CT dose of 
50 milligray (mGy), and a dose of 60 mGy might 
nearly triple the risk of brain tumors [ 116 ]. 

 The simultaneous hybrid PET/MR imaging 
would in principle maximize the amount of infor-
mation for real and direct benefi t to patient man-
agement. MR can be very instrumental in 
synergizing the quality and quantitative accuracy 
of PET in terms of using the MR as guide to 
image reconstruction and incorporation of partial 
volume and/or attenuation correction in time of 
fl ight PET/MR systems [ 117 – 120 ]. MR-based 
motion correction and derivation of arterial input 
function are also potential applications that 
undergo signifi cant research interest. Accurate 
determination of arterial input function is essen-
tial to obtain accurate physiologic parameter esti-
mation when attempts are made to quantify tracer 
kinetics in absolute fashion. The MR component 
can help provide a way to determine blood fl ows 
such that partial volume correction and blood 
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  Fig. 9.9    Sagittal MRI ( a ) and corresponding PET slices 
reconstructed using ( b ) respiratory gating (OP-OSEM 
“gated”), ( c ) no motion correction (OP-OSEM), ( d ) no 
motion correction with PSF modeling (PSF-OP-OSEM), 
( e ) MR-based motion correction (MC-OP-OSEM), and ( f ) 
motion and PSF corrections (“MC-PSF-OP-OSEM”). 
The gated volume was reconstructed using PET counts 
detected at end exhalation (approximately one-seventh of 

the total number of events). As can be seen, the proposed 
reconstruction methods ( e ,  f ) substantially improved 
hepatic lesion contrast and structure delineation as com-
pared to the conventional uncorrected reconstruction 
method ( c ).  OP-OSEM  ordinary Poisson ordered-subset 
expectation, maximization,  PSF  point spread function 
(Reprinted from Ref. [ 114 ] with permission)       
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vessel contribution to PET signal can be 
accounted for in the kinetic model. Realizing this 
last benefi t would enhance the dynamic PET 
applications in routine practice in addition to 
eliminating the complications associated with 
arterial catheterization and serial blood sampling 
[ 121 ,  122 ]. 

 In addition to superior contrast resolution 
among different types of soft tissue, MRI allows 
physiological (e.g., dynamic contrast-enhanced 
MRI), metabolic (e.g., MR spectroscopy), and 
molecular (e.g., diffusion-weighted imaging) 
besides functional MRI (fMRI) phenomena to be 
observed [ 123 ,  124 ]. MRI has a multitude of image 
pulse sequence that can fl ourish the diagnostic pro-
cess, and when combined with PET data, particu-
larly when using newly developed specifi c tracers, 
the amount of diagnostic information would be 
enormous and very supportive in clinical decision-
making. For example, tumor perfusion using 
blood-oxygen-level-dependent (BOLD) imaging 
and correlating the results with O15-water or 
hypoxia-based tracers could substantially enhance 
the diagnostic interpretation [ 16 ,  125 ,  126 ]. 
Furthermore, the study of tumor uptake and dynam-
ics with dual-labeled or more functionalized 
nanoparticle contrast agents and simultaneous 
PET/MRI monitoring of disease pharmacokinetics 
or pharmacodynamics are new avenues utilizing 
this multimodality imaging system [ 127 ]. 

 PET/MR proved useful in a number of malig-
nancies such as head and neck where improved 
soft tissue contrast is required. This can be repre-
sented by providing information about tumor 
extent and involvement of bony structures and 
bone marrow. Tissue reactions such as distortion, 
scarring, and fi brosis that appear posttreatment 
surveillance can obscure early detection of recur-
rence by conventional follow-up [ 128 ,  129 ]. It 
has also potential in evaluating pelvic malignan-
cies such as gynecologic, rectal, and prostatic 
cancers because of its improved soft tissue dis-
crimination compared with CT [ 130 ]. In breast 
imaging, specifi c breast MRI sequences permit 
high diagnostic accuracy for local tumor staging, 
and whole-body MRI can also be of great use in 
distant staging, especially when combined with 
F18-FDG-PET which has a high diagnostic per-

formance for the detection of distant metastases 
[ 131 ]. FDG-PET/MR has an evolving role in 
breast cancer management, for example, in the 
detection of liver metastases and in the research 
setting for treatment monitoring [ 132 ]. 

 In malignancies involving liver disease where 
metastases can occur from different sites, MR 
imaging has good diagnostic performance for 
lesions smaller than <10 mm; however, FDG- PET 
has some limitation such as heterogeneous uptake 
in the normal liver, its low sensitivity to lesions 
smaller than 10 mm, and the concomitant decrease 
in sensitivity in patients with underlying liver dis-
ease, including cirrhosis and nonalcoholic fatty 
liver disease [ 133 ,  134 ]. In bone marrow imaging, 
whole-body MR imaging has been proposed for 
detecting infi ltrative focal bone marrow lesions 
and was demonstrated to have higher sensitivity 
than a skeletal survey for this task. It can also have 
potential in therapy monitoring or in the develop-
ment of new therapies [ 129 ]. 

 The role of PET/MR in neurology and psychia-
try is one of the motivating aspects for developing 
such kind of devices due to the long-term experi-
ence of PET methodology and tracers in studying 
brain biochemistry. This has included a number of 
critical disorders that require early detection and 
response monitoring and even go beyond to strat-
ify drugs in early stage of development. Anatomical 
and functional MRI information when combined 
with PET would have a defi nite incremental value 
to the diagnostic process in brain studies [ 135 , 
 136 ]. In neuro- oncology, while gadolinium-
enhanced MRI remains standard of care for brain 
tumor management (i.e., diagnosis, treatment, and 
posttreatment response assessment), other 
advanced MR techniques could be valuable in dif-
fi cult cases providing key pathways into improved 
diagnostics. Different PET tracers such as F18-
FLT, F18- FMISO, C11-Met, F18-FDOPA, and 
F18-FET can also assist in characterizing different 
aspects of tumor biology, and the availability of 
simultaneous PET/MR would facilitate investiga-
tions that look at improved patient management 
[ 135 – 137 ]. 

 In cardiovascular diseases, PET imaging has 
unique capabilities in quantifying myocardial 
blood fl ow and fl ow reserve and is considered the 
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gold standard for assessing myocardial viability 
[see Chap.   19     for further details]. MR can be 
used to assess ventricle function, structural 
changes, perfusion, and tissue viability. It can 
also evaluate cardiac anatomy and detailed tissue 
characterization. Functional MR images and 
dynamic assessment of myocardial perfusion 
from transit of intravascular contrast medium can 
provide useful criteria for identifying areas of 
decreased myocardial perfusion or for assessing 
tissue viability from late contrast enhancement of 
scar tissue [ 138 ]. 

 High temporal resolution cine image sequences 
have been devised to capture high- resolution 
images of the cardiac cycle. Blood fl ow can be 
visualized and measured via velocity- encoded 
cine sequences. Spectroscopic techniques, T1 
mapping, and sequences capable of measuring 
myocardial strain are advanced MR techniques 
that can be integrated in the diagnostic scheme. 
Other utilities can be seen in detection of infl am-
mation and characterizing atherosclerotic plaques 
and differentiate with a high risk of rupture from 
stable plaques. With the development of new trac-
ers, there will be good opportunities in evaluating 
myocardial remodeling and in assessing the kinet-
ics of stem cell therapy in myocardial infarction. 
New tracers will also provide new means for eval-
uating alterations in cardiac innervation, angio-
genesis, and even the assessment of reporter gene 
technologies [ 138 ,  139 ]. 

 Multimodal hybrid imaging in general and 
PET/MR in particular provide a great opportu-
nity for understanding tumor pathophysiology 
and tackling biomedical questions that may arise 
from diagnostic or treatment clinical practices. 
The wide range of responses among patients sug-
gests that further studies of individual responses 
to therapy, correlating structural and functional 
imaging, metabolic imaging, and clinical fi nd-
ings, will not only be helpful in understanding 
the mechanism of action of novel therapeutic 
agents but also support the new trend of precision 
medicine [ 129 ]. PET/MR could help in this 
dilemma by providing a one-stop-shop hybrid 
imaging platform that would eventually improve 
patient diagnosis and treatment outcomes. 
Extensive work has been and is being performed 

to elicit the several advantages of these systems 
in order to build up signifi cant amount of evi-
dences able to locate the hybrid PET/MR into its 
real clinical position in the near future.     
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