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Foreword

Biomedical imaging has continued to rapidly evolve over the last few decades. One 
of the most important technologies that we now have in our toolbox is positron emis-
sion tomography combined with magnetic resonance imaging (PET-MRI). This 
book is a timely and important resource for those wanting to understand the funda-
mental building blocks of PET-MRI technology and exciting emerging clinical appli-
cations. I want to commend the editors for their hard efforts in putting together a 
truly important, well-written, and timely resource. Leaders from around the world 
have come together to help any imaging scientist or physician understand many key 
aspects of PET-MRI. Each chapter has been well written to provide succinct infor-
mative details. Highly useful figures along with the latest references for each chapter 
should make this a very useful book for readers with diverse backgrounds. 
Comparisons to PET combined with computed tomography (PET-CT) are made 
throughout and are important to understand. Issues related to quantitation are also 
covered and will be important if PET-MRI is to be truly standardized and results 
made comparable in the same patient over time and across patients. I think you will 
enjoy reading it as well as having it around as a useful resource for future reference. 
Although the killer applications of PET-MRI continue to be actively explored and are 
yet to emerge, I am confident that PET-MRI will be around to stay for many decades 
to come. Progress often appears slow in the early years of any technology, but then 
rapidly accelerates as a solid foundation is built and more investigators have the 
technology available to them. I am optimistic that we will see acceleration of the use 
of PET-MRI in multiple clinical applications in the years to come. We should insist 
on rigorous studies to prove the utility and cost- effectiveness of PET-MRI and not let 
the field stagnate by poorly designed single-institution studies. Furthermore, we 
should not be impatient as killer applications will take some time to emerge and vali-
dated. This book should be a terrific new resource for the biomedical imaging com-
munity and should help educate an entire new generation of trainees for whom 
PET-MRI should play an increasing role in the daily management of patients.

Stanford, CA, USA Sanjiv Sam Gambhir, MD, PhD
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1.1  Introduction to MRI-Compatible PET System 
Technology

Most of the technical developments of combining emission and x-ray tomography 
began in the 1990s; the first multimodality scanner combining positron emission 
tomography (PET) and computed tomography (CT) sequentially was introduced to 
the medical imaging community in 1991 [1, 2].

Despite the software co-registration issues, limited soft tissue contrast, higher radia-
tion dose (over 10 mSv), and significantly higher cost of the integrated PET/CT system, 
the stand-alone PET system disappeared in about a 4-year period after the first PET/CT 
system was introduced [3]. Even though integrating PET and magnetic resonance imag-
ing (MRI) was suggested earlier in the early mid-1990s [4], it was the successes as well 
as limitations of PET/CT that further motivated the integration of PET with MRI. It took 
about 15 years of research and development to arrive at the first commercially available 
whole-body simultaneous PET/MRI system [5–8]. The main reason for this slow devel-
opment progress is due to a very complicated, and hence costly, integration process.

There have been several attempts to combine MRI and PET for preclinical and 
clinical applications from research groups and industry [5–25]. The combination of 
MRI and PET has proven to be very challenging due to the mutual interference 
between the two subsystems affecting each other’s performance [26–28]. The 
extremely complicated and high-power electromagnetic fields emitted from the MR 
scanner exclude the use of standard photomultiplier tubes (PMT), add noise in the 
readout electronics, and induce eddy currents on conductive metal surfaces and 
traces employed to shield and read out the detector, and the presence of conductors 
and electrical signals from the PET system can distort and attenuate the B0 and B1 
and gradient fields of the MR system. Even though the challenges of integrating 
PET and MRI are significant, there are some advantages of PET/MRI over PET/CT 
[29–31]. MRI is more versatile in some aspects than CT due to its wide range of 
contrast mechanisms available through a variety of imaging pulse sequences [32]. 
MRI also boasts superior contrast in soft tissue regions of the body [33]. The spa-
tially and temporally co- registered MRI data can be used to improve the quality and 
accuracy of the PET data [29–31]. Also, the total delivered ionizing radiation dose 
can be reduced significantly for PET/MRI compared to PET/CT, as no dose is gen-
erated by MRI.

There are different options for a PET/MRI system configuration [34–36]. The 
least complicated approach to integrate PET and MRI is to place them in-line, 
allowing for sequential acquisition in a similar manner as for PET/CT; since this 
approach does not allow simultaneous acquisition, it leads to potential image co- 
registration issues, as well as lengthy acquisition times. However, “full” integration, 
possible only through placing the PET inside the MRI system, is an attractive alter-
native configuration as it enables simultaneous PET and MRI acquisition, resulting 
in shorter acquisition times comparable to MRI acquisition and better spatial and 
temporal co-registration compared to the sequential acquisition.

More detail on promising clinical applications of integrated PET/MR are introduced 
in other chapters. Besides the clinical potentials, there is also a large research potential 
for PET/MRI [31]. There is potential for a new generation of unique functional studies 
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as MRI is not limited to anatomical imaging [37, 38]. Dynamic processes in the body 
can be investigated and quantified [38], and new PET/MRI multimodality tracers can 
be explored as well to provide multiparameter characterization of disease [31].

In this chapter, we describe some important issues and choices involved in PET/
MRI system design and technology. We discuss the advantages and limitations of 
the available configurations, giving the reader an overview of the different setups 
investigated by the various groups working on PET/MRI system prototypes.

1.2  Electromagnetic Interference

Even though the combination of MRI and PET provides complementary anatomi-
cal, functional, and molecular information, by nature, they are physically incompat-
ible. Thus, there are technical challenges due to the potential mutual interference 
with each other’s performance [26–28]. As discussed in the last section, the intense 
static magnetic field, rapidly oscillating gradient fields, and high-power RF pulses 
from the MRI scanner may interact with the PET component and the conductive 
materials and signals created in the PET system may interfere with the MRI compo-
nent of a simultaneous PET/MRI system.

Given the many potential sources of mutual interference inherent to the fully inte-
grated approach, great attention is paid to all aspects of MRI compatibility of PET detec-
tor components, including the selection and production of non- ferromagnetic 
components, Faraday shielding considerations, differential signal processing for analog 
detector signals, readout circuit layout to avoid eddy currents and heating, and minimiz-
ing RF emissions from power supplies. This section is intended to provide an overview 
of technical features and challenges associated with combining PET and MRI.

1.2.1  Magnetic Susceptibility

MRI consists of a powerful static magnetic field (B0) to align the magnetic moments 
of atomic nuclei. Magnetic susceptibility artifacts refer to a variety of MRI artifacts 
that share distortions or local signal change due to local magnetic field inhomoge-
neities from a variety of materials that may be present inside the MR system bore. 
Since MR image quality is strongly dependent on the uniformity of the static mag-
netic field [39], materials with high susceptibility should be either avoided or placed 
as far from the field of view (FOV) as possible.

As the PET is placed inside the MRI bore, concerns rise regarding the PET com-
ponents affecting the magnetic field uniformity and MR image quality. When the 
PET and MR systems are apart from each other, as they are in sequential PET/MRI 
systems, the magnetic susceptibility is a minor issue. However, for fully integrated 
PET/MRI or a PET insert configuration, where the PET detectors are located inside 
the MRI bore, there is a higher risk of distorting the magnetic field or gradients.

Materials with high magnetic susceptibility need to be avoided in the PET detec-
tors and electronics designs, especially when placed closer to the center of the MRI 
bore. Even with careful design, some degree of field distortion is inevitable, but 
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minor distortions could be corrected effectively by shimming, which is an MR sys-
tem calibration process to make the main magnetic field more homogeneous. In 
passive shimming, small pieces of sheet metal or ferromagnetic pellets are placed to 
correct for the distorted field, and in active shimming, currents are controlled in a 
specialized coil for further improvement in the field homogeneity.

Although the static magnetic field mostly constrains the PET component selec-
tion, there is a benefit of high static field for the PET resolution performance. Due 
to the Lorentz force, the positron range or the maximum distance that the positively 
charged positron travels before the annihilation inside a strong magnetic field is 
reduced in the direction orthogonal to MRI system axis [30]. The reduced positron 
range thus improves the PET spatial resolution in that transaxial direction.

1.2.2  Shielding Effectiveness

Any electronics within the magnet bore may be susceptible to MRI RF interference. 
The electronic cross talks between the modalities are potential sources of image 
artifacts and general performance degradation to both systems [27, 40].

In the MRI system, the gradient fields are in the order of 102–103 Hz, and the RF 
pulses are at the Larmor frequency (42.58 MHz/Tesla for protons) and subsequent 
harmonics, which are the integer multiples of the fundamental frequency. These 
intense RF excitation pulses and switching gradient fields can add unwanted signals 
in the PET front-end electronics. Furthermore, high frequency signals from the PET 
electronics, such as clock signals or other sources of high frequency noise, can be 
emitted and picked up by the sensitive MR acquisition system. Therefore, great care 
must be taken with electronic circuit layouts, component choices, and RF shielding 
designs in order to mitigate the interferences between PET and MRI.

Besides appropriate RF shielding to prevent the intense time-varying fields of the 
MRI system from interfering with the PET detector and vice versa, filter designs can 
be employed to avoid such interference; however, this could degrade the PET per-
formance [41–43].

A design criterion of a shielding enclosure is the shielding effectiveness, which 
indicates the losses undergone by a signal going through it. The shielding effective-
ness is primarily due to reflection and absorption properties of the shield, and cop-
per and aluminum with high conductivities are great reflection shield materials, 
whereas mu-metal (a nickel-iron soft magnetic alloy) with very high magnetic per-
meability is excellent for absorption [44]. In addition, the skin depth, which is the 
depth at which the incident field magnitude drops to e−1, needs to be considered 
[45]. The skin depth is inversely proportional to the square root of the electrical 
conductivity, the magnetic permeability, and the signal frequency.

Despite of the reflective and absorptive properties of the shielding designs, there 
are several constraints, such as the PET annihilation photon attenuation and the 
eddy current induction, that need to be considered. More discussions on these will 
be discussed in the following sections.

B.J. Lee et al.
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1.2.3  Eddy Current

Besides the static magnetic field and the RF field, the gradient system also is another 
main source of interference that needs to be considered when PET is within the MR 
system. A gradient system in MRI systems is usually built with high spatial linearity 
and fidelity as well as fast switching time. Gradient fields are switched rapidly at 
frequencies of the order 102–103 Hz. These rapidly switching magnetic fields at that 
frequency can induce eddy current loops in any conductive components introduced 
into the MRI bore, including the PET circuitry or the shielding structure. These 
undesirable eddy currents in the front-end circuit and conductive shielding structures 
add noise to the PET signals and, furthermore, can also lead to heating, mechanical 
vibrations, and secondary fields that can further affect PET performance [46].

Any non-ideal conductor (e.g., a metal) with electrical current flowing through it 
will be heated by Joule heating. This heating effect can cause discomfort or burn 
patients when they are in contact with conductive objects. In addition, the heating 
can degrade performance of temperature-sensitive electronic components. In the 
case of silicon photomultipliers (SiPMs) [70], a silicon-based photodetector, tem-
perature variations shift the breakdown voltage, leading to a gain alteration, which 
then leads to variations in photon detection efficiency and dark counts. These con-
sequences degrade the energy and coincidence time resolution of the PET detectors 
and result in reconstruction artifacts and quantification errors [47]. Several cooling 
approaches to stabilize the thermal variation of the detector system have been intro-
duced as well [48–50].

In addition, the time-varying eddy currents induced in conductors that are placed 
within the static magnetic field cause mechanical vibrations due to the Lorentz 
force. The vibration amplifies with the magnetic flux density and the induced cur-
rent magnitude. The dimensions and the properties of the coil will determine the 
frequency of the vibration modes [51, 52]. The significant mechanical vibration of 
the large metallic structures, such as the RF shielding of the PET detector, can lead 
to further instability of the PET performance.

Furthermore, secondary magnetic field is produced by an induced eddy current. 
This secondary magnetic field degrades the spatial and temporal performance of the 
primary field generated by the gradient coils. During specific RF sequences with 
intense gradient fields, the reconstructed images are distorted, and artifacts, such as 
the Nyquist ghosting artifact, are introduced to the reconstructed image [53, 54].

There are some methods to modify the shielding design to reduce these problem-
atic eddy currents. The use of segmented or mesh structure, limiting the conductive 
loops along the shield surface, can alleviate this problem [55]. In addition, double- 
sided shielding designs with offset breaks could be used as well [56]. Furthermore, 
carbon fiber composite is an alternative shielding material with high conductivity at 
high frequencies (MHz range) to reflect the RF fields and high resistivity at low 
frequencies (kHz range) to impede the gradient-induced eddy currents [40, 57].

1 PET System Technology Designs for Achieving Simultaneous PET/MRI
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1.2.4  Annihilation Photon Attenuation

When the annihilation photons interact with different materials in the PET FOV, 
some photons are taken away from their original trajectory due to the Compton scat-
ter interaction in those materials. This leads to significant loss in the number of 
detected photons in any given line of response (LOR) formed by two opposing 
detector elements in the PET detector ring, which exponentially decreases with the 
thickness and attenuation coefficients of the materials in which it traverses [58, 59]. 
This effect is referred to as “photon attenuation.” Furthermore, another common 
problem in PET acquisition is when those Compton scattered photons that left their 
original LOR were detected by another detector pair, leading to an erroneous count 
placed in another LOR. This effect is known as “scatter background”. These unde-
sirable effects degrade the PET image signal-to-noise ratio (SNR) and accuracy.

Addressing these effects requires special correction algorithms to be applied dur-
ing the image reconstruction. Different algorithms for PET photon attenuation cor-
rection and their implications will be discussed in Chap. 6. Methods for scatter 
correction may be found in references [92–101].

1.3  Signal Generation and Processing in PET

A typical signal generation and processing chain in a PET system is shown in 
Fig. 1.1. Five major components that constitute a typical PET system hardware are 
scintillators, photodetectors, front-end readout electronics, back-end data acquisi-
tion system, and a computer workstation to control the acquisition and image recon-
struction. Since most photodetectors are transparent to the highly energetic 
(511 keV) annihilation photons emitted from the subject, scintillators are used to 
convert the high-energy annihilation photons to lower-energy photons in the ultra-
violet and visible light range, which can then be detected by photodetectors. 
Photodetectors further convert these lower-energy photons into an electric current, 
which is relayed to the front-end readout electronics and data acquisition system, 
which amplify the signal and extract the energy, time (for coincidence detection), 
and position information from the signal. The energy, time, and position informa-
tion are then sent to a workstation for image reconstruction to generate the PET 
images. In the following sections, further details on scintillators, photodetectors, 
and readout electronics will be given, with special attention paid to their applica-
tions in PET/MRI.

+Annihilation
photons

Scintillators Photodetectors
Font-end
readout

electronics

Back-end
data acquisition

system

Work-
station

Lower
energy
photons

Electric
currents

Position
Energy
Time

Images

Fig. 1.1 Signal generation and processing in a typical PET system
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1.3.1  Scintillators

Scintillators are used to convert annihilation photons to lower-energy (visible light) 
photons, which can be detected by photodetectors. Characteristics of an ideal scin-
tillator for PET applications include high effective atomic number (Z) and density 
(for higher probability to interact with annihilation photons), high light yield and 
short decay time (for good energy resolution and precise timing of the detection of 
annihilation photons), a light emission spectrum matching the absorption spectrum 
of the photodetectors, and non-hygroscopicity to simplify construction. Due to 
these desired characteristics, the most widely used scintillators in PET systems are 
inorganic scintillators [65]. Some important properties of common inorganic scin-
tillators used in PET systems are summarized in Table 1.1.

Applications in PET/MRI In order to be compatible to MR systems, scintillators 
with magnetic materials should be avoided when possible. For example, GSO(Ce) 
and LGSO(Ce) contain gadolinium, which is commonly used in MRI contrast 
agents, and can distort the magnetic field, causing artifacts in MR images [66].

1.3.2  Photodetectors

Photodetectors are used to convert the scintillation light pulse into a detectable elec-
trical signal. Two major groups of devices to detect scintillation light signals in PET 
are PMTs and solid-state photodetectors, which include avalanche photodiodes 
(APDs) and SiPM.

1.3.2.1  Photomultiplier Tubes
A PMT consists of a light entrance window, a photocathode coated at the inner side 
of the entrance window, a series of electrodes (dynodes), and an anode, which is 

Table 1.1 Properties of common inorganic scintillators used in PET

Properties BGOa LSO(Ce)b GSO(Ce)c LGSO(Ce)d LaBr3 (Ce)e

Effective atomic number (Z) 73 66 59 59 47
Density (g/cm3) 7.1 7.4 6.7 7.2 5.3
Decay time (ns) 60/300 

(fast/slow)
40 60/600 

(fast/slow)
30–65 16–18

Photon yield (per keV) 8 20–30 12–15 25–35 61
Peak emission (nm) 480 420 430 420 360
Hygroscopic? No No No No Yes
Magnetic susceptibility? No No Yes Yes No

aBismuth germanate (Bi4 Ge3 O12)
bCerium-doped lutetium oxyorthosilicate (Lu2 SiO5:Ce)
cCerium-doped gadolinium orthosilicate (Gd2 SiO5:Ce)
dCerium-doped lutetium-gadolinium orthosilicate (Lux Gd2−x SiO5:Ce)
eCerium-doped lanthanum bromide (LaBr3:Ce)

1 PET System Technology Designs for Achieving Simultaneous PET/MRI
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connected to readout electronics that integrate the resulting current [65]. All PMT 
components are housed in a vacuum-sealed glass enclosure. A positive voltage is 
applied to the anode relative to the photocathode, and each dynode is maintained at 
a higher potential than the previous one. When the scintillation photons strike the 
photocathode, electrons are liberated from the surface of the photocathode. These 
primary photoelectrons are focused and accelerated toward the first dynode due to 
the electric field established between the photocathode and the first dynode. These 
accelerated photoelectrons then strike the first dynode, which liberates more sec-
ondary electrons from it, which are accelerated toward the second dynode. The 
same process repeats through several dynode stages, creating an avalanche of elec-
trons, which are collected at the anode and processed by the readout electronics. 
The electron multiplication process through several dynode stages leads to a high 
internal gain (106–107).

Applications in PET/MRI Since the electron multiplication process in a PMT 
depends on electron trajectories between electrodes, PMTs are highly sensitive to 
magnetic field due to the Lorentz force, which bends the path of the electrons. 
Therefore, PMTs cannot operate near a strong magnetic field and are generally con-
sidered not MRI compatible. However, some of the earliest PET systems for PET/
MRI are constructed with PMTs [67, 68]. This requires using optical fibers to chan-
nel the light generated in the scintillators to PMTs placed away from the MRI sys-
tem. More discussions on these systems will be given in Sect. 4.

1.3.2.2  Avalanche Photodiodes
An APD is a semiconductor photodetector device that consists of a reverse-biased 
n-p junction with depleted drift region and a high gain avalanche region. The ava-
lanche region contains high doping concentrations, such that a large internal electric 
field is created within this region when the reverse bias is applied. Incident scintil-
lation photons create electron-hole pairs at the surface of the device. The bias volt-
age applied to the device separates these charge carriers before they can recombine 
with each other, and the electrons drift into the high gain region of the device. As the 
electrons enter the avalanche region, the strong electric field accelerates the elec-
trons to energies large enough to ionize Si atoms via impact ionization, creating 
secondary electrons that can further ionize more Si atoms, resulting in an avalanche 
of moving charge, which induces a large current on the electrodes. The reverse bias 
voltage is set below the breakdown voltage of the device such that the charge signal 
obtained is proportional to the original number of electron-hole pairs produced [28]. 
This avalanche process provides the internal gains of APDs, which are in the order 
of 10–1000. The gains of APDs are much lower than the gains of PMTs (106–107).

Therefore, the charge signal produced by APDs is more susceptible to the inter-
nal noise of the device and the amplification process, as well as external noise from 
the readout electronics and the ambient environment.

Applications in PET/MRI Unlike PMTs, APDs can be made very compact (few 
millimeters) compared to PMTs (few centimeters). Compactness is important in the 
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integration of PET with MRI, as PET system has to fit into a limited MRI bore size. 
In addition, in contrast to a PMT, in an APD device, the generation, multiplication, 
and collection of electrons occur within at most a few hundred μm as opposed to 
centimeters, making the signal generation in APDs much less sensitive to effects of 
the Lorentz force induced by a strong magnetic field. It has been shown that the 
performance of APDs is not affected by magnetic fields up to 9.4 T [23]. This allows 
the placement of APDs inside a MR system and therefore direct coupling between 
the scintillators and the APDs in order to achieve high scintillation light detection 
efficiency, preserving high detector signal SNR. An overview of some PET system 
designs for PET/MRI based on APDs will be given in Sect. 4.

1.3.2.3  Silicon Photomultiplier
SiPMs are semiconductor photon-counting devices consisting of many densely 
packed, electrically decoupled APD microcells (typical size 20–30 μm) placed on a 
common silicon substrate [70]. These APD microcells are biased at above their 
breakdown voltage so that they operate in Geiger mode (a scintillation photon that 
hits any microcell produces a Geiger discharge signal). Each microcell operates 
digitally as a binary device that generates a constant charge pulse when it is trig-
gered, regardless of the number of triggering photons. Therefore, the energy infor-
mation is lost in a single microcell but instead is determined by the number of 
microcells that are triggered by the flash of scintillation photons.

Digital SiPMs (dSiPMs) are an evolution of the SiPM technology [71]. Instead 
of outputting an analog signal that represents the scintillation pulse, dSiPMs have 
digital electronics integrated with the SiPMs in the same chip that converts and 
outputs the position, energy, and time stamp information in the digital format.

Applications in PET/MRI SiPMs combine many advantages of APDs and PMTs. 
Like APDs, SiPMs are insensitive to strong magnetic field and compact in size, which 
allows SiPMs to be operated inside the MR bore and be directly coupled to scintilla-
tors for high detector SNR. Unlike APDs, SiPMs operate in Geiger mode and have 
high intrinsic gains (106–107) that are comparable to PMTs so the output signal is less 
susceptible to the intrinsic noise of the device and the noise from the readout electron-
ics. The high SNR of the SiPM output allows precise timing of the scintillation pulse 
with extraordinary timing resolution [72], which enables advanced time-of-flight 
(ToF)-PET performance. As described in Sect. 3.3, ToF measurement can be used to 
enhance the image quality and accuracy in PET. Due to these favorable characteristics 
of SiPMs, most recent PET systems developed for PET/MRI are constructed with 
SiPMs [24, 73–78]. An overview of some of these systems will be given in Sect. 4.

1.3.3  Readout Electronics

Readout electronics is developed to amplify and process the electrical signal pro-
duced by the photodetectors and facilitate the recording of the energy, time, and 
position information of the scintillation event.
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Energy The energy information of the scintillation pulse is used to select the events 
that fall into the 511 keV photopeak for further processing and reduce the number of 
photons that scatter in tissue before entering the detector. Commonly used methods 
to obtain energy of scintillation pulses include integrating the electrical current and 
detecting the pulse amplitude of scintillation pulses. More information on how to 
acquire energy information of a scintillation pulse can be found in [79].

Time The timing information of the scintillation pulse is used to collect pairs of 
coincident annihilation photons that originated from the same positron decay 
event and reduce the number of random (i.e., accidental) two-photon coincidences 
resulting from distinct positron decay events. A system capable of detecting coin-
cident events with excellent coincidence time resolution (e.g., <400 ps FWHM, 
full width at half maximum) will have advance ToF-PET performance. ToF mea-
surement can be used during image reconstruction to localize the placement of 
counts along any given LOR connecting a pair of opposing detector elements that 
detect an annihilation photon pair. This constraining of the annihilation event 
placement along an LOR increases the reconstructed image SNR and hence the 
effective system sensitivity. It also improves noise performance and accuracy of 
PET image reconstruction [80].

Position In a PET system design with one-to-one coupling between the scintilla-
tors, photodetectors, and readout channels, each readout channel corresponds to a 
unique scintillator. In some applications to achieve high spatial resolution (e.g., 
small animal systems) or to reduce the number of readout channels, multiplexing 
with light sharing in the scintillation crystal array or charge sharing in the photode-
tector readout is used. Common multiplexing schemes to map the position of the 
scintillators to the readout channels include Anger logic [81] and cross-strip [82]. 
Recently, a multiplexing scheme based on compressed sensing has been used in a 
PET detector system [83], promising better compromise between multiplexing ratio 
and detector SNR compared to other multiplexing schemes [84].

Applications in PET/MRI Readout electronics has to be carefully designed in 
order to maximize PET performance and minimize interference with the MR sys-
tems. At the system level, there is a trade-off regarding how much readout electron-
ics to be placed within the MR system bore. Placing readout electronics as close to 
the photodetectors as possible to amplify or even digitize the signals immediately 
from the photodetectors preserves the detector SNR and hence the PET perfor-
mance. However, placing more readout electronics within the MRI system increases 
the chance to interfere with the MRI system. Moreover, the size of the MRI bore 
often limits the amount of electronic components that can be placed close to the 
photodetectors.

Electronic components that go into the printed circuit boards (PCB) of the front- 
end detector modules within the MRI bore should avoid using magnetic materials 
whenever possible. Good PCB layout practices such as minimizing the current 
loops should be closely followed, as unwanted magnetic fields can be generated 
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from these current loops and picked up by the MRI system. To minimize the eddy 
currents due to the alternating gradient fields from the MR system, large conduc-
tive area in the front-end detector modules should be minimized. For the same 
reason, the traces in the PCB should be carefully routed to avoid large conductive 
loops, which can generate currents due to switching magnetic flux and degrade the 
PET signal. Since the performance of APDs and SiPMs are highly dependent on 
temperature, thermal regulation needs to be implemented when designing the 
front-end readout electronics, especially if more power-consuming electronic com-
ponents are used.

Cables are often used to supply the power to the PET detector, send out the PET 
data to the back-end data acquisition system, and interface the communication 
between the front end and back end. However, electrical cables connecting to and 
from the front-end detectors can act as antenna and couple the electromagnetic 
fields from the MR system into the PET detectors and vice versa, degrading the 
performance of both PET and MR systems.

1.4  Overview of PET System Designs for PET/MRI

Many PET systems for PET/MRI have been designed in research groups and indus-
try. As mentioned in this chapter, a lot of design aspects should be considered when 
combining PET and MRI. In most cases, the PET systems have incorporated unique 
features and technologies to allow combined PET and MR imaging. In this section, 
we present some details of each system that enabled the PET system to be MR com-
patible for integration and simultaneous operation of the two modalities.

1.4.1  Preclinical PET/MRI

PMT-Based PET/MRI The first approach to combine PET and MRI for preclini-
cal imaging was in 1997 from UCLA [68]. To acquire simultaneous PET and MR 
images, a 0.2 T open magnet MRI system and a PMT-based PET system were used. 
LSO scintillation crystals were placed inside the MR scanner, and 4-m-long optical 
fibers were used to connect the scintillation signals to PMTs and readout electron-
ics, which resided a safe distance outside the fringe magnetic field (<0.01 T) to 
effectively eliminate electromagnetic interferences between PET electronics and 
MRI. The MR body coil and a RF receiver coil (outside the PET ring) were used for 
MR image acquisition.

A few other research groups also studied PMT-based PET/MRI system designs. 
A team from West Virginia [22] built a preclinical PET system for insertion into a 
3T MRI scanner. The PET system was based on two LSO block detectors coupled 
to fiber-optic light guides formed by bundling 2 mm diameter single-clad acrylic 
fiber-optic cables, which coupled the scintillation crystals sitting inside the magnet 
bore to the “flat panel” position-sensitive (PS)-PMTs residing outside in a magneti-
cally shielded cage. The flat panel PS-PMTs were designed with very compact 
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dynode chains so that the signal was less sensitive to the Lorentz force from the MR 
fringe fields. For MR imaging, a saddle receiver coil was built to fit inside the 
limited- angle PET scanner with only two PET detectors, then the body coil was 
used to transmit RF.

Similarly, Kobe City College’s team [19] developed a MRI-compatible PET sys-
tem for a 0.3 T permanent magnet open MRI system. The PET system consisted of 
a full ring of dual-layer LGSO crystals with the scintillation light transferred to 
PS-PMTs by slanted light guides and optical fiber bundles. The PS-PMTs were 
placed in a magnetically shielded cage at the back of the MRI system where the 
magnetic field was sufficiently low. For MR imaging, a solenoidal receiver coil was 
placed inside the PET ring. The dual layer of LGSO crystals provided photon depth 
of interaction (DOI) information and yielded slightly higher transaxial spatial reso-
lution at the edge of the FOV compared to the non-DOI configuration.

Although PMTs have low noise and good efficiency, limitations of the PMT- 
based PET/MRI system design were inherent. For example, coupling the scintilla-
tion crystals to optical fiber/light guides significantly degraded the PET performance 
due to a significant (50–75%) scintillation light attenuation and temporal disper-
sion, degrading the crystal identification, energy resolution, and timing resolution. 
The bore size for preclinical imaging was limited as well; since the optical fibers 
and/or light guides occupy too much space, the scalability was restricted.

To mitigate some of these PMT limitations, some novel approaches were pur-
sued. The PET/MRI system from University of Cambridge [60] had the PET detec-
tors reside in the gap between a split magnet, allowing a relatively large scintillation 
crystal volume inside the gap within the MRI system, and relatively shorter (120 cm) 
optical fibers (compared to the previous PMT-based optical fiber systems) transmit-
ted scintillation light signal radially out from the magnet bore. Similarly, the 
University of Western Ontario [61] designed a field-cycled MRI with a conventional 
PMT-based PET system which read out the PET signals only when the magnetic 
field was shut off. Although both of these ideas were unique and showed a signifi-
cantly better PET performance than the conventional PMT-based PET systems, 
these systems had drawbacks as well. They only operated at low magnetic fields 
restricting the flexibility of the imaging applications, had to modify the MRI system 
substantially, and/or suffer from a significant dead time for the PET acquisition dur-
ing the MRI system operation.

APD-Based PET/MRI In 2006, APDs, which are magnetic field insensitive and 
solid-state photon detectors, emerged in PET system designs as replacements for 
PMTs which were suffering from the known SNR and mechanical limitations [16, 
18, 62, 63, 69].

UC Davis’s preclinical PET insert system [69] consisted of LSO scintillation 
crystals at the axial center of the FOV and PS-APDs along with charge-sensitive 
preamplifier relayed axially out through relatively short optical fibers (10 cm). The 
PS-APDs and the preamplifiers were enclosed in metal housing for shielding elec-
tromagnetic interference (EMI) between the PET and MRI systems. As APDs were 
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less sensitive to the magnetic field than the PMTs, the APDs could be placed much 
closer to the scintillation crystals and within the MR bore. The PET insert was 
placed inside a 7T MRI scanner, and a transmit/receive (TX/RX) RF coil was used 
for MR image acquisition.

Similarly, the preclinical PET insert system from Tubingen University [63] 
employed a full ring of LSO-APD with charge-sensitive preamplifier, and the sig-
nals were read out by 6 m fully shielded nonmagnetic coaxial cables routed to the 
control room. This system did not use optical fibers to relay the scintillation light to 
the APDs, instead directly coupled LSO to an APD array with a light diffuser in 
between. The detector modules were enclosed inside a doubled-sided PCB coated 
with copper and positioned inside a 7T MRI. The combined TX/RX RF coil was 
placed inside the PET detector ring for MR acquisition.

Stony Brook University built a PET system [18] that can be inserted into a 9.4T 
micro-MRI system. LSO crystals were one-to-one coupled to APDs employing a 
nonmagnetic socket mounted on a flexible PCB, which rolled up and was secured in 
a plastic housing. A custom-built TX/RX RF coil fitting inside the PET ring was 
used for MR imaging. The PET system did not have any shielding, and EMI from 
the MRI system was observed in the PET data.

In general, APD-based PET systems required charge-sensitive preamplifiers to 
be placed as close as possible to the detectors inside the MR bore to minimize the 
capacitance, ensuring lower noise and better signal quality. The detector modules 
were enclosed in shielding cages to mitigate the EMI between the PET’s front-end 
readout system and MRI’s RF and gradient system.

Analog SiPM-Based PET/MRI Despite a mature technology of the APD detector, 
there were limitations including the lower gain of signals and inferior coincidence 
time resolution compared with PMTs. The SiPM gained attention as a promising 
photodetector for PET/MRI systems because it is insensitive to magnetic fields and 
has high amplification gain and superior timing resolution, comparable to those of 
the PMT [70]. Therefore, several research groups [10, 13, 64, 74] have worked on 
the development of SiPM-based PET/MR systems.

Sogang University’s PET system [10] consisted of LYSO scintillation crystals 
and SiPM arrays enclosed in detector modules; then the output charge signal was 
transmitted to a preamplifier located remotely through 300 cm length shielded flexi-
ble flat cables. This analog charge signal transmission approach decreased the space 
requirements inside the MR bore and minimized the mutual interference between 
PET and MRI eliminating the need for RF shielding. Therefore, no RF shielding was 
applied to the detector modules. A TX/RX RF coil was used for MR imaging.

RWTH Aachen University [64] developed a SiPM-based preclinical PET insert 
for a human 3T MRI system. LYSO scintillation crystals were coupled to SiPM 
arrays, which were directly digitized by a custom integrated circuit (IC)-based read-
out board. The detector module was integrated with fluid cooling and enclosed 
inside RF shielding. Then, a TX/RX birdcage RF coil fitting inside a PET ring was 
used for MR image acquisition.
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Seoul National University [74] built a PET system based on LGSO and SiPM 
detector modules enclosed in a dual-layer copper shielding cage. Nonmagnetic foil- 
screened twisted-pair cables were used to transfer the data from the detector module 
inside the MRI bore to the data acquisition system in the control room. The PET 
ring was inserted into a 3T whole-body MRI; An MRI body coil was used for RF 
transmission, and a loop receiver coil was located inside the PET system for MR 
acquisition. Despite the fact that the gadolinium in the LGSO is magnetically sus-
ceptible (see Sect. 3.1), MRI susceptibility artifacts were not observed in a 3T envi-
ronment [19].

Eulji University [13] developed a SiPM-based PET with the LYSO scintillation 
crystals, short optical fiber bundles, and SiPMs residing outside the shielding cage, 
and only the front-end electronics with a resistive charge division network and a 
differential amplifier were enclosed in a copper shielding cage. The PET ring was 
inserted into a 3T MRI bore, and MRI body coil and a surface receiver coil were 
used for MR image acquisition.

Digital SiPM-based PET/MRI dSiPMs emerged as the latest evolutionary step in 
silicon-based photodetectors. As mentioned earlier, dSiPMs actively quench and 
digitize the breakdown of individual single photon avalanche diodes (SPADs), and 
the digitized breakdowns are summed up for signal processing.

As of date, only Aachen University has built a dSiPM-based PET/MRI system 
[9, 14, 50, 85]. Each detector module was assembled with LYSO scintillation crys-
tals and dSiPMs, which are liquid cooled via rectangular brass pipes, and enclosed 
inside a carbon fiber composite shielding cage. Data transfer from and to the PET 
detector modules were done by optical transceivers. The PET ring was inserted into 
a 3T whole-body MRI, and a combined TX/RX RF coil was used for MR image 
acquisition.

Commercial Preclinical PET/MRI Recently a number of commercially available 
combined PET/MRI systems for preclinical imaging (Mediso [16, 89], MR 
Solutions [91], Bruker [90]) have emerged. Mediso has developed a NanoScan 
small animal PET insert for sequential in-line PET/MRI [16, 89], for which the PET 
system consists of LYSO crystals connected to a light guide and magnetically 
shielded PS-PMTs. For MR imaging, a 1T permanent magnet or a 3T cryogen-free 
magnet, featured with built-in gradient coils and a TX/RX RF coil, is used. The 
detector modules are RF and magnetically shielded. MR Solutions and Bruker built 
PET inserts that enable both sequential and simultaneous PET/MRI studies [90, 91], 
allowing scientists to choose any mode for their preferences. The PET insert of MR 
Solutions consists of dual-layer LYSO, for DOI detection capability, coupled to 
SiPMs, which is inserted within the cryogen-free 3T, 4.7T, or 7T MRI magnet. 
Bruker built a sequential in-line PET/MRI (3T) system and a simultaneous PET 
insert system (for 4.7T, 7T, and 9T MRI). Both systems consisted of continuous 
LYSO crystals with DOI detection capability and SiPMs.

B.J. Lee et al.



15

1.4.2  Commercial Clinical Integrated PET/MRI Systems

Currently there are two commercial clinical PET/MRI systems that allow simulta-
neous clinical PET and MR acquisition: Siemens Biograph mMR and GE SIGNA 
PET/MR. Both are permanently integrated systems: the PET and MRI systems are 
permanently locked together, which means typically the customer procures both 
systems plus covers the cost of a new installation.

1.4.2.1  Siemens BrainPET and Biograph mMR
A PET system dedicated for PET/MRI brain scanning was developed by Siemens 
(BrainPET) [12]. A RF head coil was included inside the PET system to transmit 
and receive the RF fields for MRI brain imaging. The detector module comprised a 
12 × 12 array of 2.5 × 2.5 × 20 mm3 LSO crystals coupled to a 3 × 3 array of APDs. 
The smaller scintillator crystals used in this system allows a reconstructed spatial 
resolution of <3 mm FWHM, compared to 4.3 mm reported for the Biograph mMR 
as described in the following section, which uses 4.0 × 4.0 × 20 mm3 LSO crystals. 
More details on the performance of this system can be found in [12].

In 2011, Siemens introduced the first commercial whole-body integrated PET/
MRI system (Biograph mMR), which was based on a similar detector technology 
used in the brain PET system. Figure 1.2 shows drawings of this system design. 
Components that constitute the system from the inside to the outside are the MRI 
RF body coil, PET detector rings, gradient coil assembly, primary magnet coil (with 
3 T magnetic field strength), and magnet shielding coil. Since the PET detectors are 
integrated between the RF body coil and gradient coil, careful design of the body 
coil is required to reduce its attenuation to the 511-keV photons to preserve the PET 
image quality. PET detectors also have to be nonmagnetic and “transparent” to the 
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Fig. 1.2 Schematic drawing and photograph of Siemens Biograph mMR (reprinted from [88], 
courtesy of Siemens Healthineers)
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gradient fields generated by the gradient coils in order to not distort the linearity of 
the fast switching gradient fields used for encoding spatial information to form the 
MRI images. A wide-bore (70 cm diameter) MRI magnet technology is used, and 
after the integration of the PET detectors, the available bore size of the integrated 
system is 60 cm.

Figure 1.3 shows one PET detector assembly for the Biograph mMR. It consists 
of 64 LSO crystals arranged in an 8 × 8 array coupled to a 3 × 3 array of APDs. A 
9-channel preamplifier ASIC (application-specific integrated circuit) and driver 
boards as well as water cooling channels are integrated behind the APDs, which 
complete each detector block. The detector block is designed free of magnetic 
components. Fifty-six of such blocks form one PET detector ring, and eight detec-
tor rings form the PET subsystem in the Biograph mMR that spans an axial FOV 
of 25.8 cm. The specs and performance of the Biograph mMR are summarized in 
Table 1.2.

1.4.2.2  GE SIGNA PET/MR
In 2016, General Electric (GE) introduced the first whole-body ToF-PET/MRI inte-
grated system. Figure 1.4a shows the schematic drawings of the integrated system. 
The system is designed based on the 3T MR750w MRI scanner (GE Healthcare), a 
whole-body MRI system with a 70 cm diameter patient bore. The RF body coil and 
its shield were redesigned in order to accommodate the PET detectors: an inward 
dip in the RF shield (Fig. 1.4a) allows space to place the PET detector ring with 
minimal photon attenuation. Like the Siemens mMR system, the body coil resides 
just inside the PET ring. The PET detector ring is 25 cm axially, and after the inte-
gration of the PET detectors, the bore diameter of the integrated system is 60 cm. To 
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Integrated
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ASIC board
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Fig. 1.3 PET detector assembly for Siemens mMR (reprinted from [88], courtesy of Siemens 
Healthineers)
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Table 1.2 Summary of PET subsystems of commercial integrated PET/MR systems

Performance metrics Siemens Biograph mMR [8] GE SIGNA PET/MR [7]
Scintillator LSOa LBSb

Photodetector APDs SiPMs
Transaxial FOVc (cm) 59.4 60
Axial FOV (cm) 25.8 25
Energy resolution (%) 14.5 10.5
Time resolution (ps) 2930 390
Spatial resolutiond (mm) 4.3 4.4
Sensitivityd (cpse/kBq) 15 23
Peak NECRf (kcps) 184 (at 23.1 kBq/ml) 218 (at 17.8 kBq/ml)

aLutetium oxyorthosilicate
bLutetium-based scintillator
cField of view
dMeasured at the center of the system
eCount per second
fNoise-equivalent count rate

Integrated PET/MR system Cross-section of the system

Gradient coils

Detector electronics

Body coil former Scintillator

RF conductor End shield

Support ribs

MR RF body coil

Detector board
processes signals
from ASIC

5 detector
units

LBS
scintillator

Crystal
cover

RF shield

PET detector
modules

MR RF shield with
dip in the center

a
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1
2

3
4

5

Fig. 1.4 (a) Schematic drawing of GE SIGNA integrated PET/MRI system, showing the cross 
section of a detector integrated with the RF body coil. (b) Schematic of a detector module and unit 
(reprinted from [6] with permission from Dr. Craig S. Levin at Department of Radiology, Stanford 
University)
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minimize interference between the PET and MRI subsystems, all communication 
between the front-end readout electronics and back-end data acquisition system is 
over optical fibers, and the only electrical connection to the front-end detector mod-
ule is through a double-shielded (braid plus foil) cable that carries power and timing 
clock over twisted pair wiring.

The PET detector ring comprises 28 identical detector modules (Fig. 1.4b). Each 
detector module comprises 720 3.95 × 5.3 × 25 mm3 lutetium-based scintillator 
(LBS) crystals read by arrays of SiPMs. Signals from the SiPM arrays are amplified 
and processed by ASICs mounted on the same board to acquire position, energy, 
and timing signals. The high gain of the SiPMs, in conjunction with the readout 
electronics placed close to the SiPMs to amplify and digitize the signal, preserves 
the detector SNR and allows advanced ToF-PET performance for this system (Sects. 
3.2.3 and 3.3). Active thermal regulation is employed in this system: each detector 
module is water cooled. In addition, 280 thermistors are implemented to measure 
the temperature throughout the PET ring. The temperature map is used to control 
the bias voltage applied to each individual SiPMs to correct any gain shift of the 
SiPMs, which is temperature dependent. The specifications and performance of this 
system is summarized in Table 1.2.

1.4.3  Clinical PET Insert Systems for PET/MRI

A PET insert is a separate system that can be installed into (and removed from) a 
MRI system for simultaneous PET and MRI acquisition. A PET insert allows a MRI 
site to achieve PET/MRI by only acquiring the PET insert, which is expected to 
reduce the cost compared to acquiring an integrated PET/MRI system, as it avoids 
the cost to purchase both PET and MRI systems and does not require costly room 
renovations. This section gives an overview of PET insert systems developed for 
clinical use.

Sogang Neuro-PET A neuro-PET insert has been developed at Sogang University 
in Seoul, South Korea. Figure 1.5 shows photos of this PET insert system placed 
inside a 3T MRI system.

This neuro-PET insert system uses 3 × 3 × 20 mm3 LYSO crystals that are one-
to- one coupled to 3 × 3 mm2 SiPMs. As shown in Fig. 1.5 (right), the signals gener-
ated by the SiPMs are relayed to the readout electronics placed in a shielded box 
outside the MRI bore using 300 cm flexible flat cables (FFC), which was also used 
in the small animal PET insert system [10] developed by the same group. To mini-
mize electromagnetic interference, the PET gantry hosting the LYSO crystals and 
SiPMs is shielded with gold-plated conductive fabric tape of 0.1 mm thickness, and 
the 300-cm-long FFCs are shielded with a mesh-type aluminum sheet of 0.24 mm 
thickness. All PET acquisition electronics are located outside the MR bore and 
enclosed in an aluminum box with a thickness of 10 mm. The transaxial FOV and 
axial FOV of the scanner as reported in [77] are 250 mm and 12.9 mm, respectively. 
A recent paper from the same group showed that the axial FOV has been extended 
to 60 mm [87].
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Stanford “RF-Penetrable” BrainPET Insert for Simultaneous PET/
MRI Another brain PET insert system for PET/MRI has been developed at 
Stanford University (Fig.  1.6) [24, 83, 86]. The ring is formed by 16 shielded 
 modules, each comprising arrays of 3 × 3 × 20 mm3 LYSO scintillation crystals 
coupled one-to-one to 3 × 3 mm2 pixels of SiPM arrays. The PET insert has an inner 
diameter of 32 cm and an axial FOV of 2.8 cm. Unlike all other PET inserts for 
MRI, this ring is “RF penetrable” [102, 103], that is, the RF field from the built-in 
body coil of the MRI system can transmit through small (1 mm) inter-module gaps 
in the PET ring to excite the spins within the subject to be imaged, with relatively 
low field attenuation (and the RF fields generated from the relaxation processes of 
these spins can also penetrate the PET ring and be detected by the RF body coil). 
The key to this unusual feature is that the PET ring is electrically floating with 
respect to the MRI system. There are two basic technologies facilitating this isola-
tion: (1) this system utilizes electro-optical signal transmission [104], instead of 
electrical cables, where the analog signals from the SiPMs drive small telecommu-
nication lasers that convert the electrical current to coherent near-infrared light, 

Fig. 1.5 Frontal (left) and rear (right) view of the Sogang neuro-PET insert with the RF coil 
placed inside a 3T MRI system (Reprinted from [77], with permission from Dr. Yong Choi, 
Department of Electrical Engineering, Sogang University)

3T MRI

Optical fibers
: 256 CHs

Batteries

32 cm

Fig. 1.6 (Left) Rear view of the Stanford RF-penetrable BrainPET insert for a 3T MRI system. 
(Right) Frontal view of the system
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which is transferred out of the MRI bore through 20 m length optical fibers to an 
optical data acquisition system residing in the adjacent control room. (2) Electrically 
isolated batteries placed close to the PET detector modules are used to power the 
PET detectors with short electrical cables. In addition to enabling RF penetrability, 
this configuration reduces other potential sources of electromagnetic interference 
between the PET and MRI systems. Therefore, simultaneous PET and MRI images 
can be acquired with this PET insert system by using only the built-in body coil of 
the MR system [86], and there is no need to implement a combined RF TX/RX coil 
within the PET insert, which was required for all other PET insert systems.

This alternative RF-penetrable PET insert approach can also be scaled to a large 
diameter, potentially reducing the development complexity of a whole-body PET/
MRI system, since the body coil does not have to be reengineered to reside inside 
the PET ring as it is for the GE and Siemens PET/MRI system designs (see Figs. 1.2 
and 1.4), which have to bring the RF transmitter coil inside the PET ring since the 
latter is not RF penetrable. Typically, better MR image quality may be achieved 
with this RF-penetrable PET insert by using the body coil as the RF transmitter but 
a high-sensitivity receive-only coil placed within the PET insert as the RF receiver. 
Using the built-in body coil for RF transmission would also maximize the useful 
patient bore diameter, as no RF TX coil is needed inside the PET ring. Eliminating 
coil materials placed within the PET insert would also reduce 511 keV photon scat-
ter and attenuation, potentially improving PET image quality and accuracy. More 
details on the RF-penetrable PET detector design and performance evaluation of the 
prototype system shown in Fig. 1.6 can be found in [24, 83, 86].

Several Other Research Groups Are also Working on Brain-Dedicated PET 
Insert Systems for PET/MRI. A research group at the National Institute of 
Radiological Sciences in Chiba, Japan, has developed a prototype detector using 
four layers of LGSO scintillators with depth-of-interaction (DOI) capability [105], 
which can improve the spatial resolution uniformity across the system FOV. However, 
they reported influence on the MRI measurement due to the magnetic susceptibility 
of the LGSO crystals used in the prototype detector [105].

A research group at the Institute for Instrumentation in Molecular Imaging (I3M) 
in Valencia, Spain, is developing a PET insert system with sufficient resolution and 
sensitivity to visualize neurotransmitter pathways and their disruptions in mental 
disorders using simultaneous PET/MRI measurements for diagnosis and follow-up 
treatment (the Multimodal Imaging of Neurological Disorders (MINDView) proj-
ect) [106]. Feasibility studies on prototype detectors based on two crystal designs, 
namely, a three-layer staggered array of 1.5 mm LYSO crystals and a black-painted 
monolithic LYSO block, were reported in [106].

Another research group at the University of Pisa in Italy is developing a tri-
modal (PET/MRI/EEG) scanner (the TRIMAGE project). Initial results on the pro-
totype detector of this system based on 3.3 × 3.3 × 8 mm dual-layer staggered 
LYSO crystals combined with readout electronics based on TRIROC ASIC were 
reported in [107].
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1.5  Summary and Conclusion

Significant efforts to achieve simultaneous PET/MRI have been made during the 
past several years. In conjunction with key technical advancements in the detector 
technology (e.g., the SiPM), a number of unique and creative designs were intro-
duced to mitigate the mutual interferences between PET and MRI. The consistent 
efforts from research groups and industry have led to high-performance commercial 
simultaneous PET/MRI systems for whole-body clinical imaging. Broader dissemi-
nation of clinical simultaneous PET/MR systems is necessary to enable a large 
number of researchers and clinicians to investigate the clinical impact of the tech-
nology. Owing to the large costs of integrated PET/MRI systems, MRI-compatible 
PET insert systems may be a promising direction to achieve broader dissemination 
and use of PET/MRI.
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2.1  Introduction

PET/MRI systems have incredible potential because they combine the broad range of 
soft tissue contrasts available with MRI with the functional and metabolic informa-
tion from PET in a single scan. MRI acquisitions, using specific MR pulse sequences, 
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have some unique requirements in PET/MRI given the workflow, PET reconstruc-
tion, and clinical applications of these systems. PET/MRI workflow typically requires 
whole-body imaging and benefits substantially from accelerated MRI strategies. 
PET reconstruction requires accurate attenuation correction, which is challenging 
because MRI measures the proton density but not the electron density that deter-
mines attenuation. PET reconstruction also benefits from MRI-based motion man-
agement. Clinical PET/MRI applications are mostly focused on oncology, often 
requiring monitoring of pulmonary nodules and the use of diffusion- weighted 
MRI. This chapter describes current MRI acquisition strategies available or being 
developed that address the specific requirements imposed by PET/MRI systems.

2.2  Standard MR Pulse Sequences

MRI generates multiple soft tissue contrasts through the use of different pulse 
sequences [1]. These pulse sequences define how the MRI scanner excites hydrogen 
atoms in water molecules to create signals and how spatial information is encoded 
using magnetic field gradients. Excitation of hydrogen atoms, also commonly 
referred to as “spins,” is performed with radio-frequency (RF) fields, which are cre-
ated by RF transmit antennas, commonly referred to as “coils.” RF receive antennas/
coils are used to receive the signal coming from spins after excitation. Magnetic field 
gradients, referred to as “gradients,” change the magnetic field at different spatial 
positions, which allow for encoding of spatial information. Gradients can be applied 
in the X, Y, and Z directions (GX, GY, Gz), which allow for creation of images in arbi-
trary scan planes (axial, coronal, sagittal, and any oblique orientation). Gradients are 
also used for encoding motion information such as flow and diffusion.

Most MR pulse sequences fall into two classes: gradient-echo and spin-echo 
pulse sequences (Fig. 2.1). These can be used to generate multiple types of contrast 

gradient echo

Generally used for T1 weighted imaging and pre/post contrast
imaging. Fast and usually done as volumetric acquisitions

Generally used for T2 weighted imaging and 
diffusion weighed imaging. 

Typically slower to acquire and acquired in 2D slices.

spin echo

out of phase GRE

in phase GRE

pre-contrast T1

arterial phase T1 hepatobiliary phase T1

portal venous phase T1

Fast spin echo (FSE)

single shot fast spin echo DWI (b=50)

DWI (b=600)

Fig. 2.1 Sample MR images using gradient-echo and spin-echo pulse sequences in the abdomen. 
Gradient-echo (GRE) images shown include examples of T1 weighting and fat/water separation. 
Gradient echo is often used for post-contrast imaging. Spin-echo images include T2-weighted 
anatomical imaging with fast spin-echo and diffusion-weighted imaging (DWI)
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including T1 weighting, T2 weighting, and diffusion weighting. The contrast is pri-
marily defined by the echo time (TE), which is the time between RF excitation and 
data acquisition, the repetition time (TR), which is the time between successive RF 
excitations, and the amount of RF excitation, which is defined by the flip angle. 
During the time between consecutive RF excitations, the spins evolve according to 
two characteristic relaxation times, called T1 and T2, where T2 determines the rate 
of signal decay following an RF excitation, and T1 determines the rate of magneti-
zation recovery between successive RF excitations. As an example, in a spin-echo 
pulse sequence, T2 weighting is created with a long TR, by increasing the TE, 
whereas T1 weighting is created with a short TE, by decreasing TR.

Gradient-echo (GE or GRE) pulse sequences consist of an RF excitation fol-
lowed by imaging gradients. They typically use short echo times (TEs) and short 
repetition times (TRs), so are mostly used for T1-weighted imaging. Post-contrast 
imaging is performed with T1-weighted GRE sequences. The short TR also allows 
for efficient volumetric acquisitions. Fat/water imaging, as discussed later in this 
chapter, typically uses GRE sequences.

Spin-echo (SE, FSE, TSE) pulse sequences use one or more additional RF pulses 
to “refocus” sources of imperfection in the magnetic field that would otherwise lead 
to signal loss. This refocusing implies longer TEs with respect to gradient echo; 
thus, spin-echo pulse sequences are generally used for T2-weighted imaging. 
Diffusion-weighted imaging is also based on spin echo. Typically, multiple spin 
echoes are used for anatomical imaging in the so-called fast or turbo spin-echo 
(FSE, TSE) sequences for faster scanning.

2.3  General Considerations

2.3.1  System Limitations

Simultaneous PET/MRI systems include both PET and MRI hardware. The major 
modification of the MRI hardware is that a wide-bore magnet design is used to 
accommodate the PET hardware, slightly compromising the performance of the 
magnetic field gradients and the RF transmit (“body”) coil. However, these gradi-
ents and body coil are equivalent to current wide-bore MRI-only systems, which 
can easily meet the requirements of clinical imaging pulse sequences. PET/MRI 
systems can also use the same receive coil arrays as on MRI-only systems, although 
some consideration should be given to making these coils PET invisible (i.e., limit-
ing their attenuation).

2.3.2  Whole-Body Imaging

The workflow for many PET/MRI studies includes a whole-body acquisition; so 
simultaneous whole-body MRI protocols need to maximize overall scan efficiency 
(see Chap. 10). Many MRI whole-body techniques have been developed and can be 
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applied to PET/MRI. Whole-body diffusion-weighted imaging is particularly chal-
lenging and is discussed in more detail later in this chapter.

Whole-body workflows often aim for 3–5 min per bed position to keep a reason-
able overall scan time [2]. Pulse sequences that are inherently fast by design are 
typically used in PET/MRI protocols. These include single-shot fast spin echo 
(SSFSE, HASTE) for T2-weighted imaging [3] and two-point Dixon [4] for 
T1-weighted imaging. Single-shot fast spin-echo pulse sequences acquire a com-
plete 2D image following a single RF excitation. The main limitations of this tech-
nique are blurring due to T2 decay during the long train of refocusing RF pulses and 
high levels of energy deposition to the patient that are counterbalanced by relatively 
low resolution and long repetition times, respectively. Technical developments now 
adopted by all major vendors have greatly improved speed and resolution [5], so 
that single-shot fast spin echo can now achieve adequate resolution and repetition 
times of less than a second per slice, which allows full coverage of motion-prone 
regions (chest, abdomen) in a single breath-hold. While the clinical acceptance of 
single-shot fast spin echo is increasing, conventional fast spin echo (FSE, TSE, 
RARE) is still often preferred for the generally superior image quality, despite the 
considerably longer acquisition times and associated motion sensitivity.

In particular, STIR (short-tau inversion recovery) [6] and radial fast spin-echo 
imaging (PROPELLER, BLADE) [7, 8] are commonly used. STIR is a fat- suppression 
preparation, whereby all spins are inverted before the RF excitation is played out and 
the start of the host pulse sequence is timed to coincide with the time when the longi-
tudinal magnetization of fat is zero. While this ensures uniform fat suppression even 
in the presence of large field inhomogeneities, which are often present given the large 
coverage required for whole-body imaging, SNR is significantly degraded as all the 
other tissues are also recovering according to T1 at the time of excitation; therefore, 
longer scan times are generally necessary to achieve adequate signal levels.

Radial fast spin echo is a fast spin-echo-based technique where the central part of 
k-space (the spatial frequency space where raw MR signals are stored before image 
reconstruction) is repeatedly sampled during the acquisition [7]. A dedicated image 
reconstruction exploits this data redundancy to create motion-free images during free 
breathing [8]. While image quality can be superior to single-shot fast spin echo 
(higher resolution, reduced blurring), motion insensitivity comes with longer acqui-
sitions that can be problematic, especially in the context of whole-body imaging.

T1-weighted imaging is often performed using high-resolution 3D gradient-echo 
pulse sequences [9]. Water/fat resolved imaging, discussed in more detail later in this 
chapter, is often used for the excellent image quality, speed, and the characteristic of 
providing several image contrasts in a single acquisition, namely, a “water- only” image 
(similar to a fat-suppressed image), an “in-phase” image (effectively a nonfat-suppressed 
image), an “out-of-phase” image characterized by a dark rim between water and fatty 
tissues, and a “fat-only” image that depicts only fat- containing tissues (Fig. 2.2). While 
water-/fat-separated imaging can often achieve relatively high-image resolution, 
depending on the specific implementation, there can be a limit on the maximum matrix 
size that the user can prescribe. In these cases, other fat-suppression methods (SPECIAL, 
SPAIR) can be used in conjunction with conventional fast 3D gradient-echo pulse 
sequences for high-resolution, fat-suppressed T1-weighted imaging.
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A recently proposed alternative for T1-weighted imaging, with excellent motion 
properties, is 3D radial gradient-echo imaging [10]. The MR signals are encoded 
according to a stack-of-stars pattern, whereby several “stars” are consecutively 
acquired to cover the desired 3D volume. Because the center of k-space is repeat-
edly sampled for each “star,” motion artifacts can be greatly mitigated by advanced 
image reconstruction algorithms.

In general, considerations on speed, as well as robustness to motion and system 
imperfections (B0 and B1 inhomogeneities), often dictate which pulse sequence 
should be used for a specific protocol. Accelerated imaging strategies such as paral-
lel imaging and compressed sensing can be used to speed up the acquisition, at the 
cost of reduced signal-to-noise ratio and with performance dependent on the spe-
cific array coil used for signal reception. Parallel imaging methods are standard on 
clinical PET/MRI systems, under the names ASSET and ARC (GE) and mSENSE 
and GRAPPA (Siemens). These methods use receive coil arrays, undersample data 
in k-space, and use specialized image reconstructions [11, 12]. Compressed sensing 
utilizes the inherent sparsity of MR images to accelerate acquisitions [13], which is 
now implemented for some pulse sequences in current commercial scanners. The 
use of compressed sensing will likely increase in the future.

2.3.3  MR Attenuation Correction

Accurate PET reconstruction requires an estimate of the photon attenuation prior to 
detection. In the body, there is a range of attenuation in soft tissues, and bone attenu-
ation is higher than soft tissues. In PET/CT systems, the attenuation is derived from 
CT, which is a direct measurement of the electron density that determines the attenu-
ation. However, MRI measures signals from protons, and does not provide any direct 
measurements of electron density. This has proven to be a challenge for PET/MRI, 

Fig. 2.2 Fat/water imaging using a two-echo Dixon acquisition is performed by acquiring data at 
multiple TEs with different relative phases between fat and water and then combining them to 
produce water-only and fat-only images, illustrated for the ideal scenario above
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and current promising strategies are based on imaging atlases as well as specialized 
pulse sequences for soft tissue and bone imaging. In this chapter, we will describe the 
principles of the specialized pulse sequences used for MR-based attenuation correc-
tion (MRAC). Chapter 6 (“PET/MRI: attenuation correction”) describes how the 
resulting images are used for attenuation correction and PET reconstruction.

2.3.4  Fat/Water Imaging

Many MRAC strategies use fat-water separation imaging methods, also known as 
“Dixon” or “IDEAL” methods [4, 14, 15]. These methods acquire data at multiple 
echo times (TEs). Since fat and water have different resonance frequencies due to 
their chemical shift, they will appear with different phases as a function of TE. With 
the known frequency shift between fat and water, images of the fat fractional signal 
and water fractional signal are generated with these methods. These can then be 
used to account for the differences in attenuation between fatty tissues and water 
soft tissues, as described in Chap. 6.

The principle of fat/water imaging methods is illustrated in Fig. 2.2. In an ideal 
situation, images are acquired at two different TEs, chosen such that fat and water are 
“in phase” for one TE and “out of phase” for the other. These images then can be used 
to generate fat and water images. In reality, the phase also evolves as a function of TE 
due to resonance frequency shifts due to magnetic field inhomogeneities. This can be 
accounted for by either acquiring a third TE image to explicitly measure these field 
variations (“three-point Dixon” [16]) or by using only two TE images with some 
assumption of spatial smoothness of the field variations (“two-point Dixon” [14]).

For MRAC, typically two-point Dixon approaches are used, as they are faster 
and the smooth field variation assumption has been shown to be robust for clinical 
imaging. The RF body coil is typically used for transmit and receive, as local receive 
RF coil arrays can introduce undesirable variations across the images. To provide 
the volumetric coverage required, 3D gradient-recalled echo (GRE) sequences with 
two TEs are used as shown in Fig. 2.2. The two TE images are then combined to 
generate fat-fraction and water-fraction images from which soft tissue attenuation 
coefficients can be assigned [17].

2.3.5  Bone Imaging

Conventional MR imaging pulse sequences do not detect any signal from the bone due 
to its rapid MR signal decay rate (T2* ≈ 0.4 ms [18–20]). This has been a major chal-
lenge in PET/MRI because the bone has the largest photon attenuation among all tissue 
types but is difficult to image with MRI. Neglecting the bone leads to large errors in 
PET uptake in and around the bone, measured to be between 10% and 15% [21–23]. 
Specialized MRI pulse sequences, so-called ultrashort echo-time (UTE) and zero echo-
time (ZTE) pulse sequences, offer the potential to capture the rapidly decaying signal 
from the bone and thus are being actively developed and applied to improve MRAC.
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Conventional MRI pulse sequences, such as the gradient-echo sequence illus-
trated in Fig. 2.2, have minimum TEs of approximately 1 ms. This is due to the time 
required to play out a slice-selective RF pulse as well as the frequency and phase- 
encoding gradients. UTE and ZTE can achieve TEs below 100 μs on clinical MRI 
scanners by using specialized RF pulse and image-encoding strategies, examples of 
which are shown in the pulse sequences in Fig. 2.3. For RF excitation, the TE can be 
minimized by using volumetric excitation with no slice-selection, minimum- phase 
slab excitation (UTE only), or half-pulse slice-selective excitation [24] (UTE only). 
For image encoding, radial k-space sampling is most commonly used (as shown in 
Fig. 2.3), but spiral or cones k-space trajectories are also possible [25, 26] (UTE 
only). These encoding strategies require using a nonuniform Fourier transform 
reconstruction. ZTE also has the unique property of near-silent scanning but requires 
advanced reconstructions or additional acquisitions to fill in missing data at the cen-
ter of k-space. A more detailed comparison of UTE and ZTE can be found [27].

Due to its low proton density and rapid decay rate, bone has a relatively low signal 
even with UTE and ZTE MRI. This signal difference has been used to estimate bone 
density for attenuation correction from ZTE MRI [28, 29]. MRAC including the 
bone has also been accomplished by separating the bone based on its relaxation rate, 
T2* [30–35]. Fat/water separation can be included in UTE MRI by adding additional 
TEs and using the processing methods described in the previous section. Sample 
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Fig. 2.3 UTE and ZTE MRI pulse sequences that can image the bone for estimation of tissue 
attenuation coefficients. (a) 3D imaging sequences, most commonly used for MRAC, are shown 
with (b) two dimensions of the k-space sampling
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images in the brain and pelvis from UTE and ZTE acquisitions are shown in Fig. 2.4. 
MRAC generation methods are described in greater detail in Chap. 6.

2.3.6  Diffusion-Weighted Imaging

Water molecules diffuse in biological tissues under the effect of Brownian thermal 
motions. Because the diffusion of water molecules is restricted by the presence of 
obstacles, such as macromolecules, membranes, etc., measuring the diffusivity of 
these molecules in different tissues provides information on the underlying micro-
structure [36]. The more cellular the tissue, the more restricted the diffusion.

Diffusion-weighted imaging (DWI) is often achieved by playing out two identical 
gradient lobes on either sides of the refocusing RF pulse of a spin-echo pulse 
sequence. Immediately after the RF excitation pulse, all spins are aligned along the 
same direction in the transverse plane. While the first gradient lobe is played out, 
static spins dephase at a rate that depends on the local magnetic field imposed by the 
gradient itself. The refocusing RF pulse flips them over, while the direction of 
dephasing remains unchanged. Because these spins are static, they experience exactly 
the same local magnetic field while the second gradient lobe is applied, so that at the 
time of the spin echo, they end up back in phase as if no gradients were played out.

Diffusing spins, unlike static spins, experience slightly different local magnetic 
fields before and after the refocusing RF pulse, as their spatial location in the direc-
tion of the applied gradients has slightly changed due to random motion at molecu-
lar level. As a result, at the time of the spin echo, not all spins end up back in phase, 
and the measured signal is reduced by a factor that depends on the mean diffusivity 
of water molecules in that specific tissue.

Similar to T2-weighted imaging, where longer TEs are used to increase the amount 
of T2 weighting, larger diffusion-sensitizing gradients can be used to increase the 
amount of diffusion weighting. In practice, the amount of diffusion weighting is 
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Fig. 2.4 Bone imaging examples using ZTE and UTE pulse sequences. ZTE Images acquired 
with proton-density weighting (top row) can be converted to the pseudoCTs (bottom row) for 
MRAC as described in [27, 28] with processing that includes inverse logarithm scaling of the ZTE 
images (middle row) to more clearly show bone signal. UTE images with multiple echo times can 
be used for relaxation time (R2* = 1/T2*), water, and fat measurements, where the relaxation time 
images result in CT-like contrast with high intensity for the bone and can be converted into pseu-
doCTs [32]
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expressed by a quantity called b value. The higher the b value, the higher the amount of 
diffusion weighting. A standard T2-weighted image is also a b=0 image (i.e., no diffu-
sion-sensitizing gradients applied). A heavily diffusion- weighted image will be charac-
terized by low signal intensities in regions of unrestricted diffusion (fluids) and high 
signal intensities in areas of restricted diffusion (e.g., tumors). In truth, high signal inten-
sity in a diffusion-weighted image can be due to either restricted diffusion or long T2. 
Apparent diffusion coefficients (ADC) can be computed from two diffusion-weighted 
images with different b values to provide a measure of diffusivity independent of T2.

From an acquisition point of view, diffusion-weighted imaging typically relies on 
echo-planar imaging (EPI), because of its speed, signal-to-noise efficiency, and robust-
ness to motion [37]. However, EPI is also extremely sensitive to off- resonance, leading 
to significant distortion and image artifacts, especially for whole-body imaging [38].

2.3.7  Whole-Body Diffusion-Weighted Imaging

Distortion is proportional to the local off-resonance field and the duration of the EPI 
readout. Whole-body imaging requires large anatomical coverage, which means rela-
tively long readouts even for a modest image resolution. At the same time, field inho-
mogeneities due to eddy currents, susceptibility variations, chemical shift, and other 
system imperfections are more difficult to control over large imaging volumes.

Parallel imaging techniques are routinely used to reduce distortion, although 
their effectiveness is limited by the performance of the specific coil array used for 
signal reception. Higher-order eddy current compensation strategies, either pro-
spective or retrospective, are often implemented to reduce distortion induced by 
eddy currents [39]. STIR is the preferred fat-suppression method for whole-body 
imaging due to its robustness to B0 and B1 inhomogeneities, despite the lower 
intrinsic SNR.  Chemically selective fat-suppression methods (fat presaturation, 
spectral-spatial RF pulses, and gradient reversal), even when used in combination, 
can result in fat-suppression failures that translate in chemical shifts of several pix-
els across the imaged FOV. Signal averaging during free breathing is routinely used 
to compensate for the otherwise low SNR due to STIR, and usually no more than 
two b values are acquired to avoid lengthy acquisitions. Free-breathing diffusion- 
weighted imaging using STIR and signal averaging is referred to as DWIBS 
(diffusion- weighted imaging with background suppression) [40].

Whole-body diffusion imaging is typically performed axially, with coronal/sagittal 
reformats generated for the purpose of visualization. A common artifact observed in sag-
ittal reformats is the typical stair-step appearance of the spine, due to center frequency 
mismatch between different beds. Recently developed prospective and retrospective cor-
rections aimed at minimizing this artifact have greatly improved the appearance of sagit-
tal and coronal reformats of whole-body imaging datasets [41–43] (Fig. 2.5).

2.3.8  Lung Imaging

A significant limitation to widespread clinical implementation of PET/MRI is poor 
evaluation of the lung parenchyma. Pulmonary imaging is challenging for MRI due 
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Fig. 2.5 B0 field inhomogeneities result in artifacts in whole-body diffusion-weighted imaging 
including signal loss and anatomic misregistration (a, white arrow head). Real-time center fre-
quency adjustment can significantly reduce these artifacts (b). Advanced prospective and retro-
spective corrections also improve anatomical co-registration of MR and PET data. A whole-body 
FDG PET imaging with a metastatic lesion in the spine (c, red arrow), which co-registers with the 
acquired whole-body DWI acquisition (d, red arrow) when using advanced correction techniques

No correction B0 correction FDG PET MIP Fused DWI-PET

a b c d

to low tissue density, motion, and rapid signal decay rates with T2* ≈ 0.5–3 ms 
[43–47]. With these limitations, MRI detection rates of large pulmonary nodules 
(>1  cm) are high; however, the detection rate of subcentimeter nodules remains 
inadequate for routine clinical evaluation. See Chap. 15 (“Lung nodules and lung 
cancer”) for a more detailed description of pulmonary PET/MRI.

The ultrashort echo-time (UTE) and zero echo-time (ZTE) MRI pulse 
sequences, described previously for bone imaging to improve MRAC (Figs. 2.3 
and 2.4), are also a promising approach for lung imaging. They can capture the 
rapidly decaying signals in the lung and additionally are much more robust to 
motion than conventional pulse sequences. 3D imaging is typically used (similar 
pulse sequences to Fig. 2.3), though often with slab-selective excitation to mini-
mize aliasing artifacts [48]. Pulmonary nodule imaging results with UTE MRI are 
shown in Fig. 2.6, with detection of nodules down to 3–5 mm in size [49]. To 
compensate for motion and improve image quality, randomized ordering strate-
gies and self-gating from the repeated central k-space sampling can be applied. 
Compressed sensing and parallel imaging strategies can also be incorporated to 
improve image quality.
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The goal of most MRI contrast agents is to shorten the T1 of water in an imaged 
voxel. By shortening the T1, the signal intensity of the voxel increases on 
T1-weighted images, thereby making signal brighter. This is applied for both vascu-
lar enhancement as well as increasing the conspicuity of tumors. Unlike CT contrast 
agents, we do not image the contrast agents in MRI directly, but rather the contrast 
agents affect the adjacent water molecules in a way that shorten their T1.

mailto:thomas.hope@ucsf.edu


42

3.1  Gadolinium-Based Contrast Agents (GBCAs)

Gadolinium is a paramagnetic metal with seven unpaired electrons. These electrons 
precess in the magnetic field similar to protons but at a different frequency. The energy 
stored in the precessing electrons acts as a reservoir of magnetization that can be trans-
ferred to adjacent water protons helping them reaccumulate longitudinal magnetization 
more quickly after an excitation pulse. This pool of magnetization acts to shorten the 
T1 of adjacent protons, thereby increasing their signal intensity on T1-weighted 
images. Remember that T1 contrast is a steady-state effect during sequences with short 
repetition times (TRs). The faster the reaccumulation of longitudinal magnetization 
(i.e. the shorter the T1), the higher the steady-state longitudinal magnetization of the 
voxel and therefore the brighter the signal intensity is on T1-weighted images (Fig. 3.1).

Gadolinium-based contrast agents (GBCAs) are broken down by two categories 
(Fig. 3.2, Table 3.1). The first category is ionic and nonionic, and the second is lin-
ear and macrocyclic [1]. These four categories created have different characteristics 
that have important clinical implications. The most important implication is the 
relative stabilities of the agents. Macrocyclic compounds have a higher stability 
compared to linear compounds, and ionic compounds have a higher stability com-
pared to nonionic compounds. Therefore the most thermodynamically stable agent 
available is gadoterate meglumine, although there is no discernable difference in 
clinically relevant stability between the three available macrocyclic agents.

3.1.1  Extracellular Contrast Agents

The majority of GBCAs are termed extracellular contrast agents. This means that 
the agents initially distribute in the blood pool and within minutes distribute into the 
extravascular space. This biodistribution is nearly identical to that of iodinated 

first 
excitation

short T1

long T1

T1 recovery

Fig. 3.1 Source of T1 contrast by effecting T1 recovery. Tissues with long T1s do not reaccumu-
late their longitudinal magnetization between excitations (dark blue), and therefore the steady- 
state longitudinal magnetization is very low resulting in low signal. A tissue with a shorter T1, 
meaning that there is more T1 recovery between excitations, has a higher steady-state magnetiza-
tion (light blue). The higher the steady-state magnetization, the more signal in the resultant 
T1-weighted images
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Fig. 3.2 Available gadolinium based contrast agents used clinically. Agents are broken into two 
major categories (linear and macrocyclic agents)

Table 3.1 Gadolinium-based contrast agents structure, stability, concentration, dose and 
relaxivity

Generic name Brand name Structure
Stability 
(Ktherm) [5]

Concentration 
(mmol/mL)

Dose 
(mL/kg)

R1 at 
3T [2]

Gadodiamide Omniscan Linear, 
nonionic

16.9 0.5 0.2 4.5

Gadopentetate 
dimeglumine

Magnevist Linear, ionic 22.1 0.5 0.2 3.7

Gadobenate 
dimeglumine

MultiHance Linear, ionic 22.6 0.5 0.2 5.5

Gadoversetamide OptiMARK Linear, 
nonionic

16.6 0.5 0.2 N/A

Gadoterate 
meglumine

Dotarem Macrocyclic, 
ionic

25.8 0.5 0.2 3.5

Gadoteridol ProHance Macrocyclic, 
nonionic

23.8 0.5 0.2 3.7

Gadobutrol Gadavist Macrocyclic, 
nonionic

21.8 1.0 0.1 5.0

Gadoxetate 
disodium

Eovist Linear, ionic 23.5 0.25 0.1 6.2

Gadofosveset 
trisodium

Ablavar Linear, ionic N/A 0.25 0.12 9.9
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contrast agents. Therefore there are two components to the enhancement of a tissue 
of the administration of an extracellular agent: the intravascular volume and the 
interstitial space. The vast majority of extracellular contrast agents are cleared by 
the kidneys relatively quickly in patients with normal renal function.

There are four approved linear extracellular contrast agents: gadodiamide, gado-
versetamide, gadopentetate dimeglumine, and gadobenate dimeglumine. There are 
three approved macrocyclic extracellular contrast agents: gadoterate meglumine, 
gadoteridol, and gadobutrol. Each of these agents has slightly different properties 
that are important in their clinical use. First are differences in relaxivities of each 
agent. The effect of each agent on the T1 of adjacent water molecules is not equiva-
lent, and the agents with higher relaxivities will result in higher contrast given the 
same administered dose of gadolinium. The extracellular agents with the two high-
est relaxivities are gadobenate dimeglumine and gadobutrol [2]. This can have an 
important impact on clinical use, as agents with higher relaxivity result in better 
lesion contrast and higher detection rates [3, 4]. The second difference is the stabil-
ity of each compound, with compounds with higher stabilities considered less likely 
to be associated with NSF. In general macrocyclic contrast agents are more stable 
than linear agents [5], and their popularity has increased dramatically since the dis-
covery of NSF (discussed below).

3.1.2  Hepatobiliary Contrast Agents

Hepatobiliary contrast agents are defined by hepatic clearance of the agent. There are 
two hepatobiliary contrast agents on the market: gadoxetate disodium and gadobenate 
dimeglumine. Roughly 50% of gadoxetate is renally cleared and 50% is hepatobiliary 
cleared, while with gadobenate only 5% of the contrast agent is cleared by the liver. 
Due to the accumulation of contrast in the liver, the hepatic parenchyma will become 
brighter over time on T1-weighted images (Fig. 3.3). This is termed the hepatobiliary 
phase and is defined as a time point after injection of a hepatobiliary contrast agent 
where the hepatic parenchyma is hyperintense relative to the vasculature [6]. Due to 
the decreased hepatobiliary excretion seen with gadobenate, the hepatobiliary phase 
occurs much later than with gadoxetate (60–120  min with gadobenate versus 
10–20 min with gadoxetate). Hepatobiliary contrast agents are helpful for detecting 
hepatic metastases and will be discussed in the chapter focused on liver imaging.

3.1.3  Blood Pool Contrast Agents

Blood pool contrast agents are those that remain intravascular for a prolonged 
period of time after their administration allowing for improved vascular imaging. 
Gadofosveset is the only FDA-approved blood pool contrast agent, and it stays 
within the blood pool by binding to albumin. It was used for vascular imaging, in 
particular for characterizing vascular lesions in the lower extremities. Unfortunately 
this agent has been removed from the market in both Europe and the United States.
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3.1.4  Safety Concerns

Gadolinium is a toxic ion that has an LD50 of 0.2 mmol/kg in mice, which is the 
concentration that is administered in the clinical setting. In order to prevent human 
toxicity, the gadolinium ion is bound by a chelator. As long as gadolinium is attached 
to the chelator, it is believed that GBCAs remain safe. Unlike iodinated contrast, 
there is minimal nephrotoxicity associated with administration, likely due to the 
lower concentration of administration with GBCAs. GBCAs have roughly 2–3 
times higher osmolarity than iodinated contrast but are administered in 1/10 of the 
volume. Although the osmolarity of GBCAs is higher than that of iodinated con-
trast, it is much less viscous (threefold lower). It is also administered at a much 
lower rate (1–2 mL/s versus up to 5 mL/s with iodinated contrast). The lower rate, 
lower volume, and lower viscosity result in less renal toxicity and less risk of sig-
nificant infiltration.

a b

c d

Fig. 3.3 Contrast-enhanced liver MRI in a patient with metastatic carcinoid. Gadoxetate diso-
dium, a hepatobiliary agent, was administered. Pre-contrast T1 (a), arterial phase T1 (b), portal 
venous phase T1 (c), and hepatobiliary phase (HBP) T1 (d) are shown. Lesion enhancement 
improves the contrast of metastatic lesions compared to the adjacent liver parenchyma in the arte-
rial and portal venous phase (a–c, dotted circles). During the HBP, the liver parenchyma becomes 
hyperintense, while metastatic lesions to the liver become hypointense. This improves the lesion 
contrast during the hepatobiliary phase and allows for the detection of smaller lesions than is pos-
sible with extracellular contrast agents (b–d, white arrow)
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3.1.5  Safety Concerns: Nephrogenic Systemic Fibrosis

Nephrogenic systemic fibrosis (NSF) was originally described in 2000 in a series of 
dialysis patients and was originally termed nephrogenic fibrosing dermopathy [7, 
8]. It was not until 2004, when systemic manifestations were demonstrated at 
autopsy, that the name was changed to NSF [9]. Two years later, the first reports 
connecting NSF to GBCA administration were reported [10, 11]. Subsequently both 
the Food and Drug Administration (FDA) and the European Medicines Agency 
(EMA) released warnings on the administration of GBCAs. In short, they recom-
mended not using GBCAs in patients with glomerular filtration rates (GFR) less 
than 30 mL/min or in patients with acute renal failure. Since 2009, there have been 
no additional cases of NSF reported, indicating that these restrictions prevented the 
development of disease. Prior to NSF, GBCAs were frequently used in patients with 
kidney disease due to the absence of significant renal toxicity, but with the risk of 
NSF being present only in patients with a low GFR, GBCAs are no longer used in 
renal failure patients.

3.1.6  Safety Concerns: Brain Deposition of Gadolinium

In 2014, the first imaging studies demonstrated that gadolinium deposition could be 
visualized in the dentate nucleus and the basal ganglia after multiple administra-
tions of GBCAs [12]. Subsequent autopsy studies have shown that the increased 
signal intensity was in fact associated with gadolinium deposition [13]. Studies 
have suggested that gadolinium deposition can only be seen with linear contrast 
agents, but not with macrocyclic agents [14–16]. Although clearly gadolinium is 
deposited in regions in the brain after administration of multiple doses of gadolin-
ium in patients with normal renal function, there is no known associated disorder 
that is caused by this deposition. Based on issues related to brain deposition and 
NSF, the European Medicines Agency suspended approval of four linear agents 
(gadobenic acid, gadodiamide, gadopentetic acid, and gadoversetamide) [17]. In the 
United States, the Food and Drug Administration decided not to suspend approval 
given the absence of data suggesting a harmful effect of GBCAs [18].

3.1.7  Safety Concerns: Allergic Reactions

Before the association of NSF to GBCAs, the main concern with GBCAs was the 
development of anaphylactic reactions. The rate of severe reactions is around 1 in 
10,000 to 1  in 50,000, with the majority being anaphylactic reactions [19, 20]. 
Interestingly it appears that the agent that has the best safety profile for allergic reac-
tions is gadodiamide, which has one of the worst safety profiles in terms of NSF 
[20]. At the same time, the agent with the highest rate of allergic reactions is gado-
benate dimeglumine, which has a rate of death associated with anaphylaxis that is 
18 times higher than that of gadodiamide [20].
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3.1.8  Safety Concerns: Overview

As with all drugs, the utilization of GBCAs should be considered carefully as a bal-
ance between the risks associated with the agent and the benefits of improved diag-
nostic performance. Given the various safety concerns and agent characteristics, 
there is no single extracellular contrast agent that is considered the correct agent to 
use. In general, both in the United States and Europe, macrocyclic agents are becom-
ing more commonly used compared to linear agents due to the associated higher 
stability and theoretical lower rate of NSF. Overall there is a discussion in the com-
munity about whether or not the reaction to NSF has been so large that it has pre-
vented patients from receiving imaging studies that are clinically important and that 
we might consider administering gadolinium to patients with lower GFRs espe-
cially now that macrocyclic agents are replacing linear agents in clinical use [21].

3.2  Superparamagnetic Iron Oxides

3.2.1  Ferumoxytol

Ferumoxytol (Feraheme, AMAG Pharmaceuticals, Cambridge, MA) is an ultrasmall 
superparamagnetic iron oxide (USPIO) particle that was originally evaluated as an 
MRI contrast agent [22] but eventually approved as an intravenous iron replacement 
therapy for patients with iron deficiency anemia [23, 24]. Due to its large size, feru-
moxytol remains within the blood pool for a prolonged time allowing for high- 
resolution vascular imaging superior to that obtained using GBCAs [25]. Although 
clearly useful for vascular imaging, ferumoxytol also has a role in oncologic imag-
ing. Unlike GBCAs, which are cleared by the kidneys, ferumoxytol is cleared 
through the reticuloendothelial system (RES). As ferumoxytol accumulates within 
the RES, the tissues become progressively darker on T2-weighted imaging to the 
shortening of T2* associated with the high concentrations of iron. This feature of 
USPIOs was originally leveraged with Combidex to characterize lymph node 
metastases; malignant nodes would retain their T2 signal while benign lymph nodes 
become dark after ferumoxytol administration [26]. Similar work has been per-
formed using ferumoxytol suggesting that it can help distinguish between benign 
and malignant nodes (Fig. 3.4) [27]. Although this approach has yet to be leverage 
in simultaneous PET/MRI, it has promise in characterizing small nodal disease that 
may be below the resolution of PET.

3.2.2  Safety Concerns: Anaphylaxis

One benefit of ferumoxytol is that there is no associated renal toxicity and therefore 
can be used in patients with renal failure. This makes it an important alternative to 
GBCAs for evaluation vasculature in patients with chronic kidney disease. 
Unfortunately ferumoxytol has a higher risk of anaphylaxis than GBCAs, with 
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roughly 1:10K patients developing a severe allergic reaction and 1:50K dying of 
anaphylaxis based on reported data [28]. Due to the increased risk of anaphylaxis, it 
is recommended to administer the ferumoxytol as a slow infusion over 15 min in a 
hospital setting.

3.3  MR Contrast Agents in Development

There are a number of MRI contrast agents, the majority of which incorporate gado-
linium, that are in development for imaging tumors. These include agents that are 
bound to targeting motifs that localize the agent in the tumor or vasculature, lipo-
somes that are targeted using antibodies, and many other techniques [29]. Below we 
will focus on hyperpolarized MRI contrast agents.

3.3.1  Hyperpolarized MRI

Hyperpolarized imaging is early in development but has the potential to allow for 
the interrogation of cellular pathways and underlying of physiology that is not pos-
sible with GBCAs [30]. The technique works by taking molecules (typically 13-car-
bon-labeled compounds) and hyperpolarizing them using dynamic nuclear 
polarization [31]. Remember that only seven of every million protons are aligned 
with the magnetic field in conventional MRI, which limits the signal that you can 
acquire. By hyperpolarizing a molecular, one can increase the percent of atoms 
aligned with the magnetic field 10,000 fold. This results in significant increase in 

Fig. 3.4 An example of malignant lymph node in patients with prostate cancer demonstrating 
decreased signal 48 h after administration of ferumoxytol. On preadministration of T2-weighted 
images (left, black circle), the lymph node measures 1.0 cm and is intermediate to relatively hyper-
intense and suspicious for nodal metastases. After the administration of ferumoxytol, the node 
retains the compound and becomes darker on T2-weighted imaging consistent with a benign 
lymph node (right, black circle)
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signal that can be acquired. The main limitation of this technique is the short time 
frame that the agents remain polarized: first the agents have to be made in the vicin-
ity of the imaging and administered immediately after synthesis, second imaging 
has to be performed within 1–2 min of administration before the signal decays, and 
third the limited time frame limits the imaging window that can be performed pre-
venting whole body acquisitions.

What is unique about hyperpolarized MRI is that you can image the spectro-
scopic signature of the labeled carbon as the injected molecule is metabolized 
within cells. The most commonly used agent in hyperpolarized MRI is pyruvate. 
Pyruvate is taken into cancer cells where it is converted to lactate, and this conver-
sion can be directly measured allowing for the noninvasive evaluation of metabolic 
pathways within cancer cells. To date, this has been performed in patients with 
prostate cancer with the hope that aggressive cancer can be distinguished from low- 
grade prostate cancer prior to definitive therapy [32, 33]. Beyond pyruvate, there are 
a number of other compounds that can be polarized that allow one to interrogate 
perfusion, oxidation, pH, necrosis, and glutaminolysis. To date, the combination of 
hyperpolarized MRI with PET imaging has yet to be performed, but there is poten-
tial for synergistic information when combining the two modalities.

 Conclusion
MRI contrast agents have various properties that provide specific benefits over 
iodinated contrast used in CT. Increased lesion contrast and detection sensitivity 
is critical in intracranial diseases and hepatic lesions. In particular, hepatobiliary 
contrast agents offer improved detection for liver metastases over both iodinated 
and extracellular contrast agents. A number of novel contrast agents are in devel-
opment that have the potential to add significant value in the setting of PET/MRI, 
including hyperpolarized MR contrast agents.
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4.1  Introduction

Despite the early introduction in 2006 of a brain PET insert capable of operating 
within a 3T MRI system [1], it wasn’t until 2011 that clinical PET/MRI scanners 
became commercially available. Since then, this modality has been steadily 
gaining relevance both for research and clinical practice. The latest estimates 
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indicate that more than one hundred hybrid PET/MRI systems are currently in 
operation worldwide.

Four commercial PET/MRI systems are currently cleared for clinical use: two 
sequential designs, the Ingenuity TF (Koninklijke Philips N.V., Amsterdam, NL) [2] 
and the Tri-Modality (General Electric, Waukesha, WI) [3], and two fully integrated 
designs, the Biograph mMR (Siemens AG, Berlin, DE) [4] and the SIGNA PET/MR 
(General Electric, Waukesha, WI) [5].

In all cases, a 3T MRI system has been combined with a whole-body PET detec-
tor ring, with varying degrees of integration: the Tri-Modality consists essentially of 
two standard systems in adjacent rooms, communicated with a mutually compatible 
patient bed; in the case of the Ingenuity TF, a magnetically shielded PET system is 
placed within the MRI radiofrequency cage, sharing a rotating patient bed with the 
MRI system; in the case of the Biograph mMR and the SIGNA PET/MR, the PET 
system has been entirely redesigned to fit within the MRI bore, between the radio-
frequency and gradient coils.

Except for the Tri-Modality, these designs share a very significant trait: the CT 
detector, common to all modern PET systems, had to be sacrificed in order to oper-
ate within the magnetic field. In consequence, no transmission measurements can be 
performed, and alternative methods must be used to estimate the attenuation of all 
elements within the field of view.

4.2  Attenuation Correction

In a typical PET scan, most of the positron-annihilation photons emitted by the 
radiotracer will undergo one or more Compton interactions with elements along 
their path. As a reference, the half-value layer of water at 511 keV is barely 7.24 cm. 
The fact that PET relies on coincidence detection of pairs of photons further 
increases the impact of Compton interactions. When the affected photon pair still 
reaches the detector ring, we speak of scattered coincidences. If, on the other hand, 
the trajectory of either photon is deflected in such a way that it no longer intersects 
the detector ring, that count is irrecoverably lost and we speak of attenuation.

Scattered coincidences cause increased noise levels in the images, as well as add-
ing a slowly changing background distribution—like a blurred version of the true 
image—which leads to uptake overestimation. Attenuation also leads to noisy 
images and, when left uncorrected, also to severe alterations in uptake distribution, 
such as reduced activity in core structures, increased activity on the body surface 
and low attenuation regions (e.g., lungs), and apparent tracer uptake in background 
regions surrounded by activity (e.g., between the body and the arms) [6]. It follows 
that accurate attenuation and scatter correction are critical to obtain quantitatively 
and qualitatively correct PET images.

The one thing that most modern attenuation and scatter correction approaches 
have in common is the need for an estimate of the distribution of attenuating ele-
ments in the field of view, also called “attenuation map.” The accuracy of this atten-
uation map will, to a great extent, define the accuracy of the final reconstructed 
emission image [7].
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The most straightforward method to obtain such an estimate of annihilation- 
photon attenuation is by transmission measurement, using an external radiation 
source [8]. This method has the advantage of constituting a direct measurement of 
the magnitude of interest, as the energy of the transmitted photons is equivalent to 
that of the annihilation photons emitted by the radiotracer. However, both the emis-
sion and the detection of high-energy photons are inefficient processes. This leads 
to very long acquisitions (taking almost half of the examination time) and poor 
attenuation maps, of limited contrast and resolution.

With the advent of integrated positron emission tomography and computed 
tomography (PET/CT) scanners, the quality of attenuation maps made a leap for-
ward. Indeed, CT technology offers high-resolution, high-contrast transmission 
measurements with practically negligible acquisition times. Admittedly, these are 
indirect measurements, and the attenuation data obtained at X-ray energies must be 
rescaled to estimate the corresponding attenuation at annihilation-photon energies 
(~511 keV) [9, 10]. Nevertheless, CT-based attenuation correction compared well to 
existing techniques [11, 12] and the advantages in terms of clinical workflow and 
diagnostic value were enough to ensure rapid commercial success.

4.3  Attenuation Correction in PET/MRI

As an unfortunate consequence of the considerable redesign effort required to make 
PET compatible with the strong magnetic field generated by the MRI system, none 
of the currently available PET/MRI systems are equipped with a CT detector. This 
has forced manufacturers to find alternative means of creating an attenuation map, 
based on the available PET and MR data.

However, the image contrast in magnetic resonance imaging is based on the relax-
ation patterns of hydrogen nuclei, related to proton density and the chemical proper-
ties of tissue. These reflect entirely different physical principles than those involved 
in photon scattering/attenuation, which are related to interactions with the electron 
shell of tissue elements. In consequence, it is not possible to obtain a simple, continu-
ous mapping of MRI measurements to attenuation values, like was the case in PET/
CT [13]. Instead, MRI-based attenuation correction (MRAC) requires more advanced 
approaches, often relying on a priori knowledge of the object being imaged.

The field of PET/MRI attenuation correction has been the object of very active 
research for the past 10 years. The present chapter will focus exclusively on those 
methods currently implemented in commercial PET/MRI systems, as well as those 
likely to be made available with the next software upgrades. Excellent reviews of 
broader scope are available in the literature [14–17].

4.4  Segmentation-Based MRAC

All three manufacturers of clinical PET/MRI systems have chosen a segmentation- 
based approach for their basic attenuation correction method [18]. The idea behind 
segmentation-based MRAC is to acquire a predefined MRI sequence and then apply 
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a series of post-processing steps to partition the image into a given set of tissue 
classes. Then each image voxel is assigned an a priori attenuation coefficient accord-
ing to the tissue class it belongs to (e.g., air, lung, fat, and soft tissue). An example 
is given in Fig. 4.1.

Perhaps the most critical parameter of these methods is the number of tissue 
classes considered. For whole-body imaging, the Ingenuity TF uses a three-class 
model (air, lung, and soft tissue) [19], whereas the Biograph mMR and SIGNA 
PET/MR use a four-class model (air, lung, fat, and soft tissue) [20, 21], in the 
latter case allowing voxels to have intermediate values between the fat and soft 
tissue classes.

There have been several published studies discussing the impact of the number 
of MRAC tissue classes on PET quantitative accuracy [7, 22, 23]. Keereman et al. 
concluded that at least five classes should be considered (air, lung, soft tissue, spon-
gious bone, and cortical bone), with the addition of a sixth (adipose tissue) for 
increased accuracy. With this setup, they report PET errors below 5%. Ouyang et al. 
report errors of 4%, 7%, 13%, and 15% (respectively, for fat, soft tissue, bone, and 
lung) when using a four-class model. They also conclude that a three-class model is 
sufficient to obtain errors below 5% when imaging the heart, liver, or kidneys.

Almost as important as the number of tissue classes considered are the actual 
values assigned to these classes. The Ingenuity TF uses 0.0219 cm−1 for the lung 
and 0.0950 cm−1 for soft tissue; the Biograph mMR assigns 0.0240 cm−1 to the lung, 
0.0854 cm−1 to fat, and 0.0100 cm−1 to soft tissue; the SIGNA 0.0180 cm−1 to the 
lung and between 0.0860 and 0.0100 cm−1 to fat and soft tissue. Notice the consider-
able discrepancy in the attenuation coefficient assigned to lung tissue. As a matter 
of fact, a point of agreement between the two studies cited above is the desirability 
of considering the inter-patient variability of lung tissue, something not yet imple-
mented in any of the commercial systems.
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Fig. 4.1 Example of MRI-based attenuation correction, as implemented in the SIGNA PET/MR
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The preferred MRI sequences for tissue segmentation purposes are typically fast 
T1-weighted acquisitions, short enough to be acquired in a single breath-hold (~20 s 
per bed position). In the case of the Ingenuity TF, a simple gradient-echo sequence 
with body coil receive suffices. The Biograph mMR and SIGNA PET/MR, on the 
other hand, require double-echo sequences capable of fat/water differentiation 
[24, 25]: a coronal Dixon-VIBE with local coil receive for the Biograph and an axial 
LAVA-FLEX with body coil receive for the SIGNA.

It is worth pointing out that the dual-echo processing used by these sequences is 
susceptible to a certain type of artifact called “fat/water swap.” These are generally 
limited to the periphery of the field of view, where the reduced magnetic field homo-
geneity causes small regions to be misclassified. However, in some exceptional 
cases (e.g., patients with large fluid accumulations), this has been known to cause 
the misclassification of large portions of the attenuation map.

Another relevant factor is the receive coil used to acquire the MRI signal. Surface 
coils placed directly on (or beneath) the patient offer the best image quality in terms 
of signal-to-noise ratio, as well as enabling acceleration via parallel imaging. The 
built-in body coil, on the other hand, yields more uniform intensity homogeneity, 
leading to a more robust post-processing of the images. This entails a trade-off 
between the possibility of obtaining MRAC images of diagnostic quality (saving the 
time of a second T1-weighted acquisition) and giving users more freedom in their 
patient setup.

4.5  Bone Attenuation

None of the currently available clinical PET/MRI systems include the bone in their 
default segmentation-based attenuation correction. The reason for this is the diffi-
culty of imaging bone with standard MRI sequences. Indeed, bone tissue is charac-
terized by a low proton density (it contains only a 20% of water) and a heterogeneous 
structure causing fast dephasing of MRI signals (T2 ~ 390 μs at 3T) [26].

On the other hand, the importance of accounting for bone attenuation has been 
reported repeatedly [7, 27–33]. Ignoring bone attenuation is known to cause both 
quantitative and qualitative bias in the brain (in the (−20%, −10%) range [34]), as 
well as in the proximity of large bone structures in the body.

For this reason, some manufacturers are including alternative attenuation correc-
tion methods for regions such as the head and hips. Two main approaches exist for 
this purpose: the registration of anatomical atlas information to the default MRAC 
images and the acquisition of short echo time sequences capable of capturing the 
fast-decaying signal from the bone [35, 36].

The SIGNA PET/MR includes an atlas-based method for the head station 
[37–39]. It relies on the nonrigid registration of a prerecorded head atlas, based on 
CT data, to the same LAVA-FLEX acquisition used by the default MRAC. Aside 
from the incorporation of bone information, this approach has the advantage of not 
needing additional acquisition time and being very robust to image artifacts (e.g., 
caused by metallic implants). On the minus side, it can only account for isomorphic 
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variations in patient anatomy. In other words, the registration can’t create holes: a 
patient with a craniotomy will result in an attenuation map with a complete skull; a 
toothless patient will result in an attenuation map with teeth. Similarly, the method 
doesn’t account for inter-patient density variability, the attenuation coefficients 
being defined by the model (e.g., a separate atlas must be provided for pediatric 
patients, due to their significantly different bone tissue density). Various improve-
ments to work around these inherent limitations of atlas MRAC have been proposed 
in the literature, such as the combination with machine learning or the use of multi- 
atlas, patch-based approaches [40–43]. However, none of these improvements have 
yet made it into clinical practice.

The Biograph mMR includes a bone MRAC method based on the ultrashort echo 
time (UTE) sequence [35, 44]. UTE is a radial acquisition with a modified, fast 
excitation pulse, enabling sub-millisecond echo times, capable of capturing some of 
the short-lived signal from bone tissue. By performing a dual-echo acquisition, T2* 
values can be estimated and used to identify the bone. In other words, comparing the 
images from the first and second echoes, voxels with particularly rapid signal decay 
can be identified and classified as bone.

A similar method has been recently released for the SIGNA, in this case using a 
zero echo time (ZTE) sequence [36, 45]. ZTE is also a radial center-out acquisition, 
with the particularity that the gradient fields are not ramped down between excita-
tions. This imposes some limitations on the sequence (e.g., nonselective excitation) 
but enables even shorter echo times, increasing the signal obtained from the bone. 
This can be exploited to perform single-echo acquisitions for bone segmentation, 
with the corresponding savings in scan time. An example is shown in Fig. 4.2.

Several potential improvements for these methods have been reported in the lit-
erature. They include modifications to the sequences to increase acquisition speed, 
in combination with Dixon methods for fat/water separation and more elaborate 
post-processing to reduce the number of unwanted structures being classified as the 
bone [46–53].

Unfortunately, adapting these methods to other anatomical regions than the head 
is challenging (e.g., larger FOV, cardiorespiratory and peristaltic motion, variable 
coil setup, etc.). A promising new atlas-based approach has been recently presented 

Fig. 4.2 Example of MRI-based bone segmentation based on a zero echo time acquisition
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for the hip and thigh area, relying on individual registration of a set of bone compo-
nents (femur, pelvic parts, spine) [54]. This is currently a very active field of 
research, driven both by PET/MRI and radiotherapy, and several new methods are 
likely to appear in the near future.

4.6  Truncation Correction

A common problem to CT-based and MRI-based attenuation correction arises when 
the field of view of these modalities is smaller than the scanner bore [55, 56]. When 
this happens, some elements (typically the patient’s arms and shoulders) may fall 
outside the field of view, resulting in an incomplete attenuation map. If left uncor-
rected, this leads to artifacts in the reconstructed PET images, proportional to the 
amount of unaccounted attenuation. Typically, the artifacts will be maximal on the 
truncated regions and rapidly decrease away from them, with a pattern that depends 
on the reconstruction algorithm.

Despite the apparent similarities, the problem of attenuation map truncation is 
more challenging in PET/MRI than it is in PET/CT. To begin with, the typical MRI 
field of view is significantly smaller than that of CT (between 40 and 45 cm, com-
pared to the 50 cm of CT). Also, the transaxial size of the FOV is not constant like 
in CT but wider at the axial center of each station and narrower at the edges. More 
importantly, CT data do still contain data about the truncated regions, due to the 
projective nature of the acquisition. This can be exploited to create truncation- 
corrected reconstructions [57]. In contrast, truncated regions cannot be recovered 
from MRI data, and the missing attenuation information must be obtained from 
alternative sources.

Siemens has reported a method to enable MRI acquisition beyond the usual field 
of view, by applying a readout gradient optimized to compensate the static field 
inhomogeneity and gradient field nonlinearities that limit the range of regular 
sequences [58, 59]. The main drawbacks of this approach are the relatively long 
acquisition time and the need for different readout gradients—and hence separate 
acquisitions—on each side of the patient.

Another readily available source of information about the truncated regions is 
provided by the PET measurements themselves. As a matter of fact, the default 
truncation correction approaches implemented in clinical PET/MRI systems rely 
either on the segmentation of non-attenuation-corrected PET reconstructions [60, 
61] or on the estimation of attenuation information from the raw emission data [62].

4.6.1  PET Segmentation

The idea behind the segmentation approach is simple: identify the patient body in 
the reconstructed emission images, and use that information to fill in the truncated 
regions of the attenuation map (the field of view of PET usually encompasses the 
entire scanner bore).
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There are some caveats to this relatively simple idea:
Firstly, it assumes that the radiopharmaceutical causes sufficient unspecific 

uptake to be able to differentiate the patient body from the background. While gen-
erally true for most of the clinical indications of PET, this may become a serious 
limitation for more advanced tracers.

Secondly, while emission images can provide the patient outline, they contain 
little information about the different tissue classes involved. Therefore, segmentation- 
based truncation correction approaches usually assign a constant attenuation value 
to the recovered regions.

Finally, note that truncation correction is a required step in attenuation correc-
tion, which in turn is a required step in PET reconstruction. It follows that the 
emission images used for truncation correction must be non-attenuation-corrected 
(NAC) ones. Unfortunately, the contour of the patient is severely distorted in reg-
ular NAC images (e.g., concavities are lost) [56]. However, in the case of systems 
with time-of-flight (TOF) capability, NAC images display the correct contour of 
the patient due to the increased robustness of TOF reconstruction to inconsistent 
data [63, 64].

4.6.2  Joint Estimation of Emission and Transmission

Many researchers have attempted to jointly estimate the activity image and the 
attenuation from the emission data, to eliminate the need for an additional transmis-
sion measurement. For SPECT and non-TOF PET, these attempts have not been 
very successful [65, 66], although Mihlin and Levin recently reported promising 
results for non-TOF PET at very high iteration numbers [67]. This approach was 
never introduced in clinical practice, except for cases where the problem could be 
stabilized because much prior knowledge was available [65, 68]. However, the 
introduction of time of flight clearly makes the PET data much richer, resulting in 
reconstructions with increased signal-to-noise ratio [69] and improved robustness 
against data inconsistencies [63]. Salomon et  al. constrained the joint estimation 
algorithm of [65] with contours obtained from the MRI image and obtained excel-
lent results for the Philips TOF-PET/MRI system [70]. Soon after, it was shown that 
TOF-PET data are indeed rich enough to enable stable joint reconstruction of the 
attenuation factors and the activity image up to a single scale factor, provided that 
the activity is distributed over an object which is large compared to the TOF resolu-
tion [71, 72]. It has been shown that for 18F-FDG, which has a significant uptake 
almost everywhere in the body, the accurate activity and attenuation images can be 
reconstructed with a joint estimation approach [70, 72–74]. There are several ways 
in which TOF can be used to estimate attenuation [75]. The straightforward way is 
to estimate the attenuation image. This approach is illustrated in Fig. 4.3, where the 
attenuation estimate from the TOF-PET data is compared to the MRI-based attenu-
ation map. Alternatively, the TOF information can be used to estimate the attenua-
tion sinogram (i.e., the sinogram with the attenuation factor for every line of 
response (LOR)), without explicitly requiring that this sinogram should correspond 
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to the forward projection of an attenuation image [76, 77]. If a possibly mismatched 
attenuation image is available (as would typically be the case in PET/CT), one can 
make use of the TOF information to estimate a (nonrigid) deformation that opti-
mally aligns this attenuation image to the emission data [78, 79]. Since the number 
of hybrid PET/MRI systems with TOF capability is increasing, joint estimation is 
an interesting approach to improve attenuation correction in MRI [75] (Fig. 4.4).

This joint estimation of attenuation and activity is not free of problems. One is 
that some prior knowledge is required to estimate the scale factor: multiplying the 
activity image with a constant and dividing the attenuation sinogram with the same 
constant result in the same attenuated sinogram. Note that a scaled attenuation sino-
gram does not correspond to a scaled attenuation image; the scale factor manifests 
itself in the attenuation image as a position-dependent intensity change. If the atten-
uation is estimated as an image of attenuation coefficients, one can (partially) seg-
ment this image to identify a soft tissue region and adjust the scale factor such that 
this region is reconstructed with the known attenuation coefficient at 511  keV 
(0.00875/mm for fat and around 0.0099/mm for other tissues). If the attenuation is 
estimated by deforming an available attenuation map, the scale factor is automati-
cally determined by that attenuation map. If the attenuation is estimated as a sino-
gram of attenuation factors, then, unfortunately, determining the scale factor is not 
straightforward.

Another problem is that some LORs provide very limited attenuation informa-
tion, particularly those along which the activity is concentrated in a small region 

MR-based attenuation MLAA attenuation

acitivity image acitivity image

Fig. 4.3 Left: the estimated attenuation for a brain scan on the GE SIGNA PET/MR system. The 
attenuation of the hardware is obtained from a template; the attenuation of the patient head is esti-
mated with an atlas-based approach. Right: the attenuation of the patient head was estimated with 
the MLAA algorithm [72] in combination with the same hardware template. The corresponding 
attenuation-corrected activity images are shown as well
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(relative to the TOF resolution) and those for which only few photon pairs are mea-
sured. This is typically the case for LORs close to the edge of the object. As a result, 
the joint estimation performs poorly near the boundary of the patient body. For 
tracers that have a more targeted accumulation than 18F-FDG, this problem will be 
more pronounced. The use of anatomical information provided by MRI or CT is 
very helpful here.

Validation of the joint estimation algorithms is less straightforward than one 
might think. An obvious approach would be to use the MLEM reconstruction using 
a CT-based attenuation map as the gold standard (after verifying that there is no 
mismatch due to patient motion). However, if there is some inconsistency in the 
data, MLEM and the joint estimation methods converge to different results. This is 
because MLEM can only use the activity values to “explain” the data inconsisten-
cies, whereas the joint estimation method can also manipulate the attenuation val-
ues. Such inconsistencies can be caused by any imperfection in the acquisition 
model. Scatter correction is very challenging, and although the current scatter esti-
mation algorithms are powerful, the scatter estimate is still approximate and can 
sometimes differ significantly from the true scatter contribution [80].

Despite these problems, joint estimation is a promising approach for improving 
attenuation correction in PET/MRI. The simultaneously acquired MRI image pro-
vides an abundant amount of anatomical information which can be exploited to 
overcome the limitations of the joint estimation, while the joint estimation will 

Fig. 4.4 The CT-based attenuation and attenuation-corrected activity for a whole-body scan on 
the Siemens mCT. Part of the liver is under-corrected for attenuation because the CT was taken 
during inhalation (left). The MLRR algorithm [78] deforms the CT to maximize the likelihood of 
the TOF-PET data, correcting for the mismatch (center). The MLAA result is shown in the third 
column
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provide the attenuation coefficients which cannot be deduced from the MR image 
[64, 70, 81]. The manufacturers continue to improve the TOF resolution of their 
systems, and the performance of joint estimation will improve accordingly. Existing 
methods could be combined to produce a method that applies strong constraining 
based on the MR image [70] while correcting for a possible misalignment of that 
image [78, 79], which determines the scale factor by imposing the known attenua-
tion to some structures identified in the MR image and estimates the attenuation of 
the other structures.

4.7  Hardware Correction

An often-overlooked factor in the attenuation correction of PET/MRI data is the 
attenuation caused by hardware structures [82]. Indeed, any components within the 
PET detector ring will introduce a certain degree of photon attenuation and there-
fore need to be accounted for during the reconstruction, to obtain accurate emission 
measurements. While the effect of non-moving parts (e.g., the body coil) is included 
in the normalization factors computed during the daily calibration of the system, 
moving parts must be included in each patient’s attenuation map.

The most commonly found hardware structures in a PET/MRI scan are the 
patient bed and local radiofrequency coils. However, any device in the field of view 
can potentially affect the emission image: positioning aids, medical probes, fMRI 
goggles, dielectric pads, etc. In most cases, the effect on the PET images is qualita-
tively negligible. Still, each new device should be carefully considered to determine 
whether the quantitative impact is acceptable for the intended purpose of the exami-
nation [83–89].

Contrary to patient-related attenuation, hardware structures cannot be detected 
by conventional MRI sequences. As a matter of fact, coil designers usually select 
materials that minimize the MRI visibility of their hardware, to prevent it from 
causing artifacts in the patient images (e.g., signal from coil components phase 
wrapping onto the body). In consequence, PET/MRI manufacturers have chosen to 
provide a correction only for rigid structures with known positions (e.g., patient bed 
and head/neck coils) by means of prerecorded attenuation templates [90] that are 
overlaid on each patient’s attenuation map.

There have been a few methods proposed in the literature to account for the 
attenuation of non-fixed and nonrigid coils. These approaches rely either on the 
incorporation of MRI-visible landmarks on the coil [91, 92] or the use of short echo 
time sequences capable of capturing short-lived signals from the hardware [93]. 
However, both approaches suffer from practical drawbacks and have not yet been 
adopted by clinical systems: in the former case, there is the need for coil redesign, 
as well as the risk of landmark signal contaminating diagnostic MRI series. In the 
latter case, there is the need for the additional, comparatively long MRI sequence, 
as well as the subsequent nontrivial registration of a coil attenuation model.

This last point deserves some attention: indeed, the benefit of incorporating hard-
ware models into the attenuation map is heavily dependent on the accuracy with 
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which they can be positioned. Thus, an incorrectly placed model will not only fail 
to perform the correction but also introduce an overcorrection, achieving practically 
the opposite of the desired effect. As a rule of thumb, attenuation models must be 
positioned with an accuracy equivalent to the size/resolution of the structures 
included in them. For this reason, hardware models found in clinical systems are 
usually coarse low-resolution versions stripped of all moving parts (e.g., head coil 
mirrors and cables).

Another important point to consider is that even perfect attenuation correction 
won’t bring back those lost counts. As a reference, some coils can cause the loss of 
5–10% of the events that would otherwise be detected. For this reason, the presence 
of hardware structures should be minimized in all cases. Also, manufacturers are 
progressively introducing redesigned coils, where the amount of casing material has 
been minimized and high-attenuation electronic components have been moved 
away from the center of the field of view.

4.8  Unsolved Issues

There are several remaining open topics in MRI-based attenuation correction. In 
some cases, like patient motion, solutions are slowly being incorporated into com-
mercial systems, while for other cases, like MRI metal artifacts, a practical solution 
remains unavailable. We present here a summary of these topics and their latest 
reported progress.

4.8.1  Metal Artifacts

The fact that metallic implants interfere with attenuation correction is already known 
from PET/CT [94]. However, the physical principles involved are completely differ-
ent in PET/MRI: metal artifacts in CT are caused by lost transmission information in 
line of response intersecting a high-attenuation object. This results in bright starlike 
structures in the images, from which long streaks radiate (sometimes across the 
entire image). In contrast, metal artifacts in MRI are caused by the alterations in the 
static and gradient fields caused by the magnetization of the metallic object. This 
results in large (~1–5 cm) approximately spherical regions devoid of signal.

Arguably, many metallic implants are counter-indicated for MRI imaging, like 
pacemakers and neurostimulators. Nevertheless, there are many implants commonly 
allowed in clinical PET/MRI for which a solution would be desirable. This is particu-
larly relevant for indications such as oncology, dealing mostly with elderly patients 
and where hip, shoulder, and dental prostheses are frequently encountered [95].

If left uncorrected, signal-void regions caused by metal implants in the sequences 
used for MRAC will cause those regions to be classified as air in the attenuation 
map. This will lead to bias in the reconstructed PET images, centered on the posi-
tion of the implant but also spreading to the surrounding area, with a pattern depen-
dent on the reconstruction algorithm [96].
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Some correction approaches have been proposed in the literature, either by iden-
tifying gaps within the patient and filling them with tissue attenuation or by image 
inpainting [97, 98] or by using multispectral MRI sequences, capable of recovering 
the signal around metal [99]. Unfortunately, there are practical drawbacks to all 
these methods. For example, assuming that large cavities are caused by artifacts and 
should be filled with tissue is a valid assumption (and one used by some systems) 
for certain regions, like the pelvis and legs. But implementing this same assumption 
in the abdomen requires careful consideration to prevent bowel air misclassifica-
tion. Also, the signal-void regions are often quite large and can connect to the back-
ground, complicating their detection and correction.

Interestingly, recent results indicate that time-of-flight reconstruction has a miti-
gating effect on metal artifacts [96, 100]. This is due to the increased robustness of 
TOF reconstruction to data inconsistencies. However, it is important to notice that 
TOF is not making those errors disappear, just distributing them differently (per-
haps more conveniently) over the field of view (Fig. 4.5).

4.8.2  Motion Artifacts

Patient motion is a common source of artifacts in almost any imaging modality. For 
PET imaging, particularly when considering attenuation correction, patient motion 
leads to mismatch between the attenuation map and the corresponding emission 
data. This results in uptake bias around the moving areas, such as the well-known 
“banana artifacts” found around the diaphragm in PET/CT images.

The issue of patient motion comprises several distinct scenarios, such as periodic 
motion (e.g., cardiorespiratory), irregular motion (e.g., tremors), and bulk motion 
(e.g., repositioning). Despite the common underlying principles in terms of artifact 

Fig. 4.5 Axial views showing artifacts caused by metallic dental implants in MRI and CT
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formation, addressing these issues requires quite specific solutions, and they are 
best considered as entirely independent problems.

The case of cardiorespiratory motion is perhaps the best known and most exten-
sively studied. Several potential solutions can be found in the PET/CT literature, 
usually relying on some sort of dynamic CT acquisition [101–103]. As a matter of 
fact, the ability of PET/MRI to provide radiation-free dynamic imaging is consid-
ered by some as one of the main—unexploited—strengths of this modality. An 
increasing number of publications can be found concerning the correction of respi-
ratory motion in PET/MRI. However, the issue of attenuation correction is often lost 
within the larger problem of compensating patient motion during the acquisition of 
emission data. Discussing these methods would therefore overflow the scope of the 
present chapter. Readers are instead referred to the literature for more information 
on this topic [104, 105].

A key fact to remember is that, while full-fledged motion correction is techni-
cally complex and not always straightforward to integrate into clinical routine, 
motion-corrected attenuation correction is relatively simple to implement and apply. 
Indeed, the MR sequences used for attenuation correction can be readily modified 
to yield four-dimensional datasets representing the respiratory cycle. With these in 
hand, regular PET gating techniques can be used to match emission and attenuation 
datasets. As a side note, time-of-flight reconstruction has also been reported to miti-
gate respiratory mismatch artifacts [100].

Head motion has also been the object of study in PET/MRI, given the obvious 
interest of this modality for brain research and the importance of accurate quantita-
tion in this field [106]. In contrast to respiratory motion, head motion is better suited 
for motion correction implementation (several manufacturers have introduced it in 
their products), and there is no benefit to addressing motion on the attenuation map 
only. On the other hand, with head attenuation correction approaches now incorpo-
rating longer MRI sequences capable of bone imaging, motion during the acquisi-
tion can noticeably affect the attenuation map [107]. Head motion can be accurately 
tracked with marker-based or markerless optical motion tracking systems. Some of 
those are MRI compatible [108]: their use would avoid the loss of MR scanning 
time for motion tracking and provide motion data with high temporal resolution, 
enabling motion correction for both devices.

4.8.3  Contrast

There has been relatively little work on the impact of MRI contrast agents on MRI- 
based attenuation correction. Contrast agents don’t affect the actual attenuation of 
the sample but rather the MRI acquisitions used to estimate the attenuation map.

Of the existing publications [109, 110], one concludes that gadolinium-based T1 
contrasts are not expected to bias attenuation maps, whereas a more recent study 
reveals these agents to potentially influence fat/water separation. Generally, contrast- 
enhanced sequences should be acquired after all attenuation correction acquisitions 
have been performed.
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Iron oxide-based T2* contrast, on the other hand, has been reported to potentially 
cause susceptibility artifacts and bias attenuation maps. In this case, there is the 
additional drawback of the long persistence time of some T2* shortening prepara-
tions (weeks to months in uncommon cases).

4.8.4  Other Radiopharmaceuticals

As in the case of contrast agents, the literature on PET/MRI for radiotracers other 
than fluorine-18 (or fluorodeoxyglucose) is limited, at least in terms of their techni-
cal performance. A notable exception is the work of Soderlund et al. [111]. Within 
the scope of the present chapter, little trouble is expected from such tracers in terms 
of attenuation correction for the MRI-driven methods. In contrast, the performance 
of PET-driven methods may deteriorate for very specific tracers. PET segmentation 
methods for solving MR truncation problems will only work if there is significant 
tracer uptake in the missing body parts. Also, the joint estimation methods are sensi-
tive to the tracer distribution. An extreme case would be the almost exclusive uptake 
of a very specific tracer in a small lesion. If that lesion would be small compared to 
the TOF resolution, the joint estimation methods would fail. A more realistic sce-
nario would be the accumulation of the tracer in some parts of the body but not in 
others. The joint estimation method only enables estimation of the attenuation along 
LORs intersecting the active region. For methods that estimate only the attenuation 
sinogram, this is not a major problem, since the attenuation along LORs without 
activity is irrelevant. Methods estimating the attenuation image will produce attenu-
ation maps with artifacts, because of the missing data. However, the resulting atten-
uation may still be accurate; this remains to be investigated. Similarly, methods 
estimating the required deformation of an available attenuation may not produce the 
exact deformation, but that does not imply that the associated attenuation correction 
must be inaccurate. Very focal activity uptake in only a few regions can also com-
plicate the estimation of the unknown scale factor. As shown in [63], there is a sin-
gle scale factor for all active regions that are intersected by common LORs. 
Consequently, in a typical 18F-FDG image, there is a single scale factor for the entire 
volume. However, regions of clustered activity which do not share LORs do not 
share the same scale factor, implying that determining the correct scale will be more 
complicated.

Certain tracers (e.g., gallium-68), delivered in high activities for dynamic imag-
ing, have been reported to cause scatter correction issues. Scatter tail fitting is, in 
general, a delicate issue in narrow-bore PET/MRI scanners and closely linked with 
the quality of truncation correction.

4.8.5  Phantoms

Finally, the issue of nonhuman attenuation correction needs to be discussed. As 
stated previously in this chapter, PET/MRI systems do not have at their disposal any 
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means of direct transmission measurement, like an X-ray or annihilation photon 
source. In consequence, the MRI-based attenuation correction must rely heavily on 
a priori knowledge about the object being imaged (i.e., a human patient). This is true 
both for the MRI sequences used to acquire the data and for the algorithm that trans-
forms the acquired MRI data into an attenuation map.

The unfortunate consequence of this fact is that the default MRAC methods used 
by clinical PET/MRI systems are not suitable for anything other than human imag-
ing [112]. The further the subject being imaged is from the patient model assumed 
by the system (an incorrectly positioned patient, a patient with large anatomical 
deviations, an animal, a phantom), the poorer results will be obtained.

The case of PET phantoms is particularly severe. Indeed, PET phantoms are 
generally large water containers where trace amounts of radioactive material is dis-
solved or solid constructs where a long-lived radioactive element is embedded in an 
epoxy-like matrix. And, by principle, MR imaging performs poorly on large bodies 
of water and on dry solids. Furthermore, the issue here is not whether a carefully 
chosen and parameterized MR sequence could yield good images of a given phan-
tom. The question is whether such a sequence (let alone the default MRAC sequence 
for human imaging) could perform equally well on any arbitrary phantom setup.

Some alternative phantom-filling fluids have been suggested to mitigate this 
problem [113], but they all have significant drawbacks in terms of cost, ease of 
preparation, cleanup, and disposal. While these are useful tricks to be used for spe-
cific research studies, they do not provide a general solution to this issue.

Manufacturers are of course aware of this limitation and provide template-based 
solutions for the most commonly used phantoms (e.g., germanium sources and 
NEMA IQ) [114]. While this is a practical approach that covers the needs of most 
sites, an important fact must be acknowledged: at the present time, the only way of 
testing a PET/MRI system as a whole or its MRAC is by scanning an actual human 
subject, with all the limitations that entails.
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5.1  Introduction

The theoretical spatial resolution of current-generation PET scanners can rarely be 
achieved in practice because of subject motion. Motion negatively impacts virtually 
all types of PET studies and can be broadly classified into rigid-body motion in 
which the whole organ of interest moves as a whole (e.g., brain) and nonrigid-body 
motion (e.g., cardiac, respiratory, bulk) in which deformations of the internal organs 
occur. The former is relevant in neurological studies, while the latter negatively 
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degrades the quality of whole-body studies in oncology and cardiology. In addition 
to the “image blurring” effect that makes the characterization of small features of 
interest (e.g., cortical gray matter regions in neurology, primary or metastatic lesions 
in oncology, myocardial perfusion defects in cardiology) even more difficult, motion 
leads to bias in quantification and artifacts due to mismatches between the emission 
and attenuation data.

Recently, integrated PET/MRI scanners capable of simultaneous data acquisition 
have been introduced [1, 2] and used in numerous proof-of-principle studies in vari-
ous patient populations, as discussed in the other chapters. Most of the methods 
previously proposed for motion control (i.e., gating or binning the acquisition into 
shorter frames that are minimally affected by motion) for both MR and PET are also 
available in these integrated devices. Although these techniques are not specifically 
reviewed in this chapter, we note that gating of the emission data is a required step 
for virtually all the MR-based motion correction approaches discussed. However, 
the obvious disadvantage of gating is that the signal-to-noise ratio (SNR) in the 
images obtained from short frames is significantly reduced as a large proportion of 
the recorded events are discarded. PET data-driven motion estimation has also been 
a highly researched topic with several promising methods having been developed 
over the last decades [3]. Although they could be used in integrated PET/MR scan-
ners as we previously described [4], these approaches will not be covered in this 
chapter, and instead we will focus on the methods that have been specifically sug-
gested in the context of PET/MRI. This novel technology allows the use of motion 
estimates derived from one modality to perform motion compensation of the data 
acquired with the other technique. The obvious example and the most widely 
explored direction to date is the use of MR-derived motion estimates for PET motion 
correction. However, a cross-modality validation of the motion estimates could be 
performed in an integrated device, and it is not unconceivable that PET-based esti-
mates could eventually also be used to minimize the effects of motion on the MR 
images in certain scenarios.

Displacement (mm)
Cranio-caudal Anterior-posterior Lateral

Lung lesions 10 9 8
Heart 3.8–23.5 −1.3 to 11.5 −1.8 to 6.1
Liver
  Normal inspiration 10 to 26 10 10
  Deep inspiration 75
Spleen 20 10 5
Pancreas tumor 13–42 3–13
Kidney 2.5–20.5 0.6–8 0.4–5.9
Prostate 0.5–10.6 0.3–10

There are several types of motion that negatively impact research and clinical 
PET/MRI studies [4]. Head motion is random and often occurs very rapidly but can 
be characterized by simple rigid-body rotations and translations. Respiratory motion 
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on the other hand can be assumed to be periodic, but it leads to nonrigid displace-
ments of the internal organs in the thorax and abdomen. Furthermore, the amplitude 
of the motion depends on the type of respiration, with larger displacements being 
observed after a deep inspiration often used before breath-hold techniques. Even the 
path along which the various organs travel during inspiration is different than the 
one followed in expiration, a phenomenon termed hysteresis. The magnitudes of the 
respiratory-induced displacements for several internal organs (e.g., lung tumor [5], 
heart [6], liver [7–10], spleen [11], pancreas tumor [12, 13], kidney [14], prostate 
[15]) are summarized in the adjacent table (see [4] for a more detailed discussion). 
The motion of the heart throughout the cardiac cycle can also be assumed to be 
periodic but is very complex, involving longitudinal and radial contractions, as well 
as rotations of the apex and base in opposing directions [16]. Finally, bulk motion 
often occurs when patients adjust their position in the scanner. This “nonphysiologi-
cal” motion is nonperiodic and leads to unpredictable displacements and deforma-
tions of the internal organs.

All these types of motion can be characterized using MR although the challenges 
and solutions are different in each case. For example, for head motion estimation, 
high temporal resolution methods are required to characterize the motion through-
out the whole acquisition as no periodicity can be assumed, but the displacement of 
the head instead of each of the individual voxels is needed as the brain moves as a 
whole. On the other hand, periodic respiratory or cardiac motion can be modeled, 
but the motion vector fields that describe the displacements of all the voxels in the 
volume of interest have to be derived.

In the next sections, we will discuss several of the MR-based motion estimation 
and PET data correction strategies that have recently been proposed in the context 
of PET/MRI. It was not our intention to provide an exhaustive review of the litera-
ture and instead decided to focus on those methods that have the highest clinical 
potential, meaning they could be used routinely without minimal modification of 
the clinical protocols. First, the MR-based techniques for head, respiratory, cardiac, 
and bulk motion characterization will be introduced. Next, the algorithms for per-
forming the actual PET data motion correction using these estimates will be briefly 
covered. Finally, the various methods proposed for the qualitative and quantitative 
assessment of the impact of motion correction on the PET data will be discussed.

5.2  MR-Based Motion Characterization

5.2.1  Head Motion

Numerous methods for estimating head motion from the MR have been developed 
but only a handful of them have been used in the context of PET/MR imaging. Head 
motion estimates can be derived from structural images acquired repeatedly (and 
ideally frequently) or from embedded navigators. The first human study that dem-
onstrated that MR-based motion estimates can be used for PET motion correction 
was performed using the BrainPET prototype (Fig.  5.1) [17]. The echo planar 

5 PET/MRI: Motion Correction



80

imaging (EPI)-based estimates were obtained every time a complete volume was 
acquired (i.e., every 2–3 s). This concept is similar to the prospective acquisition 
correction (PACE) techniques [18] frequently used in functional MRI studies, 
except that the individual EPI volumes are coregistered offline using more accurate 
algorithms. Additionally, estimates were also obtained during high-resolution ana-
tomic imaging using cloverleaf navigators [19]. Briefly, a k-space map was acquired 
at the beginning of the scan in 12 s. A short-duration (i.e., 20 ms) navigator inserted 
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Fig. 5.1 MR-based motion correction in a healthy volunteer: (a) EPI-derived motion estimates 
obtained over a 15 min acquisition; (b) FDG PET images reconstructed before (left) and after 
motion correction (middle) and the corresponding MR images (right). Note the substantial 
improvement in PET image quality after motion correction. Figures originally published in The 
Journal of Nuclear Medicine [17]
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every repetition time of a 3D-encoded fast low-angle shot (FLASH) sequence was 
used to estimate the transformation between the current head position relative to the 
initial map. These motion estimates were used for both prospective MR and retro-
spective PET data motion correction.

EPI-derived motion estimates were also used for PET motion correction by some 
of the other BrainPET early adopters [20–22]. Subsequently, the use of short 3D 
EPI volumetric navigators (vNavs) embedded in 3D multiecho magnetization- 
prepared rapid gradient-echo (MPRAGE), 3D T2-weighted sampling perfection 
with application optimized contrast using different flip angle evolution (SPACE), 
and 3D T2SPACE fluid-attenuated inversion recovery (FLAIR) sequences (rou-
tinely used to acquire high-resolution morphological brain data) was demonstrated 
to reduce the motion sensitivity of these sequences without degrading their perfor-
mance [23]. The motion estimates derived from vNavs can be used for PET motion 
correction in the case of simultaneous PET/MR data acquisition.

Siemens introduced a head motion estimation and correction algorithm, called 
BrainCOMPASS, for the Biograph mMR scanner. It uses a PACE-based navigator 
[18] to obtain the head motion estimates simultaneously with the PET data acquisi-
tion in list-mode format. If the motion amplitude exceeds a certain threshold, the 
movement time and the corresponding translations and rotations are saved and later 
written into the DICOM header of the list-mode data.

A different approach for tracking the head motion involved wireless MR active 
markers [24] and dedicated MR sequences [25]. The wireless maker consists of a 
small NMR microsample bulb filled with doped water placed inside a matching size 
solenoid wireless MR coil. Using three such markers attached to the head of the 
subject is sufficient for characterizing the motion of the whole volume. A dedicated 
MR sequence is required to obtain the locations of the wireless markers by measur-
ing their X, Y, and Z projections using separate gradient readouts along each of the 
directions.

5.2.2  Respiratory Motion

Respiratory motion characterization is a twofold problem. On one hand, a respira-
tory signal is required to bin the data into gates corresponding to the different phases 
of the respiratory cycle. On the other hand, a motion model [26] that characterizes 
the motion of the internal organs between these respiratory phases has to be gener-
ated. In the model generation phase, both the respiratory signal and the MR data 
required for calculating the model are acquired in the same time. Subsequently, only 
the respiratory signal is used to inform the application of the model, while other MR 
sequences are run.

The respiratory surrogate signal can be obtained using an external device such as 
a pressure sensor mounted in a chest belt that monitors the changes related to the 
displacement of the thoracic cage. Alternatively, navigator pulses derived directly 
from the MRI data could track the cranio-caudal motion of the right hemidiaphragm 
[27]. A more advanced method that can be used in the case of motion-insensitive 
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k-space sampling (e.g., radial or spiral trajectories) consists of deriving a self-gating 
signal from the k-space [28]. For example, in the case of a stack-of-stars trajectory 
in which radial sampling is performed in the kxy plane at golden-angle increments 
and Cartesian sampling is performed in the kz direction, the self-gating signal can be 
obtained from the central k-space partition. Additionally, the golden-angle acquisi-
tion allows the retrospective binning of the MR data into any desired number of 
gates. Good correlation between the respiratory signals generated from MR (and 
PET) data and those obtained from external devices has been reported [29].

To derive a respiratory model, a series of 2D images repeatedly acquired over 
several respiratory cycles can be used to generate the 3D volumes corresponding to 
the different respiratory phases [30–32]. Alternatively, these volumes can be 
obtained from the data collected with 3D radial stack-of-stars spoiled gradient-echo 
sequences and binned based on respiratory signal derived either from the k-space 
[28] or using a slice-projection navigator [33].

Once these 4D data (i.e., 3D volumes at multiple time points during the respira-
tory cycle) are available, various nonrigid registration algorithms (e.g., dense dis-
placement sampling [34], demons [35], vector spline regularization [36], etc.) can 
be used to compute the motion vector fields between each of the respiratory gates 
and the reference gate.

Other MR motion estimation techniques such as tagged MRI, phase contrast 
MRI, and pulsed field gradient methods [37] have been proposed for estimating 
respiratory motion in the abdomen and thorax in early proof-of-principle PET/MRI 
studies. In fact, tagged MRI was first suggested in this context for tracking the respi-
ratory motion in the abdomen, and proof-of-principle studies were performed in 
phantoms and animals [38, 39]. CSPAMM was used for tagging, while the motion 
fields were estimated using regularized HARP [38]. These methods will not be fur-
ther discussed here because they have limited clinical potential, as they require long 
acquisition times and involve nondiagnostic MR sequences.

5.2.3  Cardiac Motion

Characterizing cardiac motion also requires a signal to divide the cardiac cycle into 
short frames (e.g., 50–100 ms). Although numerous techniques have been proposed 
for deriving a surrogate signal in MRI [40], the electrocardiogram (ECG)-based 
gating is the most widely used approach, being applied either prospectively or ret-
rospectively. The latter method, in which data acquired continuously are time- 
stamped so that they can be retrospectively binned [41], is the one most relevant for 
motion estimation. Similar to the detection of the respiratory signal, cardiac self- 
gating can be used to obtain a cardiac signal directly from the k-space data [42, 43].

Once a cardiac signal is available and the data can be binned in different gates, a 
motion model to describe the transformations between the different cardiac phases 
needs to be generated.

MRI tagging is a technique that has been widely used in cardiac MRI, in which 
a virtual pattern (e.g., grid) is superimposed on the tissue of interest using a 

C. Catana



83

selective radio-frequency pulse [44], through the spatial modulation of the magne-
tization (SPAMM) [45] or a train of RF pulses as in the delay alternating with nuta-
tion for tailored excitation (DANTE) sequence [46]. Contrast is thus introduced 
between the tagged and untagged voxels. The deformation of the tagging pattern is 
dependent on the motion of the underlying tissue, and various methods (e.g., active 
contour detection, optical flow, or template matching approaches) can be used to 
extract motion vector fields from these data. The feasibility of performing cardiac 
tagging on an integrated PET/MR scanner was first demonstrated using a cardiac 
beating phantom [47]. A SPAMM sequence was used for tagging the myocardium 
and nonrigid B-spline registration algorithm [48] for estimating the motion fields in 
all three directions from the tagged MRI volumes.

As already mentioned, one big disadvantage of the standard tagged MRI approach 
is that it requires long acquisition times. To address this limitation, accelerated 
tagged MRI using either parallel imaging (GRAPPA algorithm with up to four times 
acceleration) or compressed sensing (kt-FOCUSS algorithm) techniques has been 
suggested [49]. Furthermore, tagging is not useful for tracking the motion of struc-
tures on which the tags cannot be superimposed or fade very rapidly. This is the case 
when imaging the coronary arteries, which is of interest in patients with suspected 
coronary atherosclerotic disease. Obtaining the motion vector fields from the fat 
tissue that surrounds the whole heart has been suggested as an alternative [50].

A different framework for simultaneous respiratory motion-corrected cardiac 
MR angiography and PET imaging was recently developed [51]. The cardiac MR 
angiography data are acquired during free breathing but with ECG-triggering using 
a 3D T1-weighted spoiled gradient-echo sequence with a golden-step Cartesian spi-
ral profile sampling trajectory. One spiral interleaf is acquired every cardiac cycle. 
The data acquired using a 2D image navigator repeated every cycle is used to esti-
mate the translational motion in the foot-head and right-left direction. The respira-
tory signal obtained from the foot-head motion is used to bin the data into different 
respiratory phases, and the corresponding MR images are reconstructed using an 
iterative SENSE approach [52]. Finally, respiratory motion fields are obtained by 
nonrigidly registering the MR bins and applied to both the MR and PET data.

5.2.4  Dual Respiratory and Cardiac Motion

Although the initial efforts in the PET/MRI field have focused on developing meth-
ods for compensating for respiratory and cardiac motion separately, both sources 
have to be addressed in the same time for in vivo cardiac studies. Dual gating can be 
performed using external devices to generate the bins required to capture the heart 
in the various phases along the respiratory and cardiac cycles. Simulation studies 
been performed to demonstrate the feasibility of dual motion estimation [50, 53].

An elegant approach recently proposed and assessed in vivo uses a 3D golden- 
radial phase encoding scheme [54]. The data are acquired over 5 min during free 
breathing and without ECG-triggering to cover several respiratory and cardiac 
cycles. The respiratory and cardiac signals are obtained from the k-space data using 
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the self-gating approach previously described and from an external ECG, respec-
tively. The data are split into 8 respiratory and 12 cardiac motion states. Each 
acquired k-space spoke is assigned to a certain respiratory and cardiac motion state. 
The data are first reordered based on the respiratory motion states; the volumes cor-
responding to each respiratory state are reconstructed and registered to determine 
the respiration-induced heart motion. Next, respiratory motion is compensated for 
in the k-space, and the data are reordered based on the cardiac motion states. Finally, 
the motion-free volumes reconstructed from these data are nonrigidly coregistered 
to obtain the motion vector fields characterizing the motion of the heart during the 
cardiac cycle. This approach is summarized in Fig. 5.2.

In a different approach, respiratory and motion estimation is performed in two 
stages [53]. First, the respiratory-gated PET images are used to estimate the respira-
tory motion vector fields using a B-spline nonrigid registration algorithm and mean 
square difference as the cost function. These fields are then used to respiratory- motion 
correct the respiratory gates corresponding to each of the cardiac gates and generate 
respiratory motion-suppressed images in the reference phase. The cardiac- gated MR 
data are used to estimate the gate-to-gate cardiac motion vector fields that are finally 
used to cardiac-motion correct each of the respiratory motion-corrected cardiac gates.

3D motion corrupted image

4D respiratory resorted data

4D cardiac resorted data with respiratory motion correction

Motion compensated PET reconstructionMotion compensated MR reconstruction
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Fig. 5.2 Respiratory and cardiac motion estimation and correction algorithm: (a) the MR data are 
labeled according to the respiratory (yellow-red) and cardiac (blue-cyan) motion states; (b) the 4D 
data are first sorted based on the respiratory labels and used to generate the 3D images correspond-
ing to the N respiratory phases from which the respiratory motion fields (RM) are obtained; (c) in 
the next step, respiratory motion correction is performed, the k-space data are resorted based on the 
cardiac signal, and the M cardiac states obtained are used to calculate the cardiac motion fields 
(CM); (d) finally, dual motion compensation of the MR and PET data is performed. Figures origi-
nally published in The Journal of Nuclear Medicine [54]
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5.2.5  Bulk Motion

MRI can also be used for detecting nonperiodic bulk motion such as that caused by 
the repositioning of the subject on the scanner table. In the only approach proposed 
to date, a 3D high-resolution radial phase encoding scheme was used to reconstruct 
MR images with three different temporal resolutions from the same data. The high 
temporal resolution images are used to detect the times when bulk motion occurs. 
Second, the “static” images between the detected time points are generated and used 
to estimate nonrigid-body motion vector fields between the different states. Finally, 
motion-compensated PET (and MR) images are reconstructed using the motion 
vector fields [55].

5.3  PET Data Motion Compensation Algorithms

5.3.1  Before Image Reconstruction

This class of methods was mainly used for rigid-body motion correction of the 
brain [17, 20–22]. In the motion compensation approach proposed in [17], the list-
mode emission data acquired simultaneously with the MR data are first divided 
into frames of progressively longer duration according to the desired dynamic pro-
tocol. Each of these frames is subsequently divided into subframes based on the 
available MR-based motion estimates. The prompt and random events correspond-
ing to each of the subframes are obtained in the line-of-response space by histo-
gramming the list-mode data. Next, a reference position is selected (e.g., first 
subframe), and rigid- body transformation matrices for all the subsequent sub-
frames are derived from the MR data. For each event detected in a particular line-
of-response, the motion is accounted for by applying the transformer to the 
corresponding line and identifying the line-of-response in which the event should 
have been detected in the absence of motion using nearest neighbor interpolation. 
Alternatively, this can be viewed as “moving” the coordinates of all the crystals 
based on the transformer or that an event detected in a pair of crystals is assigned 
to a different pair of crystals based on the transformation matrix derived from the 
three rotations and three translations that define the rigid-body motion. Motion-
compensated prompt and random event sinograms for each subframe are generated 
from these data. The emission data from all the subframes are added to obtain the 
motion-compensated prompt and random coincidence sinogram for each frame. 
The attenuation (and scatter) of the MR radio- frequency coil is accounted for sepa-
rately since it is stationary with respect to the scanner. The motion-compensated 
sensitivity data are used to generate the normalization sinogram. Head attenuation 
and scatter correction sinogram are estimated only in the reference position. The 
motion-corrected PET volumes are reconstructed from these motion-compensated 
sinograms using the standard reconstruction algorithm.

A generic reconstruction library called PRESTO (PET reconstruction software 
toolkit) was proposed to transfer the data into a generic project space previous to 
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image reconstruction [22]. This approach avoids the degradation of motion- 
compensated projection data by the axial and transaxial compression that are typi-
cally performed for sinogram-based reconstruction. In an effort to reduce the 
computation time, a patient-specific algorithm to generate subframes only when the 
measured head displacement between two consecutive time points exceeds a certain 
threshold was subsequently suggested [21].

Although pre-reconstruction motion compensation algorithms are particularly 
useful for brain applications, it is worth noting that a similar approach could be used 
to perform respiratory motion compensation for cardiac studies as previously sug-
gested [56] under the assumption that the heart moves rigidly with respiration.

5.3.2  During Image Reconstruction

The approach most often used for incorporating the MR-derived motion estimates 
is called motion-compensated image reconstruction (MCIR). Similar to the pre- 
reconstruction techniques, MCIR has the advantage that all the recorded events con-
tribute to the final image, which leads to significantly improved counting statistics 
compared to the standard gating techniques in which the majority of the events are 
discarded. Furthermore, the Poisson nature of the data is maintained as opposed to 
the post-reconstruction techniques described in the next section.

To perform MCIR for whole-body applications, the PET data are first binned into 
to the desired number of respiratory or cardiac phases as described above. One of 
the gates is set as the reference position, and all the motion vector fields that trans-
form the other gates into the reference position are obtained. The PET system matrix 
(that represents the probability of detecting in a specific line-of-response an event 
originating from a particular voxel) is modified to account for the nonrigid change 
in the activity distribution by applying a motion-warping operator [57]. Gate- 
specific attenuation maps are also generated from the MR-based attenuation map by 
applying the inverse transformations.

Several of the standard image reconstruction algorithms have been extended to 
incorporate motion vector fields into the system matrix in the context of PET/MRI 
such as the one-pass list-mode expectation maximization [31], maximum a poste-
riori (MAP) [33], maximum likelihood expectation maximization (MLEM) [38], 
and ordered-subsets expectation maximization (OSEM) [32, 58, 59]. An example of 
using MCIR for lung motion correction is shown in Fig. 5.3 [33].

Although most popular for whole-body applications, MCIR was also applied to 
head motion correction using vNav-derived motion estimates [60]. To optimize the 
computing resources, the list-mode data was adaptively binned into 4D sinograms 
based on the extent of motion. The mean voxel displacement in the imaging volume 
was calculated after each vNav acquisition and a new sinogram was generated 
whenever a threshold was exceeded. In order to account for motion, the authors 
used a 4D image reconstruction algorithm and a data augmentation method based 
on the alternating direction method of multipliers [61] that enabled to inclusion of a 
sparsity constraint to improve image quality.
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5.3.3 After Image Reconstruction

Head motion correction post image reconstruction is used in the BrainCOMPASS 
approach proposed by Siemens. At the end of the acquisition, the PET data are 
binned into the motion states defined by the patient’s movement exceeding the 
thresholds. The overall motion is limited to 20 mm (translation) and 8° (rotation). 
Up to 100 motion frames can be reconstructed. The original attenuation map is 
transformed to the position of each of the motion frames so that the attenuation cor-
rection is correctly performed. After all PET motion frames are reconstructed, the 
PET image volumes are transformed back to the position of a reference PET frame 
and summed together.

When using this approach for whole-body applications, the PET images corre-
sponding to each of the gates are first reconstructed using the standard algorithms, 
and the MR-derived motion vector fields are applied to warp these images into the 
reference gate.

In one of the first proof-of-principle human studies that used an after image 
reconstruction approach, the PET gates were first reconstructed using the OSEM 
algorithm. The Dixon-based attenuation map acquired at end-expiration was warped 
using the MR-derived motion vector fields to obtain gate-specific attenuation maps. 
To generate the final image, the gated PET images were coregistered using the 
motion vector fields, scaled based on the total number of counts in each gate and 
summed on a voxel-by-voxel basis [30]. A similar approach was used in [28] except 
that the images corresponding to the individual gates were combined using weights 
proportional to the intra-bin amplitude range of the self-gating signal.

More recently, a post-reconstruction approach was used for free-breathing 
respiratory motion-corrected simultaneous cardiac MR angiography and PET 
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Fig. 5.3 Respiratory motion correction for lung imaging: (a) coronal MR image in the reference 
position and (b) overlaid deformation fields; (c) one-gated, (d) ungated, and (e) motion-corrected 
PET images; (f) magnified views of a blood vessel located near the diaphragm demonstrating sig-
nificantly reduced blurring after motion correction. Figures originally published in Medical 
Physics [33]
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imaging [51]. The authors reconstructed each respiratory bin using the OSEM 
algorithm and gate-specific attenuation maps.

5.4  Performance Evaluation of MR-Based PET Motion 
Correction

5.4.1  Methods

There is currently no technique to serve as the gold standard for validating MR-based 
motion estimation approaches and no accepted metric for quantifying the impact of 
motion correction on the PET data. Several of the qualitative and quantitative 
approaches that have been proposed for this purpose in the proof-of-principle PET/
MRI studies are summarized in this section.

5.4.1.1  Head Motion
Substantial improvement in the FDG image quality was observed after MR-assisted 
motion correction in the first proof-of-principle study performed in a healthy volun-
teer [17]. A better delineation of brain structures and an apparent increase in gray 
matter uptake were observed after motion correction. Although the authors mainly 
focused on the static images generated from the data, images from 3 min subframes 
were also reconstructed and used to generate time activity curves for several gray 
matter structures. The shapes of these time activity curves were more similar to each 
other and consistent with the expected FDG kinetics only after motion correction.

Similar improvement in image quality and reduction of artifacts were observed 
in the brain phantom and patient studies subsequently performed on another 
BrainPET prototype [20, 21].

5.4.1.2  Respiratory Motion
Fayad et al. [31] compared the images obtained using the MCIR method to those 
produced using a post-reconstruction approach and the uncorrected ones. Data from 
11 patients with metastatic lesions were included in the analysis. The qualitative 
analysis of the profiles drawn across the lesions showed good correlation between 
the motion-corrected images and differences compared to the uncorrected ones. The 
following figures of merit were selected for the quantitative analysis: differences in 
SNR (the signal and background noise were defined as the mean and standard devi-
ation measured from ten 3 cm diameter regions of interest (ROIs) positioned across 
the liver), improvement in lesion-to-background contrast (mean lesion signal mea-
sured on the slice with the maximum count density and the background as the mean 
activity in a 3 cm diameter ROI placed in the background organ for each lesion), and 
full width at half maximum (FWHM) changes in lesion position and size. The 
improvements reported for the MCIR and post-reconstruction techniques were 28% 
and 24.2% mean SNR increases, 60.4% and 47.9% lesion size reduction, 70.1% and 
57.2% lesion contrast increase, and 60.9% and 46.7% lesion position change, 
respectively.
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Manber et al. [59] first validated the PET-derived respiratory signal against that 
obtained from the MR pencil-beam navigator on nine subjects who were imaged 
with either 18F-FDG or 68Ga-DOTATATE. The motion-corrected and uncorrected 
images were compared in four additional patients who underwent clinical PET/MRI 
scans. Increased sharpness for several of the lesions was observed by qualitatively 
examining the line profiles. The changes in standardized uptake values (SUVs) from 
a ROI defined in an area with high tracer uptake were chosen as the figure of merit 
for quantitative analysis. Mean increases in peak and maximum SUV of 23.1% and 
34.5%, respectively, were observed in a patient with four pancreatic lesions.

Dutta et al. [33] performed simulation studies using the 4D XCAT phantom with 
12 added spherical pulmonary lesions of 10 and 14 mm diameters. Three additional 
patients underwent PET/MRI scans to validate their motion correction framework. 
Bias and variance for the simulated lesions were evaluated for regularization param-
eters tuning. Additionally, the contrast-to-noise ratio (CNR, defined as the ratio of 
the sum of the means over the square root of the sum of the squared standard devia-
tions (SDs) of the intensities in the ROI and background muscle tissue) was com-
puted for high-intensity lung lesions. The authors also computed the mutual 
information between the features of interest in the PET images before and after 
motion correction and the corresponding features in the MR image. The bias was 
comparable for the one gate and motion-corrected images, while the standard devia-
tion was higher for the former. The CNR was substantially improved for the latter.

Rank et al. [58] also performed simulations in addition to evaluating their algo-
rithm in six patients with bronchial carcinoma. ROIs for every lesion were defined 
using a region-growing algorithm starting from the voxels with the maximum inten-
sity. The SUVmean, SUVmax, contrast (defined as the difference in the means in the 
lesion and background over the mean in the background), and SNR (defined as the 
difference in the means in the lesion and background over the standard deviation in 
the background) were calculated in these ROIs. Additionally, the lesion FWHM was 
calculated for the simulated data. Increases in SUVmean, SUVmax, and contrast and a 
decrease of FWHM/lesion volume were reported for the motion compensation strat-
egies. The SNR of the motion-corrected images was larger than that for the uncor-
rected case.

Manber et al. [32] evaluated the joint motion model generation method using 
data from 45 patients. The quantitative figures of merit were mutual information and 
sum of squared differences, Euclidean distance between deformation fields, and 
performance index that reflects percentage improvement. The motion compensation 
methodology was tested in five additional oncology patients who underwent PET- 
MRI studies. The PET image reconstruction improvements and artifact reduction 
were assessed visually, and increased sharpness was noted. The SUVmax and SUVpeak 
in avid lesion significantly increased after motion correction.

Munoz et al. [51] evaluated the motion-compensated cardiac MR angiography 
approach in ten subjects. Coronary vessel sharpness and length were used as met-
rics of MR image quality. The improvements reported were 37.9% and 49.1% for 
sharpness and 48.0% and 36.7% for length in the left and right coronary arteries, 
respectively. The PET motion correction strategy was evaluated in five oncology 
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patients. The PET images were analyzed by drawing profiles across the ventricle 
and by comparing the mean and coefficient of variation of the SUV in a myocar-
dium ROI.  The authors reported that the sharpness of the myocardium was 
improved after motion correction, while the noise was reduced compared to the 
gated images. Representative images from this study are shown in Fig. 5.4. The 
mean increased for three of the patients but remained almost constant for the other 
two after motion correction.

5.4.1.3  Cardiac Motion
In an effort to remove the influence of respiratory motion on cardiac studies, phan-
tom and simulation studies were initially performed to study the effect of cardiac 
motion on the detection of cardiac lesions. For example, a beating nonrigid cardiac 

Fig. 5.4 Motion-corrected cardiac images. Coronal PET slices and profiles across the myocar-
dium for five patients showing non-motion-corrected (NMC), gated, and motion-corrected (MC) 
images. MC improves myocardium sharpness compared to NMC and reduces noise compared to 
the gated reconstruction. Figures originally published in Magnetic Resonance in Medicine [51]
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phantom filled with hot 18F gel that also included cold gel inserts of different sizes 
to mimic transmural and non-transmural myocardial defects was used by Petibon 
et al. [47]. The defect/myocardium contrast recovery and image background statisti-
cal noise levels were compared between the different reconstructions. The authors 
also used a channelized Hotelling observer to perform a defect detectability study. 
Reduced spillover from the myocardium to background and defects was reported, 
leading to improved defect/myocardium contrast recovery (i.e., up to 206%). The 
improvement in lesion detectability ranged from 62% to 235% being dependent on 
the defect location (e.g., defects located in the lateral wall underwent the largest 
motion and demonstrated the largest improvement after motion compensation). 
These results were further improved after the incorporation of the scanner point 
spread function in the reconstruction [47].

The same group recently reported the results of a follow-up study in which they 
assessed the impact of motion and partial volume effects corrections on PET myo-
cardial perfusion imaging in healthy pigs that underwent simultaneous dynamic 
18F-Flurpiridaz PET/MRI examinations. As respiratory-induced heart motion is 
minimal in this particular model, respiratory motion was not performed. Segment- 
and voxel-wise myocardial blood flow maps were obtained from the dynamic data 
using a two-tissue compartment model. The 17 American Heart Association (AHA) 
segments were analyzed. Myocardium-to-blood concentration ratios and wall thick-
ness along profiles in the inferior-superior direction at various positions were esti-
mated. When compared to the uncorrected data, the mean myocardium-to-blood 
ratio was increased by 20.3% and 13.6% for the motion-corrected and gated data, 
respectively. The mean apparent myocardial wall thickness was significantly lower 
after motion correction and gating. Similarly, the myocardial blood flow values 
were higher in these cases, although the variability was also increased for the gated 
images. As in the phantom study above, location-dependent differences in mean 
myocardial blood flow values were reported between the methods [62].

5.4.1.4  Dual Cardiac and Respiratory Motion
Simulation studies have shown that dual motion correction could improve the detec-
tion of atherosclerotic plaques [50] and myocardial perfusion defects [53]. Plaque- 
and defect-to-background contrast were used as the contrast metrics, and receiver 
operating characteristic analyses using channelized Hotelling observers were per-
formed to study the effect of motion correction on the plaque/defect detectability.

Kolbitsch et al. [54] assessed the improvement in image quality and diagnostic 
accuracy using five dogs (myocardial infarction model) and one human subject. A 
qualitative assessment of myocardial uptake was performed using the AHA 
17- segment bull’s-eye plot. Quantitatively, the FWHM and CNR (defined as the 
difference between peak myocardial signal and mean blood pool signal over the SD 
of the latter) of the tracer uptake in the myocardium were estimated at locations that 
exhibited high cardiac motion in all the animals. When comparing the motion- 
corrected and uncorrected images of the canine myocardium, the FWHM and CNR 
improvement was 13% ± 5% and 90% ± 57%, respectively. Similar values (i.e., 
18% and 103%, respectively) were reported for the human subject. Additionally, the 
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sharpness of the right coronary artery was measured from the MR images. An 
85% ± 72% increase was reported after motion correction.

5.5  Beyond Proof-of-Principle Studies

Not surprisingly, most of the early research efforts in this field were aimed at dem-
onstrating the feasibility of performing motion correction for various applications 
and assessing its potential impact on PET data qualitative and quantitative analyses. 
The focus has been slowly shifting to implementing practical methods that could be 
used for routine research studies and the hope is that such techniques will eventually 
be clinically useful. The first requirement for this to happen is to develop techniques 
in which the data needed for motion characterization are acquired efficiently or in 
the background of the sequences used for clinical purposes. While some of the early 
methods required long acquisition time that prevented the acquisition of clinical 
MR sequences [38, 39], the more recent ones allow the generation of the motion 
model from the data acquired in only 1  min [58, 59], or clinically relevant MR 
images can be obtained from the same data [51, 54]. Second, the quantitative accu-
racy of the PET data should be preserved, which seems to be the case as the consen-
sus in the field is that quantification is actually improved after motion correction. 
Third, the data processing and image reconstruction time should be comparable to 
that of the current algorithms when using similar hardware, which is still challeng-
ing because the computational requirements for motion estimation/correction are 
extremely high. Fourth, studies with larger number of patients and in different clini-
cal scenarios need to be performed to validate the various motion estimation/correc-
tion techniques. Fifth, additional MR sequences that allow the simultaneous 
acquisition of the information needed for characterizing the motion and that required 
for clinical purposes have to be implemented and validated. Finally, the major 
equipment manufacturers need to make these advanced algorithms available on 
their scanners and streamline them so that even non-experts can use them. 
Encouragingly, the head motion correction algorithm BrainCOMPASS is already 
commercially available on the Siemens Biograph mMR scanner, and recently, an 
extension of this technique, called BodyCOMPASS, has been introduced to enable 
motion-free imaging in other body regions such as the abdomen (similar to [28]).

For the BrainPET prototype, we have developed a package for automatic data 
processing and image reconstruction, called Masamune [63], that, among other 
capabilities, allows non-expert users to estimate the head motion from the MR data 
and generate MR-based motion-corrected dynamic frames. This allows head motion 
correction to be routinely used for research studies performed at the Martinos 
Center. Most recently, we performed MR-based head motion correction for study-
ing the interaction between dopamine signaling and neural networks changes during 
working memory [64] and investigating the involvement of the dopaminergic sys-
tem in the mechanisms of maternal bonding [65]. In a different study focusing on 
Alzheimer’ disease patients, preliminary results showed the variability in the PET 
estimation of the cerebral metabolic rate of glucose is reduced after motion 
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correction [66], suggesting that PET data optimization may enable more careful 
assessment of subtle changes in brain metabolism and allow for reduced sample 
sizes in future research studies and clinical trials.

In conclusion, the feasibility of performing MR-based PET motion correction for 
brain and whole-body applications has been demonstrated. Several “practical” 
MR-based methods to estimate the motion that could be used routinely in research 
and clinical studies have already been proposed. Virtually all the proof-of-principle 
studies performed to date have shown that the quality of the PET (and in many cases 
of the MR) images substantially improves after motion correction, suggesting that 
MR-based motion correction could be a game changer in the PET/MR field much the 
same way CT-based attenuation correction has proven in the PET/CT field [67, 68].
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6.1  The Standardized Uptake Value (SUV) Metric

Qualitative visual interpretation of PET images is commonly performed to report 
abnormal tracer uptake in suspected regions. This is usually achieved by comparing 
observed patterns to expected normal biodistribution. However, the human visual 
system bears a number of limitations, and as such, this approach intrinsically suffers 
from intra- and interobserver variability owing to the subjective nature of visual 
interpretation [1]. Subsequently, guidelines on interpretation of PET images in clini-
cal oncology advocated the adoption of simplified versions of PET metrics including 
semiquantitative indices, such as the standardized uptake value (SUV) [2].
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Several methods for measuring PET tracer accumulation were proposed in the 
literature. The base is to measure the in vivo radioactivity concentration in the sus-
pected malignant lesion (kBq/mL), which is directly linked to the tracer concentra-
tion. The two most significant sources of variation of tracer accumulation are the 
injected dose and the body weight representing whole-body distribution volume [1]. 
In practice, the SUV is calculated by dividing the decay-corrected activity concen-
tration in the volume of interest (VOI) drawn around the lesion (MBq/mL) by the 
injected dose (MBq) divided by the body weight (g) [3]:

 

SUV
Mean ROI concentration MBq mL

Injected dose MBq
Body wei

=
( )

( )
/

gght g
decay factor

( )
×

1

 

(6.1)

The SUV metric is widely used in the clinic because of its simplicity, ease of use, 
reproducibility, and compatibility with conventional whole-body PET/CT acquisi-
tion protocols, requiring only a static scan as opposed to full kinetic modeling 
approaches, which require complex dynamic studies and arterial blood sampling. 
Virtually all commercial and open-source medical image display software platforms 
offer the option to measure SUVs. However, considerable inconsistencies have been 
reported among the different software packages used in clinical and research set-
tings as demonstrated in a recent study conducted by the PET technical committee 
of the Quantitative Imaging Biomarker Alliance initiative [4]. It should also be 
noted that most packages normalize SUV to patient’s body weight (Eq. (6.1)). 
However, since adipose tissue is not as metabolically active as other tissues, other 
variants were suggested, including normalization to lean body mass (SUVLBM or 
SUL) [5] or body surface area (SUVBSA) [6].

The maximum SUV (SUVmax), representing the highest voxel SUV value, and mean 
SUV (SUVmean), representing the average SUV across all voxels in a defined VOI, are 
undoubtedly the most widely used semiquantitative metrics (Fig.  6.1). Conversely, 
SUVpeak (Fig.  6.1), defined in PERCIST criteria as representing the SUVmean in a 

Ainj (Bq) / W (g)

Cmax (Bq/cc)
SUVmax=

SUVmax

SUVpeak

SUV mean

(MTV)

Ainj (Bq) / W (g)
=

C1cm
3

ROI (Bq/cc)
SUVpeak

Ainj (Bq) / W (g)
=

CROI (Bq/cc)
SUVmean

TLG = MTV  × SUVmean 

Fig. 6.1 Illustration of the basic foundations of PET quantification and the factors involved in the 
calculation of first- and second-order image-derived PET metrics used in clinical oncology
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spherical VOI (1.2 cm diameter or 1 mL volume) placed over the most active part of a 
malignant lesion, was advocated as a more robust semiquantitative metric less vulner-
able to artifacts [7]. Depending on the defined VOI, a variety of definitions of SUVpeak 
can be envisaged, obviously significantly affecting the resulting values [8].

6.2  Limitations of the SUV Metric

Despite its popularity and wide adoption in clinical and research settings, the SUV 
metric intrinsically bears a number of shortcomings which has limited its adoption in 
large clinical multicenter trials. The SUV also depends on the time course of the activ-
ity concentration in the blood plasma and the time point of acquisition and therefore 
imposes strict standardization of the uptake time, usually to 60 min with an acceptable 
range of 55–75 min according to the EANM guidelines 2015 [2]. Also the dependency 
of SUV on acquisition frame times, reconstruction parameters, physical and physiolog-
ical factors, and scanner calibrations limits its potential in providing an objective 
assessment of whole-body PET images across baseline and follow-up studies for robust 
disease monitoring. Therefore, large multicenter clinical trials require standardization 
of data acquisition and processing protocols on different scanners for harmonization of 
PET quantification to enable pooling of data collected at different centers [9, 10].

To overcome the limitations of the SUV metric, alternative measures have been 
proposed including an uptake time-corrected version of the SUV including an 
uptake time quotient to normalize to 75 min [11] or simplified population-based 
blood pool activity-corrected estimations of FDG uptake, both trying to overcome 
the strong variability of SUV from uptake time and blood pool activity as approxi-
mations for more robust PET quantification [12]. The underlying principle for cal-
culation of the glucose influx into the cell (MRGlu) was suggested about 25 years 
ago [13], but the fact that dynamic acquisition is needed did not render it feasible for 
whole-body imaging [14] until the advent of whole-body parametric imaging [15], 
which is now receiving considerable attention by the molecular imaging commu-
nity. It can be anticipated that the additional information provided by parametric 
imaging through exploitation of the 4D spatiotemporal nature of the complete list- 
mode PET data, beyond the currently established semiquantitative SUV metric, 
might be valuable in whole-body PET imaging for multiparametric assessment of 
metastatic tumors across multiple beds and for improved reproducibility and evalu-
ation of response to treatment over long periods [15].

Furthermore, volume-based PET metrics such as the total lesion glycolysis 
(TLG), calculated by multiplying SUVmean by the metabolic tumor volume (MTV) 
[16], radiomic and texture analysis [17, 18], and parametric imaging have been sug-
gested [14, 15]. The TLG, used to assess global metabolic response of the whole 
lesion thus providing complementary information to SUV and it variants, was 
shown to be highly correlated with other PET response parameters and is reproduc-
ible [19]. Recent advances in PET image segmentation and delineation of lesion 
contours [20] combined with progress in partial volume correction techniques have 
enabled to automate the calculation procedure. More recently, radiomics and texture 
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analysis emerged as new promising approaches enabling to circumvent the limita-
tions of the above described oversimplified approaches by providing additional fea-
tures including intratumoral heterogeneity through advanced image processing 
techniques and knowledge in systems biology [17, 18]. An increasing number of 
pioneering studies support the underlying assumptions of these hypotheses; how-
ever, further research and development efforts using large clinical databases are still 
required before these approaches can translate to valuable and reliable tools that can 
be adopted in the clinic.

6.3  Repeatability of SUV Measurements

A number of studies investigated the reproducibility of multiple PET metrics includ-
ing SUVmax, SUVmean, TLG, and MTV. All publications conclude that PET metrics 
are reproducible [21], with an almost perfect interobserver agreement for SUVmax 
[22, 23]. Furthermore, numerous studies showed that SUVmax has a prognostic value 
and correlates with progression-free and overall survival [24, 25]. This led to the 
widespread use of SUVmax as predictive and prognostic value for oncology PET 
assessments supported by the recommendations of the European Association of 
Nuclear Medicine guidelines 1.0 for PET/CT [26]. Six years later, the updated ver-
sion 2.0 still recommends reporting SUVmax with the addition of SUVpeak to quantify 
tumor activity. SUVpeak is using a 3D 1.2 cm diameter (and 1.0 mL volume) spheri-
cal VOI positioned such that the average value across all positions within the lesion 
is maximized [7]. This alternative measure of the highest activity within a tumor 
was introduced due to the major limitation of SUVmax, that is, the high variability 
introduced by the statistical noise associated with a single voxel analysis. As has 
been shown in phantom and dynamic patient studies, this statistical noise substan-
tially impairs the repeatability of SUVmax [27–29]. Averaging the values of a number 
of voxels within a given VOI, as proposed by SUVpeak [30, 31], can reduce this noise 
and therefore increases the repeatability without significant reduction of reproduc-
ibility. Using SUVpeak rather than an averaged number of the hottest voxels in a VOI 
has the advantage of a standardized volume irrespective of reconstruction methods 
and voxel sizes. However, the absolute activity drops compared to an averaged num-
ber of the hottest voxels in a VOI since not all voxels within SUVpeak have a high 
activity, which might impair the discrimination between high-activity lesions [32].

6.4  Clinical Relevance of the SUV

The use of FDG PET for therapy response assessment and evaluation of tumor 
aggressiveness is increasing. Most publications using PERCIST 1.0 as the base for 
PET-based therapy response assessment for solid and nonsolid tumors are based on 
SUVmax or SUVpeak [7, 33, 34]. PERCIST 1.0 suggested a cutoff at 30% increase for 
progressive disease and 30% decrease for partial remission, which is a slight 
increase in difference compared to the 25% according to the 1999 EORTC recom-
mendation. A study comparing both evaluation systems for response assessment in 
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metastatic colorectal cancer came to the conclusion that they were equivalent [35]; 
however, several studies comparing CT-based RECIST with FDG quantification 
found that PET was superior in predicting histopathological therapy response [36, 
37], time to progression [38], or overall survival [39].

Besides the increasing use of FDG PET for therapy response assessment, baseline 
quantitative PET metrics are also increasingly used to predict outcome. Initially these 
were predominantly based on SUVmax [24, 25, 40]. However, more and more publica-
tions come to the conclusion that volume-based PET metrics, such as MTV or TLG, 
are superior prognostic markers on baseline PET scans compared to SUVmax [41–43].

For cardiac FDG-PET evaluation, the absolute SUV values are less important than 
the relative difference within the cardiac wall using polar maps normalized to the peak 
activity. Here a direct comparison of the relative activity in the 20 cardiac segments 
between PET/CT and PET/MR showed an excellent correlation between both modali-
ties that was even slightly improved for PET/MR with time-of-flight (TOF) capability 
(mean -1.3%) compared to non-TOF PET/MR (mean -2.1%) [44].

Analog to cardiac PET, also quantification of neuro-PET is rather performed 
based on tumor-to-background (TBR) ratios than absolute SUV values. The first 
study comparing PET quantification between PET/CT and PET/MR was performed 
for 11C-methionine PET for gliomas and 68Ga-DOTATOC in meningiomas. The 
authors concluded that the computed TBR exhibited an excellent accordance 
between PET/MR and PET/CT systems, with a correlation coefficient of 0.98 and a 
mean relative error of 7.9% [45].

6.5  Clinical Studies Comparing SUV Measurements 
Between PET/CT and PET/MRI in Oncology

Since the introduction of fully integrated PET/MR systems, multiple studies have 
been published comparing quantitative and qualitative results between PET/CT and 
PET/MR. In most of these studies, a same-day protocol with a single injection was 
performed. The majority had a significant difference in uptake time between PET/
CT (commonly injected 60 min after injection) and the secondary PET/MR scan 
(with uptake times from 135 min [46] up to 180 min [47]). Table 6.1 summarizes 
results of studies comparing SUVs estimated on PET/CT and PET/MR images. 
Despite the sometimes large differences between uptake times, most studies came 
to the conclusion that there was a high positive correlation for all SUV quantifica-
tion metrics between both exams and that most of the differences were due to the 
variance in uptake time between both scans [44–48, 50, 51, 53, 54, 57, 59–61, 64]. 
In only two studies, some scans were performed on the PET/MR scanner first [52, 
58], and in two studies, all PET/MR scans were performed before PET/CT [49, 56]. 
All other studies had a longer uptake time of 51–120 min (mean 81 min) for the 
PET/MR scans and showed a slight increase in SUV between both exams. Sher 
et al. performed 40 scans, 31 on the PET/MR system and 9 on the PET/CT first. 
They showed that SUV values were always higher on the second scan for malignant 
lesion further supporting that the observed difference in the other studies is rather 
due to the increasing uptake over time than different technology.

6 PET/MRI: Reliability/Reproducibility of SUV Measurements
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To investigate the influence of MR-based attenuation correction (AC) on abso-
lute SUV, Seith et al. used the same PET dataset from an integrated PET/MR scan-
ner and reconstructed it either with the tissue segmentation-based MRAC μ-map or 
the CTAC μ-map using a nonrigid registration of the CT to the MR-based μ-map. 
They showed that MR-based AC is very accurate in most tissues with SUV devia-
tions of generally <10%. A systematic underestimation of SUV was only present in 
the bones, while some lesions close to the lung were overestimated [63]. These 
results are in line with earlier published simulation data showing a significant 
decrease of up to 30% in sclerotic lesion, after subtraction of all voxels with bone 
density from the CTAC μ-map (Fig. 6.3) [38].

A quantitative phantom study comparing image quality between TOF PET/CT 
(Siemens Biograph mCT) and non-TOF PET/MR (Siemens Biograph mMR) 
showed that the spatial resolution was similar for the two systems. Average sensi-
tivity was higher for the mMR (13.3 kcps/MBq) compared to the mCT system 
(10.0  kcps/MBq), and peak noise equivalent count rate (NECR) was slightly 
higher for the mMR (196 kcps @ 24.4 kBq/mL) compared to the mCT (186 kcps 
@ 30.1  kBq/mL). Highest hot contrast for the smallest sphere (10  mm) was 
achieved with the combination of TOF and PSF on the mCT compared to the 
mMR. Overall the differences between both systems were mainly due to the TOF 
possibility on the mCT, which resulted in an overall better image quality, espe-
cially for the more challenging settings with higher background activity and small 
uptake volumes [62]. For the fully integrated PET/MR scanner with TOF, only a 
few studies were published comparing PET quantification on PET/CT and PET/
MR until today [44, 55, 57]. A prospective trial comparing TOF PET/CT 
(Discovery D 690 PET/CT, GE Healthcare) and TOF PET/MR (SIGNA PET/MR) 
in 75 patients based on phantom NECR curves investigated the potential dose 
reduction for PET/MR with equivalent image quality. They concluded that a 
reduction of FDG activity of slightly more the 50% can be achieved thanks to 
improvements in detector geometry and technologies [55].

6.6  Reliability of SUV Measurements in PET/MRI

The challenges faced by quantitative PET/CT imaging have been investigated since 
the commercial availability of this technology more than 15 years ago, and several 
professional societies established committees and task groups (e.g., QIBA/RSNA, 
CQIE/ACRIN, QIN/AAPM, etc.) to support and promote the use of quantitative 
imaging biomarkers in the context of cancer staging and therapy response assess-
ment. The deployment of hybrid PET/MRI in the clinic poses new challenges and 
additional difficulties to enable reliable, quantitative imaging biomarkers. The pri-
mary challenge is the lack of a robust MRI-guided attenuation correction particularly 
in whole-body imaging. Furthermore, partial volume and motion correction need to 
be considered to produce artifact-free and quantitative PET images, with robust and 
reliable quantitative indices for routine application and advanced tools for clinical 
and research applications. The bulk of quantitative PET/MRI research to date focused 
on addressing the challenges of MRI-guided PET attenuation correction. Three cat-
egories of MRI-guided attenuation correction techniques have emerged [66]. This 
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includes (1) segmentation-based approaches, which segment MR images into differ-
ent tissue classes and assign predefined attenuation coefficients to each class, (2) 
atlas-based and machine learning techniques in which co- registered MR-CT Atlas 
pairs are used to derive a pseudo-CT image or to learn a mapping function that pre-
dicts the pseudo-CT from actual patient’s MRI, and (3) the recently revisited joint 
emission and attenuation reconstruction algorithms or maximum likelihood recon-
struction of attenuation and activity (MLAA), in which the attenuation map is esti-
mated from emission or transmission data. Figure 6.2 shows a representative clinical 
FDG brain PET study comparing various attenuation correction strategies.

Segmented MRI-guided attenuation correction widely used on commercial 
PET/MRI systems suffers the lack of bones in the derived attenuation map, which 
induces underestimation of the SUV in the corresponding regions within or close 
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Fig. 6.2 Representative clinical FDG brain PET study showing from left to right: (top row) PET, 
MR, and CT images used as reference for evaluation, (middle row) attenuation maps derived using 
different attenuation correction approaches including segmented MRI, Atlas-guided, and maxi-
mum likelihood reconstruction of attenuation and activity (MLAA) technique, (bottom row) cor-
responding reconstructed PET images. Note the limitations of segmented MRI-based approach 
which ignores the skull and air cavities. The Atlas-based approach better matches the patient’s CT 
image, clearly outperforming the MLAA algorithm
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to the bones on PET images (Fig. 6.3) [67, 68]. Likewise, metal artifacts can lead 
to substantial signal voids and underestimation of SUV. This can be compensated 
by exploiting TOF reconstruction [69, 70], which was shown to reduce the SUV 
bias compared to non-TOF-PET emission data [71, 72]. Further improvement is 
possible with the joint emission-transmission reconstruction algorithm which 
showed promise in the correction of metal susceptibility artifacts by estimating 
the high attenuation coefficients of metallic implants [73]. Furthermore, the 
development of appropriate MR sequences, such as multi-acquisition variable-
resonance image combination (MAVRIC) [74], can reduce metal artifacts. An 
additional complexity arises from the attenuation and scattering of annihilation 
photons by objects present in the field of view, which may also induce SUV 
underestimation if not accounted for. This includes patient’s bed, MRI radiofre-
quency body or surface coils, and patient positioning aids [66]. Transmission or 
CT scanning-based predetermination of attenuation maps for rigid objects (bed, 
body coils, etc.) and nonrigid registration of templates of flexible objects (sur-
face coils) [75] is currently used to account for the additional attenuation from 
these items. Joint reconstruction of emission and transmission images was pur-
portedly promoted as potential approach enabling to estimate the attenuation 
maps of these objects. However, the performance of this approach for recovering 
objects lacking support from emission data remains to be demonstrated in clini-
cal setting.

6.7  Summary

Objective quantification of PET tracer uptake is gaining significance with the 
increasing use of PET as a prognostic biomarker for therapy response assessment. 
Ease of use, availability, as well as excellent reproducibility and correlation with 
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tumor aggressiveness lead to widespread use of SUVmax for tumor assessment, 
despite its well-known limitations, such as high variability with uptake time, blood 
pool activity, and limited repeatability.

With PET/MRI as a new hybrid modality being now commercially available, 
additional challenges are faced for reliable PET quantification. Although numerous 
studies showed an overall high correlation among SUV measurements between 
PET/CT and PET/MR, impaired attenuation correction due to the missing density 
of bone and metal implants can substantially affect SUV values within the bones 
and adjacent structures. More research and development efforts are required to 
improve MRI-based attenuation correction using machine learning algorithms to 
create a pseudo-CT or through advanced priors for joint estimation of emission, and 
attenuation using TOF-PET data to correct the attenuation map is currently ongoing 
and will further improve reliable PET quantification for PET/MRI.
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Safety is an important consideration in PET/MRI and is complicated by the coexis-
tence of the safety concerns of MRI and PET. These issues have significant impact 
on both patient workflow and the design of the PET/MRI facility. When considering 
patient workflow, one must consider where patients will be injected with the 
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radiotracer and when screening for MRI safety occurs. Additionally, PET/MRI 
facilities should be designed with both MRI and radiation safeties in mind. Below 
we discuss the specific safety concerns associated with PET and MRI separately.

7.1  PET Safety

7.1.1  Workflow for Radioactivity

When considering safety with regard to PET imaging, the chief concern is radiation 
exposure. Thus, it is important to recognize the workflow for radioactivity and 
acknowledge the potential for radiation exposure at each step.

Typically, the first step is the preparation of the radiopharmaceutical dose. Often this 
is provided as a “unit dose,” where the providing radiopharmacy has already dispensed 
the patient dose into a syringe. In this instance, the administering technologist will need 
only to verify the dosage in a well counter and possibly adjust the dose if there is an 
excess of radioactivity. There are also instances where the radiopharmaceutical is pro-
vided in a bulk vial, and it is the responsibility of the technologist or radiopharmacist 
to draw up the correct amount of radioactivity into a syringe and measure it in a well 
counter. Both procedures will expose the technologist’s or radiopharmacist’s hands to 
radiation in varying degrees, as well as whole-body radiation exposure.

The second step is to inject the patient with the radiopharmaceutical. While 
shielding is used during this procedure, there will be localized radiation exposure to 
the hands as well as some whole-body radiation exposure. Depending on the proto-
col, there may be an uptake period where the patient is resting in a room before the 
imaging study begins. It is important to note that during this time the entire patient 
is a diffuse source of radioactivity that will result in whole-body radiation exposure 
to the technologists and/or other staff that interact with the patient during this time.

The next step is the imaging study itself. As with the uptake period, the entire patient 
is a diffuse source of radioactivity that will result in whole-body radiation exposure to 
the technologists and/or other staff that interact with the patient during this time.

The final step is the discharge of the patient. Again, the patient is still a diffuse 
source of radioactivity. Time will have elapsed, so the patient will not be as radioac-
tive as at the start of the scan. However, the degree to which they are still radioactive 
depends greatly on the radionuclide being used. A patient that was imaged using 
copper-64 (12.7 hour half-life) will not have much decay of the radiopharmaceutical 
from the beginning of the scan, whereas a patient that was imaged using oxygen-15 
(122 second half-life) will only be radioactive for a few minutes following the con-
clusion of the PET scan.

7.1.2  Isotope Parameters

While all PET radioisotopes will ultimately produce two 511 keV gamma rays due 
to positron-electron annihilation, other properties of the radioisotopes will vary. 
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The pertinent properties of common PET radioisotopes are shown in Table 7.1. With 
regard to safety, the half-life, other gamma-ray emissions, and gamma-ray dose 
constant are the most important variables to consider. Longer half-lives will mean 
that the patient is an exposure risk for a longer time period. Gamma-ray emissions 
other than the 511 keV gammas from positron-electron annihilation need to be con-
sidered for potential exposure risk as well, which feeds into the gamma-ray dose 
constant. The higher the gamma-ray dose constant, the more exposure one will 
receive per unit of radioactivity (MBq/mCi).

7.1.3  Radiation Protection Goals

A large part of PET safety is ensuring that radiation protection goals are met. Thus 
it is important to recognize the limits set forth by the US Nuclear Regulatory 
Commission (NRC). The limits are divided into two categories: radiation workers 
and the general public.

Radiation workers have annual limits set by the NRC based on the radiation 
sensitivity of different parts of the body. Radiation workers are limited to receiving 
a 5000 mrem (50 mSv) total effective dose equivalent per year to the torso/vital 
organs [3]. Additionally, radiation workers are limited to 50,000  rem (500 mSv) 
extremity (hand) dose and 15,000 rem (150 mSv) lens of eye dose per year [3]. A 
female radiation worker that declares her pregnancy has a limit of 500  mrem 
(5 mSv) dose to the fetus [4].

The general public is allowed no more than 100 mrem/year (1 mSv/year), and the 
dose rate to members of the public may not exceed 2  mrem in any given hour 
(0.02 mSv/h) [5]. In order to meet these goals, it is important to design the facility 
and plan workflows with these limits in mind. Rooms that will contain radioactivity 
should not be adjacent to general public areas, if at all possible, in order to reduce 
the amount of shielding needed in the walls.

An important aspect of radiation safety is the ALARA principle. ALARA stands 
for As Low As Reasonably Achievable. This means we should take all steps that are 

Table 7.1 Properties of common PET radionuclides

Isotope
Half-life 
[1]

Positron 
fraction 
[1]

Positron energy 
(MeV) [1]

Other gamma 
emissions [1]

Gamma-ray dose 
constant ((μSv/h)/
MBq) (((mrem/h)/
mCi)) at 1 m [2]

C-11 20.4 min 99+% 0.9608 None 0.1908 (0.7060)
N-13 9.96 min 100% 1.190 None 0.1909 (0.7063)
O-15 122.1 s 99+% 1.723 None 0.1911 (0.7071)
F-18 109.7 min 96.9% 0.635 None 0.1851 (0.6849)
Cu-64 12.7 h 17.86% 0.657 1.346 MeV 0.03514 (0.1300)
Ga-68 68.3 min 90% 1.899, 0.8 1.077 MeV 0.1763 (0.6523)
Rb-82 1.25 min 96% 3.35, 2.57 777 keV 0.2076 (0.7681)
I-124 4.15 days 25.0% 2.13, 1.53, 0.808 603, 723, 1509, 

1691 keV
0.2033 (0.7522)
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reasonable to lower radiation doses for everyone (general public, patients, and radi-
ation workers). This can be achieved with engineering controls (permanent and 
mobile shielding) as well as with appropriate procedures for handling radioactive 
material and interaction with radioactive patients.

7.1.4  Shielding Material Properties

Lead and concrete are the two building materials most often used for shielding within 
a nuclear medicine facility. The amount of shielding each room will need depends on 
the expected workload, adjacent rooms, and amount of radiation present.

Lead is available as lead-impregnated wallboard, sheet stock, and bricks. The 
choice of building material depends on the thickness of lead needed. Lead provides 
a half value layer of 3.98 mm at 511 keV. The term half value layer describes the 
thickness of material required to decrease the intensity of radiation by one half.

Concrete has densities in the range of 1.84–2.35 g/cm3, which yields half value 
layer of 3.4–4.3 cm at 511 keV. Thus, the concrete used in floors (and sometimes 
walls) of many facilities will provide some attenuation of radioactivity emitted by 
the patient.

The MR magnet and the magnetic/RF shielding of the imaging room will pro-
vide enough attenuation that usually one does not have to worry about adding lead 
to the walls of the imaging suite. Rather, the shielding will be more important for 
the hot lab and the patient uptake areas. This shielding could be taken care of by 
either localized shielding within the rooms (rolling lead shields, lead bricks, lead 
L-blocks, etc.) or adding lead or concrete to the floor, walls, and/or ceiling of the 
room. It is important to involve health physicists in the planning and implementa-
tion of a PET/MRI facility to make sure that radiation exposure calculations are 
performed and appropriate shielding is utilized to meet regulatory requirements for 
radiation exposure.

7.1.5  Shielding Calculations

While beyond the scope of this text, it is useful to look at what goes into determining 
the shielding for a PET/MRI facility. Knowing the variables will aid in the planning 
of the facility, whether it be new construction or renovation of existing space. When 
creating a shielding report, the health physicist will need to do the following:

• Obtain a scale drawing of the entire facility and rooms adjacent to facility.
• Determine the expected workload of the facility. This is derived from the number 

of patients examined per day, the radioisotope(s) being injected, the amount of 
radioactivity being injected into each patient, and the amount of time the patient 
will be spending in each of the rooms within the facility.

• Determine the location and initial activities of all non-patient sources of radioac-
tivity (phantoms, dose drawing, etc.).
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• Determine the classification of rooms (radiation worker or general public access) 
within the facility and adjacent to the facility and then determine the occupancy 
times of these rooms.

• Calculate the radiation exposure to these rooms based on all of the radioactivity 
sources (patients, phantoms, dose drawing, etc.).

• Determine whether the rooms are within compliance of radiation exposure lim-
its. If not, determine the amount of shielding needing to be added to the walls to 
bring the room into compliance.

7.1.6  Radiation Safety Issues

Generally the most important safety issue in a PET imaging operation is the radia-
tion exposure to the PET technologists, as they are the personnel that administer the 
radiopharmaceutical dose and attend to the radioactive patient throughout the imag-
ing study. There are three tenets to radiation safety that are used to minimize the 
radiation exposure to the PET technologist: distance, shielding, and time.

Radioactivity is emitted equally in all directions. Thus, exposure levels decrease 
the further you get away from the source, as the surface area of the “sphere” of 
radioactive emissions increases, resulting in fewer emissions per unit area. The 
geometry of these emissions (as seen in Fig. 7.1) is such that the radiation exposure 

s

r

2r

3r

Fig. 7.1 Inverse square law depiction. A point source S will emit radiation equally in all direc-
tions. Looking at a given subtended area, the radiation fluence at a distance r will be spread over 
four times the area at distance 2 r and nine times the area at distance 3 r

7 PET/MRI: Safety Considerations



120

rate is inversely proportional to the square of the distance from the source, a prop-
erty commonly known as the inverse square law. Thus, an important technique for 
the technologist is to work at a distance whenever practical. Examples of using 
distance include:

• Performing injections at a comfortable arm’s length rather than in close to the 
body.

• Talking to the patient from 3  ft away rather than directly in front of them. 
Table 7.2 shows dose rates from patients injected with fluorine-18, highlighting 
the radiation exposure reduction benefit from interacting with the patient from a 
distance. Please note that the exposure rate does not preclude medical personnel 
from performing any medical actions necessary to ensure the safety of the patient 
should a medical emergency arise.

• Holding the syringe shield from the plunger side of the syringe rather than the 
needle side (the bulk of the radiation will be near the needle, rather than at the 
end of the syringe).

Another way to reduce radiation exposure is to stop some or all of the gamma 
rays before they make it to the technologist. Shielding, using high-density materials, 
will serve this purpose. There are various operations that lend themselves to using 
shielding:

• Drawing patient doses from behind a lead-shield “L-block”
• Surrounding the dose calibrator chambers with lead rings
• Using syringe shields when administering the radiopharmaceutical to the patient
• Having lead shields around the sharps container

There are also some practical suggestions that will reduce radiation exposure to 
the technologists, such as:

• Completing any patient instructions and surveys before injection of the radio-
pharmaceutical rather than after

• Using a cart to transport the radiopharmaceutical rather than carrying it, increas-
ing the distance from the radiopharmaceutical to the technologist

Table 7.2 Mean dose rate measurements of patients injected with F-18 FDG [16]. Measurements 
were taken at various distances immediately following injection of F-18 FDG. 115 patients were 
used for the chest measurements, 19 patients for side (mid-trunk) measurements, and 8 patients 
each for head and feet measurements

Distance
Chest dose rate/
MBq (μSv/h)

Side dose rate/
MBq (μSv/h)

Head dose rate/
MBq (μSv/h)

Feet dose rate/
MBq (μSv/h)

0.1 m 1.28 1.04 0.68 0.10
0.5 m 0.41 0.39 0.28 0.05
1.0 m 0.15 0.16 0.11 0.03
2.0 m 0.06 0.07 0.04 0.02
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• Performing additional MR sequences after the PET acquisition, rather than 
before (for nonsimultaneous PET/MRI), which allows some radioactive decay 
before helping the patient off the imaging equipment at the end of the study

Federal regulations regarding the release of radioactive patients state that patients 
may be released if it is unlikely that members of the public will be exposed to more 
than 5 mSv (0.5 rem) as a result of the patient’s release [6]. The amount of positron- 
emitting radionuclide needed to exceed this exposure limit is well in excess of what 
is administered for a PET scan, so patients are released following their image study, 
assuming there are no other medical conditions that would prevent their release.

7.2  MRI Safety

An MRI environment presents a number of unique challenges to ensuring the safety 
of both patients and staff members. Assuming that a PET/MRI is being installed in 
a radiology department that already has experience with at least one MRI suite, the 
same policies and procedures for MRI safety should be applied. A new challenge 
may be to educate and train radiology personnel who are more familiar with PET/
CT but unfamiliar with MRI. We will review general safety guidelines for patients 
in the MRI environment and review policies that can be implemented for the main-
tenance of MRI safety for both patients and staff. There are three major sources of 
risk when using an MRI (Fig. 7.2). The first is the static magnetic field that results 
in the missile effect. The second are the varying gradients used in imaging that can 
result in peripheral nerve stimulation and loud noises. The third are the radio- 
frequency (rf) pulses that can result in heating of tissue.

missile effect

LEVEL 1 training LEVEL 2 training

peripheral nerve
stimulation

heating, SAR

radiofrequency
(rf) pulses

Varying
magnetic field

(gradients)

Static
magnetic

field

Fig. 7.2 Three sources of MRI hazards. The static magnetic field poses a danger to personnel and 
patients at all times and results in the missile effect. Level 1 training covers risks associated with 
the static magnetic field and allows personnel to enter Zone 4 when imaging is not being per-
formed. The varying magnetic fields (gradients) and radio-frequency (rf) pulses used during imag-
ing of a patient can also injure patients through heating and nerve stimulation. Level 2 training is 
required for personnel to screen and image patients
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7.2.1  The Magnet Is Always On: The Static Magnetic Field

For PET/CT practitioners who are more familiar with a CT and radiation safety, an 
MRI scanner is different from a CT scanner because it is always on, with a strong 
static magnetic field usually up to 1.5 or 3.0 Tesla (T). The magnetic field rapidly 
drops off as one moves away from the center of the bore, reaching 5 G or 0.5 mT 
within a few meters. While magnetic field interactions are negligible at 5 G (for 
comparison, a refrigerator magnet is typically around 50 G), it is the rapid change, 
i.e., gradient, between the center of the MRI scanner bore and the 5 G line that cre-
ates a safety hazard. Ferromagnetic objects brought within the 5  G line can be 
attracted to the bore center and accelerate rapidly to become a flying projectile, with 
potential harm to either patient or staff members in its path. Thus, the prevention of 
projectile incidents is a top priority in MRI safety and is accomplished through 
proper screening of patients and staff, and the establishment of MRI zones is 
described further below.

7.2.2  Thermal Injuries and Other Hidden Dangers of MRI

To generate medical images, MRI scanners employ radio-frequency pulses to 
deliver energy to excite soft tissues in the body part being imaged. These pulses are 
time-varying magnetic fields that can induce current in electrically conductive 
materials within the field of excitation. Thus, patients with implants or devices con-
taining metal, either internal or external to their body, are at risk for developing 
electric currents with potential for resistive heat loss, leading to focal warmth as 
well as burns. The specific absorption rate (SAR) refers to the amount of heating a 
tissue will experience during imaging. The SAR associated with a particular MRI 
sequence can be predicted and is limited during patient imaging to prevent signifi-
cant heating of body tissue. Of note, this does not apply to implants where focal 
heating can be much higher than predicted in whole-body models. To prevent a 
thermal injury, patients should be rigorously screened for implants/devices, while 
external wires and leads overlying the patients should be either removed or posi-
tioned in safe configurations (e.g., to prevent a loop configuration). Thermal injuries 
are among the most frequently reported MR safety incidents to the US Food and 
Drug Administration (FDA) [7] and also need to be reported to the Joint Commission 
during inspections in the United States.

Internal implants that are ferromagnetic can also be displaced by the MR’s strong 
static magnetic field, with potentially fatal complications in the case of a brain aneu-
rysm clip. In addition, implants with electronic circuits such as pacemakers can 
malfunction in the MR environment. These potential complications further empha-
size the need for rigorous screening of patients for medical implants and devices.

Peripheral nerve stimulation is a distinct risk from thermal injury, which is 
caused by rapidly changing magnetic field gradients used during imaging [8]. These 
can be mild and noticeable as a tingling sensation and only rarely are painful to 
patients in MRI.  The rate of gradient flux is closely regulated by the FDA, and 
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serious effects of nerve stimulation (i.e., cardiac block) have been removed from 
clinical MR scanning.

7.2.3  Developing an MRI Safety Program

Based on the danger in MRI outlined above, the rationale is clear for the screening 
of both patients and staff members, to avoid the introduction of potential projectiles 
as well as medical implants that may lead to injuries or even fatalities. How does an 
institution create a safe MRI workplace environment in practice? In 2013, the 
American College of Radiology (ACR) Guidance Document on MR Safe Practices 
was published, which outlines comprehensive steps for the creation of an MRI 
safety program [9].

The first step in creating an MRI safety program is to create a leadership struc-
ture to oversee its implementation and establish institutional policies and proce-
dures that will guide the conduct of all staff members who work in the MR 
environment. An MRI safety steering committee should be created that regularly 
meets and is led by an MR medical director. The steering committee should include 
membership from various stakeholders, including members from radiologists, MRI 
technologists, hospital administration, medical physics, nursing, and a number of 
medical departments who have physicians working at various MRI sites on a routine 
basis, such as anesthesia. It is through a constant desire to improve MRI safety that 
the MR medical director and hospital leadership in safety can establish a successful 
and sustainable MR safety program.

Additional leaders in an MRI safety program may include an MR safety officer 
(MRSO) and an MR safety expert (MRSE). The MR safety officer frequently is a 
lead technologist who is well versed in the subtleties of MR safety and can enforce 
existing policies and procedures. The MRSE is a medical physicist acting as an 
advisor to support radiologists and technologists when difficult questions of MR 
safety arise and there are no clear guidelines to answer them. At this time, certifica-
tion exams for MR medical director, MRSO, and MRSE are offered by an indepen-
dent organization, the American Board of Magnetic Resonance Safety [10].

Despite the comprehensive nature of the ACR Guidance document, there remain 
many gray areas where decision about whether or not to proceed with an MRI in a 
specific patient requires further investigation into risk/benefit that may be beyond 
the expertise of the MR medical director or MRSO. Even with the advice of an 
MRSE, it is often ultimately the responsibility of the MR medical director to decide 
among the many risks and benefits of MRI in challenging medical scenarios.

7.2.4  MRI Zoning: Controlling Access and Screening for Danger

To implement MR safety policies and procedures, the concept of MR zoning needs 
to be applied to each MR site (Fig. 7.3), with each zone representing an area of 
increasingly restricted access to patients and staff members. The objectives of 
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designating MR zones are to ensure the proper screening for ferromagnetic material 
and implants and to prevent the accidental introduction of unsafe objects into Zone 
4, the room in which the MR scanner is situated. A patient typically first registers at 
a reception desk in an unrestricted area of the hospital or outpatient facility, which 
is designated as Zone 1. They are then escorted to Zone 2 for screening of medical 
devices and other pertinent history. A screening form for implants and devices 
should be filled out by the patient and reviewed by an appropriately trained MR staff 
member. The practice of changing patients into gown is also helpful, to remove the 
risk of patients carrying personal items such as cell phones into the MRI suite. Once 
changed into gowns, they are escorted into Zone 3 for additional screening with fer-
romagnetic detectors. This additional screening is performed to verify the absence 
of personal items that may be dangerous or cause artifacts in the MRI scanner (e.g., 
hair pins and bras) or to detect superficial implants that the patient may have forgot-
ten about (e.g., pacemaker). At our institution, each patient undergoes additional 
verbal screening for implants in Zone 3, as a layer of redundancy for the occasional 
forgetful patient. If they pass this stage, they are then allowed to proceed to Zone 4 
for the actual MR scan.

Staff members are also required to screen themselves when they work in 
MRI. They can first perform self-screening in Zone 2 or 3 with ferromagnetic detec-
tors, to prevent the accidental introduction of personal items including pens and 
mobile phones. Creating a culture where self-screening becomes routine is critical 
for the hospital to prevent projectile incidents. Staff members who do not routinely 
access MRI may be screened by an MR technologist at the time of entry. Given the 
high traffic through an MRI suite, the accidental introduction of small ferromag-
netic objects remains a risk. It is important for the institution to encourage the 
reporting of both actual and near-miss incidents to identify potential weaknesses in 
the daily screening process. In addition, in the United States, the Joint Commission 
requires a log of events for foreign objects entering Zone 4.

Zone 1 Patient waiting area/reception

Patient interview/changing room
Primary ferromagnetic screening

Locker for storage of personal items

MRI technologists/console room
Secondary ferromagnetic screening

MR Scanner Room

Zone 2

Zone 3 Zone 4

Fig. 7.3 MRI zone 
concepts
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An uncommon situation that merits further discussion is in the care of the patient 
in MRI who is rapidly deteriorating. A patient who needs either resuscitation or 
acute medical care should not be treated by a medical response team in Zone 4. For 
example, if a hospital has a “code” team that is activated for emergency responses, 
this team will rush to the aid of a patient at the request of hospital personnel at any 
site. Since a resuscitation attempt is conducted by a team of physicians and nurses 
who often carry multiple metallic devices, performing such a resuscitation in Zone 
4 poses a large risk. Thus, each MR site should predetermine a safe location in 
which to place patients outside of Zone 4 (e.g., in Zone 3). Basic life support mea-
sures (e.g., chest compressions) can be conducted by personnel while transferring 
the patient out of Zone 4 to the emergency area.

Given the concept of MR zones and the importance of ferromagnetic screening, 
any new MRI site should be planned with experts in MR safety participating at the 
design stage, in order to give feedback on the feasibility of implementing safety 
zones. For example, combining console rooms for MRI and other imaging modali-
ties such as CT unnecessarily increases the number of staff members and patients 
who need to be screened. If the MR site is already built, identifying zones retroac-
tively can sometimes be challenging due to the number of entryways and/or the 
presence of shared spaces with other medical services. In this case, securing access 
to prevent accidental entry into Zone 4 becomes a priority.

7.2.5  MR Personnel: Training and Responsibilities

Staff members who work in MRI sites should be properly educated on principles of 
MR safety, and their training should be documented annually if following guide-
lines from the Joint Commission [11]. Since staff members who work in MRI vary 
in their responsibilities, they are not expected to all undergo the same level of train-
ing. The ACR MR Safety Guidance Document proposes a distinction between Level 
1 and Level 2 personnel.

Level 1 personnel have passed minimal educational efforts to ensure their own 
safety as they work in Zone 3 and Zone 4. This group includes security, IT and 
facilities personnel who may have access to the MRI site, including Zone 4. Level 2 
personnel will also have passed minimal Level 1 educational training but require 
additional training in MR safety, for example, in the prevention of thermal injury 
and in ferromagnetic screening. Generally, all radiologists and nurses who work in 
MRI and all MR technologists should undergo Level 2 training. Additional physi-
cians who routinely care for patients in MRI, such as certain anesthesiologists and 
neurosurgeons who work in an operating room with MRI, will need Level 2 training 
as well. Only Level 2 personnel can directly be responsible for patients in Zone 4 
and can perform ferromagnetic screening for patients and other staff members. 
While MR staff will not lie in the MR scanner themselves, they may stand at the 
edge of the MR scanner bore while positioning patients or accessing an intravenous 
line and become subject to very high magnetic field and spatial gradients. Thus, they 
should also fill out a screening form for medical implants and devices to ensure their 
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own safety. For example, a staff member with a pacemaker may not be allowed to 
work in MRI for obvious reasons. Most institutions require a screening form to be 
filled out (or updated) at the time of annual MR safety training for each Level 2 
personnel.

Physicians and nurses who escort unstable patients from other services may 
occasionally need access to MRI. These and other non-MR personnel do not require 
special training before entry, but they need to be screened for ferromagnetic mate-
rial as well as implants and devices, similar to patients. For example, a physician 
who has a pacemaker should not be allowed in Zone 4, but they may not realize the 
need to voluntarily disclose this medical history. Thus, non-MR personnel are 
treated to the same rigors of patient screening if they wish to step into the MRI 
Zones 3 and 4.

7.2.6  Challenges to Patient Screening in Practice

A screening questionnaire is first filled out by patients for the disclosure of implants 
and to provide pertinent medical history, either before or after their arrival to the 
MRI suite. Ideally, patients should prefill screening forms before their appointment, 
which may help the radiology department preemptively identify individuals with a 
contraindicated device (e.g., pacemaker), requiring an alternative imaging examina-
tion. A decision support system at the time of MRI order that reviews a patient’s list 
of medical implants can help reduce the number of MR cancelations or delays.

Examples of MR screening forms are available on various websites [12] as well 
as in the ACR MR Safety Guidance Document. The goal of MR screening is not 
only to document medical implants but also to screen for nonmedical implants and 
ferromagnetic objects, such as metallic fragments or shrapnel injury, the presence of 
medication patches, or even tattoos that rarely but occasionally carry a risk for ther-
mal injury. A discussion of every nonmedical device and their risk is beyond the 
scope of this chapter.

Screening questionnaires are also helpful to identify patients who may have renal 
failure or are on dialysis, with implications on the safe use of MR contrast agents. 
Numerous articles and documents are available to guide a radiology department in 
the use of MR contrast agents, for example, the ACR Contrast Manual, which is 
updated every few years [13]. The questionnaire could also be used to screen for 
possible pregnancy. Most radiology departments already have existing policies for 
handling pregnant patients, which may preclude the use of MR contrast agents in 
this special population.

In the absence of contraindications to MRI, a recurrent challenge in the workflow 
of any MRI suite is the patient with MR conditional medical devices. Numerous med-
ical devices, including coronary stents, certain aneurysm clips, and even pacemakers, 
are designated as MRI conditional (Fig. 7.4). In contrast to MR unsafe devices (which 
should not be brought into Zone 4), and MR safe objects that are nonmetallic, MR 
conditional devices or objects can be safely brought into an MRI for scanning but only 
under specified conditions. Conditions may include the specified strength of the MRI 
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scanner (safe at 1.5 T and/or 3.0 T), maximum gradient strengths, and specific MR 
operator modes (e.g., normal mode or research mode). This can present daily chal-
lenges to the practice of MR safety, because clear documentation is necessary for 
identifying safe conditions for each patient. Most patients obtain information cards for 
their devices at the time of surgical implantation, but they may forget to bring their 
cards at the time of their MRI appointment. Unless unambiguous medical documenta-
tion is available, it is not prudent to assume that scanning the patient at 1.5 T instead 
of 3.0 T is sufficient to prevent a patient injury. In the emergent setting and in the 
absence of implant documentation, the risk and benefits should be evaluated by a 
physician who is familiar with principles of MR safety.

Another challenge to the practice of screening is in the setting of unresponsive 
patients or patients who are unreliable historians, such as pediatric patients. The 
screening in these cases should be performed by the patient’s parent or guardian. In 
an emergent setting without available parent or guardian, the patient should be 
examined by a Level 2 personnel for evidence of implant, both by direct inspection 
and based on review of other imaging tests (e.g., chest x-ray). Final decision to scan 
the patient should be made by the MR medical director or an attending radiologist 
with Level 2 training, after reviewing all available information.

The screening of patients for MRI can be a time-consuming and frustrating pro-
cess. Patients often forget to bring required documentation for their devices, or for-
get about surgeries conducted years ago, or maybe even lie to avoid questioning that 
they may perceive is unfairly impeding their access to MRI. They may even receive 
faulty information from their referring physician, who are rarely knowledgeable 
about the differences between devices that are MRI conditional and what was for-
merly called MRI compatible (an outdated term). Identifying and investing in pro-
cesses that improve the workflow of patients related to screening in the MRI suite 
can pay enormous dividends. Unfortunately, the screening process is one of the 
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Drug Administration 
labeling developed by the 
ASTM International [17], 
including MR safe (green 
square), MR conditional 
(yellow triangle), and MR 
unsafe (red circle). Only 
objects known to be 
nonmetallic in composition 
are MR Safe. MR 
conditional devices 
account for the majority of 
implants that are brought 
into MRI scanners and 
require an understanding 
of specific conditions of 
operation
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most resource-intensive steps of an MR safety program and should not be taken 
lightly. While MR safety incidents are rare, a proper assessment of resources 
required to adopt MR safe practices is important.

7.2.7  Other Risks in MRI

The ACR Guidance Document elaborates on a number of risks common for all 
patients who undergo MRI. We have already alluded to the risk of thermal injury 
from implanted medical devices, medication patches, and certain nonmedical items 
such as tattoos. Medication patches that contain metallic components can heat up 
and cause thermal injury during MRI and generally need to be removed. Each patch 
manufacturer website usually provides documentation to ascertain the absence of 
metal, the safety of their patch in direct MRI testing, or a contact number for further 
safety information. It may be prudent for the MR medical director to work with their 
institution’s pharmacy to identify potentially dangerous medication patches or to 
suggest to place MR safe patches on formulary when there is more than one option. 
Tattoos are infrequently at risk for heating, but a few have been shown to contain 
dark inks that can put a patient at risk for injury. Thermal injuries can also occur 
from patient skin directly contacting the machine’s bore or imaging coils them-
selves, in the absence of appropriate padding. For tattoos and other unexpected risks 
of thermal injury, proper training is essential to raise awareness among Level 2 MR 
technologists who are in direct communication with the patients during scanning.

MRI sites should provide ear protection in the form of earplugs and/or protective 
headphones. Even with such protection, patients may still complain of unacceptable 
noise levels, and an MR technologist should consider terminating the exam to avoid 
injury. Finally, patients with claustrophobia may not be able to tolerate an MR exam 
without adequate premedication.

Since a PET/MRI may be a new purchase at your institution, nonclinical, non- 
research MRIs may be performed to optimize your imaging protocols. These MRIs 
consist of those scans used appropriately in human subjects that constitute neither 
clinical care nor research. For example, an MRI may be performed on a volunteer 
when a new sequence becomes available or to verify a commercially available coil 
that is new to your practice; the department may ask volunteers among the staff to 
lie in the magnet to test run a whole-body MRI protocol before its use on actual 
patients. Guidelines for documentation and consent for nonclinical non-research 
MRI in human subjects were recently published and suggest the use of informed 
consent with the application of standard MR safety procedures, as well as reporting 
of incidental findings, similar to research MRI [14].

7.2.8  Developing a Culture of MRI Safety

One of the most important lessons is that MR safety requires a true team effort. 
While policies and procedures are necessary and training programs are mandatory, 
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it is the implementation of a culture that prioritizes the safety of all patients that 
ultimately prevents injuries and even deaths. Unfortunately, it takes just one Level 2 
personnel to skip an established safety process in the rush of scanning a patient to 
create a hazardous situation. MR technologists are generally smart and diligent 
members within radiology departments. However, if they are incentivized to scan 
more and more patients in shorter amounts of time, they will learn to create short-
cuts that may involve reducing screening efforts.

Even the best MR technologist may occasionally make mistakes. While punitive 
actions may be necessary for egregious behavior, a large number of medical errors 
are caused by human lapses that are unintentional. In these specific cases, punitive 
action may actually backfire, causing the MR staff to shy away from reporting near- 
miss events [15]. An alternative is to seek to understand the root causes of these 
errors, to identify challenges faced by Level 2 personnel in their daily practice, and 
ultimately to design better safety protocols that have redundant processes. This will 
reduce the risk that any one human error escalates to a catastrophic one. Thus, 
encouraging staff members to report near misses, providing feedback on new safety 
measures, and rewarding positive behaviors are all measures that encourage each 
MR team to perform at their best and sustain a culture of safe MRI practices.

 Conclusion
There are both important radiation safety and MRI safety considerations for PET/
MRI. It is important that MRI technologists learn radiation safety and that nuclear 
medicine technologists learn MRI safety in order to prevent patient injury and 
radiation exposure to patients and technologists alike. For radiation safety, tech-
nologists need to be educated about exposure and the principles behind 
ALARA. Dose, shielding, and time are three ways to decrease radiation exposure. 
For MRI safety, ensuring proper Level 2 MR training of radiology staff unfamiliar 
with MRI is a priority. Technologists should become well versed in the risk of 
projectile incidents, thermal injuries, and proper ferromagnetic screening. 
Developing a governing structure and identifying an MR medical director, MR 
safety officer, and MR safety experts can also be helpful to improve communica-
tion between leadership and frontline staff. In summary, safety is a process-driven 
but people-intensive investment for radiology departments to consider.

References

 1. Lederer CM, Shirley VS. Table of isotopes. 7th ed. New York: Wiley; 1978.
 2. Unger LM, Trubey DK. Specific gamma-ray dose constants for nuclides important to dosimetry and 

radiological assessment. Oak Ridge, TN: Oak Ridge National Laboratory. ORNL/RSIC-45; 1981.
 3. NRC: 10 CFR 20.1201 Occupational dose limits for adults. United States Nuclear Regulatory 

Commission. https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1201.
html. Accessed 1 June 2017.

 4. NRC: 10 CFR 20.1208 Dose equivalent to an embryo/fetus. United States Nuclear Regulatory 
Commission. https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1208.
html. Accessed 1 June 2017.

7 PET/MRI: Safety Considerations

https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1201.html
https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1201.html
https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1208.html
https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1208.html


130

 5. NRC: 10 CFR 20.1301 Dose limits for individual members of the public. United States 
Nuclear Regulatory Commission. https://www.nrc.gov/reading-rm/doc-collections/cfr/
part020/part020-1301.html. Accessed 1 June 2017.

 6. NRC: 10 CFR 35.75 Release of individuals containing unsealed byproduct material or implants 
containing byproduct material. United States Nuclear Regulatory Commission. https://www.
nrc.gov/reading-rm/doc-collections/cfr/part035/full-text.html#part035-0075. Accessed 1 June 
2017.

 7. Hardy PT, Weil KM. A review of thermal MR injuries. Radiol Technol. 2010;81:606–9.
 8. Abart J, Eberhardt K, Fischer H, et al. Peripheral nerve stimulation by time-varying magnetic 

fields. J Comput Assist Tomogr. 1997;21:532–8.
 9. Expert Panel on MR Safety, Kanal E, Barkovich AJ, et al. ACR guidance document on MR 

safe practices: 2013. J Magn Reson Imaging. 2013;37:501–30.
 10. American Board of Magnetic Resonance Safety. ABMRS. http://www.ABMRS.org. Accessed 

1 June 2017.
 11. Accreditation, Health Care, Certification|Joint Commission. The Joint Commission. http://

www.jointcommission.org. Accessed 1 June 2017.
 12. MRI Safety. mrisafety.com. http://mrisafety.com. Accessed 1 June 2017.
 13. ACR Manual of Contrast Media  – Version 10.3. American College of Radiology. 2017. 

p. 1–127. https://www.acr.org/Quality-Safety/Resources/Contrast-Manual.
 14. Reeder SB, Kimbrell V, Owman T, Steckner M, Calamante F. Guidelines for documentation 

and consent for nonclinical, nonresearch MRI in human subjects. J Magn Reson Imaging. 
2017;45:36–41.

 15. Marx D. How building a “just culture” helps an organization learn from errors. OR Manager. 
2003;19(5):1–14.

 16. Benatar NA, Cronin BF, ODoherty MJ. Radiation dose rates from patients undergoing PET: 
implications for technologists and waiting areas. Eur J Nucl Med. 2000;27:583–9.

 17. ASTM International  – Standards Worldwide. ASTM International. http://www.astm.org. 
Accessed 1 June 2017.

R.K.G. Do and D.W. Dick

https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1301.html
https://www.nrc.gov/reading-rm/doc-collections/cfr/part020/part020-1301.html
https://www.nrc.gov/reading-rm/doc-collections/cfr/part035/full-text.html#part035-0075
https://www.nrc.gov/reading-rm/doc-collections/cfr/part035/full-text.html#part035-0075
http://www.abmrs.org
http://www.jointcommission.org
http://www.jointcommission.org
http://mrisafety.com
http://mrisafety.com
https://www.acr.org/Quality-Safety/Resources/Contrast-Manual
http://www.astm.org


131© Springer International Publishing AG 2018 
A. Iagaru et al. (eds.), PET/MRI in Oncology,  
https://doi.org/10.1007/978-3-319-68517-5_8

C. Kelly-Morland • G. Cook • V. Goh (*) 
Division of Imaging Sciences & Biomedical Engineering, King’s College London,  
London, UK
e-mail: gary.cook@kcl.ac.uk; vicky.goh@kcl.ac.uk

8Imaging of Tumour Heterogeneity: 
Functional MR Techniques in Oncology

Christian Kelly-Morland, Gary Cook, and Vicky Goh

Contents
8.1  Introduction  131
8.2  Functional MRI and Heterogeneity  132
8.3  Summary of Texture-Based Methods  133
8.4  Surrogate Assessment of Tumour Cellular Density and Proliferation  134

8.4.1  Diffusion-Weighted Imaging  134
8.4.2  Magnetic Resonance Spectroscopy  137

8.5  Surrogate Assessment of Tumour Perfusion, Angiogenesis and Oxygenation  139
8.5.1  Dynamic Contrast-Enhanced MRI  139
8.5.2  Arterial Spin Labelling (ASL)  141
8.5.3  Blood Oxygen Level-Dependent (BOLD) Imaging  142

8.6  Assessment of Tissue Biomechanics  143
8.6.1  Magnetic Resonance Elastography  143

8.7  Beyond Functional MRI: Texture Analysis of Standard MRI Images  143
8.8  Making the Most of Functional MRI in PET/MRI  144
 References  145

8.1  Introduction

The concept of tumour heterogeneity refers to the regional differences within a 
tumour, not only at a genetic level due to DNA mutation but also secondary to epi-
genetic influences altering genetic expression, and ultimately phenotype, such as 
disordered DNA methylation or histone variation. Branched evolution, the presence 
of varying subclonal cell lines within a tumour, contributes to intra-tumoural hetero-
geneity within a lesion. From a cellular perspective, differences in metabolism, 
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apoptosis and angiogenesis also contribute to heterogeneity. Metastatic spread of 
particular cell lines from the same primary leads to inter-tumoural or inter- metastatic 
heterogeneity [1]. The differing tumour biology within the primary lesion itself and 
between metastatic lesions poses a unique set of challenges when it comes to select-
ing appropriate targeted therapies and assessing therapeutic effect. During therapy 
tumours will respond differentially and also dynamically, for example, developing 
resistance to a previously effective drug treatment [2].

Recent advances in technology have allowed for unprecedented investigation of 
the complex genetic mechanisms underpinning tumour biology with the use of 
next-generation sequencing techniques such as whole exon and whole genome 
sequencing. This has expedited the discovery of new genes and mutational patterns 
associated with cancer, identifying surprisingly complex and previously unchar-
tered interactions at the cellular metabolic, as well as the epigenetic and phenotypic 
levels [3]. On the phenotypic level, there has been parallel interest in the potential 
of imaging to assess image heterogeneity [4–7]. Quantifiable morphological or bio-
logical heterogeneity can be assessed with different imaging modalities including 
magnetic resonance imaging (MRI). Imaging can overcome some of the issues with 
in  vivo histopathological assessment including ethical and safety considerations 
posed by repeated sequential biopsy as well as the potential for sampling error. By 
complementing standard staging and response to treatment, imaging has the poten-
tial to individualise treatment, predict response to a particular therapy in a single 
patient as well as detect treatment resistance at an earlier time point and guide ear-
lier therapeutic transition. The advent of integrated PET/MRI provides a unique 
opportunity to extend the capability of PET and MRI for assessing phenotypic het-
erogeneity. Key features related to functional MRI techniques will be addressed 
further in this chapter.

8.2  Functional MRI and Heterogeneity

A number of “functional” MRI techniques are available currently in clinical 
practice that augment standard anatomical imaging that provide insight into 
tumour physiology. These include techniques that assess water molecule diffu-
sivity, tumour perfusion, tumour oxygenation and tumour metabolism [8]. 
Quantitative or semi- quantitative parameters can be derived from these tech-
niques pertaining to diffusivity (apparent diffusion coefficient, ADC), vascular-
ity (integrated area under the curve, transfer constant), oxygenation status (R2* 
relaxation rate) or metabolic activity (metabolite ratios) that complement stan-
dard qualitative reporting of morphological features, for example, spiculate ver-
sus well-circumscribed borders in pulmonary or breast lesions as a strong marker 
of malignant probability [9].

Additionally agnostic features can be extracted from MRI images by radiomic 
techniques [6]. These post-processing advanced computational methods may 
infer “phenotype signatures” of tumours for characterisation or prognostication 
[10] and also inform on therapy effects. Textural analysis of image heterogeneity 
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is achieved through mathematical modelling and can be applied to multiple 
modalities [5, 7, 11]. Statistical-based methods of texture analysis are grouped 
into three tiers (Table 8.1).

8.3  Summary of Texture-Based Methods

First-order statistics refer to histogram analysis on a per-pixel basis and have been 
used most commonly in medical imaging. The true spatial relationship between 
adjacent pixels is ignored, and the histogram obtained is a function of the number of 
pixels in the image of the same signal intensity. For example, the mean (average), 
mode (most frequently occurring value) and standard deviation of the histogram are 
calculated as is the kurtosis (representative of the shape of distribution), skewness 
(the asymmetry of the distribution) and entropy (a reflection of randomness in the 
distribution) [12]. Second-order statistics evaluate the probability of two pixels of 
different values coinciding at specific locations relative to each other, most com-
monly using a grey-level co-occurrence matrix (GLCM) so-called Haralick feature 
analysis [5, 13, 14]. Higher-order statistics measure three or more pixel intensities 
relative to each other and include neighbourhood grey-tone difference matrix 
(NGTDM) and grey-level zone matrices (GLZM) [5]. Model-based methods such 
as fractal analysis, for example, using a box-counting method, may also be applied, 
evaluating the pattern irregularity within an image by imposing a series of grids of 
set scales onto an image to classify how an object occupies the image. The higher 

Table 8.1 Texture analysis methods

Statistical method
Number of pixels 
interrogated Properties derived

First order (histogram 
analysis)

1 Mean
Standard deviation
Mode
Kurtosis
Entropy
Skewness
Enhancing fraction
Grey-level frequency distribution

Second order (texture 
analysis)

2 Energy
Entropy
Uniformity
Homogeneity
Parameter map (directionality)
Grey-level co-occurrence matrix (Haralick 
features)

Higher order 3 Neighbourhood grey-tone difference matrices
Grey-level zone matrices; non-uniformity, 
short-run emphasis, run percentage
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the derived fractal dimension, the more heterogeneous the image [8, 15]. These 
agnostic features complement quantitative functional imaging techniques.

8.4  Surrogate Assessment of Tumour Cellular Density 
and Proliferation

8.4.1  Diffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) is one of the most commonly performed tech-
niques. DWI is widely available as a standard sequence on clinical MRI scanners. 
This measures the impedance (restriction) of the movement of water molecules 
within tissues [16, 17]. The degree of impedance is influenced by the cellular den-
sity, volume, membrane permeability and macromolecular structure of the underly-
ing tissue. DWI usually employs echo-planar spin echo sequences which negate 
motion artefact with oscillating gradient reversal pulses used rather than 180° 
rephrasing pulses. The repetition time (TR) is relatively long, minimising T1 signal, 
though the short echo time (TE) can lead to T2-weighted signal persistence on the 
resultant images, so-called shine-through [18] (Fig. 8.1). DWI can be performed for 
locoregional assessment or extended to the whole body (Fig. 8.2) which brings cer-
tain challenges by virtue of scanner and protocol design, as well as patient factors. 
The technique is becoming more widely established in particular in the oncology 
arena due to the improved sensitivity and specificity in the evaluation of skeletal 
disease in particular. There are promising results in terms of a role in response 
assessment over that provided by traditional methods such as bone scintigraphy 
where lytic deposits may provide a false-negative result and the flare phenomenon 
can cause false positives [19–21].

Modern scanners with moving table capability and dedicated body surface coils 
can provide excellent anatomical and functional detail at both 1.5 and 3 T magnet 
strengths in terms of contrast to noise ratio, slice thickness and spatial resolution, a 
whole-body acquisition including morphological sequences (T1/T2 weighted) and 

Fig. 8.1 Axial T2 (left), b900 diffusion-weighted (middle) and apparent diffusion coefficient 
maps (right) at the level of the prostate gland demonstrate persistence of high signal (T2 shine- 
through) in the normal peripheral zone (arrows) on all sequences due to the short echo times uti-
lised in the sequence
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diffusion weighted can be accomplished in less than an hour though this time con-
straint is an important consideration when it comes to workflow planning and 
patient comfort.

Combined whole-body PET/MRI lends itself well to improve diagnostic confi-
dence as the differing properties assessed by each modality (Fig. 8.2) (e.g. glucose 
analogue metabolism in 18F-FDG PET and cellular density in DWI) complement 
each other particularly in areas where one technique is limited. An example would 
be in differentiating pathological but non-enlarged nodes by their metabolic activity 
with PET, as these structures by virtue of their physiological composition demon-
strate restricted diffusion in normal circumstances. Compare this to accurately 
delineating intracerebral pathology using DWI against the background generalised 
increased physiological PET tracer uptake which alone could mask pathology [21].

Several technical challenges exist when optimising whole-body diffusion- 
weighted protocols. The rapid switching of gradients employed by echo planar 
sequences results in the formation of eddy currents which lead to inhomogeneity in 
the main magnetic field; this is a particular problem at higher field strengths and can 
lead to distortion or shearing artefact resulting in malalignment when attempting to 

Fig. 8.2 Whole-body coronal maximum intensity projection images; 18FDG PET (left) and 
inverted whole-body b900 diffusion-weighted images at 3 T (right) in a patient with stage IV lym-
phoma. Areas of abnormal increased tracer accumulation are seen at multiple nodal stations above 
and below the diaphragm and in the vertebrae and pelvis. These correspond to sites of abnormal 
restricted diffusion
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co-register morphological sequences with the diffusion-weighted images. Increasing 
receiver bandwidth and altering the maximum gradient amplitudes applied can 
solve the problem [22]. Careful attention to shimming, the use of continuous table 
motion and applying a uniform frequency centre across imaging stations can com-
bat image stack malalignment between stations. The use of non-selective fat sup-
pression techniques (e.g. short-tau inversion recovery, STIR) should increase the 
uniformity of fat suppression, decreasing the likelihood of ghosting artefacts [19]. 
Susceptibility artefacts at air/bone/soft tissue interfaces as well as around implanted 
devices are also exaggerated [23–25].

The apparent diffusion coefficient (ADC, mm2/s) is measured from the rate of 
signal loss with increasing b-weighting employed during DWI; however, care must 
be taken in the interpretation of results in terms of reproducibility and referencing 
as values may differ depending on manufacturer [26] and scanning parameters, in 
particular the range of b values used for acquisition.

Several published studies have shown the promise of DWI for lesion characteri-
sation as well as disease prognostication and response assessment. ADC values 
have been shown to correlate with tumour differentiation in rectal cancer and tumour 
Gleason score in prostate cancer [27–29].

A systematic review and meta-analysis of the literature documenting 279 renal 
lesions found that DWI had a sensitivity of 85% for the differentiation of benign 
(including cysts, oncocytoma, angiomyolipoma and focal infection) versus malig-
nant pathology and a specificity of 78%. Though there is less evidence to support 
ADC alone in discriminating between histological subtypes [30, 31] (e.g. clear cell 
renal carcinoma versus non-clear cell), there was reasonable accuracy when differ-
entiating high from low Fuhrman grade tumours in a series of 110 lesions with a 
ROC-AUC summary score of 0.83 in this analysis [30].

Several studies have demonstrated a significant association between higher ADC 
values of the primary tumour at presentation and subsequent local treatment failure 
in squamous cell carcinoma in the head and neck [32, 33]. One theory is that the 
decrease in the diffusion impedance in these tumours may correspond to factors 
such as intra-tumoral micro-necrosis and non-cohesive or widely dispersed tumour 
cells within abundant stroma—one study of 19 patients demonstrated significant 
positive correlation between the percentage area of tumour stroma and the correla-
tive ADC [34], a known histopathological predictor of higher metastatic potential 
[35]. Investigators have also found a significantly lower ADC in human papilloma 
virus positive tumours which respond more favourably to chemoradiotherapy [36].

DWI has also been found to be a potential prognostic marker in uterine cervical 
malignancy, using histogram analysis of whole-tumour ADC values. Downey et al. 
[37] found that in a sample of 60 patients, median ADC was significantly lower in 
poorly differentiated tumours (50th percentile, 1113 ± 177 × 10−6 mm2/s). Similar 
findings were published by Lin et al. [38] in a study of 38 patients who found that 
the median ADC was significantly higher in well or moderately differentiated 
tumours versus poorly differentiated [37, 38]. Several studies have found ADC in 
squamous cell carcinoma of the cervix to be lower than that of adenocarcinoma [38, 
39] though there is overlap.

C. Kelly-Morland et al.



137

Inter-tumoral heterogeneity has also been demonstrated by DWI with differing 
ADC values seen between ovarian primary tumours and associated peritoneal and 
omental deposits; a study of 20 patients found significantly lower ADC values in the 
peritoneal and omental deposits when compared to the ovarian primary tumour [40] 
reflecting the varying composition of primary and metastatic deposits in the same 
disease entity and the potential role that quantitative imaging techniques play in 
illustrating this alongside morphological sequences. The same study found that the 
vascular signal fraction (an indicator of vascularity) was lower in peritoneal depos-
its than primary tumours; this raises the possibility that differential disease response 
to treatment between sites may be due to hypoxia or poor delivery of chemothera-
peutic agents in highly cellular but less vascular deposits.

Imaging during treatment in ovarian, SCCHN and cervical tumours have shown 
that ADC typically increases following treatment [33, 41, 42], and in a study of 
locally advanced cervical cancer, this corresponded inversely to changes in tumour 
cell density [41], whilst in SCCHN several studies have demonstrated that the risk 
of disease relapse is inversely proportional to the percentage increase in mean ADC 
early in treatment [33, 43].

The use of DWI as a surrogate imaging biomarker requires rigorous standardisa-
tion in image acquisition and analysis particularly in the multicentre setting where 
variation in scan protocols between centres may hamper reproducibility and valida-
tion [44]. Relative measures such as histogram analysis or percentage change in 
ADC values during treatment, for example, may prove a more robust means of 
assessment to overcome the disparity between manufacturers and models when it 
comes to absolute data measurements.

8.4.2  Magnetic Resonance Spectroscopy

Proton magnetic resonance spectroscopy (1H-MRS) exploits the unique resonant 
frequencies of protons within differing molecules in tissue to produce a graphical 
representation of the distribution of metabolites in a region of interest, expressed as 
a series of peaks on the horizontal axis and by the parts per million and signal ampli-
tude on the vertical axis. The area under each peak corresponds to the concentration 
of the metabolite [45]. Careful attention must be paid to voxel placement, minimis-
ing magnetic field inhomogeneity by shimming and adequate fat and water suppres-
sion methods to address spectral contamination and optimise results. Higher magnet 
strengths allow for better discrimination between metabolite peaks [46].

The most widely accepted marker of malignancy in MRS is elevation of the 
metabolite choline (spectral peak 3.2 ppm), an indirect index of cell turnover and 
proliferation. This is often referenced to the concentrations of citrate (spectral peak 
2.6 ppm) and creatine (spectral peak 3.04 ppm) as a ratio [47].

Spectroscopy has been used in the setting of cerebral glioma to inform tumour 
typing and grading as well as to facilitate targeted biopsy especially when combined 
with 18F-FDG PET to identify representative areas of higher metabolic activity. 
Metabolites such as N-acetylaspartate (NAA), choline, myoinositol, choline, lipids 
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and lactate have proven of use in the evaluation of benign and malignant neuropa-
thology. In general astrocytomas tend to show elevated choline with reduced NAA 
and creatine, whilst glioblastoma multiforme classically demonstrates a high lipid 
(0.9 and 1.3 ppm) and lactate peak [45, 48].

MRS has also been used in the assessment of prostatic malignancy. The normal 
peripheral zone usually demonstrates high concentrations of citrate; this decreases 
in the central gland due to the lower proportion of glandular tissue. A reversal of the 
normal choline to creatine ratio is seen in malignancy (Fig. 8.3) [46].

Elevated choline/creatine ratios are also seen in breast, cervical, prostate, 
colorectal, lymphoma and head and neck squamous cell cancers [45, 49, 50]. There 
may be a role for MRS in the evaluation of treatment response in several tumour 
types. Two studies evaluating the choline/lipid ratios by 1H-MRS in a total of 94 
tumours before and after transcatheter arterial chemoembolisation of hepatocellular 
carcinoma found a significant decrease in the ratio post-treatment [51, 52]. In a 
study of 22 patients with uterine cervical carcinoma undergoing neoadjuvant che-
motherapy prior to hysterectomy, a significant drop in the triglyceride peak post 

Fig. 8.3 Low-grade right frontotemporal astrocytoma. Top: axial T2-weighted images (left) with 
single-voxel spectroscopy from an area of normal cerebral parenchyma in the left posterior frontal 
lobe demonstrate the expected ratio of choline (Cho) to N-acetylaspartate (NAA). Bottom: single- 
voxel MRS in the right cerebral astrocytoma characterised by abnormal high T2 signal and mild 
cortical expansion in the posterior frontal and parietal cortex demonstrates reversal of the normal 
NAA-Cho ratio with a choline peak, a marker of cell membrane breakdown and cell proliferation
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treatment correlated with a reduction in tumour volume though no advantage was 
found in terms of survival [53, 54].

In a study of 80 patients with cerebral glioma, MRS, in particular the choline/
NAA ratio, was found to be equal in terms of sensitivity (81.8%) but superior to 
diffusion-weighted imaging in specificity (84 versus 69%), positive (81 versus 
69%) and negative predictive values (81 versus 84%) in predicting disease response 
to treatment [55].

8.5  Surrogate Assessment of Tumour Perfusion, 
Angiogenesis and Oxygenation

8.5.1  Dynamic Contrast-Enhanced MRI

Tumour microvascular integrity and function can be assessed non-invasively using 
MRI and dynamic paramagnetic contrast-enhanced 2D or 3D gradient echo 
T1-weighted sequences, usually with a gadolinium-based contrast agent. 
Pharmacokinetic modelling, for example, with the Toft’s model [56], allows for 
quantitative evaluation of several parameters including the transfer constant Ktrans, a 
measure of volume exchange of contrast material between plasma and the extracel-
lular space and rate constant (kep). Further parameters which can be extrapolated 
include blood plasma (vp) and extravascular extracellular space volume (Ve). 
Qualitative visual assessment of a time to relative signal intensity curves is now 
commonly used in clinical practice, in particular when evaluating breast lesions for 
malignant potential [57, 58]. Typically three patterns of enhancement are demon-
strated within lesions: firstly, progressive persistent enhancement in benignity; sec-
ondly, a plateau-type curve of initial increase in signal intensity then levelling off; 
and thirdly, a rapid initial increase in signal intensity followed by a drop-off (wash-
out) over time which has been found to be up to 87% specific for malignant lesions 
though sensitivity is lower (57% in one series of 266 breast lesions) [59]. When 
morphology and enhancement patterns are taken into account, overall sensitivity of 
breast MRI in the detection of invasive malignancy is in the range of 89–100% [60].

Lower post-contrast signal intensity values correspond to reduced contrast 
enhancement secondary to decreased perfusion and resultant relative hypoxia in the 
tumour microenvironment. These features are known poor prognostic features for 
chemo-radiosensitivity/treatment response as well as outcome in malignancy.

In addition to a role in lesion detection, DCE has been demonstrated as a poten-
tial biomarker in terms of prediction of overall survival and treatment response in 
several cancers. A study of 101 patients with cervical cancer evaluated residual 
tumour volumes and signal intensity of tumour pixels on DCE-MRI and found that 
tumours in the lower fifth centile for signal intensity values of <2.05 (i.e. 5% of 
pixels in this tumour are of a signal intensity less than 2.05) found at 2–2.5 weeks 
into treatment predicted a local control over an 8-year follow-up of 73 versus 100% 
in those tumours with an SI5% >2.05. Disease-free survival rates in this group were 
47 versus 79% [61]. A more recent study used similar cut-off values for signal 
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intensity in a group of 102 stage IB2-IVa cervical tumours and quantified a func-
tional risk volume (FRV) of tissue within each tumour characterised by reduced 
enhancement finding it to be a superior predictor of outcome to absolute tumour 
volume and FRV correlated with local tumour control, disease specific and overall 
survival [62].

In squamous cell carcinoma head and neck tumours, Ktrans has been reported to be 
a putative marker of survival and treatment response. Investigators have shown that 
a higher lesional Ktrans pre-treatment with chemoradiotherapy corresponds to 
improved treatment response and disease-free survival [63]. A study of 13 patients 
undergoing accelerated radiotherapy found that a diminished maximal tumour 
enhancement post-treatment correlated with durable local disease control in this 
group [64]. In a larger cohort of 74 patients, histogram analysis of Ktrans skewness 
was found to be the strongest predictor of progression-free and overall survival by 
Cox regression analysis of outcome in stage IV nodal metastatic disease [65, 66].

A study of DCE-MRI in 17 patients with metastatic renal cell carcinoma showed 
that the baseline Ktrans and percentage change during treatment with the tyrosine 
kinase inhibitor sorafenib were both significantly associated with progression-free 
survival (p = 0.02 and 0.01, respectively) [67]. In a larger study of 48 patients treated 
with VEGF inhibitors, high pre-treatment ktrans and vp were found to be strongly 
associated with improved progression-free survival (p = 0.02 and 0.01, respectively) 
[68]. It is postulated that this association may reflect better drug delivery to tumour 
in this group [69].

In a further study of 28 patients with metastatic renal cell carcinoma undergoing 
anti-angiogenic targeted therapy, a positive correlation was found between the change 
in median peak enhancement of metastatic lesions on DCE-MRI and in median pro-
gression-free survival. No such correlation was found between median change in the 
sum of long diameters of tumour lesions per patient and median PFS [70].

As with other functional imaging techniques, the heterogeneity in voxel signal 
distribution can be captured and textural aspects interrogated. In a study of 58 
patients with locally advanced breast cancer in whom DCE-MRI was carried out 
pre-treatment, 8 out of 16 textural features assessed at presentation using a grey- 
level co-occurrence matrix were found to be significantly correlated to pathological 
response (divided into non-response or minimally residual disease) with an area 
under the curve (AUC) of 0.77 for entropy measures on the 2-min images, with the 
inference being that those tumours exhibiting higher entropy are more likely to 
respond to treatment [71]. There is also data supporting a potential role in imaging 
textural analysis of tumours in predicting oestrogen receptor positivity and lymph 
node status with one group finding classification accuracies of 84% (AUC 0.83) for 
receptor positivity and 88% (AUC 0.88) for lymph node involvement.

Yoon et al. [72] also demonstrated that entropy was a significant predictor of 2-year 
progression-free survival using Cox regression analysis (hazard ratio 10.98, 95%, CI 
1.57–64.57) when measured on the 2-min acquisition of the DCE images [72].

In a study of 33 breast tumours, there was a strong association with fractal 
dimension and tumour hormone receptor status as well as between fractal fit and 
subsequent response to therapy [73] in DCE-MRI.
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In a group of 95 patients with cerebral glioma, 27 low grade and 68 high grade, 
the application of filtration-histogram analysis to the preoperative contrast-enhanced 
MRI sequence yielded a sensitivity and specificity of 93 and 81% (AUC 0.91, 
p < 0.0001) in distinguishing between high- and low-grade tumours [74].

8.5.2  Arterial Spin Labelling (ASL)

This technique involves the use of vascular flow sensitisation with the application of 
an inversion radiofrequency pulse to label intra-arterial water protons for use as an 
endogenous contrast agent. Images are acquired before and after the inversion pulse, 
and a subtracted sequence allows for quantification of tissue perfusion in millilitres 
per 100 g of tissue per minute [75, 76]. Limitations of the technique include a low 
signal to noise ratio, necessitating a longer scan time and increased susceptibility to 
motion artefact [77]. The technique is preferable as it obviates the need for the 
administration of exogenous contrast medium and therefore eliminates the risk of 
nephrogenic systemic fibrosis.

Researchers have investigated the use of ASL as a biomarker in distinguishing 
between grades of intracerebral neoplasms, in a group of 26 patients, 19 with high- 
grade (WHO 3 or 4) and 7 with low-grade (WHO 1 and 2) tumours. They underwent 
continuous arterial spin-labelled perfusion imaging with calculation of mean and 
maximum tumour blood flow (TBF), TBFmax, and there was a significant difference 
in the TBFmax normalised to global cerebral blood flow between the high- and low- 
grade tumours (p = 0.01) [78]. A further study of 53 patients with glioblastoma who 
underwent ASL MRI demonstrated high concordance (κ  =  0.89) between three 
readers for the evaluation of substantial areas of hyper-perfusion within the tumour. 
There was a significant association with shorter progression-free survival in this 
group (median progression-free survival of 182 versus 485 days, p < 0.01) as well 
as with the expression of epidermal growth factor receptor variant III (p < 0.01), an 
oncogene mutation expressed in up to 30% of gliomas which has been linked to 
chemoresistance [79, 80].

A further advantage of ASL MRI is that it is less vulnerable to susceptibility 
artefact from haemorrhage which confers a benefit over dynamic susceptibility con-
trast imaging in particular in the evaluation of treatment response post-surgery. It 
can be difficult to differentiate radiation necrosis from tumour recurrence in glio-
blastoma patients. In one study of 30 patients having undergone surgery and proton 
beam radiotherapy, quantitative assessment of normalised ASL was found to have 
the highest sensitivity (94%) in discriminating between radiation necrosis and 
recurrent tumour using a cut-off value of 1.3 calculated as a ratio of mean signal 
intensity within the tumour region of interest over that in contralateral normal brain 
parenchyma. This was compared to a sensitivity of 76% for dynamic susceptibility 
contrast-enhanced MRI and 81% for FDG PET examinations [81, 82].

Arterial spin labelling has also been studied in the setting of response assess-
ment. In a small-scale clinical study of 19 patients on anti-angiogenic bortezomib or 
lenalidomide therapy for multiple myeloma, a significant correlation (correlation 
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coefficient = 0.535, p = 0.0037) between the decrease observed in mean tumour 
perfusion from baseline to week 8 of treatment and the clinical and haematological 
response observed was demonstrated [83].

These preliminary results indicate that ASL may be a useful tool in disease char-
acterisation, prognostication and response assessment with the ability to assess 
intra-tumoural heterogeneity. To our knowledge there is no published data examin-
ing texture analysis in ASL imaging providing a potential avenue for exploration in 
the future.

8.5.3  Blood Oxygen Level-Dependent (BOLD) Imaging

Imaging of intrinsic tissue susceptibility relative to oxygenation using a gradient echo 
sequence to exploit the paramagnetic effect of varying concentrations of intravascular 
deoxyhaemoglobin and the resultant effect on the signal returned is also being 
explored as a potential biomarker of disease aggressiveness and response. This is of 
interest as tumour hypoxia is a known poor prognostic factor. Increasing levels of 
deoxyhaemoglobin leads to an increase in the T2 relaxation time of a tissue due to the 
local magnetic field inhomogeneity and effects on spin-spin relaxation of protons. The 
quantifying measure usually applied is R2* (1/T2*), calculated from a logarithmic plot 
of T2* signal intensity against echo time, and is representative of the signal intensity 
in a particular voxel [84, 85]. Results will be dependent on the concentration of red 
blood cells present, and by inference, vascular density and blood flow [86].

The majority of the exploration of BOLD imaging as a biomarker has been in the 
preclinical setting, but several human studies have emerged in recent years.

In a study of 107 renal masses with corresponding histological confirmation of 
pathology, 91 were malignant and 16 benign. BOLD MRI of these masses and cal-
culation of the R2* of the whole lesion found good intra-observer agreement for the 
measurement using two observers (ICC 0.75, 95%CI 0.69–0.79) with sensitivity 
and specificity of up to 71% and 78%, respectively, in distinguishing benign from 
malignant lesions. The area under the curve equalled 0.79/0.78 (observer1/
observer2) [87].

A small study of seven women undergoing preoperative neoadjuvant treatment 
for locally advanced breast cancer utilised BOLD imaging with a 6-minute 100% 
oxygen breathing challenge at baseline, during and after therapy. The study found 
that in the three participants who achieved a complete response (CR) to treatment, 
there was a significantly greater BOLD response to the oxygen breathing challenge 
at baseline (change in mean signal intensity >12% on oxygen in CR group versus 
<3% in partial response or stable disease groups, p < 0.001). The greatest change in 
signal was seen within the first 2 min of the breathing challenge [88].

In a group of 24 patients with locally recurrent uterine cervical tumours, one 
study showed that 22 tumours demonstrated elevated R2* values when compared to 
benign or fibrotic lesions. This suggested intratumoral hypoxia and decreased 
tumour perfusion pre-therapy. Subsequently 18 of those 22 cases showed a signifi-
cant regression in the hypoxic fraction post-treatment, and there was also a positive 
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correlation between pre-therapy hypoxia and the decrease in the size of the tumour 
post-treatment (p = 0.01). In three cases non-responsive to treatment, there was a 
greater chronic hypoxic fraction which did not change post-treatment [89].

Relatively few studies examining the clinical utility of R2* imaging have been 
carried out in human subjects, and the technique requires further larger-scale inves-
tigation for validation.

8.6  Assessment of Tissue Biomechanics

8.6.1  Magnetic Resonance Elastography

The non-invasive quantitative MRI assessment of the mechanical properties of tis-
sue is also possible with MR elastography (MRE). This uses the application of 
external low-frequency mechanical shear waves, typically 50–60  Hz [76], via a 
driver and specialised software to measure the propagation of force through tissue. 
This is visually represented with a colour map output corresponding to levels of tis-
sue stiffness termed viscoelasticity with kilopascals as the unit of measurement. The 
technique has been applied in the assessment of benign hepatic fibrosis, but there is 
emerging evidence of promising applications in oncology imaging [90]. Malignant 
tissue tends to be stiffer than normal structures due to a combination of desmopla-
sia, altered perfusion biomechanics and increased interstitial pressure [91].

In a study of 44 liver lesions, 13 benign and 31 malignant, there was a significant 
difference (p  =  <0.001) between the mean shear stiffness of malignant tumours 
(10.1  kPa) versus benign entities (2.7  kPa), fibrotic liver (5.9  kPa) and normal 
hepatic parenchyma (2.3 kPa) [92].

In a feasibility study, eight patients with histologically confirmed areas of pros-
tate cancer and ten patients with biopsy-confirmed prostatitis were imaged along 
with ten healthy volunteers. There was a statistically significant difference in the 
viscoelasticity of prostate cancer versus prostatitis (p < 0.01) and between prostate 
cancer and normal peripheral zone (p < 0.01). There was also a positive correlation 
between elasticity of the malignant lesions and Gleason score, though sample size 
is obviously small [93].

8.7  Beyond Functional MRI: Texture Analysis of Standard 
MRI Images

In clinical practice there has been a resurgent interest in the potential of heterogene-
ity analysis using texture analysis for standard imaging. These techniques have been 
shown to be reproducible if good quality control is in place for first-order histogram 
and some locoregional texture parameters [94].

Histogram and fractal analysis have been applied to standard MRI sequences and 
found to augment lesion detection, characterisation, prognostication and response 
assessment.
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In the textural analysis of the T2-weighted images, 23 prostate tumours prior 
to prostatectomy showed a significant correlation between entropy and Gleason 
score as well as median ADC (p < 0.05). Higher-grade tumours (Gleason score 
4 + 3) were also found to have significantly higher entropy versus Gleason 3 + 4 
tumours [95].

In a pilot study of 15 patients with rectal cancer undergoing T2-weighted imag-
ing pre- and mid-treatment, histogram textural analysis found significantly higher 
kurtosis in the mid-treatment assessment of subsequent complete responders to 
treatment, whilst change seen in kurtosis between scans was significantly lower in 
the non-responder or partial responder groups [96].

The available evidence suggests a potentially important role for texture analysis 
in lesion characterisation and prognostication across a range of modalities and 
tumour types.

8.8  Making the Most of Functional MRI in PET/MRI

The wide variety of physiological parameters that can be quantified by MRI lend 
themselves to a personalised approach in medicine. New developments in computa-
tional methods and texture analysis add a further dimension [97]. With more wide-
spread use of combined PET/MRI in cancer imaging, there is an opportunity for 
more comprehensive tumour assessment. A typical whole-body PET/MRI protocol 
as performed at the authors’ institution is illustrated in Table 8.2.

Data integration from multiple sequences still requires refinement in order to 
optimise the extraction of relevant additional information from PET/MR images. 
Novel machine learning techniques have shown promise in facilitating radiomic 
analysis in larger datasets and could be applied to PET/MRI. One such preclinical 

PET acquision (simultaneous)

-Localiser sequences

-MR attenuation correction
  map

Whole body MRI 4-5 stations (~45min) 

-T2 weighted single shot
 turbo spin echo sequence
(e.g HASTE half-Fourier
single shot turbo spin-echo)

-T1 2-point Dixon sequence
•In and opposed phase
images

•Fat only
•Water only
-Diffusion weighted imaging
(b50 and b900)

Loco-regional assessment
(~15min)

-High resolution T2
sequence

-Dynamic contrast enhanced
imaging

-High resolution diffusion
weighted imaging

-MR Spectroscopy

Table 8.2 An example of a typical whole-body PET/MRI protocol at our institution (using a 
Siemens Healthcare Biograph 3T mMR machine) with the addition of locoregional sequences for 
a particular area, for example, in multi-parametric imaging of the prostate
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study examining the potential of PET/MRI in advanced tumour phenotyping using 
voxelwise analysis in a breast cancer model was able to distinguish between differ-
ing phenotypes within the same tumour, though the sample size was small (n = 26 
tumours). The co-registration of ADC maps and 18F-FDG maps and application of 
Gaussian mixture model clustering allowed for distinction between three separate 
intra-tumoral phenotypes when compared to the histology of the tumour: solid aci-
nar, solid nodular and cystic hyperplastic regions [98].

Whilst PET/MRI allows an unprecedented integrated approach to tumour mor-
phology, function and phenotype, its impact on clinical outcome and healthcare 
remains unproven. Further larger-scale comparative studies are required to build the 
evidence base for the modality’s role in the extraction of robust and reproducible 
tumour biomarkers.
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9.1  Introduction

PET and MRI are clinically available for roughly 25 years and both modalities are 
very well established in clinical practice. The clinical introduction of combined PET/
CT was the foundation of the success of hybrid imaging. However, the last decades 
were also marked by great improvements in MRI as an imaging modality of great 
clinical importance not only for morphological imaging but also functional imaging.
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Running a dual-modality hybrid system is significantly different from running 
stand-alone systems side-by-side. The combination of PET and CT into one- hybrid 
system certainly brought up several technical challenges; however, those were solved 
efficiently in a relative short time. In comparison, the integration of PET detectors into 
an MRI is significantly different. Standard photomultipliers are not compatible with 
magnetic fields normally used in MRI, and there is mutual interference of the MRI 
magnetic fields and the PET detectors concerning image quality in many ways. This 
issue was addressed by developing integrated PET/MRI systems, which “protects” one 
imaging modality from the other and using a new and technologically different genera-
tion of PET detectors (see corresponding chapters in this book). However, a different 
nontechnical challenge is now to operate PET/MRI in an efficient way to potentially 
move it from a research tool into a valuable clinical addition in hybrid imaging. This 
needs dedicated hybrid imaging concepts and workflow considerations.

The current chapter discusses the main issues concerning simultaneous PET/
MRI system workflow and some specific imaging applications to help the readers 
understand the needs and requirements for clinically effective PET/MRI and the 
differences when compared with PET/CT – and MR – stand-alone imaging.

9.2  Workflow Scenarios: General Strategies

PET/MRI protocols all share some common aspects. First, MRI localizers have to be 
acquired (corresponding to the scout scan or topogram in PET/CT) to plan the subse-
quent acquisition and define the axial range for the joint PET/MRI examination. Next, 
the number and localization of bed positions of the PET acquisition have to be defined 
using the localizer. PET usually works in the so-called step-and-shoot mode, in which 
the two main acquisition parameters to be defined are the number of bed positions and 
the acquisition time for each bed position. In the scanners currently used, the axial 
range of a single bed position is about 25 cm, with a certain percentage of overlap 
between adjacent bed positions (depending on the vendor). The acquisition time can 
either be kept similar to that in PET/CT, typically 2–4 min per bed position, or this 
time can be increased to make use of the potentially longer time required for the 
simultaneous MRI sequences. Similar to PET/CT, the PET data can either be acquired 
in a dynamic way as list-mode data or as a static acquisition. In principle, it is also 
feasible to acquire PET and MRI data while the patient bed is continuously moving, 
as recently described for combined PET/MRI [1]. This extremely interesting approach 
might substantially facilitate the workflow for whole-body PET/MRI but is not yet 
routinely integrated in currently used PET/MRI systems. The major technical advan-
tage is the reduction in sensitivity “drop” at the edges of the field of view, which 
should in theory also result in a more flexible acquisition time. However, also an 
improvement concerning psychological burdens has been described. Claustrophobic 
patients seem to appreciate the continuous motion as it actually suggests an ongoing 
procedure instead of “waiting” for the next bed position.

The time needed for the PET acquisition can then be used to acquire the needed 
MRI data for each bed position. There is only one mandatory MRI sequence, which 
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is the one used for attenuation correction (AC) as the attenuation data in PET/MRI 
are derived from the MRI scan [2]. This sequence is usually acquired first for each 
bed position. There are various techniques used for AC in PET/MRI, but most com-
monly a two-point or three-point Dixon sequence is used. A separate breath- hold 
acquisition is necessary for each bed position, which usually takes about 14–19 s 
per bed position for higher-resolution T1 imaging. This sequence is preceded by 
scanning preparations that include shimming to optimize the homogeneity of the 
magnetic field. The MRI data are then segmented to identify air, lung tissue, fatty 
tissue, and watery tissue as required for AC [3]. The Dixon sequence has been found 
valuable for anatomic localization of PET-positive lesions, as the sequence is 
acquired over the whole field of view (i.e., all PET bed positions) and can be nearly 
isotropic [4]. Other approaches in use for MRI-based AC are using a three- 
dimensional T1-weighted sequence as in the sequential PET/MRI scanner [5]. 
However, one major disadvantage of these techniques is that the bone is neglected, 
which might be of special relevance in areas with a high density of the bone like the 
skull or the pelvis. To partly compensate for that problem, one vendor is currently 
using a CT atlas for the attenuation correction of the head. One potential, more 
general solution to this problem is the use of an ultrashort echo time/zero echo time 
sequence to identify bone, like used routinely in one system for the skull and brain 
imaging [6]. Moreover, other atlas-based techniques can be used for identification 
of the bones [7]. There are also now different region-specific solutions being devel-
oped [8], as well as there are intentions to use zero echo time imaging for whole-
body attenuation correction.

After acquisition of the data for AC, the MRI component can be used to acquire 
any further sequences within the current field of view, simultaneously with the cor-
responding PET acquisition, which runs in parallel. Currently there are no restric-
tions in the choice of MRI sequences in hybrid PET/MRI scanners. The MRI 
sequences can also extend beyond the PET acquisition time planned for the current 
bed position, with the rest of the examination being consequently delayed.

Thus, the length of the MRI protocol mainly defines the total duration of an 
oncologic PET/MRI examination. Moreover, the choice of the right MRI protocol 
in PET/MRI is the most complex part of workflow optimization, due to the wide 
variety of MRI sequences available, due to the different techniques and acronyms of 
the various vendors, and due to sometimes lack of standardization of MRI protocols 
for a given indication between centers. We will now give an overview of the basic 
choices one has to make concerning PET/MRI workflows in oncology including 
suggestions for specific protocols for the most common oncological indications.

For oncologic PET/MRI in clinical routine, one can envision three main scenar-
ios that have important implications concerning scan time, complexity of the 
acquired MRI data, and consequently also complexity of image analysis and read-
ing/reporting of the PET/MRI scan:

First stand-alone PET/MRI protocols, which should answer all relevant questions, 
independent of other potentially available/planned examinations. Either, these can 
be fully diagnostic, with correspondingly longer scan times and greater complexity 
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of the MRI protocols. This would be like a fully diagnostic PET/CT with contrast-
enhanced and potentially multiphasic CT protocols, or these protocols can be 
focused on the PET part with only a minimal set of basic MRI sequences but also 
requiring less scan time. This approach is very similar to a low-dose unenhanced 
PET/CT, thus sometimes referred to as “low-dose PET/MRI” (which of course 
literally does not make sense, but which is a good term to keep in mind).

Second “PET/CT-guided” PET/MRI protocols. In centers having access to both 
PET/CT and PET/MRI, it might in certain cases make sense to first perform a 
standard PET/CT with diagnostic CT and then focus on only one specific area of 
interest with PET/MRI, depending on the clinical question. Such a scenario 
could, e.g., be useful in primary staging of cervical cancer, focusing just on the 
primary tumor/pelvis with PET/MRI.

Third “CT-guided” PET/MRI protocols. This is interesting in cases where a PET is 
warranted/indicated but when there is also already extensive CT imaging for 
staging available and only very specific questions for MRI left. Thus, one can 
focus on the PET part for the whole-body examination (“low-dose PET/MRI”) 
and add only a few specific MRI sequences on one region of interest, like e.g., 
brain imaging in primary staging for lung cancer.

Finally outside clinical routine and simple staging/restaging workflow scenarios, 
one of the most interesting aspects of PET/MRI is of course the ability to acquire a 
multitude of quantitative data for characterization of tumor biology and physiology 
simultaneously/near simultaneously from both PET and MRI. Thus in the fourth 
part of this chapter, we present an outlook on potential region-specific scan proto-
cols to make maximum use of the true power of PET/MRI as a novel and innovative 
stand-alone “imaging biomarker.”

9.2.1  Stand-Alone PET/MRI Protocols

9.2.1.1  PET-Focused PET/MRI (“Low-Dose PET/MRI”)
This approach is very similar to the scenario, when only a standard, low-dose, and 
unenhanced PET/CT is needed. Such a basic protocol has a similar imaging time 
compared with that of PET/CT, however, with the advantage of less radiation expo-
sure and potential diagnostic benefits in some areas from the MR, even if only a few 
basic sequences are performed.

It might be useful, for example, for follow-up studies to evaluate therapy response 
in known lesions like in Hodgkin’s lymphoma and in young patients, where mini-
mizing radiation exposure is of special relevance. MRI pulse sequences in such 
protocols are limited basically to the sequences required for AC and additional 
higher-resolution axial T1w Dixon and coronal or axial fast T2w sequences (e.g., 
short-tau inversion recovery or fast-recovery fast spin echo). These sequences can 
be done truly simultaneously with PET and within a PET acquisition segment of 
only 2–3 min. In a large study with more than 100 patients evaluating the overall 
diagnostic accuracy of a limited, non-contrast-enhanced PET/MRI protocol, the 
overall diagnostic accuracy was comparable to that of PET/CT [9]. Other large 
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patient studies have shown the same diagnostic accuracy of such limited protocols 
compared to PET/CT, too [10].

In the future another option might be to extend the length of the two-point Dixon 
AC sequence to the length of the PET measurement and skipping all other MRI 
sequences. The advantage would be to have a near isotropic sequence with improved 
spatial resolution covering the whole scan area, which is ideal for image fusion with 
the PET data in all three planes. Moreover, the Dixon technique provides multiple 
contrasts (water only, fat only, in-phase, opposed phase), which is well suited for 
anatomical localization of PET-positive lesions and might even provide important 
diagnostic information, e.g., differentiation of thymic rebound from lymphoma, dif-
ferentiating adrenal metastases from adenomas, or concerning the bone marrow 
when looking for bone metastases/lymphoma involvement.

Adding more MRI pulse sequences or additionally using MRI contrast media 
would only extend the examination time and might mostly provide redundant infor-
mation because the main determinants of therapy response are adequately evaluated 
with such a limited protocol, namely, reduction of tracer uptake and morphologic 
changes in lesion size. An example is presented in (Fig. 9.1).

9.2.1.2  Fully Diagnostic PET/MRI Protocol
If patients present without extensive previous imaging data, complete diagnostic 
coverage of the partial or whole body and specific areas of interest might be required, 
especially for primary staging.
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Fig. 9.1 Schematic diagram of a basic (and partly advanced) PET/MR-protocol. The left part 
represents the described “basic” PET/MR protocol where only T1- sequences and T2-sequences 
are acquired simultaneously with PET. Additionally, “basic” protocols using a respiratory-gated 
sequence for the lung and a quick, whole-body postcontrast acquisition have been described too
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However, covering the whole body (WB) with adequate diagnostic MRI sequences is 
time-consuming. Current standard WB MRI may take up to 60 min, which is substan-
tially longer compared to standard PET/CT, which can be done nowadays usually 
between 10 and 20 min. Thus, if the MRI time considerably exceeds the PET time, a 
PET/MRI is mostly used as for a quite expensive MRI acquisition because only the 
minority of imaging/acquisition time would be used with true simultaneity. Imaging pro-
tocols in PET/MRI therefore need to be optimized with regard to the specific needs of 
hybrid imaging to achieve the highest diagnostic accuracy in a reasonable timeframe. 
This optimization is complex but possible because a hybrid system in many ways is more 
than just the sum of two parts—it is a genuine novel “single” modality. Thus sensitivity 
and specificity do not have to be optimized for each component individually but jointly 
for the hybrid system. In fact, as information coming from both components can be either 
complementary, confirmatory, or redundant, any protocol for a hybrid PET/MRI needs to 
try to minimize redundant information. Obviating those MRI pulse sequences which 
might make sense in a conventional WB MRI protocol, but which only provide redundant 
information with regard to the now available additional PET information in PET/MRI, is 
able to comply to this specific imaging needs. Of course, many protocols or individual 
variations are feasible, but the workflow scenarios we will describe in the next section 
encompass most adult oncologic examinations currently performed on the majority of 
PET/MRI systems, trying to gather the maximum amount of information from MRI and 
PET within a reasonable total examination time, avoiding redundancy 10.

Full diagnostic staging protocols in oncology can cover either the head to the toes 
(whole body) or the base of the skull to the mid-thigh (partial body), comparable to 
PET/CT, along with specific regions of interest depending on the patient’s diagnosis.

For certain indications, true whole-body coverage from head to toe or assessment of 
the central nervous system is mandatory as, for example, in melanoma patients or lung 
cancer patients. In these cases, protocols with four to six bed positions and between 
2–5 min each covering the torso and three to five additional bed positions of 2 min each 
covering the legs (depending on the size of the patient) have so far been used.

During this time, usually axial and/or coronal T1w and T2w (with or without fat 
saturation) are acquired simultaneously during the PET acquisition. For melanoma 
or tumors known to metastasize in unusual patterns, T2w sequences with fat sat (or 
equivalent) are often used as they better highlight soft tissue lesions such as small 
lymph nodes or cutaneous lesions from an MR standpoint. Then, full diagnostic 
MRI is performed only for liver or for central nervous system coverage. For the 
lungs there are so far rather restricted protocols used since in patients with suspicion 
for/proven lung cancer, a recent chest CT should be available before staging with 
PET/MRI.  However, several sequences (respiratory gated and consecutive PET- 
gating, UTE/ZTE) are currently under evaluation [11].

Such “fully diagnostic” MRI protocols are, however, time-consuming and partly 
require 60–70 min of MR scanning time (depending on the size and compliance of 
the patient), despite the advantage of having an integrated system. Alternatively, one 
could acquire in addition to the basic axial and/or coronal T1w and T2w sequence 
the body stem only with quick axial T1w Dixon sequences after administration of 
IV contrast, skipping all other lengthier MRI sequences and more relying on the 
PET information. This could be done, e.g., in most pediatric oncological scenarios 
and many other indications to shorten the scan time.
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For (mostly used) partial-body examinations, four to five PET bed positions 
are usually required to cover the area from the base of the skull to the upper 
thigh, with an acquisition time of about 2–5 min per bed position. Depending on 
the used PET/MRI system, this might be slightly longer than in the first described 
PET-focused (or “low-dose”) PET/MRI scenario but gives enough time to obtain 
additional diagnostic MRI sequences after the mandatory AC sequence. In our 
experience, the maximum information for most indications in oncology can be 
obtained in the available limited time by combining a breath-hold axial and/or 
coronal T1-weighted TSE (or breath-hold higher-resolution Dixon sequence) 
and a fast axial and/or coronal T2-weighted sequence, either with or without fat 
saturation. Depending on the patient’s compliance and size, this part usually 
takes about 15–25  min. With this “basic” protocol, unenhanced T1- and 
T2-weighted sequences are obtained in two planes, allowing both diagnosis of 
bone metastases and denomination of conditions such as simple cysts or enlarged 
lymph nodes. Reconstructions of the in-phase image of a Dixon sequence in the 
sagittal planes are then especially helpful for assessment of bone lesions in the 
spine [11, 12].

This initial (basic) part of the partial-body examination is followed by imaging 
of a specific region of interest determined by the clinical question. Here several 
prominent areas of evaluation have been reported in the literature: head and neck 
cancer, primary tumors of the upper abdomen (liver, pancreas), liver metastases, and 
gynecological indications (Fig. 9.2).
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Fig. 9.2 Schematic diagram of a diagnostic PET/MR-protocol, here an example for a fully diag-
nostic MR-protocol of the liver. First, the “basic” part of the PET/MR is acquired (left part of the 
diagram), afterwards, a fully diagnostic MRprotocol in the area of interest is acquired (right part 
of the diagram). In addition to that, a longer PET-acquisition in this area can be acquired, too. In 
this case, a small hepatic metastases in the right liver lobe (yellow arrow) is additionally diagnosed 
to the PET-positive liver metastases in the left liver lobe
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In those scenarios, often a list-mode of 15–20-min PET with simultaneous acquisi-
tion of a dedicated MRI protocol focused on the specific region is performed. For 
example, patients with head and neck cancer or thyroid cancer would undergo dedi-
cated contrast-enhanced MRI of the neck, providing information relevant for local and 
lymph node staging or for assessment of tumor recurrence, respectively [14–19].

Finally, a contrast-enhanced axial fat-saturated T1-weighted sequence of the 
torso can be amended; hence this is not necessary (depending on the examined dis-
ease) in all indications since the “basic” protocol (together with the PET compo-
nent) would be sufficient for detection of most of the anticipated metastases.

However, as a general diagnostic limitation of all the mentioned protocols, the 
inferiority of conventional MRI, in comparison with CT, for detecting small pulmo-
nary nodules and assessing subtle parenchymal changes should be kept in mind. 
Rauscher et al. showed better accuracy for small pulmonary nodules with the con-
trast-enhanced, T1w VIBE sequence when compared with the AC sequence, how-
ever, still with substantial limitations concerning the sensitivity for lung lesion 
smaller than 1 cm [20]. An unenhanced low-dose CT scan of the lungs might be 
added until systematic studies have addressed in more detail the performance of 
PET/MRI for evaluation of small lung metastases.

More specific MRI protocols in addition to the sequences described above, such 
as respiration-triggered or respiration-gated MRI sequences, could also be included. 
However, these protocols may be time-consuming and probably can be efficiently 
applied only for specific lung-evaluation indications. In this respect, simultaneously 
respiratory-gated PET/MRI acquisition can improve the accuracy for small lung 
lesions, e.g., a respiratory-gated sequence for the chest and upper abdomen (e.g., T2 
PROPELLER) or navigator-based imaging for the chest can be added to the WB 
T2w imaging. In one study, a limited protocol including a respiratory-gated sequence 
for the chest showed the same diagnostic accuracy as that of PET/CT, even for pul-
monary lesions [21]. It has to be mentioned that even this protocol still detects fewer 
pulmonary lesions compared to CT, however, comprising mostly small lesions of 
uncertain diagnostic relevance [4]. Other publications however found that, if only 
the AC is used for anatomical imaging, the in-phase reconstruction is actually the 
best for pulmonary nodule detection [22].

Another potential limitation of the described protocols is that except for liver- 
focused scenarios, the liver is imaged only in the venous equilibrium phase, thus 
making detection of small liver lesions somewhat difficult. However, for some com-
mon PET/MRI indications like in prostate cancer or thyroid cancer, liver metastases 
are rare and, when occurring, are usually within the context of diffuse metastatic 
disease and not single small lesions. In other common PET/MRI indications like 
head and neck cancer, liver metastases can occur despite being relatively rare. 
However, the lack of portal-venous contrast-enhanced MRI information about the 
liver may be compensated by the available 18F-FDG PET data, which have been 
demonstrated to be highly sensitive for assessment of metastatic disease, including 
liver lesions in patients with head and neck cancer [23]. Ultimately, when the liver 
is the focus of the examination (e.g., detection or characterization of small liver 
lesions), a liver-specific protocol can be performed within the context of PET/
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MRI. For the sake of timing issues, it should be then, however, considered to run the 
above-described “basic protocol” for whole-body evaluation, especially when liver- 
specific contrast media is used (see also below).

The use of whole-body DWI in PET/MRI protocols is being discussed contro-
versially. Some publications showed value of DWI in staging or restaging lung, 
head and neck, gynecologic, and colorectal cancer as well as lymphoma [24–27]. 
However, WB DWI is time-consuming, and it has been documented that informa-
tion obtained from DWI is partly redundant to PET imaging, for example, in head 
and neck cancers, not adding significant diagnostic value [17]. Overall, it is cur-
rently unclear in which indications DWI should be used in the context of PET/
MRI.  There might be rules during follow-up examinations, where radionuclide 
uptake is decreased and diagnostic evaluation therefore has to be based more on the 
MRI component. Additionally, with the advent of multiband DWI, which can sig-
nificantly accelerate acquisition times, adding DWI might be less time-consuming 
and therefore could be integrated into a PET/MRI protocol for better advantage.

For head and neck cancer staging, additional T1 and T2, diffusion-weighted, and 
contrast-enhanced T1w images may be acquired in different planes, adding approxi-
mately 20–30 min to the basic protocol (ca. 45 min total study time). As an addi-
tional option, a dedicated PET acquisition can be done during the additional MRI, 
resulting in higher image quality. As indicated earlier, this scenario should be used 
for primary staging, and the situation is different for surveillance or after systemic 
treatment. Although data from single-modality imaging studies support the impor-
tance of DWI for such a patient population, initial data demonstrated that DWI 
offers mostly redundant clinical information compared with that by PET [17, 28].

For patients with the focus on potential liver metastases, such as from breast 
cancer, colorectal cancer, or neuroendocrine tumors, dedicated MRI of the liver 
including dynamic contrast-enhanced sequences and diffusion-weighted imaging 
should be performed. Especially, diffusion-weighted imaging has evolved over the 
last few years to be a sensitive tool for detection of liver lesions and is superior to 
18F-FDG PET for lesions smaller than 1 cm [29]. Dynamic contrast-enhanced MRI 
is also a sensitive method and is useful for lesion classification as well [30]. In the 
context of PET/MRI, it has been shown that the DWI again is not needed, since no 
advantage was found when T1w sequences, respiratory-gated T2w sequences, 
dynamic contrast enhancement, and the PET component performed [31].

Concerning the choice of contrast media, there is a large body of literature avail-
able showing the superiority of dinatriumgadoxetat (Primovist) in detection and 
characterization of liver lesions. It remains to be seen if that is still the case for liver 
metastases in PET/MRI, where the additional PET component adds already sub-
stantial information on the characterization of these lesions. Additionally, simulta-
neous respiratory gating can be used to increase PET image quality, especially for 
small lesions.

A different scenario applies to liver tumors (hepatocellular carcinoma [HCC] 
and cholangiocellular carcinoma), where the (18F-FDG)-PET component fre-
quently does not help to identify and characterize the tumor (e.g., well- differentiated 
HCC), and the MRI would definitively be the leading imaging component. However, 
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the differentiation of dysplastic liver nodules and early- or well-differentiated HCC 
is complicated even in MRI with dinatriumgadoxetat. Combined PET/MRI with 
different tracers (18F-choline and 11C-acetate) might actually be helpful in the 
evaluation of these “borderline” cases [32–37].

In pelvic oncology protocols, adding a 3D isotropic T2w image sequence of the 
pelvis is recommended for better anatomical assessment of disease extent, rather 
than high-resolution multiplanar acquisitions [37]. From such a data set, different 
imaging planes of the pelvis can be reconstructed, depending on the disease to be 
imaged (uterus, cervix, and ovaries). Since this certainly takes some time, an addi-
tional PET frame with extended acquisition time can be performed for enhanced 
PET image quality here, too.

In restaging of prostate cancer, again the 15–20-min PET acquisition of the pelvis is 
accompanied by dedicated MRI sequences of this region. To be more specific, a 
T2-weighted axial sequence is acquired to provide excellent anatomic detail. Diffusion-
weighted imaging and dynamic contrast-enhanced MRI are performed mostly for evalu-
ation of small local recurrences. Recent data imply that dynamic contrast-enhanced 
MRI is especially valuable for this purpose, as areas of local recurrence usually show 
early and intense contrast enhancement, whereas in later phases scar tissue might also 
enhance, thus making detection of small tumors in the prostate bed difficult.

9.2.2  “PET/CT-Guided” PET/MRI

As explained before in “PET/CT-guided” PET/MRI protocols, first a conventional 
PET/CT scan for staging would be performed, followed by only one bed position in 
PET/MRI, focusing on one or two body compartments (e.g., chest, liver, or even the 
whole abdomen) of interest according to the specific clinical question. Such a sce-
nario could make sense, e.g., in primary staging of malignancies of the pelvis in 
general, like cervical/endometrial cancer, rectal cancer, or prostate cancer, as MRI 
can provide synergistic information to PET and CT in this area (Fig.  9.3). Moreover, 
in many cases, MRI would be part of routine staging anyhow, so the time needed for 
the MRI can be used for the PET/MRI, and there is no additional scan time needed 
for the PET component.

Also in sarcoma patients, this strategy might make sense, as MRI is part of the 
standard workup anyway, and for FDG-PET it is known that standardized uptake 
value measurements can partly differentiate low-grade from high-grade tumors and 
have a prognostic value in sarcomas [38, 39]. Therefore, the benefits of MRI with its 
high accuracy in local staging and the benefits of PET, e.g., with the possibility to 
guide diagnostic biopsies could be combined and, thus, supporting correct staging, 
grading, and possibly also prediction and follow-up stratification. Another useful-
ness clinical application is therapeutic response assessment, again especially in soft 
tissue sarcomas [40]. However, there are many other cancer entities, which would 
benefit from these imaging capabilities, e.g., neuroendocrine tumors, pancreatic 
cancer, or primary hepatic cancers. Some possible/future indications will be dis-
cussed at the end of this book. If the patients undergo neoadjuvant therapy, like e.g., 
in rectal cancer or in some cases of sarcomas, then just PET/MRI over the tumor 
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region could be repeated for response evaluation, which would take only about 
20 min scan time.

In another scenario, PET/MRI would not specifically be used in a “PET/
CT-guided PET/MRI” context but as a general problem-solving tool after single-
modality imaging (CT or MR). Examples here could be equivocal lesions of the 
cervix, uterus, or ovaries and pancreatic lesions of uncertain significance or patients 
which had an MRI of the prostate or the breast and are rated as PRIRADS/BIRADS 
III. Here, PET/MRI with rather low doses could be performed to gain more infor-
mation about the lesion in question [41].

9.2.3  “CT-Guided” PET/MRI

“CT-guided” PET/MRI protocols might be interesting in cases where a PET is indi-
cated, when there is already complete CT imaging for staging available, and only 
very specific questions for MRI left. Thus, one can focus on the PET part for the 
whole-body examination (“low-dose PET/MRI”) and add only a few specific MRI 
sequences on the special region of interest, depending on the specific clinical sce-
nario. The advantage of such a protocol is that it is very efficient, as the PET/MRI 
itself only takes a little longer than a PET/CT, maybe 30 min compared to 20 min, 
and that the time needed for the MRI is already covered as well, so no second scan 
slot on a different scanner is necessary. Such a scenario can therefore be beneficial 
from a logistical and economical point of view.

a b c

d e

Fig. 9.3 PET/CT of a female patient with suspected gynaecological tumour. Only a very small 
FDG-avid lesion is seen on the MIP (a) and axial PET (b). On the PET/CT (c), identifying the 
anatomical localization of this lesion is challenging. The PET/MR and contrast enhanced MR (d 
and e) showing the lesion to be in the left ovarian tube
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One potential scenario is in colorectal cancer patients in whom a solitary liver 
metastasis is found on staging CT. In this patient, a resection of the liver metastasis 
might be indicated, and to complete staging, MRI of the liver would be requested to 
rule out further liver lesions and low-dose PET/CT to rule out distant metastases. 
With PET/MRI, these questions could be answered in a one-stop-shop examination. 
In this scenario, the focus of MRI would be only the liver, and a partial-body PET 
examination with four to five bed positions at 2–3 min/bed position could be per-
formed quite quickly (see also “problem-solving” discussion above). During this 
time, only the Dixon AC sequence would be acquired (perhaps also an axial fast 
T2-weighted/fat-saturated sequence), as previous staging with CT would already be 
available (Fig. 9.4). This protocol could be performed within 30 min or even less 
when standard contrast media is used compared to liver-specific contrast media.

Another scenario might be primary staging of lung cancer. At first glance, it 
might not appear useful to stage lung cancer with PET/MRI, based on the challeng-
ing acquisition and inferior image quality in MRI for the lung parenchyma. However, 
usually patients get their diagnosis of lung cancer based on a CT of the chest, and, 
therefore, when they come for overall staging, including staging brain metastases 
with MRI (which according to the National Comprehensive Cancer Network guide-
lines should be done at stage1B and higher), the local anatomy around the tumor has 
already been imaged. However, to complete the staging, N and M stages have to still 
be defined, and brain metastases have to be ruled out by MRI, which can now be 
done in a one-stop-shop setting with PET/MRI.  In this setting, initial PET/MRI 
studies have shown promising results. In a small study, Kohan et al. [42] have dem-
onstrated very similar accuracy for lymph node staging in patients with lung cancer 
by comparing PET/MRI vs PET/CT with just one T1w AC sequence [42]. This actu-
ally highlights the importance of the PET component in N staging in lung cancer 
when compared with the morphologic imaging component (MRI or CT), which is 
well known from a large body of PET/CT literature. Similar information was also 
obtained in an article where PET/MRI showed no difference in staging accuracy in 
patients with lung cancer when compared with that using PET/CT [43]. A short 
protocol published by Schwenzer et  al. [44] showed comparable diagnostic and 
staging accuracy between contrast-enhanced PET/CT and PET/MRI in patients 
with lung carcinoma, using just two pulse sequences in addition to the Dixon AC 
sequence, showing that a basic set of sequences is adequate [44]. In another study, 

a b c d

Fig. 9.4 CT of a patient with hepatic metastases of a colorectal cancer. While one metastases in 
the right liver lobe is obvious (single yellow arrow, a), there is another metastases close to the 
hepatic vein confluence (double yellow arrow, a), which is partly masked and inconclusive on the 
CT. However, on the MR (b: non contrast T1 / c: respiratory gated T2) and PET/MR the lesion is 
detectable and can be characterized as an additional metastases
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32 patients with NSCLC were analyzed concerning staging with PET/CT when 
compared with PET/MRI [21]. Here, the T, the N, and the M staging were not sta-
tistically significant different. The interesting concept in this study was the limited 
PET/MRI protocol using just two WB sequences and one dedicated, respiratory-
gated T2w sequence in the chest [9].

Finally a “rule-out brain metastases” protocol is added to the PET/MRI examina-
tion. Lung cancer frequently metastasizes to the brain, and PET/CT is not able to 
exclude brain metastases with adequate sensitivity. In such a protocol using three 
dedicated brain sequences including contrast enhancement after the acquisition of 
WB PET/MRI, brain metastases can be excluded with high accuracy. If needed, the 
same contrast media injection can be used for a quick whole (or partial)-body MRI 
survey with contrast as well. This way, a complete workup including the brain can 
be done in a clinically acceptable imaging time of 30–40 min.

9.3  Regionally Focused PET/MRI Protocols to Acquire 
Multiparametric Quantitative PET and MRI Data: PET/
MRI as a Novel Imaging Biomarker

While adequate staging and restaging of oncological patients is one major task for 
PET/MRI in clinical routine, the true potential of combining MRI and PET in PET/
MRI most likely lies not so much in lesion detection and characterization as 
described above but to make maximum use of the quantitative information on tissue 
biology one gets in a single examination with optimum image coregistration [45]. 
By analyzing the data on tracer uptake (metabolism, receptor levels, etc.) and quan-
titative MRI data, like DW-MRI, DCE-MRI, or MRS on a voxel-by-voxel basis 
(radiomics), a novel set of biomarkers might evolve. There are big expectations that 
these novel-combined imaging biomarkers derived from PET/MRI add synergistic 
information on tumor biology to the classical biomarkers derived from tissue biopsy 
or liquid biopsy [46, 47]. Compared to the latter, PET/MRI-derived biomarkers have 
several advantages like being noninvasive, allowing for serial whole-body assess-
ment and depicting intra- and inter-lesional heterogeneity. Also the topic of radioge-
nomics and linking in-depth imaging analysis with genetic analysis, blood/serum 
markers, or circulating tumor cells via computational biology is expected to put 
multimodality imaging analysis to a different level and into a different perspective 
within diagnostic procedures.

Thus in addition to liquid and tissue biopsy, a “virtual biopsy” using PET/MRI 
might evolve, which could be helpful for biopsy guidance, prognostic assessment, 
radiation therapy planning, or response evaluation. Such protocols would most 
likely focus only on one specific area, like the primary tumor, and would combine 
a basic set of sequences to depict the morphology, like a fat-saturated contrast- 
enhanced T1w sequence, depending on the anatomical compartment also T2w 
sequences, and the needed quantitative MRI sequences to analyze tumor biology, 
e.g., perfusion with DCE-MRI, restricted water movement with DW-MRI, micro-
perfusion with IVIM, and tumor metabolites with MRS.  Such protocols might 
take about 20–30 min but would provide a plethora of information in just a single 
scan slot.

9 Workflow and Protocol Considerations
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9.4  After the PET/MRI

9.4.1  Post-Processing, Visualization, and Reporting Structure

There are several considerations concerning combined PET/MRI analysis and con-
secutive reporting compared to PET/CT or single-modality imaging. In PET/CT, 
medical institutions often established a combined reading platform where physi-
cians from radiology and nuclear medicine are evaluating cases together. However, 
economically and considering efficiency, it makes partly more sense to have a dual- 
trained imaging expert read hybrid imaging. For whole-body MRI, generally radi-
ologists trained for body imaging are probably sufficiently trained. However, 
depending on national qualification and training requirements, body reporting might 
be divided in chest imaging and abdominal imaging. While such reporting structure 
generally makes sense for single-modality imaging in terms of specialization, it is 
at least discussible in oncology imaging, since cancer represents very often a sys-
temic disease. Thus, ideally a consensus is established who reads hybrid oncology 
imaging since reading carried out by three (or even more) physicians is not effec-
tive. On the other hand, in specialized like neuroradiology or pediatric radiology, it 
is necessary to consult dedicated specialists for combined reading. There are actu-
ally already suggestions and partly also program adoptions to prepare physicians in 
diagnostic radiology, nuclear medicine, and molecular imaging.

There is no standard strategy for PET/MRI reading, and every institution cur-
rently establishes its own reading procedure. Generally, the reading process is simi-
lar to that of PET/CT, where the PET is read first for the metabolically active 
components of the disease, which gives usually a sufficient and rather quick over-
view over the disease status. After that, the morphological imaging component is 
read which can reveal additional but non-active disease (e.g., in a post-therapy set-
ting) as well as identify residual diseases which is not picked up by the PET, e.g., 
based on its higher resolution (small lesions). This represents the more detailed and 
concerning reading, the more lengthy part especially in whole-body MRI—depend-
ing how many sequences have been acquired.

It has however to be pointed out that there are some differences between the PET- 
component acquired during PET/CT and PET/MRI. Especially the PET/MRI acquisi-
tions with a fully diagnostic MRI part usually will have more than one PET data set as 
compared with PET/CT. These second PET data sets are acquired, as commented 
previously, when a patient is scanned in the WB mode (2–3 min per bed position) and 
also receives a dedicated localized PET/MRI in one bed position (brain, neck, liver, 
prostate, etc.). Such a second data set can be used for dedicated diagnosis of this body 
compartment since it usually will have a very high PET image quality. On the other 
side, a consensus should be established that always the same PET imaging time (either 
primarily acquired during standard WB or reconstructed from secondary localized 
PET/MRI) is used or available for follow-up studies for adequate quantification.

In cases with artifacts and nondiagnostic imaging areas, the non-attenuated PET 
image as well as the u-map has to be available to consider if enough diagnostic 
information is available for adequate diagnosis. This is indeed even more important 
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in PET/MRI than for PET/CT since the u-map might have differently translated 
artifacts than the acquired whole-body Dixon sequence.

Other aspects such as fusing the MRI and PET images on dedicated workstations 
and generating maximum intensity projections are not significantly different from 
that of PET/CT. However, a multiple screen option is desirable since then the differ-
ent MRI sequences and planes can be evaluated at the same time and triangulation 
of lesions on multiple sequences is much easier (and therefore more time efficient). 
Also different/additional post-processing resources can be necessary in PET/MRI 
compared to PET/CT. One reason can be the abovementioned additional PET acqui-
sition, but PET detectors from PET/MRI also have higher sensitivities, and, there-
fore, more reconstruction steps and computer power are needed. Additionally, MRI 
sequences like DWI or dynamic contrast-enhanced sequences need certain post- 
processing to obtain at least the standard values like ADC, k-trans, ve, etc.

 Conclusion

PET/MRI systems allow simultaneous acquisition of PET and MRI information, 
but currently the acquisition protocols are often not optimized for the hybrid 
nature of that system.

Only few centers so far worked on optimization of protocols and workflow for 
clinical simultaneous PET/MRI. Protocols have to be optimized to provide com-
plementary or confirmatory information instead of redundant information gener-
ated by multiple MRI pulse sequences. Development of new and faster MRI 
sequences is also needed, especially for lung, since current protocols with gating 
are very lengthy and often not stable. Multiband imaging for standard MRI 
sequences is expected to help in this regard, too. PET/MRI in these days is more 
used as a research tool rather than a clinical “workhorse,” and certainly more 
studies are needed to understand its potential clinical superiority when compared 
with PET/CT. For this target, defining efficient clinical workflow is essential.
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10.1  Introduction

One potential advantage of adding PET to MRI is that PET in oncology is the fact 
that it is routinely a whole-body (skull base to mid-thighs) and sometimes a total- 
body (vertex to toes) examination. Total-body indications include sarcomas, 
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melanoma, multiple myeloma, cutaneous lymphomas, and evaluation of skeletal 
metastases [1, 2]. Hybrid positron emission tomography/magnetic resonance 
imaging (PET/MRI) is one of the multimodality technologies that provides both 
biological and morphological information of lesions [3, 4]. Compared to PET/CT, 
advantages of PET/MRI include reduction of radiation exposure, use of MRI to 
assess organ function, and improvement of diagnostic ability due to better con-
trast of MRI [5–7].

However, the PET/MRI scan requires longer acquisition time, and the instrumen-
tation has a higher cost than PET/CT.  Other limitations are related to counter- 
indications to MRI such as claustrophobia and certain metallic implants that are part 
of MRI safety standards [8]. Therefore, total-body PET/MRI should be used after 
giving careful consideration to its strength over PET/CT. In this chapter, we present 
MRI techniques for total-body imaging and several possible clinical oncological 
indications for total-body PET/MRI.

10.2  Whole-Body MRI Techniques

Whole-body MRI is an established procedure for several indications. The tech-
nique for whole-body PET/MRI is similar to that for whole-body MRI. In gen-
eral, an exam consists of T2-weighted imaging; T1-weighted imaging, with some 
institutions including diffusion; and contrast-enhanced imaging. The acquisi-
tions are performed in stations, with most imaging acquired in the coronal plane 
but DWI and contrast-enhanced imaging performed axially. Of note, when per-
forming PET/MRI, the table position is locked for each PET bed, and, therefore, 
most of the MRI acquisitions for a given station are obtained during a corre-
sponding PET bed. An exception is the post-contrast imaging, which may be 
performed after the PET acquisition, both because of the need to rapidly image 
the whole body and to ensure non- contrast accurate T1-weighted imaging for 
attenuation correction.

10.2.1  Whole-Body T2-Weighted Imaging

Fast spin echo is the most commonly used pulse sequence for T2-weighted imag-
ing. It consists of a 90° excitation pulse followed by a train of refocusing RF 
pulses. Several excitations are necessary to fill in k-space as the echo train length 
is typically a small fraction of the number of prescribed phase encodings. As a 
result, T2-decaying-induced blurring is usually negligible and excellent image 
quality and T2 weighting can be achieved. Typically, an inversion preparation 
pulse is employed (STIR) to obtain fat suppression that is reliable but at a cost of 
noisy images.

The main limitation of fast spin echo imaging is that acquisitions tend to be 
lengthy and therefore prone to motion artifacts. Single-shot fast spin echo imaging 
can be considered as an extreme form of fast spin echo, where the whole k-space 
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corresponding to a certain slice location is acquired following a single excitation in 
a fraction of a second. While the speed of the acquisition is such that motion is 
effectively frozen, T2-induced decay along the long echo train can considerably 
reduce the effective resolution due to blurring in the phase-encode direction. Parallel 
imaging and variable refocusing flip angles are routinely used to limit T2-induced 
blurring, as well as the amount of energy deposition to the subject, thus speeding up 
the acquisition even further.

Fat-suppressed T2-weighted imaging is often performed alongside conventional 
unsuppressed imaging. Because of the large anatomical coverage required for 
whole-body imaging, it is crucial to choose a fat suppression method robust to both 
B0 and B1 inhomogeneities. Short-tau inversion recovery (STIR) consists of a non-
selective adiabatic inversion RF pulse timed so that at the time of the excitation, the 
longitudinal magnetization from fat is zero. Because STIR relies on T1 differences 
instead of chemical shifts, it usually results in excellent fat suppression; however, 
SNR is considerably reduced. Radial spin echo imaging, also known as PROPELLER, 
BLADE, or VANE, has also been reported for PET/MRI whole-body imaging. In 
this case, the central portion of k-space is repeatedly acquired in a radial fashion, 
using progressively rotated and overlapping “blades,” which makes this technique 
both SNR efficient and intrinsically robust to motion, albeit slower than Cartesian 
fast spin echo.

10.2.2  T1-Weighted Imaging

Conventionally, for whole-body MRI, T1-weighted imaging is performed as a fast 
spin echo sequence in coronal stations. An alternative that is faster is T1-weighted 
is fast volumetric gradient-echo acquisitions in axial stations, which can be per-
formed pre-contrast and post-contrast. Two-point water/fat resolved imaging pro-
vides high resolution, excellent fat suppression, and additional contrasts that can aid 
to detect and characterize lesions. While different vendors provide slightly different 
implementations, the basic principle underlying water/fat separated imaging is 
pretty simple and relies on the chemical shift between water and fat spins. Because 
of the different precession frequency, the amount of phase accumulated at a specific 
echo time is also different. In theory, by choosing two acquire signals at two echo 
times when water and fat spins are approximately in-phase and out-of-phase, one 
could separate water and fat by solving a simple linear system of two equations and 
two unknowns. In practice, phase accrual can also be due to B0 inhomogeneities, so 
more complicated acquisition schemes and reconstruction algorithms are necessary 
to reliably separate water and fat. A recently proposed alternative for whole-body 
T1-weighted imaging, with excellent motion properties, is 3D radial gradient echo 
imaging. The MRI signals are encoded according to a stack-of-stars pattern, 
whereby several “stars” are consecutively acquired to cover the desired 3D volume. 
Because the center of k-space is repeatedly sampled for each “star,” motion artifacts 
can be greatly mitigated by advanced image reconstruction algorithms that exploit 
data redundancy at the center of k-space.
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10.2.3  Diffusion-Weighted Imaging

Single-shot diffusion-weighted echo planar imaging (EPI) is commonly used 
because of its robustness to motion and high SNR efficiency. However, the long 
echo-train readout and narrow readout bandwidth in the phase-encoding direction 
make this technique extremely sensitive to T2*-induced blurring and off resonance, 
with field inhomogeneities, susceptibility gradients, eddy currents, and chemical 
shift often resulting in severe geometrical distortion. In particular, distortion is pro-
portional to the local off-resonance field and overall duration of the EPI readout. 
Whole-body imaging typically requires large FOVs, which means relatively long 
readouts even for modest image resolutions and often inadequate shimming.

Parallel imaging techniques are routinely used to reduce distortion, although 
their effectiveness is limited by the performance of the specific array used for sig-
nal reception. Higher-order eddy current compensation strategies, either prospec-
tive or retrospective, are often used. STIR is the preferred fat suppression method 
due to its robustness to B0 and B1 inhomogeneities, despite the lower intrinsic 
SNR.  Chemically selective fat suppression methods (fat presaturation, spectral- 
spatial RF pulses, and gradient reversal), even when used in combination, can result 
in fat suppression failures that translate in chemical shifts of several pixels across 
the imaged FOV. Signal averaging during free breathing is routinely used to com-
pensate for the otherwise low SNR due to STIR, and usually no more than two b 
values are acquired to avoid lengthy acquisitions. Free breathing diffusion-weighted 
imaging using STIR and signal averaging is often referred to as DWIBS (diffusion- 
weighted imaging with background suppression) and is one of the most widely used 
methods for whole-body DWI.

Whole-body diffusion imaging is typically performed axially, with coronal/sag-
ittal reformats generated for the purpose of visualization. A common artifact 
observed in sagittal reformats is the typical stair-step appearance of the spine, due 
to center frequency mismatch between different beds. Recently developed prospec-
tive and retrospective corrections aimed at minimizing this artifact have greatly 
improved the appearance of sagittal and coronal reformats of whole-body imaging 
datasets, facilitating fusion of PET and MRI data.

10.3  Indications

10.3.1  Melanoma

Clinically, physical exam and target biopsy have been the basic strategy for the 
diagnosis of malignant melanoma. NCCN guidelines recommend imaging in any 
melanoma stage to assess for specific signs or symptoms suggestive of possible 
metastasis [9]. Chest/abdomen/pelvis CT with intravenous contrast and/or FDG 
PET/CT with or without brain MRI with IV contrast are the suggested imaging 
modalities. The American Joint Committee on Cancer (AJCC) classification defined 
tumor stage using histopathological diagnosis in terms of ulceration and tumor 
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thickness [10]. The incidence of locoregional metastases is related to the depth of 
tumor infiltration. Ultrasound appears to be the most reliable method for detection 
of locoregional metastases with sensitivity of 60% and specificity of 97%, in con-
trast to CT with sensitivity of 9% and specificity of 92% and FDG PET/CT with 
sensitivity of 11% and specificity of 97% [11]. FDG PET/CT has limitation for T 
stating, detection of locoregional metastases, and early-stage melanoma [12, 13].

The low sensitivity of morphologic and metabolic examination is caused by the 
limitation for the identification of small lymph node metastases which are routinely 
present in melanoma patients [14, 15]. Therefore, these imaging studies are recom-
mended to exclude further spread of metastatic lesions [16] rather than for evalua-
tion of locoregional lymph node metastasis.

Horn and colleagues reported that for patients categorized with AJCC stage III 
based on positive sentinel lymph node biopsy and with negative findings on CT, 
MRI, and ultrasonography for further spread of disease, FDG PET upstaged them 
to stage IV in 12% of the cases due to identification of unknown distant metastases 
[17]. FDG PET sensitivity ranges from 68 to 87%, and specificity ranges from 
92–98% for stages III and IV melanoma; however, in contrast, sensitivity ranges 
from 0 to 67% and specificity 77 to 100% for stages I and II melanoma. Whole-
body MRI with a sensitivity, specificity, PPV, NPV, and accuracy of 66%, 77%, 
84%, 55%, and 67%, respectively, for the detection of lymph node metastases, has 
been shown to be equal in accuracy to whole-body CT [18] and inferior to FDG 
PET/CT [19] but comparable for N-staging if diffusion imaging is combined with 
conventional MRI sequences [20]. Therefore, FDG PET/CT may aid detection of 
lesions located in areas not included in routine CT examinations. Whole-body MRI 
with a combination of conventional MRI sequences and diffusion weighted was at 
least as accurate as FDG PET/CT for N-staging. Another advantage of whole-body 
MRI is for the detection of subcutaneous, osseous, hepatic, and brain metastases. 
Therefore, integrated PET/MRI may be a tool to achieve melanoma staging in a 
single session.

Although the performance of PET/MRI for staging of melanoma has not been 
prospectively evaluated, the potential can be estimated from studies comparing the 
performance of whole-body MRI and PET/CT for melanoma staging [21]. The 
diagnostic performance of the whole body with DWI (overall sensitivity and speci-
ficity of 82%–84% and 87%–97%, respectively) was as good as or better than that 
of FDG PET/CT (73%–80% and 93%, respectively) [20, 22, 23]. While DWI is 
useful for detection of extracranial lesions and contrast-enhanced MRI is excellent 
for evaluation of brain lesions, CT is superior to MRI for detection of lung nodules 
[19, 22]. However, recent reports indicate new MRI sequences improve the perfor-
mance of MRI for detection of lung nodules larger than 4 mm [24].

In cases with inguinal lymphadenopathy, recent NCCN guidelines recommend a 
pelvic dissection if the FDG PET/CT or pelvic CT scan reveals iliac and/or obtura-
tor lymph node involvement [9]. The better soft tissue contrast of PET/MRI may 
provide more precise information needed in this clinical scenario.

The Collaborative Ocular Melanoma Study Group reported that 64% of patients 
with melanoma were diagnosed with metastatic disease within 6  years of 
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enrollment. Based on autopsy, the most common metastatic sites were liver, fol-
lowed by the lung and bone [23]. Compared to FDG PET/CT, the better contrast of 
MRI appears to be an advantage for detection of subcutaneous, bone, liver, and 
brain metastases. The sensitivity of FDG PET/CT for detection of osteoblastic 
lesions is limited [25]. FDG PET/CT has limitations for the detection of small 
brain metastasis due to high physiological FDG uptake in the brain. MRI is very 
useful for identification of brain metastases that indicates a poor prognosis of 
patients with melanoma [26]. Even though FDG PET/CT showed good perfor-
mance for identification of liver metastases [27], liver MRI is superior to FDG 
PET/CT especially for small lesions [28]. Therefore, PET/MRI is very likely to 
play an important role in the evaluation of the liver when identification of hepatic 
metastases is important for clinical management. FDG PET/CT has also been use-
ful for detection of recurrent metastases. The detection of recurrence with FDG 
PET/CT is increased with cancer stage [11], and FDG PET/CT influences the sur-
gical planning in 25–75% of patients [29].

Truncation artifacts have been reported with the increasing use of PET/MRI. A 
truncated attenuation map affects the PET image both through the attenuation cor-
rection and through the scatter correction [30, 31]. Simultaneous acquisition of PET 
and MRI data occasionally results in misregistration due to respiratory motion, 
which could influence the evaluation of liver lesions [32]. Time-of-flight PET 
reduces attenuation artifacts and quantification errors in the lungs when compared 
to non-TOF reconstructions [33].

Lastly, considering the demographics of patients with melanoma (many are diag-
nosed at young age), the reduction of radiation exposure when using PET/MRI vs 
PET/CT may be an additional significant advantage.

10.3.2  Sarcomas

Sarcomas are a heterogeneous group of tumors originating from mesenchymal tis-
sues. Bone sarcomas account for 0.2% of all primary cancers in adults and approxi-
mately 5% of childhood malignancies. Soft tissue sarcomas are rare tumors, 
representing approximately 0.7% of adult malignancies. However, in children 
younger than 15 years of age, they represent 6.5% of all cancers. Multimodality 
therapy with surgery, neoadjuvant chemotherapy, adjuvant chemotherapy, and radi-
ation therapy is standard protocol for treatment of sarcomas [34]. Preoperative radi-
ation therapy followed by limb-conserving surgery has become the standard of care 
for truncal and extremity soft tissue sarcomas [35–37].

FDG PET or PET/CT showed promising result for staging and restaging of sar-
coma [38], biopsy guidance [39, 40], prediction of tumor grading [41], therapeutic 
response assessment [42–44], and prognosis [45]. FDG PET detected additional 
distant metastases that were not identified by standard modalities (e.g., CT, bone 
scintigraphy) in 14% of patients [46]. Another study showed that FDG PET has 
similar sensitivity and higher specificity in recurrent Ewing sarcoma and osteosar-
coma when compared with standard imaging modalities [47]. A meta-analysis of 
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the diagnostic performance of FDG PET/CT reported 100% sensitivity and 96% 
specificity, with 99% overall accuracy for restaging sarcoma patients [48].

The high soft tissue contrast of MRI makes it the standard for evaluating soft 
tissue and osseous sarcoma lesions. This allows an accurate assessment of local 
tumor infiltration, as well as the osseous extent of tumor, adjacent joint involve-
ment, and neurovascular envelopment or invasion. Planning for surgical tumor exci-
sion is often based on the depth of infiltration found on MRI [49]. However, the 
accuracy of MRI in discriminating benign from malignant lesions is not optimal 
[50, 51]. Therefore, other techniques such as DWI and MRI spectroscopy are needed 
and expected to increase the accuracy [52, 53].

The biological information provided by PET may enhance the diagnostic ability 
when combined with the diagnostic data obtained from MRI. Although FDG PET 
does not provide additional information over MRI for T staging in soft tissue sarco-
mas [54], FDG PET can help identify the tumor-free surgical margin [55]. FDG PET 
is superior to conventional diagnostic imaging techniques for N-staging, with a sen-
sitivity of 95% vs 25%, respectively [56]. FDG PET can also be used to accurately 
identify local disease recurrence in sarcoma patients [57]. FDG PET is superior in 
detecting bone and lymph node metastases in pediatric sarcoma patients compared to 
conventional imaging [56], leading to more accurate cancer staging [58].

Metastatic lesions occur in up to 60% of patients with sarcoma who have been 
treated initially with curative intention, and the lung is the most common site of 
metastasis in most histologic subtypes of sarcoma [59]. Although MRI has limita-
tions for the identification of lung lesions, the PET component of PET/MRI may 
be able to play a complementary role. FDG PET/MRI and FDG PET/CT perform 
comparably in the detection and characterization of lung lesions 10 mm or larger. 
However, the detection rate of PET/MRI was inferior to that of PET/CT in lung 
lesions smaller than 10  mm [60]. Again, recent reports indicate new MRI 
sequences improve the performance of MRI for detection of lung nodules larger 
than 4 mm [24]. Therefore, it is likely that PET/MRI will be a good tool for com-
bined T-, N-, and M-staging in a single imaging session, as suggested by several 
case reports [61, 62].

DWI sequences combined with ADC maps from MRI and FDG PET have been 
shown to be useful for treatment response assessment in patients with soft tissue 
sarcomas [63, 64]. Multiparametric PET/MRI may therefore provide more accurate 
data in the assessment of treatment response.

There are limitations: one study indicated that FDG-PET for initial staging of 
soft tissue sarcoma only changed the therapeutic strategy in less than 5% of the 
cases based on the detection of distant metastases using metabolic imaging [53]. 
This indicates that prospective study should be promoted to clarify the impact of 
PET/MRI on management of patients with sarcomas.

As with other indications, PET/MRI can decrease radiation exposure compared 
to PET/CT, which is especially important in young patients diagnosed with sarco-
mas. The radiation dose from a typical FDG PET/MRI study is estimated to be 
equivalent to 20% of that received from a PET/CT scan [65].

An example of whole-body FDG PET/MRI in sarcoma is shown in Fig. 10.1.
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10.3.3  Multiple Myeloma

Multiple myeloma (MM) is a malignant plasma cell neoplasia characterized by 
bone marrow infiltration and overproduction of monoclonal immunoglobulins 
[66]. Patients generally present with excess bone marrow plasma cells, osteolytic 
bone lesions, renal disease, and immunodeficiency [67]. Standard investigations 
for MM include complete blood count, serum biochemistry, serum and urine elec-
trophoresis, and whole-body skeletal survey with conventional radiography. The 
Durie/Salmon staging system introduced in 1975 used the skeletal survey for lytic 
bone lesions as its only radiological criterion [68]. More recently, the Durie/
Salmon PLUS staging system includes imaging techniques such as MRI, CT, and 
PET/CT [69].

FDG PET/CT is used routinely in patients with MM for the evaluation of both 
medullary and extramedullary diseases. The advantage of FDG PET is its ability to 
survey the whole body in a reasonable time frame [69]. FDG PET can detect bone 
marrow involvement by MM with high sensitivity and specificity. It can also iden-
tify the number of active lesions and the area of diffuse bone marrow infiltration. 
Moreover, it may detect early bone marrow involvement in patients with apparently 
solitary plasmacytoma [70].

Another use of FDG PET is to be able to distinguish active myeloma from mono-
clonal gammopathy of undetermined significance (MGUS) or smoldering disease 
[71]. However, some MM cells do not overexpress the glucose transporter 1; there-
fore, FDG does not easily distinguish a benign lesion from a low-grade MM lesion. 

Fig. 10.1 Sixty-four-year-old man with angiosarcoma. Maximum intensity projection (MIP) 
from 18F FDG PET (left) and fused coronal PET/MRI demonstrate extensive metastatic disease

R. Minamimoto et al.



177

It has been reported that over a third of intramedullary MM lesions can be missed 
by FDG PET [72].

MRI can provide information regarding bone marrow involvement, loss of 
fatty bone marrow components, and replacement by pathologic cells in MM [73]. 
MRI can detect focal MM lesions before osteolysis can be visualized on a bone 
survey [74]. Compared with whole-body CT, whole-body MRI showed higher 
sensitivity for both focal and diffuse patterns of bone marrow involvement and 
resulted in upstaging of multiple myeloma. Moreover, the detection of lesions, 
extent of disease, and the rate of bone manifestations are higher with MRI than 
with CT [75].

One of the limitations of MRI imaging is difficulty in distinguishing between 
treated bone marrow lesions and viable neoplastic tissue. It may take up to 
9–12 months for the response to therapy to be accurately evaluated [76]. Median 
global ADC from DWI data may serve as a potential response biomarker for 
differentiation of responders from non-responders [77]. Although ADC data can 
provide information regarding tumor cellularity and disease activity in MM 
lesions, the interpretation of these images can be complicated by physiologic 
factors such as age and bone marrow activation due to physical activity and 
infection.

PET/MRI appears to be equivalent to PET/CT for detection of MM lesions 
[78]. Sachpekidis et al. reported that 94% of all focal lesions depicted in the PET 
part of PET/CT were also seen in the PET part of PET/MRI, reflecting equivalent 
performance regarding qualitative lesion evaluation. Although without influence 
in patients’ management, PET/MRI missed rib lesions that were seen on PET/CT 
[79]. Whole-body MRI has limitations in the evaluation of the skull, clavicle, or 
ribs [74, 80].

Martinez-Möller et al. indicated that the absence of bone in the attenuation map 
in PET/MRI resulted in an average SUVmax underestimation for osseous lesions of 
8.0% [81]. Aznar et al. reported that the application of standard MR-based attenua-
tion correction in PET/MRI imaging causes an underestimation of PET uptake val-
ues in soft tissue and bone lesions of approximately 10% in comparison with PET/
CT [82]. Marshall et al. described an alternative combined technique for MR-based 
attenuation correction that included the routinely applied four-component (air, 
lungs, soft tissue, and fat) segmentation approach and a database of CT scans [83]. 
This approach resulted in an improvement of the relative error in VOIs adjacent to 
the bone from a mean of -7.5% to 2% and reduced the magnitude of relative error in 
bone tissue from −14.6 to 1.3%.

10.3.4  Cutaneous Lymphoma

Cutaneous lymphoma, including cutaneous T-cell lymphoma and cutaneous B-cell 
lymphoma, is a rare condition accounting for less than 2% of all lymphomas [84]. 
Numerous subtypes are included in cutaneous lymphoma, and therefore many 
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clinical presentations exist in the skin and subcutaneous tissues. Some invasive sub-
types can have extracutaneous manifestations including lymph node, blood, and 
visceral organ involvement [85, 86].

10.3.5  Bone Metastases

Bone scintigraphy (BS) with technetium-99  m (99mTc) methylene diphosphonate 
(MDP) has been the standard method for detecting osteoblastic bone metastasis 
[87]. Single photon emission computed tomography (SPECT) alone or in combina-
tion with CT (SPECT/CT) can improve the sensitivity and specificity of bone scin-
tigraphy over planar imaging [88]. Other imaging modalities used for the detection 
of bone metastasis are CT and MRI as morphologic imaging, as well as PET and 
PET/CT as functional imaging.

FDG PET/CT is sensitive for the detection of osteolytic bone metastases but has 
limitations for the evaluation of sclerotic bone involvement [89, 90]. Therefore, BS 
and a FDG PET scan may provide complementary information about bone lesions, 
given the different mechanisms of radiotracer uptake in the bone [91]. FDG PET/
CT and MRI are significantly more accurate for bone metastasis detection than BS 
and stand-alone CT.  FDG PET/CT showed sensitivity of 94% and specificity of 
97%, while MRI had sensitivity of 91% and specificity of 95% [92]. However, MRI 
may perform better than FDG PET/CT because of improved sensitivity for small 
lesions [93]. DWI MRI showed utility for assessing the therapeutic effect of antian-
drogen drugs used for bone metastases from prostate cancer [94]. Therefore, the 
combination of PET and MRI in a single exam has the potential to enhance the 
detection of bone metastases compared to PET/CT.

Another radiopharmaceutical used for bone imaging is 18F sodium fluoride (NaF) 
PET [95–97]. NaF PET/CT is superior to bone scintigraphy for skeletal lesion 
detection in prostate and breast cancers [96, 98, 99]. Whole-body DWI has higher 
specificity but lower sensitivity than NaF PET/CT in prostate cancer [100].

The combined administration of NaF and FDG (18F-/18F-FDG) in a single PET/CT 
scan for cancer detection has been advocated for detecting both extra-skeletal and 
skeletal lesions [101, 102]. A prospective international multicenter trial showed prom-
ising results [103]. In another prospective study, 18F-/18F-FDG PET/CT and whole-
body MRI were shown to be superior to BS for evaluation of the extent of skeletal 
disease. 18F-/18F-FDG PET/CT provided similar diagnostic ability to that of a combi-
nation of whole-body MRI and BS in patients with breast and prostate cancer [104]. 
Quantitative analysis of 18F-/18F-FDG PET/CT has also been reported [105].

18F-/18F-FDG PET/MRI is superior to BS for evaluation of skeletal disease extent. 
18F-/18F-FDG PET/MRI detected extra-skeletal disease that may change the man-
agement of these patients while allowing a significant reduction in radiation expo-
sure from lower dosages of PET radiopharmaceuticals administered. A combination 
of 18F-/18F-FDG PET/MRI may provide the most accurate staging of patients with 
breast and prostate cancers prior to the start of treatment [106]. An example of 
18F-/18F-FDG PET/MRI is shown in Fig. 10.2.
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10.4  Summary

Several techniques allow for successful whole-body MRI in oncology. FDG PET is 
generally used as a whole-body exam in oncology. Therefore, the marriage of FDG 
PET and MRI in a single total-body study is attractive for accurate evaluation of 
certain malignancies such as those described in this chapter.
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11.1  Introduction

The poor clinical outcome of intracranial malignancies makes them a major medical 
problem. According to the American Cancer Society, 23,700 new cases of primary 
brain tumors would be diagnosed in the United States in 2016 [1]. Brain metastases 
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are more common than primary brain tumors as 10–20% of adults with cancer 
develop metastases to the brain. Even though any malignancy could potentially 
metastasize to the brain, in the majority of cases, they arise from lung, breast, and 
skin (melanoma) cancers [2]. Primary brain tumors are a heterogeneous group of 
neoplasms including different subtypes with a wide range of histopathologic, molec-
ular, and genetic profiles and consequently different clinical presentation and prog-
nosis. The complex pathophysiology and vast heterogeneity of brain tumors make 
their classification confusing to the most, despite the World Health Organization 
(WHO) provides us with detailed classification. The fourth edition of the WHO 
Classification of Tumors of the Central Nervous System (CNS) published in 2007 [3] 
describes numerous tumor entities, variants of entities, and histological patterns. As 
a means of predicting the biological behavior of the tumor, histological grading is 
also described. Brain tumors are divided in four grades, primarily based on aggres-
siveness (Table 11.1). An update of the fourth WHO Classification of Tumors of the 
Central Nervous System was recently released in 2016 [4] and represents a concep-
tual and practical advance to the 2007 version. In the molecular era that we are living, 
when a better insight into tumor biology and tumor genetic profiles is warranted, the 
last updated WHO classification incorporated molecular parameters, in addition to 
histology, in the definition of many tumor entities [4, 5]. The role played by neuro-
imaging in this complex scenario is essential. Particularly important is the use of 
molecular imaging and new advanced magnetic resonance imaging (MRI) tech-
niques that can aid tumor characterization noninvasively, allowing a more targeted 
therapeutic approach, and consequently improve prognosis of these tumors.

One of the several aspects that make brain tumors unique compared to other 
systemic tumors is the presence of the blood-brain barrier (BBB) [6]. Brain blood 
vessels are protected by this selective barrier limiting the exchange of substances 
between the systemic and cerebral circulations. This aspect is extremely important 
because the BBB, besides protecting the brain from external insults, may also limit 
the permeability to contrast media (e.g., gadolinium), to some radiopharmaceuticals 
for SPECT or PET imaging, as well as some therapeutic agents. The most aggres-
sive brain tumors (high grades), due to their infiltrative growth pattern, are accom-
panied by disruption of the BBB. But when tumor growth is slow and does not 
affect BBB integrity (low grades), this may represent a challenge to tumor visual-
ization [6, 7]. Another issue related to the unicity of the BBB is the so-called 

Table 11.1 Brain tumor grading

Grading Proliferative activity Clinical behavior
Grade I (well differentiated) Low proliferative potential Usually curable by surgical 

resection
Grade II (moderately 
differentiated)

Low proliferative potential Recurrence is frequent
Infiltrative Tend to progress to higher 

grades
Grade III (poorly 
differentiated)

Brisk mitotic activity and 
nuclear atypia

Tend to recur often

Infiltrative
Grade IV (undifferentiated) Mitotically active Rapid pre- and postoperative 

evolution
Necrosis-prone Fatal outcome
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pseudoprogression [8]. In patients with malignant gliomas treated with radiation 
therapy, it was found an increase in contrast-enhanced lesions on MRI immediately 
after treatment that improved without any further treatment. This condition has been 
defined pseudoprogression, to be distinguished from actual tumor progression, and 
is due to treatment-induced temporary loss of integrity of the BBB allowing gado-
linium enhancement [9].

These important aspects should be considered when imaging brain tumors with 
contrast-enhanced MRI and PET/CT or PET/MRI.

MRI with and without contrast is the mainstay imaging modality for diagnosis, 
treatment planning, and posttreatment response assessment of brain tumors [10, 11]. 
Structural MRI provides excellent anatomical detail, and more advanced recently 
implemented techniques allow evaluation of metabolic or functional information 
regarding brain tumors. Molecular imaging with PET can also play an important role 
in brain tumors, especially in those gray areas where usefulness of MRI is limited.

This chapter will review the main features of different MR techniques and PET 
radiopharmaceuticals used in brain tumors imaging. The current applications of 
integrated PET/MRI systems will be described in the final sections, as well as the 
advantages of the combined approach.

11.2  Neuroimaging of Brain Tumors

11.2.1  Computed Tomography (CT)

In patients with suspected brain tumors, CT remains the first-line imaging modality. 
This is mainly due to its widespread availability, ease of the procedure, low costs, 
and relatively low risks, and it is usually well tolerated by patients. CT is very sensi-
tive in identifying mass effect, acute hemorrhage, hydrocephalus, and other struc-
tural alterations due to the presence of brain tumors. However, the poor soft tissue 
contrast of CT represents a major drawback in imaging the brain and limits its abil-
ity to detect the subtle changes in brain parenchyma that accompany brain tumors in 
some cases. Other worth-mentioning disadvantages of CT are the radiation expo-
sure due to the use of ionizing radiations and the high allergenic potential of iodin-
ated contrast agents. For all the reasons described above, CT remains an initial 
screening technique in patients with suspected brain tumors, but its utility is limited 
to the exclusion of life-threatening conditions [6, 12].

11.2.2  Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) has become a critically important and obliga-
tory diagnostic tool central to the multidisciplinary planning and clinical manage-
ment of brain tumor patients [13–16]. The inherent high resolution and exquisite 
soft tissue contrast of MRI allow to gain an understanding of the three-dimensional 
morphologic and functional features of brain tumors and thus to appreciate the 
problem these neoplasms pose in patient clinical management. These imaging strat-
egies also allow the fusion of disparate sets of information regarding brain tumors 
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(e.g., structural, functional, hemodynamic, metabolic, and cellular) into the clinical 
assessment of patients. Neuroimaging-based MRI tools may therefore be used to 
diagnose brain tumors and suggest their aggressiveness preoperatively, to plan and 
guide surgical biopsy or removal intraoperatively, to understand any potential com-
plications arising from treatment, and to assess and monitor therapeutic response 
and patient prognosis.

Current clinical management of patients with brain tumors depends entirely on 
the use of up-to-date neuro-MRI techniques. Recent advances in brain tumors imag-
ing offer unique anatomical and pathophysiological information that provide new 
insights into brain tumor biology and behavior. Here we discuss both structural and 
advanced MRI methods for the diagnosis of brain tumors, their treatment planning, 
and for disease monitoring, highlighting the modern clinical application of these 
techniques in evaluation and treatment of brain tumor patients. A detailed consider-
ation of the underlying MR physics is beyond the scope of this chapter and can be 
found elsewhere in this book. Instead, we discuss the modern clinical application of 
neuro-MRI in the daily evaluation and treatment of patients with brain tumors.

11.2.2.1  Structural MRI of Brain Tumors
There are several reasons why structural MRI has a central role in the neuroradio-
logic assessment of brain tumors [5, 17]. First, because of its relative advantages 
over CT imaging, it is usually the first study that allows an accurate diagnosis of a 
brain tumor. Not only can small tumors be missed on CT scanning but this tech-
nique may not depict all multifocal lesions. Detailed morphological characteristics 
as well as the presence of leptomeningeal or intraventricular spread may also be 
difficult to diagnose on CT scanning. Second, accurate structural characterization, 
both qualitative and quantitative, of a brain tumor, as reflected in its pathological 
MRI signal, is crucial for defining the topographical features of the tumor and, in 
turn, its likely natural history if left untreated. Third, the analysis of these structural 
MRI features is crucial in helping select the most appropriate treatment. Finally, 
MRI is used after tumor resection for assessing the extent of tissue removal—the 
extent of resection, along with histopathology, being two important factors in deter-
mining patient prognosis. There are two recent areas of research and development 
aimed at enhancing the contributions of structural MRI to brain tumor management. 
One approach uses methods that allow more accurate image segmentation espe-
cially of the peripheral zones of tumor infiltration into surrounding cerebral paren-
chyma to enable better assessment of tumor margins, and the other is the adoption 
of VASARI (Visually Accessible Rembrandt Images) feature set criteria to provide 
a more objective standard and use of a numerical score to quantitatively describe the 
nature and extent of tumor MRI features.

Different chemical compositions and molecular environments in the brain lead to 
different MRI relaxation times. Both T1 and T2 relaxation times vary for different 
tissue types and depend on field strengths. T1-weighted images (T1WIs) are best for 
obtaining contrast between different healthy brain tissues. However, most pathol-
ogy, including brain tumors, has long T2 and long T1 (high signal on T2WIs and 
low signal on T1WIs). Structural MRI is generally concerned with visualizing soft 
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tissue, e.g., brain or tumor parenchyma, or properties derived from the structural 
integrity of these tissues. Thus, different tumor components have different T1 and 
T2 values, depending on tissue composition, e.g., tumor, necrosis, edema, hemor-
rhage, and calcification. In practice, multi-sequence MRI is therefore used to better 
characterize brain tumors, especially those with aggressive features. The standard 
protocol most commonly used includes spin-echo T2-weighted images (T2WIs) 
(Fig.  11.1a), fluid-attenuated inversion recovery images (FLAIR) (Fig.  11.1b), 
T1-weighted images (T1WIs) (Fig. 11.1c), T1WI after the administration of con-
trast agent (Fig. 11.1d), and gradient echo images (GRE) (Fig. 11.1e) [18–20]. Most 
tumors are hypointense on T1WIs and hyperintense on T2WIs in the absence of 
hemorrhagic changes. In biologically aggressive tumors such as glioblastoma, MRI 
usually shows a heterogeneous mass with internal cysts, flow voids representing 
prominent intratumoral vessels, internal T1 hyperintense areas (hemorrhagic foci), 
neovascularity, necrotic foci, significant peritumoral vasogenic edema, infiltration 
of surrounding brain, and significant mass effect on adjacent normal brain structures 
that become effaced or distorted. The structural imaging features of commonly 
encountered brain tumors are described in Table 11.2. Because of the highly vari-
able appearance of brain tumors, they may mimic other brain diseases on MRI. For 
example, a glioblastoma cystic mass with rim enhancement may be mistaken for 
other brain tumors, tumefactive demyelination, radiation necrosis, metastasis, sub-
acute abscess, an infarct, or a resolving hematoma. A low-grade glioma may be 
mistaken for an infarct, demyelination, cerebritis, or hamartoma. In terms of the 
imaging appearance of a mass in the spectrum from low-grade glioma to glioblas-
toma, the following generalizations can be made, although with exceptions: the 
incidence of calcification decreases toward glioblastoma, whereas the incidence 
increases toward glioblastoma for enhancement, hemorrhage, necrosis, mass effect, 
and surrounding vasogenic edema.

The use of gadolinium chelate contrast-enhanced imaging of the brain has 
become a standard and essential part of the evaluation of most brain pathologies. 
The accurate delineation of areas with blood-brain barrier (BBB) disruption depends 
on the contrast sensitivity of the applied MRI technique and the dosage and type of 
gadolinium-based contrast agent. The latter has been extensively studied for the 
diagnosis of various diseases including detection of primary or secondary brain 
tumors where the use of single- or multiple-dose applications of gadolinium con-
trast agents has been proven.

Fluid-attenuated inversion recovery (FLAIR) imaging is an MRI sequence 
achieved by applying an inversion pulse with a long recovery time between this 
pulse and the start of the measurement. It may be used to suppress the high CSF 
signal on T2WIs so that the pathology adjacent to CSF spaces may be seen more 
clearly. Also, subtle lesions in the cortex stand out against of the background of 
attenuated CSF. Vasogenic edema surrounding brain tumors is also better seen and 
defined on FLAIR images and is therefore used in conjunction with T2WIs. 
Contrast-enhanced FLAIR MRI may be used by taking advantage of the T1 effect 
to achieve a particularly high contrast between tumor and background tissue. This 
allows an exact separation of enhancing and nonenhancing tumor components on 
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one sequence. Two- and three-dimensional FLAIR techniques are simple to imple-
ment. Three-dimensional Cube FLAIR also has the advantage of increased number 
of image slices that can be reconstructed in three planes.

In the pulse sequence of gradient echo (GRE) MRI, the repetition time (TR) can be 
reduced because flip angles other than 90° are used. This results in shorter imaging 
times and less motion artifacts. Therefore, GRE MR images are very sensitive to flow, 

Fig. 11.1 Selected axial MR images of a 78-year-old patient with a large glioblastoma in bilateral 
anterior frontal lobes and spreading across the anterior corpus callosum (butterfly lesion). (a) 
T2WI shows the multicystic tumor and mass effect on the lateral ventricles. (b) Better delineation 
of the surrounding vasogenic edema on FLAIR T2WI. (c) T1WI. (d) Irregular heterogeneous thick 
nodular enhancement on a post-contrast T1WI. (e) Patchy increased susceptibility effect (signal 
dropout) on GRE, suggesting minimal intratumoral hemorrhage. (f, g) Patchy tumor restricted dif-
fusion on DWI (f) and confirmed as dark signal on the ADC map (g). (h) Increased cerebral blood 
flow in the anterior aspects of this tumor seen on bolus perfusion imaging

a b

c d
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can produce images that produce MR angiographic sequences, and also may be used 
to see regions of signal dropout within a mass that represent calcification or slow flow 
within tumor vessels. Calcified tumors produce areas of signal void, and GRE pulse 
sequences are also very sensitive to the presence of hemorrhage, showing signal void 
owing to increased susceptibility effects. GRE is especially suited to three-dimen-
sional imaging, which is used when high-resolution and thin contiguous slices are 
required, e.g., in performing time-of-flight MR angiography.

11.2.2.2  Advanced and Functional MRI of Brain Tumors
Over the past three decades, we have witnessed a shift in neuro-oncologic imaging 
from merely providing structural and anatomical information toward providing 
additional information about tumor physiology [21, 22]. Newer advanced MRI 

e f

g h

Fig. 11.1 (continued)
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Table 11.2 MRI features of selected common glial and other brain tumors

Tumor T1 features T2 features Others
Glioblastoma Isointense to 

hypointense
Hyperintense with 
surrounding edema

Variable enhancement 
that is peripheral, 
irregular, nodular. 
Necrosis. 
Hemorrhagic 
products. Variable 
restricted diffusion. 
On MRS: choline, 
lactate, lipids: 
increased; NAA, 
myoinositol: 
decreased

Diffuse astrocytoma 
(low-grade glioma)

Isointense to 
hypointense

Mass-like 
hyperintense. Follows 
white matter but 
expands the cortex

No restriction or 
enhancement. On 
MRS choline, 
choline: creatine 
ratio, and myoinositol 
and mI/Cr ratio: 
increase; NAA: 
decreased. No lactate 
peak

Pilocytic astrocytoma Isointense to 
hypointense

Hyperintense solid 
component

Usually large cystic 
component with a 
brightly enhancing 
mural nodule. 
Enhancement. May 
have calcification

Pleomorphic 
xanthoastrocytoma

Isointense to 
hypointense

Isointense to 
hyperintense

Mural nodule. May 
have dural tail and 
remodeling of 
adjacent skull

Meningioma Isointense to 
hypointense

Isointense to 
hypointense

Extra-axial. Intense 
enhancement. May 
show restricted 
diffusion. CSF 
vascular cleft sign. 
Dural tail. Sunburst 
appearance of vessels. 
May have vasogenic 
edema

Metastases Isointense to 
hypointense. If 
hemorrhagic or 
melanoma, then 
may be 
hyperintense

Hyperintense Uniform, punctate, or 
ring enhancement. 
Peritumoral edema 
may be out of 
proportion to tumor 
size

Vestibular Schwannoma Isointense to 
hypointense

Heterogeneously 
hyperintense

Strong contrast 
enhancement, 
heterogeneous in 
large tumors
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techniques for brain tumors include diffusion and diffusion tensor imaging with 
tractography, perfusion imaging, MR spectroscopy, and functional imaging using 
the blood oxygenation level-dependent (BOLD) technique. These MRI techniques 
allow obtaining a variety of multiparametric information regarding brain tumor 
pathophysiology and investigating the structural, functional, and metabolic nature 
of brain tumor microenvironment. The evolution of these techniques has come 
about from a need for clinical researchers and pharmaceutical companies to have 
access to early and noninvasive biological information regarding brain tumors that 
can predict outcome and/or quantify therapeutic efficacy. Therefore, the readouts 
from these advanced MRI strategies are currently being used clinically, and further 
investigated as biomarkers for early diagnosis, for predicting outcome in response 
to specific therapies and monitoring therapeutic efficacy.

Diffusion-Weighted Imaging (DWI)
Diffusion-weighted imaging (DWI) is a unique tissue contrast technique based on a 
pulse sequence sensitized to the random motion of water molecules, i.e., Brownian 
motion. Certain pathologies constrain the normal Brownian motion of water mole-
cules in brain tissue (restricted diffusion). Lesions that have restricted diffusion 
appear hyperintense on DWI and hypointense on the accompanying apparent diffu-
sion coefficient (ADC) maps. Factors such as tissue perfusion, transport of water, or 
bulk motion can also contribute to the signal loss on ADC; this being the reason why 
the term ADC is used instead of diffusion coefficient. Thus, it is possible to quantify 
the diffusion in brain tissues by analyzing the accompanying ADC map. Differences 
in ADC arise owing to intracellular and extracellular diffusion, cellularity, cell 
membrane permeability, and overall tissue structure.

Table 11.2 (continued)

Tumor T1 features T2 features Others
Ependymoma Isointense to 

hypointense
Hyperintense Foci of blooming 

from hemorrhage or 
calcification on 
GRE. Necrosis, but 
may be solid. 
Heterogeneous 
enhancement. 
Restricted diffusion

Medulloblastoma Hypointense Isointense to 
hyperintense

Most enhance. 
Calcification, 
necrosis, cysts. 
Surrounding edema. 
Restricted diffusion 
Usually vermian, but 
in adults is more 
lateral cerebellar

Oligodendroglioma Hypointense Hyperintense except 
for calcification areas

May enhance and 
show variable 
increased perfusion
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In brain tumors, DWI can be helpful in preoperative radiological grading of glio-
mas [23, 24]. Restricted diffusion in peripheral solid components of a glioma is 
attributed to hypercellularity and high nuclear to cytoplasmic ratios (Fig. 11.1f, g), 
corresponding to higher tumor grades, which include anaplastic astrocytoma and 
glioblastoma, whereas low-grade astrocytomas display increased diffusivity. Other 
brain tumors that typically show restricted diffusion for similar reasons are lym-
phoma, medulloblastoma, and meningioma (except that calcified or psammomatous 
meningiomas have low ADC values). Furthermore, epidermoid cysts almost always 
display restricted diffusion. DWI can also be used to discriminate tumor tissue from 
edema or a cystic or necrotic portion of a tumor. The latter may appear hypointense 
on DWI and show much higher ADC values, whereas the areas of enhancing tissue 
on T1WIs show high signal intensity on DWI. DWI is also very useful for differen-
tiating a brain abscess from necrotic or cystic tumor. Abscesses have high central 
restriction on DWI owing to the presence of pus (in the center of a ring enhancing 
lesion) that restricts water motion within its cavity. An acute arterial infarct will also 
show bright restricted diffusion on DWI owing to cytotoxic edema.

Diffusion Tensor Imaging and Tractography
Diffusion tensor imaging (DTI) is an imaging technique to study the microarchitec-
ture of brain parenchyma by quantifying physical parameters such as fractional 
anisotropy (FA) and mean diffusivity [25]. It is centered on the concepts of isotropic 
and anisotropic diffusion. Since water molecules can diffuse equally in all three 
directions, this is termed isotropic diffusion. This is found in the cerebral ventricles, 
but also occurs in gray matter. Instead, free water molecules move anisotropically in 
white matter, i.e., diffusion of water is not equal in all three directions. In white mat-
ter tracts, the myelin sheaths surrounding nerves cause the water molecules to move 
along the long axis of a fiber bundle and less in other directions. Thus, maximum 
diffusivity coincides with the orientation of white matter fiber tracts. Consequently, 
DTI allows identification and characterization of white matter tracts according to 
the direction and degree of their anisotropic water diffusion.

Information from DTI can be presented in two formats, FA maps and tractogra-
phy (Fig.  11.2). Quantification of FA can provide an indication of white matter 
development and degradation. FA maps are images obtained in cross section. These 
may be formatted in gray scale or may be color coded to depict information on 
direction of white matter tracts. Conventionally, commissural white matter tracts, 
e.g., the corpus callosum, are shown in red, association fibers such as the superior 
longitudinal fasciculus are shown in green, and the superior-inferior running projec-
tion fibers are seen in blue. The intensity of color hues is proportional to the extent 
of FA. It is possible also to generate three-dimensional representations of the major 
white matter tracts in the brain. The principle direction of diffusion in a voxel is 
called the eigenvector. Tractography is performed by connecting a given voxel to 
the appropriate adjacent voxel, in accordance with the orientation of each voxel’s 
principal eigenvector.

One of the most important indications of DTI in clinical practice is to study the 
relation of a brain tumor to white matter tracts [26]. Within a tumor center white 
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matter fibers are displaced by cellular infiltration and FA is reduced. A tumor can 
displace, invade, and destroy surrounding white matter tracts or cause vasogenic 
edematous changes within them. Therefore, in the periphery and in a narrow rim of 
white matter rim surrounding a tumor, FA may be preserved or even increased by 
fiber compression owing to the mass effect of the tumor. When a white matter tract 

a

c

b

Fig. 11.2 Selected MR images of a 26-year-old patient with a large glioblastoma in the anterior 
left frontal lobe. (a) Axial DTI. (b) Axial tractography. (c) Sagittal tractography
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is destroyed by tumor, there is loss of FA and therefore a reduction in their values, 
manifested on the gray scale FA maps as a loss of brightness.

There may be FA changes in white matter indicating cellular infiltration beyond 
the area of tumor enhancement. This can help guide the surgical approach and 
extent of resection. DTI demonstration of the corticospinal tracts may be used in 
conjunction with intraoperative fiber stimulation. Preoperative tractography demon-
strating tumor involvement of the corticospinal tracts has been correlated to motor 
deficits, even without involvement of the motor cortex. Normalization depicted on 
postoperative tractography can predict improvement in function, suggesting a use-
ful prognostic role for intraoperative tractography.

Bolus Perfusion Imaging
Perfusion-weighted imaging provides information about the perfusion status of the 
cerebral microcirculation [27]. There are two main approaches to measure cerebral 
perfusion using MRI. The first is application of an exogenous intravascular contrast 
agent, usually gadolinium-based, to highlight either the susceptibility effects of the 
contrast agent on the signal echo, namely, first-pass dynamic susceptibility contrast- 
enhanced (DSC) MR perfusion, or the relaxivity effects of the contrast agent on the 
signal echo, namely, dynamic contrast-enhanced (DCE) MR perfusion. The second 
approach is to capitalize on the presence of an endogenous contrast agent by using 
magnetically labeled arterial blood water as a diffusible flow tracer in arterial spin 
labeling (ASL) MR perfusion, discussed below. In DSC MR perfusion (or bolus- 
tracking MRI), the first pass of a bolus of contrast agent through the brain is moni-
tored by a series of T2- or T2*-weighted MR images. The susceptibility effect of the 
paramagnetic contrast agent results in a signal loss, demonstrated on the signal 
intensity-time curve. Using the principles of the indicator dilution theory, the signal 
information can then be converted into a contrast medium concentration-time curve 
on a pixel-by-pixel basis. From these data, parametric maps of cerebral blood vol-
ume (CBV) and flow (CBF) can be derived. Regional CBF and CBV values can be 
obtained by region-of-interest analysis. DCE is based on the acquisition of serial 
T1WIs before, during, and after administration of a gadolinium-based contrast 
agent. The resulting signal intensity-time curve reflects a composite of tissue perfu-
sion, vessel permeability, and extravascular-extracellular space. Using pharmacoki-
netic modeling of perfusion data, several metrics are commonly derived, of which 
the most frequently used is ktrans and which appears to reproducibly measure perme-
ability in glioma patients.

Perfusion imaging using MRI has become an integral component of the complete 
radiological assessment of brain tumors [28]. Tumor-associated neoangiogenesis 
produces very high blood volume in tumor tissue. Thus, the increased capillary den-
sity in the tumor causes markedly elevated CBV and CBF (Fig. 11.1h), as compared 
to normal brain parenchyma. Perfusion imaging is often useful to establish the diag-
nosis of tumor and to distinguish tumor from tumor mimics, such as abscess or tume-
factive demyelination, which show hypoperfusion with low values of CBV and CBF.

Perfusion imaging can noninvasively help evaluate tumor grade. Low-grade 
astrocytomas are hypoperfused as compared to high-grade lesions. Up to one-third 
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of the high-grade tumors do not enhance, which may lead to a false radiological 
impression of low grade. Thus, a perfusion study can demonstrate hyperperfusion 
associated with higher grade. Moreover, since primary high-grade tumors are infil-
trative by nature, their peritumoral edema show elevated CBV values. By contrast, 
metastases are well marginated and noninfiltrative by nature, and their perilesional 
edema is purely vasogenic with low CBV values.

CBV maps may also be used to delineate tumor margins. The results of stereotac-
tic biopsy on high-grade tumors such as glioblastomas are frequently negative, and 
this may be because the tissue sampling has not been obtained from the most aggres-
sive part of the lesion. MR perfusion may therefore help direct the localization of 
stereotactic biopsies from the most aggressive components of morphologically het-
erogeneous tumors. Perfusion can also differentiate tumor recurrence from enhanc-
ing nonneoplastic tissue such as radiation necrosis (causing an endarteritis) which 
would also be useful for surgical planning and targeting of biopsies and radiation 
therapy. Perfusion imaging will likely be increasingly used as a surrogate marker to 
study response to newer antiangiogenic pharmaceuticals in clinical trials.

Arterial Spin-Labeling Perfusion Imaging
Arterial spin labeling (ASL) is a newer perfusion technique that does not require 
exogenous contrast, and instead it exploits the spins of endogenous water protons 
that perfuse the imaging plane. It thus uses electromagnetically labeled arterial 
blood water as a freely diffusible intrinsic tracer. In clinical applications, this tech-
nique has proved reliable and reproducible in the assessment of CBF in various 
pathologic states, including cerebrovascular and neurodegenerative diseases, and 
temporal lobe epilepsy [29]. There is also a general positive correlation between 
ASL signal intensity and density of microvessels in brain tumors. ASL may be 
useful in differentiating between high- and low-grade gliomas; distinguishing 
glioblastomas from metastases, CNS lymphomas, and all other glioma grades; 
and predicting the outcome for metastatic brain tumors after radiosurgery [30]. 
Hemangioblastomas have significantly higher ASL signal than gliomas, meningio-
mas, and schwannomas.

Magnetic Resonance Spectroscopy
MRS is a noninvasive technique capable of measuring chemicals within the body. 
MRS distinguishes various metabolites based on their slightly different chemical 
shifts or resonance frequencies. Nuclei that can be analyzed using MR are those 
possessing odd numbers of protons and neutrons, e.g., 1H, 31P, 13C, 19F, and 23Na. Of 
these, the most commonly used is hydrogen or proton spectroscopy. The metabolic 
information received is displayed as a graph, with the resonance frequencies plotted 
on the x-axis to identify each unique metabolite. These frequencies (in parts per 
million, ppm) are plotted on the y-axis. MRS can analyze single or multiple voxels 
of the brain. Multivoxel MRS is also called chemical shift imaging (CSI). When 
using CSI it is possible to construct color maps of metabolites that spatially demon-
strate their peaks and ratios. These maps are overlapped with conventional MR 
images to demonstrate anatomical localization.
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Clinically relevant metabolites that feature on a brain spectral graph are branch- 
chained amino acids, lipid, lactate, alanine, N-acetyl aspartate (NAA), choline, cre-
atine, and myoinositol. MRS can help in establishing the diagnosis of tumor by 
demonstration of elevated choline, a metabolite that is found in normal brain but is 
raised in tumors owing to high cell turnover. Indeed, the characteristic spectral 
graph of a glioma depicts depressed NAA (a neuronal marker), elevated choline and 
lipid, and/or lactate peaks [21, 31, 32]. It is thus possible to differentiate tumors 
from other lesions such as abscesses or radiation necrosis. Moreover, when elevated 
choline is found in peritumoral edema, it may suggest a diagnosis of primary glioma 
rather than metastasis. Meningiomas, on the other hand, are characterized by ele-
vated alanine. The disadvantages of MRS are that it has poor spatial resolution and 
it is sometimes nonspecific.

Hyperpolarized 13C MRS
The emergence of hyperpolarized 13C MRS has opened many new possibilities 
for novel metabolic imaging studies that are translatable to the clinic and can 
serve to characterize brain tumors and their response to therapy [32, 33]. 13C 
MRS studies have been challenging owing to the significantly low intrinsic sen-
sitivity of the technique, and when using 13C-labeled compounds, long acquisi-
tion times are required, currently limiting the application of this method in 
patient studies.

Molecules containing NMR-visible nuclei, such as 13C, can be hyperpolarized 
using dissolution dynamic nuclear polarization. This allows hyperpolarization and 
dissolution of 13C-labeled compounds that cause an increase in their signal-to-noise 
ratio by 10,000–50,000-fold as compared with thermal equilibrium. To achieve this, 
the labeled compound, mixed with a free radical, is placed at low temperature 
(<2 K) and at high magnetic field (3–5 T). Microwave irradiation then saturates the 
electron spin resonance, and polarization is transferred from the radical electron to 
the labeled nucleus. This leads to an increase in polarization from parts per million 
to 10–50%. However, a limitation of hyperpolarized agents is their lifetime. 
Relaxation times are typically less than a minute. A meaningful brain study there-
fore requires rapid dissolution and injection of the hyperpolarized agents, as well as 
rapid transport across the BBB and a fast metabolic rate. In addition, a rapid data 
acquisition strategy is required. This has led to a trade-off between spatial resolution 
and acquisition time. In spite of these challenges, several hyperpolarized 13C agents 
as well as novel imaging methods have been developed over the past decade to spe-
cifically image metabolic pathways that are reprogrammed in brain tumors. This 
new imaging approach enables study of major metabolic pathways and their repro-
gramming in cancer in real-time, noninvasively, and with no ionizing radiation 
involved.

Functional MRI
Functional MRI (fMRI) demonstrates brain function with neuroanatomic localiza-
tion on a real-time basis. Cortical activity may be studied by fMRI techniques based 
on detecting focal blood flow and oxygenation changes following neuronal activity, 
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using BOLD contrast, which requires the detection of very small signal intensity 
changes, 0–3% at 1.5  T and up to 6% at 3  T, for voxel volumes as small as 
3 × 3 × 5 mm. In the BOLD technique, the performance of a predefined cognitive 
task leads to regionally increased neuronal activity and consequent localized hemo-
dynamic changes that produce a measurable signal. Thus, neural activation is fol-
lowed by an increase in local blood flow and an increase of oxygenated hemoglobin 
in the capillaries of the activated brain tissue. The parallel drop in concentration of 
paramagnetic deoxyhemoglobin leads to a focal signal increase in the affected tis-
sue using T2* sequences (the BOLD effect). This was first used to demonstrate 
activated brain regions as a result of sensory or motor stimulation.

BOLD imaging in the brain has many useful applications, e.g., localizing neu-
ronal activities, display of areas affected by sensory stimuli or motor activation, 
and as a noninvasive tool for presurgical mapping of cortical function in patients 
with intracranial tumors [34, 35]. fMRI imaging is primarily used to preopera-
tively establish the relationship of a brain tumor to eloquent cortex. The latter may 
show significant anatomical variability and displacement by the mass effect from 
a tumor. Although functional MR imaging cannot yet replace intraoperative elec-
trocortical stimulation in patients undergoing neurosurgical tumor resection, it 
may be useful in guiding surgical planning and mapping, thereby reducing the 
extent and duration of craniotomy. Thus, fMRI can contribute to more efficient 
surgical removal of both benign and malignant brain tumors with an increase in 
patient survival and a decrease in surgical morbidity. In addition, it is necessary to 
establish hemispheric dominance for language processing preoperatively in brain 
tumor patients. A preoperative fMR imaging study of language processing pro-
vides information on the feasibility of surgical resection and allows adequate 
assessment of the risk of neurological deficits in the postoperative period. 
Unfortunately, fMRI is currently unable to distinguish critical areas for brain 
function, whose resection would lead to permanent disability, from accessory or 
modulatory brain areas that may be resected without significant postoperative 
disability.

11.2.2.3  Radiogenomics of Gliomas
Genomic characterization has recently improved the assessment of glioblastoma 
by describing distinct molecular gene expression profiles, underlying genomic 
abnormalities, and epigenetic modifications. Radiogenomic mapping (a link 
between MRI features and underlying molecular data) can potentially address the 
clinical need for surrogate imaging biomarkers that accurately predict underlying 
tumor biology and therapy response in glioblastoma [36–39]. For this, gene expres-
sion modules are first constructed from information on glioblastomas, e.g., those 
available in The Cancer Genome Atlas (TCGA), depicting extensive molecular 
characterization, including gene expression, copy number, and DNA methylation 
status for each tumor. By correlating quantitative image features with such mod-
ules, we can hypothesize on how gene expression patterns may drive the morpho-
logic manifestations captured by quantitative MRI features. The VASARI MRI 
feature set is a system designed to enable consistent description of gliomas using a 
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set of defined visual features and controlled vocabulary. These standardized 
VASARI feature-set criteria are 30 qualitative and quantitative imaging features 
that describe the size, location, as well as numerous detailed morphological char-
acteristics of a tumor. MRI features of a tumor have been shown to noninvasively 
reflect to some extent its biology and pathology, tumor microenvironment, and its 
genomic makeup.

11.2.2.4  Challenges in MRI of Glioblastoma
There are some limitations and challenges to MRI assessment when defining glio-
blastoma progression and treatment response [17, 40, 41]. First, glioblastomas are 
frequently irregular in shape and may change anisotropically or differentially in 
response to therapy, which limits meaningful linear tumor measurements. In addi-
tion, visible contrast-enhancing components are not necessarily representative of 
active tumor volume. The Response Assessment in Neuro-Oncology (RANO) 
Working Group has suggested criteria for response assessment that include evalua-
tion of nonenhancing areas of tumor. Further, nonenhancing active tumor compo-
nents and therapy-related changes in enhancement are well-recognized challenges. 
Radiation necrosis may manifest as edema and a range of nonspecific enhancement 
patterns, which can be impossible to distinguish from true progression or recurrence 
of tumor using MRI.

Radiological pseudoprogression, where transient increases in apparent tumor 
size and enhancement are seen during and shortly after aggressive chemoradiation, 
is increasingly recognized. Thus, within 12 weeks of chemoradiation, progression 
should only be considered on imaging if there are areas of new enhancement outside 
the field of radiation treatment. Pseudoprogression is more common in tumors with 
favorable methylation status of methylated O6-methyl guanine-DNA methyltrans-
ferase (MGMT), and these tumors show better overall treatment response.

Steroid treatment has been shown to decrease BBB permeability and regional 
CBV (pseudoresponse). Controlling for steroid treatment is therefore important 
when imaging patient response. Similarly, antiangiogenic agents specifically tar-
geted to vascular endothelial growth factor are used to treat glioblastoma, and may 
have a complex effect upon vasculature, which in turn modulates contrast enhance-
ment. Accordingly, appearances on MRI following antiangiogenic treatment may 
mask residual or recurrent disease by showing decreased enhancement without 
actual tumor regression. Therefore, contrast enhancement alone is not a suitable 
marker for tumor response in this context.

11.2.3  Positron Emission Tomography (PET)

PET imaging of brain tumors is increasingly used in clinical practice. PET is typi-
cally a second-level investigation in patients already evaluated by MRI or in con-
junction with it when hybrid technology is available.

The interest of PET imaging is thus to complement MRI for specific questions 
that are only partially addressed by MRI, namely: (1) contribute to the diagnostic 
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process of intracranial masses of unknown origin, (2) help grading lesions to estab-
lish the appropriate management and target the highest grade component for biopsy 
planning, (3) define tumor extent for surgical and radiation therapy planning, (4) 
evaluate treatment response, and (5) differentiate between treatment-induced 
changes and disease recurrence (Table 11.3).

This section will describe the most important PET radiopharmaceuticals used in 
brain tumors imaging with a description of their advantages and drawbacks, as well 
as a brief review of the literature on currently available studies conducted using 
PET/CT.

11.2.3.1  Radiolabeled Amino Acids (11C-MET) and Amino Acid 
Analogues (18F-FET, 18F-DOPA)

Brain tumors are characterized by a higher protein metabolism than normal brain 
tissue and inflammatory lesions; therefore, protein synthesis can represent a good 
diagnostic marker. L-type amino acid transporter1 (LAT1) is a membrane protein 
responsible for amino acid (AA) transport through the cell membrane and is typi-
cally overexpressed in glial tumors, as well as in case of blood-brain barrier (BBB) 
rupture, which can modulate and increase AA delivery. AA analogue radiopharma-
ceuticals have low uptake in normal brain tissue, whereas tumor lesions present as 
focal uptake on PET imaging.

The first radiopharmaceutical of this extensively used class is 11C-methionine 
(MET), an essential sulfur AA necessary for cellular proliferation and growth [42]. 
MET is not only transported within the cells by LAT1 but is also incorporated into 
proteins, even if its uptake is correlated with methionine transport and not directly 
with protein synthesis [43]. Its use is mainly limited by the short half-life of 11C, 
which confines its application to hospitals equipped with an onsite cyclotron. 
18F-Fluoro-ethyltyrosin (FET) has been more recently developed and has gained 
larger use, since fluorinated tracers can be easily delivered in multiple sites [44]. Its 

Table 11.3 Current potential indications of the main PET radiopharmaceuticals used in brain 
tumors imaging

PET 
radiopharmaceutical Diagnosis Grading

Therapy- 
induced 
changes vs. 
recurrence

Therapy 
monitoring

Tumor extent 
delineation

18F-FET, 11C-MET ✓ ✓ ✓ ✓ ✓
18F-FDOPA – – ✓ ✓ ✓
18F-FDG – – ✓ ✓ ✓
18F-FMISO – ✓ – ✓ –
18F-FPPRGD2 – – – ✓ –
18F-FLT ✓a ✓ ✓a ✓a ✓a

11C-Acetate – ✓ – – –
18F- and 11C-Choline ✓ ✓ ✓ – ✓
68Ga-DOTA-peptides ✓b ✓b ✓b ✓b ✓b

aIn high-grade gliomas
bIn meningiomas
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distribution and binding properties are similar to those of MET, with the character-
istic of a slower clearance, associated with a higher blood pool signal that might 
hamper the analysis of regions close to the venous sinuses [45]. Comparative stud-
ies have shown similar diagnostic properties and a strong correlation of quantitative 
measures such as tumor-to-background ratio (TBR) of MET and FET [46].

18F-DOPA is another AA analogue, sharing the same mechanism of uptake by 
LAT1 as MET and FET. It has been shown that the uptake and distribution of DOPA 
and MET are overall comparable [47].

A comparative study including DOPA and FET has highlighted some differ-
ences, namely, a faster kinetic both in high- and low-grade gliomas and a high con-
trast to background in extrastriatal regions for DOPA [48]. Indeed, DOPA might 
have a higher sensitivity in low-grade tumors, as compared with the performances 
reported for other AA analogues [49]. Its physiologic uptake in the basal ganglia 
represents the main limitation for use in lesions close to the basal ganglia, even if 
this can be partly overcome by scanning rapidly after injection (20 min) to limit 
specific binding to dopamine receptors [47]. In addition, it does not show higher 
uptake in oligodendroglial lesions, as reported for other AA analogues (see below).

Finally, preliminary data report the use in brain tumors of a synthetic AA ana-
logue, 18F-FACBC, or fluciclovine, a tracer mainly tested in prostate cancer [50, 51].

The use of AA analogues has been examined for all previously mentioned applica-
tions. Recently, recommendations for clinical use of PET imaging have been published 
by the Response Assessment in Neuro-Oncology (RANO) Working Group [52].

Lesion Characterization/Diagnosis
The sensitivity of MET for identification of tumoral lesions is in the range of 80%, 
with some low-grade lesions having lower uptake, while specificity is higher, around 
90% [53, 54].

A meta-analysis has shown that FET PET has a pooled sensitivity of 82% and 
pooled specificity of 76% to differentiate primary brain tumors from non-tumoral 
intracranial lesions and suggested a TBRmean of 1.6 and TBRmax of 2.1 as cutoff 
values [55].

For lesion characterization, almost all high-grade gliomas, brain metastases, and 
oligodendrogliomas have intense uptake, while false negative (10–30%) might occur 
in low-grade tumors [53]. Non-tumoral lesions have usually less or no uptake, even if 
high FET uptake has been reported in hematoma, radiation necrosis, ischemic stroke, 
and abscesses, given the passive tracer influx in case of rupture of the BBB [56].

Grading and Biopsy Planning
The uptake value on static imaging does not provide reliable grading information 
with any AA tracer, even if higher-grade tumors usually show higher uptake in case 
of high-grade tumors [57]. Furthermore, a higher uptake in oligodendroglial, 1p19q 
codeleted tumors has been reported both for FET and for MET [54, 58, 59]. The 
significant overlap between grades and the association with histological type does 
not allow a reliable tumor assessment at an individual level, but justifies the interest 
of targeting a high uptake region, if any, for biopsy planning, and previous studies 

I. Sonni et al.



203

have shown its usefulness [60, 61]. The uptake can also have prognostic value, dif-
ferentiating benign and grade I lesions from higher-grade lesions for MET [62, 63], 
for FET [64], and for DOPA [65].

The analysis of the evolution over time of tracer uptake in FET PET dynamic 
scans provides additional information on tumor grading [66]. Lower-grade lesions 
or non-tumoral lesions typically show an increasing uptake over time and a late 
time to peak, more than 15/20 min (pattern I), while higher-grade tumors are typi-
cally characterized by an early uptake (less than 15/20 min) followed either by a 
plateau (pattern II) or a washout (pattern III) [58]. The added value of this analysis 
has been shown in grading lesions and in characterizing recurrent lesions vs. radi-
ation necrosis [67]. A similar behavior, namely, an early peak in higher-grade 
lesions, has been reported for DOPA images [68, 69], while it has not been 
observed for MET [70].

Tumor Delineation and Radiation Therapy Planning
The tumor delineation based on molecular information is able to capture the infiltra-
tive component without BBB rupture and the low-grade component, both for surgi-
cal and radiation therapy planning.

The comparative accuracy of AA PET imaging for radiation therapy planning 
has been compared in a review, showing that both MET and FET have good perfor-
mances, variable across series but in the range of 90% [71]. A good performance has 
also been reported in a series of patients evaluated by DOPA [72]. A threshold of 1.6 
with contralateral physiological uptake has been suggested for lesion segmentation 
on the basis of a biopsy-controlled study [73]. Multiple studies concordantly show 
that the volumes determined on the basis of PET and MRI differ significantly [74]. 
[75]–[79].

A tumor delineation using the molecular information has shown a positive prog-
nostic impact in a small population study, not confirmed in a subsequent larger 
study [80, 81]. A randomized controlled trial is ongoing to test the added value of 
PET in radiation therapy planning [82].

The presence of a residual uptake has negative prognostic value, while the pres-
ence of residual contrast enhancement had not [60, 83].

Therapy Response Monitoring
A few studies have shown that AA PET typically shows low uptake in cases of 
pseudoprogression [46, 84]. AA PET imaging might also identify progressive dis-
ease under bevacizumab treatment earlier than MRI, with a favorable impact on 
costs [85, 86].

The majority of these studies used FET, showing that, after temozolomide, a 
reduction of TBRmax higher than 20% has a positive prognostic value [87] and that, 
after bevacizumab, a reduction of more than 45% of the metabolically active vol-
ume has a positive prognostic value [88].

The added value in surgical planning has been shown for MET and for DOPA 
[72, 89, 90].
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Differential Diagnosis Recurrence/Treatment-Induced Changes
MET, FET, and DOPA PET have been tested for differentiating high-grade tumor/
metastasis recurrence and treatment-induced changes, reporting high sensitivity and 
more variable, but overall high specificity, providing additional information as com-
pared to MRI (Fig. 11.3) [66, 67, 91–94].

11.2.3.2  Glucose Metabolism (18F-FDG)
18F-FDG is the most commonly used radiopharmaceutical in oncology, given the 
strong association between cellular proliferation and glucose metabolism in most 
tumors. Importantly, 18F-FDG PET uptake is not influenced by BBB rupture, 
increasing its specificity. However, its use in the brain is limited by the physiologic 
uptake of the normal brain cortex, which uses glucose as the main metabolic sub-
strate. This limitation can be partly overcome using later imaging times, over 5 h 

Fig. 11.3 18F-FET PET/MRI images showing a moderate uptake (SUVmean 1.5) increasing over 
time (pattern III) in a histologically proven radiation necrosis. From left to right, axial, sagittal, and 
coronal view. From top to bottom, MRI, fused PET/MRI images, and FET PET images
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after administration [95, 96]. A second limitation is the potent effect of corticoste-
roids, often used to treat edema associated with intracranial masses, on brain tumors’ 
18F-FDG uptake, through the increase of glycemia and the reduction of cerebral 
blood volume [97].

The use of 18F-FDG for differential diagnosis of intracranial masses is a well- 
established indication in differentiating toxoplasmosis and primary lymphoma, 
reaching a sensitivity and specificity higher than 90%; toxoplasmosis lesions show 
18F-FDG uptake lower than the gray matter uptake (SUVmax in the range of 2–6), 
while lymphomas have uptake higher than the gray matter (SUVmax in the range 
from 12 to 30) [98].

For grading and prognostic evaluation, 18F-FDG imaging can be useful in glial 
tumors: low-grade tumors (WHO grades I and II) have an activity in the range of 
normal white matter, WHO grade III tumor uptake is close to the gray matter activ-
ity, and WHO grade IV tumors might have focally higher uptake, with inhomogene-
ities related to tumor necrosis [99]. A higher tumor-to-normal brain ratio has been 
consistently associated with shorter survival [100]. For this reason different diag-
nostic cutoffs with the white matter and cortical activity have been suggested for 
low- and high-grade glioma, with good sensitivity and specificity [101, 102]. There 
are relevant exceptions represented by histological types with high glucose metabo-
lism despite a low grade, such as ganglioglioma and pilocytic astrocytomas [103]. 
Non-glial tumors, namely, lymphomas, also have a high 18F-FDG uptake [104]. 18F- 
FDG cannot be used for tumor delineation, because of negative findings in low- 
grade tumors/components and because of the high physiologic metabolism of the 
brain.

For treatment monitoring, a change in management in 38% of patients was 
observed in a large series of either primary brain tumors or metastases based on the 
National Oncologic PET Registry [105].

For differentiating tumor recurrence and treatment-related changes, 18F-FDG 
PET reaches a good sensitivity of 96% but variable specificity [106] [107]. One 
study directly compared the performance of MET and 18F-FDG for this indication, 
showing a higher sensitivity and interrater agreement of MET [63].

11.2.3.3  Tumor Hypoxia (18F-MISO) and Angiogenesis 
(18F-FPPRGD2)

Tumor Hypoxia The concept that radiosensitivity of tumor cells is increased 
in the presence of oxygen has been long known [108]; consequently, it has been 
thought that tumor hypoxia may have a major importance in the efficacy of radiation 
therapy, with hypoxic tissues being more radioresistant. Decades of research have 
brought us to the conclusion that tumor hypoxia changes gene expression patterns 
in tumor cells, leading to more aggressive survival traits and altering their malig-
nant potential [109, 110]. Tumor hypoxia plays a crucial role in tumor cell survival, 
tumor development, and resistance to treatment, therefore, it is an attractive tar-
get for PET radiopharmaceuticals development [111]. The noninvasive assessment 
of tumor hypoxia by means of PET could help select patients, prior to radiation 
therapy treatments that may benefit from the use of radiosensitizing drugs. The 
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most extensively investigated PET radiopharmaceutical for tumor hypoxia imaging 
is 18F-fluoromisonidazole (18F-MISO), which showed a good potential in identify-
ing hypoxic brain tumors. It accumulates in tissues binding to intracellular mac-
romolecules when pO2 is very low (pO2 < 10 mmHg) [109] and in the periphery 
of the tumor, but not in the necrotic center, because only viable, hypoxic tissue 
can accumulate the radiopharmaceutical [112]. 18F-MISO has been used in several 
clinical trials [113, 114], with the first study in humans published in 1992 by Valk 
et  al. [115]. In this proof-of-concept study, three patients affected by malignant 
gliomas were evaluated, and feasibility of 18F-MISO PET, as well as its ability to 
detect tumor hypoxia, was demonstrated. 15 years later, in a larger cohort of 22 
patients with glioblastoma multiforme, Spence et  al. have demonstrated that the 
hypoxic burden, measured using 18F-MISO PET, impacts time to tumor progression 
and overall survival in patients previously treated with surgical intervention [116]. 
Some groups evaluated the possible role of 18F-MISO PET in differentiating tumor 
grade [117, 118] with promising results, but larger cohorts might be needed to con-
firm clinical utility. Other groups investigated a possible correlation between tumor 
hypoxia, measured with 18F-MISO PET, and glucose metabolism, measured with 
18F-FDG PET, suggesting discordance between the two modalities [119, 120], but 
the combination of the two studies was seen to be predictive of progression-free sur-
vival and overall survival in glioblastoma patients [121]. Similar results were seen 
for 18F-MISO PET and MRI in a recently published multicenter study involving 
42 patients with glioblastoma and aimed at assessing tumor hypoxia with the two 
imaging modalities. The lack of strong correlation between PET and MRI param-
eters shows their complementary role in the assessment of tumor status. Overall, 
the parameters measured by MRI (tumor blood volume/flow, vascular permeability) 
and hypoxia measured by 18F-MISO PET are strongly correlated to prognosis in 
newly diagnosed glioblastoma patients [122].

Angiogenesis There is considerable evidence that hypoxia is strictly connected 
to angiogenesis, another key player in tumor growth and metastatization [123, 
124]. More aggressive and malignant brain tumors have shown an abundant vas-
cular proliferation histologically, and the vascular microenvironment highly 
influences the pathophysiological characteristics of the tumor [124]. Since 
angiogenesis has emerged in the last decade as a major target for drug develop-
ment for malignant brain tumors, it also spurred interest toward the development 
of PET radiopharmaceuticals that may guide antiangiogenic treatment [125–127]. 
18F-FPPRGD2 is a PET radiopharmaceutical targeting integrin αvβ3, which is 
highly expressed in proliferating vascular endothelial cells and plays an impor-
tant role in angiogenesis [128]. Iagaru et al. used 18F-FPPRGD2 in the evaluation 
of 17 patients affected by glioblastoma multiforme and suspected recurrence. 
Patients were imaged before and after treatment with bevacizumab, and PET 
measured parameters, i.e., SUVmax and angiogenesis volume, were shown to be 
correlated to prognosis.
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Despite the high potential utility of hypoxia and angiogenesis PET radiopharma-
ceuticals, too little is yet available on large cohorts of patients, therefore the use of 
these families of radiopharmaceuticals is still limited to research settings.

11.2.3.4  Other Radiopharmaceuticals (Radiolabeled Choline, 
11C-acetate, 18F-FLT, Somatostatin Receptor)

Phospholipid Synthesis Choline is an essential substrate for biosynthesis of phos-
phatidylcholine, a major component of all cell membranes. Cancer cells have an 
increased cellular metabolism compared to normal cells, which entails an increased 
need of choline, and therefore an increased uptake of radiolabeled choline detected 
by PET [113]. Choline can be radiolabeled with either 11C or 18F. 11C-Choline and 
natural choline are biochemically indistinguishable, whereas 18F-labeled choline, 
18F-fluoroethyl-choline (FEC), and 18F-fluoromethyl-choline (FCH) have shown 
some differences in pharmacokinetics that were not however observed in clinical 
settings [129, 130]. Radiolabeled choline has been used in a variety of tumors, but 
the main application remains prostate cancer. In brain tumors radiolabeled choline 
has been used for the first time in 1997, when Hara et al. described very encouraging 
results in visualization of brain tumors in 24 patients using 11C-choline. High 
11C-choline uptake was seen in brain tumors, as opposed to very low uptake in the 
surrounding healthy brain parenchyma, allowing easy tumor delineation [131]. 
Different groups have found that radiolabeled choline is able to differentiate high- 
grade gliomas (high choline uptake) from low-grade gliomas (low choline uptake) 
[132, 133], whereas another group found contrasting results [134]. Choline was 
found able to differentiate benign from malignant lesions [135, 136] and also brain 
metastases (highest choline uptake) from high-grade gliomas (higher uptake than 
benign lesions, but lower than brain metastases) and benign lesions (low choline 
uptake) [137]. In a cohort of 94 patients with suspected brain tumors, Huang et al. 
found that 11C-choline, despite a superior diagnostic accuracy in comparison to 18F- 
FDG, had a rate of false positive of 4.55% and false negative of 3.64% [138]. When 
compared to 11C-methionine, radiolabeled choline had a worse performance than 
the amino acid analogue in terms of visual evaluation of tumor localization [139] 
and also in the differential diagnosis between brain tumors and monofocal acute 
inflammatory demyelination (MAID), a demyelinating disease associated with MRI 
characteristics (e.g., gadolinium enhancement, edema, and mass effect) mimicking 
brain malignancies [140]. In the differential diagnosis between tumor recurrence 
and radionecrosis, radiolabeled choline performed better than MRI and 18F-FDG 
[141]. In a posttreatment scenario, radiolabeled choline showed good diagnostic 
accuracy in the detection of recurrence of high-grade glioma [142] and in low-grade 
gliomas with equivocal findings on other imaging during follow-up [143]. 
11C-Choline uptake was also described in patients affected by meningiomas [144]. 
Despite some studies showing excellent results using radiolabeled choline in brain 
tumors, the role of the radiopharmaceutical has not been clearly defined yet.

Tumor Proliferation The increase of cell proliferation rate is a key characteristic 
of cancer; consequently, the identification of an accurate imaging biomarker of cell 
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proliferation in  vivo would be highly desirable. Thymidine, the only nucleoside 
exclusively incorporated in DNA and not in RNA, has been evaluated for this pur-
pose. It has been initially radiolabeled with 11C [145], but due to the short half-life 
of the radioisotope (20 min) and the rapid in vivo degradation of 11C-thymidine, it 
was considered less suitable for clinical use [146]. The thymidine analogue 3-deoxy- 
3′-[18F]-fluorothymidine (18F-FLT), developed by Shields et al. in 1998, has more 
favorable characteristics and is now the most widely used PET radiopharmaceutical 
for imaging and measuring tumor proliferation. 18F-FLT is taken up and phosphory-
lated by the enzyme thymidine kinase-1 (TK-1), whose activity is strongly related 
to cell proliferation, and then trapped in the cell [113, 146]. A recent kinetic analysis 
study showed that 18F-FLT uptake is more significantly correlated to BBB disrup-
tion than to TK-1 phosphorylation activity [147]. The high dependency of 18F-FLT 
uptake from BBB damage is well known and represents a major disadvantage when 
evaluating low-grade gliomas, since they are usually not associated with BBB dam-
age. In a comparative evaluation of 18F-FDOPA, 18F-FDG, and 18F-FLT in 15 patients 
with low-grade gliomas, Tripathi et al. conclude that 18F-FLT PET should not be 
used in the evaluation of recurrent low-grade gliomas because of its limited utility 
[148]. Several groups demonstrated that 18F-FLT PET can be useful in grading glio-
mas and particularly in identifying high-grade gliomas and differentiating them 
from low grades [149–154]. 18F-FLT has been directly compared to 18F-FDG show-
ing a much better tumor-to-background contrast and better tumor visualization due 
to the high glucose metabolism and negligible 18F-FLT uptake in normal brain tis-
sue. In a recent meta-analysis, Li et al. showed that 18F-FLT has a better overall 
diagnostic accuracy in the detection of recurrent gliomas than 18F-FDG [155]. In 
comparison with the amino acid analogue 11C-MET, 18F-FLT showed a lower sensi-
tivity for tumor detection, but better correlation to cell proliferation index Ki-67, 
and better tumor grading assessment in gliomas of different grades [154, 156]. In 
the differential diagnosis between tumor recurrence and radionecrosis, 18F-FLT has 
been compared to 18F-FDG and 11C-MET in two studies, and both showed no clear 
superiority of one radiopharmaceutical over the other [157, 158]. The most impor-
tant application of 18F-FLT seems to be therapy monitoring in high-grade gliomas. 
Different groups showed that 18F-FLT is a good predictor of progression-free sur-
vival and overall survival in patients treated with the antiangiogenic drug bevaci-
zumab [159–163]. 18F-FLT was also used in a large Phase II trial evaluating newly 
diagnosed glioblastoma patients treated with everolimus, temozolomide, and radia-
tion therapy [164].

Acetate Acetate is a metabolic substrate of β-oxidation and precursor of choles-
terol and amino acids. In the cell, it is activated to acetyl-CoA via the enzyme 
acetyl- CoA synthase, which can follow two different metabolic pathways, depend-
ing on the cell type. In myocardial cells, it is mainly oxidized in the mitochondria 
by the tricarboxylic acid (TCA) cycle, whereas in tumor cells, it is mainly converted 
into fatty acids which are incorporated into phosphatidylcholine, an important com-
ponent of cell membranes [165]. Due to its potential role in imaging myocardial 
cells and tumor proliferating cells, acetate has been radiolabeled with 11C for PET 
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imaging and initially used for imaging of myocardial oxidative metabolism [166]. 
In oncology, 11C-acetate is primarily used in prostate cancer imaging, but it has also 
been evaluated in brain tumors. Different groups showed that 11C-acetate can be 
useful in grading of brain tumors (gliomas, astrocytomas, and meningiomas), allow-
ing a clear differentiation between high grade and low grade [167–170]. In a com-
parative study with 18F-FDG and 11C-MET for the evaluation of gliomas, Yamamoto 
et al. found that 11C-acetate has a better sensitivity than 18F-FDG, but lower than 
11C-MET [170].

Somatostatin Receptors Somatostatin receptors (SSTR) are G-protein-coupled 
membrane glycoproteins that have received, particularly during the last two decades, 
large interest due to their overexpression in neuroendocrine tumors (NETs). Five 
subtypes of human SSTR have been identified so far (SSTR-1–SSTR-5) with differ-
ent expressions and functions. Various PET radiopharmaceuticals targeting SSTRs 
have been developed, with variable binding affinities to the different SSTR sub-
types. The most used are DOTA-TOC, DOTA-TATE, and DOTA-NOC, radiola-
beled with 68Ga using the universal chelator DOTA, which forms stable complexes 
in vivo [171]. Due to the high expression of SSTRs in meningiomas, mostly SSTR-2 
[172], several studies have investigated 68Ga-DOTA-peptides in imaging meningio-
mas. In 2001, Henze et al. described their first experience using 68Ga-DOTA-TOC 
in a small cohort of patients with meningiomas, finding very promising results and 
excellent imaging properties of the PET radiopharmaceutical, including very high 
target-to-background ratio. Several groups described the utility of PET imaging 
using 68Ga-DOTA-peptides in tumor extent delineation, particularly in the setting of 
therapy planning [173–179]. 68Ga-DOTA-TATE has been described by Sommerauer 
et al. as a reliable predictor of tumor growth in WHO I and II meningiomas [180]. 
In a large study involving 134 patients comparing 68Ga-DOTA-TOC PET to contrast- 
enhanced MRI in the detection of meningiomas, PET showed a better sensitivity 
than MRI (190 lesions identified by PET vs. 171 by contrast-enhanced MRI), con-
firming the importance of the imaging modality also in the diagnostic setting [181]. 
Another attractive application of PET using 68Ga-DOTA-peptides is the possibility 
of theranostics, due to the radiolabeling of DOTA-peptides with β−emitting radio-
isotopes for peptide receptor radionuclide therapy (PRRT) [182]. Some groups have 
evaluated 68Ga-DOTA-peptides in the setting of PRRT for meningiomas, showing 
that 68Ga-DOTA-peptides PET allows pre-therapeutic assessment of tumor radionu-
clide uptake in PRRT [183] and can be predictive of outcome [184].

11.3  Integrated PET/MRI in Brain Tumors Imaging

The introduction of integrated PET/CT tomographs in the clinical practice has rep-
resented a milestone opening a new era for hybrid imaging. The added value of the 
simultaneous acquisition of PET and CT goes far beyond the sum of the utilities 
deriving from the two single modalities performed separately. The thought that the 
success obtained with PET/CT could be replicated with PET/MRI was obvious. 
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Table 11.4 PET/MRI studies in brain tumors imaging

Reference
Patient 
population

Radiopharmaceutical/ 
MR sequences Aim Conclusions

[189] 7 healthy 
volunteers

11C-MET/standard 
diagnostic MRI, DTI

Feasibility of DTI 
using 
simultaneous 
PET/MRI

DTI is feasible 
using the combined 
approach without 
degradation of 
image quality

4 patients with 
BT

[191] 4 patients with 
BT

18F-FET /standard 
diagnostic MRI, DTI, 
MRS, fMRI

Feasibility of 
simultaneous 
PET/MR

Description of 
acquisition 
protocols

[190] 15 patients  
(in total)

18F-FET/standard 
diagnostic MRI, PWI, 
DTI

Test performance 
and clinical 
applicability of 
combined 
approach

Combined 
approach is feasible 
in a clinical setting5 patients with 

BT:
  2 GBM Satisfactory results
  1 low grade
  1 grade IV
  1 choroid 

plexus 
carcinoma

[188] 28 patients 
with BT

11C-MET/standard 
diagnostic MRI, MRS

Feasibility of 
simultaneous 
approach for 
grading purposes 
using metabolic 
mapping

Metabolic mapping 
of gliomas before 
histological 
sampling is feasible 
using the combined 
approach

  16 low grade
  12 high 

grade

[197] 10 patients 
with BT:

11C-MET and 
68Ga-DOTA-TOC/
standard diagnostic 
MRI

Comparison with 
PET/CT

Combined 
approach can be 
reliably performed 
in BT imaging. 
Image quality and 
quantification are 
similar to PET/CT

  3 low grade Feasibility and 
accuracy of 
combined 
approach

  1 grade III
  2 GBM
  2 atypical 

neurocytoma
  3 

meningioma
[198] 50 patients in 

total

18F-FDG, 11C-MET,  
and 68Ga-DOTA-TOC/
standard diagnostic 
MRI, DTI, ASL, and 
proton spectroscopy

Comparison with 
PET/CT

Quality of MRI 
images using the 
combined PET/MRI 
approach is 
uncompromised. 
Results are in high 
accordance with 
PET/CT

29 patients 
with BT

Image quality of 
PET/MRI

(continued)
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Table 11.4 (continued)

Reference
Patient 
population

Radiopharmaceutical/ 
MR sequences Aim Conclusions

[192] 15 patients 
with 
meningioma 
(33 lesions 
identified)

68Ga-DOTA-TOC/
standard diagnostic 
MRI

Comparison with 
PET/
CT. Feasibility of 
the combined 
approach

PET/MRI provides 
flawless image 
quality

[193] 26 patients 
with BT 
(post-surgery 
and chemo-RT)

18F-FET/standard 
diagnostic MRI, DWI, 
perfusion EPI, MRS

Differentiation of 
therapy- induced 
changes from 
recurrence in 
glioma patients

FET uptake with 
Cho/Cr ratio and 
normalized 
rCBVmean can 
distinguish glioma 
recurrence from 
radiation necrosis

[194] 20 patients 
with BT

18F-FDG/standard 
diagnostic MRI, PWI

Differentiation of 
therapy- induced 
changes from 
recurrence. 
Tumor grading

PWI has better 
diagnostic accuracy 
in differentiating 
therapy-induced 
changes from 
recurrence than 
PET

[196] 4 pediatric 
patients:

11C-MET/standard 
diagnostic MRI

Evaluation of 
11C-MET PET/
MRI in 
preoperative 
biopsy planning 
and navigation in 
pediatric patients

PET/MRI provides 
high-resolution data 
for neuronavigation 
reducing radiation 
exposure and 
avoiding additional 
anesthesia in very 
young patients

  2 grade I
  1 grade III
  1 GBM

[195] 12 pediatric 
patients with 
astrocytic 
tumors:

18F-Choline/standard 
diagnostic MRI

Feasibility of the 
combined 
approach for 
diagnosis and 
response 
assessment

18F-Choline PET/
MRI is a reliable 
imaging tool. It 
permits therapy 
monitoring  8 low grade

  4 high grade
[199] 69 patients 

with high-
grade gliomas

11C-MET/standard 
diagnostic MRI

Role of 11C-MET 
PET/MRI in 
tumor volume 
evaluation for RT 
planning

The use of PET/
MRI did not 
change the target 
volumes defined on 
FLAIR MRI

[200] 56 patients 
with gliomas

18F-FET/standard 
diagnostic MRI, PWI

Direct 
comparison of 
18F-FET to PWI 
using PET/MRI

18F-FET PET and 
PWI yield different 
information

BT brain tumors, GBM glioblastoma multiforme, DTI diffusion tensor imaging, MRS MR spectros-
copy, fMRI functional MRI, ASL arterial spin labeling, PWI perfusion-weighted imaging
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One of the settings where a combination of PET and MRI could be more useful is 
undoubtedly the study of the brain, where a high soft tissue delineation and high 
resolution are particularly relevant. After the initial attempt to simultaneously 
acquire PET and MR data in 1997 [185], the first study conducted in humans was a 
brain study by Schlemmer et al., published one decade later [186]. Fully integrated 
PET/MRI scanners for humans are available for whole-body imaging since the end 
of 2010 [187], and their valuable role in research settings is unquestionable. But the 
real clinical utility of integrated PET/MRI still needs to be proven and sustained by 
large prospective trials. The focus of this section will be on the current applications 
of integrated PET/MRI systems, specific advantages of a combined PET/MRI 
approach in neuro-oncology, and future perspectives.

11.3.1  Current Applications of PET/MRI in Brain Tumors

Only limited literature is currently available and is summarized in Table 11.4. The 
initial studies conducted using integrated PET/MRI scanners were aiming at assess-
ing feasibility of the combined approach and confirmed that it is feasible and does 
not degrade image quality of the single modalities [186, 188–191]. Some groups 
evaluated performances of PET/MRI in comparison to the well-established hybrid 
PET/CT in the evaluation of brain tumors. Afshar-Oromieh et al. [192] studied 15 
patients affected by meningiomas with 68Ga-DOTA-TOC PET/MRI in comparison to 
PET/CT. Image quality of PET/MRI was described as flawless, but the authors state 
that the small dimension of their cohort doesn’t allow a meaningful comparison, and 
this would require larger studies. In another study, comparing the performance of 
PET/CT and PET/MRI in the same population of ten patients affected by different 
brain tumors, Boss et al. describe similar image quality and quantification. PET/MRI 
has also been used in the setting of differential diagnosis between therapy- induced 
changes (radionecrosis and pseudoprogression) and tumor recurrence. Contrast-
enhanced MRI cannot distinguish the two conditions, and different PET radiophar-
maceuticals have been found superior to MRI for this purpose [52]. Two different 
groups have evaluated combined PET/MRI in this setting with promising results 
[193, 194]. Another clinical setting where PET/MRI has been successfully evaluated 
is that of pediatric patients with brain tumors. In such populations, the reduction of 
iodizing radiation exposure and number of examinations (with better patient comfort 
and reduced sedation time in very young patients) deriving from PET/MRI may play 
a crucial role in the success of the combined approach [195, 196].

11.3.2  Specific Advantages of the Simultaneous PET/MRI 
Approach in Neuro-oncology

The individual characteristics of PET and MRI in the evaluation of brain tumors 
have been described in detail above. As for PET/CT, the advantages of the combined 
PET/MRI approach are greater than the sum of its parts. Before the introduction of 
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simultaneous PET/MRI scanners, research has been focusing on developing soft-
ware for co-registration of the two separate examinations, but this approach can be 
affected by substantial differences in image quality. The simultaneous acquisition of 
PET and MRI in hybrid scanners allows an optimal temporal and spatial co- 
registration in one single imaging session. PET/MRI also has the potential to sig-
nificantly improve diagnostic workflows in neuro-oncology. Considering that a vast 
part of the population affected by brain tumors require both PET/CT and MRI dur-
ing their clinical workup, a faster workflow would be considerably more conve-
nient. The lower radiation exposure using MRI instead of CT is another important 
advantage. These aspects of the combined simultaneous approach are particularly 
relevant in patients with brain tumors, who generally need repeated scans. PET/
MRI is particularly promising in the field of neuro-oncology, but large prospective 
trials are still needed to demonstrate its practical benefits to the scientific and clini-
cal communities.
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12.1  Introduction

Soon after the clinical implementation of PET/MR in 2011 and after initial feasibility 
studies, first comparative studies reported a draw between PET/MR and PET/CT with 
regard to the staging of head and neck cancer patients [1–8]. In the long run, however, 
PET/MR is expected to outstrip PET/CT in this field. This chapter aims to highlight 
current clinical applications and future directions of PET/MR in head and neck 
oncology.

PET/MR combines the advantages of molecular tumor imaging and high soft 
tissue contrast in one single examination—in contrast to the traditional approach, 
which often required both PET/CT and contrast-enhanced MR for a thorough 
workup of head and neck cancer patients. A more widespread clinical use of PET/
MR is currently limited by monetary issues. On the one hand, the price for a PET/
MR scanner including its requirements on building infrastructure is at least three-
fold the price of a PET/CT scanner. On the other hand, several countries are still 
lacking reimbursement models for PET/MR.

Centers with access to a PET/MR scanner generally prefer PET/MR over PET/
CT in the initial staging of head and neck cancer patients—with the exception of 
cancers arising in the hypopharynx and larynx, where motion plays a prominent 
role, mainly swallowing [5]. For the nodal staging, both modalities are generally 
considered equivalent, although certain functional MR techniques might tip the 
scales toward PET/MR. The lung is the place where the majority of distant metasta-
ses of head and neck cancer patients occurs and was considered a black box for MR 
imaging for a long time [9]. Recent advances in the development of MR pulse 
sequences, some of them stimulated by the advent of PET/MR and its intrinsic need 
for proper lung tissue visualization, help elucidate this black box [10–13].

The scintigraphic imaging of malignant head and neck tumors today is mainly 
reserved to 18F-fluoro-2-deoxy-D-glucose (FDG). Other radiotracers might play a 
future role in the imaging of FDG-negative salivary gland malignancies, e.g., 
68Ga-prostate-specific membrane antigen (PSMA); in neuroendocrine tumors, e.g., 
68Ga-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (Tyr3)-octreotate 
(DOTATATE); and in certain non-malignant neoplasms, e.g., 18F-fluorocholine 
(FCH) in parathyroid adenomas.

Proper photon attenuation correction (AC) is important in the head and neck, 
owing to oftentimes small-sized lesions of interest, narrow anatomical relation-
ships, and a multitude a neighboring spaces and compartments. This is chal-
lenged by an abundance of tissues with different attenuation properties within a 
small and complex area and by the typical presence of artifacts elicited by den-
tal hardware. Time- of- flight (TOF) PET dataset reconstructions are considered 
important in the head and neck, both for the detection and correct localization 
of small lesion but also for decreasing implant-related artifacts and for optimiz-
ing the MR-based AC [14–19]. While atlas methods can be used for the head in 
PET/MR, MR-based AC in the neck mainly relies on the Dixon method, which 
yields four different tissue properties (air, fat, water, soft tissue), but neglects 
the bone, which represents another black box for MR. In fact, bone assumes μ 
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map values similar to air, while the photon attenuation in both structures is 
entirely different. This issue might be overcome using MR pulse sequences with 
ultrashort echo time (UTE) or even—by definition—zero echo time (ZTE) 
[20–22].

12.2  PET/MR Protocols for the Head and Neck

The definition of valid protocols for PET/MR is a key requisite for clinical head and 
neck cancer assessment. MR pulse sequences should be selected to provide most 
complementary information or at least confirmatory information with regard to PET 
data. In integrated PET/MR scanners, the use of TOF PET information helps to 
identify small lesions, reduces artifacts—particularly those related to metallic 
implants such as dental hardware—and increases the accuracy of the MR-based AC 
[14, 15, 17–19]. For whole-body exams, the PET/MR protocol is divided into two 
separate, yet not independent, parts [23, 24]:

 1. A fast basic whole-body oncologic PET/MR acquisition which contains the 
pulse sequence(s) used for MR-based AC, sufficient anatomic correlation, and 
basic soft-tissue characterization outside the head and neck area

 2. A dedicated head and neck PET/MR acquisition that comprises high-resolution 
anatomical tumor imaging and enables the definition of specific tumor features, 
such as cellularity and vascularization

12.2.1  Basic Whole-Body PET/MR Acquisition

For the basic whole-body PET/MR acquisition, the patient should be positioned with 
arms down. The Z-axis scanning range covers the area from the vertex of the skull to 
the mid-thighs. A dedicated phased-array head and neck coil is used in conjunction 
with a body surface coil. PET datasets usually require 4–8 bed positions per patient 
(depending on the individual body height and on scanner geometry) of 2–5 min each 
(depending on scanner type and injected activity), using 3D image acquisition and 
reconstruction. The MR pulse sequences used for the AC are acquired during the 
PET acquisition. For the trunk, usually a T1-weighted Dixon-type sequence is used, 
whereas for the head, atlas methods may be used alternatively. Since the extremities 
are subject to wrapping artifacts in MR, AC of the extremities relies on PET data 
only. The same Dixon-type MR pulse sequence used for AC may also be used for 
diagnostic imaging, albeit with higher resolution. Repeating this pulse sequence after 
the administration of intravenous contrast is not essentially needed in head and neck 
cancer patients. If done, the acquisition takes place after the accomplishment of the 
non- contrast- enhanced MR pulse sequences of the head and neck. Using the phase- 
encoding gradient in anteroposterior direction helps reduce flow artifacts, especially 
in the posterior pharynx and larynx, although this requires a somewhat longer acqui-
sition time [25].

12 Neuro: Head and Neck Oncology



226

Another diagnostic whole-body MR pulse sequence acquired is usually a 
T2-weighted image dataset, preferentially in coronal plane and with fat suppression, 
e.g., single-shot fast spin echo (SSFSE). One specific MR pulse sequence of the lung 
should also be part of this first step, especially in patients with a high likelihood of 
pulmonary metastases (higher T stage, lymph node metastasis in the lower neck, 
non-epithelial primary carcinoma, more than one primary tumor, etc.) [24, 26]. Most 
centers use a T2-weighted pulse sequence with motion correction, such as periodi-
cally rotated overlapping parallel lines with enhanced reconstruction (PROPELLER; 
GE Healthcare, Waukesha, WI). This sequence is acquired axially during free breath-
ing and uses respiratory triggering [27, 28]. As an alternative, MR pulse sequences 
with ultrashort echo time or zero echo time may be considered. A recent study has 
shown that a free-breathing UTE pulse sequence has a high sensitivity for the detec-
tion of small pulmonary nodules (4–8 mm), including those not FDG-avid [29].

The PET acquisition and reconstruction covering the chest may take into account 
the respiratory motion in order to achieve an optimal standardized uptake value 
(SUV), particularly in small lung nodules and in lesions located in the base of the 
lungs. This can be accomplished using bellows-driven gating, MR-driven gating, or 
PET-driven gating [30]. This first part of the protocol can take from 12 to 25 min, 
depending on the parameters chosen for PET acquisition and MR pulse sequences.

12.2.2  Regional Head and Neck PET/MR Acquisition

A dedicated head and neck PET/MR protocol should not simply duplicate the clinical 
head and neck MR protocol routinely performed in the radiology department. A care-
ful selection of MR pulse sequences is needed in order to optimize the diagnostic 
capability of PET/MR.  The field of view and slicing of all regional MR pulse 
sequences need to be tailored to the head and neck and should not copy the parameters 
of the whole-body MR pulse sequences. Several studies have addressed the contribu-
tion of different MR pulse sequences for the assessment of head and neck tumors with 
PET/MR.

One typical recommendation is to acquire a T2-weighted sequence in at least two 
planes, using fat suppression, which gives sufficient information for tumor delinea-
tion. This can be supplanted with a T1-weighted sequence without fat suppression 
in at least one plane, preferably axial. This basic approach is already sufficient in 
many instances and avoids the injection of MR contrast medium [5]. However, this 
simple solution is not acceptable for presurgical planning, in stage T4 tumors, in 
recurrent tumors, and in cases of perineural spread [1, 5]. Here, contrast-enhanced 
fat-suppressed MR pulse sequences, acquired in at least two planes, are needed [1, 
5, 24]. Since such a regional MR acquisition takes comparably long, a separate 
regional PET acquisition of the head and neck may be part of the protocol—making 
use of a long local bed time but without increasing the total examination time.

Functional MR sequences are also viable options for tumor characterization. 
This includes diffusion-weighted imaging (DWI), a surrogate marker of tumor cel-
lularity, and perfusion-weighted imaging, a biomarker of vascularization and neo-
angiogenesis. Of note, information on tumoral glucose metabolism is already 
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available from FDG-PET and might obviate the need of such rather time-consuming 
functional MR pulse sequences. PET data may, e.g., be sufficient for therapy 
response assessment or the characterization of subcentimeter lymph nodes. 
Occasionally, FDG-avid pathologic lesions remain occult in areas with high physi-
ologic glucose uptake, such as the lymphoepithelial tissue commonly found in the 
palatine tonsils and lingual tonsils. Here, functional MR pulse sequences, particu-
larly DWI, assume a more prominent role. Recent studies analyzed the association 
of glucose metabolism, cellularity, and histological parameters in patients with 
squamous cell carcinoma and showed that DWI and FDG-PET may work as inde-
pendent and complementary biomarkers [31–35]. Preliminary data are also avail-
able for perfusion-weighted imaging as part of a multiparametric PET/MR protocol 
for head and neck cancer. Covello and coworkers have proven the feasibility of such 
a protocol, which enables the simultaneous collection of metabolic and functional 
data [36]. Such a multiparametric approach may allow for a noninvasive character-
ization of tumor or recurrent tumor and might facilitate treatment planning.

Acquisition time, patient throughput, and individual patient tolerance are impor-
tant issues to be considered. An advanced MR head and neck protocol takes about 
30–35 min. Patients are instructed to breathe softly and not to swallow during the 
examination. Such is usually well tolerated. Notably, a multiparametric PET/MR 
acquisition may take longer, and the surface coils covering the head and neck as 
well as the torso might be uncomfortable and might preclude long acquisition times.

In summary, a regional PET/MR protocol for head and neck cancer should be 
tailored according to the specific questions that need to be answered. In most cases, 
the use of MR contrast medium is required, and functional MR sequences may not 
be needed. Specific parameters of MR pulse sequences have been suggested 
previously [24].

12.3  PET/MR Imaging of Carcinoma and Lymphoma 
in the Head and Neck

12.3.1  T Staging

More than 90% of all head and neck carcinomas are of squamous cell histology. The 
risk factors for this type of tumor comprise smoking and alcohol in general (expo-
nential risk), and certain viral oncogenes in specific subsets, such as Epstein-Barr 
virus (EBV) in the nasopharynx and human papillomavirus (HPV) in younger 
patients, mainly in the oropharynx.

When a patient is referred for the initial imaging staging of a head and neck tumor, 
typically the tumor has already been identified, and good estimates have been made 
on its local extension and potential infiltration of adjacent structures [37, 38]. There is 
ample literature on comparing PET/CT and MRI for the local staging of tumors, 
which basically shows that MRI identifies the tumor extent more accurately, owing to 
better soft tissue contrast [37]. On the other hand, MR has also been compared with 
PET/MR, and most authors found no significant difference in the assessment of pri-
mary tumors [5, 39]. Based on these findings, one would expect a higher accuracy of 
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PET/MR than PET/CT in the T staging of head and neck carcinomas, but this is con-
troversial. Most studies performed with sequential or simultaneous PET/MR scanners 
could not prove superiority of PET/MR over PET/CT [1, 3, 5, 6, 8]. Vice versa, this 
means that PET could compensate for the known shortcomings of CT in the head and 
neck [1]. If MR contrast medium cannot be injected, PET/MR using only T2-weighted 
neck imaging yields similar accuracy as contrast- enhanced PET/CT [5].

In our opinion, the imaging of head and neck tumors requires a more specific 
approach. Data derived from studies, where tumors from several sites in the head and 
neck are literally lumped together, need to be regarded with caution. A site- specific 
comparison of modalities is desired, but data in the literature is currently sparse. Site-
dependent differences in the accuracy of PET/CT and PET/MR are expected to arise 
from the anatomical component, i.e., CT or MR, respectively, since uptake measure-
ments are comparable and reproducible among both modalities [4, 40].

It is expected that tumors arising in the oral cavity and in the oropharynx should 
better be imaged with PET/MR than with PET/CT, owing to less artifacts from den-
tal hardware on MR than on CT and higher soft tissue contrast of MR (Fig. 12.1) [5, 
41]. The PET data is compromised both by dental artifacts on CT and MR, which 
deteriorate the AC—although on PET/MR purportedly to a lesser extent than on 
PET/CT [17, 19, 42, 43]. The puffed cheek approach has not been studied on PET/
MR so far and is expected to be more challenging owing to longer regional acquisi-
tion time with PET/MR [44]. Tumors hiding within tissue with physiologically high 
FDG uptake, such as lymphoepithelial tissue, which might be abundant in the oro-
pharynx, can be missed with PET/MR, unless DWI is used [8, 45–48].

In the hypopharynx and larynx, the situation is expected to be different. Artifacts 
there mainly derive from patient motion, such as swallowing or breathing [5, 49]. The 
soft tissue contrast of CT in this area is sufficient, owing to comparably sharp density 
increments between the tissues there, such as intralaryngeal air, laryngeal muscles, 
paraglottic fat, laryngeal cartilage/ossified cartilage, and paralaryngeal fat and muscles. 

a b c

Fig. 12.1 Squamous cell carcinoma arising in the oropharynx. The axial contrast-enhanced, fat- 
suppressed T1-weighted 18F-FDG-PET/MR image shows an intensively FDG-avid tumor in the 
base of the tongue on the right side (a, arrow) and an FDG-avid lymph node metastasis in cervical 
level IIA (arrow head). The tumor extends from the tongue base to the vallecula, as seen on the 
sagittal T1-weighted 18F-FDG-PET/MR image (b, arrow). On the fat-suppressed T2-weighted 
image, the tumor is of inhomogeneous signal intensity with predominant hyperintense areas com-
pared to muscle (c, long arrow) and infiltrates the intrinsic and extrinsic tongue musculature (c, 
long arrow) as well as the parapharyngeal adipose tissue and the right-sided submandibular gland 
(c, short arrow). The lymph node metastasis is seen as well (c, arrow head)
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Additionally, CT offers higher spatial resolution. Thus, PET/CT might remain the 
modality of choice for the imaging of hypopharyngeal and laryngeal tumors, especially 
for smaller ones—although hybrid imaging is performed uncommonly in T1 tumors, 
and such small tumors might be missed completely with any imaging modality [5, 50]. 
There are, however, also studies with small patient cohorts that showed a similar per-
formance of PET/MR and PET/CT in the staging of laryngeal carcinoma [51].

The potential resectability of head and neck tumors depends on several issues 
[52]. Not all of them are part of the TNM staging system, and if they are part, they 
not necessarily denote a T4b stage, which is generally considered unresectable. 
Particularly, the following findings with a head and neck tumor might preclude sur-
gery or lead to a different surgical approach: vascular encasement, invasion of the 
prevertebral space, perineural spread, orbital invasion, bone infiltration, skull base 
invasion, dural infiltration, invasion of the laryngeal cartilage, invasion of the bra-
chial plexus, and mediastinal invasion (Fig.  12.2). For all of these items, except 
bone and cartilage infiltration, PET/MR is expected to yield a higher accuracy than 
PET/CT, although evidence is currently sparse [1, 5, 53]. Particularly in cases of 
perineural spread, PET/MR is expected to be more accurate, owing to the higher 
soft tissue contrast of MR and the availability of differently weighted images [5, 37, 
53]. Both contrast-enhanced MR pulse sequences with and without fat suppression 
may be used for this purpose in general, but preferably non-suppressed sequences 
should be used in the skull base [38, 54].

PET/MR provides no advantage over PET/CT in specifying FDG-positive inci-
dental findings in the head and neck area [55]. Wang and colleagues showed that 
FDG-PET/MR can be used for radiation therapy planning in the head and neck, 
yielding similar gross tumor volumes as contrast-enhanced CT [56].

It is generally agreed upon that local tumor recurrence is best assessed with PET/
MR [39, 57–59]. PET/CT is limited in identifying a morphological correlate for 
focal FDG uptake in the postsurgical head and neck [57, 58]. While PET may guide 
biopsy in such cases, biopsy might be difficult in lesions that are located in so-called 
blind spots, e.g., the piriform sinus or the postcricoid area, or if submucosal tumor 
recurrence is suggested and in-depth biopsy (e.g., using laser) is required. On the 
other hand, muscle tissue of surgical flaps or orthotopic muscle adjacent to such 
flaps might present with unusual and remarkable FDG uptake, owing to increased 
muscle tone as a consequence of the altered anatomy in the postsurgical state [37, 
60, 61]. The higher soft tissue contrast of MR allows for a more specific assessment 
of focal FDG uptake identified on follow-up exams of head and neck cancer patients 
and for a more reliable discrimination of normal muscle and recurrent tumor [24, 
37, 39, 48, 57, 59]. Additionally, DWI may be helpful, particularly in irradiated 
patients [24, 47, 48, 62].

12.3.2  N Staging

The presence of nodal metastases is a very important and independent prognostic 
factor, which worsens the prognosis of head and neck cancer patients [37]. One 
single lymph node metastasis already decreases the overall survival by approxi-
mately 50% [37, 63–65]. The prognosis worsens with the number of lymph nodes 
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involved, with presence of extracapsular spread, and with pathologic nodes in the 
lower neck (e.g., level IV) [37, 64–67].

The probably most important tool in the N staging with hybrid imaging is PET, 
no matter if combined with CT or with MR. Therefore, most studies could not pro-
vide evidence that PET/MR surpasses PET/CT in this field [1, 4, 6, 53, 68, 69]. This 
reflects various previous works on PET/CT, MR, and CT, where a similar accuracy 
of modalities was found, ranging from approximately 60% to 90% with regard to 
sensitivity and specificity [9, 37, 50, 70–72]. One possible advantage of PET/MR 
could lie in the more accurate staging of small nodes, especially those with necrotic 

55.626 
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Fig. 12.2 Esthesioneuroblastoma arising in the ethmoid air cells. The axial non-suppressed (a) 
and coronal fat-suppressed (b) T2-weighted images show a tumor (arrows) in the right-sided eth-
moid air cells. The tumor is of intermediate signal intensity and contains cystic spaces. The osse-
ous nasal septum is infiltrated (arrow head). No extension into the orbita or infiltration of the dura 
is seen; the nasal bone is preserved. The axial non-suppressed (c) and coronal fat-suppressed (d) 
T2-weighted 18F-FDG-PET/MR images confirm high FDG uptake of the tumor (arrows) and 
absence of pathologic FDG uptake in the orbit
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or cystic centers (e.g., with human papillomavirus subtypes 16, 18, or 31), since 
these might be faintly FDG-avid or even not avid but are more easily identified on 
fat-suppressed T2-weighted MR images than on CT [37, 73–75]. Another advan-
tage of PET/MR might be the possibility to acquire a regional PET dataset with 
higher resolution during the regional MR exam, without increasing the total acquisi-
tion time. This might help identify small pathologic nodes. The use of DWI does not 
increase the accuracy of nodal staging with PET/MR [62].

12.3.3  M Staging and Second Primaries

Approximately 10% of all head and neck cancer patients have distant metastases 
upon initial presentation [37]. Per year, another 5% of patients develop second pri-
mary tumors due to field cancerization. The most common site of distant metastases 
and second primaries in patients with head and neck cancer is the lung [9]. Therefore, 
PET/MR in head and neck patients should also incorporate adequate lung imaging 
(see above). Studies have shown that MR lung sequences used in PET/MR, e.g., 
PROPELLER, detect lung nodules of 3 mm [10, 29]. Moreover, more than 98% of 
all FDG-negative subcentimeter lung nodules are benign, and 97% of lung nodules 
missed on PET/MR do not grow [76, 77]. For a more detailed discussion of lung 
nodules, we refer to Chap. 15 of this book.

Another common site for metastases is the skeleton. Here, some studies with 
general oncological cohorts reported a higher confidence in PET/MR than PET/CT, 
although no significant difference was found [2, 78, 79]. Specific studies on bone 
metastases in head and neck cancer patients today are missing.

Altogether, the majority of the currently published studies report a similar accu-
racy of PET/CT and PET/MR in the M staging of head and neck cancer patients [1, 
2, 4, 36]. An overview on published major PET/MR studies is given in Table 12.1.

12.3.4  Lymphoma

The most common type of primary lymphoma of the head and neck region is non- 
Hodgkin lymphoma (NHL). Approximately 90% of NHL of the head and neck are 
of B-cell lineage, while only 10% are of T-cell lineage [80]. Tumors are mainly 
located in the oral cavity, in the nasal cavity, in the paranasal sinuses, and in major 
salivary glands (Fig. 12.3). Approximately one third of head and neck lymphomas 
arise in the bone, one third in soft tissues, and one third in multiple structures [80]. 
More than half of head and neck lymphomas come without pathologic lymph nodes, 
while in the rest nodal involvement may skip anatomical levels. Sinonasal lym-
phoma most often manifests as diffuse large-cell B-cell lymphoma (DLBCL), fol-
lowed by NK/T-cell lymphoma. Sinonasal lymphoma typically presents as a 
comparably homogeneous mass that is of intermediate signal intensity on 
T1-weighted images and of high signal intensity on T2-weighted images. Hodgkin 
lymphoma often also involves neck lymph nodes, but disease is typically not limited 
to the neck, but occurs also in the mediastinum and sometimes in the spleen.
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Table 12.1 Overview on published major prospective studies in PET/MR of the head and neck, 
as of May 2017

First author
Year 
published

PET/MR 
scanner type

Number of 
subjects in 
study Main findings

Reference 
number

Schaarschmidt 2017 Simultaneous 81 Incidental tracer 
uptake in the head and 
neck cannot be classi-
fied more accurately 
with PET/MR than 
with PET/CT

[55]

Wang 2017 Simultaneous 11 Gross tumor volume 
derived by PET/MR 
and CT is similar in 
oropharynx carcinoma 
patients, reverting into 
similar radiation doses

[56]

Sekine 2017 Sequential 58 PET/MR and PET/CT 
are reliable in defining 
head and neck tumor 
resectability

[53]

Cavaliere 2017 Simultaneous 16 PET/MR is useful for 
the initial staging of 
laryngeal cancer

[51]

Sekine 2017 Sequential 27 Whole-body staging 
with PET/MR yields at 
least equal diagnostic 
accuracy as PET/CT in 
head and neck cancer 
patients

[1]

Rasmussen 2017 Simultaneous 21 DWI and FDG-PET 
from PET/MR yield 
similar radiation ther-
apy volumes. FDG 
uptake and DWI do 
not correlate

[32]

Schaarschmidt 2016 Simultaneous 25 PET/MR and PET/CT 
perform equally well 
in tumor staging and 
tumor recurrence 
assessment

[3]

Surov 2016 Simultaneous 11 ADC and SUV are 
correlated with differ-
ent histopathological 
parameters, enabling 
their use as comple-
mentary biomarkers in 
head and neck squa-
mous cell carcinoma

[31]
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Table 12.1 (continued)

First author
Year 
published

PET/MR 
scanner type

Number of 
subjects in 
study Main findings

Reference 
number

Covello 2015 Simultaneous 44 PET/MR is feasible for 
tumor staging and 
tumor recurrence 
assessment

[36]

Rasmussen 2015 Simultaneous 30 FDG uptake in PET/
CT and PET/MR is 
identical and highly 
reproducible

[40]

Varoquaux 2014 Sequential 32 PET/MR and PET/CT 
are equal in terms of 
image quality, lesion 
conspicuity, and lesion 
localization in head and 
neck cancer patients

[8]

Platzek 2014 Sequential 38 PET/MR is equal to 
PET and MR in nodal 
staging

[69]

Queiroz 2014 Sequential 87 PET/MR is preferred 
over PET/CT in the 
workup of head and 
neck tumor recurrence

[57]

Partovi 2014 Sequential 14 PET/MR and PET/CT 
are equal in nodal stag-
ing and detection of 
distant metastases in 
head and neck cancer 
patients

[4]

Kuhn 2014 Sequential 150 T2-weighted PET/MR 
is at least equal to con-
trast-enhanced PET/CT

[5]

Contrast-enhanced 
T1-weighted PET/MR 
is superior to 
T2-weighted PET/MR 
with regard to tumor 
delineation, infiltration 
of adjacent structures, 
and perineural spread

Kubiessa 2014 Simultaneous 17 PET/MR and PET/CT 
perform identically

[6]

Queiroz 2014 Sequential 188 DWI as part of PET/
MR does not provide 
important additional 
information for tumor 
staging

[62]

Platzek 2013 Sequential 20 PET/MR is feasible for 
head and neck tumor 
imaging

[7]
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Specific PET/MR studies on head and neck lymphoma are currently lacking. 
PET/MR experience in more general lymphoma cohorts shows that SUVs from 
PET/CT and PET/MR are strongly correlated [81]. Apparent diffusion coefficient 
(ADC) values of lymphoma are unrelated to the SUV, which supports the assump-
tion that both parameter sets represent independent biological information [81]. The 
diagnostic capability of PET/CT and PET/MR is similar and exceeds whole-body 
MR imaging with DWI [82]. For a more extensive discussion of PET/MR imaging 
of lymphoma, we refer to Chap. 22 of this book.

In summary, PET/MR has advantages over PET/CT in tumors arising in the oral 
cavity and in the oropharynx, as well as in recurrent tumors. The one-stop-shop 
opportunity, the future optimization of MR-based attenuation correction, the incre-
mental use of MR artifact reduction techniques, and the advancement of MR pulse 
sequences dedicated to lung imaging might emphasize the role of PET/MR in the 
imaging of head and neck carcinoma and lymphoma.

12.4  PET/MR Imaging of Thyroid Carcinoma and Other Head 
and Neck Malignancies

The therapy of differentiated thyroid carcinoma requires thyroidectomy along with 
postoperative radioiodine therapy in most cases. Once there is a suspicion of recur-
rence, e.g., with rising levels of thyroglobulin, the detection and localization of 
recurrent tumor is mandatory in order to guide treatment. Recurrence may occur in 
the thyroid bed, in regional lymph nodes and soft tissues, or uncommonly in distant 
sites. The search for recurrent tumor is usually performed with hybrid imaging 
modalities, such as 123I-SPECT/CT or 18F-FDG-PET/CT in case of suspected dedif-
ferentiation. However, abnormal focal radioiodine uptake or 18F-FDG uptake may 
be present without an obvious pathomorphological correlate in thyroid carcinoma 

a b c

Fig. 12.3 Primary lymphoma of the head and neck, arising from the inferior portion of the sub-
mandibular gland. An intensively FDG-avid lesion is seen in the angle of the mandible on the right 
side on contrast-enhanced, fat-suppressed T1-weighted 18F-FDG-PET/MR image (a, arrow). The 
lesion is homogeneously hyperintense on the fat-suppressed T2-weighted image (b, arrow) and 
isointense to muscle on the T1-weighted image (c, arrow). No perilesional stranding is seen in the 
subcutaneous or parapharyngeal adipose tissue. The lesion displaces the superior portion of the 
right-sided submandibular gland. Normal lymphoepithelial tissue with moderate FDG uptake is 
seen as well (arrow heads on a–c)
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patients. This can be either because the pathologic lesions are below the spatial 
resolution of CT or because of certain limitations of the CT protocol. The CT is 
usually acquired as “low-dose” scan, and ideally without intravenous iodinated con-
trast, which would render a subsequent radioiodine therapy futile for a couple of 
weeks.

In this regard, 124I-PET/MR gained some ground. This modality allows for a bet-
ter morphological correlation than PET/CT for characterizing neck tissue, espe-
cially in lesions smaller than 10 mm, thereby improving the pretherapeutic lesion 
dosimetry [83]. These results are not completely reflected in more recent work, 
where 124I-PET/MR was indeed superior to PET/CT in detecting iodine-positive 
lesions, although this remains arguable [84, 85]. Yet, 124I-PET/MR could not distin-
guish thyroid remnant from metastasis, while the volumetric MR information was 
considered useful for dosimetry purposes [84, 85].

In another study, 18F-FDG-PET/MR yielded an accuracy similar to contrast-
enhanced 18F-FDG-PET/CT in patients with suspicion of dedifferentiated thyroid 
cancer, except for the detection of lung nodules, where PET/CT was superior [86]. 
Thus, PET/MR using either 124I or 18F-FDG is recommended at the moment only in 
cases of pretherapeutic dosimetry and when the use of iodine-based contrast medium 
is contraindicated. In all other clinical scenarios, PET/CT should be preferred, 
which also provides shorter acquisition time, better cost-effectiveness, and a some-
what more accurate AC [87].

On the other hand, parathyroid hyperplasia of single or multiple glands might be well 
addressed with PET/MR using 18F-fluorocholine (FCH), which might be useful both for 
diagnosis and pretherapeutic planning (Fig. 12.4) [88]. A prospective pilot study inves-
tigated the performance of 18F-FCH-PET/MR imaging in ten patients with biochemical 
primary hyperparathyroidism and inconclusive results at ultrasound and 99mTc sestamibi 
scintigraphy. This small study reported a sensitivity of 90% for PET/MR in this chal-
lenging patient cohort, without any false-positive results, allowing for an accurate local-
ization of adenomas and providing detailed anatomic information [89].

Other rare tumors of the head and neck, such as those with neuroendocrine dif-
ferentiation (paragangliomas) and meningiomas, may also be imaged with PET/
MR, especially in conjunction with somatostatin analogue radiotracers, such as 
68Ga-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (Tyr3)-octreotate 
(DOTATATE). The combination of specific morphological features of these tumors 
together with 68Ga-DOTATATE uptake allows for an accurate diagnosis and also 
opens the opportunity for peptide receptor radionuclide therapy, e.g., with 
177Lu-DOTATATE, if surgery is not possible [24, 90].

More recently established clinical imaging using 68Ga-labeled prostate-specific 
membrane antigen (PSMA) might gain importance in salivary gland malignancies, 
owing to the comparably high physiologic uptake of 68Ga-PSMA in salivary gland 
tissue. While the primary tumor within the gland and its extent is delineated by the 
MR component of PET/MR, pathologic lymph nodes and distant metastases are 
possibly identified using 68Ga-PSMA-PET [91]. This novel radiotracer might play a 
role especially in those neoplasms, which generally show only faint 18F-FDG 
uptake, such as adenoid cystic carcinoma or acinic cell carcinoma [24, 49]. However, 
comparative studies are currently lacking.
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In summary, the use of PET/MR in head and neck oncology might exceed the 
traditional assessment of head and neck squamous cell carcinoma with 18F-FDG. 
The advent of different tracers in the last decade together with the diagnostic capa-
bility of MR in lesion detection and characterization may facilitate the dissemina-
tion of PET/MR for the imaging of various types of tumors that occur in the head 
and neck.

12.5  Multiparametric PET/MR

PET/MR in head and neck cancer is mainly performed for one or more of the fol-
lowing reasons: TNM staging, surgery or radiotherapy planning, prognostic infor-
mation, therapy response assessment, and detection of tumor recurrence. As with 

a
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Fig. 12.4 Parathyroid adenoma in a patient with hyperparathyroidism and negative ultrasound 
and negative dual-isotope subtraction SPECT/CT. A tiny choline-positive nodule is seen below the 
right thyroid lobe on contrast-enhanced, fat-suppressed T1-weighted 18F-FCH-PET/MR image (a, 
arrow). The nodule is isointense to muscle on the fat-suppressed T2-weighted image (b, arrow), 
hardly visible as isointense to muscle on the T1-weighted image (c, arrow), and does not take 
significant contrast on the contrast-enhanced, fat-suppressed T1-weighted image (d, arrow)
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anatomical MR pulse sequences, the use of functional MR pulse sequences should 
depend on the pertinent clinical information and questions to be answered, in order 
to optimize the study time and prevent a redundancy of information. The following 
paragraphs discuss the most commonly used functional MR pulse sequences that 
might enhance the diagnostic accuracy of PET/MR in head and neck cancer 
(Fig.  12.5). A summary of the potential benefits of each discussed MR pulse 
sequence in comparison to the obligatory PET is given in Table 12.2.

a b c

d e f

Fig. 12.5 Squamous cell carcinoma of the nasopharynx. Multiparametric PET/MR acquisition 
including axial T2-weighted image (a), contrast-enhanced T1-weighted image with fat suppres-
sion (b), perfusion-weighted image map of maximum slope of increase (c), diffusion-weighted 
image (d) and corresponding ADC map (e), as well as co-registered T2-weighted 18F-FDG-PET/
MR image (f) shows a heterogeneous FDG-avid tumor in the right-sided lateral wall of the naso-
pharynx (arrows on a–f). The tumor infiltrates the prevertebral muscles (arrow head on a, b), the 
right-sided hypoglossal canal (short arrow on a and b), the clivus, the parapharyngeal space 
including the carotid space, and the masticator space. FDG-negative fluid retention in the right- 
sided mastoid air cells (gray arrow on a, f) indicates obstruction of the Eustachian tube by the 
tumor and should not be confused with mastoiditis. Vascularization of the tumor is rather poor (c), 
indicating unfavorable response to treatment. The tumor shows restricted diffusion (d, e), compat-
ible with high cellularity, and corresponding to poor differentiation, as revealed by subsequent 
histopathology. Several enlarged and FDG-avid lymph nodes were also seen on the right side (not 
shown)
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12.5.1  Diffusion-Weighted Imaging (DWI)

Application of DWI in MR exams for head and neck cancer has been extensively 
studied and is used for several indications that can be roughly divided into two dif-
ferent scenarios: before and after treatment. The pretreatment scenario provides 
information on primary tumor location, on nodal status, for therapeutic planning, 
and for the prediction of treatment response. In the posttreatment scenario, DWI is 
used for the assessment of therapy response and discrimination of post-therapeutic 
changes and tumor recurrence.

A recent meta-analysis showed no added value of DWI in detecting the primary 
tumor but a potential role in nodal staging, allowing the differentiation of benign and 
metastatic cervical lymph nodes [92]. As to PET/MR, this information is already con-
tained in the 18F-FDG-PET component yet with a higher level of purity [62]. Moving 
from macroscopic imaging tasks, such as staging, to microscopic imaging tasks, the 
situation is different. For the assessment of specific features of tumors and lymph 
nodes, such as their histopathological profile, it was shown that DWI provides infor-
mation that is complementary to the PET-derived information, similarly as shown 
before in other parts of the body [31]. Some tumor characteristics, such as high stro-
mal content and low cellularity, are associated with resistance to treatment and 
increased water diffusivity in head and neck cancers. Thus, in general, high mean 
ADC values are considered predictors of poor treatment response and outcome [93]. 
Studies investigating DWI parameters and clinical outcome have shown that high 
ADC values both in primary tumors and metastatic lymph nodes were able to predict 
tumor relapse, failure of regional control, and poor disease-free survival [94, 95]. On 
the other hand, poorly differentiated squamous cell carcinoma usually presents low 
ADC values and is at higher risk for metastatic disease, being another independent 
biomarker of poor treatment response [96]. This controversy confirms that prognosti-
cation by means of quantitative DWI parameters should be regarded with caution.

For therapeutic planning, DWI has been studied for dose painting in comparison 
to 18F-FDG-PET.  It has been shown that both techniques contain different 

Table 12.2 MR pulse sequence benefits in different clinical scenarios in comparison with PET 
imaging

Imaging 
component

Clinical task

Tumor 
detection

Surgery 
planning

Radiotherapy 
planning Prognostication

Therapy 
response 
assessment

Detection 
of tumor 
recurrence

FDG-PET ++ ++ ++ + ++ ++
DWI + − + ++ + +
DCE − − − ++ + +
Spectroscopy − − − + (+) (+)
BOLD − − − + − −
SPIO + + − − − −
− means no value; (+) means potential indication; + means limited use; ++ means clinically 
useful
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information, which might influence the target volumes of radiotherapy [97]. 
Similarly, Rasmussen and colleagues have recently assessed the overlap of the radi-
ation therapy volume of interest, as measured with DWI and 18F-FDG-PET by mul-
tiparametric PET/MR in patients with head and neck cancer [32]. They showed that 
the target volume for radiotherapy overlapped substantially, although not com-
pletely, suggesting that glucose uptake and diffusion coefficient yield complemen-
tary information, which may be relevant for radiotherapy treatment planning [32].

DWI after treatment provides valuable information for therapy response assess-
ment. A rising ADC value, which may be more reproducible than a single measure-
ment, was described as an early biomarker of response to treatment and might play a 
role when gadolinium cannot be used [98–100]. Treatment-related changes in the head 
and neck region after surgery and radiotherapy limit the discriminability between via-
ble tumor and therapy-induced inflammation. In this regard, DWI might tip the scales 
by showing significant lower ADC values in tumors compared to posttreatment 
changes, especially when using high b-values (higher than 1000 s/mm2) [101, 102].

Some technical issues of DWI need to be addressed. The lack of standardization, 
such as the choice of b-values and the method to draw the ROI, and the high preva-
lence of artifacts (susceptibility and movement) might hamper the image acquisition 
and quality, limiting its reproducibility interindividually and intraindividually [93].

In summary, DWI plays a more complementary than redundant role in the assess-
ment of head and neck cancer using 18F-FDG-PET/MR, with potential clinical ben-
efits in differentiating benign from malignant disease, particularly in the restaging 
after treatment (recurrence vs. inflammation). It may also play a role for therapy 
response assessment—provided the protocol is standardized and pertinent thresh-
olds are being established and validated in future studies.

12.5.2  Perfusion-Weighted Imaging

Dynamic contrast-enhanced (DCE) sequences and dynamic susceptibility contrast 
(DSC) sequences are MR techniques targeting tissue perfusion. They are performed 
after the intravenous injection of contrast medium. Both techniques depict the vas-
cular properties of a lesion, serving as an imaging biomarker of neoangiogenesis 
and hypoxia, which can be used to characterize a tissue as malignant and also to 
predict treatment failure. In head and neck oncology, lesions with high perfusion 
parameters generally tend to show better response to treatment, probably owing to 
more appropriate delivery of the therapeutic agents, but are more likely to develop 
hematogenic metastasis. Some parameters can be extracted from perfusion-weighted 
MRI, both quantitative parameters such as ktrans (derived through pharmacokinetic 
models) and semiquantitative parameters (analyzed by the time-signal intensity 
curve). Several parameters were studied in different clinical settings.

Two main applications of perfusion-weighted MRI in head and neck oncology 
are identified: pretreatment prognostic information and, more commonly, therapy 
response assessment. In general, high ktrans values both in primary tumors and in 
metastatic lymph nodes are related to favorable treatment response [103–105]. 
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However, the lack of standardization of image acquisition and analysis renders 
perfusion- weighted MRI challenging, with oftentimes limited reproducible.

On the other hand, head and neck tumors with higher vascularization are 
candidates to assess treatment response with perfusion-weighted MRI.  In these 
tumors, perfusion parameters might allow an accurate identification of patients 
with improved response to chemotherapy and radiotherapy and prolonged survival. 
This is a reflection of the association of high blood flow and increased oxygen-
ation, resulting in better delivery of the antineoplastic agents and increased radio-
sensitivity [103]. Even more important, change in ktrans after therapy is much more 
consistent than the pretreatment measurement. Recent studies provide preliminary 
data on the parametric response map as an early predictor of treatment efficacy in 
head and neck cancer and also highlight the potential of posttreatment DCE-MRI 
in identifying residual masses [106–108]. Thus, perfusion parameters could help 
to individualize therapy, avoiding unnecessary treatment and improving patient 
survival.

In conclusion, similarly to DWI, perfusion-weighted MR imaging has a potential 
role in the multiparametric analysis of head and neck cancer. Its preferred applica-
tions are most likely the prediction of response to treatment by identifying primary 
tumors with high blood flow and the anticipation of resistance to chemotherapy and 
radiation therapy.

12.5.3  Other Functional MR Techniques (MR Spectroscopy, IVIM, 
and BOLD)

A selection of other functional MR pulse sequences may also aid in the assessment 
of head and neck cancer. Care should be taken on which MR sequence is essential 
for the PET/MR examination and which could benefit patient management without 
increasing the scanning time. Otherwise, the translation of PET/MR into clinical 
routine would be impaired, and PET/MR might only be reserved for special (and 
rare) occasions.

One of the first functional sequences studied was MR spectroscopy (MRS). 
Although challenging due to long acquisition time and complex post-processing 
and analysis, MRS might play a role in tumor prognostication and in monitoring 
treatment response [109]. High choline-to-creatine ratios in primary head and neck 
tumors were observed in patients with poor response to therapy [110]. In the post-
treatment scenario, the presence of a choline peak in a residual mass may serve as a 
marker of residual cancer [111]. However, there are only a few and small studies 
addressing the role of MRS in head and neck cancer. Therefore, one should take into 
account the imaging time available and the expected findings before considering 
including MRS into a PET/MR protocol.

The intra-voxel incoherent motion (IVIM) represents an MR technique that 
allows the simultaneous evaluation of vascularization and diffusion restriction with-
out the use of contrast medium [112]. Thus, the potential applications of DWI and 
MR perfusion might be covered with a single acquisition. IVIM can be used to 

M.W. Huellner et al.



241

characterize head and neck primary tumors and metastatic lymph nodes [113]. It 
was also shown useful for monitoring therapy response, where high perfusion 
parameters were associated with worse clinical outcome, and an increase in IVIM 
parameters (e.g., diffusion coefficient D) was observed in responders [114, 115]. 
However, in our experience IVIM still suffers from considerable field inhomogene-
ities in PET/MR imaging and complex post-processing in general.

Blood-oxygen-level-dependent (BOLD) MR imaging is an indirect biomarker of 
tumor hypoxia, which might reflect resistance to chemotherapy and radiotherapy of 
head and neck cancer and consequently poor outcome. The principle of BOLD 
imaging in oncology is based on tumor oxygenation. It measures the decrease of 
signal intensity on T2*-weighted images owing to the paramagnetic effect of deoxy-
hemoglobin [93]. Although promising, feasible, and potentially reproducible, 
research effort still is needed to prove its efficacy in a clinical environment.

Another potential utility of MR imaging is the use of superparamagnetic iron 
oxide (SPIO) as contrast agent. Although only preliminary data is available to date, 
SPIO MR was shown able to distinguish benign and malignant lymph nodes, which 
is oftentimes difficult with conventional cross-sectional imaging in lesions smaller 
than 1 cm [116]. Such might be useful if the information derived from 18F-FDG-
PET is equivocal.

In summary, the aforementioned functional MR sequences have yet not trans-
lated into clinical routine at most centers. They are time-consuming and their repro-
ducibility is often limited. IVIM has been extensively studied for therapy response 
assessment and may be considered clinically in the future, provided more stable 
acquisition and faster post-processing are available. BOLD imaging might be used 
to predict response to treatment but still lacks consistent literature. MRS is techni-
cally challenging and might be considered mainly for research purposes. Thus, the 
implementation of such MR pulse sequences as part of a clinical PET/MR protocol 
remains questionable, given the compulsory presence of 18F-FDG-PET.  Another 
counterargument is the availability of different radiotracers that image similar bio-
logic processes, such as 18F-fluoroazomycin arabinoside (FAZA) or 
18F-fluoromisonidazole (FMISO) for hypoxia estimation [117–119].

12.6  Summary

The use of PET/MR gains ground on PET/CT for the assessment of head and 
neck tumor patients. Once certain technical challenges are solved, such as a further 
improvement of lung imaging and more robust attenuation correction methods, 
e.g., by using zero echo time MR pulse sequences, a stable and reliable clinical 
hybrid imaging modality is at hand. This happens parallel to the clinical imple-
mentation of new PET radiotracers, the validation of existing clinical PET radio-
tracers for new indications (e.g., parathyroid imaging with 18F-fluorocholine), and 
an increase in the availability of functional MR techniques. Altogether, there is 
prospect of a more sophisticated and complementary characterization of complex 
biological processes. The combined assessment of different tumor features, such 
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as glucose metabolism, cellularity, and vascularization, opens up possibilities for a 
more detailed characterization of the primary tumor and for the prognostication of 
therapy response and clinical outcome. Therefore, PET/MR represents the optimal 
non-invasive diagnostic tool for a personalized therapeutic approach in head and 
neck cancer patients.
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Technical way of lung nodule examination is strongly dependent on the size of the sus-
pected lesion. In patients without risk factors for malignancy, lung nodules of ≤6 mm 
are regarded as unspecific [1]. CT examinations are usually performed in pulmonary 
nodules ≤5 mm surrounded by lung parenchyma, since PET and MRI examinations are 
more reasonable in lesions of ≥7 mm [2]. CT findings describing benign lesions are 
calcifications within the lesion, density values ≤10 HU, and the absence of changes in 
size over 2 years. As stated by the Fleischner Society, the need for further investigations 
of lung nodules is dependent on nodule diameter and on patients’ risk factors [1]. The 
presence of risk factors might result in additional contrast-enhanced CT examinations, 
PET examinations, or biopsies. Concerning PET/CT, recent publications stated values 
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for sensitivity and specificity between 90 and 95% for PET imaging in lung nodules 
≥7 mm (Fig. 13.1) [3–6]. Superiority of FDG PET/CT over conventional CT for the clas-
sification of pulmonary nodules of all sizes was reported in huge meta-analyses with 1474 
and 344 patients [7, 8]. According to the above blank space mentioned meta-analyses, the 
use of FDG PET/CT resulted in fewer unclear imaging findings. Limitations due to 
motion blur in small lung nodules might be overcome by new generations of PET/CT 
scanners that offer the possibility of respiratory triggering, which might enable for PET 
examinations of lung nodules with a diameter ≥3 mm [9]. In cases of FDG-equivocal 
findings, dual- time- point FDG PET with an additional PET scan 2–3 h after the admin-
istration of the radiopharmaceutical are reported to be beneficial (Fig. 13.2) [10]. Due to 
tumor biology, an increased glucose metabolism over time is found in malignant tissue 
compared to surrounding normal tissue, measurable during the first 8  h after FDG 
administration. With respect to the first scan 1 h after administration, an increase in 
SUVmax of >30% in the delayed scan can be seen as an indicator for malignancy, while 
a decrease of SUVmax of >10% indicates benignancy, both with a sensitivity of 95–99%. 
Despite the abovementioned advantages of PET/CT, there is a diagnostic gap in slow-
growing lepidic adenocarcinomas and neuroendocrine tumours with missing increase of 
SUVmax, which might potentially lead to false negative results in FDG PET/
CT. Especially in neuroendocrine tumors of high differentiation, which usually present 
with an increased number of somatostatin receptors on their surface, an additional soma-
tostatin receptor scintigraphy using the somatostatin analogue Tc-99m depreotide or 
DOTATOC-PET/CT with a higher spatial resolution [11] can help to complete TNM 
staging. Sensitivity and specificity levels among 85–90% have recently been reported 
for Tc-99m depreotide scintigraphy, wherefore positive findings were proposed as an 
independent criterion for malignancy. Due to the fact that depreotide SPECT and 
DOTATOC-PET/CT are false negative in most cases of undifferentiated tumors, both 
methods should be used complementarily in order to display the true differentiation of 
an unclear lung lesion [5, 12, 13].

The use of MRI and PET/MRI examinations is part of ongoing research. As 
reported recently, nodules ≥3–4 mm can be detected by the MR component with a 
sensitivity of 80–90% [14]. Especially the use of short inversion time inversion-
recovery sequences (STIR), diffusion-weighted sequences (DWI), and liver acceler-
ated volume acquisition (LAVA) images in integrated PET/MRI might possibly 
improve the discrimination between benign and malignant pulmonary nodules [15, 
16]. Recently published data also suggest the use of 3D Dixon-based, dual-echo 
GRE pulse sequences in whole-body PET/MRI with comparable sensitivities and 
specificities for the detection of pulmonary nodules as compared to low- dose CT 
and combination with PET [17]. Use of contrast-enhanced VIBE sequences in inte-
grated PET/MRI significantly improves detection rate of lung nodules, but espe-
cially for small nodules detection rate of PET/MRI is still inferior compared to 
diagnostic CT examinations of the chest within an integrated PET/CT scan [18]. 
Moreover, a superior role of MRI and PET/MRI over CT and PET/CT has been 
reported in several studies for the examination of pleural infiltration (Fig. 13.3) and 
chest wall or bone infiltration in cases of Pancoast tumors (Fig. 13.4) [27].

Regarding therapeutic stratifications in patients suffering from NSCLC, PET/CT 
and PET/MRI led to comparable therapeutic decisions in a cohort of 77 patients 
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[19]. A prospective trial with 45 NSCLC patients comparing PET/MRI and PET/CT 
for preoperative staging showed comparable results in terms of primary tumor 
assessment and nodal staging, with minor discrepancies in terms of M staging. 
Therefore, authors concluded that PET/CT and PET/MRI showed comparable 
results for preoperative NSCLC staging, with a significantly reduced radiation dose 
in PET/MRI (−31.1%) [20]. In a cohort of 123 patients with different types of con-
firmed primary cancer, PET/MRI was described as a feasible whole-body imaging 
modality with advantages for the detection of brain metastases as compared to PET/
CT [21]. On the other hand, a prospective trial with 42 patients comparing PET/
MRI and PET/CT for staging reasons in NSCLC patients stated that PET/MRI with 
fast MR protocols did not improve the diagnostic accuracy of the staging of NSCLC 
[22]. Thus, a potential additive value of PET/MRI compared to PET/CT in lung 
cancer staging is not yet proven.

In cases of unclear lung lesions, histological tissue sampling is often manda-
tory for therapy stratification. Usually, lung nodules are diagnosed by means of 
transbronchial biopsy, thoracoscopy, thoracotomy, or in cases of unclear medias-
tinal lymph nodes by mediastinoscopy. In cases of peripheral lung nodules, mini-
mally invasive CT-guided transthoracic needle biopsies are often performed, 
especially in patients with severe comorbidities [23]. As reported by case reports, 
transthoracic needle biopsies can result in seed metastases along the access chan-
nel [24–26], moreover in pneumothorax or bleeding. Nevertheless, seed 

Fig. 13.3 FDG-PET/MRI with tumour infiltration of visceral pleura

a b c

Fig. 13.4 FDG-PET/CT and PET/MRI of patient with pancoast tumour and infiltration of verte-
bral spine
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metastases were rather uncommon in a retrospective analysis of 250 patients [23]. 
According to mentioned risks of invasive lung nodule assessments, use of inte-
grated FDG PET/CT is a cost- efficient alternative to invasive lung nodule exami-
nations, especially in cases of benign findings in PET indicated by the absence of 
increased FDG uptake [27, 28], thus reducing need for invasive lung nodule 
examinations.

13.1  Texture Analysis and Image Processing in Lung Cancer

Texture analysis (TA) refers to characterizing the spatial variation of pixel intensities 
in an image and describing the characteristic of image properties by textural features. 
TA is a quantitative approach for analyzing changes in the biomedical image “tex-
ture” that result from changes in pathology that are too subtle to detect visually. 
Therefore, TA can be applied as a noninvasive tool for diagnosis, prognosis, and 
characterization of tumors. Before applying TA, the biomedical images are usually 
preprocessed by filtering for noise removal and image enhancement followed by 
discretization of voxel values. Approaches for TA can be classified in four major 
categories—structural methods, model-based methods, statistical methods, and 
transform-based methods [29]. Structural method of TA characterizes an image by 
plausible underlying hierarchal structures [30]. Model-based methods are based on 
the concept of representing image by using sophisticated mathematical model [31, 
32]. Statistical methods describe the image using pure numerical analysis of the dis-
tribution of pixel intensity values; in this category gray-level co-occurrence matrix 
(GLCM) proposed by Haralick [33] and gray-level run length matrix (GLRLM) [34] 
are commonly used statistics. Figure 13.5 showing the commonly used features for 
textural analysis using GLCM and GLRLM. Transform-based method of TA such as 
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Fourier [35], Gabor [36], and wavelet [37, 38] transform represents the image in 
a space whose coordinate system has an interpolation that is closely related to 
characteristics of texture. Here a brief review on application of TA in diagnosis, 
prognosis, and characterization of lung lesions and thoracic malignancies has 
been provided. Most studies investigated TA on CT or FDG PET/CT images 
because these modalities are more commonly used in lung cancer imaging than 
MRI [39].

Petkovska et  al. [40] analyzed GLCM features on contrast enhancement 
maps (CEM) of indeterminate lung nodules imaged with contrast-enhanced CT 
to distinguish benign from malignant lung nodules. Pre- and post-contrast series 
were subtracted volumetrically and the subtracted voxels in 3D region of inter-
est (ROI) covering lung nodules were quantized into seven color-coded bins to 
form a CEM.  Fourteen textural features were statistically analyzed to give a 
single aggregate factor as an indicator of malignancy and the receiver operating 
characteristic (ROC) curve analysis produced good discrimination between 
malignant and benign lesions with area under curve (AUC) of 0.84. Son et al. 
[41] analyzed the CT findings of ground-glass nodules (GGNs) diagnosed 
pathologically as adenocarcinoma in situ (AIS), minimally invasive adenocarci-
noma (MIA), and invasive adenocarcinoma for investigating whether quantita-
tive CT parameter evaluation enables for the distinction of invasive 
adenocarcinoma from preinvasive or minimally invasive adenocarcinoma. 
Unenhanced CT scans of 178 patients with a total of 191 GGNs were assessed 
for tumor size in lung setting/mediastinal setting, density, volume, and mass. 
Histogram analysis of CT attenuation values within tumor ROIs was performed, 
and tumor heterogeneity was quantified by calculating texture parameters’ uni-
formity and entropy. Two significant factors, the 75th percentile CT attenuation 
value (≥2470  HU) and entropy (≥7.90), have shown statistical significance 
independently in predicting invasive adenocarcinoma, and combined ROC anal-
ysis produced AUC of 0.78. Chae et  al. [42] retrospectively investigated the 
value of three-dimensional texture features for differentiation of preinvasive 
lesions from invasive pulmonary adenocarcinomas (IPAs) that manifested as 
part-solid ground-glass nodules (GGNs). IPAs and preinvasive lesions showed 
significant differences in histograms and with volumetric parameters such as 
mass, kurtosis, and entropy (P < 0.001).

In a retrospective pilot study Ganeshan et al. [43] measured fine to coarse texture 
patterns in CT images of non-small-cell lung cancer (NSCLC) and compared the 
measured parameters—mean grey intensity (MGI), entropy (E), and uniformity 
(U)—in tumor ROI with tumor FDG uptake (SUV) and stage as determined by the 
clinical report of the PET/CT imaging. Coarse texture features correlated with 
tumor SUV, whereas fine texture features correlated with tumor stage. In another 
study Ganeshan et al. [44] investigated the efficacy of tumor heterogeneity quanti-
fied by CT TA in NSCLC to establish an independent marker for patient survival. A 
total of 54 patients with primary pulmonary lesions were undergone FDG PET/CT 
for staging and monitored up to minimum follow-up period of 30 months to obtain 
the survival time. CT images were processed to derive images with, and fine to 
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coarse texture and uniformity in tumor ROI were evaluated. CT texture feature and 
PET stage found to be statistically significant in predicting survival of patients inde-
pendently. Same methodology for texture feature extraction was applied in another 
study by [45] to differentiate between malignant and benign lymph nodes in the 
mediastinum in 29 patients suspected for lung cancer. Ravanelli et al. [46] evaluated 
texture features using Laplacian of Gaussian filtering on contrast-enhanced CT 
images of advanced NSCLC in 53 patients to predict responsiveness to chemother-
apy. Response to chemotherapy was evaluated according to RECIST1.1 [47]. 
Product of uniformity and mean post-contrast gray level of the lesions correlated 
well with treatment response for adenocarcinoma group, whereas no association 
between texture features and chemotherapy response was found in the non- 
adenocarcinoma group.

Wu et al. [48] implemented an artificial neural network-based model to classify 
malignant from benign solitary pulmonary nodules (116 malignant and 86 benign) 
in CT images of 202 patients. Combination of 12 subjective radiological features 
and 13 quantitative GLCM textural features were used in the discrimination model. 
Logistic regression framework was applied to select predictive features. Eight 
radiological and two textural features were obtained after the Lasso-type regulariza-
tion procedure. While only radiological features achieved AUC of 0.84 in differen-
tiating between malignant and benign lesions, model selected feature combination 
improved the AUC to 0.91. Dhara et al. [49] extracted GLCM texture features in 3D 
volumetric data of lung nodules. The optimal texture features were determined, and 
an ANN framework was applied to classify solitary pulmonary nodules (SPNs) 
from ground-glass nodule (GGN). They compared the classification using 3D tex-
ture features and 2D texture features, and 3D texture features found superior with 
97.17% accuracy, while 2D texture features secured 89.1% accuracy.

Ramalho et al. [50].proposed a novel method for lung disease detection based on 
feature extraction using co-occurrence statistics framework inspired by Haralick 
feature extraction method. The experimental results achieved 96% accuracy in clas-
sifying normal lungs and diseases as chronic obstructive pulmonary disease (COPD) 
and fibrosis using extreme learning machine neural network (ELMNN). Liu et al. 
[51] investigated CT-based radiomic features in peripheral lung adenocarcinomas to 
predict epidermal growth factor receptor (EGFR) mutation status in 298 patients. A 
total of 219 quantitative 3D features, divided into eight categories, including tumor 
size, shape, location, air space, pixel intensity histogram, run length and co- 
occurrence, Laws’ texture, and wavelets, were extracted from segmented volumes 
of each tumor. They found 11 CT-based radiomic features had significant associa-
tion with EGFR mutations. Dennie et  al. [52] in a retrospective study evaluated 
GLCM texture features in contrast-enhanced (CE) and/or non-contrast-enhanced 
(NCE) CT images of primary lung cancer and granulomatous nodules in 55 patients. 
They concluded that TA on NCE CT was more sensitive, specific, and accurate than 
FDG PET/CT in differentiating primary lung cancers from granulomatous lesions.

There are studies that investigated model-based TA using fractal geometry to 
estimate geometrical complexity and irregularity of shapes and patterns involved in 
lung tumor for discriminating lung nodules [53]. Kido et al. [54] measured fractal 
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dimensions (FD), 2D FD in binary image, and 3D FD in gray-level image of small 
peripheral pulmonary nodules in 70 patients with different types of bronchogenic 
carcinomas and 47 patients with benign pulmonary nodules. Fractal dimensions 
reflect the discriminating characteristics of the lung-nodule interfaces of small 
peripheral pulmonary nodules. Bronchogenic carcinomas had higher FD values, 
indicating greater structural complexity. In a similar study by Al-Kadi and Watson 
[55] aggressiveness of lung tumors was assessed using fractal analysis of contrast- 
enhanced CT-image time series. They found that the FD of lung-tumor tissue was 
higher than that of normal lung tissue and that tumor FD was strongly correlated 
with FDG PET SUVs. They concluded that more aggressive tumors (stages III–IV) 
had a higher FD compared with nonaggressive tumors (stage I), and the accuracy of 
classification of advanced-stage and early-stage tumors based on FD analysis was 
83.3%. Miwa et al. [56] have shown that FD analysis of FDG uptake in PET image 
could differentiate malignant and benign pulmonary nodules. They reported that 
heterogeneity of FDG uptake in the nodules was significantly lower in malignant 
non-small-cell lung cancer than benign nodules (P < 0.05).

Parmar et  al. [57] extracted radiomic features based on histogram, GLCM, 
GLRLM, shape, and wavelet features from pretreatment computed tomography 
(CT) images and performed disease-specific cluster analysis to identify feature 
association to patient survival and tumor stage. In another study [58] prediction of 
adenocarcinoma recurrence was investigated using wavelet-based textural informa-
tion evaluated from presurgical CT images of 101 patients with surgically resected 
stage I adenocarcinoma. Derived predictive models from wavelet analysis differen-
tiated recurrence and nonrecurrence groups with AUC = 0.8.

Several studies involving CAD system designing have tried to map clinical infor-
mation with estimated quantitative image texture features that can help in detection 
and diagnosis of pulmonary nodules and medical image retrieval [59–62]. McNitt- 
Gray et  al. [63] used nodule size, shape, and GLCM texture features to classify 
malignant and benign nodules. Wang et al. [64] implemented multilevel binomial 
logistic prediction model-based CAD method to detect SPNs in 185 patients. 
Among 14 GLCM features, five texture features, including inertia, entropy, correla-
tion, difference-mean, and sum entropy, were statistically different (P  <  0.05) 
between benign and malignant SPNs. Raicu et  al. [65] investigated correlation 
between semantic characteristics (tumor shape and density) and image features of 
pulmonary nodules in 29 thoracic CT scans and evaluated their prediction capability 
in diagnosing lung nodules. Among image features 35 textural features were 
extracted using GLCM and Gabor filtering. High correlations between different 
semantic terms and promising mappings from image features to certain semantic 
terms were found. Lam et al. [66] concluded that Gabor texture features produced 
the best retrieval results regardless of the nodule size, number of retrieved items, or 
similarity metric than GLCM or Markov texture features in their content-based 
image retrieval (CBIR) system.

TA of lung cancer images has been applied successfully to FDG PET and CT scans. 
Studies on lung cancer have shown that TA may have a role in characterizing tumors and 
predicting treatment response [67]. However, there are lack of standardized methodol-
ogy and data integration in studies involving TA. TA in medical image analysis needs to 
be uniform, reproducible, and clinically validated to be successfully deployed.
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Breast cancer is the most common cancer in women worldwide and represented 
more than 25% of the newly diagnosed cancer cases in women in 2012 [1]. PET/CT 
is recommended in the clinical workup of advanced breast cancers and in cases of 
breast cancer recurrence [2, 3] and may also be proposed in treatment monitoring 
[4]. PET/MRI is a new imaging technique which is now being used clinically in 
different countries, and which may replace PET/CT in some selected breast cancer 
patients, when available [5]. A detailed description of advantages and indications of, 
respectively, PET and MRI techniques taken separately in breast cancer patients is 
beyond the scope of the present work and has already been reviewed elsewhere by 
our group [5]. We will focus upon the technical advantages and disadvantages of 
combined PET/MRI acquisitions in breast cancer patients from diagnosis to follow-
 up. In this chapter, we cover the specificities of PET/MRI in terms of quantification 
and provide a summary of the different protocols performed in breast cancer PET/
MRI imaging. We will also discuss the clinical advances for patient management, 
the potential improvements that may occur in the future, as well as the future role 
that may be given to this technique.

14.1  Technical Aspects of Hybrid PET/MR in Breast Cancer

14.1.1  Technical Advantages of PET/MRI over PET/CT for Breast 
Cancer Patients

Compared to PET/CT, ionizing radiation delivered to the patients is lower with PET/
MRI: the analysis of Melsaether et al. showed that the dose reduction obtained with 
breast cancer PET/MRI in comparison to PET/CT could be up to 50%, when includ-
ing a fully diagnostic CT protocol [6]. It should be noted, however, that the CT-related 
dose is constantly decreasing, e.g., thanks to the availability of iterative CT recon-
struction providing high-quality images with lower exposure. This reduction of radi-
ation dose may have an interest particularly for younger patients with advanced but 
curable disease who may need to be scanned several times during their clinical 
workup without increasing the risk of radiation-induced secondary cancer, while 
they are often already enduring chemotherapies and irradiation from radiotherapy. 
Moreover, in a near future, selected patients may benefit from different PET acquisi-
tions with several new PET radiopharmaceuticals to better characterize the primary 
and metastatic lesions, which will help in the treatment planning, and using PET/
MRI instead of PET/CT will help reduce the total radiation burden. However, it 
should be noted that the dose injected to patients can be reduced with the use of PET 
with time-of-flight detectors, which are increasingly available on new PET/CT and 
some PET/MRI systems. In this case and given the recent advances on dose reduc-
tion for CT, this argument may be discussed. With comparable PET sensitivity, the 
ionizing dose associated with PET/MRI will always be lower than with a PET/CT.

The major advantage in performing PET/MRI instead of PET/CT in breast can-
cer patients is the ability to obtain a much better tissue contrast on specific morpho-
logical sequences when investigating breast and the most common metastatic sites, 
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in breast cancer, namely, the bone and liver, even when no contrast agent is injected, 
in comparison to what can be obtained with unenhanced or even enhanced CT [5]. 
However, for total body acquisitions that are used for attenuation correction, spatial 
resolution of MRI is significantly inferior to CT. Dedicated imaging of total body 
can be added to a PET/MRI protocol but is more time-consuming than a total body 
CT. Moreover, different MRI sequences such as functional MRI can be performed, 
which give information that cannot be obtained from CT. The clinical impact of 
performing PET/MRI instead of PET/CT on lesion detection will largely depend 
upon the MRI protocols that have been chosen, as we will detail in the next 
paragraph.

14.1.2  Technical Challenges of PET/MRI Compared to PET/CT 
in Breast Cancer Imaging

Although some important advances have been made, attenuation correction maps 
obtained with PET/MRI can still be improved in comparison to what is obtained 
with PET/CT. The attenuation map obtained from CT is directly dependent on the 
electronic density of each tissue and structure which is used to estimate the linear 
attenuation coefficients for 511 KeV photons. In PET/MRI technologies, creating a 
precise attenuation map is more complex. A 3D T1-weighted whole-body MRI 
sequence is used to delineate automatically 3- or 4-class tissue types and obtain a 
3D attenuation map. In the 3-class tissue-type MR-derived attenuation maps, differ-
ent attenuation coefficients are given to the lung, to the rest of the “soft” tissues 
taken together (including the bone, fat, and different organs), and to the air. In the 
4-class tissue-type attenuation map, a different attenuation coefficient is given to the 
fat as well as to the air, to the lung, and to the rest of the “soft” tissues [7, 8]. In both 
3-class and 4-class compartment MR-derived attenuation maps, the standard uptake 
values (SUVs) measured in normal organs were reported to be significantly under-
estimated in comparison to SUVs obtained on PET/CT acquisitions [9]. In particu-
lar, as no specific attenuation coefficient is given in either of these two cases to 
bones, which attenuate more photons than soft tissues, there is a higher underesti-
mation of SUVs in and near bones, which could potentially be misleading when 
trying to characterize a lesion adjacent to bone or a bone lesion [9], especially for 
sclerotic bone metastases for which this underestimation is the highest [10]. Several 
groups are trying to improve these attenuation correction maps as will be detailed in 
paragraph 1.3.

Taking into account rigid coils is quite straightforward since they are always 
positioned at the same place on the MRI table, and a simple attenuation map can be 
created by digitally adding the table and coils to the estimated attenuation of the 
individual. However, it is more challenging to account for nonrigid surface coils 
since their position is unknown for every individual case.

An associated issue is that artifacts in the MR-based attenuation correction 
(MRAC) map should systematically be checked and ruled out in order to avoid 
misinterpretation or false SUV measurements [9].
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As we previously reported, an overestimation of scatter events coming from a 
high cardiac metabolism may occur during the scatter correction performed on the 
dedicated PET acquisition in the specific breast coil, resulting in a low PET activity 
in a region located on the opposite side of the heart [5]. More precisely, this artifact 
can occur in the region of the right breast, which can make difficult the characteriza-
tion of some breast lesions. This can be corrected with better defined scatter correc-
tion algorithms or by avoiding scatter correction during PET images reconstruction, 
as shown on Fig. 14.1 [11].

a

b

Fig. 14.1 Scatter overestimation artifact. Axial, PET/MRI (a), and 18F-FDG PET (b) in prone 
position illustrating the artifact due to overcorrection of scatter contralateral to the high cardiac 
activity, with impact on detectability of potential lesions and on quantification
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Other artifacts have been described on 18F-FDG PET/MRI mammography by 
Cho et al. however without impact on clinical diagnosis [12].

Finally, depending on the protocol and especially the different MRI sequences 
that are performed, PET/MRI can be more or less time-consuming. With the current 
protocol in the Philips sequential unit, the total acquisition time is of 90 min, with a 
dedicated breast MRI exam and additional whole-body sequences that offer very 
limited spatial resolution. If one opts for optimal whole-body MR imaging, acquisi-
tion time will be very high, and cost-effectiveness issues can arise. One must make 
sure that the PET/MRI workflow is optimized, by avoiding, for example, MRI 
sequences that would eventually be redundant with the information given by PET 
images. Cost-effectiveness studies are also needed to better justify the use of PET/
MRI in clinical routine, as it remains an expensive technology.

14.1.3  Quantification in PET/MRI in Comparison to PET/CT

Comparing the quantitative measures in vivo from PET/MRI and PET/CT is ardu-
ous for different reasons, including the fact that there is a mandatory time interval 
between both acquisitions and a varying biodistribution of radiotracers in the differ-
ent organs during that time. For example, 18F-FDG accumulates through the time 
and is washed out more slowly in most malignant lesions in comparison to normal 
tissues. However, some publications dealing with different cancer types and using 
different radiotracers, but mostly 18F-FDG, showed that the SUVs calculated on 
PET/MRI devices could be different but well correlated to the values obtained on 
PET/CT [9, 13–17]. In each of those studies except for the study from Varoquaux 
et al., PET/MRI was performed after PET/CT, and this delayed PET/MRI acquisi-
tion may have changed the quantification results, for malignant lesions in particular, 
as delayed acquisition is known to improve contrast and lesion detection.

Moreover, a comparison between studies dealing with quantification is made dif-
ficult by the fact that different PET/CT scanners and different PET/MRI models are 
involved, and SUV values depend a lot from the scanning technology and data pro-
cessing protocols such as the different reconstruction parameters used, which are 
quite heterogeneous in the literature.

However, some studies compare the SUVs obtained from PET/CT and PET/
MRI, such as one from Pace et al. in 36 breast cancer patients, who found equivalent 
performances in terms of lesion detection and a strong correlation between quantita-
tive measures performed on both devices [18]. Pujara et  al. also found a strong 
organ-specific correlation of PET/CT and PET/MRI quantitative measures of metas-
tases, including bone metastases [19]. The SUVs of those metastases obtained with 
both devices were not significantly different [19]. However, there was a moderate 
correlation in most normal structures such as breast, bone, lung, liver, and axillary 
lymph nodes. Consequently, the ratio of metastasis activity divided by background 
activity, such as normal liver activity, could be significantly higher from PET/MRI 
in comparison to those obtained from PET/CT, and if such a ratio should be used to 
characterize metastatic lesions, the reference thresholds should be calculated 
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specifically from PET/MRI devices, and not simply extrapolated from studies per-
formed on a PET/CT device.

Finally, it is preferable that whenever possible follow-up images are acquired 
using the same device in order to be able to compare more reliably lesions’ activity 
and to appreciate better the clinical evolution.

14.1.4  MRI Protocols

The MRI protocols used for PET/MR vary a lot from a center to another, depending 
on the device available and the physicians’ habits, which make it difficult to glob-
ally compare PET/MRI’s performances to PET/CT’s [5]. For example, a specific 
breast MR coil can be used or not, and specific MRI sequences must be performed 
to correctly visualize the common metastatic sites in breast cancer patients. Indeed, 
it has been shown by Appenzeller et al. that the sequence they used for attenuation 
correction (a Dixon-based T1-weighted 3D gradient echo MR sequence performed 
with a body coil) was not sufficient to obtain the same diagnostic accuracy as a 
standard low-dose PET/CT [20]; this is the reason why most PET/MRI protocols 
include additional whole-body sequences (such as T2 turbo spin echo (TSE) or 3D 
T1 gradient echo with a higher resolution).

In our institution, and in breast cancer patients, whole-body MRI sequences are 
performed in supine position for distant staging and include a T2 TSE in coronal 
plane (spatial resolution 1.5 × 1.5 × 8 mm3) for a better morphological characteriza-
tion. A 3D T1-weighted gradient echo sequence using Dixon technique (spatial 
resolution 0.9 × 0.9 × 6 mm3) to suppress the fat signal is added and has the advan-
tage to produce four contrasts (T1-weighted in-phase and out-phase images, water, 
and fat images). A similar sequence with a lower resolution (3D T1 FFE) is per-
formed in order to create an attenuation correction map (spatial resolution 
2 × 2 × 6 mm3). A whole-body PET scan follows. A whole-body diffusion sequence 
was initially added to the MRI protocol, typically with b-values of 0 and 800 mm2/s 
(spatial resolution 1.5 × 1.5 × 7mm3), but was abandoned as time-consuming and 
still controversial in the literature due to the redundant information it brings com-
pared to PET [21, 22].

Although the Philips dedicated PET/MRI breast coil has not received FDA 
approval yet for clinical use, it allows the acquisition of high-quality breast PET 
and MRI: we perform T2 TSE and diffusion weighted (DW) sequences with 2 
b-values in the axial plane in the breast and axillary regions, the patient being 
placed in prone position. A dynamic contrast-enhanced (DCE) 3D gradient echo 
T1-weighted sequence is then performed eventually with fat saturation, and 
some subtracted images can be created from an unenhanced acquisition com-
pared to different enhanced series. In order to obtain good MRI image quality, 
premenopausal female patients should be investigated between days 5 and 12 of 
the menstrual cycle [5]. A breast PET acquisition follows in the same position, 
approximately 120 min after the injection of 18F-FDG. This late acquisition can 
be useful in better characterizing an inconclusive breast lesion because the 
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18F-FDG accumulates over time in most breast malignancies, more importantly 
in invasive versus noninvasive breast lesions [23]. Moreover, analyzing dual 
time point 18F-FDG-PET with a first acquisition starting 55–60 min after FDG 
injection and a second acquisition starting 110–120 min after FDG injection has 
shown a higher sensitivity in detecting cancers in dense breasts or small cancers 
(less than 1 cm) than analyzing each PET acquisition separately [23]. It is still 
not feasible to perform the whole-body acquisition in prone position on the 
breast coil, which would have the advantage of avoiding a position change for 
the patient: in prone position, the patient’s back is too close to the magnet, and 
most of the time, the image of the back is truncated. Depending on their mor-
phology, some patients can unfortunately not even enter the MRI’s bore. The 
total acquisition time for whole-body and breast PET/MR is approximately 
90  min [24]. As illustrated in an atlas published in 2013, high-quality breast 
PET and MRI sequential acquisitions on this Philips PET/MRI unit can be 
obtained [25].

The Biograph mMR device allows a simultaneous acquisition of PET and MRI 
and is equipped with multiple integrated radiofrequency PET-compatible surface 
coils that can cover the entire body [6, 18]. In the specific case of breast cancer 
patients, and when no specific breast coil is used for an additional breast PET/MRI, 
whole-body PET/MRI can be performed within approximately 45  min to cover 
patient’s body from the thighs to the vertex, including 6–7 stations, according to 
patient’s height [19]. Depending on the duration of MRI acquisitions at each station, 
there is enough time to perform simultaneously a high-quality PET acquisition. A 
6 min per station whole-body PET acquisition has been reported [6, 19]. Concerning 
the MRI protocol, this group acquired a 3D T1-weighted Dixon coronal volumetric 
interpolated breath-hold (VIBE) sequence for MR attenuation correction to obtain a 
4-class tissue-type attenuation map, a 3D T1-weighted radial gradient echo (radial 
VIBE), and a 2D double-refocused echo-planar diffusion weighted imaging, all 
three acquisitions being performed in supine position [6, 19]. An MRI contrast 
agent was injected during the liver station.

However, in the study from Pujara et al. no specific breast PET/MRI was acquired 
[19]. The use of specific four-channel breast coil by Aklan et  al. was however 
reported with success in 2013 [26]. Later, a 16-channel receiver breast PET/MRI 
coil prototype was tested by Dregely et al. allowing state-of-the-art MRI acquisi-
tions, but the quality of PET images had yet to be validated in vivo [27]. After fur-
ther development, Oehmingen et al. published excellent results with the same coil 
with high MRI and PET quality and accurate quantification [28]. Grueneisen et al. 
also used a dedicated 16-channel radiofrequency breast coil for 49 patients with 
high diagnostic performances for local and axillary staging, and distant staging was 
performed with PET/CT alone and not with PET/MRI [29]. The breast MRI 
sequences performed in this study were an axial T2 TSE sequence, an axial T2 turbo 
inversion recovery magnitude (TRIM) sequence, and an axial diffusion weighted 
(DW) echo-planar imaging (EPI) sequence. A dynamic T1-weighted contrast- 
enhanced 3D fast low-angle shot sequence (FLASH) was also performed, followed 
by a 2D FLASH sequence [29].
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The SIGNA PET/MR system (GE) benefits from a new generation solid-state 
digital photomultiplier technology that was recently introduced, this is thus the first 
PET insert with time-of-flight technology, which is not available on the Siemens 
mMR Biograph. TOF offers improved spatial resolution and efficiency, and high 
image quality, although the clinical benefit is not proven yet. However, at the time 
writing this book chapter, no publication relates specific results of PET/MRI imag-
ing for breast cancer patients with this system.

14.2  Clinical Data Regarding PET/MR Imaging 
in Breast Cancer

Several studies are now available concerning PET/MRI’s performances in breast 
cancer patients. Some of them globally compare PET/MRI to PET/CT in terms of 
quantitative measurements on both PET acquisitions, as cited before [18, 19], and 
others deal with lesion detection more globally. We will now describe their results 
in different indications in breast cancer patients: staging, evaluation of response to 
therapy, and detection of recurrence and restaging.

14.2.1  Breast Cancer Staging

Breast cancer staging is crucial before deciding which treatment the patient can 
benefit from and to estimate prognosis. Contrary to PET/CT, PET/MRI has the 
advantage of being able to perform an accurate local staging in addition to regional 
and distant staging: dedicated breast MRI sequences in PET-compatible breast coils 
can be obtained with the same image quality that can be done on an MRI device. 
Moreover, the physicians’ confidence in their diagnosis when interpreting co- 
registered PET and MRI images together is increased [30–32].

PET/MRI performances in breast cancer local, regional, and distant staging are 
discussed in the following sections.

14.2.1.1  Local Assessment of Breast Cancer
Contrary to CT, if specific breast images in a dedicated coil are performed, MRI 
can be very useful in order to assess breast cancers locally with a high spatial reso-
lution and for treatment planning including surgery [33–35]. Therefore, we recom-
mend the use of a specific breast coil when a local staging is needed. However, 
MRI’s positive predictive value and specificity can be variable and may be improved 
by adding the functional information given by PET. An example of local staging 
with PET/MRI is provided in Fig. 14.2. In the study by Moy et al., 36 patients with 
a total of 90 breast lesions performed separately 18F-FDG PET/CT and breast MRI 
that were later fused with a semiautomatic program based on landmarks and non-
rigid fusion [36]. When adding PET to MRI, the PPV increased from 77 to 98%, 
and the specificity increased from 53 to 97%, the false-negative rate decreased 
from 26.7 to 9%, but the sensitivity decreased from 95% for MRI alone to 83% for 
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PET/MRI fusion [36]. These promising results with software-based fusion were 
not corroborated by Grueneisen et  al. from Essen with the use of the Biograph 
mMR system, who compared breast PET/MRI, MRI alone, and PET/CT for lesion 
detection and local staging in breast cancer patients: they found no advantage of 
PET/MRI over MRI alone in identifying malignant lesions. However, those two 
modalities performed better than PET/CT in determining local tumor extent: the 
T-stage was correctly determined for 82% of the lesions with PET/MRI and for 
only 68% of the lesions with PET/CT, although the patient’s position was not the 
same on both modalities (PET/MRI was acquired in prone position while PET/CT 
was acquired supine) [29]. These results may also be influenced by the use of a 
standard RF breast coil, which was not at that time dedicated to PET/MRI, i.e., the 
attenuation correction of the hardware components of the coil wasn’t taken into 
account in the attenuation map: this may have altered the image quality, the attenu-
ation correction, and the quantification on PET/MR images. Taneja et al. included 
36 breast cancer patients with invasive ductal carcinomas exclusively, known to be 
classically FDG- avid lesions, who benefited from a whole-body 18F-FDG PET/
MRI (Siemens Biograph mMR) and a dedicated breast MRI (without specific 
prone PET registration) in primary staging conditions, and found no improvement 
in lesion detection when adding (whole-body) PET to MRI acquisitions [32]. 
However, physician’s confidence in their diagnosis was higher when interpreting 
PET and MRI together [32]. In our study including 58 patients, MRI alone had a 
higher sensitivity than PET/MRI or PET alone in characterizing primary tumors 
[24]. However, it is well known now that the metabolic activity of primary lesions 
determined on 18F-FDG PET gives important prognostic information. A large 
study including 578 patients with primary breast cancer found that the SUVmax 
measured on baseline 18F-FDG PET/CT was a significant and independent 

a b c d

Fig. 14.2 Invasive ductal carcinoma of the right breast extending to the chest wall (pectoralis major) 
with regional lymphatic metastases (ipsilateral axillary lymph nodes, levels I and II). T1-weighted 
fat-saturated MRI sequence after gadolinium injection (a on axial, coronal, and sagittal plane) and 
18F-FDG PET/MRI (b on axial, coronal, and sagittal plane) in prone position with the dedicated 
breast coil. Whole-body, 3D T1-weighted Dixon water sequence (c), and 18F-FDG PET/MRI (d)
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prognostic factor, higher SUVs being correlated with a poorer prognosis especially 
for triple-negative tumors [37]. Other studies corroborate this finding, and there-
fore, the 18F-FDG uptake quantification of breast lesions may have a role in the 
treatment choice [38, 39]. On the opposite, two studies on independent series, the 
largest including 214 subjects, showed that the ADC value in the tumor that was 
obtained with the MRI DWI sequence had limited performances in predicting 
patients’ outcome [39, 40].

18F-FDG breast PET could also be of great use to characterize undetermined 
lesions detected on breast specific MRI sequences. Jalaguier-Coudray et al. retro-
spectively analyzed 80 patients with biopsy-proven breast cancer who benefited 
from an 18F-FDG PET/CT and a breast dedicated MRI, observing a high positive 
predictive value of PET for FDG-avid breast lesions larger than 1 cm [41].

Besides conventional MRI breast sequences, and as detailed in paragraph 1.4, 
functional MRI sequences can be added like diffusion weighted imaging (DWI), 
spectroscopy, or dynamic perfusion maps, which can give useful complementary 
information. Indeed, some publications show how important is the question of bet-
ter defining the histological, genetic, and molecular heterogeneity within the same 
tumor [42]. Breast lesions are most of the time characterized with few tumor biopsy 
samples which are not always representative of the whole lesion and may not give 
enough information about intratumoral heterogeneity. This could explain some 
treatment failures and drug resistance. Not only could PET/MRI images help guid-
ing biopsy to the most aggressive part of breast lesions, but also could it help appre-
ciate the whole breast lesions’ heterogeneity noninvasively. For example, Schmitz 
et al. showed that PET/MRI breast images were useful in better characterizing het-
erogeneous breast tumors in five patients with biopsy-proven invasive breast carci-
noma “of no special type”: thanks to a voxelwise analysis combining the information 
of 18F-FDG-PET and of a diffusion weighted MRI sequence, different phenotypes 
could be correctly identified within the same tumor [43]. These multiparametric 
18F-FDG/ADC maps are promising techniques for a better characterization of 
entire tumors or even their metastases and could eventually be combined to infor-
mation from other radiotracers (e.g., estrogen and progesterone receptor radioli-
gands) in order to be able to propose a lesion-specific treatment.

An important drawback that the physician has to take into account when inter-
preting PET/MRI examinations for the purposes of local staging of breast cancer 
is that the gain of specificity that can be obtained, compared to MRI alone, is 
always accompanied by a lower sensitivity. From a lesion characterization per-
spective, the highest sensitivity is to be researched, and the relative lack of speci-
ficity can be compensated with a second-look ultrasound with or without 
percutaneous biopsy.

Overall, PET/MRI with dedicated breast MRI is an excellent tool for local stag-
ing of breast cancer as it benefits from the excellent diagnostic performance of 
MRI. However, combining information of PET/CT and breast MRI acquired sepa-
rately offers comparable excellent results. The choice of which diagnostic modality 
should be used is a question of costs, local availability of modalities, and logistics 
of patient care in different institutions.

C. Tabouret-Viaud et al.



271

14.2.1.2  Regional Staging
Although MRI is not the imaging procedure of choice for lymph node staging in 
breast cancer patients, several parameters can lead to the suspicion of metastatic 
lymph nodes such as morphological criteria, dynamic enhancement characteristics, 
and abnormalities on diffusion sequences [44]. According to a meta-analysis, the 
sensitivity of MRI for the detection of lymph node metastases in early-stage breast 
cancer patients was 90%, with a 90% specificity [45].

Concerning 18F-FDG PET, its sensitivity to detect pathological lymph nodes is 
low (58–60%), because of the small size of some metastases and the finite spatial 
resolution of the PET detection system, and more generally, because of the partial 
volume effect [5, 32]. Concerning PET/MRI, we obtained a sensitivity of 79% for 
lymph node detection [24]. An example of local and regional staging by PET/MRI 
is shown in Fig. 14.3. However, PET’s specificity in this indication is known to be 

a

c d

b

Fig. 14.3 Invasive ductal carcinoma of the left breast. Axial, DWI b1000 (a), ADC (b), 
T1-weighted fat-saturated after gadolinium injection (c), and 18F-FDG-PET/MR (d) in prone 
position showing a hypermetabolic lesion of the left breast with increased signal intensity on DWI, 
hypointense on ADC, and gadolinium enhancement
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high (higher or equal to 94%) [29, 46, 47] equal or even higher than MRI’s (90–92%) 
[32, 45, 48]. This supports the idea that PET-positive lymph nodes should be con-
sidered metastatic and treated consequently. The opposite scenario is not applicable, 
as for a patient with no positive lymph node detected on PET/MRI, the sentinel 
node procedure will still be essential for further treatment decision.

Among the previously cited studies, three deserve a more detailed description. 
First, in the study from Grueneisen et al. PET/CT, PET/MRI and MRI performed 
similarly for the detection of lymph node invasion in 49 patients [29]. In the study 
from Melsaether et al. unenhanced 18F-FDG-PET/CT was compared to 18F-FDG- 
PET/MRI with diffusion weighted and contrast-enhanced MRI sequences in 51 
patients with breast cancer and found similar performances as well [6].

Taneja et al. considered 36 cases of histologically proven breast invasive ductal 
carcinoma and showed the high performances of PET/MRI and MRI, respectively, in 
detecting axillary lymph nodes metastases, with a 91% specificity for PET and MRI, 
respectively, and a 93.3% sensitivity for MRI, while the sensitivity for PET alone was 
much lower (60%) [32]. An advantage of combining both techniques was, once again, 
an increased diagnostic confidence score in comparison to PET or MRI alone [32].

14.2.1.3  Staging for Distant Metastases
Whole-body imaging to exclude metastases is now widely accepted for locally 
advanced breast cancers [49]. PET/CT is one of the different possible imaging 
modalities which can be proposed in this indication, and PET/MRI, showing equiv-
alent performances in comparison to PET/CT in the detection of hypermetabolic 
lesions, should be considered as well [15], having moreover the advantage of being 
able to characterize more easily some benign FDG-avid foci [32].

We will discuss hereafter PET/MRI performances in the detection of possible 
metastases in the four main metastatic sites which together represent more than 
83% of all the metastases in breast cancer patients: the bone, lung, liver, and brain.

Bone Metastatic Invasion
Bone is the most common metastatic site in breast cancer patients: approximately 
42% of breast cancer metastases are osseous [50]. Therefore, distant staging must 
include bone imaging.

Even though the SUVs measured in bones with PET/MRI attenuation correction 
techniques are underestimated in comparison to SUVs obtained from PET/CT, some 
recent articles showed that combining MRI and PET findings improved the sensitivity 
of detection of bone metastases in comparison to PET/CT in breast cancer patients [6, 
19, 51]. This is probably due to the fact that MRI usually performs better than CT for 
detection of bone marrow metastasis and that quantitative underestimation has limited 
impact on lesion detection. According to the largest study evaluating the performances 
of PET/MR in the detection of osseous metastases, contrast-enhanced PET/MR had a 
sensitivity of 96.3% for the detection of bone metastases and a specificity of 98.8% 
[51]. However, whole-body MRI for detection of bone metastasis is time-consuming, 
and this should be taken into account when deciding the MRI protocol of PET/MRI, 
especially with the sequential Philips unit. To our experience, and with the sequences 
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that are currently used in our institution, with a 90 min pure acquisition time, all bone 
metastases are detected by the means of PET only. This can be clearly reversed if 
using dedicated surface coils allowing higher-resolution sequences which can be 
available with more recent PET/MRI systems (Siemens, GE).

Lung Metastases
Representing approximately 22% of breast cancer metastases, lungs are the second 
most common metastatic sites in breast cancer patients [50]. PET/MRI’s perfor-
mance for lung metastases detection depends on the size of the lesions and the MRI 
sequences that are used and are still a matter of debate. According to Chandarana 
et al. PET/MRI had a 95.6% sensitivity to detect FDG-avid nodules and nodules of 
5 mm diameter or higher, thanks to a radial T1-weighted gradient echo (radial volu-
metric interpolated breath-hold examination [VIBE]) MR sequence with simultane-
ously acquired PET [52]. However, sensitivity dropped to 70.9% when taking all the 
nodules into account [52]. Stolzmann et al. proposed the use of a three-dimensional 
(3D) DIXON-based dual-echo gradient echo pulse MRI sequence comparing it in 40 
consecutive patients: although MRI showed a lower detection rate of pulmonary nod-
ules in comparison to low-dose CT, they found no significant difference on a patient 
basis evaluation [53]. In the largest breast PET/MRI study including 51 patients, 
conducted by Melsaether et al., no significant difference was found on a per-patient 
analysis, but considering a lesion-based analysis, PET/CT was more sensitive than 
PET/MRI [6]. The same group however published results on the outcome of lung 
nodules missed on PET/MRI in patients with different primary malignancies includ-
ing breast cancer: among 84 nodules missed on MRI and benefitting from a follow-
up, only three progressed, ten regressed or even disappeared, and 71 remained stable 
[54]. In other words, only 3% of missed nodules on PET/MRI were malignant.

Appenzeller et al. found that PET/CT performed significantly better than PET/
MRI in the detection of lung metastases from various cancers when using an axial 
two-point Dixon-based T1-weighted 3D gradient echo MR sequence acquired with 
the integrated quadrature body coil [20].

The clinical importance of pulmonary nodules smaller than 5 mm that can be 
found only on CT is a controversial topic and needs to be confirmed by further stud-
ies. Such small nodules cannot be biopsied, and the treatment of the patient will not 
be changed, even if such nodules are shown on preoperative CT.

Liver Metastases
When comparing 18F-FDG PET/CT and PET/MRI for the detection of liver metas-
tasis in cases of gastrointestinal cancer, Reiner et al. showed a significant accuracy 
improvement when performing dynamic contrast-enhanced and DWI sequences 
instead of T1-W/T2-W sequences alone or contrast-enhanced PET/CT [55]. The 
diagnostic confidence was also reported to be higher while performing PET/MRI 
instead of PET/CT for the detection of liver metastases [55]. This group recom-
mends the acquisition of dynamic contrast-enhanced MRI sequences.

Considering breast cancer patients exclusively, Melsaether et al. found that PET/
MRI had a higher sensitivity than PET/CT in the detection of liver metastasis, 
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thanks to the DWI sequence which depicted 40 metastases in comparison to 28 for 
PET and 27 for the T1-weighted contrast-enhanced sequence [6]. Those results 
were obtained, as detailed before, thanks to the injection of a contrast agent during 
the liver station of the PET/MRI acquisition. However, as contrast enhancement can 
usually only be done once, the physician will have to choose whether the liver or the 
breasts will benefit from those enhanced images during this single session.

Brain Metastases
Brain metastases account for approximately 6% of breast cancer metastases. They 
may be difficult to detect with unenhanced 18F-FDG PET/CT because of the physi-
ological high cerebral FDG uptake, but MRI performs better than does CT, even 
with non-specific whole-body sequences, when appropriate coils are in place. In the 
study from Melsaether et al. unfortunately, brain was not included in 27 patients out 
of 51 PET/CT acquisitions, and among the 24 patients benefiting from brain PET/
CT and PET/MRI acquisitions, only one had brain metastases which were not seen 
on PET/CT but only on PET/MR images [6]. The contrast-enhanced T1-weighted 
sequence was more efficient in detecting those lesions than the DWI sequence [6].

14.2.2  Evaluation of Response to Therapy

An extensive review of the role of PET imaging in assessing early chemotherapy 
response in breast cancer was recently conducted by Humbert et al. [4]. It points out 
how heterogeneous are the publications on that subject: tumor characteristics, type, 
and sequence of treatments received as well as imaging conditions vary a lot from a 
study to another. More generally, a better harmonization of PET interpretation crite-
ria would be needed which should take into account the specificity of each tumor 
subtype and the therapeutic conditions in which this PET is performed. However, 
18F-FDG PET does give important information for each of the biological subtypes 
of breast cancer. This review also highlights the fact that the percentage reduction of 
SUVmax from pre- to post-chemotherapy is the main parameter nowadays used to 
assess the response with 18F-FDG PET.  In the specific case of luminal HER2- 
negative subtypes, metabolic tumor volume seems to predict the response more accu-
rately than SUV and, therefore, should be measured in concerned studies [4]. Kinetic 
metabolic parameters may show better performances for response assessment even 
though they are more difficult to determine and less used for the moment [4, 56, 57].

Concerning the performances of breast MRI in early prediction of the pathologic 
response to chemotherapy, a review of 13 articles showed an important data hetero-
geneity which did not permit statistical meta-analysis [58].

Achieving a pathological complete response (pCR) at the end of chemotherapy 
has an impact on prognosis [59]. The respective performances of 18F-FDG PET/CT 
and diffusion weighted MRI sequences in predicting a pCR at the end of a neoadju-
vant chemotherapy have been calculated in a recent meta-analysis: 18F-FDG PET/
CT has a higher sensitivity, and MRI is more specific, and therefore, both could be 
combined in order to improve the assessment of pCR after chemotherapy [60].
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In this context, PET/MRI is a promising tool for the early assessment of response 
to therapy that could be used to carry on with more confidence a treatment which 
works and change a treatment that does not work in order to reduce unnecessary 
toxicity and to propose an alternative treatment more rapidly.

14.2.3  Detection of a Recurrence and Restaging 
Breast Cancer Patients

18F-FDG PET/CT is now recognized as a useful technique in assessing breast cancer 
recurrence [3]. Sawicki et al. recently proved the superiority of PET/MRI over PET/
CT, MRI, and CT in whole-body staging of patients with suspected breast cancer 
recurrence, although only 21 patients were included: 18F-FDG PET/MRI identified 
correctly 98.5% of the lesions, 18F-FDG PET/CT 94.8%, and MRI 88.1%, whereas 
CT only identified 57.5% of them [61]. This confirmed earlier results of a meta-
analysis showing better performance in the diagnosis of breast cancer recurrence for 
whole-body MRI and PET taken independently versus CT and ultrasound, and no 
significant difference between the respective pooled sensitivities of PET and MRI, 
reaching more than 95% [62]. In a study from Schmidt et al. concerning 33 breast 
cancer patients, whole-body MRI and 18F-FDG PET/CT showed a similar overall 
accuracy of 91% each, with sensitivity of 93% and 91%, respectively, and a specific-
ity of 86% and 90%, respectively [63]. A high sensitivity of diffusion weighted 
whole-body MRI sequence to detect metastases in breast cancer recurrence was also 
reported, especially for bone, liver, and brain localizations, as well as a higher sensi-
tivity of 18F-FDG PET/CT in comparison to MRI for pathological lymph node 
detection [63]. Performances of both techniques were reported to be similar in the 
detection of 15 lung metastases (although no information is given about their dimen-
sions) with the use of a dedicated HASTE (half-Fourier single-shot TSE) sequence 
which has shown high efficiency in detecting small lung pathologies [63].

However, we have to keep in mind that in case of clinical suspicion of local 
recurrence, the first-line examination of choice is conventional imaging including 
digital mammography or tomosynthesis and ultrasound. PET/MR, if available, 
would have a place in the detection of distant metastases.

14.3  Potential Improvements and Future Role

14.3.1  Optimization of MRI Sequences in PET/MRI Protocols

As previously summarized, PET/MRI protocols have to be defined in order to get 
complementary information from each imaging modality, to minimize information 
redundancy, within a reasonably short time frame [64]. MRI sequences have to be 
optimized and selected specifically for each indication because they are more time- 
consuming than PET acquisitions [30, 65], and having a simultaneous acquisition of 
PET and MRI is a clear advantage to limit the total duration of these protocols [65].
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Concerning dedicated breast MRI, the use of 3D T1-weighted Dixon sequence 
was proven to be more robust to fat saturation artifacts and also has the advantage 
of providing both T1 without and T1 with fat saturation images [66]. Multiparametric 
MRI with the addition of spectroscopic information to characterize suspicious 
lesions is also promising since it gives access to specific metabolite measurements 
such as choline (cellular proliferation), N-acetyl-aspartate, creatine, and lactate [67, 
68], which may allow a reduction of unnecessary breast lesion biopsies. However, 
we need large prospective studies to evaluate its clinical contribution and its cost- 
effectiveness, and its feasibility is limited by time constraints [69]. MRI has also 
greatly benefitted from the multi-transmit technology since it was often a problem 
in breast imaging at 3  T due to RF inhomogeneities in this area. Using multi- 
transmission also allowed reducing significantly the acquisition time for some 
sequences since the more homogeneous SAR deposition permitted a shorter TR. In 
our experience, the acquisition time of T2 TSE sequence could be divided by 2 with 
improved image homogeneity.

A basic whole-body PET/MRI protocol, in order to obtain at least the diagnostic 
accuracy of an unenhanced PET/CT, should include whole-body transaxial T1- and 
T2-weighted acquisitions and dedicated sequences for chest and upper abdomen 
[65]. Whole-body MRI sequences could also greatly benefit from the systematic use 
of surface coils. Indeed, it would allow a better signal to noise ratio than with the 
integrated quadrature body coil and a better resolution for morphological images. 
This could be performed via parallel imaging acceleration techniques in order to 
keep the acquisition time reasonable.

14.3.2  New PET Radiopharmaceuticals

The introduction in clinical routine of new PET radiopharmaceuticals, as described 
in a former work, which will give specific molecular information noninvasively, will 
probably change clinical workup for many breast cancer patients [5]. More precisely, 
as metastases in a single patient may have various characteristics, with different gen-
otype profiles and phenotype expressions, the therapeutical strategies would ideally 
be not only adapted patient by patient, but lesion by lesion, through the use of spe-
cific targeted treatments [5]. For example, estrogen and progesterone receptor radio-
ligands can be used in order to decide whether a hormonotherapy should be proposed. 
18F-NaF could eventually be injected at the same time as 18F- FDG in order to opti-
mize bone metastasis detection, as proposed by Iagaru et al. [70].

 Conclusions

PET/MRI is a valuable diagnostic modality, with performances comparable or 
higher than PET/CT, for staging, evaluation of response to therapy and restaging 
breast cancer, except for the evaluation of lung metastases, which is still a 
debated issue.

Current evidence is based mainly on the use of FDG, but soon the larger use 
of specific PET tracers in breast cancer patients could improve the accuracy and 
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sensitivity of metastases’ detection and could help establish a “lesion-specific” 
management. Thus, when available, PET/MRI could replace PET/CT, especially 
for young patients, in the different phases of breast cancer patients’ management. 
The main open questions are the optimization of PET/MRI protocols, as well as 
the evaluation of the cost-effectiveness of this new imaging modality.
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15.1  Main Pulse Sequences Used for Liver MRI

Liver MRI involves three main imaging sequences: Pre- and post-contrast 
T1-weighted images, diffusion-weighted imaging, and T2-weighted imaging:
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15.1.1  T2-Weighted Imaging

T2-weighted imaging in the liver is used to help characterize lesions and biliary 
anatomy. Signal intensity on T2-weighted imaging can help define benign lesions 
such as cysts and hemangiomas that have characteristic high T2 signal intensity, 
while hepatic metastases and primary hepatic tumors have intermediate signal 
intensities higher than that of background liver.

The three decisions in liver MRI for T2-weighted images are to determine if 
coronal or axial should be used, whether or not fat saturation should be used, and 
whether single-shot or fast spin-echo techniques should be used. Typically coronal 
acquisitions are used to evaluate for biliary anatomy as the common bile duct and 
pancreatic ducts are typically in plane. Axial acquisitions are used to evaluate for 
parenchymal lesions as well as lymphadenopathy. Fat saturation is used in order to 
increase lesion conspicuity in the liver. Single-shot techniques (SSFSE and HASTE) 
are used to prevent motion artifact and for speed but have intrinsically worse T2 
contrast compared to fast spin-echo techniques (FSE and TSE).

15.1.2  Diffusion-Weighted Imaging

Diffusion-weighted imaging (DWI) is an MRI acquisition that is sensitive to the 
motion of water molecules. Water moves based on Brownian motion and can be 
restricted by the presence of cell membranes, organelles, and other proteins. The 
physics of DWI is discussed in Chap. 3. In liver MRI, a low b-value acquisition (b = 0 
or b  =  50) is acquired along with a high b-value acquisition (b  =  500–800). Two 
b-values are required in order to characterize T2 shine through, which is when there is 
high signal seen on the high b-value image that is due to intrinsic T2 hyperintensity 
rather than restricted diffusion. DWI has a high detection rate for metastatic disease 
within the liver [1, 2], although motion involving the left lobe of the liver and field 
inhomogeneity along the diaphragm can create significant artifact limiting DWI imag-
ing in the liver. In addition to detection, DWI can be used to characterize treatment 
response, with an increase in the apparent diffusion coefficient (i.e., less reduced dif-
fusion) associated with cell death and good treatment response [3–5].

15.1.3  Hepatobiliary Phase Imaging

Hepatobiliary phase (HBP) imaging is important in the setting of PET/MRI, and 
please refer to the chapter on MRI contrast agents for further details on HBP imag-
ing agents. HBP imaging is predominantly used for the detection of metastatic dis-
ease to the liver, and gadoxetate has been shown to outperform FDG PET for the 
detection of hepatic metastases [6], this is particularly important for lesions less 
than 1 cm. In addition to improved detection sensitivity compared to CT and FDG 
PET, there are two additional benefits to HBP imaging in PET/MRI:
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 1. Ability to acquire navigated sequences: In MRI one can use image-based and 
bellows-based navigators to acquire images during free breathing and recon-
struct images from different phases during the respiratory cycle. In PET/MRI 
this is particularly relevant as PET data are typically reconstructed during end 
expiration and MRI sequences are acquired during breathholds. This limits the 
accuracy of fusion for PET and MRI data. When hepatobiliary phase images are 
acquired using navigated approaches, images during end expiration can be 
acquired allowing for accurate fusion of PET and MRI images allowing for eas-
ier image interpretation [7].

 2. Consistent lesion measurement: HBP imaging is not dependent on bolus timing 
that can dramatically effect lesion measurement during dynamic phases. 
Therefore when measuring lesion size across time, changes in size are more 
accurately characterized when comparing HBP images compared to other 
sequences.

One important false positive on HBP imaging for metastatic disease are heman-
giomas. Extracellular contrast agents accurately characterize hemangiomas as they 
follow blood pool signal intensity, but HBA struggle with hemangiomas as they 
appear nearly identical to metastatic lesions due to the fast clearance of the contrast 
agent from the blood pool [8]. Therefore it is important to correlate with T2-weighted 
images to determine if lesions are metastases or hemangiomas when using HBAs.

15.2  Issues Related to Motion

Simultaneous PET/MRI of the liver results in new issues related to respiratory 
motion that are not present in PET/CT (Fig. 15.1). In PET/CT, patient’s breath 
shallowly during the entire PET acquisition as the CT acquisition is done 
sequentially. As the PET data is acquired during the MR acquisition in PET/
MRI, there are multiple breathholds that result in respiratory ghosting, which 
refers to a duplication of the lesions inferior to the actual lesion in the PET 
images. Additionally there is blurring along the inferior margin of the lesion due 
to shallow breathing that is seen in both PET/MRI and PET/CT.  There are 
numerous approaches to removing motion artifacts from PET data, which can be 
found in Chap. 6.

In addition to motion artifacts in the PET data, registration between the MRI and 
PET images is problematic as most MRI sequences are acquired during an inspira-
tory breathhold, while PET images are predominantly reconstructed using data 
from end expiration. One way to address this is by using navigated sequences, 
where MRI-based motion navigators are used to acquire the MRI data only during 
end expiration allowing for accurate fusion between PET and MRI data (Fig. 15.1) 
[9]. Navigators can be used to acquire higher resolution images and are particularly 
robust during the HBP when the liver parenchyma is hyperintense relative to other 
tissues [10].
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15.3  Workflow Considerations

There are two main approaches to performing liver PET/MRI. The first is to include 
the liver acquisition in the whole-body acquisition. This is time efficient but does 
not allow for significant time to be spent of dedicated liver imaging. Nonetheless it 
is possible to acquire a few simultaneous liver-specific sequences during a whole- 
body acquisition.

The second approach is to acquire the whole-body acquisition separate from the 
dedicated liver acquisition. This is more time intensive but allows for more time to be 
dedicated to the liver acquisition. A near complete liver MRI can be acquired in about 
15–20 min, if DWI and T2-weighted imaging need to be acquired in addition to con-
trast-enhanced images. Some groups have not acquired PET data during the liver 
acquisition [11], but we have found the extra PET data to increase detection sensitivity 
and to allow for better motion correction [7, 9]. One alternative when using 

a

c d

b

Fig. 15.1 Improved motion compensation with PET/MRI. Seventy-year-old female with small 
bowel neuroendocrine tumor metastatic to the liver. Fifteen-minute acquisition demonstrates both 
respiratory blurring (a, black arrow) from shallow breathing throughout the acquisition and ghost-
ing (a, black arrow hear) from breathholds performed during the simultaneous acquisition. The use 
of respiratory compensation (bellows based in this case) removes both blurring and ghosting 
resulting in crisp delineation of the metastatic lesions (b). Simultaneous hepatobiliary phase MRI 
performed with breathholds misregisters to the PET data with the PET lesions (c, white arrowhead) 
being superior to the MRI lesions (c, white arrow), while navigated acquisitions allow for accurate 
fusion between the two acquisitions (d)
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hepatobiliary agents is to acquire the whole-body acquisition in the delay between the 
portal venous phase acquisition and the HBP acquisition. The split approach allows 
for more efficient use of time but does not provide DWI and T2-weighted imaging. 
Therefore this approach is particularly relevant if prior imaging is available to charac-
terize cysts and hemangiomas that may mimic metastases on HBP imaging.

15.4  Clinical Applications of Liver PET/MRI

15.4.1  Metastatic Disease

The most common application of liver imaging in oncology is to evaluate the liver 
for the presence of metastatic disease (Fig. 15.2). Liver MRI has a higher sensitivity 
for the presence of metastatic lesions compared to contrast-enhanced CT, particu-
larly with the use of DWI and hepatobiliary phase imaging [6, 12, 13]. Additionally, 
HBP MRI has been shown to be superior to contrast-enhanced FDG PET/CT for the 
detection of liver metastases in patients with colorectal cancer [6]. Although PET/
MRI has increased detection sensitivity compared to contrast-enhanced CT or FDG 
PET, it has not yet been demonstrated to be superior to HBP MRI [14, 15].

15.4.2  Neuroendocrine Tumors

The majority of neuroendocrine tumors (NETs) originate in the abdomen, typically 
in the small bowel or the pancreas. The two most common locations for metastatic 
disease are mesenteric nodes and the liver. Hepatic metastases are particularly 
important as liver failure is the most common pathway for morbidity in these 
patients. Therefore following liver lesions is particularly relevant in these patients.

Somatostatin receptor PET (discussed further in Chap. 17) targets the somatosta-
tin receptor using radiolabeled analogs of somatostatin [16]. 68Ga-DOTA-TATE and 
68Ga-DOTA-TOC are the two most commonly used agents, and DOTA-TATE is the 

a b c

Fig. 15.2 Metastatic liver lesion in a 59-year-old man with metastatic colorectal cancer. FDG 
PET can help differentiate between posttreatment-related changes and recurrent disease. 
Hepatobiliary phase hypointensity can be seen in both treatment related changes (a, red arrow) and 
recurrent lesions (a, black arrow). Viable metastatic disease can be seen with focal uptake on FDG 
PET (c, dotted circle)
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only agent currently approved by the Food and Drug Administration in the United 
States. The motivation for PET/MRI in NETs is the ability to combine MR liver 
imaging with somatostatin receptor PET.  Additionally, not all NETs express the 
somatostatin receptor, and therefore DWI and contrast-enhanced sequences are cen-
tral in lesion characterization [17].

15.4.3  Hepatocellular Carcinoma

Hepatocellular carcinomas (HCCs) are the most common primary tumor of the 
liver. Although they can arise in normal livers, they most frequently occur in patients 
with chronic liver diseases such as patients with hepatitis B or hepatitis C virus. The 
gold standard imaging of HCCs is MRI using extracellular agents, although there 
also is a role for hepatobiliary phase imaging in these patients as well [18]. MRI is 
preferred over CT as it is better at characterizing lesions, particularly for detecting 
the major criteria laid out in the Liver Imaging Reporting and Data System 
(LI-RADS) [19, 20].

The issue with HCCs is that not all HCCs are hypermetabolic on FDG PET [21]. 
Poorly differentiated HCCs are more likely to be hypermetabolic on FDG PET, and 
those lesions with uptake seen on FDG have a poor outcome. Well-differentiated 
HCCs are better evaluated using radiolabeled choline derivatives [22]. Neither FDG 
nor choline PET outperforms MRI for the detection and characterization of HCC, 
and PET is infrequently used to stage or follow patients with HCC. One exception 
is in patients with chronic kidney disease where contrast agents cannot be adminis-
tered. In this case, FDG can be used in place of iodinated or gadolinium contrast and 
helpful to follow tumor response to targeted treatments.

15.4.4  90Y Radioembolization

There are three roles for PET/MRI in patients being treated with 90Y radioemboliza-
tion. The first is to help perform target lesion dosimetry. With the increased detector 
sensitivities used in the PET/MRI compared to PET/CT, the positrons emitted from 90Y 
can be imaged allowing for direct visualization of administered dose [23, 24], which 
can allow for prediction of lesion response prior to radiographic evidence of response. 
Second, PET/MRI can be used to measure treatment response. Multiple studies have 
also shown that FDG PET can be an earlier response marker than anatomic or DWI, 
which may allow for earlier adjustments to treatment strategy [25–27].

15.4.5  Cholangiocarcinoma

Cholangiocarcinomas are a tumor of the bile ducts and are broken up by site of 
origin. Cholangiocarcinomas are almost uniformly hypermetabolic on FDG PET 
[28]. Cholangiocarcinomas can be broken down into three subtypes: intrahepatic, 
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extrahepatic, and hilar. Hilar and extrahepatic tumors are frequently difficult to 
directly visualize as they grow along the common bile duct and biliary strictures are 
frequently the only sign of their presence. FDG PET can be helpful to visualize their 
extent (Fig. 15.3).

15.4.6  Pancreatic Adenocarcinoma

Initial staging of patients with pancreatic adenocarcinomas is likely to continue to 
be performed using contrast-enhanced CT, but there is a role for the use of PET/
MRI in the evaluation of treatments response. Although one head-to-head study 
between PET/MRI and PET/CT did demonstrate equivalence in preoperative stag-
ing between the two techniques [29]. After treatment, the large fibrotic response 
within the primary tumor often prevents changes in size to indicate treatment effect, 
therefore other modalities need to be used such as changes in FDG uptake and ADC 
values. Although not yet evaluated in the literature, the ability of simultaneous PET/

a

c d

b

Fig. 15.3 Extrahepatic cholangiocarcinoma. Sixty-year-old man with extra hepatic cholangiocar-
cinoma extending along the common bile duct (CBD). The CBD is occluded from the confluence 
to the pancreatic duct with an abrupt cutoff at the biliary confluence (a, b, white arrow). MRI 
sequences cannot depict the actual tumor but rather only the narrowing of the CBD. FDG PET 
(c, d) shows linear uptake along the length of the stricture delineating the length of tumor 
involvement.
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MRI in this setting remains promising. To overcome the fact that FDG uptake in 
pancreatic adenocarcinoma is low, the development of novel tracers will increase 
the role of PET in the imaging of pancreatic adenocarcinoma [30–32].

For the evaluation of intraductal papillary mucinous neoplasm (IPMN), MRI is 
the optimal imaging modality for evaluating the cystic components of the lesion and 
evaluating for main duct involvement. FDG PET on the other hand is valuable in 
determining if there is malignant degeneration within the lesion to adenocarcinoma. 
Although the use of combined PET/MRI has only briefly been mentioned for this 
indication, it has potential benefit for patients at high risk for malignant transforma-
tion of IPMN [33, 34].

 Conclusion
Simultaneous liver PET/MRI will play an important role in the initial staging and 
evaluating treatment response for liver metastases. HBP imaging is a key compo-
nent of liver PET/MRI as it allows for high-resolution navigated imaging. 
Additionally the extra PET data acquired during a dedicated liver PET can be 
used to implement motion compensation techniques.
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Neuroendocrine tumours (NETs) constitute a diverse range of neoplastic entities. 
They have in common a variable degree of neuroendocrine differentiation, histo-
logical features of neuroendocrine phenotype and immunohistochemical signatures 
(e.g. chromogranin A and synaptophysin) [1, 2]. As a group however, they can arise 
throughout the body, with heterogeneous functional status, tumour aggressiveness, 
associated clinical features and prognosis.

NETs have an estimated prevalence of 35/100,000 in the United States in 2004 
[3]. Collectively, the gastroenteropancreatic neuroendocrine tumour (GEPNET) is 
the most common subgroup (formerly commonly referred to as carcinoids in the gut 
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and islet cell tumours in the pancreas), which will form the focus of this chapter. 
Bronchial carcinoids are the next most common group. No known site is identified 
in 13% of cases, with patients presenting with presumed metastatic disease. Well- 
differentiated NET can be associated with neuroendocrine neoplasia syndromes 
such as multiple endocrine neoplasia type 1 (MEN1) and von Hippel-Lindau 
syndrome (VHL).

Terminology and nomenclature have evolved as our understanding of NET 
improved. In general, NETs are divided into well-differentiated and poorly differen-
tiated categories, relating to tumour grades (grade 1–3), which in turn are measured 
by cellular proliferative rate, defined either by (1) rate of mitotic figures seen under 
the microscope or (2) percentage of cells labelled with Ki67, an active phase cell 
cycle marker. This is of particular importance as NET tumour grades are predictor 
of outcome. Well-differentiated NETs are typically low to intermediate grade (1–2), 
with generally a more indolent clinical course. Poorly differentiated category, incor-
porating small-cell carcinoma and large-cell neuroendocrine carcinoma, is typically 
grade 3 and carries aggressive tumour biology and poor prognosis. Currently widely 
used European Neuroendocrine Tumour Society (ENETS) grading criteria, endorsed 
by World Health Organization in 2010, adopts these nomenclatures for GEPNET; 
whereas for lungs and thymic NET, the terms typical and atypical carcinoids remain 
in use.

Besides grade and differentiation, NETs may be divided by their anatomical site/
embryonic origin as foregut (lung, stomach, duodenum, liver, biliary tree and pan-
creas), midgut (duodenum, small intestines, appendix, right and proximal trans-
verse colon) and hindgut (distal transverse, left colon and rectum) tumours. They 
can therefore give rise to a range of site-specific symptoms. In addition, NETs are 
capable of storing and secreting different peptides and neuroamines, allowing them 
to be categorised by the substances they produce. The active substances secreted by 
some of these ‘functional’ tumours can cause specific clinical syndromes, e.g. insu-
lin secretion by insulinoma and Zollinger-Ellison syndrome caused by gastrinoma, 
while some are non-functional.

Imaging is pivotal to the diagnosis, staging, treatment selection, prognostication, 
response evaluation and surveillance of NETs. Comprehensive evaluation often 
involves a combination of computed tomography (CT), magnetic resonance imag-
ing (MRI), ultrasound (US) to include endoscopic ultrasound (EUS) and radionu-
clide and hybrid techniques, such as single photon emission tomography (SPECT) 
or positron emission tomography (PET), with CT.

Hybrid PET/MRI scanners allowing whole-body imaging have become available 
recently. This has the potential to combine the exquisite sensitivity and molecular 
relevance of PET imaging, spatial resolution and soft tissue contrast of MRI and the 
functional imaging capability of both, to synergistic effect. Study of PET/MRI and 
its impact on NET management is still at its infancy. However, the potential of PET/
MRI in this setting can be gained from our experience on existing PET tracers, 
comparative experience with PET/CT and MRI contrasting their relative merits and 
the PET/MRI studies to date on this topic.
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16.1  PET Radiopharmaceuticals

16.1.1  Somatostatin Receptor PET Tracers

Well-differentiated NET is known to overexpress somatostatin receptor (SSTR) on 
their cell surface, particularly subtype 2 (of 5 subtypes in humans). This has 
prompted development of a number of Ga68-labelled positron-emitting peptide 
ligands to SSTR for studying NET (e.g. Ga68-labelled DOTATOC, DOTANOC and 
DOTATATE). Ga68 DOTATATE has particular subtype 2 affinity and was recently 
approved by the FDA in the United States [4, 5].

Compared to traditional indium-111 labelled octreotide scintigraphy (with 
SPECT/CT), Ga68 SSTR PETCT imaging has been shown to have higher specific 
and sensitivity, identifying additional lesions and altering management decisions in 
70% of In-111 octreotide negative cases [6]. It also carries less radiation dose and 
does not require delay phase imaging over 2 days. In patients with suspected or 
metastatic NET, but no known primary lesion despite structural imaging, Ga68 
SSRT PET/CT outperformed In-111 octreotide, detecting a primary lesion in 46% 
compared to 8% of cases [7] (Fig. 16.1). Ga68 SSRT PET has assumed prominent 

Fig. 16.1 A case of proven NET with unknown primary, showing superiority of SSRT PET in this 
context. Eventual surgical resection confirmed a small rectal primary. Clockwise from far left: 
(1) whole-body maximum intensity projection view of Ga68DOTATATE PET showing marked, 
heterogeneous uptake in multiple liver lesions, with an enlarged avid node in the pelvis (red arrow); 
(2 and 3) axial T2 HASTE and fused with PET images of the liver showing large volume metasta-
ses; (4) small field-of-view coronal oblique T2 turbo-spin-echo sequence of the rectum fused with 
PET showing a focus of uptake at the upper rectum, with no clear structural correlate despite dedi-
cated MRI; (5) axial DWI (b = 800) showing no lesion detection despite DWI
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roles in many components of the current ENET consensus guidelines and is often 
cited as the functional imaging of choice [8–10].

In addition, Ga68 DOTATATE has been shown to be highly accurate in the detec-
tion and characterisation of bronchial carcinoid into typical and atypical groups 
(SUVmax >8.2 in typical vs SUVmax <2.9 in atypical carcinoid and poorly differenti-
ated pulmonary NET) [11].

Although detailed discussion of targeted radiolabelled peptide therapy is beyond 
the scope of this chapter, somastatin receptor imaging (with In-111 or Ga68 SSRT 
PET) is influential in patient selection for radiolabelled peptide therapy, such as 
with beta-particle emitting Lu177-labelled SSRT agents. The recently published 
interim report of a multicentre phase 3 randomised controlled trial of Lu177 
DOTATATE therapy in patients with metastatic midgut NET has confirmed its effi-
cacy with promising results, showing prolonged progression-free survival compared 
to controlled group [12]. The study protocol used In-111 octreotide scintigraphy for 
in vivo confirmation of lesional SSTR hyperexpression. However, it is likely that 
Ga68 SSRT PET imaging would also have similar predictive value to treatment 
efficacy.

Currently, Ga68 SSTR PET has restricted availability in centres of excellence, 
but wider adoption is feasible given that Ga68 are generator produced. Another 
limitation of Ga68 is its less optimal imaging characteristics compared to F18 [13], 
leading to greater scatter and partial volume effect. These negatively impact on 
quantitative accuracy, especially for assessment of standardised uptake values 
(SUV) of smaller lesions [14]. More recently, Cu64-labelled SSTR PET ligand has 
been developed with more favourable imaging characteristics and potential to 
supercede Ga68-labelled PET tracers [15]. Another recent development on SSTR 
PET imaging is of SSTR antagonists, which have been shown to have higher affinity 
to SSTR than the agonist ligands which are in common use currently [16]. Larger 
human studies would be needed to confirm their potential of these Cu64 labelled 
agents and SSRT antagonists.

16.1.2  Fluorodeoxyglucose (FDG)

FDG is a F18 labelled analogue of native glucose. It is currently the most commonly 
used PET tracer in general oncology. It is taken up by cells via active glucose trans-
porters and is then believed to be trapped in most cells after phosphorylation by 
hexokinase. It can be thought of as a marker of glucose consumption, and it is there-
fore non-specific, with its uptake raised in a variety of neoplastic and inflammatory 
conditions.

FDG has a limited role in initial diagnosis and staging of well-differentiated 
NET, being shown to have inferior sensitivity compared to Ga68 SSRT PET and 
other imaging modalities. However, FDG PET can help with comprehensive assess-
ment of NET by identification of high-grade disease. In comparative studies of 
Ga68 SSRT and FDG PET, FDG PET uptake intensity is found to be associated 
with NET tumour grade [17]. FDG PET is shown to be a strong prognosticator for 
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survival of NET patients [18], leading to management alteration in approximately 
1/5 of patients, often to prompt initiation of systemic chemotherapy [19].

16.1.3  Glucagon-Like Peptide-1 (GLP-1) Receptor 
Radiopharmaceuticals

While insulinoma is mostly benign, the unregulated insulin secretion is medically 
difficult to manage and can be life threatening. Surgical resection is effective in non- 
metastatic disease, but localisation of the tumour has proved challenging despite 
structural imaging techniques and other radionuclide tracers. SSRT PET has been 
shown to be suboptimal, with sensitivity of about 25%. Arterial calcium-stimulated 
venous sampling is a useful technique in this setting, but this is invasive.

Insulinoma cells are found to have high expression of GLP-1 receptors. 
Radiolabelled peptide ligands for these receptors (known as exendin) have been 
developed for use in the imaging localisation of insulinoma. Tc-99m and In-111 
labelled analogues have been reported. More recently, Ga68 labelled exendin have 
been studied prospectively in human, showing excellent result, unparalleled by 
Tc-99m SSRT SPECT, CT, MR and EUS [20]. Further confirmation with larger 
studies would be useful to further validate the technique.

16.1.4  6-l-18F-Fluorodihydroxyphenylalanine (FDOPA)

FDOPA is a F18 labelled amino acid (dihydroxyphenylalanine). FDOPA is an ana-
logue of a metabolic intermediate in catecholamine synthesis pathway, which is 
active in many NET. It is taken into cells via L large amino acid transporters and 
mainly decarboxylated by amino acid decarboxylase (AADC) to dopamine, before 
being processed further downstream [21]. Some authors recommend the use of car-
bidopa pretreatment before FDOPA PETCT, which theoretically inhibits early 
decarboxylation, but this remains controversial and this need may be tumour-type 
dependent.

It has been shown to be superior to In-111 SSRT scintigraphy. Comparative data 
with other PET tracers is limited but it was shown to be inferior to Ga68 SSRT PET 
in GEPNET. It may have a role in SSRT PET-negative cases and in other NET enti-
ties such as medullary thyroid cancers, paragangliomas and phaeochromocytomas 
[22].

16.1.5  β-[11 C]-5-Hydroxy-l-Tryptophan (5-HTP)

5-HTP is another amino acid metabolic tracer, which can be used to study the sero-
tonin pathway, thought also to be active in NET. It is taken up into cells and metabo-
lised via mechanisms similar to FDOPA but with the resultant product being serotonin. 
Tracer synthesis is complex, and the use of this tracer requires an on-site cyclotron, 
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limiting its availability and use. As such, robust validation study is lacking. Limited 
studies suggest that it may be inferior to FDOPA in the assessment of NET, and their 
role may be limited to problem-solving when other tracers are negative [23].

16.2  Comparative PET/CT, MRI and PET/MRI Literature

Over the decades since its introduction, MRI has evolved from being a problem- 
solving tool in specialist centres to having routine integral roles in many cancer 
management pathways. In contrast to PET imaging (which is employed ubiqui-
tously as a whole-body imaging technique in the oncology setting), MRI examina-
tions are usually body part specific. Nonetheless, with technological advances, 
whole-body MRI has recently evolved as a distinct entity. Whole-body MRI staging 
assessment is now feasible, with efficacy already shown in assessment of malignant 
bone marrow infiltration (latter most established in cancer type such as myeloma, 
prostate and breast cancers).

16.2.1  Assessment of Liver Metastases

Accurate evaluation of liver lesions in NET is important because (1) it is the most 
common site of metastatic disease; (2) hepatic tumour load is associated with higher 
morbidity and mortality [3] and; (3) a range of treatment options are potentially 
available for patients with liver metastases, from surgical resection, focal ablation 
(e.g. radio frequency), locoregional drug application (e.g. trans-arterial chemoem-
bolisation and selective internal radiotherapy) and somatostatin analogues to sys-
temic chemotherapy. Liver resection has been proven to confer survival benefit and 
can alleviate symptoms by debulking of hormone-producing tumour burden.

It is well established that MRI outperforms CT in the detection and characterisa-
tion of liver metastases in NET.  A contemporary liver MRI protocol typically 
includes axial and/or coronal fast sequences such as single-shot partial Fourier spin- 
echo technique (e.g. HASTE/SS-FSE) or fast imaging with steady state precession 
(e.g. True FISP), T2-weighted fast/turbo-spin echo (with or without fat suppres-
sion), T1-weighted gradient echo (to include in- and out-of-phase images, poten-
tially useful for assessment of intravoxel fat content of any lesion), diffusion-weighted 
and fat-suppressed T1 sequences with dynamic contrast enhancement (arterial, por-
tovenous and equilibrium phase) using gadolinium contrast agents. Hepatocyte- 
specific MR contrast agents with delayed phase imaging are also useful.

The ‘typical’ liver NET metastases on MRI are round or lobulated, with well- 
defined margins. They demonstrate high signal on diffusion-weighted images with 
increasing b-values (restricted diffusion) leading to low signal on apparent diffu-
sion coefficient (ADC) parametric maps. They are usually iso- to hyperintensity 
on T2-weighted images and hypointensity on T1-weighted images. It is common 
to find multiple small lesions present. Larger lesions have more heterogeneous sig-
nal characteristics, often with central necrotic areas and can have high T1 signal 
components from proteinaceous contents and even fluid levels. With gadolinium 
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contrast injection, they have avid arterial enhancement, which may be ring shaped or 
more homogenous, with washout during the portal venous phase. They do not take 
up ‘hepatocyte-specific’ MR contrast agents (e.g. Gad-EOB-DTPA) and therefore 
appear hypointense relative to liver parenchyma on delayed phase imaging if these 
are used. Differentials on MRI would include other arterialised lesions such as hepa-
tocellular carcinoma, hepatic adenoma, focal nodular hyperplasia and haemangioma.

Studies including comparison of Ga68 SSRT PET/CT with dedicated liver MRI 
have reported heterogeneous results. Srirajaskanthan et al. showed that standard of 
care CT ± MRI detected 34 liver metastases compared to only 23 by Ga68 SSTR 
PET/CT, in a cohort of 47 patients with NET [6]. On the other hand, Frilling et al. 
showed additional liver metastasis detection by Ga68 SSTR PET/CT, not detected 
by standard imaging (CT ± MR) [24]. Relationship between metastases detection 
by the respective imaging modalities and size of the liver metastases has not been 
specifically reported in these studies. Nonetheless, the latter study included three 
patients in which explanted liver was available as reference standard. These showed 
numerous liver lesions <5 mm, which were not disclosed by any of the imaging 
technique, indicating a limit to the size of liver metastases detectable by these avail-
able techniques.

The potential of PET/MRI in the assessment of metastatic liver NET has been 
shown in earlier studies utilising post-processing image fusion to generate PET/
MRI datasets, built from images separately acquired as Ga68 SSTR PET/CT and 
dedicated liver MRI [25, 26]. In one study involving 22 patients and 181 liver 
metastases, Ga68 DOTATOC PET/Gad-EOB-DTPA MRI was reported to be most 
accurate with sensitivity and specificity of liver metastases detection reported at 
91.2 and 95.6%, compared to 73.5 and 88.2% for PET/CT and 87.6 and 86.8% for 
dedicated MRI only. Another study compared PET fused with Gad-EOB-DTPA 
against PET fused with DWI only. This demonstrated almost complete equivalent 
detection of 297 liver metatases in 18 patients, with no false negative against refer-
ence standard of clinical follow-up multimodality imaging. PET/DWI is however 
minimally less specific than PET/Gad-EOB-DTPA MRI in this study [26].

To date, only scanty literature exists on the prospective use of dedicated liver 
MRI sequences on the PET/MRI platform. Hope et  al. studied the use of Ga 
DOTATOC PET/MRI in ten patients, with a crossover whole-body PET/CT vs 
whole-body PET/MRI design, which includes a dedicated liver section PET/MRI 
protocol. The study demonstrated that such a single staging protocol is feasible. 
Liver lesion detection rates were reported to be 99% on the hepatobiliary phase MRI 
(being superior to all other modalities assessed but particularly for lesion size 
<1 cm), 83% on DWI and 77% on liver section PET, when these images were read 
separately [27]. Another study by Sawicki et al. utilised a similar study design and 
imaging protocol and showed that PET/MRI detected more liver lesions than PET/
CT. However, the specific contribution of the individual components of the liver 
PET/MRI components liver MR was not been separately reported in this study [28]. 
As per usual liver MR protocols, the liver-directed MRI sequences in this study 
involve multiple breath holds. The authors did not report misregistration (between 
these and the PET images) in precluding precise image interpretation. This is con-
sistent with our own experience.
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In summary, dedicated MRI is excellent in liver lesion detection in NET, espe-
cially with hepatocyte-specific contrast agent. On the other hand, detection of 
liver lesion with Ga68 SSRT PET is more dependent on size. Limited data sug-
gests there could be a synergistic effect, with enhanced accuracy for assessment 
of liver disease burden by combining PET and MRI. Furthermore, Ga68 SSRT 
PET and MRI may have additional strength in exclusion of extrahepatic disease 
(see below) to guide patient selection for liver-directed therapy (e.g. focal ablation 
and SIRT).

16.2.2  Assessment of Pancreatic Lesion

Pancreatic NET represents the second most common malignancy of the pancreas. 
About 1/3 of pancreatic NET are functional tumours, with insulinoma and gastri-
noma being the most common. Insulinoma are typically small tumour in the pan-
creas (40% less than 1 cm in size) with only 10% being malignant [29]. They are 
usually solitary. Gastrinoma typically resides in the ‘gastrinoma triangle’ with 60% 
located within the pancreas and the remainder most commonly located in peripan-
creatic nodes or in the duodenum, where they are usually small and difficult to 
detect by noninvasive imaging. Sixty percent show malignant behaviour at presenta-
tion. On the other hand, the non-functioning pancreatic NET may present later, 
often with metastatic disease. Pancreatic NET are associated with a range of geneti-
cally related disease such as VHL, MEN1 (Fig. 16.2).

Fig. 16.2 A young patient with multiple endocrine neoplasia type 1 (MEN1) manifesting with 
multiple small non-functioning pancreatic neuroendocrine tumours. This case demonstrates the 
clear superiority of SSRT PET in its sensitivity of detecting small NET. There are multiple Ga68 
DOTATATE avid lesions in the pancreas (four lesions on this section). Apart from the larger lesion 
at the tip of the pancreatic tail, the rest are not seen on MRI despite dedicated sequences. Axial 
sections showing the pancreatic tail. Clockwise from top right: (1) pre-contrast T1 VIBE; (2) Ga68 
DOTATATE PET fused with arterial phase T1 VIBE; (3) arterial phase T1 VIBE; (4) DWI (b-value 
800); (5) Ga68 DOTATATE PET; (6) T2 TSE with fat suppression
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ENET consensus in 2009 reported sensitivity and specificity of diagnosing pan-
creatic NET by MRI to be 93 and 88%, respectively, compared to 73 and 96% of 
CT.  These have been shown to be superseded by Ga68 SSRT PET/CT on more 
recent literature, which reported sensitivity and specificity of 86–100% and 
79–100%. While CT and MR still remains first line in pancreatic NET assessment, 
current ENET guideline has recommended concomitant use of SSRT PET in most 
functioning and non-functioning pancreatic NET, except insulinoma [9].

Nonetheless, MRI has important roles in detection of insulinoma, where sensi-
tivity of SSRT PET is recognised to be limited, and GLP-1 PET imaging is not 
widely available. MRI can supply information to aid surgical planning (such as 
vascular relationship) and in diagnosis and assessment of any co-existing liver 
metastases (see above). In addition, MRI is particularly considered the imaging 
modality of choice in screening and follow-up of pancreatic NET in patients with 
genetic syndromes such as MEN1 and VHL. MRI is advantageous in these settings 
for its lack of ionising radiation, as patients are often subjected to imaging for 
screening purposes at a relatively young age. They would also likely require regular 
further follow-up throughout their lifetime.

Typical MR appearances of pancreatic NET is of a rounded lesion showing high 
T2 and low T1 signal (particularly against the relatively high T1 signal of normal 
pancreatic parenchyma on a fat-suppressed T1-weighted sequence), restricted diffu-
sion and avid contrast enhancement. This is distinct to the relative hypo- enhancement 
of the more common pancreatic adenocarcinoma, a main imaging differential. 
Compared to adenocarcinoma, pancreatic NET is less likely to be associated with 
ill-defined margins, dilated pancreatic duct or common bile duct or features of 
chronic pancreatitis [30]. Uncommonly, pancreatic NET may be hypo-enhancing or 
have a cystic nature.

The two aforementioned ‘PET/MRI’ studies performed via retrospective fusion of 
GA68 SSRT PET/CT and upper abdominal MRI showed almost equivalent accuracy 
between PET/DWI and PET/Gad-EOB-DTPA MRI in six pancreatic lesions with no 
false negative but one false-positive lesion with PET/Gad-EOB-DTPA MRI [26]. The 
other study did not specifically report the pancreatic findings separately. The two pro-
spective studies on PET/MRI platform with dedicated upper abdominal MRI sequences 
have shown feasibility of PETMRI in this context. One study reported PET/MRI and 
PETCT each detected a pancreatic lesion not detected by the other technique [27]. The 
other study commented on inclusion of seven pancreatic lesions in the study group, but 
did not report the performance of PETMRI in pancreatic lesions specifically.

In summary, while PET and MRI have relatively merits in the assessment of 
pancreatic NET, available data is limited and further research is required to draw 
robust conclusion on any superiority of PETMRI over and above existing practice.

16.2.3  Small Bowel and Mesenteric Lesion Assessment

Small bowel NET is relatively prevalent, accounting for 20–50% of NET. Patients 
with locoregional disease should be considered for curative resection, which has 
been shown to improve outcome. Patients often present with non-specific abdominal 
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symptoms, which may relate to the primary lesions, desmoplastic reaction of mes-
enteric nodal disease or endocrine-related symptoms. The fibrotic mesenteric mass, 
if present, would usually be obvious on standard CT imaging, but the primary lesion 
within the small bowel is often obscure. Multiple lesions may also co-exist in the 
small bowel. Precise localisation of these would help surgical planning. Current 
ENET guideline suggests the use of CT or MR enteroclysis as first-line imaging, 
followed by SSRT PET imaging [8].

In MR enteroclysis, a nasoenteral tube is inserted for direct infusion of enteric con-
trast material to achieve optimal small bowel distension to aid lesion detection. 
Antiperistaltic agents are used to reduce bowel motion artefact. MRI protocol relies to 
relatively fast sequences such as FISP and gradient-echo technique (e.g. FLASH, 
VIBE) pre- and post-gadolinium contrast injection. Enterography is an alternative, less 
invasive but less well-validated technique, where bowel distension is achieved through 
oral intake of large volume of enteric contrast material. MR enteroclysis has been vali-
dated for use in the assessment of small bowel neoplasm in numerous studies. While 
CT enteroclysis has sensitivity and specificity of 85 and 97% for detection of small 
bowel tumours, MR enteroclysis is believed to have even superior sensitivity. This may 
be due to MRI having better soft tissue contrast and lack of ionising radiation, which 
allows dynamic and multiple acquisitions [31]. One study specifically assessing the use 
of MR enterography in NET. This reported a sensitivity of 74 and 95% (on a per lesion 
and per patient basis, respectively) in 27 proven NET lesions in 19 patients [32].

Small bowel NET appears as asymmetrical focal bowel wall thickening or sub-
mucosal mass on MRI, with iso-intensity to muscle on T1 and iso-/hyperintensity 
on T2-weighted images and contrast enhancement. Kinking of the bowel wall can 
occur. Mesenteric nodal mass and liver metastases may be in the field of view of a 
dedicated MR small bowel study.

Recently, the feasibility of MR enterography on combined PET/MRI platform 
has been shown in a study of 19 patients, which included 9 patients with suspected 
NET using SSRT PET tracer. The study concluded high image quality and excellent 
coregistration [33]. In one case, the authors identified a NET lesion in the ascending 
colon. Whether combined PET/dedicated small bowel MR studies could give addi-
tional value remains to be validated in larger studies.

16.2.4  Whole-Body Assessment (WB-MRI)

With advances in hardware, software and sequence development, such as use of 
multiple phase array coils and parallel imaging, high resolution, high soft tissue 
contrast MRI images of the whole body is achievable in a reasonable scan time and 
without necessarily exogenous contrast agent. Furthermore, introduction of the 
technique of diffusion-weighted whole-body imaging with background body signal 
suppression (DWIBS) in 2004 extended the capability of WB-MRI to give func-
tional information on tissue cellularity, enhancing lesion detection. WB-MRI is also 
attractive with its lack of radiation and wider availability of MRI scanners compared 
to the use of PET/CT. A meta-analysis in 2014 have reported that in 13 studies 
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assessing performance of WB-MRI with DWI and PET/CT in common cancers and 
metastatic disease, the pooled sensitivity and specificity of PET/CT were 0.90 and 
0.98, with MRI comparably at 0.90 and 0.95.

In the context of WB-MRI in NET, Moryoussef et al. reported, in a cohort of 21 
NET patients, that WB-DWI had additional value over WB-MRI, detecting addi-
tional lesions in 15/21 patients on DWI. However, this is at the expense of specific-
ity with 6/63 evaluable additional lesions on DWI found to be falsely positive by the 
reference standard.

A three-way comparison of Ga68-DOTATATE PET/CT, Tc99m-HYNIC- 
Octreotide and WB-DWI involving 19 patients reported overall sensitivity and spec-
ificity of Ga68 DOTATATE PET/CT of 96 and 97%, respectively, compared to 72 
and 100% with WB-DWI. Ga68 DOTATATE PET/CT was more sensitive for bone 
lesions but also in the liver, the pancreas and the gastrointestinal tract, and it was the 
only modality to detect two unknown primary lesions [34].

Another comparative study of PET/CT against WB-MRI (without DWI), including 
51 patients, demonstrated overall equivalent accuracy (92 vs 91%), but with PET/CT 
detecting more nodal and pulmonary disease and WB-MRI detecting more bone and 
liver lesions. In addition, PET/CT was shown to be more specific, showing 13/593 
lesions as falsely positive, compared to 53 false-positive lesions in WB-MRI [35].

Use of WB-MRI is technically and naturally inherent in PET/MRI, as PET is a 
whole-body technique with MR attenuation correction reliant on whole-body MRI 
coverage at least with basic sequences. Advanced MR sequences (including DWI) 
can also be delivered by all commercially available whole-body PET/MRI scanners. 
In addition, with current PET detector sensitivity, time taken for PET acquisition 
per bed position usually a few minutes longer than the minimum MR attenuation 
correction sequences, giving time to accommodate for some of the extra MRI 
sequences to be acquired for use in additional MRI assessment.

Several studies had been published studying NET patients on combined PET/
MRI platform, all with SSRT PET tracers and crossover design (single injection, 
PET/CT and PET/MRI). An early study utilising only basic WB-MRI sequences 
(without MR contrast, DWI or dedicated sequences) showed broad quantitative and 
qualitative equivalence in uptake values and PET visual lesion detection (PET/MRI 
detected four less liver lesions with subtle uptake, in 157 lesions overall; these four 
were reported visible on further review) [36]. Visualisation of an anatomical corre-
late was generally better on the basic MRI component of this study compared to CT 
component (with oral contrast only) of the respective hybrid studies. Another study 
compared contrast-enhanced PET/CT against PET/MRI with WB-MRI (WB post 
contrast and DWI) in eight patients and showed that PET/MRI detected the same 
number of malignant lesions as on PET/CT [37]. However, PET/MRI did not detect 
three of four benign/indeterminate, PET negative, lung lesions.

Two further studies on the dedicated PET/MRI platform incorporated more 
complex protocols to include WB-MRI with contrast, without WB-DWI, but with 
dedicated upper abdominal PET/MRI section [27, 28], compared against contrast-
enhanced PET/CT.  In terms of extrahepatic findings, there is broad equivalence 
between PET/CT and PET/MRI, but when comparing the structural components 
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alone, there is no clear benefit of WB-MRI with contrast compared to contrast-
enhanced CT. There is concern of non-visualisation of small sclerotic bone and lung 
lesions on the MRI, which may be either below resolution of or non-avid on PET.

In summary, use of whole-body MRI to supplement Ga68 SSRT PET on PET/
MRI is feasible. There is heterogeneity of PET/CT and PET/MRI protocols in the 
small number of PET/MRI studies published. These include using CT and MRI con-
trast agents or not, and within WB-MRI, whether there is addition of WB-DWI. More 
studies would be needed to address specific questions, such as how best to optimise 
the PET/MRI protocols and how these may be integrated into existing pathways for 
specific circumstances (e.g. can WB PET/MRI with dedicated liver section, supple-
mented by CT chest, be better than current strategy of CT, with liver MRI and PET/
CT as need, as a staging tool and will this change management?).

16.3  Other NET Entities

The role of PET/MRI in the study of non-GEPNETs is more obscured. On the one 
hand, superiority of PET/MRI in the assessment and follow-up of head and neck 
paraganglioma may be readily speculated, given the potential benefit of precise co- 
localisation of the exquisitely sensitive SSRT PET signal in this context, with excel-
lent soft tissue contrast on MRI. The relative reduction of radiation dose compared 
to PET/CT and ability to have a one-stop approach are also potential advantage for 
familial cases (e.g. patients with succinate dehydrogenase mutation), where young 
patients often have multiple lesions and require frequent assessment. On the other 
hand, while use of PET/CT has confirmed roles in assessment of phaeochromocy-
toma, medullary thyroid cancer and bronchial carcinoid, especially in the metastatic 
settings, integration of this with whole-body or regional-specific MRI sequences on 
the PET/MRI platform would be of much uncertain additional benefit.

 Conclusion
The study of the clinical use of PET/MRI in NET patients is only at its early 
stages. Emerging data would suggest synergistic benefit in the assessment of 
liver metastases. Among the myriad of other clinical questions and scenarios 
important to NET patient management, there is a clear need for more work into 
identifying and establishing other areas where PET/MRI could bring similar syn-
ergistic benefit. Further studies would also be needed to rationalise PET/MRI 
protocols to reduce strain on patient’s experience and resources.
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17.1  Introduction

Colorectal cancer is the third most common cancer in men and the second most 
common cancer in women [1]. Rectum is the site for nearly one third of colonic 
cancers, and rectal cancers are associated with poor prognosis and higher local 
recurrence. Total mesorectal excision is the standard surgical treatment for local-
ized cancers, and neo-adjuvant concurrent chemoradiation therapy is performed 
in selected patients. Low anterior resection, ultralow anterior resection, and 
abdominoperineal resection are options for tumors involving different parts of 
the rectum. Sphincter-sparing surgery is preferred as it has the potential to 
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improve quality of life. T stage and N stage of the tumor determine outcome, and 
the involvement of mesorectal fascia (MRF), circumferential resection margin 
(CRM), and extramural vascular invasion (EMVI) are important prognostic fac-
tors. Preoperative accurate staging of rectal carcinoma is, therefore, very impor-
tant. The modality of choice for initial staging of rectal carcinoma is magnetic 
resonance imaging (MRI) as it has high soft tissue contrast resolution and can 
identify important anatomical landmarks such as mesorectal fascia and perito-
neal reflections [2, 3]. High- resolution T2 weighted forms the cornerstone for 
local staging of the rectal cancer. Transverse (axial/oblique axial) images perpen-
dicular to the long axis of the tumor are important to determine the invasion of 
the tumor through the rectal wall and involvement of the mesorectal fascia [4]. 
Controversies exist with regard to the need of endorectal coil and the use of rectal 
gel as these would change the rectum anatomical position and normal state of 
distension. According to a meta-analysis study, MRI performs well for both T 
stage and N stage with accuracy of >80% [5].

Recently, MRI has also evolved as the preferred modality for posttreatment 
assessment of rectal cancers that are locally advanced and treated with neo-adjuvant 
chemoradiation therapy (CRT) to assess response as well as surgical resectability. 
However, the accuracy of MRI may be limited following CRT as differentiation of 
residual tumor from fibrosis is difficult, inflamed rectum (radiation proctitis) can 
mimic local invasion, and reactive lymphadenopathy may be misdiagnosed as local 
progression [6, 7]. Positron emission tomography (PET) has been shown to be use-
ful for post-CRT response assessment and also provide prognostic information [8, 
9]. It appears, therefore, that a combined evaluation with PET and MRI system may 
provide more information for local staging and assessment of treatment response.

For metastatic disease at the initial staging and after neo-adjuvant or adjuvant 
radiation therapy, both CT and MRI have been found useful. Studies have shown 
similar accuracy for both PET/CT and MRI in the detection of distal organ metasta-
ses and better accuracy of PET/CT over MRI for detection of lymph node metasta-
ses [10, 11]. However in the recent years, owing to the epidemic of obesity, 
sensitivity of CT is lower due to increased prevalence of hepatic steatosis in obese 
patients, which can make it difficult to detect hypodense colorectal metastases [12]. 
MRI is, therefore, suitable, especially with diffusion-weighted imaging (DWI), 
which is more sensitive for detection of small metastatic liver lesions [13]. The use 
of hepatobiliary contrast agents such as Gd-EOB-DTPA is known to improve detec-
tion of liver metastases compared to CT [14].

Preoperative imaging of rectal cancer would benefit from accurate definition of 
surgical planes and evaluation of involvement of lymph nodes and distant metasta-
ses. A hybrid PET/MRI system provides capability of high-resolution anatomical 
imaging, functional imaging with dynamic contrast-enhanced imaging, DWI, evalu-
ation with hepatobiliary-specific agents, and functional information from PET that 
can be combined for a comprehensive evaluation of rectal cancer. PET/MRI has been 
recently introduced into clinical practice and reports of its utility are emerging.

A.H. Goenka et al.



307

17.2  Current Role of PET/CT in Rectal Cancer

Rectal adenocarcinoma, a highly proliferative and aggressive malignancy overexpress-
ing transmembrane GLUT receptors, is easily detectable by FDG PET/CT. However, 
there is considerable non-negligible false positives from adenomatous or tubulovillous 
polyps, diverticulitis, inflamed hemorrhoids, inflammatory diseases of the bowel 
mucosa (such as IBD, post-radiotherapy inflammation, etc.), or non-specific bowel 
uptake (physiological or consequent to oral antidiabetic drugs such as metformin 
administration). On the other hand, false-negative results are caused by small rectal 
adenocarcinomas or by carcinomas obscured by intestinal physiological FDG uptake. 
FDG PET/CT is limited for the definition of the T parameter in the TNM staging due 
to inferior anatomic details when compared with MRI. Low-dose and non-enhanced 
CT, which is used for attenuation correction, is not accurate for detecting primary rectal 
cancer. Consequently, it is not possible to precisely assess the degree of infiltration of 
the rectal wall, which is essential to correctly define the T parameter.

On the other hand, the sensitivity of FDG PET for the detection of metastatic 
lymph nodes has been shown to be similar to that of CT and generally poor (22–
29%) [15, 16]. However, its specificity and accuracy were reported to be relatively 
high (95.5 and 88%, respectively) [17–23]. These results have led to a generally 
shared opinion that FDG PET/CT has limited role for the N staging and that locore-
gional lymphadenectomy is more suitable to correctly stage the patient. However, 
FDG PET/CT is valuable to confirm suspected metastatic lymph nodes detected by 
other imaging modalities when their size is larger than 5 mm. About 15–25% of 
patients with primary colorectal cancer have synchronous liver metastases at diag-
nosis, and 2% have synchronous lung metastases [24]. Furthermore, in rectal can-
cer, the risk of synchronous secondary lesions is twofold higher as compared to 
colon cancer [24]. Surgical resection of metastatic lesions at presentation is known 
to improve prognosis (5-year survival rate of 40% as compared to 0% survival in 
untreated patients [25]. FDG PET/CT has a sensitivity of 88–91% and specificity of 
91–100% for detection of secondary lesions at presentation [15, 26] and has signifi-
cant impact on management decisions [26, 27].

The utility of FDG PET/CT in assessing resectability following neo-adjuvant 
chemotherapy and radiation is not clear and due to several factors including differ-
ent interpretative criteria and technical factors [28–30]. Similarly, FDG PET/CT 
evaluation of liver metastases treated with locoregional ablation is also limited, 
especially during early post-intervention period due to inflammatory response 
around the lesion [28].

The reported accuracy of FDG PET in detecting pelvic recurrences is 95%, as 
compared with 65% for CT [31]. In particular, Valk et al. [32] demonstrated the 
sensitivity and specificity of FDG PET to be 93 and 98% when compared with 69 
and 96%, respectively, for CT. It is particularly effective in characterizing a presa-
cral lesion following surgery, with a reported sensitivity of 100% and specificity of 
96% [33, 34].
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Another common indication at some institutions for FDG PET/CT during the 
follow-up is in the case of rising serum marker level (CEA) that is correlated with 
the disease relapse. FDG PET/CT was shown to provide positive and negative pre-
dictive values of 89 and 100%, respectively [35], but with a variable rate (up to 
21%) of false-positive results [36]. The question remains whether all patients with a 
rising CEA should receive an FDG PET scan. A pitfall of this approach is the false- 
positive rate of CEA (5–16%). On the other hand, routine FDG PET/CT as a first- 
line imaging modality, followed by further investigation guided by PET/CT, may 
also be a valid strategy [37–39].

In conclusion, FDG PET/CT is a valid tool for the evaluation of patients with 
rectal cancer. It has important clinical impact especially for the M staging at diag-
nosis and for detection of disease relapse. The limited anatomical resolution of 
PET/CT, which affects its utility in the context of T and N staging, is expected to 
improve with PET/MRI.

17.3  PET/MRI Technique and Protocol

The experience with PET/MRI protocols for evaluation of rectal cancer is evolving, 
and currently there is no validated protocol, which is a reflection of novelty of this 
hybrid modality. The experimental protocol at our institution involves whole-body 
metastatic survey followed by high-resolution-focused imaging of the rectum. This 
protocol is tailored for evaluation of response to neo-adjuvant therapy in  locally 
advanced rectal cancer (LARC). However, we have not yet received IRB approval 
for our protocol, and therefore, we are yet to perform clinical scans on our patients.

Standard instructions for PET such as fasting for at least 4 h, plenty of oral fluids, 
and blood sugar levels less than 150 mg/dL are given to patients. Patients receive an 
injection of 15  ±  10% mCi of F-18 fluorodeoxyglucose (FDG) followed by the 
standard 60  min uptake time. For the dedicated rectal cancer protocol, patients 
receive a rectal evacuant (glycerin suppository) 2 h prior to exam. At the time of 
exam, a small amount of sonographic gel is instilled into the rectum for luminal 
distension and to increase conspicuity of index lesion on MRI. Adequate patient 
centering and placement of surface coils are essential to optimize the MRI signal 
and to reduce potential artifacts related to B0 field inhomogeneity. The time spent 
with the patient for these steps contributes additional radiation exposure for tech-
nologists when compared with PET/CT [40].

The scan begins with an MRI localizer to prescribe scan range, typically from the 
vertex of the skull through the upper thighs. MR sequences for attenuation correction 
(MRAC) and PET data are then co-acquired throughout the entire scan range. Whole-
body PET/MR data is acquired in 4–5 bed positions with each bed position taking 
around 2–3 min. The MRAC sequence is a 2-point Dixon 3D fast spoiled gradient-
recalled echo (FSPGR) imaging technique (LAVA Flex) that acquires water-only, fat-
only, in-phase, and out-of-phase echoes in a single 20 s breath-hold acquisition. This 
sequence achieves both attenuation correction and anatomic co- localization. It is resis-
tant to the motion artifacts that are often encountered when a T1-weighted (T1W) 3D 
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GRE sequence is used for MRAC. Although there is time available for an additional 
axial T2-weighted (T2W) HASTE and/or DWI sequence through each bed position, 
we do not acquire this routinely. Based on our clinical experience with PET/MR, we 
believe that this additional sequence is not warranted since the 2-point Dixon-based 
MRAC suffices for anatomic co-registration. Moreover, as per our institutional policy, 
diagnostic MR sequences such as T2W HASTE are to be read by specialty-trained MR 
radiologists. Therefore, acquisition of an additional T2W HASTE sequence through 
each bed position would mandate involvement of radiologists from at least three differ-
ent sections for one PET/MR study, which is neither feasible nor warranted.

Our whole-body metastatic survey exam (Fig.  17.1) is followed by dedicated 
focused PET/MR of the pelvis, which involves list-mode acquisition of PET data 
co-acquired with dedicated rectal MRI. MR component of protocol is performed 
according to our clinically utilized rectal cancer staging protocol using pelvic phase- 
array multichannel coil. In addition, a longer simultaneous single-bed list-mode 
PET acquisition is obtained to match the MRI station. This is expected to allow 
accurate evaluation of index lesion due to better matching of the bladder size and 
position of anatomical structures between PET and MRI [41, 42].

The high-resolution pelvic MRI study includes standard T2W fast spin echo 
(FSE) sequence in three orthogonal planes through the rectal tumor site and whole- 
pelvis axial T1W images. Additional oblique axial diffusion-weighted (DWI) echo-
planar imaging (EPI) sequences with multiple b-values and apparent diffusion 
coefficient (ADC) maps are obtained through the tumor site, with imaging planes to 
match the oblique axial T2W sequence.

Whole Body MRAC & PET

Co-acquired over 4-5 bed positions @ 2-3 minutes/bed

Focused Rectal PET/MR

List mode single bed PET Tri-planar T2W & DWI sequences

Liver Metastatic Evaluation

Axial fat-saturated T2W DWI sequence

Fig. 17.1 PET/MRI protocol for rectal carcinoma staging
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Limited additional MRI sequences of the abdomen (DWI and axial T2 FSE sequence 
with fat saturation) are also acquired to increase sensitivity for detection of distant metas-
tases. In an effort to keep the protocol duration reasonable for patient comfort and scanner 
throughput, intravenous gadolinium-enhanced sequences are not part of this protocol. As 
a corollary, this protocol does not allow the use of perfusion MRI with DCE, which has 
been shown to have a role in the assessment of response to neo-adjuvant therapy (NAT) 
in LARC as well as provide information about the status of circumferential resection 
margin [43–46]. It is anticipated that this PET/MR protocol (whole-body metastatic sur-
vey plus focused PET/MR of the pelvis) will require approximately 60 min, which is 
generally considered to be the maximum scan time limit in view of patient comfort and 
economic considerations related to scanner throughput [41, 47].

Some investigators have suggested that dual-point PET can predict pathological 
tumor response better than conventional single-time point pre- and post- 
chemoradiotherapy (CRT) PET in locally advanced rectal cancer (LARC) [48]. Dual-
point PET imaging is feasible with PET/MR. A second stage PET scan (delayed scan) 
can be performed at 120 min postinjection as a 4–5 min single station list-mode PET 
acquisition of the pelvis. The disadvantages of dual-time PET include the obvious 
negative impact on workflow, patient comfort, and economic considerations related to 
scanner throughput. Therefore, until it can be validated in larger studies, this delayed 
scan is only part of our research protocol aimed at differentiation of treatment-induced 
fibrosis and residual viable rectal tumor in the post-neo-adjuvant setting.

When performing PET/MR for evaluation of colonic cancer, another option is to 
combine the whole-body metastatic survey with focused PET/MR of the abdomen for 
evaluation of liver metastases. The single-bed list-mode PET acquisition is respiratory 
bellows-compensated to minimize the effect of respiratory motion and to allow ade-
quate registration with respiratory-triggered or breath-hold liver MRI sequences. The 
liver MR component can be performed with hepatocyte-specific contrast agent such as 
gadoxetate (Eovist). It has been shown that navigated hepatobiliary phase imaging using 
Eovist aligns quite well with respiratory-compensated list-mode liver PET data [49].

The success of an institutional PET/MR practice requires development and vali-
dation of individualized scanning protocols that are tailored toward specific clinical 
indications. For instance, the rectal PET/MR protocol described above is specifi-
cally intended for response assessment in patients with LARC. We believe that a 
one-size-fits-all approach, which is typical for PET/CT, would not be feasible for 
PET/MR due to challenges inherent to this hybrid imaging modality. Moreover, 
given the requirement of time-efficient workflow and protocols for the success of a 
PET/MR practice, a PET/MR protocol should not be designed by simply appending 
the full set of sequences from a regular MRI protocol. Trade-offs and compromises 
are required in terms of MRI sequences taking into consideration the incremen-
tal benefit of high-quality PET data. In addition, other requirements for building 
a successful PET/MR practice include buy-in from referring providers and other 
specialties of radiology, dual-modality trained radiology champions, and trained 
technologists. At our institution, a certified PET and an MR technologist jointly per-
form the PET/MR scan. Reporting of PET/MRI studies has not been standardized 
and dependent on the clinical practice. Two separate reports from nuclear medicine 
physician and radiologist or a combined single report are options. It’s important to 
have discussion of findings between the two readers to avoid interpretative errors.
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17.4  Potential Role of PET/MRI in Rectal Cancer 
and Initial Results

PET/MR offers several potential advantages over MRI and PET/CT for evaluation of 
rectal cancer. It can provide actionable insights into disease phenotype and biology 
beyond that of conventional imaging modalities. When compared with rectal MRI, 
PET/MR offers the advantage of simultaneous distant metastatic evaluation. Combining 
potentially complementary metabolic information from PET with multi- parametric 
MRI has the ability to provide prognostic and treatment response assessment. The supe-
rior soft tissue contrast of MRI and the ability to acquire respiratory motion-compen-
sated data with PET/MR are potential benefits over that of PET/CT and contrast-enhanced 
CT. However, there have been only a few reported studies that have evaluated the utility 
of PET/MRI in rectal cancer. Most of the reported studies in literature have PET/MRI 
studies performed immediately after clinical PET/CTs utilizing the same FDG injection 
and, therefore, are not representative of the manner in which PET/MR will be part of 
clinical practice. To the best of our knowledge, there has not been any study of integrated 
stand-alone PET/MR in a homogenous cohort of patients with rectal cancer.

17.5  Staging

Although MRI of the rectum has a significant role in T staging of rectal cancer, its 
role in N staging is not sufficiently accurate due to reliance on size and morphology 
of lymph nodes and the known propensity of nodal metastases from rectal cancer to 
present in normal-sized lymph nodes [13, 50]. Studies have shown that MRI has 
high sensitivity and PET/CT has high specificity for N staging [51]. Therefore, 
PET/MR is expected to further improve the staging evaluation of rectal cancer by 
coupling the incremental metabolic information from PET with high-resolution 
morphologic evaluation of lymph nodes with MRI.  The metabolic information 
obtained from PET has the potential to influence radiation therapy planning and 
dose intensification during neo-adjuvant therapy [50].

Paspulati et al. compared the diagnostic accuracy of sequential same-day PET/CT and 
PET/MR using the same FDG injection in 12 patients with colorectal cancer [52]. PET/
MR was performed using the sequential PET/MR system (Ingenuity TF PET/MRI, Philips 
Healthcare). Of these 12 patients, two patients had advanced rectal cancer. They found 
high accuracy of high-resolution MRI in determining the T stage of rectal cancer in their 
two patients. Expectedly, PET data did not contribute to T staging beyond the information 
provided by MRI. However, the difference in N and M staging performance between PET/
CT and PET/MR in these two patients, if any, could not be deciphered from their paper.

PET/MR offers several advantages over PET/CT for detection of small distant 
metastases through accurate anatomic correlation of small foci of tracer uptake. 
These advantages arise due to the following technical reasons: (1) soft tissue contrast 
of MR component of PET/MR is higher than that of CT component of PET/CT; (2) 
MR and PET data acquisition in PET/MR is truly simultaneous (in hybrid scanners), 
which ensures high spatial and temporal correlation, as against the sequential CT and 
PET data acquisition in PET/CT; and (3) the time-of-flight (TOF) capability due to 
silicon photomultiplier detector (SiPM) of Signa PET/MR (GE Healthcare) provides 
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higher sensitivity for small metastases. In rectal cancer, these advantages may result 
in improved detection of small liver metastases or in difficult anatomic locations 
such as small foci of peritoneal carcinomatosis [53]. Therefore, PET/MR is expected 
to improve the M staging of rectal cancer. Although not specifically assessed in the 
context of rectal cancer, PET/MR has shown high accuracy for detection of distant 
metastases and has contributed to the clinical management more often than PET/CT 
in a heterogeneous oncologic patient cohort [17, 54]. The use of hepatocyte-specific 
contrast agent such as Eovist may additionally improve the sensitivity of PET/MR 
for liver metastases. Therefore, if validated, the whole- body metastatic survey with 
focused rectal PET/MR protocol has the potential to be a “one-stop-shop” examina-
tion for simultaneous local and whole-body staging of rectal cancer.

Kang et al. retrospectively evaluated the added clinical value of integrated whole- 
body PET/MRI over that of conventional CECT alone in the diagnostic workup of 
patients with colorectal cancer [55]. Of the 51 patients with colorectal cancer included 
in their study, 23 patients had rectal adenocarcinoma. Their PET/MRI protocol con-
sisted of a whole-body PET/MRI acquisition and a dedicated MR examination of 
organs in which lesions were found. They compared the PET/MRI findings with 
CECT performed within 90 days of the PET/MR. They found inferior performance of 
PET/MR for detection of pulmonary metastatic nodules (detection rate of 52.9%). 
However, PET/MRI findings were useful for additional characterization of indetermi-
nate lesions in several anatomic locations, including indeterminate-sized lymph nodes 
and small hepatic metastases. Hepatic lesions constituted the largest proportion of 
these additionally characterized lesions. The improved characterization of these 
lesions with PET/MRI was mainly due to the information provided by MRI. In 21.6% 
(11/51) patients, treatment strategy was changed after PET/MRI added information to 
CECT findings. Majority of these findings were again due to liver metastases. 
However, authors did not report the results separately for the rectal cancer cohort.

In another study, Chandarana et al. reported a 70.3% sensitivity of PET/MRI for 
all lung nodules seen on prior PET/CT. As expected, the sensitivity was higher for 
FDG-avid nodules (95.6%) than for non-avid nodules (0.5 cm or larger) (88.6%) 
[56]. In a heterogeneous oncologic patient population, the same group subsequently 
reported that the majority of non-FDG-avid lung nodules missed on PET/MRI 
either disappeared or remained stable on follow-up imaging [57]. Recently intro-
duced free-breathing ultrashort echo time (UTE) sequence has been shown to 
improve detection of lung nodules on PET/MRI [58]. Detection may also be 
improved by using a diagnostic 3D contrast-enhanced T1W sequence to the proto-
col. However, PET/MRI is not yet equivalent to PET/CT for assessment of lung 
nodules. Therefore, it is prudent to consider CT chest for evaluation of potential 
lung metastases in patients with rectal or colorectal neoplasms.

17.6  Assessing Response to Neo-adjuvant Therapy (NAT)

The standard of care for LARC consists of long-course neo-adjuvant chemora-
diotherapy (NAT) followed by total mesorectal excision (TME). The rationale for 
this strategy is the observed reduction in the rates of local recurrence and lower 

A.H. Goenka et al.



313

long- term toxicity than postoperative chemotherapy [59]. Around 15–27% of 
patients will achieve complete pathologic response (pCR) after NAT. Regardless 
of initial tumor stage, pCR following NAT portends excellent local control and 
disease-free survival [60–63]. This discovery has led to a paradigm shift in the 
management of LARC with a number of institutions considering non-operative 
management for patients that achieve a complete clinicopathologic response 
after NAT. Outcomes of this non-operative management have been comparable 
to that of operative management. In view of this consideration, early prediction 
of pCR has become an important goal of imaging with significant implications 
for management. MRI assessment of tumor regression may help predict survival. 
In fact, MRI is considered the technique of choice for restaging rectal cancer 
after NAT [64]. Likewise, reduction in tumor SUV following NAT correlates with 
increased likelihood of pCR [65–67]. A comparison of PET alone and MRI alone 
with combined fused PET/MRI data in post-NAT LARC has noted improvement 
in diagnostic performance of fused PET/MRI data: sensitivity, specificity, and 
accuracy of 60 versus 80%, 20 versus 66.7%, and 80 versus 86.7% for MRI data 
alone versus fused PET-MRI data, respectively [68]. However, neither of the two 
modalities—MRI or PET—can predict pCR reliably enough to influence clinical 
decision-making.

Theoretically, PET/MR may provide higher diagnostic performance than current 
imaging modalities for prediction of pCR subsequent to NAT for LARC. PET/MR 
performed with DWI combines three complementary pieces of information: gluco- 
metabolic functional information from PET, morphologic changes in the tumor size 
from MRI, and cellularity information from DWI. For instance, in a cohort of nine 
patients with rectal cancer who underwent regional hybrid PET/MR after whole- 
body PET/CT using the same FDG injection, Jeong et al. [69] found that ADC mean 
values of the rectal lesion significantly and inversely correlated with the lesions’ 
SUV values. The correlation found between SUVs and ADC values supports the 
notion that high cellularity due to tumor proliferation results in greater metabolism 
activity and restricts water diffusion. Such complementary parameters obtained 
from PET/MR can be combined with clinicopathologic variables and biomarkers 
such as serum carcinoembryonic antigen (CEA) to generate a statistical model for 
predication of pathologic response in rectal cancer subsequent to NAT. However, 
this has not yet been attempted. We are in the process of evaluating PET/MR in this 
clinical context.

17.7  Limitations of PET/MRI in the Evaluation of Rectal 
Carcinoma

PET/MRI is promising but has several limitations that need to be addressed when 
implemented in clinical practice. The limitations include higher cost compared to 
PET/CT, longer examination times that requires patient cooperation and limits 
patient throughput, and suboptimal evaluation of lung nodules, which may require 
additional CT of the chest. Improvement in co-registration and scanning techniques 
may overcome these limitations in the future (Figs. 17.2, 17.3, and 17.4).
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Fig. 17.2 A 53-year-old male with rectal carcinoma confined to the rectal wall (T stage 1/T stage 
2). Coronal T2-weighted images (top row, a–c) and corresponding FDG images (middle row, d–f) 
and fused MRI-PET images (bottom row, g–i) showing intermediate signal intensity oval-shaped 
mass in the lower rectum with intense FDG uptake and avid left internal iliac lymph node (short 
arrow). Coronal (j) and sagittal (k) MIP PET images showing the primary rectal tumor (Courtesy 
Dr. Thomas Hope, MD, UCSF, San Francisco)
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Fig. 17.3 A 46-year-old male with rectal carcinoma treated with neo-adjuvant chemoradiation 
and PET/MRI performed for staging prior to resection. T2-weighted image (a), PET image (b), 
and fused MRI-PET image (c) showing primary mass with FDG uptake. Note perirectal stranding 
due to radiation. Hypointense lesion in the right lobe of the liver on hepatobiliary phase (d, arrow) 
which is FDG avid as shown on FDG image (e) and fused image (f) and consistent with liver 
metastases. (Courtesy Dr. Thomas Hope, MD, UCSF, San Francisco)
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18.1  Introduction

2-[18F]Fluoro-2-deoxy-D-glucose (FDG) PET/MRI has emerged as another diag-
nostic tool for gynecological cancer in recent years. PET/MRI combines the unique 
tissue characterization and functional information of MRI with the quantifiable 
molecular information provided by PET. There are two major ways in which these 
imaging modalities are combined or fused, namely, hardware based and retrospec-
tive software based. Hardware-based image fusion is performed by means of hybrid 
scanners, which enable the real-time acquisition and fusion of two different imaging 
modalities within a single device. Retrospective software-based image fusion relies 
on dedicated software to fuse two separate imaging datasets, most often from CT or 
MRI and single-photon emission tomography (SPECT) or PET.  This technique, 
called “image registration,” is used to align both sets of data so that each voxel cor-
responds to the same anatomical landmarks in both images [1]. Integrated systems 
place solid-state PET detectors, which are compatible with external magnetic fields, 
inside the MRI gantry, with further details available in Chapter 1. The integrated 
design allows for simultaneous PET and MRI acquisition with advantages such as 
reduced scanning time, improved co-registration, and simultaneous imaging of 
dynamic processes visualized on both PET and MRI [2].

In gynecologic cancer patients, FDG PET/MRI protocols are intended to provide 
treatment planning in a single imaging session. The examination assesses the 
locoregional extent of pelvic tumor and evaluates the entire body for nodal, perito-
neal, and skeletal metastases. During the PET acquisition, whole-body Dixon MR 
images are acquired for attenuation correction and may be used for anatomic cor-
relation. Additional whole-body MR sequences may be acquired with little time 
penalty to supplement anatomic correlation and characterization of PET findings. 
While no uniformly agreed upon protocols exist, most protocols incorporate rapid 
acquisition T2-weighted fast or turbo spin echo with or without fat suppression and 
T1-weighted fast or turbo spin echo sequences. For T2-weighted images, some 
groups use single-shot fast spin echo techniques which are faster than fast or turbo 
spin echo sequences. The combination of T1- and T2-weighted imaging provides a 
broad overview of organ anatomy and evaluation of marrow replacement.

In addition to whole-body sequences, dedicated pelvic MR imaging is indicated 
for most gynecological cancers and typically includes high-resolution T2-weighted 
images, diffusion imaging, and dynamic contrast-enhanced T1-weighted fat- 
suppressed images. Tables 18.1 and 18.2 illustrate a sample protocol and details 
related to some of the sequences. Patient table times on the current scanners last 
approximately 35–60 min.

We present in detail below the current status of gynecological oncologic imaging 
and review the available literature on hybrid PET/MRI. Additionally, we will dis-
cuss potential future work with some non-FDG PET tracers that show promise as 
useful tools for gynecologic imaging.
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Table 18.1 Sample protocol and sequence details. MRAC-magnetic resonance attenuation 
correction

MRI sequence
Acquisition 
details Diagnostic details Example images

Whole-body sequences
Attenuation correction sequences
Dixon-based 
MRAC

Breath hold T1-weighted gradient recall 
echo

~20 s Generally lower resolution
Produces inphase (left 
image), opposed phase (right 
image), and fat-only and 
water-only (not shown) 
images from which a map is 
generated

Diagnostic T1-weighted sequences: often is performed after contrast to evaluate for 
enhancement
T1-weighted 
SPGR

Breath hold T1-weighted spoiled gradient 
echo

20–30 s Can be performed with 
spectral fat saturation or 
Dixon-based fat saturation

T1 weighted 
turbo spin echo

Breath hold T1W turbo spin echo often 
acquired with parallel 
imaging
Anatomic correlation for 
bone
Fluid/water structures are 
dark
Marrow replacing lesions are 
dark as is shown by the 
arrow indicated a large right 
iliac wing mass

(continued)
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18.2  Cervical Cancer

18.2.1  Background

Worldwide, cervical cancer is the second most common gynecologic malignancy. 
The overall 5-year survival rate of cervical cancer is 67.9%. This number drastically 
improves if the disease is confined to the primary site (90.9%) and becomes much 
worse if there are regional lymph nodes (57.1%) or distant metastases (16.1%) [3]. 
In patients with metastatic cervical cancer, the median survival time is only 
8–13 months [4].

The prevalence of lymph node involvement in early stage cervical cancer is esti-
mated to be approximately 15–20%, and approximately 33% of patients with locally 
advanced cervical cancer have para-aortic lymph node metastases [5]. Extrapelvic 
disease is uncommon with only 12% of patients having metastases beyond the 
regional lymph nodes at the time of diagnosis. Hematogenous spread is rare with 

Table 18.1 (continued)

MRI sequence
Acquisition 
details Diagnostic details Example images

Diagnostic T2-weighted sequences: at least one T2-weighted set of images will be acquired
T2 weighted Free 

breathing or 
multi-breath 
hold

T2W fast/turbo spin echo 
often acquired with parallel 
imaging and partial Fourier 
techniques to increase speed
Anatomic correlation for 
organs

Fast/turbo spin 
echo

Fluid/water structures are 
bright
Relatively motion insensitive

T2-weighted 
single-shot fast 
spin echo

Free 
breathing

SSFSE or HASTE sequence, 
motion robust and fast
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Table 18.2 Pelvic sequences for PET/MRI

MRI sequence
Acquisition 
details Diagnostic details Example images

Pelvic station
T2-weighted 
high 
resolution

Long 
acquisitions

T2W images show 
anatomic detail for 
staging, tumor 
volumes, and 
characterization of 
findings

Free breathing

Multi-average Key sequence for 
fusion. Be sure to 
place oblique axial 
planes perpendicular 
to the uterus or cervix 
as needed

May be 
acquired in 
multiple planes 
or as isotropic 
3D

Diffusion- 
weighted 
imaging 
(DWI)

Free breathing Depicts functional 
information related to 
Brownian motion of 
water molecules

DWI 

B-value range 
from 50–1000 
or even higher

Relatively low 
resolution

Multi-average 
for improved 
signal

Bright structures on 
DWI may be 
inherently T2 bright or 
restricting diffusion 
(ADC signal dark)

ADC 

 

Consider 
reduced field of 
view diffusion 
if available

ADC tumor volumes 
correlate well in 
cervical cancer with 
FDG isocontours

Pre- and 
post-contrast 
T1-weighted 
imaging

Breath hold Often 3D gradient 
recall echo T1W 
fat-suppressed 
sequences

Multi-phase 
acquisition to 
capture 
dynamic phases 
of contrast

Contrast-enhanced 
imaging can be 
valuable in staging 
endometrial cancer 
and uterine 
involvement (see 
image of cervical 
cancer indicated by 
arrow) and 
characterizing findings 
in the pelvis

Oblique sagittal 
plane through 
the uterus 
should be 
obtained for 
uterine 
malignancy

ADC apparent diffusion coefficient
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most common metastasis to the lungs, liver, and bones. Distant organ disease is 
unlikely in the absence of pelvic lymph node involvement.

18.2.2  MRI of Cervical Cancer

Cross-sectional imaging such as CT and MRI is increasingly used to determine 
the extent of cervical cancer and may occasionally be used to replace components 
of traditional FIGO scoring system. In current clinical practice, MRI is the pri-
mary tool used for the evaluation of tumor morphology and local extent of cancer. 
It accurately evaluates tumor prognostic features such as size, endocervical 
growth, parametrial infiltration, and pelvic sidewall or adjacent organ (bladder, 
rectum) involvement. Reported MRI accuracy rates for determining tumor stage 
range from 75 to 96% [6]. The American College of Radiology Imaging Network 
(ACRIN)/Gynecologic Oncology Group (GOG) performed a multicenter clinical 
trial which compared the performance of MRI, CT, and FIGO clinical staging of 
invasive cervical cancer, verified by pathologic analysis of hysterectomy speci-
mens [7]. The ACRIN-6651/COG-183 multicenter trial showed that MRI had 
higher agreement with pathology than CT or clinical examination for delineating 
tumor margins and measuring tumor size [8]. N-staging by prospective imaging 
showed 37 and 31% sensitivity, respectively, for both MRI and CT (not signifi-
cantly different); however, specificity was significantly higher for MRI (94%) 
than CT (86%).

MRI is highly accurate in assessing tumor size to within 5 mm of the histological 
specimen in 70–90% of patients [9] and may be more accurate than colposcopy for 
endocervical extension of tumor (Fig. 18.1). Apparent diffusion coefficient (ADC) 
values derived from DWI have been shown to be negatively correlated with cellular-
ity, producing relatively low ADC values for various malignancies [10] and may be 
able to distinguish tumor from surrounding healthy, inflammatory, or scar tissue 
[11]. MRI features suggestive of parametrial involvement include cervical contour 
nodularity, irregular borders between tumor and parametrial tissue, and presence of 
a soft tissue mass within the parametrium (which may encase the periuterine vascu-
lar plexus). Tumor signal is generally brighter on T2 than the cervical stroma; a 
hypointense T2 stromal cervical rim of >3 mm has been shown to exclude parame-
trial involvement with a specificity of 96–99% and a NPV of 94–100% [12]. When 
there is loss of the hypointense cervical rim without parametrial irregularity, accu-
rate delineation of tumor extension into parametrial tissue is decreased.

18.2.3  FDG PET/CT of Cervical Cancer

FDG PET/CT is complementary to MR imaging for staging cervical cancer by pro-
viding additional benefit for locating nodal and distant metastases. Both MRI and 
CT inadequately distinguish between enlarged, inflammatory, and metastatic lymph 
nodes [6]. A meta-analysis for cervical cancer demonstrated pooled sensitivity and 
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pooled specificity of FDG PET for para-aortic lymph node metastases was 84 and 
95%, respectively, and a sensitivity and specificity of 79 and 99% for pelvic lymph 
node metastases [13]. PET outperforms MRI or CT with regard to sensitivity and 
specificity for detection of metastatic lymph nodes [14]. PET/CT demonstrates less 
robust sensitivity but retains high specificity in lymph nodes smaller than 5 mm. 
Partial volume effect may cause the usual discriminator of FDG uptake, as assessed 
by maximum standardized uptake value (SUVmax) for differentiating malignant 
from benign lymph nodes to be unreliable [15]. Despite this limitation, FDG PET 
remains the most effective tool for detecting metastases including lymph nodes with 
superior sensitivity and specificity compared to CT or MRI [14].

With regard to the primary tumor, FDG PET can help delineate margins using 
thresholding; however, greater value is derived from prognostic information related 
to SUV values. FDG uptake is correlated with tumor cellularity and prognosis. A 
prospective study of 25 patients demonstrated higher average SUVmax, and meta-
bolic tumor volume (MTV) on pretreatment and intratherapy FDG PET/CT studies 
are correlated with poor response [16]. MTV and total lesion glycolysis (TLG) have 
likewise been shown to be prognostic of recurrence-free survival and locoregional 
control [17].

a b c

d e f

Fig. 18.1 Small field of view T2-weighted image, typically acquired in three planes, is critical for 
evaluation of primary cervical and endometrial tumors (a–e). The normal cervical stroma is dark 
on T2-weighted images (a), which is used to determine if there is invasion into the parametrium. 
Images (b, c) show intermediate high T2 signal intensity of tumor replacing portions of the T2 dark 
cervical stroma. Images (d, e) demonstrate locally advanced disease with tumor invading the blad-
der (d) and extending the pelvic sidewall (e) with resultant left hydronephrosis (f)
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18.2.4  Monitoring Treatment Response

In surgically treated patients with no clinical evidence of tumor, follow-up imaging 
is not recommended. In patients with high risk of relapse, follow-up MRI is recom-
mended every 6  months for 2  years. In patients with clinical evidence of tumor 
recurrence, FDG PET/CT is the preferred imaging modality, as it can more accu-
rately evaluate lymph nodes and extrapelvic spread of disease [18]. FDG PET/CT 
has a sensitivity and specificity of 90–96% and 81–100%, respectively, for recurrent 
cervical cancer [19]. Tumor recurrence versus posttreatment inflammation is diffi-
cult to distinguish in the first 6 months following chemotherapy and radiotherapy 
with FDG PET/CT, but it is more reliable than CT or MRI for evaluating distant or 
nodal spread [18]. The combination of PET and MRI may be complementary in this 
role. Significant decrease in tumor size 2 months after initiation of therapy, increased 
tumor ADC values 2 weeks after initiation of radiotherapy, and changes in quantita-
tive pharmacokinetic parameters on dynamic contrast-enhanced (DCE) MRI during 
early and mid-treatment radiotherapy [20] are all associated with good prognosis 
(Fig. 18.2).

18.2.5  Data on Fusion or Hybrid Imaging

The complementary information provided by MRI for local staging and PET for 
evaluation of nodal and distant metastases is well founded in the literature for both 
modalities separately. However, there is relatively little dedicated literature on 
fusion or hybrid imaging. In a single-center small cohort, retrospectively fused FDG 
PET/CT and MRI data were compared to PET/CT and non-fused MRI alone in 35 
patients. The study found significantly better accuracy regarding the extent of the 
primary tumor for fused PET/MRI (83.3%) and non-fused MRI (83.3%) versus 
PET/CT (53.5%); however, there was no statistical difference between fused PET/
MRI and PET/CT for the evaluation of nodal metastases [21]. A separate study 
which also evaluated post-processing fusion of FDG PET/CT with MRI found a 
significant difference in the sensitivity of the fused PET/MRI (54%) versus PET/CT 
(44%) but no difference in specificity in the detection of nodal metastases [22].

A few single-center small series have evaluated the use of simultaneous PET/
MRI and shown some advantages over standard PET/CT or MRI alone for staging. 
In a study involving 18 patients with gynecological malignancies, simultaneous 
FDG PET/MRI was superior to FDG PET/CT for primary tumor delineation; how-
ever, there was no significant difference between the two modalities for detection of 
regional lymph nodes or abdominal metastases [23]. In another study of 19 patients 
with gynecological malignancies, FDG PET/CT and FDG PET/MRI were found to 
be equivalent in identification of malignant lesions, but readers reported higher 
diagnostic confidence in the discrimination of benign and malignant lesions with 
PET/MRI [24]. In 34 patients with suspected cervical or ovarian cancer, integrated 
FDG PET/MRI was compared to MRI alone with statistically significant improve-
ment in nodal detection with hybrid PET/MRI (99%) compared to MRI alone (89%) 
[25]. This result is not surprising given the added value of specificity and sensitivity 
of FDG PET for nodal disease.
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a b

c d

e f

Fig. 18.2 MR features of response to therapy. A 61-year-old woman with stage Ib2 squamous cell 
carcinoma who underwent definitive chemoradiation therapy. Images (a and b) show the pretreat-
ment tumor (arrows). Images (c and d) demonstrate the posttreatment findings of decreased T2 
signal intensity, reduction in tumor volume, and increased ADC values. Images (e and f) demon-
strate the volumetric change with a contour overlay on the ADC map. The tumor decreased in 
volume by 96% following therapy (160 mL pre-therapy to 6 mL post-therapy)
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In addition to staging information, PET/MRI is able to take advantage of both 
modalities to provide potential prognostic information. Both SUV and ADC values 
may be considered surrogates of tumor metabolism and cellular density, respec-
tively. While previous studies have demonstrated at times weak correlations between 
non-simultaneously acquired SUVmax/mean and ADCmin/mean values [26–28], simulta-
neous FDG PET/MRI studies have repeatedly demonstrated a significant and strong 
inverse correlation between SUV (tumor metabolism) and ADC (high cellularity) in 
primary tumors and lymph node metastases [29–32].

Figure 18.3 shows a case of cervical cancer on PET/MRI.  The hybrid or 
simultaneous systems have the theoretical advantage of improved registration 
between the MRI and PET data. This may prove advantageous for radiation plan-
ning, especially for centers that utilize an MR-driven linear accelerator. In a 
study comparing volume concordance between FDG PET, T2W, and diffusion-
weighted (DW) imaging of 35 patients with cervical cancer obtained with simul-
taneous PET/MR imaging, comparable volumes between DW and PET as well as 
individual regional concordance of metabolic activity and cell density were 
demonstrated [33].

a b c

Fig. 18.3 FDG PET/MRI in a patient with metastatic cervical carcinoma. Image panel (a) shows 
the fused T2/PET, T2, and PET images of the primary tumor (arrow). Image panel (b) shows meta-
static para-aortic lymphadenopathy on fused T2/PET, T2, and PET alone (arrow). Image panel (c) 
shows metastatic pulmonary nodules (arrows) and hilar adenopathy on fused T2/PET, T2, and PET 
alone
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18.3  Endometrial Cancer

18.3.1  Background

Endometrial cancer is the most frequent cancer occurring in the female genital tract 
in the United States and many other developed countries. Parameters that impact 
prognosis and survival include the stage of disease at diagnosis, histological grade, 
depth of myometrial invasion, lymphovascular invasion, and lymph node status 
[34]. The presence of tumor greater than 50% depth of myometrial invasion is asso-
ciated with poor survival and a high prevalence of pelvic and para-aortic lymph 
node metastases.

Endometrial cancer spreads by direct infiltration or via lymphatic, trans-tubal 
peritoneal seeding, or hematogenous routes. Locally, endometrial cancer initially 
invades the myometrium and then the endocervix. After trans-serosal spread, direct 
invasion of the parametrium, bladder, or bowel may occur. Pelvic and para-aortic 
lymph node status is an important prognostic factor in endometrial cancer because 
the survival rates of patients with metastases to the nodes are significantly lower 
than those of patients without nodal metastasis.

18.3.2  Imaging Endometrial Cancer

Cross-sectional imaging is often used to aid in presurgical evaluation and to help 
direct therapy through assessment of the depth of myometrial invasion, determina-
tion of gross cervical invasion, and the identification of suspicious lymph nodes 
suggestive of metastatic disease [35]. Of traditional imaging modalities, MRI is 
considered the most accurate imaging modality for the pretreatment local staging of 
endometrial cancer secondary to its excellent soft tissue delineation and overall 
staging accuracy. On MRI, endometrial cancer is usually hypo- to isointense on 
T1-weighted images with intermediate signal intensity lower than the normal endo-
metrium on T2-weighted images (Fig.  18.4). On dynamic post-contrast images, 
endometrial cancer enhances less than the myometrium with a sensitivity and speci-
ficity of 81 and 72%, respectively [36]. The depth of myometrial invasion is typi-
cally evaluated with T2-weighted sequences with a sensitivity and specificity of 87 
and 58%, respectively [36]. Together dynamic contrast-enhanced images and 
T2-weighted sequences have an accuracy of 98% for assessing myometrial invasion 
[37]. DWI also demonstrates high accuracy in assessment of myometrial invasion 
with a reported sensitivity and specificity of 84.6 and 70.6%, respectively, when 
compared to sensitivity and specificity of 69.2 and 61.8%, respectively, for dynamic 
contrast T1 images [38].

Identification of lymph node metastasis on CT and MRI is based on node size 
with a short-axis diameter greater than 10 mm suggesting metastatic involvement. 
As with cervical cancer, size criteria alone yield low sensitivity rates for the detec-
tion of nodal metastases in endometrial cancer between 27 and 66% with a corre-
sponding specificity rate between 73 and 99% [39].
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FDG PET/CT for endometrial cancer staging is less well studied when compared 
to cervical or ovarian cancers. Endometrial cancer typically demonstrates increased 
FDG uptake; however, the added value of FDG PET/CT in initial tumor staging of 
early stage endometrial cancer is limited due to physiologic uptake in premeno-
pausal women [40]. A recent meta-analysis of FDG uptake, assessed by SUVmax, of 
endometrial cancer demonstrated that tumors with risk factors (grade III, lympho-
vascular invasion, cervical invasion, myometrial invasion ≥50%) have a higher 
average SUVmax compared to the tumors with low-risk factors. Thus, a higher preop-
erative SUVmax may be an independent poor prognostic marker of recurrence and 
increased mortality [41]. Kim et al. demonstrated that the sensitivity, specificity, and 
accuracy of PET/CT in detecting residual primary lesions in patients with endome-
trial cancer after endometrial biopsy did not substantially differ from MRI [42].

a

c d
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Fig. 18.4 Endometrial Cancer. Coronal T2-weighted image (a) and post-contrast images (b, d) of 
the uterus show an irregular mass within the left uterus fundus and cornu (arrows). Note that the 
mass extends into and invades the myometrium and is hypoenhancing to the background tissue. 
Image (c) shows an axial view of the uterus again demonstrating thickening of the endometrial 
canal with an irregular area of mass in the left aspect (arrow)
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FDG PET/CT has better sensitivity and specificity than MRI for both pelvic and 
para-aortic lymph node metastases. As with cervical cancer, evaluation of endome-
trial cancer lymph node metastasis is limited in lymph nodes with a short-axis diam-
eter <5 mm. DWI has been shown to have higher sensitivity (83 vs. 38%) but lower 
specificity (51 vs. 96%) than PET/CT, and the accuracy was 57 and 86% for DWI 
and PET/CT, respectively [43].

18.3.3  Data on Fusion or Hybrid Imaging

Few studies using hybrid or fusion technology have focused specifically on endo-
metrial cancer with the majority of the data coming from small single-center experi-
ences that have combined several gynecological malignancies together for analysis. 
Kim et al. demonstrated that the sensitivity and specificity of PET/CT and retro-
spectively fused MRI were 44.1 and 93.9% and 54.2 and 92.7%, respectively [22], 
in detecting nodal metastases. Additionally, on a per patient basis, the sensitivity, 
specificity, and accuracy for detecting pelvic nodal metastasis were 100, 96.3, and 
96.7% for both fused PET/MRI and PET/contrast-enhanced CT and 66.7, 100, and 
96.7% for MRI, respectively [44]. The differences between the three parameters 
were not statistically significant. Stecco et al. found that retrospective image fusion 
of PET/MRI-DWI had the same sensitivity (87.5%), specificity (84.2%), and diag-
nostic accuracy (85.1%) in detecting metastatic lymph nodes in patients with newly 
diagnosed cervical and endometrial cancer on a per patient basis when compared to 
PET/CT and MRI-DWI alone but demonstrated better sensitivity (89 vs. 70.2%), 
specificity (91.6 vs. 90.5%), and diagnostic accuracy (91.2 vs. 87%) on a per node 
basis [45].

Shih et al. demonstrated using an integrated PET/MRI system that SUVmax and 
ADCmin (marker for tumor cellularity) had an inverse relationship and had prognos-
tic implications regarding myometrial invasion, lymphovascular space involvement, 
and lymph node metastasis; however, there was no correlation to tumor grade [46].

18.4  Ovarian Cancer

18.4.1  Background Information

Ovarian cancer is the leading cause of gynecologic cancer deaths in the Western 
countries and the fifth leading cause of cancer-related deaths in women [47]. As of 
2015, the 5-year survival rate for patients with advanced stage ovarian cancer was a 
dismal 27% in the United States. High mortality rates are partly attributable to late 
detection due to a variety of factors including ineffective screening tools, tests, and 
diagnostic methods. Early diagnosis, in the phase when the tumor is ovary-confined 
and likely curable, remains a challenge [48].
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18.4.2  Imaging of Ovarian Cancer

Pretreatment imaging is used to define tumor extent and identify patients for whom 
primary surgery is unlikely to be successful [49]. MRI has been the primary modal-
ity used to characterize incidental ovarian masses and improve the positive predic-
tive value of the imaging work-up. In a retrospective study of 394 patients with 
indeterminate adnexal masses, pelvic MRI had a sensitivity of 93.5% and a specific-
ity of 96.6% for detecting malignancy [50]. Whole-body MR diffusion-weighted 
imaging when compared to FDG PET/CT had a 94% accuracy rate for primary 
tumor characterization and 91% accuracy for peritoneal staging [51].

FDG PET/CT has a limited role in staging primary ovarian cancer. However, 
some studies have shown utility in FDG PET/CT for differentiating benign from 
malignant ovarian masses and directing appropriate management [52]. Small series 
have shown benefit to PET/CT for detecting extra-ovarian disease and lymphade-
nopathy. FDG PET/CT may detect positive lesions where CT fails (Fig. 18.5) and 
may identify recurrent disease prior to CT findings. Preoperative whole-body FDG 
PET/CT has been shown to lead to the accurate upstaging of ovarian cancer patients 

a
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Fig. 18.5 A 31-year-old woman with suspected recurrence of ovarian cancer. PET/CT image (a) 
shows an avid para-aortic node, which was subsequently biopsied and confirmed to be recurrent 
disease. While this node is visible on MRI (arrows), it is a non-specific finding based on size and 
appearance on the T2-weighted (b), post-contrast (c), and diffusion images (d)
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in regard to nodal involvement [53]. Several studies have demonstrated FDG PET/
CT value in predicting overall survival and response to chemotherapy [53, 54].

18.4.3  Data on Fusion or Hybrid Imaging

Even fewer articles reference the value of hybrid PET/MRI for ovarian cancer. In a 
single study, comparison of FDG PET/CT and FDG PET/MRI in evaluation of meta-
static disease in recurrent ovarian cancer (11 patients) and cervical cancer (8 patients) 
was performed. Both PET/CT and PET/MRI allowed for correct identification of all 
malignant lesions and equivocal conspicuity; however, diagnostic confidence was 
significantly higher for PET/MRI in both malignant and benign lesions [24].

18.5  Future Work

Several non-FDG PET tracers have shown promise in evaluating specific biologic fea-
tures and clinical behavior of gynecologic cancers. While there are relatively few stud-
ies that have specifically looked at gynecological malignancies using non-FDG PET 
tracers, there is early evidence that they may have a future role in gynecological imag-
ing. Hypoxia is a common feature of malignant tumors resulting from a functional 
disturbance in microcirculation and increased oxygen consumption. Hypoxia causes 
resistance to chemotherapy and radiotherapy. Copper (Cu)-diacetyl- bis 
(N4-methylthiosemicarbazone) (Cu-ATSM) is selectively retained in hypoxic tissues 
due to bioreductive trapping under hypoxic conditions. Several studies in patients with 
cervical cancer show that 60Cu-ATSM uptake is a predictor of worse survival [55, 56].

18F-Fluoromisonidazle (FMISO) is a derivative of nitroimidazole and is used for 
imaging oxygen-deprived cells by taking advantage of the accumulation of radicals 
in hypoxic cells. In a study of 16 patients with advanced cervical cancer, FDG PET/
MRI and FMISO PET/MRI were compared and found a strong direct correlation of 
FDG SUVmax and FMISO SUVmax and a moderate direct correlation of washout rate 
with ADC, indicated that highly metabolically active tumors with a high cellular 
and microvascular density are also prone to develop hypoxic areas [57]. In this case, 
DWI is complementary as it provides different information from hypoxia PET, as 
compared to FDG PET where DWI is more duplicative.

Cellular proliferation is a fundamental process in cell biology and is dysregu-
lated in neoplastic cells. To capture evidence of cell division, nucleosides and nucle-
oside analogues have been developed as PET tracers for measuring proliferation 
rates. Thymidine analogues are well suited to this purpose. Currently, the most well- 
established PET tracer in this class is 3′-deoxy-3′-[18F]fluorothymidine (FLT). A 
pilot study of six patients with cervical cancer, pre-therapy and 1–3  week post- 
therapy FLT and FDG PET imaging, was performed with a greater decrease in FLT 
uptake on the post-therapy imaging as compared to FDG suggesting the FLT may 
be used to assess the effects of chemoradiation therapy with less interference of 
posttreatment inflammation as seen with FDG [58].
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 Conclusion
Gynecological malignancies remain a major health concern and imaging plays a 
critical role in directing management. The majority of the literature to date has 
focused on cervical cancer and separately on MRI and PET/CT, both showing 
value in staging and prognostication. In particular, MRI provides high-resolution 
imaging for staging or characterizing primary tumors, and PET provides 
increased sensitivity and specificity for detecting nodal and distant metastases. 
Simultaneous PET/MRI provides all the benefits of both modalities in a single 
imaging session and with the promise of improved registration, imbedded motion 
correction, and greater diagnostic confidence due to improved soft tissue contrast 
for whole-body imaging than PET/CT.
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19.1  Introduction

Despite significant advances in detection and treatment, prostate cancer (PC) 
remains the most common malignancy and a major cause of cancer death in men 
worldwide. Data from the American Cancer Society suggests that 180,890 new 
cases of PC would be diagnosed in the United States in 2016, and PC would have 
the second highest mortality in men due to cancer, after lung and bronchus tumors, 
accounting for 26,120 deaths estimated in the same year [1]. Incidence and preva-
lence of PC vary by geographical location and ethnicity, suggesting a role of envi-
ronmental factors and lifestyle, in addition to the genetic factors. PC incidence is 
also affected by prostate-specific antigen (PSA) measurements, with a higher inci-
dence in more developed countries where PSA screening is common practice and 
allows early detection of latent or asymptomatic cancers [2, 3]. As life expectancy 
increases, it is anticipated that incidence of the disease will increase as well, making 
PC a serious endemic health problem.

The most common histology of PC is adenocarcinoma, a malignant glandular 
neoplasia that is thought to originate from the basal cells of prostate acini. These are 
stem cells, precursors of the differentiated secretory prostate cells, that can poten-
tially have a malignant transformation during each of the intermediate phases of cell 
differentiation. This aspect can explain the biological and clinical heterogeneity of 
prostate cancer [4]. In a successful attempt to predict prognosis for PC patients 
using a combination of histological grading and clinical staging, in the 1970s 
Donald F. Gleason introduced the Gleason score, which is now the most commonly 
used grading system for PC [5]. The Gleason score, ranging from 2 to 10, is a sum 
of the two prevalent histologic patterns, each numbered from 1 to 5 depending on 
cell differentiation (1 = well differentiated; 5 = anaplastic), in the prostate tissue 
specimen [6, 7]. Gleason score, together with clinical tumor stage and serum PSA 
levels, is one of the parameters used during risk assessment. Patients are stratified 
into risk groups (very low, low, intermediate, high, and very high risk), and this clas-
sification is key in defining initial patient management [8]. During follow-up, serum 
PSA became an essential biomarker in PC patients, due to its wide availability and 
cost-effectiveness. After initial therapy, a detectable or rising PSA level is defined as 
biochemical recurrence of PC (BCR) [9], and up to 40% of the patients will face it 
within 10 years after initial treatment [10]. Considering that PSA levels can rise 
months to years before the presence of detectable disease, this can be seen as an 
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early marker of disease recurrence, but unfortunately it cannot be helpful in local-
izing disease and differentiating between local, regional, and systemic disease [11]. 
The accuracy of staging and restaging PC patients is key in choosing the most 
appropriate management but remains challenging. Morphological, functional, and 
molecular imaging play a crucial role in this setting, providing noninvasive bio-
markers of disease.

This chapter will review the main features of conventional imaging, different 
PET radiopharmaceuticals, and MR techniques used in prostate cancer imaging. 
The current applications of integrated PET/MRI systems will be described in the 
final sections, as well as the advantages of the combined approach.

19.2  Imaging of Prostate Cancer

19.2.1  Ultrasound

Initial detection of PC is based on digital rectal examination, serum PSA levels 
measurements, and transrectal ultrasound (TRUS) which helps in guiding prostate 
biopsies [8]. The accuracy of TRUS to identify pathological foci is limited, because 
on US an important proportion of them results isoechoic to normal prostate paren-
chyma [12]. TRUS-guided systematic biopsies are therefore “blind” or “random,” 
since they are not directed toward specific abnormalities. Different methods have 
been introduced in an attempt to increase diagnostic accuracy of TRUS-guided 
biopsy, such as contrast-enhanced ultrasound (ce-US), which uses microbubble 
contrast agent injected intravenously, and real-time elastography (RTE), which 
evaluates the mechanical properties of cancerous tissue by identifying variance in 
tissue compliance after manual compression and relaxation, and MR-guided TRUS 
(MR/TRUS), which will be described later. Several studies showed that ce-US and 
RTE increase the detection rate of PC in comparison to TRUS [13, 14].

19.2.2  Computed Tomography

The role of computed tomography (CT) in the detection and staging of PC is very 
limited. Despite the increasing temporal resolution of novel CTs and the use of 
contrast enhancement or new protocols, such as CT perfusion [15], the well-known 
poor soft-tissue contrast of CT limits its ability to visualize the delicate anatomy of 
the pelvis including the prostatic fossa. CT could help identify lymph node metas-
tases from PC based on enlargement, but correlation between size and metastatic 
involvement is poor because nodal metastases are often microscopic. CT can be 
used in high-risk patients with clinically apparent metastatic disease, and could be 
useful in identifying and monitoring bone metastases, particularly osteolytic lesions, 
that may be missed on 99mTc bone scintigraphy and 18F-NaF PET [16].
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19.2.3  Bone Imaging (99mTc-MDP Bone Scintigraphy 
and 18F-NaF PET)

The importance of skeletal involvement in the evaluation of PC patients is justified 
by the fact that PC is the leading cause of bone metastases in men [17]. Considering 
that the skeletal metastases detection is crucial in defining an optimal therapeutic 
management, bone scan is indicated in the initial clinical assessment of PC patients 
in case of PSA levels >20 ng/mL (PSA > 10 ng/mL in T2), Gleason score ≥8, or in 
T3/T4 [8]. Bone scan is not indicated in patients with low-risk PC, since the likeli-
hood of bone involvement is low [17].

The gold standard imaging technique in bone evaluation is 99mTc-methylene 
diphosphonate (99mTc-MDP) planar scintigraphy, with possibility of tomographic 
acquisition using single photon emission tomography (SPECT) and hybrid SPECT/
CT, that increase diagnostic accuracy [17]. 99mTc-MDP has several advantageous 
properties such as high sensitivity in identifying bone metastases, large availability 
in nuclear medicine facilities worldwide, and the possibility to evaluate the entire 
skeleton with relatively low costs and a simple, well-tolerated procedure. These 
aspects made it a successful imaging technique for decades. However, 99mTc-MDP 
bone scan has some important downsides, namely, the lack of specificity in differ-
entiating bone metastases from benign bone conditions, the reduced sensitivity in 
detection of osteolytic metastases, and poor spatial resolution.

Notoriously PET has a better spatial resolution compared to SPECT, and this 
explains the better performances of 18F-NaF PET/CT compared to 99mTc-MDP bone 
scan in the detection of osseous metastases [18, 19]. 18F-NaF is a bone-seeking 
radiopharmaceutical introduced in 1962 by Blau et al. [20] and initially imaged with 
γ-cameras [21] despite the 511 keV photons emitted by 18F being suboptimal for 
conventional nuclear medicine cameras. Due to the recent increase in PET scanners 
availability, 18F-NaF is now imaged using PET, and this led to the increase of sensi-
tivity and spatial resolution of the technique. 18F-NaF has very similar mechanism 
of uptake to 99mTc-MDP, depending on blood flow and osteoblastic activity, but bet-
ter pharmacokinetic properties [22, 23]. 99mTc-MDP bone scintigraphy has the 
important disadvantage of a low specificity because it is not tumor specific and 
accumulates also in benign bone conditions. Although 18F-NaF PET/CT is better 
than 99mTc-MDP bone scan in the detection of osseous metastases, the technique is 
not yet widely implemented in the clinical practice, possibly because of the lower 
availability of the radiopharmaceutical, higher costs, and lower availability of PET/
CT scanners compared with γ-cameras.

19.3  Multiparametrical MRI (mpMRI) in Prostate Cancer

Multiparametrical magnetic resonance imaging (mpMRI) is accepted as imaging- based 
method to detect PC of patients with elevated PSA levels, in particular if prior biopsies 
have been false negative [24]. This technique employs multimodal MRI sequences with 
complementary diagnostic information for PC detection. To facilitate a standardized 
and fast reading approach of these parameters, PI-RADS (prostate imaging-reporting 
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and data system) was proposed in 2012 [25]. According to PI-RADS, the prostate gland 
is divided into sectors that differentiate between anterior and posterior parts in depen-
dence of the central or the peripheral zone and the third of the prostate itself (base, 
mid, apex). Such standardization allows for brief diagnostic reports aiming toward 
improved communication to the clinician. This Likert-scale-based reading scheme pro-
vides a final score from 1 to 5 that summarizes the probability to detect PC. The score is 
obtained after reading each of the sequences employed in mpMRI. PI-RADS 1.0 com-
prised high-resolution T2-weighted (T2w) spin-echo sequences in at least two dimen-
sions, diffusion- weighted imaging (DWI), dynamic contrast-enhanced (DCE) MRI, 
and MR spectroscopy (MRS). The sensitivity/specificity of PI-RADS 1.0 was reported 
with 78/79% for PC detection according to a meta-analysis in 2014 [26]. Three years 
after the introduction of PI-RADS 1, PI-RADS 2 was proposed adapting to the gained 
evidence on the value of different MRI sequences and their limitations depending on 
the location within the prostate [27].

Emerging evidence suggests that mpMRI demonstrates excellent value prior to 
routine biopsy [24, 28]. For this purpose, mpMRI harmonizes well with transrectal 
ultrasound (MRI/TRUS) to allow targeted biopsy [29]. It was assumed previously 
that random core biopsies have a higher probability for histopathological sampling 
errors so that the cancer lesion itself, or the one with the highest Gleason score, is 
missed if a non-targeted (random) approach is chosen [24, 28]. For this purpose, 
fusion images of mpMRI and ultrasound (MR/TRUS) may be acquired to aid the 
physician for the targeted biopsy. mpMRI was also used in patients under active 
surveillance to detect clinically significant PC lesions in the baseline examination. 
The evidence of mpMRI for monitoring active surveillance patients, however, is 
still scarce [30]. mpMRI does also show promising results to detect recurrent PC 
after radical prostatectomy in biochemical recurrence of PC [31]. For this purpose, 
the same mpMRI sequences (T2w/DWI/DCE), as for the standard PI-RADS proto-
col, may be used. However, PI-RADS reporting is currently only proposed for pri-
mary PC and not in the situation of biochemical recurrence.

Because the signal to noise ratio increases proportionately with the field strength, 
3 T should be favored over 1.5 T for PC detection [32]. Technically, the use of an 
endorectal coil for prostate cancer detection is not mandatory despite the usage of 
them may increase signal to noise ratio. In fact, there is excellent image quality 
observed with surface coils at 3 T that provide significantly improved patient com-
fort compared to endorectal coils. The i.v. application of butylscopolamine prior to 
the scan may be used to reduce bowel motility and subsequent artifacts in MRI 
despite it is not necessary in every patient [32]. Overall, a typical mpMRI protocol 
comprises around 30–45 min.

To understand the utilization and also the limitations of mpMRI, one has to dis-
sect this technique into its sequence components that will be briefly summarized in 
the following chapters. It is important to emphasize that the information derived 
from mpMRI in its current form results from the signal of water protons in the 
human body (1H). Higher field strengths than 3  T better allow the excitation of 
nuclei other than water protons with less concentrations in the human body in the 
order of several magnitudes such as 23Na. Such new imaging techniques are still in 
an experimental state.
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19.3.1  T2-Weighted Imaging

T2-weighted imaging (T2w) is the sequence that allows the anatomical delineation 
of the prostate gland and its surrounding anatomy including the seminal vesicles, 
bladder, ductus deferens, pelvic musculature, vasculature, and closely located 
regional lymph nodes. For assessment of the prostate gland, T2w is usually con-
ducted as turbo-spin-echo sequence that allow for high in-plane resolutions in 
order to gain sufficient anatomic detail within reasonable acquisition times. 
Because DWI and DCE have lower spatial resolution due to methodological rea-
sons, T2w is the sequence that allows best the determination of the sector assessed, 
that is later noted in the PI-RADS reading protocol. Usually T2w is conducted in 
at least two dimensions that have to be acquired separately by technologists. Axial 
orientation is always performed and, secondly, either coronal or sagittal. Using two 
planes, the prostate volume may be quantified and benign prostate hyperplasia 
including consecutive lifting of the bladder diagnosed. In PI-RADS 2, T2w is the 
dominant sequence for the assessment of the central zone meaning that the infor-
mation derived from it usually overrules the others [27]; see Fig. 19.1. Only if the 
lesion is unclear (PI-RADS 3), DWI is consulted to potentially upgrade the final 
PI-RADS score. The criterion for malignancy is the kind of delineation of the T2w 
hypointense lesion with respect to its borders. Because it is sometimes difficult to 
correctly describe the delineation of a lesion in the central zone, T2w may have 
limitations to differentiate between benign nodules due to hyperplasia and cancer 
tissue [27].

In principle, T2w allows for imaging-based detection of infiltration patterns for 
clinical T-staging such as extracapsular extension (T3a), infiltration into the seminal 
vesicles (T3b), or invasion into surrounding structures (T4) if the finding is evident. 

Fig. 19.1 Prostate cancer in the left central zone (Gleason 8, PSA 79 ng/mL) in axial T2w-TSE, 
delineated by the red line. Scan conducted at 3 T with a surface coil
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However, a negative T2w scan does not necessarily exclude (microscopic) capsule 
extension or seminal vesicles infiltration, and there may be underestimations 
observed. A meta-analysis on this topic demonstrated overall low sensitivity but 
high specificity (91–96%) to detect extracapsular extension (sensitivity/specificity 
57–91%) or infiltration into seminal vesicles (sensitivity/specificity 58–96%) [33].

19.3.2  Diffusion-Weighted Imaging

DWI is a core sequence used for PC detection and evaluates cellularity by exploiting 
the diffusive motion of water molecules due to their thermal energy to probe tissue 
structure. For this purpose, usually a spin-echo sequence is extended by two addi-
tional magnetic field gradient pulses to induce diffusion weighting based on the 
Stejskal and Tanner method [34]. For k-space (the Fourier transform of the MR 
image) readout, typically an echo-planar imaging (EPI) approach is employed 
which allows acquiring the entire k-space after only one excitation. Depending on 
the number of b-values, the resulting acquisition time typically comprises 4–8 min. 
The resulting diffusion weighting may be modified by changing the b-value, from 
low b-values (low diffusion weighting) to high b-values (strong diffusion weight-
ing). This value results in simple terms from the configuration of the MRI gradients. 
If the signal from two experiments using two different b-values is acquired, the 
apparent diffusion coefficient (ADC) is determinable that provides a very robust 
parameter for cancer detection. Signal decay, b-value, and ADC are associated as 
follows:

 S S e= -
0

bADC  

where S represents the diffusion-weighted signal, b the b-value in s/mm2, and ADC 
the diffusion coefficient. In words, the ADC represents the absolute slope of the 
signal decay between two b-values on a logarithmic scale. Because there are intrin-
sic differences in diffusion of water exemplarily in the bladder and in the prostate, 
simply because cell barriers exist in the prostate, regions with high cellularity such 
as hyperplasia nodules and cancer may be detected. Because benign nodules of 
central hyperplasia may also feature a focal hypercellularity, there is some overlap 
between benign nodules and cancer. To address this limitation, DWI is not the domi-
nant sequence for the central zone in the updated PI-RADS 2 [27]. However, DWI 
is the dominant sequence for assessment of the peripheral zone where high cellular 
nodules should not exist. For assessment of the prostate, b-values equal or larger 
than 1000 s/mm2 should be strived for as the tumor contrast significantly improves 
with higher b-values. This improvement is not endless as noise increases with 
increasing b-values. However, additional models employing kurtosis quantification 
that take into account a mathematical model for cell barriers may add benefit to 
detect prostate cancer for b-values larger than 1500 s/mm2 [35]. Another technique 
of diffusion-weighted imaging, known as intra-voxel incoherent motion MRI, 
extracts perfusion information that contributes to the signal in DWI, without the use 
of contrast agent [36, 37]. This is achieved by acquiring multiple b-values, with 
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corresponding increase in acquisition time. Both kurtosis and intra-voxel incoherent 
motion MRI are not part of the routine prostate mpMRI and are currently in the state 
of exploration.

In clinical routine, the high b-value images and the ADC maps are always con-
sulted. A suspicious lesion should be depicted with hyperintensity in the high 
b-value image set and with low values in the ADC map (Fig.  19.2). If the DWI 
assessment of the prostate peripheral zone shows an unclear lesion (PI-RADS 3), 
DCE MRI is consulted to characterize the vascularization of the lesion in order to 
determine the final PI-RADS score. In some cases, tissue with long T2 times (e.g., 
cysts) may “shine through” so that it appears still hyperintense at high b-value 
images misleadingly indicating a suspicious lesion. Then, the ADC map needs to be 
consulted. If the corresponding ADC values are high as well, a “T2 shine through” 
phenomenon may be reliably diagnosed, and the dignity of the lesion classified.

19.3.3  Dynamic Contrast-Enhanced Imaging (DCE)

Neoangiogenesis and hypervascularization are hallmarks of cancer including pros-
tate cancer thus justifying the use of contrast media that may depict these aspects in 
a dynamic fashion using DCE. It is used to assess the complete prostate by creating 
a 4D dataset during the intravenous application of gadolinium-based contrast media. 
The procedure is similar to dynamic PET imaging, and the used fitting models show 
overlaps. The practical difference to dynamic PET imaging is, assuming a single 
bed position scan, that the PET camera continuously measures the line of responses, 
whereas DCE MRI makes use of numerous repeated, complete scans of the prostate, 
typically in axial orientation. There is always a trade-off between temporal and 
spatial resolution, and since adequate temporal resolution is needed for PC 

Fig. 19.2 Classical appearance of prostate carcinoma (Gleason 7, PSA 13 ng/mL) in the periph-
eral zone of the prostate in DWI, depicted hyperintense at b = 1500 s/mm2 (left), and correspond-
ingly, with low ADC values (right). The pathology is indicated by the red triangles. Scan conducted 
at 3 T with a surface coil
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detection, the in-plane resolution does not match that of a T2w turbo-spin-echo 
sequence. T1-weighted gradient-echo sequence techniques allow for faster image 
acquisition than turbo-spin-echo sequences and thus, high temporal resolution is 
combined with acceptable anatomical detail allowing for the characterization of the 
tissue based on wash-in (enhancement of the contrast agent) and washout (elimina-
tion of the contrast agent) phenomena. In its easiest form, DCE is semiquantita-
tively assessed by measuring the signal in a region of interest (ROI) over time. This 
is performed analogously to dynamic PET imaging and used to visualize the 
enhancement pattern where the x-axis describes the time and the y-axis shows the 
signal (DCE) or activity (PET). There is no mathematical difference between signal- 
time plots in DCE and activity-time plots in dynamic PET imaging, although the 
biological information significantly differs. DCE assesses the signal change per tis-
sue depending on the accumulation of gadolinium-based contrast media. In DCE 
MRI, three different patterns are typically described: (1) continuing enhancement, 
(2) plateau phase, and (3) washout. All three types may appear in prostate cancer. 
However, type 2 and 3 are the most typical patterns observed. In particular, the 
washout (type 3) is indicating a suspicious lesion. Similar to the limitations of T2w 
and DWI, benign hyperplasia nodules in the central zone may feature washout thus 
representing a limitation [27]. Further models use voxel-wise plotting of time to 
peak, area under the curve and more sophisticated approaches such as the quantifi-
cation of ktrans, a parameter used to estimate capillary permeability.

19.3.4  MR Spectroscopy

MRS measures the concentration of metabolites in vivo. The technique is based on 
the fact that different metabolites feature different resonance frequencies based on 
the chemical environment of water protons [38]. Its value to provide unique biologi-
cal information based on the metabolic spectra of prostate tissue has been demon-
strated repeatedly with 68/85% sensitivity/specificity [39]. For prostate cancer, 
typically the metabolism of phospholipids is assessed using 1H-MRS as the prostate 
physiologically features strong accumulation of citrate, in particular within the 
glands of the peripheral zone. Increase in choline and decrease of citrate depicted by 
spectral peaks is characteristic for prostate cancer [40]. The mass-forming effect of 
cancer tissue impedes the accumulation of citrate which then significantly decreases. 
Furthermore, the evolution of cancer leads to a change in cell membrane synthesis 
and subsequently to altered choline concentrations [40] measurable by 1H- 
MRS. MRS was optional in PI-RADS 1 and is not integrated anymore in PI-RADS 
2, potentially due to methodological reasons such as rather longer acquisition times.

A very promising spectroscopic development currently evolving is the “chemical 
exchange saturation transfer” (CEST). This method still under scientific exploration 
for prostate cancer exploits the exchange of water protons between molecules and is 
potentially combinable with dedicated contrast media similar to the tracer principle 
in PET imaging [41].
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19.4  PET Radiopharmaceuticals in Prostate Cancer

19.4.1  18F-Fluorodeoxyglucose (18F-FDG)

The ability of 18F-FDG PET to detect cancer is based on increased expression of cel-
lular membrane glucose transporter 1 (GLUT1) and enhanced hexokinase II enzyme 
activity within tumor cells. The increased glycolytic activity in cancer cells (Warburg 
effect) is a hallmark of cancer and explains the widespread utilization of 18F-FDG as 
imaging biomarker in oncology. In PC cell lines, the expression of GLUT1 is higher 
in poorly differentiated than in well-differentiated hormone- sensitive tumors [42]; 
therefore, the utility of 18F-FDG PET seems to depend highly on the phase of disease; 
it may be relevant in one phase, but limited in another [43, 44].

In primary cancer detection 18F-FDG PET/CT has a relatively low sensitivity. 
The two main disadvantages of 18F-FDG are the close vicinity of the urinary tract 
[45], which physiologically excretes 18F-FDG and might negatively impact visual-
ization of the pelvic area, and the overlap of tracer accumulation in the normal 
prostatic gland, benign prostatic hyperplasia (BPH), and prostate cancer [46]. 
Nevertheless, an incidental high prostatic 18F-FDG uptake should not be ignored 
and requires additional imaging or PSA levels measurements, because of the likeli-
hood of detecting a tumor [47–50]. Limited data is available on the use of 18F-FDG 
in the initial staging of PC.  In the early analysis of the National Oncologic PET 
Registry data in the United States including 2042 scans in PC patients, 18F-FDG 
PET/CT had an impact on initial clinical management in 32% of patients (95% CI, 
30.0–34.1%) [51].

Based on current experience, it appears that 18F-FDG PET has overall limited 
utility in the setting of biochemical relapse. Jadvar et al. reported a sensitivity of 
only 8.1% for detection of occult metastases in 37 men with PSA relapse and nega-
tive results on standard imaging [52]. In another study, involving 28 patients with 
biochemical relapse after definitive primary therapy, the sensitivity and specificity 
of 18F-FDG PET/CT were 61.6% and 75%, respectively [53]. In a comparative study 
of 11C-choline and 18F-FDG, the sensitivities were 60.6% and 31%, respectively 
[54], but increased to 80 and 40%, when the serum PSA levels were greater than 
1.9  ng/mL, confirming that using both tracers, diagnostic accuracy increases 
together with PSA level increase.

18F-FDG PET/CT is useful for detection of aggressive disease, treatment efficacy 
evaluation in metastatic disease, and prognostication in patients with castration- 
resistant tumors [44, 55]. Oyama et al. reported a decrease in 18F-FDG uptake in PC 
after endocrine therapy, both in primary PC lesions and at metastatic sites, suggest-
ing that the glucose utilization by tumors is suppressed by androgen ablation [56].

In summary, 18F-FDG has limited utility in the initial evaluation of PC because 
many primary tumors are well-differentiated and small. Furthermore, uptake pat-
terns can easily overlap with those of BPH or normal prostate. 18F-FDG has scarce 
utility in the detection of local recurrence in the treated prostate bed, because of 
possible overlap with physiological posttreatment changes. The highest utility can 
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be disease extent evaluation and treatment response evaluation in castration-resis-
tant PC (CRPC).

19.4.2  Radiolabeled Choline

Choline is a substrate for the phosphatidylcholine biosynthesis, the major phospho-
lipid in the cell membrane. The biologic basis for radiolabeled choline uptake in 
tumors is the malignancy-induced upregulation of choline kinase, which leads to the 
incorporation and trapping of choline in the form of phosphatidylcholine (lecithin) 
in the tumor cell membrane via the Kennedy pathway [57]. Due to the short half-life 
(approximately 20 min) of 11C-choline, a fluorinated version (18F-fluorocholine or 
FCH) was also developed. The main difference between 11C-choline and 
18F-fluorocholine is the earlier urinary appearance of the fluorinated version, which 
can affect tracer performance for local relapse detection [58].

The value of PET and PET/CT using radiolabeled choline for the diagnosis of 
primary PC has been evaluated in several studies. The performance of 11C-choline 
PET/CT in PC staging was retrospectively compared to that of whole-body MRI 
(WBMRI) [59]. Overall sensitivity and specificity were 97% and 77%, respectively, 
for 11C-choline PET, and 79 and 94% for WBMRI, demonstrating the complementar-
ity of the two imaging modalities. Another comparative study was conducted with 
TRUS in 55 patients with clinically localized PC, before radical retropubic prostatec-
tomy, and results showed that both modalities tended to under-stage PC [60]. In 58 
patients with suspected PC, Scher et al. reported a sensitivity of 87% and specificity 
of 62% for the detection of primary PC [61]. Other investigations have found par-
tially controversial results [61–66], suggesting that radiolabeled choline is probably 
not the ideal radiopharmaceutical in the assessment of tumor within the prostate.

In biochemical failure and restaging, 11C-Choline PET/CT has an important role 
in the evaluation of lymph nodes metastasis and disease extension, even though its 
sensitivity is linked to serum PSA levels, with an increase of sensitivity for high 
PSA values [67]. Reske et al. reported a sensitivity of 73% and specificity of 88% 
of 11C-choline PET/CT in the detection of local recurrence after radical prostatec-
tomy [68], and another group reported sensitivity and specificity of 64 and 90% in 
the same setting [69].

Different groups showed that choline uptake in biochemical recurrence of PC is 
strictly related to PSA values. In this setting Castellucci et al. evaluated 190 patients, 
and Krause et al. 63 patients, and both groups showed a detection rate increasing 
proportionally to PSA levels increase, with highest values, respectively, of 67 and 
73% in patients with PSA values greater than 5 ng/mL and lowest values, respec-
tively, of 19 and 36%, with PSA < 1 ng/mL [67, 70].

Several studies have also reported good performance of 11C-choline PET/CT in 
detecting bone metastases [71–73]. Recently it has been suggested that 11C-choline 
PET/CT imaging could be useful as a diagnostic tool for metastasis-directed thera-
pies as well as for monitoring patients treated with systemic therapies (chemother-
apy and androgen deprivation therapy) [74].
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18F-fluorocholine PET/CT has also been evaluated in PC patients. Beheshti et al. 
evaluated 132 patients with biopsy-proven intermediate- or high-risk primary PC 
using 18F-fluorocholine PET/CT, in the preoperative staging. A good specificity 
(96%) and low sensitivity (45%) were reported for the detection of lymph nodes 
metastases (a total of 912 lymph nodes were histopathologically examined), and 
management was changed in 15% of all patients, 20% of high-risk patients [65]. 
Different groups described that the detection rate of 18F-fluorocholine PET/CT posi-
tively correlates with serum PSA levels in the setting of biochemical relapse, simi-
larly to 11C-choline [75, 76].

In summary, the advantages and drawbacks of 11C-choline and 18F-fluorocholine 
are inverse. 11C-choline provides better visualization of the pelvis due to the low urine 
excretion, if imaged sufficiently early, but on the other hand, the short half-life of 11C 
limits the widespread use of the radiopharmaceutical. Conversely, 18F-fluorocholine 
has a longer half-life, but higher urinary excretion at scanning time, which can cause 
influence image interpretation. PET/CT using radiolabeled choline is not indicated in 
the initial evaluation of PC, due to the low specificity for PC, and its main role is the 
detection of site of relapse in patients presenting with rising PSA levels.

19.4.3  PSMA Compounds

The prostate-specific membrane antigen, also known as glutamate carboxypeptidase II, 
is an enzyme bound to the cell membrane. It is physiologically expressed in many tis-
sue types and significantly upregulated in PC thus representing a very promising target 
to visualize the disease including metastases. PSMA-based radiolabeled ligands were 
already investigated in 2005 at Johns Hopkins University [77] followed by 18F-DCFBC 
published in 2008 [78] and 68Ga-labeled PSMA inhibitors in 2010 [79]. To this time 
point, studies were limited on animal PET imaging. First- in- men reports succeeded in 
Heidelberg, Germany [80, 81] based on the compound Glu-NH-CO-NH-Lys(Ahx)-
HBED-CC [82], coupled to 68Ga, also known as 68Ga-PSMA-HBED-CC or 
68Ga-PSMA-11. Following this, 18F-DCFPyL was proposed in 2015 and demonstrated 
in nine patients [83, 84] allowing for a production at a cyclotron. Recently, 
18F-PSMA-1007 was introduced as an alternative [85–87] and showed very promising 
results due to very low accumulation in the urinary tract likely beneficial for imaging 
PC or local recurrence evolving often with close proximity to the bladder.

Currently, 68Ga-PSMA-11 is the most used diagnostic PSMA ligand in Europe as 
it is not patent protected and producible using a GMP-compliant (good manufacturing 
practice guidelines) synthesis at a 68Ge/68Ga-generator. Because it is not dependent on 
a cyclotron, the synthesis may be performed even at smaller centers, however, with 
fewer patients compared to an 18F-coupled ligand. 68Ga-PSMA-11 has been consid-
ered as breakthrough in molecular imaging as its sensitivity/specificity values espe-
cially for lymph nodes outperform any diagnostic modality hitherto used (Fig. 19.3). 
An example of 68Ga-PSMA-11 PET/MR is given in Fig. 19.3. A recent meta-analysis 
reported combined excellent diagnostic performance (sensitivity/specificity of 0.86/0.86 
per patient and 0.80/0.97 per lesion) of 68Ga-PSMA-11 to detect pathological findings 
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in biochemical recurrence of prostate cancer [88]. A modified theranostic variant, 
PSMA-617 or PSMA- DKFZ- 617 [89, 90], allows for diagnostic imaging using the 
68Ga-coupled tracer and for therapy using the beta-emitter lutetium-177 [91] or alpha-
emitter actinium- 225 [92] and has demonstrated very promising results in patients.

19.4.4  Amino Acid Analogues (18F-Fluciclovine or 18F-FACBC)

The rationale for using radiolabeled amino acids in PC imaging resides in the upreg-
ulation of amino acid transport and metabolism, due to the higher need for protein 
synthesis and energy in cancer cells. Many amino acid transporters are highly 
expressed in different cancers, including PC [93–95]. Both naturally occurring and 
synthetic amino acids have been radiolabeled for tumor imaging purposes, and the 
most extensively investigated synthetic amino acid in PC evaluation is anti- 1-amino- 
3-18F-fluorocyclobutane-1-carboxylic acid (18F-fluciclovine or 18F-FACBC). In PC 

Fig. 19.3 A 66-year-old man with biochemical recurrence (PSA 0.42 ng/mL) after radical prosta-
tectomy. 68Ga-PSMA PET/MR (top right image) shows faint PSMA expression adjacent to the 
bladder on the right side. iAUC60 derived from DCE shows faint early contrast media influx (bot-
tom right image). The combination of findings from PET (bottom left image) and MR (top left 
image) increases the evidence for local recurrence by accumulating evidence
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imaging 18F-fluciclovine has the advantageous property of absent or mild bladder 
activity [96]; furthermore it is not metabolized nor incorporated into proteins [97]. 
A dynamic study showed that 18F-fluciclovine has an early peak and reaches a pla-
teau between 15 and 20  min; therefore early imaging is recommended [97, 98]. 
Most of the studies conducted in PC patients using 18F-fluciclovine are in the setting 
of recurrent disease. Preliminary studies evaluating 18F-fluciclovine in PC diagnosis 
showed that its ability to differentiate cancer from benign prostate hypertrophy 
(BPH) is limited [98–100]. There is large evidence that 18F-fluciclovine is useful in 
the evaluation of patients with suspected recurrent disease due to biochemical fail-
ure. In this setting, it showed superiority compared to CT in 53 patients [101], to the 
radiolabeled anti-PSMA antibody 111In-capromab pendetide (ProstaScint) in 93 
patients, for detection of disease both in the prostatic bed and in extraprostatic local-
izations [102] and also to 11C-choline in a large study involving 89 patients [103].

19.4.5  Radiolabeled Bombesin Analogues

Bombesin is a natural 14-amino acid peptide discovered in the 1970s that gave the 
name to the larger family of the so-called bombesin-like peptides. The mammalian 
gastrin-releasing peptide (GRP) is another component of the family and is a 27-amino 
acid peptide sharing with bombesin of a similar structure [104–107]. GRP is physi-
ologically widely distributed in the peripheral nervous system and peripheral tissues 
and explicates its role binding to GRP receptors (GRPRs). The interaction of GRP-
GRPRs is responsible of a mitogenic activity now known to induce cell growth in 
various tumors [108]. GRP gained wide interest in recent years because of the dis-
covery that several primary tumors, including PC, highly overexpress GRPRs [109, 
110]. GRPRs are overexpressed on the cell membranes of prostatic intraepithelial 
neoplasias (PIN) and in primary PC, as opposed to normal prostate tissue, and, in 
most cases, benign prostate hyperplasia [111]. Radiolabeling bombesin analogues 
targeting GRPRs could allow selective imaging of PC, using β+ emitting isotopes for 
PET, and open the possibility of new systemic therapeutic strategies, using β− emit-
ting isotopes for peptide receptor radionuclide therapy (PRRT), in a theranostic 
approach. In the search for the ideal bombesin analogue for imaging and therapeutic 
radiolabeling, the initial focus of research was directed toward GRPR agonists, given 
their ability to be internalized and trapped in the GRPR-expressing cells, which was 
seen as a desirable characteristic. Later findings showed that internalization of the 
GRP agonist is the responsible mitogenic effect and led to the diversion of attention 
toward GRPR antagonists, which don’t have this major drawback. Several different 
GRPR antagonists have been radiolabeled and are in different phases of development 
[112]. 68Ga-RM2 (formerly also known as BAY86-7548) is considered at the moment 
the most promising radiolabeled bombesin analogue translated into the clinical phase 
(Fig. 19.4). The first study in PC patients using 68Ga-RM2 PET/CT was conducted in 
2013 [113] on 14 patients with PC (11 at initial diagnosis and 3 with biochemical 
recurrence after surgery). At quantitative analysis, histologically confirmed PC foci 
showed a higher average SUV (max and mean) compared to benign prostatic hyper-
trophy and normal prostate tissue. Reported sensitivity, specificity, and accuracy for 
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the detection of primary PC were 88%, 81%, and 83%, respectively, and sensitivity 
was 70% for the detection of nodal metastases. In the same study two patients under-
went also a 11C-acetate PET/CT, with concordant results, and one had a 18F-choline 
PET/CT, with discordant results because 68Ga-RM2 failed to identify in bone meta-
static lesions positive on 18F-choline. A recently published pilot study [114] com-
pared the biodistribution of 68Ga-RM2 and 68Ga-PSMA-11  in seven patients with 
biochemically recurrent PC, confirming that the two radiopharmaceuticals have dif-
ferent distribution since they target two different biological processes. Other bombe-
sin analogues used in PC patients are the 18F-labeled BAY-864367 and 
64Cu-CB-TE2A-AR06, both showing interesting results [115, 116]. Other GRPr tar-
geting PET radiopharmaceuticals have been recently reported in small cohorts, illus-
trating the attractiveness of this target for detection of PC. Maina and colleagues 
evaluated 68Ga SB3 in eight patients with breast cancer and nine patients with pros-
tate cancer. All patients had disseminated disease and had received previous thera-
pies [117]. 68Ga SB3 did not produce adverse effects and identified cancer lesions in 

Fig. 19.4 A 72-year-old man with history of prostate cancer (Gleason score 4 + 3) treated with 
radiation therapy and androgen deprivation, now presenting with biochemical recurrence (PSA 
rising from 1.36 to 20.3 ng/dL) and noncontributory conventional imaging. 68Ga-RM2 PET/MRI 
indicates focal uptake in right inguinal lymph nodes (red arrows). Biopsy confirmed metastatic 
adenocarcinoma of prostate origin
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four out of eight (50%) with breast cancer and five out of nine (55%) with PC. An 
improved version of this radiopharmaceutical, 68Ga NeoBOMB1, is showing promis-
ing results in preliminary studies [118, 119].

Despite promising results using different radiolabeled GRPR antagonists, further 
larger studies are still needed in order to clearly define the role of these radiophar-
maceuticals in PC.

19.4.6  11C-Acetate

Acetate is a key metabolic substrate of β-oxidation and fatty acid precursor. After 
being converted to acetyl-CoA, it can participate to either a catabolic or anabolic 
pathways, depending on the cell type. In myocardial cells, it enters the Krebs 
cycle and is metabolized in the mitochondria. In cancer cells, the main metabolic 
destiny of acetyl-CoA is sterol and fatty acid synthesis, via the fatty acid synthase 
(FAS) enzyme [120]. Since cancer cells have an increased need of fatty acids and 
cholesterol due to increase need of membrane lipids, the need for acetate is 
increased accordingly, being the only carbon source in this process. FAS is over-
expressed in cancer cells [121], and its expression is correlated to PC aggressive-
ness and Gleason score [122, 123]. Considering the potential role of acetate as 
biomarker in different processes, it has been radiolabeled with 11C for PET imag-
ing and initially used to quantify myocardial oxidative metabolism [124]. Acetate 
has also been radiolabeled with 18F but with very little use [125]. 11C-acetate is 
mainly eliminated through the respiratory system, and not through the urinary 
system, which represents a major advantage in PC imaging [58, 126]. As for other 
radiopharmaceuticals, an important drawback of 11C-acetate is the limited ability 
to differentiate between BPH and PC. This aspect limits the utility in the phase of 
PC initial staging and diagnosis. Several groups evaluated 11C-acetate in this set-
ting [127–131]. In one of the earliest studies, Kato et al. [129] studied 36 subjects 
(21 subjects with normal prostate, 9 with BPH, and 6 patients with PC) using a 
20-min dynamic 11C-acetate PET, demonstrating that SUV in the prostate of older 
patients (≥50 years) and of patients with BPH and PC was not significantly differ-
ent. This study describes an age-related increase of 11C-acetate uptake in the pros-
tate, which needs to be taken into account in the setting of PC initial evaluation. 
Jambor et al. [127] evaluated 26 patients with untreated PC using 11C-acetate PET 
and MR spectroscopy, finding that both methods have limited accuracy (particu-
larly low specificity) and neither of them can provide information regarding can-
cer aggressiveness. In another study involving 36 patients with untreated PC, the 
same authors found that the co- registration of 11C-acetate PET and MRI can 
enhance the detection of localized PC [128]. The evaluation of lymph node metas-
tases with 11C-acetate PET provided overall a limited accuracy. In a large study 
involving 107 patients with intermediate- or high-risk PC after primary surgery, 
but before reoperation, 11C-acetate PET showed a modest accuracy in the detec-
tion of nodal metastases but showed to independently predict treatment failure-
free survival [132].
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11C-acetate has been used in the setting of biochemical recurrence. In an attempt 
to define the patient characteristics associated with a higher likelihood of a positive 
11C-acetate PET, Dusing et al. retrospectively analyzed 120 patients with suspected 
PC recurrence. The authors evaluated different parameters and found that the rate of 
positive scans was correlated to increasing PSA and PSA velocity. Using a PSA level 
of 1.24 ng/mL and a PSA velocity of 1.32 ng/mL/year, the accuracy of 11C-acetate 
PET was the highest [133]. Different groups found high detection rates in detection 
of PC recurrence, both in the prostatic bed and in metastatic disease [134–136]. In a 
study involving 90 patients with rising PSA levels (>0.2 ng/mL), Spick et al. evalu-
ated the performance of 11C-acetate PET, in comparison to 99mTc- biphosphonate 
imaging, in the detection of bone lesions. Results using the two imaging modalities 
were similar, and therefore 11C-acetate PET is described as a promising tool in the 
setting of bone metastasis evaluation [137]. Given the similar mechanism of uptake 
of 11C-acetate PET and radiolabeled choline, some studies also directly compared the 
two radiopharmaceuticals finding comparable results [138, 139].

19.4.7  Androgen Receptor Targeting Radiopharmaceuticals 
(FDHT)

PC is an androgen-dependent malignant disease [140], and the androgen receptor 
(AR) plays a crucial role during all phases of the illness. Standard treatment in 
hormone-sensitive advanced PC is based on the depletion of testosterone, with 
either surgical, alone or with anti-androgen, or chemical castration, using 
gonadotropin- releasing hormone (GnRH) analogues. After initial response to 
androgen depletion, with PSA decline and tumor regression, there is progression 
to CRPC, around 1–3 years after initiation of therapy, which is characterized by 
the transition to the lethal phase of the disease [140, 141]. However, the AR main-
tains high expression in CRPC and keeps playing a role, independently from the 
androgen deprivation [142–144]. Imaging AR expression with PET could repre-
sent an interesting approach to guide the therapeutic management of patients with 
PC. The most used PET radiopharmaceutical targeting the AR is 16β-18F-fluoro-
5α-dihydrotestosterone (18F-FDHT), an analogue of 5a-dihydrotestosterone 
(DHT). Different groups assessed the role of 18F-FDHT PET in evaluating AR 
expression, and overall results showed that the radiopharmaceutical selectively 
binds to the AR, in both primary tumor and metastatic disease [145–147]. Beattie 
et al. in 2010 evaluated pharmacokinetic properties of 18F-FDHT in 13 PC patients, 
showing good correlation of AR expression and tracer uptake. Another study eval-
uated 38 patients with CRPC aiming to compare the features of bone metastases 
on CT with glycolytic activity, measured on 18F-FDG PET and AR receptor 
expression, measured on 18F–FDHT PET. The number of bone lesions on CT, 18F 
FDG PET, and 18F-FDHT PET, and the intensity of 18F-FDHT uptake were found 
significantly associated with overall survival [148]. The limited number of pub-
lished studies using 18F-FDHT may be partly due to the difficult radiolabeling 
procedure of the radiopharmaceutical. To overcome this issue, a fully automated 
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system has been recently developed [149]. Despite some encouraging results, 
very scarce data is available using 18F-FDHT, and its role still needs to be fully 
explored.

19.5  Integrated PET/MRI in Prostate Cancer Imaging

Imaging plays an essential role in PC patients, helping differentiating between local, 
regional, and distant disease, which is a prerequisite for effective disease manage-
ment. Developments in imaging technologies have improved the detection rate of 
PC, providing quantitative assessment of biochemical and functional process with 
high-resolution images, which leads to an accurate localization and disease extent 
definition. After promising initial results obtained by co-registering images of sepa-
rately acquired scans [59, 128, 150–152], with the introduction of integrated PET/
MRI systems, different groups started evaluating the performance of this state-of- 
the-art technology in PC. The first study using simultaneously acquired 18F-choline 
PET/MRI images for evaluating PC was published in 2013 [153] in a comparative 
study with PET/CT. This first study showed feasibility of the new method and the 
possibility of a clinical use was opened.

The focus of this section will be on the current application of integrated PET/
MRI systems, specific advantages of a combined PET/MRI approach in prostate 
cancer, and future prospective (Table 19.1).

19.5.1  Current Applications of PET/MRI in Prostate Cancer

Studies evaluating simultaneous PET/MRI are still limited and are summarized in 
Table 19.2.

Different groups evaluated PET/MRI in the detection and characterization of 
PC.  Kim et  al. evaluated 30 patients with biopsy-proven localized PC using 
18F-fluorocholine PET/MRI. The authors compared the ability to detect PC using 
MRI alone and 18F-fluorocholine PET alone to that of the combined approach and 
found that the latter performed better, with detection rate of 83.3%, 80.0%, and 
93.3%, respectively. The study also evaluated different MRI-assisted PET parame-
ters and found that MRI uptake volume product (UVPMRI), obtained multiplying 
mean standardized uptake value (SUVmean) and MRI mean tumor volume (MTVMRI), 
had that highest correlation with serum PSA levels, and was the only parameter sig-
nificantly associated with the Gleason score [154]. A similar study was conducted in 
a cohort of 66 patients with biopsy-proven PC by Eiber et al. using 68Ga-PSMA-
HBED-CC PET/MRI. PET/MRI outperformed mpMRI and PET alone, with detec-
tion rate of 66% and 92%, respectively, for the two modalities alone, and of 98% for 
the combined approach [155]. Elschot et al. used 18F-fluciclovine PET/MRI in 28 
patients diagnosed with high-risk PC, trying to define the optimal protocol for the 
detection and characterization of PC. They performed a quantitative evaluation of the 
dynamic uptake of 18F-fluciclovine showing that a late-window PET imaging 
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approach may be useful for distinguishing between prostate tumors and benign pros-
tate tissue and also for the assessment of prostate tumor aggressiveness [156].

In a study evaluating 35 patients with intermediate-/high-risk primary PC, Wetter 
et al. used simultaneous 18F-fluorocholine PET/MRI and compared PET and MRI 
parameters, SUV (max and mean), and ADC, in the differentiation between PC and 
healthy prostate tissue. Both SUV and ADC values differed significantly in tumor 
lesions and healthy tissue, but no significant correlation was found between the two 
parameters. The authors concluded that their results might be explained by the fact 
that SUVs and ADC values characterize different parts of tumor biology, and they 
might be independent biomarkers of primary PC [157].

The performance of PET/MRI was compared to that of PET/CT in different stud-
ies. Souvatzoglou et al. evaluated the two hybrid systems using 11C-choline in 32 
patients, and found that anatomical allocation of lesions was better with simultane-
ous PET/MRI than with PET/CT, especially in the bone and pelvis [158]. Afshar- 
Oromieh et  al. did the same comparison using 68Ga-PSMA-11 PET/MRI in the 
diagnosis of recurrent PC. Twenty patients with biochemical recurrence of PC were 
evaluated, and the authors found that the detection of disease was easier and more 
accurate using PET/MRI [159]. Using 68Ga-PSMA-11, Freitag et  al. compared 
PET/MRI to PET/CT in the evaluation of lymph node and bone metastases in a 
retrospective analysis of 26 patients. All patients had a suspicious PET-positive 
lymph node or bone finding on the initial PET/CT (PET/CT performed 1 h postin-
jection and PET/MRI 3 h postinjection). Concordance between the two modalities 
was very high, 100% in bone lesions and 98.5 in lymph node lesions. SUV values 
measured with the two different systems were linearly correlated [160]. A recent 
study compared PET/MRI with PET/CT for the detection of local recurrence of PC 
using 68Ga-PSMA-11 and demonstrated advantages using PET/MRI [161]. 
Physiologic accumulation of the tracer in the bladder may superimpose and impede 
the detection of local relapse in the PET part if it is located very closely to the blad-
der wall. In such cases being false negative in the PET component, mpMRI may 
“back up” the PET part and depict the pathology substantiating the complementary 
value of simultaneous PET/MRI.  Hence, the protocols need to be optimized to 
reduce bladder filling as much as possible to enhance the PET component. Infusion 
of saline after i.v. application of furosemide is discussed as the standard protocol to 
reduce the bladder signal and optimize the PET acquisition.

In the setting of biochemical recurrence of disease, Wetter et al. evaluated the poten-
tial advantages of PET/MRI for detection of bone metastases. In the study, involving 55 
patients with biopsy proven PC and rising PSA levels, the authors used 18F-fluorocholine 
PET/MRI and quantitatively evaluated bone lesions, using SUV (max and mean) and 
ADC.  The authors found a moderate but significant correlation between increased 
18F-fluorocholine metabolism and ADC values of bone lesions [162].

One group performed a pilot study including three patients with biopsy-proven 
PC to explore the feasibility of simultaneous PET/MRI to guide localization of 
prostate lesions for dynamic FDG analysis. Simultaneous PET/MRI allowed local-
ization of small prostate tumors for dynamic PET analysis which led to clear dif-
ferentiation between tumor and benign tissues [163].
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Simultaneous PET/MRI has the potential to provide comprehensive information 
regarding recurrent prostate cancer with respect to local recurrence, lymph node metasta-
ses, and bone metastases; however, future prospective studies in larger cohorts are war-
ranted to validate this novel multimodality approach in the imaging assessment of PC.

19.5.2  Specific Advantages of the Simultaneous PET/MRI 
Approach in Prostate Cancer

In the evaluation of PC, both PET and MRI are individually valuable imaging 
modalities. mpMRI combines multimodal MRI sequences giving complementary 
diagnostic information, excellent anatomical visualization of the prostate, and 
adjacent organs with high-resolution and soft-tissue delineation; it allows detection 
of areas with high cellularity, using DWI, highlights areas of hypervascularity and 
neoangiogenesis, using DCE assessing gadolinium enhancement, and shows con-
centration of metabolites and evaluation of endogenous molecules, using MRS. PET 
on the other hand offers complementary information to that of MRI, allowing visu-
alization and quantification of tracers’ distribution in the whole body, with high 
sensitivity. Several PET radiopharmaceuticals, exploring different metabolic pro-
cesses, or receptors’ expression increased in PC, have been used. PET is most use-
ful in the setting of biochemical recurrent disease, for the detection of distant 
localizations of metastatic PC. The integration of the two modalities using simul-
taneous PET/MRI combines the complementary information deriving from each 
modality alone and brings some additional benefits in PC patients, which can be 
summarized as follows: radiation exposure reduction due to the use of MRI instead 
of CT; workflow optimization, with consequent increased patient comfort in 
patients with PC who would need to undergo both imaging modalities during the 
course of their disease (one-stop-shop examination); and increased diagnostic 
accuracy deriving by the perfect co-registration of the PET and MRI data. 
Considering the limited number of studies currently available, it is evident that 
PET/MRI is still in a very early stage, and some work still needs to be done. PET/
MRI has clearly the potential of becoming the preferred imaging modality in PC in 
the next decade, but large prospective studies are warranted to clarify the practical 
benefits of the combined approach, particularly in management change of PC 
patients.

19.6  Summary

MRI and PET are two complementary imaging modalities offering essential infor-
mation in the evaluation of all phases of PC. Integrated PET/MRI has the potential 
to become the hybrid modality of choice in PC, replacing PET/CT and MRI per-
formed separately. The information deriving from a combined approach can be 
obtained more easily, more conveniently for the patient, and with radiation exposure 
reduction. The studies available so far using PET/MRI show that the combined 
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approach offers better diagnostic accuracy in PC, because the simultaneous acquisi-
tion enables an optimal spatial and temporal co-registration. Although PET/MRI is 
a fairly new technology, results obtained in preliminary studies are encouraging and 
need to be confirmed by larger prospective trials establishing its role and 
cost-effectiveness.
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20.1  Introduction

Imaging has played a critical role in the management of patients with lymphoma for 
decades. Although not used to screen asymptomatic individuals, imaging has proven 
useful at virtually all other stages of the disease including for diagnosis in suspected 
cases, initial staging, treatment response assessment and recurrence detection and 
surveillance in high-risk individuals [1]. Imaging provides guidance for biopsies [2] 
and is used to determine the extent of disease based on identification of lymph node 
enlargement and extranodal disease [3].

PET/CT imaging with 18F-fluorodeoxyglucose (FDG) offered a significant 
advancement in the ways in which imaging could be used to manage patients with 
lymphoma. The metabolic signature generated by FDG not only increases sensitiv-
ity for lesion detection compared to CT [4] but carries significant prognostic value 
and has been proven to monitor treatment response and detect recurrent disease with 
higher performance compared to conventional imaging [1]. For these reasons, FDG 
PET/CT is a clinical standard for evaluation of patients with most types of 
lymphoma.

PET/MRI is an exciting new technology that has the potential to improve the 
value of imaging in patients with lymphoma even more. Advantages include lower 
radiation exposure (particularly beneficial for children and young adults) and 
potentially improved image quality with the use of MR-based motion correction 
[5]. Simultaneous scanners offer improved registration of PET data and anatomical 
datasets [6], thus facilitating lesion characterisation and potentially helping direct 
tissue biopsies. Finally, the biological information derived from advanced MR 
techniques including dynamic contrast-enhanced MRI (DCE-MRI), diffusion-
weighted imaging (DWI) [7] and MR spectroscopy (MRS) [8] is an active area of 
study that holds promise to potentially improve the ability of imaging to detect 
viable tumour, better assess treatment response and perhaps one day guide selec-
tion of specific treatment regimens. PET/MRI scanners offer the two most advanced 
imaging technologies combined in one scanner which makes it an excellent 
research tool.

This chapter will provide the reader with an overview of lymphoma biology, 
management and treatment, review conventional imaging and then provide a 
detailed discussion of how PET, PET/CT and MR alone have been used in the man-
agement of patients with lymphoma. Following this background, the existing litera-
ture studying the use of combined PET and MR data (typically acquired on PET/
MRI scanners although studies combining separately acquired PET and MR datas-
ets (‘PET + MR’) will be covered as well) will be comprehensively reviewed. Case 
examples highlighting the concepts discussed in the emerging PET/MRI literature 
will be presented. The reader will learn about new PET radiopharmaceuticals that 
may be relevant to future PET/MRI research, and pitfalls in the PET/MR imaging 
of patients with lymphoma will be discussed.
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20.2  Overview of Lymphoma Biology, Staging and Existing 
and Emerging Treatments

Lymphomas are the commonest lymphoproliferative disorder worldwide. They are 
divided into Hodgkin and non-Hodgkin lymphomas.

20.3  Biology

Hodgkin lymphoma (HL) has an annual incidence of 8500 cases in the USA (https://
seer.cancer.gov/statfacts/html/hodg.html) and 2100 cases in the UK (http://www.can-
cerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/hodg-
kin-lymphoma). HL is the commonest cancer in the adolescent age group, with a further 
peak in people aged over 45. It originates from mature B cells with the hallmark of 
classical HL being the Reed-Sternberg cell, which expresses CD30, but which accounts 
for less than 1% of nodal masses [9]. Tumour cells are surrounded by many benign 
inflammatory cells including T cells, macrophages, B cells and eosinophils that produce 
cytokines which promote tumour growth and help the lymphoma to avoid host mecha-
nisms. The abundance of inflammatory cells has been suggested as a reason why HL is 
so well imaged with FDG and why FDG changes rapidly in response to treatment [10].

Classical HL (cHL) is divided into nodular sclerosing (around 80% of cHL), 
mixed cellularity, lymphocyte depleted and lymphocyte rich. Nodular lymphocyte 
predominant HL (NLPHL) is rare, usually negative for CD30 with lymphocyte pre-
dominant cells that are similar to germinal centre B cells [9].

The non-Hodgkin lymphomas have an annual incidence of 72,600 cases in the 
USA (https://seer.cancer.gov/statfacts/html/nhl.html) and 13,600 cases in the 
UK. Half of the patients are over 70 years (http://www.cancerresearchuk.org/health-
professional/cancer-statistics/statistics-by-cancer-type/non-hodgkin-lymphoma). 
NHLs can be divided into B- and T-cell malignancies.

The aggressive B-cell NHLs are a heterogeneous group that arise at different 
stages of B-cell differentiation. They more often involve extranodal sites than 
HL.  The commonest subtype is diffuse large B-cell lymphoma (DLBCL) which 
nowadays accounts for nearly 50% of NHL in western countries (http://www.cancer-
researchuk.org/health-professional/cancer-statistics). The International Prognostic 
Index (IPI) is used to predict pretreatment prognosis, and more recently the National 
Comprehensive Cancer Network-IPI has been shown to have better prognostic value 
[11]. Gene expression profiling has identified genetic alterations which mean DLBCL 
can be separated by cell of origin into the germinal centre B-cell (GCB) subtype and 
non-GCB, usually activated B-cell (ABC) subtype, with worse prognosis for the 
ABC subtype [12]. Subtypes that include translocation of the MYC gene (MYC+) 
and/or the BCL2 or BCL6 are especially resistant to treatment. Where both MYC 
and BCL translocations occur, this is referred to as ‘double- hit’ lymphoma.
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The most common type of indolent NHL is follicular lymphoma which accounts 
for about 20% of NHL (http://www.cancerresearchuk.org/health-professional/can-
cer-statistics) and is derived from germinal B cells [13]. Taken together HL, DLBCL 
and FL account for 70% of cases of lymphoma, and most data about PET imaging 
relates to these subtypes [14].

20.4  Staging

The same staging applies to HL and NHL with a recent modification of the Ann 
Arbor staging suggested in the Lugano classification (Cheson 2014) as follows:

Stage I—a single lymph node region (I) or a single extralymphatic site (IE)
Stage II—two or more lymph node regions on the same side of diaphragm (II) or 

stage I or II with contiguous involvement of an extralymphatic site (IIE)
Stage III—nodes on both sides of diaphragm (III) which may include the spleen 

(sometimes referred to as IIIS)
Stage IV—disseminated extranodal involvement
In Hodgkin lymphoma, the suffix ‘A’ or ‘B’ refers to the absence or presence of 

systemic symptoms, respectively. Where bulky disease is present, the Lugano clas-
sification suggests to record the largest tumour diameter.

20.5  Treatment

Early stage good-risk HL is treated with two to four cycles of adriamycin, bleomy-
cin, vinblastine and dacarbazine (ABVD) chemotherapy and radiotherapy, the 
length of which is determined by clinical factors and prognostic scores such as the 
German Hodgkin Study Group and European Organisation for Research and 
Treatment of Cancer criteria (Europe) and the Eastern Cooperative Oncology Group 
(USA) [15].

Advanced-stage disease or early stage with poor risk is treated with longer 
courses of ABVD or bleomycin, etoposide, adriamycin, cyclophosphamide, vin-
cristine, procarbazine and prednisolone (BEACOPP) chemotherapy. Radiotherapy 
is sometimes used to treat patients with initial bulky or residual disease. Progression- 
free survival (PFS) with ABVD is around 65–75% [16]. PFS with BEACOPP 
(bleomycin, etoposide, adriamycin, cyclophosphamide, vincristine, procarbazine, 
prednisolone) is around 85–90% [17] but is associated with more treatment-related 
side-effects including haematological toxicity, increased risk of infertility and sec-
ond malignancies. Which chemotherapy to use in advanced-stage disease is 
debated. Some argue the more effective BEACOPP chemotherapy regimens should 
be used, whilst others argue that many patients are cured with ABVD which is less 
toxic than BEACOPP, which should be reserved for a subset of patients [16, 18]. 
Recent clinical trials have focused on how to assess which patients would benefit 
most from ABVD and/or BEACOPP, some of which include a PET response-
adapted design.
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Patients with refractory or relapsed disease are treated with salvage chemother-
apy followed by high-dose chemotherapy and autologous stem cell transplant 
(ASCT), if fit, and this approach cures approximately 50% of patients [19]. Patients 
unable to have ASCT may be offered consolidation with radiotherapy and/or pallia-
tive chemotherapy.

Recently new agents have been developed with good responses in relapsed and 
refractory HL. Brentuximab vedotin (BV) is an antibody-drug conjugate targeted 
against CD30 which was reported to have an overall response rate of 75% and a 
complete response rate of 34% in patients who progressed after ASCT [20]. Overall 
PFS was short, but 16/34 patients with complete response remained in remission at 
a median follow-up of 53 months. BV with AVD has recently been evaluated in a 
clinical trial ‘ECHELON’ in first-line treatment (https://clinicaltrials.gov/ct2/show/
NCT01712490), and results are awaited.

Another promising development in treatment is the immune checkpoint inhibi-
tors. The programmed cell death 1 (PD1) receptor protein and its ligands (PDL1 and 
PDL2) interfere with T-cell function and enable tumours to evade T-cell attack. 
Checkpoint inhibitors such as nivolumab and pembrolizumab have demonstrated 
good responses in patients with Hodgkin lymphoma, most of whom had relapsed 
after ASCT [21, 22]. Other targeted agents including histone deacetylase (HDAC) 
inhibitors, e.g. panobinostat; mTOR inhibitors, e.g. everolimus; and phosphatidyl- 
3- kinase inhibitors, e.g. idelalisib; have shown promising results [23].

DLBCL is most commonly treated with 6–8 cycles of rituximab and cyclo-
phosphamide, doxorubicin, vincristine and prednisone (R-CHOP) with or without 
consolidation RT which cures about 60–70% of patients [12]. Early stage non-
bulky disease may be treated with 3–4  cycles of R-CHOP and involved field 
radiotherapy (IFRT). The use of rituximab has been associated with significant 
improvements in outcome for first-line treatment, but patients treated with 
R-CHOP chemotherapy who relapse have very poor outcomes. The hope is that 
newer targeted agents will enable therapy aimed at specific molecular subtypes 
with better patient outcomes.

Recent studies adding the proteasome inhibitor bortezomib in the treatment of 
non-ABC subtypes to R-CHOP have so far not been shown to improve PFS [24]. 
Other trials investigating combinations of R-CHOP with the immunomodulatory 
agents lenalidomide and idelalisib are underway [12].

Second-line treatment options in DLBCL are salvage chemotherapy followed by 
high-dose chemotherapy and ASCT, but response rates are low. For patients who are 
not suitable for ASCT, various palliative treatments are available, some of which 
induce durable remissions [12].

Follicular lymphoma is not curable unless localised and usually follows a relaps-
ing and remitting course over several years. The disease may transform into an 
aggressive lymphoma. Treatment is aimed at prolonging and maximising the quality 
of life. Treatment consists of radiotherapy if localised, immunochemotherapy or 
observation in selected cases until treatment is required. Maintenance treatment is 
often given for 2 years after immunochemotherapy with the monoclonal antibody, 
rituximab, which improves disease-free survival but not overall survival [25].
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20.6  Overview of Conventional Imaging in Lymphoma

Prior to the advent of FDG PET, PET/CT and advanced MR techniques, x-ray com-
puted tomography (CT) was the standard imaging test for evaluation of patients 
with lymphoma. To this day, anatomical assessment of disease burden within the 
lymph nodes, spleen and visceral organs remains critically important and is a key 
indicator of disease stage and marker of treatment response [26]. Definition of the 
extent of disease anatomically remains important, given that not all lymphomas are 
highly FDG-avid, and thus PET imaging with FDG is predominantly used in classi-
cal Hodgkin lymphoma and diffuse large B-cell lymphomas. Other histological sub-
types including marginal zone lymphoma, small lymphocytic lymphoma and 
primary cutaneous T-cell lymphomas are less FDG-avid and may be routinely 
staged by CT alone [14]. The most recent lymphoma staging criteria (Lugano clas-
sification) incorporate information from PET but still heavily rely on anatomical 
disease assessment by CT with short- and long-axis measurements being used to 
calculate a ‘sum of the product diameters’ as a means of treatment response, for less 
FDG-avid histologies [26].

Standard x-rays and ultrasound (US) play a much more limited role in the evalu-
ation of patients with lymphoma. US-guided biopsy techniques may be useful for 
needle biopsies of enlarged lymph nodes or when lymphoma involvement of the 
liver is suspected. Typically, fine needle aspiration (FNA) can be used as a screening 
test, but surgical lymph node excision is required to obtain enough tissue to allow 
full histological, immunologic and molecular biological characterisations of lym-
phoma [27]. MR-guided or CT-guided biopsies may be reserved for lesions present-
ing in challenging anatomical locations [28]. Bone marrow staging is typically done 
by blind biopsy; however, focal lesions identified on CT can prompt more advanced 
biopsy techniques for characterisation of focal destructive lesions [29].

20.7  PET in Lymphoma

20.7.1  Adult

PET/CT has become the main imaging modality for assessment of aggressive lym-
phomas. PET/CT, using 18F-fluorodeoxyglucose (FDG), is recommended for stag-
ing and response assessment of FDG-avid lymphomas, replacing CT for these 
lymphoma subtypes in the most recent international guidelines [14, 26]. Most sub-
types of lymphoma are FDG-avid, but exceptions that do not consistently take up 
FDG include marginal zone lymphomas, small lymphocytic lymphoma and some 
cutaneous lymphomas [30]. Most published data about PET, however, relate to the 
most common disease subtypes of Hodgkin lymphoma (HL), diffuse large B-cell 
lymphoma and follicular lymphoma.

Prognostic indices are used to risk stratify patients at diagnosis, but as most 
include stage, imaging stage is important. PET/CT using FDG is the most accu-
rate staging technique in HL and non-Hodgkin lymphoma (NHL) with increased 
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sensitivity over CT alone, particularly for extranodal disease. A number of publica-
tions report changes in stage, using PET/CT with upstaging occurring more often 
than downstaging and management alterations in a proportion of patients [14]. Most 
often PET/CT is performed as a low-/intermediate-dose examination without con-
trast for the purposes of localisation and attenuation correction rather than as a 
full- dose contrast-enhanced scan. In many subtypes this suffices with evidence sug-
gesting using low-dose PET/CT has little, if any, impact on management [31–35]. 
There are however situations where contrast-enhanced CT offers superior assess-
ment of disease, such as the assessment of bowel involvement in mantle cell lym-
phomas [36]. Baseline PET/CT also improves the accuracy of subsequent response 
assessment [37, 38].

PET/CT is sensitive for bone marrow involvement in lymphomas that have pre-
dominantly focal involvement of the marrow, including Hodgkin lymphoma [35, 
39] and DLBCL [40–42]. In these subtypes, PET/CT is more sensitive than bone 
marrow biopsy for detecting bone marrow disease. This means that the bone mar-
row biopsy is no longer considered to be a routine requirement for staging in HL 
[43]. In DLBCL, reports also suggest that routine bone marrow biopsy does not add 
value in the majority of patients [44]. PET may however miss small cells in the mar-
row [45, 46]. When patients have a mix of more indolent disease in the marrow and 
aggressive large cells in the lymph nodes, this is referred to as ‘discordant disease’. 
For this reason, omitting biopsy in patients with DLBCL is more controversial [47] 
even though discordant disease does not confer a worse prognosis and there is no 
evidence that patients with discordant disease have better outcomes if treatment or 
follow-up is altered [44]. Similarly, PET may not be sufficiently sensitive to detect 
low-volume disease comprising 10–20% of the marrow, although again this does 
not affect prognosis [48]. PET/CT is less sensitive in subtypes with diffuse often 
low-volume marrow disease, and in follicular and other indolent lymphomas, PET 
is unable to reliably exclude bone marrow involvement [49].

FDG uptake is higher in aggressive than indolent lymphomas, and PET/CT may 
be used to target sites for biopsy where there is clinical concern regarding suspected 
transformation [36, 50, 51].

PET/CT is a reliable tool for assessing remission from disease in aggressive 
lymphomas [14]. Patients with lymphomas often have residual nodal masses at 
the end of treatment. A ‘negative’ PET/CT scan excludes the presence of viable 
tumour cells within masses with a high degree of certainty and has led to the 
abandonment of the previous response category of complete response uncon-
firmed which was used to refer to masses on CT thought likely to contain fibrous 
tissue [52]. The positive predictive value (PPV) is lower than the negative pre-
dictive value of course, because FDG is not specific for lymphoma and is taken 
up in processes with enhanced glycolysis such as infection and inflammation, 
often treatment related. The PPV is dependent on the subtype and disease prog-
nosis [14]. Residual FDG uptake at the end of treatment may require biopsy in 
the case of poor prognosis disease when salvage therapy is being contemplated 
or at the least an interval scan in the case of good prognosis disease where time 
allows.
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Scans performed during treatment are commonly referred to as ‘interim’ scans. In 
HL the ability of PET to discriminate chemosensitive from chemoresistant disease 
after 2–3 courses of ABVD treatment [53, 54] led to testing of response- adapted 
approaches in international trials. These trials are beginning to report results.

In early stage HL, two European studies examined whether radiotherapy could 
be omitted in patients with complete metabolic response (CMR) on interim PET 
[55, 56]. PFS was superior with combined modality treatment compared to ABVD 
alone by approximately 6% at 3 years; however, patients treated with chemotherapy, 
but without radiotherapy, still had good prognosis with 3y-PFS of around 90%. 
Longer follow-up will determine if omitting radiotherapy may improve overall sur-
vival for some patient subgroups despite inferior PFS, by ameliorating late effects, 
e.g. cardiopulmonary disease and second malignancies. Omission of radiotherapy is 
now considered to be an option for some patients with early stage disease treated 
with ABVD and CMR on interim PET [57].

In advanced HL, an international study reported that bleomycin could be safely 
omitted from further treatment in cycles 3–6 after an interim scan showing CMR 
with ABVD treatment with fewer side-effects [58]. 3y-PFS rates were however 85% 
even in PET-negative patients, which is lower than reported for BEACOPP chemo-
therapy [17]. Trials are also in progress investigating response-adapted approaches 
according to interim PET after BEACOPP chemotherapy for advanced-stage dis-
ease (https://clinicaltrials.gov/ct2/show/NCT00515554) and using BEACOPP and 
ABVD sequentially in intermediate-stage disease (https://clinicaltrials.gov/ct2/
show/NCT01356680).

For patients who do not achieve CMR or PET ‘negative’ status on interim scans, 
escalation from ABVD to BEACOPP in early and advanced-stage disease appears 
to be beneficial, improving PFS [58]. A recent Italian study also reported good out-
comes for patients with advanced HL escalated to high-dose chemotherapy and 
transplant on the basis of a ‘positive’ interim PET scan [59].

At the end of treatment with 6–8 cycles of BEACOPP chemotherapy, a large 
German Hodgkin Study Group trial reported that consolidation radiotherapy was 
not required for patients with advanced disease achieving CMR at the end of che-
motherapy [17].

In DLBCL, recent reports suggest that CMR on interim PET confers a very good 
prognosis [60–62]. Failure to achieve CMR at interim is associated with a worse 
prognosis, but even so most patients have PFS rates of around 50%, and unlike HL, 
in DLBCL treatment options are more limited. So far, most response-adapted treat-
ments based on an interim PET scan showing inadequate response have failed to 
improve patient outcomes [63–65].

The place of interim PET scans in HL is generally accepted. In DLBCL the role 
of interim PET is more controversial [47], but if interim scanning is performed, then 
PET/CT is more reliable than CT [66].

In follicular lymphoma, PET/CT performed at the end of chemotherapy and 
rituximab treatment is predictive of relapse [67], but so far, response-adapted treat-
ments have not been tested.

PET/CT is used in the pre-transplant setting to predict prognosis in both HL [68] 
and DLBCL [69]. Patients who achieve a complete metabolic response on PET have 
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longer disease-free survival than patients with persistent FDG uptake after high- 
dose chemotherapy. Patients with a PET-positive scan have been the focus of trials 
testing alternative regimens or consolidation [70].

The recommended method of assessing response in lymphoma is a five-point 
scale that compares uptake, if present, with sites of initial disease on a baseline scan 
using the normal mediastinum and liver as reference regions. The scale is com-
monly referred to as the ‘Deauville criteria’ after the place where the first interna-
tional workshop on PET in lymphoma was held, where the method was adopted and 
later validated in HL, DLCBL and FL [14, 67, 71]. Scores 1, 2 and 3 on the scale are 
regarded as showing complete metabolic response with standard treatment, although 
in some clinical trials, scores 1 and 2 have been used to define CMR to avoid the risk 
of under-treatment when de-escalating therapy [14].

Deauville criteria score the most intense uptake in a site of initial disease, if 
present, as:

 1. No uptake
 2. Uptake ≤ mediastinum
 3. Uptake > mediastinum but ≤ liver
 4. Uptake moderately higher than liver
 5. Uptake markedly higher than liver and/or new lesions

X new areas of uptake unlikely to be related to lymphoma

20.8  Paediatric

PET has high sensitivity and specificity for staging in paediatric patients [72] and 
for the detection of bone marrow involvement. Similar to adult practice, high nega-
tive predictive values are reported in children for interim and end of treatment PET 
and PET/CT, although the positive predictive value is more variable [73–75]. A 
low positive predictive value is observed in HL at the end of treatment [73], likely 
related to the good prognosis of the disease. Radiotherapy is used in intermediate- 
and advanced-stage HL, and PET/CT is advocated for planning purposes [76]. In 
the first international study for classical HL in children, patients with early stage 
disease did not receive radiotherapy after treatment with OEPA, if the early 
response assessment PET scan was regarded as showing adequate response [77]. In 
the second international study, this approach has been extended to the intermedi-
ate- and advanced-stage groups (https://clinicaltrials.gov/ct2/show/NCT02684708). 
In this study a less stringent definition of adequate response is being used similar 
to adults with Deauville scores of 1, 2 and 3 being regarded as CMR. The trial 
employs a quantitative modification of the Deauville criteria with standardised 
regions of interest for the residual most intense uptake and the liver [78] referred 
to as ‘qPET’.

Pitfalls that may make interpretation of scans more challenging in children 
include the occurrence of thymic hyperplasia/rebound with treatment and the more 
frequent physiological uptake of FDG in brown fat.
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20.9  MR in Lymphoma

MR imaging offers the potential of a radiation-free method to obtain high-quality 
anatomical images in patients with lymphoma. The high tissue contrast associated 
with this modality makes it an ideal tool for imaging of the brain and spinal regions. 
Outside of the central nervous system, the performance of anatomical MR has been 
more limited. Studies of lymphoma focusing on the bone marrow demonstrate high 
sensitivity [79] but low specificity resulting from false positives related to regener-
ating marrow or bone marrow inflammation [80]. MR imaging of the lungs has not 
yet reached the performance of CT [81], and no anatomical MR technique has 
offered performance that would replace the information obtained from FDG PET. In 
contrast to limited results in anatomical MR, developments in the arena of func-
tional MR imaging with whole-body diffusion-weighted imaging (DWI) have 
yielded interesting results.

20.10  Whole-Body Diffusion-Weighted Imaging

Historically, lymphoma has been staged and restaged using CT, and with the advent 
of FDG PET and PET/CT, molecular imaging has become the standard of care to 
detect, stage, restage and monitor treatment response in lymphoma. MRI has typically 
been reserved for evaluation of more unusual scenarios including primary CNS lym-
phoma or lymphoma with suspected CNS involvement. Visceral organ infiltration 
may be evaluated by MRI when conventional imaging is equivocal. More recently, 
technical advances have yielded whole-body techniques that have been compared to 
CT and PET/CT. The lack of radiation associated with MR has made this an attractive 
modality for study, particularly for paediatric patients and young adults.

Whole-body diffusion imaging has been studied at numerous centres as a possible 
replacement for FDG PET/CT. In a recent meta-analysis of six studies, Regacini et al. 
reported that whole-body MRI with diffusion imaging agreed with findings on FDG 
PET/CT (with respect to staging) in 91% of all cases. In some cases, MRI detected 
additional lesions, but the authors could not fully address the potential for these lesions 
to represent false positives, citing that imaging artefacts in the chest and normal lymph 
nodes in the inguinal regions can be difficult to assess [82]. With respect to detection 
of focal bone marrow involvement, preliminary data suggests good agreement 
between FDG PET/CT and whole-body MRI with diffusion imaging [83].

With respect to treatment response assessment, preliminary data suggests poten-
tial utility of diffusion imaging. Lin et al. reported a mean increase of ADC values 
from 0.658 to 1.501 in residual enlarged lymph nodes after four cycles of chemo-
therapy and similar changes in areas of organ involvement [84]. Other authors have 
reported similar increases in ADC in the setting of treatment response, but just how 
these findings compare to the performance of FDG PET/CT requires further studies 
before definitive recommendations for or against DWI can be made in the setting of 
response assessment. One author has demonstrated significant changes in nodal 
ADC as early as 4.5 days after starting a first cycle of chemotherapy [85]. Response 
assessment is more challenging in bone due to changes in red marrow and fatty 
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marrow elements in response to chemotherapy and marrow stimulation, but it has 
been suggested that an overall increase in ADC is usually associated with a good 
treatment response [86].

20.11  CNS Lymphoma (Primary and Secondary)

MR imaging has played a more central role in the imaging of known or suspected 
CNS lymphoma involving the brain parenchyma, meninges, eyes or spinal cord. Most 
cases of CNS lymphoma present without evidence of disease outside of the CNS, 
although FDG PET literature has suggested that up to 15% of patients may harbour 
disease elsewhere [87]. MRI has higher sensitivity than CT and can identify enhanc-
ing tumour on the surface of the brain and spinal cord, within the ventricles or in the 
region of the spinal nerve roots [88, 89]. It is not possible to differentiate between 
primary and secondary lymphomas of the brain based on MR features alone [90], and 
therefore body scanning is indicated in patients presenting with CNS lesions.

Primary CNS lymphoma (PCNSL) usually presents as a supratentorial intracra-
nial mass, frequently involving the periventricular white matter and may cross the 
midline. Smaller deep brain structures can be involved, and a more rare subtype of 
PCNSL is limited to the dura, usually presenting as a low-grade marginal zone lym-
phoma [91]. Primary leptomeningeal lymphoma can also occur. Ocular lymphoma 
may represent direct extension from adjacent structures or in rare cases can origi-
nate within the eye [92]. Due to high cellularity, PCNSL typically presents with low 
to intermediate signal on T2 imaging and relatively low ADC values on diffusion- 
weighted sequences. Lesions usually enhance on DCE-MRI either homogeneously 
or peripherally in necrotic lesions [93].

Advanced MR imaging techniques have been employed in the management of 
PCNSL. Diffusion-weighted imaging research has demonstrated the ADC values 
are typically lower in PCNSL compared to brain tumours, cellular metastases or 
toxoplasmosis, but significant overlap remains [94]. ADC has been shown to have 
prognostic value and can serve as a marker of treatment response [95].

Perfusion imaging based on arterial spin-labelling techniques has demonstrated 
relatively higher blood flow in gliomas compared to lymphoma and relatively lower 
values in toxoplasmosis [96, 97]. Vessel permeability measured by DCE-MRI is 
higher in gliomas than lymphomas [98]. Also, MR spectroscopy has been studied in 
PCNSL, but overlapping high levels of lipid and macromolecule resonance between 
PCNSL and toxoplasmosis has limited applications [99]. Susceptibility-weighted 
imaging is also under study [100]. Unfortunately, none of these techniques are spe-
cific enough to obviate tissue biopsy.

20.12  PET/MRI in Lymphoma

Several studies have reported results from hybrid PET/CT and PET/MRI scans per-
formed on the same day in lymphoma patients to assess whether the examinations 
are equivalent (Table 20.1). It is inevitable with these types of studies that there will 
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be limitations. All include a mix of lymphoma subtypes and patients scanned at dif-
ferent time points—staging, response assessment and sometimes surveillance. 
Many patients had no disease at the time of the scan, and very few patients in the 
studies had extranodal disease, certainly lower than what is usually encountered in 
lymphoma patient populations. PET/MRI was mostly done following PET/CT to 
avoid the chance that the patient might not complete the diagnostic or ‘standard’ 
examination.

The gold standard, as with all lymphoma studies, for the presence or absence of 
lymphomatous lesions is imperfect, because it is not ethical to biopsy lesions for 
these purposes. Some studies simply used PET/CT as the reference standard; others 
used a combination of biopsy (where available because clinically indicated), clini-
cal and imaging follow-ups. Nonetheless, despite limitations, some important con-
clusions can be drawn.

20.13  Diagnostic Performance of PET/MRI 
Compared with PET/CT

The diagnostic performance of PET/MRI appears to be similar to PET/CT with 
respect to the detection of nodal disease in common lymphoma subtypes (Figs. 20.1, 
20.2, and 20.3). Fewer cases with extranodal disease have been assessed, but most 
report that extranodal lesions were seen using both modalities. One study which 

Fig. 20.1 85-year-old male with newly diagnosed diffuse large B-cell lymphoma. FDG PET/MRI 
demonstrates large mediastinal mass in the posterior mediastinum. Intense FDG uptake (upper 
middle frame) is seen corresponding to hyperintense foci on diffusion-weighted images (lower left 
frame) with corresponding relatively low ADC values (lower middle frame; see dark regions ante-
rior to spine and aorta)
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Fig. 20.2 77-year-old female with Hodgkin lymphoma. FDG PET/MRI demonstrates intense 
uptake in left cervical lymphadenopathy. Lymph node margins are well defined on axial HASTE 
MR (lower left frame), corresponding DW imaging demonstrates high signal (upper right frame) in 
left cervical adenopathy with corresponding low signal (dark) on ADC images (lower right frame)

Fig. 20.3 51-year-old male with follicular lymphoma. FDG PET/MRI demonstrates mild FDG 
uptake within mesenteric adenopathy (upper left frame), well delineated on axial HASTE MR 
(lower left frame)

20 PET/MRI in Lymphoma
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evaluated PET/MRI but did not directly compare with PET/CT reported high sensi-
tivity, comparable to PET/CT using MR for AC only [101]. Studies using anatomi-
cal sequences reported equal sensitivity for PET/CT and PET/MRI.

Comparative studies also reported equivalent staging using PET/CT and PET/
MRI. Staging was identical in all cases performed at baseline in 18 patients with 
mostly aggressive lymphomas [102]. Herrmann et al. [103] reported that all 188 
lesions, which were considered to be ‘positive’ for lymphoma using their reference 
standard, were detected on both PET/CT and PET/MRI (29 scans). Eighteen of 188 
lesions were extranodal. Lesions assessed included patients with HL [28], DLBCL 
[26] and intermediate- and low-grade lymphomas [28]. Fourteen out of eighty two 
of these patient scans were performed for primary staging.

Some studies have reported additional lesions on PET/MRI carried out after 
PET/CT, possibly related to delayed acquisition with increased uptake occurring in 
lymphomatous lesions over time [102, 104, 105].

In the study by Afaq et al., nodal lesions in the mesentery and the retroperito-
neum in one patient and nodal lesions in the axilla in another patient were seen only 
on PET/MRI, but PET/MRI scans were carried out on average more than 2 h later 
than PET/CT [102]. For the first patient, this resulted in an assessment of residual 
metabolic disease on PET/MRI but complete metabolic response on PET/CT. The 
second patient had additional lesions such that the ‘missed’ axillary lesions did not 
affect disease status which was the same on PET/MRI and PET/CT.

Regarding extranodal disease, Heacock et  al. reported discrepancy in bone 
marrow involvement in the right femoral neck in a patient with follicular lym-
phoma [105]. Bone marrow involvement was reported by readers on PET/MRI 
and DWI but not when reading PET/CT. The lesion was more FDG-avid on the 
PET component of the PET/MRI which was carried out after PET/CT, but there 
was also a more conspicuous bone lesion seen on the MR sequences including 
DWI than on the CT component of the PET/CT [105]. Advantages in the assess-
ment of the bone marrow using PET/MRI have not been demonstrated on other 
studies, but so far these have included only three patients with BMI [102, 103], 
and more data are needed.

In one patient a probable adrenal lesion was reported as disease on PET/MRI but 
not PET/CT. The adrenal lesion reduced in size and activity on follow-up imaging 
and was deemed to be involved by lymphoma. The PET/MRI scans were carried out 
on average more than 2 h later than PET/CT [102].

In the studies to date, few patients with lung involvement have been reported 
[102]. This is an area where theoretically PET/CT might have an advantage, but the 
sizes of lung lesions in lymphoma are often larger than with solid tumours and were 
all resolved using PET/MRI.  A recent study which included patients with solid 
cancers and lymphoma reported that the vast majority (97%) of small lung nodules 
that did not take up FDG and were missed on PET/MRI were likely to be benign, as 
they resolved or remained stable on follow-up [106].

Interobserver agreement between readers for evaluation of the presence or absence 
of disease was reported as perfect for nodal sites on PET/CT and almost perfect for 
nodal sites on PET/MRI in an evaluation of 95 nodal sites by 2 observers [102].  
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Both readers detected the same eight extranodal sites on PET/CT and nine extrano-
dal sites on PET/MRI. Interobserver agreement for assessment of disease status was 
perfect.

20.14  Diffusion-Weighted Imaging Compared with PET/CT 
and PET/MRI Diagnostic Sequences

Authors have concluded that DWI either has no additional value or is inferior to 
PET/CT and PET/MRI.

Afaq et  al. reported that no additional sites were found on DWI compared to 
PET/CT and PET/MRI and that staging was identical, concluding that DWI had no 
additional value in lymphoma [102]. Other studies reported that DWI was inferior 
to PET/CT and PET/MRI. Herrmann et al. reported that DWI missed 33% of nodal 
lesions and 44% of extranodal lesions in their study which included 82 patient scans 
[103]. Lesions were defined as high signal on high b-value DWI using the optimal 
cut-off derived from their data and low signal on the corresponding ADC map. No 
threshold for lesion size was used. This resulted in a large number of false positive 
lesions on DWI as well as poor sensitivity. The authors commented that the lack of 
standardised criteria, especially with respect to extranodal involvement, contributed 
to the high false positive rate. The spleen was a particularly difficult area to assess 
on DWI. Three cases of splenic involvement were missed using DWI, and three 
other cases showed restricted diffusion in spleens with normal activity on PET/CT 
[103] (Fig.  20.4). PET/CT and DWI were concordant for imaging stage in only 
18/82 scans. DWI upstaged 60 scans including 45 scans where there was no assess-
able disease according to Deauville criteria on PET/CT.

Heacock et al. reported 19/51 (37%) of nodal lesions were missed on DWI with 
5 false positive lesions [105]. There was disagreement in stage in 10/28 patients 

a b c d

Fig. 20.4 Demonstrates a patient scanned with PET/MRI (a) and PET/CT (b) after a single 
administration of FDG on the same day. Note that the spleen has normal activity on FDG PET/
MRI (c) but restricted diffusion on DWI (d) (courtesy of Dr. Andrew Mallia, PET Imaging Centre 
at St Thomas’, King’s College London)
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compared to PET/CT, one of which was bone marrow involvement correctly 
assigned by DWI but also on PET/MRI (as above). Atkinson et al. reported 17% of 
lesions were missed on DWI in a smaller series of 10 patients with increased FDG 
uptake on PET/CT and PET/MRI [107]. Four out of eleven of the missed lesions on 
DWI were in the chest which they attributed to signal loss due to respiratory motion 
artefact.

The difference between the number of positive lymphoma lesions on DWI com-
pared to PET/CT and PET/MRI did not reach statistical significance, when response 
and surveillance scans were considered in the study by Herrmann et al. [103]. There 
were however fewer lesions during and after treatment, and DWI still missed ≥50% 
of positive lymphoma lesions according to the follow-up criteria.

Fewer lesions were also missed in patients with low-grade disease compared to 
patients with aggressive lymphoma using DWI, but DWI was statistically inferior 
for the detection of lymphoma even in this group (p = 0.03). It seems reasonable to 
conclude that tumour cellularity is inferior to glucose metabolism in assessing lym-
phomatous disease.

It has been suggested there may be a role for DWI in subtypes that are not rou-
tinely FDG-avid such as MALT lymphoma. Giraudo et al. reported higher sensitiv-
ity in non-FDG-avid lymphomas when DWI was added to PET/MRI because of low 
FDG-avidity in six cases of mucosa-associated lymphoid tissue (MALT) lymphoma, 
one case of mantle cell lymphoma and one case of marginal zone lymphoma [108]. 
Size criteria were used for non-FDG-avid lesions on CT and MR and for DWI 
lesions with restricted diffusion. In these less common subtypes, however, interna-
tional guidelines already recommend that if not FDG-avid, contrast-enhanced CT 
and/or MR is a better investigation. DWI may possibly have added value. In another 
small study by the same group looking at response assessment in 15 patients with 
MALT lymphoma, the change in SUV on interim PET at 3 cycles of treatment was 
better at predicting CT response at the end of treatment than change in ADC. Changes 
in ADC in patients with end of treatment complete response on CT showed much 
larger standard deviations than changes in SUV which the authors attributed to 
inhomogeneities in the magnetic field and artefacts [109].

20.15  Quantitation

High correlation has been observed for measurement of the maximum standardised 
uptake value (SUVmax) on PET/CT and PET/MRI in studies involving 158 patients 
[102, 104, 105, 107]. Grueneisen et al. however found that SUVmax was significantly 
higher for PET/MRI with a mean difference in SUVmax between PET/CT and PET/
MRI of −2.5 (95% CI 3.1 to −7.9) which they attributed to the delay in acquisition of 
PET/MRI with increasing uptake in lymphoma lesions over time [104].

Conversely other studies have reported that SUVmax was higher with PET/CT 
even when PET/MRI was performed later, suggesting that PET/MRI may underes-
timate uptake. In the study by Afaq et al. [102], the mean difference in SUVmax was 
only 0.32 (95% CI −0.12 to 0.75) when PET/MR imaging was performed over 2 h 
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later than PET/CT (68 patient scans). Heacock et al. [105] reported the mean differ-
ence was 1.7 (95% CI −5.8 to 9.2) when PET/MR imaging was performed an aver-
age of 1 h after PET/CT.

The mean SUV (SUVmean) was also reported to be significantly higher for PET/
CT compared to PET/MRI with SUVmean measured at 20.1 ± 2.1 (PET/CT) and 
13.7 ± 1.4 (PET/MRI) [107] where the mean delay between PET/CT and PET/MRI 
was 151  min. This also suggests that PET/MRI may underestimate intensity of 
uptake compared to PET/CT. Underestimation or overestimation of SUV measure-
ments with PET/MRI could potentially have implications when measuring response 
using Deauville criteria.

Afaq et al. reported a moderate inverse correlation between SUVmax and ADC 
mean in 27 scans where the most FDG-avid lesion corresponded to a measurable 
lesion on the ADC map [102]. Others have not demonstrated any relationship 
between SUVmax and SUVmean with ADC values [105, 107].

20.16  Radiation Dose

Radiation dose is reduced in hybrid PET scanning if MR is used instead of CT for 
anatomical localisation and attenuation correction. The reduction is marked if full- 
dose ‘diagnostic’ CT is used but more modest if low-dose CT is used which is usu-
ally sufficient for staging and response assessment in aggressive lymphomas [31–33, 
35]. Dose reduction with full-dose CT has been reported to be around 60–77% and 
with low-dose CT around 20–27% [104, 107]. Dose savings may therefore be con-
siderable but may become less with further advances in CT iterative reconstruction.

20.17  Other Factors

Set-up costs are higher for PET/MRI and duration of scans is generally longer than 
PET/CT.  This translates into higher scan costs, and PET/MRI remains a limited 
resource in most countries [102]. The scan duration depends of course on the 
sequences chosen for MR imaging. Using a ‘fast’ protocol that included a coronal 
3D volume interpolated breath-hold examination (VIBE) for attenuation correction, 
DWI, an echo-planar imaging (EPI) sequence, a transverse 2D half Fourier acquisi-
tion single-shot turbo spin echo (HASTE) sequence and transverse post-contrast 3D 
fat-saturated VIBE sequence, Gruniesen reported imaging times of 27.8 ± 3.7 m for 
PET/MRI versus 17.3 ± 1.9 m for PET/CT using a 4 min per bed acquisition for 
PET and 4–5 bed positions [104]. Other studies reported imaging times of up to 
120 min for anatomical sequences and DWI [108] which is unlikely to be tolerated 
by elderly or very unwell patients with lymphoma.

Using MR for attenuation correction only, the scan duration for PET/MRI was 
reported as 23–25 min in another study of which the PET duration was 20–22 min [101]. 
Using MR just for attenuation correction is however suboptimal as discussed above and 
results in inferior sensitivity to PET/CT or PET/MRI with anatomical sequences.
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20.18  Paediatric PET/MRI Experience

Ponisio et al. performed 9 patient scans in children aged 12–17 years at the time of 
response assessment. Assessment of response category was the same using PET/CT 
and PET/MRI, but there were some discordant findings [110]. PET/MRI missed one 
focus of uptake in a mediastinal mass compared to two foci seen on PET/
CT. Conversely PET/CT missed a focus of uptake in the neck compared to two foci 
on PET/MRI. In one case a renal lesion was not reported on PET/CT because it was 
obscured by physiological urinary activity but was reported on DWI as it had 
restricted diffusion. Artefacts were reported on the MR attenuation correction map 
from dental braces [2], a port catheter [1] and the lungs due to motion artefact [1]; 
however, there was high correlation in measurements of SUVmax; the average dif-
ference was only 1.6% between PET/CT and PET/MRI.

Sher et al. performed 40 patient scans in children with a mean age of 14.6 ± 3.9 years 
[111]. Sensitivity was similar: 95% with PET/CT and 92% with PET/MRI. Specificity 
was also similar: 56% with PET/CT and 61% with PET/MRI for individual lesions. 
Staging was correct in 35 of 40 patients with both modalities, but of these, 29 chil-
dren had no evidence of lymphoma at the time of scanning. Six lesions were misclas-
sified compared to the reference standard. Two were due to interobserver variation 
rather than the imaging modality. Three were misclassified on PET/MRI.  One 
reported as mesenteric nodal disease on PET/MRI was reported as physiological 
uptake in bowel on PET/CT.  One dismissed as muscle uptake on PET/MRI was 
reported as axillary nodal disease on PET/CT. One patient had a left hilar node with 
lower uptake on PET/MRI (SUVmax 1.6) compared to PET/CT (SUVmax 3.3) 
which was overlooked on PET/MRI.  Dedicated anatomical MR sequences were 
omitted in this study to reduce scan duration, and this likely accounted for the dis-
crepancies, but scan duration is an issue when imaging children. One lesion was 
misclassified on PET/CT. A prevascular node was reported correctly on PET/MRI 
but as physiological right atrial uptake on PET/CT. In one patient a lytic bone lesion 
that was not FDG-avid was overlooked on both modalities.

This was the only study in those undertaken to date, to perform any PET/MRI 
scans prior to PET/CT [111]. The authors observed no difference in SUV values when 
PET/CT was done first but a significant difference when PET/MRI was done first in 
SUVmax and SUVmean for both benign and malignant lesions identified. This again 
supports the premise that PET/MRI may underestimate SUV values, as reported in 
adult studies [102, 105, 107]. In malignant lesions the SUVmax was 6.3 ± 2.8 on PET/
MRI and 10.1 ± 4.9 on PET/CT when the PET/MRI was performed first (p < 0.001) 
but 6.2 ± 3.1 on PET/MRI and 5.9 ± 3.2 on PET/CT when the PET/CT was done first 
(p < 0.001) [111]. This suggests that differences may be due to attenuation correction 
being less reliable in PET/MRI. At these levels, the differences could conceivably 
have an impact on response assessment, although as with other studies, there was no 
significant difference in accuracy between the techniques compared to the reference 
standard. Compared with low-dose PET/CT, there was a 45 ± 10% reduction in effec-
tive dose with PET/MRI in the children in this study [111].
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20.19  Novel Tracers for PET/MRI in Lymphoma

FDG PET has been a mainstay of lymphoma lesion detection, tumour grading, 
treatment response monitoring and recurrence detection. This agent is not without 
flaws, as false positives occur due to inflammation and tumour grading by SUVmax 
is limited by significant quantitative overlap between low- and high-grade histolo-
gies. There is a need to develop better tracers to address these limitations.

18F-Fluorodeoxythymidine (FLT) is a synthetic amino acid tracer that has been 
developed to indirectly measure cellular proliferation in  vivo and is of interest 
for use in patients with lymphoma. Preliminary studies suggest sensitivity that is 
very similar to FDG, with some suggestion of potentially improved tumour grad-
ing compared to FDG [112]. More recent work has demonstrated potential utility 
in assessing treatment response and determining prognosis during mid-treatment 
imaging [113]. A question for PET/MRI researchers is to determine if the per-
formance of FLT can be synergistic with MR parameters in a manner that offers 
advantages over FDG.

Fludarabine is a drug used in the treatment of low-grade lymphomas, often as a 
part of combination regimens with other drugs. Given the presence of a fluorine 
atom on this compound, investigators have substituted the fluorine with 18F-fluorine 
and thus produced a PET-tracer version of this drug. Preliminary murine studies 
demonstrated rapid uptake in lymphoma cells that was more intense than FDG and 
minimal background organ activity [114]. Subsequent mouse studies have demon-
strated persistent uptake in viable tumour cells following immunotherapy with 
rituximab [115] and good specificity with lower uptake in inflammatory lesions 
compared to FDG [116]. Further studies with PET/MRI to correlate the intratu-
moural distribution of this new agent and relate it to findings on diffusion or 
DCE-MR imaging sequences may be of interest to further improve lesion detection 
and monitoring of treatment responses.

 Conclusions
1. PET/MRI is likely equivalent to PET/CT in staging for nodal disease and 

extranodal disease (but there are limited data regarding extranodal disease to 
date).

2. PET/MRI may underestimate FDG uptake compared to PET/CT, which could 
have implications for response assessment, and more data are needed. This 
may improve as attenuation correction algorithms are optimised.

3. DWI will not replace PET/CT or PET/MRI for evaluation of FDG-avid lym-
phomas and can probably be omitted in PET/MR imaging for lymphoma.

4. PET/MRI reduces radiation dose, although dose savings may be less as CT 
dose reduces with iterative reconstruction techniques and needs to be weighed 
against longer scan duration.
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21.1  Overview

PET/MRI has significant potential advantages over PET/CT for use in pediatric 
populations including decreasing radiation dose, reducing exposure to sedation and 
anesthesia, reducing the need for gadolinium-based MR contrast agents, and 
increasing convenience to children and their families through combining PET and 
MRI acquisition into a single imaging session. PET/MRI is a clinical reality and is 
in routine use at a number of academic centers as well as in a few private practices 
with some centers performing pediatric imaging. Although promising, PET/MRI 
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for pediatric oncology faces significant challenges including the high cost and rela-
tively limited availability of PET/MRI systems, the lack of standardization across 
centers, limited evidence demonstrating the superiority of PET/MRI compared to 
PET/CT and other imaging modalities, and variable institutional utilization of PET 
and whole-body MR imaging in the diagnostic evaluation of children with cancer.

This chapter provides an overview of current and possible future uses of PET/
MRI for clinical oncologic imaging in children. PET/MRI has great potential for 
basic and translational research in children and adults, but the focus of this chapter 
is on the use of PET/MRI in routine patient care. The strengths and limitations of 
this technology and the available PET tracers for specific applications in pediatric 
oncology are key topics discussed here.

21.2  PET Tracers Relevant to Pediatric Oncology

PET uses compounds labeled with positron-emitting radionuclides to form three- 
dimensional tomographic images that reflect functional, metabolic, or biochemical 
information. The structure and pharmacologic properties of the PET tracer deter-
mine the biological information obtained through PET imaging, and a very wide 
range of targets including biological transporters, metabolic pathways, enzymes, 
and receptors have been successfully targeted with PET. The high sensitivity and 
molecular specificity of PET make this modality very valuable in oncologic imag-
ing for both routine clinical and research applications. The physical properties of 
the positron-emitting radionuclide use in a PET tracer can affect resolution and 
dosimetry, and for some radionuclide the scanner settings and image reconstruction 
should be adjusted to obtain optimal image quality. An important limitation of PET 
is the low resolution compared to anatomic techniques such as CT and MRI. Hybrid 
imaging with PET/CT and PET/MRI allows collection of anatomic and molecular 
information in a single study.

The most widely used PET tracer for adult and pediatric oncologic imaging is the 
glucose analogue, 2-deoxy-2-[18F]fluoro-D-glucose (FDG). Most of the PET/MRI 
studies discussed in this chapter utilize FDG as the PET tracer. FDG is transported 
into cells via glucose transporters and then phosphorylated by hexokinase enzymes, 
trapping FDG inside the cell [1]. Many cancer cells have upregulated glycolytic 
metabolism of glucose (i.e., conversion of glucose to lactate) even in the presence 
of adequate levels of oxygen to perform oxidative phosphorylation [2, 3]. This phe-
nomenon is known as aerobic glycolysis (the Warburg effect) and is the basis for the 
utility of FDG-PET for detecting and assessing response to therapy in a wide range 
of human cancers. One of the limitations of FDG is the high uptake in inflammatory 
lesions which can lead to false-positive studies for malignancy. FDG also has high 
physiologic uptake in the brain and moderate uptake in the liver as well as excretion 
in the urine; this normal biodistribution can obscure malignant lesions in these loca-
tions. The uptake of FDG can be low in certain tumors with low glycolytic activity 
such as mucinous tumor histologies and low-grade neoplasms, leading to false neg-
atives. Finally, FDG-PET evaluates only one aspect of cancer biology, and other 
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PET tracers may have better sensitivity and specificity for certain cancers and can 
provide biological information relevant to prognosis and therapy not available with 
FDG.

A number of PET tracers other than FDG have been developed and have potential 
utility for PET/MRI in pediatric oncology. However, there is limited data regarding the 
diagnostic utility of these tracers in children and very little data comparing PET/MRI 
to PET/CT with non-FDG-PET tracers. The PET tracer sodium [18F]fluoride (NaF) is 
used for skeletal scintigraphy and is very sensitive for detecting blastic metastases as 
well as other processes causing increased turnover of the mineralized bone. Radiolabeled 
amino acids targeting system L amino acid transport can complement MRI for the 
evaluation of brain tumors by providing better assessment of non-enhancing regions in 
glioma and increasing the accuracy of assessment of brain tumors after therapy [4–6]. 
Peptide-based somatostatin receptor ligands labeled with Ga-68 include DOTATOC, 
DOTATATE, and DOTANOC which are particularly useful for tumors that express 
somatostatin receptors on their cell surface such as well-differentiated neuroendocrine 
tumors and meningiomas [7–10]. These somatostatin receptor imaging agents may 
have roles in evaluating neuroblastoma and pheochromocytoma in children and can 
also be used for therapy when they are labeled with therapeutic radionuclides such as 
Lu-177 or Y-90 [11, 12]. The amino acid 3,4-dihydroxy-6-[18F]fluoro-D-phenylalanine 
(FDOPA) may also be useful for neuroendocrine tumors and for preoperative planning 
in children with congenital hyperinsulinemia [13–16].

There is also the potential to convert single photon computed tomography 
(SPECT) agents into PET agents by replacing I-123 or I-131 which are not suitable 
for PET with the positron-emitting radionuclide I-124. For example, sodium [124I]
iodide could be used for imaging differentiated thyroid cancer [17–19], and meta- 
iodobenzylguanidine (MIBG) labeled with I-124 could be used for PET imaging of 
neuroblastoma [20, 21]. However, these PET analogues of routinely used SPECT 
agents are not widely available, and very little data regarding their efficacy in pedi-
atric patients are available.

21.3  Pediatric PET/MRI Protocols and Workflows

The available data from pediatric PET/MRI studies and the larger body of work in 
adult PET/MRI studies suggest that FDG-PET/MRI is equivalent to FDG-PET/CT 
in terms of whole-body staging for most cancers [22–27]. Many clinical PET/MRI 
studies are performed when both whole-body staging with PET and local tumor or 
organ staging with MRI are needed. In some anatomic regions such as the brain, 
liver, pelvis, and bone marrow, MRI provides superior soft tissue contrast and sen-
sitivity to CT even in the absence of gadolinium-based MR contrast agents. In chil-
dren and young adults with potentially curable cancers, PET/MRI decreases 
exposure to ionizing radiation by replacing CT with MRI as discussed in more 
detail later in this chapter.

In our practice, PET/MRI in the pediatric population is performed chiefly for the 
following indications: (1) dose reduction in pediatric patients who need a whole- body 
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PET alone, such as lymphoma; (2) pediatric patients who need a whole-body PET and 
a dedicated regional MRI, such as brain tumors, sarcomas, and neuroblastoma; and (3) 
pediatric patients who need a brain PET and MRI for epilepsy evaluation. Protocols in 
PET/MRI for adults and children typically are modified from standard dedicated MRI 
to maintain patient throughput and tolerance. The protocols for clinical PET/MRI are 
evolving, and this section reflects our experience as well as reports and protocols from 
other institutions. The aim of the modified MRI protocol should be that the entire scan 
(whole-body PET, whole-body MRI for attenuation correction/localization, and dedi-
cated regional MRI as needed) can be completed within less than 60 min. If regional 
dedicated MRI is not needed, we aim to complete the whole-body simultaneous PET/
MRI in around 30 min. Using this approach, it is feasible to scan children as young 
as 8 years old without sedation. Table 21.1 gives an example of a modified MRI pro-
tocol performed in the simultaneous PET/MRI setting. The whole-body portion is 
typically performed first in case the study must be terminated early, maximizing the 
chance the radiopharmaceutical administration results in a diagnostic study. Although 
not optimal, the regional MRI can be performed separately if the entire whole-body 
and regional PET/MRI study cannot be completed.

When performing whole-body PET-MRI, multiple phase array coils should be 
used as opposed to the body coil to provide adequate signal-to-noise ratio. The 
patient’s arms are placed by their side and included in the field of view for attenua-
tion correction and whole-body imaging. If dedicated imaging of the head is not 
needed, the head coil can be left off, especially in claustrophobic patients. The scan 
starts with whole-body simultaneous acquisition of PET data, two-point Dixon 
sequences, single-shot fast spin echo (SSFSE) imaging, and inversion recovery or 
diffusion-weighted imaging. We typically acquire these sequences in the axial plane 

Table 21.1 Example of a modified liver MRI protocol for detection of hepatic metastases used in 
pediatric simultaneous PET/MRI

Standard liver MRI protocol Modified liver MRI protocol
Three-plane localization Part of whole-body acquisition
Coronal single-shot fast spin echo Omitted
Axial single-shot fast spin echo Part of whole-body acquisition
Coronal steady-state free procession (e.g., true 
FISP. FIESTA)

Omitted

Axial coherent gradient echo Omitted
Axial in/opposed phase Part of whole-body acquisition
Axial T2 fast spin echo fat saturated Axial T2 fast spin echo fat saturated
Axial diffusion weighted (b-values 50, 400, 
800 mm/s2)

Axial diffusion weighted (b-values 50, 400, 
800 mm/s2)

Pre-contrast T1 ultrafast gradient echo (e.g., 
VIBE, LAVA)

Pre-contrast T1 ultrafast gradient echo (e.g., 
VIBE, LAVA)

Post-contrast T1 ultrafast gradient-echo 
dynamic × 3

Post-contrast T1 ultrafast gradient-echo 
dynamic × 3

Some of the standard liver MRI protocol sequences are included in the whole-body MRI acquisi-
tion, while others are omitted in the modified liver MRI protocol to reduce the overall length of the 
examination without reducing detection of metastases

M.R. Ponisio et al.



405

and reconstruct and compose images in the coronal plane to get whole-body images. 
Acquiring these images in a contiguous rather than interleaved fashion allows 
reconstruction without blurring or stair-stepping artifact. The scan time at each sta-
tion is around 3 min, with a z-axis coverage of 25 cm/station. So, whole-body imag-
ing in a typical teenager is achieved in six stations, resulting in an active scanning 
time of ~20 min for the basic whole-body PET/MRI scan.

The two-point Dixon sequence automatically generates four image sets: in phase, 
out of phase, fat only, and water only. These are used to create the MR-based attenu-
ation correction map that is applied to the PET data. Studies in adults indicate that 
the image sets derived from the Dixon sequence can provide similar anatomic local-
ization as the non-contrast CT portion of FDG-PET/CT studies [24, 28]. The in 
phase/out of phase images should be evaluated for evidence of liver iron deposition, 
a common problem in pediatric cancer survivors [29]. The water-only sequence is 
the equivalent of a pre-contrast T1-weighted fat-saturated image and can provide 
good anatomic detail. The SSFSE sequence is optional but is useful for providing an 
overview of anatomy and for localization. These are acquired free breathing, with-
out navigation, when performed simultaneous with acquisition of the PET data. 
Diffusion-weighted imaging is typically performed with three different b-values, 
50, 400–500, and 800–1000 mm/s2, which are then used to generate the apparent 
diffusion coefficient (ADC) map. The low b-value images have the most T2 weight-
ing and can function as T2 fat-saturated/inversion recovery sequence, which is use-
ful for both lesion detection and localization. Lesion characterization as benign vs. 
malignant is best performed on the high b-value images in correlation with the ADC 
map, keeping in mind that several benign lesions (such as focal nodular hyperplasia 
in the liver) can show diffusion restriction [30].

After the whole-body acquisition, dedicated anatomic imaging of the primary 
site for locoregional staging or specific metastatic site in question (such as the 
liver) is performed without and with intravenous contrast. There is an increasing 
body of literature in the pediatric setting that has questioned the need for the rou-
tine use of intravenous contrast in follow-up of pediatric cancer patients [31]. The 
avoidance of intravenous contrast can help decrease the duration of the scan, avoid 
the unknown long-term consequences of intracranial gadolinium deposition, and 
most importantly replace the use of gadolinium-based contrast agents with organ-/
tumor- specific contrast agents—such as ferumoxytol for the evaluation of lymph 
nodes [32–34]. Our experience has been that intravenous contrast is needed for 
evaluation of visceral metastasis, especially in organs with relatively high physio-
logic FDG uptake such as the brain, liver, and spleen. Use of hepatocyte-specific 
contrast agents with delayed imaging obtained in the hepatocyte phase can demon-
strate liver metastasis with high sensitivity as seen in Fig. 21.1.

There are several challenges with hybrid PET/MRI scanning that must be con-
sidered. The long duration of scans compared to PET/CT may not be tolerated by 
some patients and can negatively impact patient throughput. The current clinically 
available PET/MRI systems have 3 T magnets which can lead to encountering spe-
cific absorption rate (SAR) limits especially when scanning smaller children and 
increased susceptibility artifacts such as from bowel gas/surgical clips compared to 
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MRI at 1.5 T. In addition, hybrid PET/MRI remains less sensitive than CT for the 
detection of subcentimeter pulmonary metastasis [35–37], so dedicated chest CT is 
still needed in pediatric tumors that are known to metastasize to the lungs. The use 
of ultrashort echo time sequences allows better delineation of pulmonary nodules 
compared with conventional dual-echo gradient-echo sequences and may in part 
overcome this limitation of PET/MRI [38].

For patients who need a chest CT evaluation of pulmonary metastasis such as 
sarcoma patients, a non-contrast chest CT is performed before or after the PET/MRI 
to avoid dependent atelectasis in the lungs. Intravenous contrast is not given for this 
CT as mediastinal and hilar nodes can be evaluated by PET/MRI and a non-contrast 
chest CT can be performed without sedation in the vast majority of children, irre-
spective of age. The nuclear medicine technologist and MRI technologist work in 
conjunction to screen and prep the patient, while scanning is performed primarily 
by the MRI technologist. In our institution, joint reading is performed for all PET/
MRI scans by nuclear medicine physicians and radiologists. If a dedicated MRI is 
performed, two reports are generated; however, in patients who undergo the PET/
MRI in lieu of a PET/CT with basic whole-body MRI sequences only, only one 
report is generated by the nuclear medicine physicians.

Fig. 21.1 FDG-PET/MRI performed in a 4-month-old girl after recent resection of a right adrenal 
neuroblastoma. During surgery, liver metastases were discovered that were not well seen on preop-
erative CT. Whole body FDG PET/MRI shows hepatic lesions which are FGD-avid (a), hypoen-
hancing on the hepatobiliary phase MRI (b, f) and demonstrates restricted diffusion (d). Smaller 
lesions were not identified on FDG-PET but are well visualized on the hepatobiliary phase and DWI 
(d, h). (a, e) FDG-PET; (b, f) hepatobiliary phase MRI; (c, g) fused PET/MRI; (d, h) Diffusion 
weighted imaging (DWI); Maximum intensity projection (MIP) is also shown (i)
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Fig. 21.1 (continued)
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21.4  Dose Reduction with PET/MRI

In recent years, there have been major initiatives aimed at reducing ionizing radiation 
dose from medical imaging. These dose reduction efforts such as the Image Gently 
campaign for pediatric patients are motivated by the increased utilization of diagnostic 
imaging combined with the small increased risk of cancer incidence and mortality 
related to ionizing radiation exposure based on the linear no-threshold model [39]. A 
general principle that applies to all diagnostic imaging techniques that utilize ionizing 
radiation is to impart the minimum patient dose needed to answer the clinical question.

PET/MRI has the potential to reduce the radiation dose compared to PET/CT 
without reducing diagnostic imaging quality by substituting MRI for CT and by 
reducing the dosage of the PET tracer. However, PET agent still confers a substan-
tial portion of the patient dose, and dose reduction by using PET/MRI instead of 
PET/CT for [18F]FDG studies ranges from approximately 39 to 73% based on pub-
lished comparisons [22, 23, 40, 41]. The variability in dose reduction is in large part 
due to different PET/CT hardware and CT protocols across centers.

Comparisons of the relative radiation exposure from different imaging tech-
niques (e.g., PET compared to CT) are typically expressed as the effective dose 
(ED) with units of mSv or rem. The ED is a whole-body dose that accounts for both 
the radiation weighting factor and the tissue weighting factor, which defines the 
radiosensitivity of each organ that is involved [42, 43]. The ED is equal to what the 
whole-body equivalent dose of ionizing radiation would be if emitted and/or trans-
mitted uniformly. The ED related to the amount of administered activity from the 
PET tracer increases with younger ages. For example, the ED related to [18F]FDG is 
95  μSv/MBq for a 1-year-old child, 37  μSv/MBq for a 10-year-old child, and 
19 μSv/MBq for an adult [44].

The biodistribution, half-life, and emission profile of positron-emitting radionu-
clide used for labeling affect the dosimetry of a PET tracer. Factors that increase the 
ED in PET studies include high and persistent tracer accumulation in radiosensitive 
organs, long physical half-life of the radionuclide, and high fractions of emissions 
resulting from nuclear decay (e.g., gamma rays) other than positrons. For clinical 
PET studies, using a different PET radionuclide is generally not an option, so reduc-
ing the administered dosage of the PET tracer is the primary method for reducing 
radiation dose to the patient from the PET component of the study.

Patient dose from CT depends on the tube voltage (kV or kVp), the milliampere- 
seconds (mA-S), the gantry pitch, and the total beam width [45]. These parameters 
are often adjusted in PET/CT examinations to impart a lower patient dose than a 
typical diagnostic CT but still provide substantial structural and morphological 
information that can aid in the interpretation of the PET findings. The CT dose can 
be lowered further if only attenuation correction is needed, but only limited struc-
tural and morphological information can be obtained from these types of CT stud-
ies. The overall estimated increased risk of cancer associated with diagnostic 
imaging is low compared to the lifetime risk of cancer but is not zero [39, 46]. 
Because the additional risk for cancer associated with PET/CT is small compared to 
the overall risk of developing cancer, PET/CT will remain a viable modality for 
pediatric oncologic imaging even if PET/MRI becomes more widely available.
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PET/MRI eliminates the CT portion of the examination while still providing 
attenuation correction and anatomical localization, and there are additional oppor-
tunities for dose reduction [23]. The patient dose related to the PET radiopharma-
ceutical can be reduced through longer image acquisition times and/or higher 
sensitivity PET detectors which can reduce the dosage of radiopharmaceutical 
required [22, 47–49]. Longer PET acquisition times to match that of the MRI exam-
ination can also be used to compensate for smaller dosages of the PET tracer. 
However, prolonged image acquisition must be balanced with patient tolerance as 
longer imaging times may result in degraded imaging quality due to patient’s motion 
and increased anesthesia time in younger patients.

21.5  Specific Applications of PET/MRI in Pediatric Oncology

21.5.1  Lymphoma

Lymphoma represents 12% of all malignancy in the pediatric population, and of these 
40% are Hodgkin lymphomas (HL) [50]. Nodular sclerosis is the most common clas-
sical HL subtype occurring prevalently in adolescents. The most common sites 
involved by HL include mediastinal, cervical, and axillary lymph nodes. Non-Hodgkin 
lymphoma (NHL) accounts for 60% of childhood lymphomas and has its peak inci-
dence at the age of 7 years. In the pediatric population, NHL is most often an aggres-
sive systemic disease defined by mature B cell immunophenotype. The most common 
pediatric NHL is Burkitt lymphoma and B cell lymphoblastic lymphoma which rep-
resent 40–50% of cases. The classic presentation of lymphoblastic lymphomas, a 
nodal predominant form of acute lymphoblastic leukemia, is characterized by a large 
mediastinal mass and infiltration of the spleen, bone marrow, central nervous system, 
and peripheral lymph nodes. Low-grade NHL such as follicular and mantle cell lym-
phoma occur in children but are less common than in adults.

The majority of children with lymphoma have a good prognosis, with long-term 
survival rates >80% following treatment with chemotherapy or in combination with 
radiotherapy [51–53]. However, survivors of lymphoma are at high risk of second can-
cers which have been linked to the radiation field. The most common second malignan-
cies include breast cancer in girls, followed by thyroid and gastrointestinal cancer, 
leukemia, and soft tissue sarcoma [54–56]. Additional side effects include impaired fer-
tility, particularly in boys secondary to cumulative doses of alkylating agents, and treat-
ment-associated cardiovascular disease [57]. Thus, there has been a shift in treatment 
paradigm, with emphasis on reducing iatrogenic toxicity and late side effects of chemo-
therapy in this population with increasing life expectancy. This has placed increased 
emphasis on diagnostic imaging to provide accurate information regarding the staging 
and response assessment for correct stratification and treatment management.

The role of whole-body MRI (WBMRI) has gained increased relevance for the 
evaluation of children with lymphoma for initial staging, monitoring treatment, and 
evaluation of treatment-related side effects, including corticoid-related osteonecro-
sis, which is an important cause of morbidity [58–60]. WBMRI has the advantages 
of not using ionizing radiation and providing high soft tissue contrast; however, one 

21 PET/MRI for Clinical Pediatric Oncologic Imaging



410

key limitation is the lack of ability to distinguish between benign and malignant 
lymph nodes, even with the combination of diffusion-weighted imaging and ana-
tomical criteria [61, 62]. A recent study in adult lymphoma patients [63] reported 
that whole-body diffusion-weighted MRI (WB-DW-MRI), which allowed for cal-
culation of apparent diffusion coefficients (ADC), showed an inferior performance 
than that of FDG-PET/CT/MRI especially for staging, distinction of nodal and 
extra-nodal disease, and differentiation of high-grade and low-grade lymphoma.

FDG-PET/CT is a well-established imaging modality for staging and therapy 
response assessment on pediatric lymphoma patients. The majority of aggressive lym-
phoma subtypes demonstrate high FDG uptake, with the exception of extra- nodal 
marginal zone lymphoma and small lymphocytic lymphoma [64]; however, lower-
grade lymphomas rarely present in pediatric patients. Accurate initial staging is cru-
cial to define treatment, including intensity of chemotherapy and extension of radiation 
fields, in order to avoid unnecessary treatment-related side effects. FDG- PET/CT 
shows markedly greater sensitivity, specificity, and accuracy (95.9%, 99.7%, and 
99.6%, respectively) compared with conventional imaging modalities (70.1%, 99.0%, 
and 98.3%, respectively). Additionally, several studies have reported that FDG-PET/
CT imaging changed patient management in 12–50% of the cases [65–67].

In response assessment, FDG-PET has shown high specificity, sensitivity, and 
negative predictive value (NPV), with various studies concluding that NPV is a 
better guide of favorable prognosis than positive predictive value (PPV) [68, 69]. 
The role of NPV in patient management is important, providing a predictor for 
decreasing therapy intensity to reduce the potential incidence of toxicity in good 
responders. A significant advantage of PET over conventional imaging is the abil-
ity to distinguish residual active tumor from fibrosis/scarring. Responder patients 
show residual morphological abnormalities, most commonly persistent soft tissue 
mass with lack of increased FDG activity consistent with treated, nonviable tumor. 
An example of FDG-PET/MRI and FDG-PET/CT in Hodgkin lymphoma is shown 
in Fig. 21.2.

PET/MRI has been gaining acceptance in pediatric lymphoma. Table 21.2 sum-
marizes the results of selected recent publications. The limited data on pediatric 
patients have demonstrated that FDG-PET/MRI is feasible in pediatric patients and 
provides similar diagnostic performance compared to standard of care FDG-PET/
CT [70] with substantial reduction in radiation exposure (range 39–73%) [23, 40, 
71], by eliminating the CT component of PET/CT. This is especially important in 
this population with potentially curable disease, where serial imaging is required 
during treatment monitoring and/or at completion of therapy. The study by Schafer 
et al. [23] performed on pediatric cancer patients (lymphoma = 7/14) showed that 
PET/MRI identified additional findings compared with PET/CT, including malig-
nant bone marrow and renal infiltration and a soft issue metastasis [23].

We recommend that DWI be a standard sequence in whole-body PET/MRI proto-
cols in pediatric oncology, in agreement with prior publications [72, 73]. Restricted 
diffusion suggests increased cellularity and a change in the nuclear-cytoplasmic 
ratio and therefore suggests the possibility to identify additional lesions, in par-
ticular extra-nodal lymphomatous involvement of the liver, spleen, and kidneys. 
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Fig. 21.2 Comparison of simultaneous FDG-PET/MRI with FDG-PET/CT in an 18-year-old 
male with large B-cell lymphoma for distinguishing fibrosis from viable lymphoma. The PET/MRI 
was performed immediately following the PET/CT using the same dose of FDG. FDG-PET/CT 
(a–c) and simultaneous whole body FDG-PET/MRI (d–f) demonstrate a large anterior mediasti-
num soft tissue mass (arrow heads) with a focus of increased FDG activity (arrows) suspicious for 
viable tumor. The remaining mass does not demonstrates increased FDG metabolic activity and 
likely represents scarring/fibrosis (arrow head). (a) FDG-PET from PET/CT acquisition; (b) CT 
mediastinal window; (c)  fused FDG-PET/CT; (d) FDG-PET from PET/MRI acquisition; (e) T2 
single shot fast spin echo; (f) fused FDG-PET/MRI

Table 21.2 Summary of selected studies evaluating the diagnostic utility of FDG-PET/MRI for 
pediatric lymphoma

Study
Number of 
patients

Average dose 
reduction Major findings

Kirchner et al. [75] 12 Not reported •  FDG-PET/MRI was superior to 
whole-body DWI
•  MR contrast and DWI did not 

improve diagnostic accuracy of 
FDG-PET/MRI

Sher et al. [41] 25 45% •  FDG-PET/MRI was similar to PET/CT 
for
– Lesion detection and classification
– Ann Arbor staging
–  FDG uptake strongly correlated 

with PET/CT
Schafer et al. [23] 18 73% • FDG-PET/MRI is clinically feasible

•  Equivalent rates of lesion detection 
to PET/CT

•  CT examination of the thorax might 
be necessary

Ponisio et al. [40] 8 39% • FDG-PET/MRI is clinically feasible
•  FDG-PET/MRI was similar to PET/

CT for
– Lesion detection
– SUV measurements
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As illustrated in Fig. 21.3, the restricted diffusion evaluated on the DWI sequence 
assisted in the detection and characterization of a FDG-avid renal lesion that was 
missed on PET/CT due to being obscured by adjacent excreted activity in the renal 
collecting system [40].

Lymphoma patients undergo multiple contrast examination for staging and treat-
ment monitoring; however, there is an increasing clinical concern over non- 
macrocyclic gadolinium-based agent deposition in the brain and body after serial 
examinations [74]; thus, careful review of contrast indication is highly 
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Fig. 21.3 17-year-old male with diffuse large B-cell lymphoma with focal left renal involvement. 
Restricted diffusion seen on DWI (f, white arrow) allowed better identification of the renal lesion 
and differentiation from excreted FDG in the collecting system. The lesion is not well identified on 
non-contrast CT (a) or T2 single shot fast spin echo images (c). (a): CT from PET/CT; (b) fused 
FDG-PET/CT; (c) T2 single shot fast spin echo; (d) fused FDG-PET/MRI; (e)ADC; (f) DWI
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recommended. A recent publication [75] confirms the feasibility and high diagnos-
tic accuracy of non-contrast FDG-PET/MRI and FDG-PET and that neither the 
application of contrast agents nor DWI leads to noticeable diagnostic improvement. 
Furthermore, the study concluded that PET/MRI is significantly superior to 
WB-MR-DWI for the evaluation of pediatric lymphoma. Agents such as ferumoxy-
tol, an off-label MRI contrast agent, have been proposed as an alternative; however, 
there is limited pediatric data on its feasibility.

In summary, preliminary data demonstrate that PET/MRI is feasible in pediatric 
lymphoma patients and comparable to PET/CT for staging and treatment response 
assessment. Replacement of PET/CT with PET/MRI provides superior soft tissue 
contrast and functional MR imaging capabilities which can aid in lesion detection 
especially in solid organs, decreases exposure to ionizing radiation, and potentially 
limit the use of gadolinium-based contrast agents.

21.6  Brain Tumors

Primary brain tumors are the second most common tumor of childhood after leukemia 
and represent approximately 25% of childhood neoplasms [76]. Pediatric brain tumors 
are a diverse group of neoplasms with a wide range of biological aggressiveness and 
prognosis [77]. Key categories include astrocytomas and other tumors of glial origin, 
brain stem gliomas, CNS embryonal tumors including medulloblastoma, pineal 
tumors, CNS germ cell tumors, craniopharyngioma, ependymoma, and choroid 
plexus tumors. Treatment modalities for brain tumors include surgical resection, radi-
ation therapy, and systemic therapies with cytotoxic, antiangiogenic, and immune-
modulating agents. Depending on the tumor type and location, therapy often combines 
two or more of these modalities. A common treatment regimen is surgical resection 
followed by radiation therapy often in combination with chemotherapy. Over 70% of 
children with brain tumors will survive for over 5 years after diagnosis, but long-term 
disabilities are common due to both the tumor itself and the effects of treatment.

Brain MRI with contrast is the cornerstone of neuroimaging for pediatric neuro- 
oncology from the time of initial diagnosis through treatment planning and monitor-
ing to long-term follow-up. Contrast-enhanced MRI has excellent sensitivity for 
detecting tumor with disrupted blood-brain barriers (BBB), while T2, FLAIR, and 
DWI sequences are valuable for evaluating non-enhancing lesions that do not have 
a grossly disrupted BBB. Despite its strengths, MRI has substantial limitations for 
defining tumor boundaries, guiding biopsy for non-enhancing lesions, and distin-
guishing treatment effects from recurrent tumor.

Combined PET/MRI is well suited to brain tumor imaging as the PET acquisition 
including dynamic studies for many PET tracers can be performed in the 45–60 min 
time required for a brain tumor MRI protocol. Data from adult patients suggest the 
kinetics of O-(2-[18F]fluoroethyl)-l-tyrosine (FET) can distinguish high-grade from 
low-grade gliomas and can help distinguish radiation necrosis from recurrent tumor 
[78–82]. While dynamic PET is readily acquired on PET/CT systems, the dynamic 
acquisition occupies the PET/CT scanner much longer than a static brain or whole-
body PET/CT study which can reduce patient throughput. The duration of dynamic 
PET studies with small-molecule PET tracers such as FDG and radiolabeled amino 
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acids is well matched to MRI for brain tumors. Unlike some other oncologic applica-
tions, CT plays a much smaller role in neuro-oncology compared to MRI and thus 
provides little beyond attenuation correction during PET/CT examinations.

Although FDG is effective for many solid tumors, it has substantial limitations in 
neuro-oncology. The high physiologic uptake of FDG in normal gray matter can 
obscure tumor tissue even when there is FDG uptake by tumor tissue. Additionally, 
posttreatment inflammation can lead to false-positive studies. Nevertheless, FDG 
does have some favorable properties for neuro-oncology. As in adults, higher FDG 
uptake is associated with more aggressive and higher-grade brain tumors in children 
[83, 84]. The most common pediatric brain tumors with high FDG uptake are glio-
blastoma and medulloblastoma, although some low-grade pilocytic astrocytomas 
can have high FDG uptake. There is significant overlap between many high- and 
low-grade tumors which can make assessment of tumor grade in an individual 
patient with FDG-PET alone challenging. FDG-PET has also been used to guide 
brain tumor biopsy based on the area of highest uptake [85, 86]. FDG-PET has been 
used to distinguish radiation necrosis from recurrent tumor when ambiguous 
contrast- enhancing lesions are present on MRI after radiation therapy. Recurrent 
high-grade gliomas typically have higher FDG uptake than radiation necrosis which 
has been proposed as a method for distinguishing these entities, although utility of 
FDG-PET for this application remains controversial [87–91]. An example of 
increased FDG uptake in a recurrent medulloblastoma is shown in Fig. 21.4.

Radiolabeled amino acids targeting system L amino acid transporters including 
3,4,-dihydroxy6-[18F]fluoro-l-phenylalanine (FDOPA), l-[11C]methionine (MET), 
and FET are well-established PET tracers for brain tumor imaging. In 2016, this 
class of tracers was incorporated into the Response Assessment for Neuro-Oncology 
(RANO) recommendations for brain tumors [5]. System L transport is activated at 
the blood-brain barrier (BBB), allowing these tracers to reach the entire tumor vol-
ume. Additionally, higher levels of the system L family member, LAT1 (SLC7A5), 
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Fig. 21.4 FDG-PET/MRI in a 20-year-old male with suspected recurrence of medulloblastoma. 
A representative FLAIR image (a) demonstrates subtle signal hyperintensity in the region of the 
right cerebellar peduncle (yellow arrow head) and more conspicuous hyperintensity in the left 
cerebellar hemisphere (red arrow). There is contrast enhancement in the right middle cerebellar 
peduncle but not in the left cerebellar hemisphere (b). Fused FDG-PET/MRI (c) and PET only (d) 
images demonstrate increased FDG uptake in the right cerebellar peduncle lesion (yellow arrow 
head) but not the left cerebellar hemisphere lesion (red arrow), most consistent with recurrence 
and treatment effect in these locations, respectively. (a) FLAIR; (b) post-contrast T1; (c) fused 
FDG-PET/MRI; (d) FDG-PET
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are associated with shorter overall survival in adult gliomas [92–94]. This class of 
PET tracers has been used extensively in adult neuro-oncology for surgical planning, 
monitoring response to chemotherapy, and detecting recurrent gliomas after comple-
tion of therapy [82, 95–99]. Although there are differences between FDOPA, MET, 
and FET, they have similar properties in terms of visualizing brain tumors and defin-
ing tumor margins [96, 100–102]. Compared to FDG, these tracers have relatively 
low uptake in the normal brain and less uptake by inflammatory lesions.

Limited studies in pediatric populations suggest that FET and other amino acids 
targeting system L transport have similar favorable diagnostic properties in pediat-
ric patients as in adults [85, 103–106]. These data suggest that amino acid PET can 
guide stereotactic biopsy, distinguish high-grade from low-grade tumors, guide sur-
gical resection, monitor response to systemic therapies, and distinguish treatment 
effects such as radiation necrosis from recurrent tumor. Larger studies are needed to 
define sensitivity, specificity, and diagnostic accuracy for these applications of 
amino acid PET in children. Examples of MET-PET/MRI to guide stereotactic 
biopsy and FDOPA-PET/MRI to monitor response to antiangiogenic therapy are 
shown in Figs. 21.5 and 21.6, respectively. Currently, very few studies have used 
amino acid PET combined with simultaneous PET/MRI in children with brain 
tumors [107, 108]. These studies demonstrate that simultaneous amino acid PET/
MRI is feasible in pediatric neuro-oncology patients and that many older children 
can tolerate the 45 min PET/MRI studies without sedation or anesthesia.

21.7  Sarcoma

Pediatric sarcomas are a heterogeneous group of tumors accounting for approxi-
mately 10% of childhood solid tumors, where the various subtypes have distinct 
biological patterns and incidence (National Cancer Institute. Homepage on the 
Internet. Available at: http://www.cancer.gov. Accessed February 1, 2016). Sarcomas 
are divided into two main groups: bone sarcoma (BS) and soft tissue sarcomas 
(STS). The most common bone sarcomas are osteosarcoma (OS) and Ewing sar-
coma (ES); both tumors have a peak incidence during adolescence with the pres-
ence of metastases at diagnosis being one of the strongest predictors of survival 
[109]. The soft tissue sarcomas are further subdivided into rhabdomyosarcomas 
(RMS), the most common soft tissue malignancy in children and adolescent, and 
non-rhabdomyosarcomas (N-RMS) which are mainly seen in adolescents. The two 
most common histologic RMS variants encountered in the pediatric population are 
embryonal rhabdomyosarcomas (ERMS) which occur in about 65–75% of patients 
and alveolar rhabdomyosarcoma (ARMS) subtypes.

Treatment of primary musculoskeletal malignancies requires systemic multi- agent 
therapy, including systemic chemotherapy and local control of tumors. Local- regional 
control may be achieved with surgery and/or radiation therapy and neoadjuvant che-
motherapy. Lesions inadequately treated locally are associated with poor outcome and 
treatment failure. The 3–5-year event-free survival rates for patients with localized 
sarcomas are 60–70% [110], for patients with metastatic disease below 20–30%, and 
for patients with relapsed disease less than 10–20% [111–113].
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The frequency of distant metastasis in pediatric sarcomas varies from 10 to 12% 
[60]. Regional lymph node disease is a component of the risk-based treatment strati-
fication for rhabdomyosarcoma, and it has been noted that regional lymph node 
involvement affects the prognosis in patients with alveolar RMS, while outcomes in 
patients with nodal involvement (N1) are more similar to distant metastatic disease 
rather than local disease [114].

a b

c d

Fig. 21.5 MET-PET/MR imaging in a 15-year-old boy with a non-enhancing multifocal primary 
brain tumor. The FLAIR MR image (a) shows signal hyperintensity in the left frontal lobe adjacent 
to the falx (white arrow). The T2-weighted MR image (c) shows signal hyperintensity more infe-
riorly in the left from lobe (arrow head). The fused MET-PET/MR images show focal uptake in the 
left frontal lesion along the falx (b, black arrow) but not in the more inferior left frontal lobe (d). 
This focus of increase MET uptake was used to guide stereotactic biopsy and yielded anaplastic 
astrocytoma. This figure is courtesy of Drs. Franz Wolfgang Hirsch and Regine Kluge from the 
University Hospital of Leipzig, Germany. (a) FLAIR; (b) fused MET-PET/MRI post-contrast T1; 
(c) T2; (d) fused MET-PET/MRI post-contrast T1
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Fig. 21.6 FDOPA-PET/MR imaging in an 8-year-old girl with small cell glioma before and after 
bevacizumab therapy. The initial FDOPA-PET image (a) demonstrates increased uptake throughout 
the mass (arrow) involving the right frontal and temporal lobe as well as the brainstem. This mass 
shows heterogeneous enhancement on the post-contrast MR image (b) and FLAIR signal hyperin-
tensity (c). After 4 weeks of bevacizumab, the uptake of FDOPA decreased slightly but there is 
persistent activity (d). The contrast enhancement has nearly completely resolved (e), but the FLAIR 
signal abnormality is unchanged (f). The persistent FDOPA uptake suggests poor response to ther-
apy, and the patient subsequently had progressive disease. This case was part of a recent publication 
examining the potential of FDOPA-PET/MRI to predict response to bevacizumab early in the course 
of therapy [108]. (a) pre-bevacizumab FDOPA-PET; (b) pre-bevacizumab post-contrast T1; (c) pre-
bevacizumab FLAIR; (d) post-bevacizumab FDOPA-PET; (e) post-bevacizumab post-contrast T1; 
(f) post-bevacizumab FLAIR
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Although musculoskeletal sarcomas may have distinguishing imaging features 
on radiograph or CT, MRI is the preferred modality for assessment of the primary 
tumor size and extent of organ involvement due to its superior soft tissue contrast 
[115]. However, the role of MRI is limited in assessment of treatment response and 
follow-up [116] due to tumor changes during the regression phase, accounting for 
necrosis, hemorrhage, proliferation of granulation tissue, fibrosis, and organization 
of a pseudo-capsule [117]. As a result, an increase in tumor volume may be observed 
in responders, and MRI imaging alone is insufficient to distinguish residual viable 
tumor from granulation tissue given that both are highly vascular and demonstrate 
contrast enhancement. In addition, the length of intramedullary signal abnormalities 
does not vary in response to chemotherapy, which results in uncertainties in the 
evaluation of posttreatment tumor volume response.

Approximately 20–25% of patients with bone sarcomas present with radiographi-
cally detectable distant metastases [118] with the most common site of involvement 
being the lungs. The primary imaging modality for evaluation of pulmonary involve-
ment is the CT. In patients with RMS, the most common sites for metastases are the 
lungs, bones, and bone marrow. Given the limitation of MRI for the detection of 
small lung metastasis, the addition of high-resolution CT of the thorax is generally 
recommended in the staging of pediatric sarcoma patients. Since RMS can arise 
throughout the body, metastatic sites may be located outside the field of view; thus, 
whole-body MRI may be a helpful imaging modality for staging, although there are 
limited publications with respect to the pediatric population [119, 120].

Currently, whole-body FDG-PET/CT is not considered a standard examination 
for evaluating disease extent in sarcoma patients [121], despite the promising results 
from a small number of studies which found FDG-PET/CT better in identifying 
occult non-pulmonary metastasis compared to conventional imaging [122–125]. 
The study by Quartuccio et al. [126], which evaluated the diagnostic performance 
of FDG-PET versus conventional imaging for bone sarcoma in 64 pediatric patients 
(osteosarcoma 20/64 and Ewing sarcoma 44/64) at initial staging and follow-up, 
showed that both FDG-PET/CT and MRI were more accurate than CT and skeletal 
scintigraphy with [99mTc]MDP in the follow-up. In addition, the authors noted that 
FDG-PET/CT provided greater diagnostic benefit for ES during clinical manage-
ment than for OS.  In several studies, reduction in the standardized uptake value 
(SUV) and the absolute post-therapeutic SUV was found to significantly discrimi-
nate responders from nonresponders in pediatric osteosarcoma patients [127], but 
tumor volume reduction measured by MR or CT did not significantly discriminate 
responders from nonresponders in either subgroup.

The intensity of FDG uptake in the primary and recurrent tumor may provide 
additional diagnostic and prognostic information with high-grade tumors tending 
toward higher FDG avidity than low-grade tumors due to higher cellularity, although 
no established definitive SUV cutoff has been identified. Thus, the identification of 
areas with high FDG metabolic activity for open biopsies may potentially identify 
the most aggressive pathology, which may affect treatment planning and prognosis. 
In addition, several studies have showed significantly prolonged event-free and 
overall survival for osteosarcomas patients with low FDG uptake at baseline [128] 
with similar results for RMS.
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In a pediatric oncology study using an integrated PET/MR scanner following 
chemotherapy, Hirsch et al. [71] showed that metabolic changes take place earlier 
than the morphological response. Similar results were reported on the FDG-PET/
MRI study [129] for staging and restaging in pediatric rhabdomyosarcoma 
(n = 15/270), soft tissue sarcoma, and bone sarcoma (n = 21/270) which concluded 
that combined PET/MRI was the methodology of choice for accurate tumor staging. 
In patients with OS who were imaged with sequential FDG-PET/CT and MRI, early 
changes in FDG SUV or MTV were noted with corresponding changes on MRI, 
after one cycle of neoadjuvant chemotherapy.

In pediatric sarcomas, FDG-PET/MRI has potential roles for initial staging as 
illustrated in Fig. 21.7 and for evaluating tumor response during and after therapy. 
MRI imaging alone is limited in its ability to accurately distinguish between post-
treatment changes from tumor recurrence, due to persistent morphological tissue 
changes. The combined metabolic imaging capabilities of PET with the superb soft 
tissue contrast of MRI provide relevant information on regions with complex anat-
omy such as the neck and pelvis, as shown in Fig. 21.8. In addition, better soft tissue 
resolution allows for more accurate differentiation from physiologic uptake of )
ormal organs, such as ovaries, from uptake associated with malignancy, as illustrated 
in Fig. 21.9. In this patient, the correct diagnosis was physiologic activity in the ova-
ries and not bilateral FDG-avid external iliac lymphadenopathy. This diagnosis lead 

a
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e f

Fig. 21.7 17-year-old boy with spindle cell rhabdomyosarcoma undergoing simultaneous FDG-
PET/MRI for initial staging. FDG-avid soft tissue mass is seen extending into the posterior adductor 
compartments of the left thigh (a–c) without locoregional or distant metastasis disease. Dedicated 
regional PET/MRI (d–f) demonstrates avid mass with no bone marrow infiltration. (a, d) FDG-PET; 
(b, e) T2 single shot fast spin echo; (c, f) fused FDG-PET/MRI
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to a change in patient management by reducing the radiation field to exclude the 
pelvis and thus decreasing potential secondary treatment side effects, including pre-
mature fusion of the growth plates resulting in asymmetry of muscles and bones in 
the treated area and infertility. For evaluation of pulmonary metastasis, a non-con-
trast chest CT performed before or after the PET/MRI should be included in the 
protocol. The role of PET/MRI for pediatric sarcomas is evolving, and more studies 
will be needed to document outcomes and impact on clinical patient management.

In summary, pediatric patients being assessed for bone or soft tissues tumors 
routinely require both PET and MR imaging. These patients are well suited for a 
simultaneous PET/MRI examination combining MRI for locoregional tumor stag-
ing and FDG-PET for nodal and distant metastatic staging. PET/MRI superior soft 
tissue contrast, anatomic resolution, and functional MR techniques combined with 
PET metabolic imaging improve the characterization of lesions and allow for early 
response assessment in patients undergoing therapy.

a b

d e

c

Fig. 21.8 FDG-PET/MRI performed in an 8-year-old girl with right parameningeal rhabdomyo-
sarcoma before and after therapy. Neck MRI at initial presentation (a, b) and simultaneous FDG 
PET/MRI (c–e) after treatment demonstrates T2 hyperintense enhancing right parapharyngeal 
mass (white arrows). PET/MRI showed persistent increased enhancing soft tissue in the right para-
pharyngeal resection bed (c) after resection and chemoradiation with no FDG uptake on PET (e), 
favored to represent non-viable tumor. Neck MRI (a) T2-weighted image; (b) T1-weighted image 
with contrast, PET/MRI; (c) T1-weighted images with contrast; (d) FDG PET; (e) Fused 
T1-weighted image with FDG PET
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21.8  Neuroblastoma

Neuroblastoma (NB) is the third most common childhood cancer and represents 6% 
of the total cases of pediatric malignancies (ages 0–14 years) [76] and is the most 
frequent extracranial solid tumor affecting children. The median age of diagnosis is 
19 months, with 90% of the cases diagnosed in children younger than 5 years. It is rare 
in adolescents and adults [130]. Neuroblastoma is an embryonic tumor derived from 
neuroectodermal cells of the neural crest of the sympathetic nervous system. It may 
develop anywhere in the sympathetic nervous system, and approximately 50% of 
cases originate in the adrenal medulla, 30% in the paraspinal sympathetic ganglia in 
the abdomen, 6–7% in the neck, 15% in the chest, and 2–3% in the pelvis, respectively 
[131]. The variable histological, epidemiological, and biological characteristics of 

a b
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c

Fig. 21.9 FDG-PET/MRI performed in a 14-year-old girl with extra-osseous Ewing’s sarcoma. 
Whole body FDG-PET/CT demonstrates FDG-avid left posterior thigh mass (a, white arrow) and 
bilateral foci of FDG-uptake in the pelvis (c, arrowhead), which was wrongly diagnosed as bilat-
eral external iliac lymphadenopathy on PET/CT.  MRI of the pelvis and left lower extremity dem-
onstrates normal ovary (d and e, open arrow head) which corresponded to the focus of increased 
uptake on FDG-PET/CT. Fused sequential FDG PET  and MRI  show a left femoral FDG-avid 
regional lymph node (f, white arrow head) and the hypermetabolic extra-osseous mass (g, white 
arrow)  with bone marrow infiltration (g, asterisk). (a) whole body FDG-PET/CT; (b) CT of FDG-
PET/CT; (c) Fused FDG-PET/CT; (d) T2 weighted images; (e–g) fused FDG-PET with T2 and 
T1-weighted images (f, g)
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neuroblastoma tumors can produce changes from spontaneous regression to matura-
tion to more aggressive grade [132, 133]. Metastasis in neuroblastoma patients is 
noted in 60–70% of the cases at diagnosis [134, 135]. The most frequent metastatic 
sites are the bone marrow, bone and lymph nodes and to a lesser extent the liver and 
skin. Central nervous system and pulmonary metastases are less common, affecting 
more frequently adolescents, and associated with poor outcomes [136].

The treatment and outcome of neuroblastoma are strongly dependent on the 
patient’s age, risk assessment, and disease stage. There are effective therapies for 
children or under 12 months of age diagnosed with low- to intermediate-risk dis-
ease, with excellent survival rates. The survival rates are much less favorable in 
children over the age of 12 months who present with advanced-stage disease despite 
the availability of multimodality therapies [133, 137]. Overall, surgical resection is 
the preferred treatment of localized tumors, where extensive disease requires com-
bined therapy. Thus, accurate staging and risk stratification play an important role 
in patient management and prognosis.

The current diagnostic imaging examinations to stage neuroblastoma include ultra-
sonography (US), MRI and/or CT, and [123I]MIBG planar and SPECT scintigraphy that 
targets the norepinephrine transporter in neuroblastoma cells. Whole- body MRI for 
neuroblastoma has demonstrated utility in detecting distant metastasis and bone mar-
row involvement [138, 139]. The major limitation of morphological imaging, including 
MRI, is the accurate detection of nodal metastases and assessment of tumor viability in 
the posttreatment setting [140]. FDG-PET and other PET tracers do not currently play 
a substantial role in the routine evaluation of neuroblastoma patients at most centers. 
Promising PET tracers for neuroblastoma include [124I]MIBG, 68Ga-labeled somatosta-
tin receptor ligands, and the 18F-labeled amino acid FDOPA [7, 20, 141–143].

[123I]MIBG is a SPECT tracer that has been part of the standard of care for 
whole-body staging of neuroblastoma patients, with sensitivities over 85% and 
specificities over 90% [144], particularly for bone and bone marrow diseases. [123I]
MIBG plays a critical role in the evaluation of treatment response since MIBG 
uptake is seen in 90–95% of the patients with neuroblastoma [145]. MIBG imaging 
is overall considered more specific and superior to FDG-PET, particularly in the 
delineation of residual disease although [123I]MIBG scintigraphy may produce 
false-negative results in 10–20% of cases [146, 147]. [124I]MIBG could be used for 
PET/CT and PET/MRI, but this tracer is not currently widely available.

Currently, the role of FDG-PET is limited, although neuroblastoma demonstrates 
FDG uptake; its function is providing complementary diagnostic information to 
assess MIBG-negative tumors with positive clinical symptoms or morphological 
images [148, 149]. Limitations in staging neuroblastoma with FDG-PET include 
uptake not related to catecholamine metabolism; low sensitivity to identify bone or 
bone marrow involvement, which is a common site of disease; and marked changes 
in FDG uptake in patients receiving chemotherapy or granulocyte colony- stimulating 
factor (G-CSF) [147, 150].

Several publications have shown in vitro using autoradiography and immuno-
histochemistry the expression of somatostatin receptor in up to 77–89% in neuro-
blastoma cells [151, 152]. SSTRs can be targeted with 68Ga-labeled peptides for 
PET imaging. Recent pediatric study using [68Ga]DOTATE-PET/CT showed 
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additional sites of disease in up to 38% pediatric patients compared with MIBG 
[153]. A limited number of studies evaluating the use of PET for somatostatin 
receptor imaging in pediatric neuroblastoma selected for peptide receptor radionu-
clide therapy (PRRT) have been published. Preliminary results have shown that a 
high proportion of neuroblastoma patients (75%, 6/8 patients) have sufficient 
somatostatin receptor expression on their tumors to be considered for PRRT, espe-
cially in children who have failed prior treatment with chemotherapy and [131I]
MIBG radionuclide therapy [154].

The radiolabeled amino acid FDOPA is also a promising PET tracer for imaging 
neuroblastoma. Small studies with FDOPA-PET in this patient population have 
reported high sensitivity and specificity of 97.6% and 87.5% [155] and sensitivity 
and accuracy of 95 and 96% [142] which are significantly higher than that of [123I]
MIBG scintigraphy. Comparison of FDOPA-PET/CT with CT and MR demon-
strated in a prospective study on 21 patients with advanced-stage neuroblastoma 
(III–IV) that FDOPA-PET/CT had significantly higher sensitivity, specificity, and 
accuracy compared to MRI and CT with higher lesion detection than CT/MRI in the 
bone, bone marrow, lymph node, and soft tissue recurrences [141]. An example of 
FDOPA- PET/MRI in neuroblastoma is shown in Fig. 21.10.

a b

c d

Fig. 21.10 FDOPA-PET/MRI performed in a 2-year old boy undergoing initial staging for a 
neuroblastoma. The T2 fat saturated MR images (a, b) show a lobulated T2 hyperintense mass 
involving the central spinal canal, a spinal neuroforamen and the left paraspinal region (arrow 
head) representing the primary tumor. This lesion demonstrates increased uptake of FDOPA on the 
fused PET/MRI images (c, d). No metastases were identified. Note the normal excreted activity in 
the kidneys (k) and gallbladder (gb). This figure is courtesy of Drs. Franz Wolfgang Hirsch and 
Regine Kluge from the University Hospital of Leipzig, Germany. (a, b) T2 fat sat; (c, d) fused 
FDOPA-PET/MRI
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Pediatric PET/MRI publications of mixed cancer populations, including small 
sample size of patients with neuroblastoma, demonstrated that FDG-PET/MRI is 
equivalent to FDG-PET/CT for oncologic imaging in young children for the assess-
ment of tumor spread and monitoring of therapeutic courses [22, 71]. Furthermore, 
MRI can provide additional diagnostic imaging information on lesions with incon-
clusive FDG uptake on PET, such as homogeneous bone marrow FDG uptake with-
out visible findings on CT in patients with bone marrow infiltration [23]. In this 
context, additional MRI functional information can be implemented in standard 
PET/MRI protocols, such as DWI to identify bone marrow infiltration thus provid-
ing a complementary diagnostic tool.

In summary, there are a range of PET/MRI tracers including FDG, 68Ga-labeled 
somatostatin receptor ligands, FDOPA, and [124I]MIBG that have great potential for 
imaging neuroblastoma. However, there is limited experience with these tracers in 
pediatric neuroblastoma with PET/CT, and only a few publications report their use 
with PET/MRI. The increasing availability of [68Ga]DOTATATE and similar agents 
coupled with the potential for PRRT targeting somatostatin receptors could help 
enable the near-term growth of PET/MRI for neuroblastoma.

21.9  Conclusions and Future Directions

PET/MRI is clearly a promising hybrid modality for applications in pediatric oncol-
ogy through reducing exposure to ionizing radiation and providing a single exami-
nation that combines metabolic, anatomic, and functional imaging. As in adults, 
children that require whole-body PET for staging as well as dedicated organ/
regional MRI for tumor staging may benefit from simultaneous PET/MRI.  The 
acquisition of both PET and MRI in the same session reduces the number of seda-
tion/aesthesia and decreases misregistration caused by patient motion or physio-
logic changes. However, there is a need to produce high-quality evidence to 
demonstrate that combined PET/MRI examinations are superior to separately 
acquired PET/CT and MRI studies for specific indications in pediatric oncology.

Several factors are likely to determine the level of utilization of PET/MRI for 
pediatric oncology. First, a major current limitation for PET/MRI for adults and 
children is the cost of these systems and the relatively small number of imaging and 
referring physicians familiar with this technology. More universal availability will 
require adequate reimbursement, decreased cost differential between PET/MRI and 
PET/CT systems, and incorporation of PET/MRI into physician and technologist 
training. Second, the availability and reimbursement of new PET tracers for routine 
clinical use will be key factors for expanding the growth of both PET/CT and PET/
MRI. Strong data showing diagnostic efficacy that leads to patient management and 
incorporation of PET tracers and PET/MRI in nationally and internationally recog-
nized cancer management guidelines are needed. The studies needed to generate 
this type of data can be challenging in pediatric oncology due to the relatively small 
number of pediatric cancer patients combined with the limited number of sites with 
PET/MRI.  Finally, the most common type of pediatric malignancy is leukemia, 
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which typically does not include PET as part of its routine diagnostic workup. The 
availability of PET tracers that can detect early response to therapy beyond what is 
possible by blood tests and marrow biopsies would be a major advance in PET for 
pediatric leukemia patients. Pediatric PET/MRI is expanding and remains an active 
area of clinical research with the expectation that progress on many of these fronts 
will continue.
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 PET/MRI: Future Directions

Since its introduction in 2011, simultaneous PET/MRI already underwent several 
technological advances, including the addition of time-of-flight enabled PET detec-
tors. The technology and its clinical adoption are now at a stage where continued 
growth is expected. This growth will most likely be the result of continuous research 
and development efforts, novel PET radiopharmaceuticals, and MR pulses opening 
new clinical indications. Based on the developments in new PET detector technol-
ogy, clinical workflow and protocols are likely to continue to change. Examples 
here are significantly reduced dosages of PET radiopharmaceuticals to establish 
PET/MRI additionally as a single-station, problem-solving tool even in “radiation- 
sensitive” oncological areas as discussed in this book and the integration of 
MR-multiband techniques to significantly shorten MRI examination times. Hence, 
PET/MRI may be adopted by larger numbers of non-oncological indications such as 
evaluation of pain, cardiology, musculoskeletal conditions. This approach will 
improve the cost-effectiveness of these systems as well.

Additionally, new biological targets can be imaged, addressing a diverse range of 
processes, such as angiogenesis, apoptosis, fatty acid metabolism, and growth fac-
tor receptor expression. Another important step are upcoming radiopharmaceuticals 
for immunology since this is one of the main pillars of current therapy strategies in 
oncology.

Although clinical integration of PET/MRI in clinical routine is currently some-
what slower than expected, PET/MR and, certainly similarly important, hybrid 
imaging in general are likely to gain even more momentum in clinical use with the 
above-mentioned improvements. Increased accessibility and usability is expected 
internationally, even in countries with currently limited PET imaging.

As an established technology with advantages in terms of access, cost, speed, and 
familiarity, PET/CT scanners are unlikely to be replaced by PET/MRI on a one-to-one 
basis in the near term. Recognizing the advantages of PET/MRI, which include decreased 
radiation dose, improved motion correction, the convenience of a combined exam and 
having a multitude of simultaneous MR-techniques for quantification, it is the role of the 
imaging community to determine where PET/MRI will add the greatest value. Overall, 
the future of PET/MRI is promising but the precise role that PET/MRI will play remains 
to be determined. We hope this book will serve as a starting point for everyone involved 
in the scientific debate regarding the future use of PET/MRI in Oncology.
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