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    Abstract  

  The combination of clinical MR and PET 
scanners has received increasing attention 
in recent years. In contrast to currently used 
PET/CT machines, PET/MR offers not only 
improved soft-tissue contrast and reduced 
ionizing radiation but also a wealth of avail-
able MR variations such as functional, spec-
troscopic, and diffusion tensor imaging. 
This combination, however, has proven to 
be very challenging, due to the detrimental 
effect of the scanners on each other’s per-
formance. Signifi cant progress has been 
made in the last 10 years to solve the vari-
ous technical issues, culminating with the 
recent release of clinical whole-body hybrid 
scanners. 

 In this chapter, we review the technological 
challenges of PET/MR design, briefl y describ-
ing the different available architectures for 
hybrid clinical scanners, their capabilities, and 
limitations.  

1.1         Introduction 

 Despite the extensive research effort dedicated to 
software coregistration in the 1990s, the introduc-
tion of combined scanners capable of acquiring 
positron emission tomography (PET) and com-
puted tomography (CT) data sequentially [ 2 ] was 
met with enthusiasm by the medical community. 
Nine out of every ten PET scanners purchased 
nowadays are combined machines. The key to this 
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success was not just the straightforward solution 
to the coregistration problem in most applications 
but also the signifi cant improvement in workfl ow 
derived from both scanning the patient just once 
and not needing to perform a transmission scan 
for generating attenuation correction data. 

 PET/CT is currently fully integrated in clinical 
routine, but, though its advantages are many, CT 
still provides limited soft-tissue contrast and, when 
used for whole-body diagnosis, exposes the 
patients to high radiation doses (over 10 mSv) [ 15 ]. 
An alternative source of anatomical information 
would be magnetic resonance imaging (MR) [ 74 ]. 

 The combination of MR and positron emission 
tomography scanners, however, has proven to be 
very challenging due to the potentially detrimental 
impact of the scanners on each other’s perfor-
mance. The intense static magnetic fi eld, quickly 
changing gradient fi elds, and radiofrequency (RF) 
signals from the MR scanner affect the light yield 
of scintillator materials [ 9 ], prevent the normal 
operation of photomultiplier tubes, and induce 
interference in the front-end electronics of PET 
detectors. Conversely, the presence of the PET 
detector causes inhomogeneities in the magnetic 
fi eld, degrades the performance of the coils, and 
can induce interference in the MR acquisition path. 

 However, in the last years, progress has been 
made in identifying scintillators with adequate 
magnetic properties [ 71 ], developing suitable 
PET detectors which either use optical fi bers to 
guide the scintillation light away from the MR 
magnetic fi elds [ 6 ,  32 ,  36 ,  50 ,  57 ,  58 ] or replace 
the photomultipliers by magnetic-fi eld- 
insensitive solid-state detectors [ 5 ,  21 ,  41 ,  44 ,  45 , 
 60 ,  68 ], and designing shielded PET electronics 
to avoid electromagnetic interference [ 28 ]. 

 To this day, several research groups have suc-
cessfully developed small PET/MR prototypes 
for animal studies [ 5 ,  35 ,  45 ,  49 ,  57 ,  58 ,  68 ], and 
each of the three main manufacturers (General 
Electric, Philips, and Siemens) has recently 
released their own proposal of whole-body hybrid. 
However, these systems present radically differ-
ent architectures, and it has to be shown which is 
the best confi guration for clinical practice. 

 In this chapter, we briefl y describe the main 
issues and choices involved in PET/MR system 

design. We discuss the advantages and  limitations 
of the available architectures, giving the reader 
an overview of the different setups investigated 
by the various groups having reported on work-
ing PET/MR prototypes.  

1.2     Compatibility Issues 

1.2.1     Static Magnetic Field 

 At the heart of magnetic resonance imaging is the 
 static fi eld , a powerful magnetic fi eld used to 
align the magnetic moments of atomic nuclei. In 
clinical practice, fi eld intensities of 1.5 and 3 T 
are currently used. More advanced medical appli-
cations are being investigated with fi eld intensi-
ties of up to 9.4 T. 

 The magnetic moments of nuclei in a mag-
netic fi eld can be oriented  parallel  or  antiparallel  
to the fi eld. Due to the interaction between the 
nuclear magnetic moment and the external mag-
netic fi eld, these two states have slightly different 
energy levels. The moments will therefore be in 
an equilibrium state governed by Maxwell- 
Boltzmann statistics. When an electromagnetic 
excitation is applied with a frequency that 
matches the energy difference between the two 
states, a resonant absorption is generated. 

 As the resonance frequency of the magnetic 
moments is proportional to the strength of the 
static fi eld, the homogeneity of this fi eld is of 
critical importance to ensure the desired distribu-
tion of excitation over the sample. This is 
achieved by a careful consideration of the geom-
etry of the system and the susceptibility of the 
materials (Sect.  1.2.2 ), as well as by the use of 
passive and active  shimming . 

 The excited nuclei will gradually return to an 
equilibrium state by releasing energy at the reso-
nant frequency. To be able to discern the origin of 
these emissions, a set of spatially variant  gradient 
fi elds  are superimposed with the static fi eld, lead-
ing to local variations in the frequency and phase 
of the emitted signal. The resulting information 
can be processed by a  reconstruction  algorithm 
to create two- or three-dimensional images of the 
resonance signal. 

G. Delso and S. Ziegler
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 Consequently, inhomogeneities of the static 
magnetic fi eld can alter the spatial encoding of 
the sample, leading to artifacts in the recon-
structed images, such as geometrical distortions 
in the readout direction. 

 Another important effect of the static mag-
netic fi eld is the generation of  Lorentz forces  on 
charged particles moving through it. This can 
have a positive effect, like an improvement in 
PET resolution due to the reduction of the aver-
age distance traveled by positrons prior to annihi-
lation [ 23 ]. However, it has a severely detrimental 
effect in the performance of the photomultiplier 
tubes generally used in PET detectors [ 22 ].  

1.2.2      Magnetic Susceptibility 

 Closely related to the issue of static fi eld homo-
geneity is that of magnetic susceptibility.  Volume 
magnetic susceptibility  is a proportionality con-
stant indicating the degree of magnetization (the 
magnetic dipole moment per unit volume) of a 
material in response to an applied magnetic fi eld. 
In other words, materials placed in the static fi eld 
will become magnetized, altering the overall 
magnetic fi eld in their vicinity. 

 As a reference, an object with a susceptibility 
of 10 −6  (1 ppm) produces a maximum perturba-
tion of about ±1 ppm in the surrounding fi eld and, 
consequently, in the resonant frequency. If the 
susceptibility is 10 ppm, the effect is ten times as 
large, etc... [ 33 ,  53 ]. 

 Since MR image quality is strongly dependent 
on the uniformity of the static fi eld, materials 
with high susceptibility (in absolute value) 
should be either avoided or placed as far from the 
fi eld of view as possible.  

1.2.3     Eddy Currents 

 Faraday’s law of induction states that a time- 
varying magnetic fl ux through a closed circuit 
will generate an electromotive force proportional 
to its rate of change. The consequence of this is 
that the radiofrequency excitation fi eld, as well as 
the switching of the gradient fi elds used for 

 spatial encoding (e.g., 200 T/m/s), will induce 
currents in any conductive structures present in 
the scanner. 

 These local current loops, known as  eddy cur-
rents  or  Foucault currents , will in turn create 
magnetic fi elds, degrading the homogeneity of the 
static fi eld. If the eddy currents decay before the 
signal readout, the result will be a spatially variant 
phase change of the resonance signal. However, if 
the eddy current still persists during readout, the 
associated magnetic fi eld will alter the spatial 
encoding of the signal, leading to a distortion of 
the reconstructed images [ 3 ,  51 ]. Eddy currents 
during slice selection may cause imperfect refo-
cussing of the spins, leading to signal loss. 

 For conventional imaging with a rectilinear 
raster of the k-space, the effect of eddy currents is 
mainly visible in the phase image. However, for 
sequences with more complex raster patterns 
(such as echo planar imaging), the k-space shift-
ing and phase accumulation can lead to ghosting, 
compression, shearing, or image displacement. 
Particularly strong artifacts can arise in sequences 
that require accurate phase images (such as 
phase-contrast imaging) or that combine multiple 
images (such as diffusion-weighted imaging). In 
the case of spectroscopy studies, eddy currents 
lead to time-varying shifts in the resonance fre-
quency, degrading the resolution of the acquired 
spectrum [ 30 ]. 

 Other undesired side effects of eddy currents 
are coil loading, heating, mechanical vibration, 
and interference, which are discussed in the fol-
lowing sections.  

1.2.4     Coil Loading 

 The magnetic fi eld generated by an eddy current 
always opposes the change of the fi eld that cre-
ated the eddy current in the fi rst place (Lenz’s 
law). The energy lost due to the generation of 
eddy currents has the effect of altering the  load  
on the gradient and radiofrequency coils. As the 
load deviates from the ideal value for which the 
coils have been designed, their performance 
degrades: The resonance frequency of the coil 
shifts and its quality factor is reduced. 

1 PET/MR System Design   
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 In the case of radiofrequency coils, this leads 
to a reduction of the signal-to-noise ratio of the 
images. In the case of gradient coils, it limits the 
rate of change of the gradient fi elds (or  slew rate ) 
and alters spatial encoding.  

1.2.5     Temperature 

 As with any electric current circulating through a 
nonideal conductor, eddy currents will cause 
Joule heating. This effect can cause discomfort 
or, in extreme cases, burns when patients are in 
contact with metallic objects [ 14 ,  39 ]. 

 More importantly for the purpose of system 
design, the performance of some electronic 
components can be sensitive to temperature 
[ 10 ,  16 ,  61 ]. This is of particular relevance 
when using solid-state photodetector technol-
ogy (Sect.  1.3.1 ), where an increase of tempera-
ture will reduce the gain of the electron 
avalanche due to increased collisions with the 
semiconductor lattice [ 8 ]. Indeed, temperature 
variations have been shown to cause signifi cant 
drifts (3.5 % per Kelvin) in the gain of ava-
lanche photodiodes. In the case of silicon pho-
tomultipliers, temperature changes alter the 
breakdown voltage, leading to variations in 
photodetection effi ciency, dark counts, and 
gain. These effects degrade the energy resolu-
tion of PET detectors, cause sensitivity varia-
tions, and, ultimately, result in reconstruction 
artifacts and quantifi cation errors [ 10 ,  16 ,  61 ]. 

 The temperature issue is aggravated by the 
preamplifi cation required by solid-state photode-
tectors. Power consumption in the preamplifi er is 
a constant source of intense heat in close proxim-
ity to the sensitive photodetector. Although pre-
amplifi er heating can have a severely detrimental 
effect on the performance of the PET system, it 
can be effectively managed by an adequate cool-
ing system (Sect.  1.3.5 ) and accounted for in the 
system calibration. This is not always true for 
the localized, time-varying warming caused by 
the intense eddy currents induced by the more 
demanding MR sequences, another reason to 
design the system in such a way that minimizes 
eddy current load.  

1.2.6     Mechanical Vibration 

 Due to the interaction of the static magnetic fi eld 
with the time-varying currents used to generate 
the magnetic fi eld gradients, the gradient coils 
are subject to Lorenz forces causing vibrations in 
the acoustic range. The vibration amplitude will 
increase with the magnetic fl ux density, the inten-
sity of the current, and the coil radius. Lighter 
coils will generally present larger amplitudes. 
The length of the coil and the elastic properties of 
the coil materials will determine the frequency of 
the vibration modes, whereas the viscosity of the 
materials will affect how the vibrations decay 
[ 66 ]. It is worth mentioning that in scanners using 
actively shielded gradient coils, these vibrations 
are reduced by mechanically coupling them with 
the shielding coils. This is due to the different 
polarity of the currents that make the coils vibrate 
in opposed phase. 

 The airborne transport of these vibrations is 
the cause of the well-known acoustic noise in 
MR scanners, which can be of the order of 
115 dB(A) in 3 T scanners. However, the mechan-
ical vibration can also be directly transmitted 
through the different support structures in the 
system [ 52 ]. Despite the use of passive and active 
dampeners, some of these vibrations will reach 
other subsystems in the scanner. 

 It is a known fact that MR scanners are sensi-
tive to mechanical vibration, especially at low fre-
quencies (<100 Hz). External vibrations are more 
detrimental than those introduced by the scanner 
itself, which are often in phase with the experi-
ment. But self-induced resonance effects can still 
cause artifacts in the reconstructed images [ 19 ]. 
We are not aware of any published studies on the 
effect of mechanical vibrations on PET detec-
tors. However, two issues should be considered: 
Firstly, measures should be taken to prevent a 
degradation of the PET detector assembly due 
to the exposure to frequent, irregular mechanical 
vibrations; secondly, the geometry and mechani-
cal properties of the materials used in the con-
struction of the PET detector should be carefully 
selected, preventing resonance effects leading to 
vibrational modes potentially  deleterious for the 
MR acquisition. 

G. Delso and S. Ziegler
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 Mechanical vibrations can also be transmitted 
by eddy currents caused by the switching of the 
gradient fi elds. The interaction of these currents 
with the static fi eld will in turn cause Lorenz 
forces on the conducting structure. This can give 
rise to signifi cant mechanical vibration in struc-
tures with large metallic elements, such as the 
radiofrequency shielding of the PET detector.  

1.2.7     Interference 

 Electronic cross talk between the scanner subsys-
tems is another potential source of image arti-
facts and general performance degradation. 
Assuming that the MR and PET subsystems are 
electronically independent and all potential paths 
of conducted interference have been accounted 
for, the issue of electromagnetic interference 
must be addressed. 

 Radiated interference in PET/MR scanners is 
a two-sided problem: 

 On the one hand, the signals induced in the 
PET electronics by the switching fi eld gradients 
and radiofrequency excitation signal must be 
considered. The gradient fi elds will induce cur-
rents with relatively low frequencies, in the order 
of 10 2 –10 3  Hz, which will have to be fi ltered. 
The radiofrequency signal will induce currents 
in a narrow band around the Larmor frequency 
(42.58 MHz/T) and subsequent harmonics, usu-
ally in short (e.g., 1 ms) bursts repeated with a 
frequency in the order of 10 2  Hz. In this case, the 
interference can overlap the upper operating band 
of some PET front-end electronics. Filtering out 
such interference leads to a trade-off with the 
achievable sharpness of the scintillation signal 
rise time (and therefore the temporal resolu-
tion of the system). Appropriate radiofrequency 
shielding and/or temporal multiplexing of PET 
and MR acquisition is often employed. 

 On the other hand, the emissions due to the 
operation of the PET detectors can be picked 
up by the sensitive MR acquisition path. The 
desired resonance signal is extremely weak, in 
the order of 10 −9  T, yielding below −23 dBm in 
the coils. High preamplifi cation factors are there-
fore required (>30 dB) as well as high dynamic 

ranges (>160 dB), making the system extremely 
 sensitive to interference in its operating band. This 
is the reason why MR systems must operate in a 
 Faraday cage , preferably with in- and outbound 
signals transmitted optically and only (fi ltered) 
DC lines entering the cage. Interference sources 
inside the cage should be avoided at all costs. 
Fortunately, the receiver acquires a relatively 
narrow frequency band, ranging from 10 kHz to 
1 MHz depending on the fi eld gradient strength.  

1.2.8     Gamma Attenuation 

 An important factor affecting the quality of PET 
images is the signal that is lost due to interactions 
with the different elements in the fi eld of view. 
Indeed, the number of  counts  (pairs of detected 
gamma rays assumed to originate in the same 
positron annihilation event) in a  line of response  
(line joining two detector elements) will decrease 
exponentially with the thickness and attenuation 
factor (at 511 keV) of the structures that it 
intersects. 

 Most of these losses are due to  Compton inter-
actions  of the gamma rays with the electron shell 
of the materials along their path. In these cases, 
the gammas are  scattered  away from their origi-
nal trajectory and, in most cases, lost. However, 
depending on the geometry of the system, a frac-
tion of the scattered gammas will still reach a 
detector, causing the event to be registered in an 
erroneous line of response. These counts due to 
scattered gammas can be seen as a contribution to 
the noise level of the measurement and require 
specifi c correction algorithms to be applied after 
the acquisition.   

1.3     Design Options 

1.3.1      Photodetectors 

 There are several available technologies to detect 
the gamma radiation that constitutes the PET sig-
nal (this topic is extensively covered in a different 
chapter). In standard clinical scanners, passive 
 scintillator  crystals [ 38 ] are used to  convert the 

1 PET/MR System Design   
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incoming gammas into lower wavelength photons 
(400–500 nm). Photomultiplier tubes (PMTs) are 
then used to convert these photons into electrical 
signals. 

 Unfortunately, photomultiplier tubes are 
extremely sensitive to external magnetic fi elds [ 22 , 
 65 ]. This is due to photoelectrons and secondary 
electrons deviating from their normal trajectories 
due to Lorentz forces. As a reference, a clinical 
scanner can experience variations of performance 
along its detector ring due to the different orienta-
tion of the photomultipliers with respect to the 
Earth’s magnetic fi eld. To prevent this effect, mu-
metal sheets or grids can be used to individually 
shield the photomultipliers [ 13 ]. Also, generic 
photomultiplier tubes are not well suited to operate 
under mechanical vibration and have metallic 
structures susceptible to magnetic induction. 

 Nevertheless, it is possible to use photomultiplier- 
based detectors to acquire PET data inside the bore 
of an MR scanner. Simon Cherry’s group [ 57 ,  58 ] 
was the fi rst to develop MR-compatible PET detec-
tors, using optical fi bers to guide the light from the 
scintillator crystals to photomultipliers situated 
where the magnetic fi eld dropped below 10 mT. 
This kind of design, however, leads to limitations in 
the PET scanner performance due, among other 
factors, to the signal loss in the light guides [ 36 ]. 

 Solid-state photodetector devices have been 
proposed as a magnetically insensitive alterna-
tive to photomultiplier tubes. Two such technolo-
gies are currently in use: avalanche photodiodes 
(APDs) and silicon photomultipliers (SiPM). 

 Avalanche photodiodes were fi rst used to avoid 
having to guide the scintillation light outside the 
magnetic fi eld [ 45 ,  46 ]. A similar concept using 
position-sensitive APDs was presented in Wu 
et al. [ 69 ]. APDs are compact, have higher quan-
tum effi ciency than PMTs, require a lower supply 
voltage, and, above all, are capable of operating in 
high magnetic fi elds. On the other hand, they are 
noisier than PMTs, which has a detrimental impact 
on energy and time resolution, and have worse 
gain, meaning that more powerful preamplifi er 
electronics must be used and the subsequent tem-
perature issues dealt with [ 61 ]. The main draw-
back of APD technology in current PET/MR 
systems is arguably the limited time resolution. 

 Silicon photomultipliers offer a possible 
 solution to the temporal resolution issue [ 41 ,  60 ]. 
These devices are basically a tightly packed array 
of APDs (>1,000 per square millimeter) on a 
common silicon substrate. Each cell operates in 
Geiger mode, which means that their response to 
excitation is binary. The SiPM output is the com-
bination of all the individual cell responses, 
achieving a dynamic detection range from a sin-
gle photon to the available number of cells. They 
are compact, offer quantum effi ciency, and gain 
similar to traditional photomultipliers and tempo-
ral resolutions of less than a nanosecond [ 20 ]. 
This last property would render SiPM-based sys-
tems capable of time-of-fl ight measurement.  

1.3.2     Radiofrequency Shielding 

 Electromagnetic interference shielding refers to 
the use of certain structures to refl ect and/or 
absorb electromagnetic radiation. In the case of 
PET/MR, shielding is required to prevent the 
strong time-varying fi elds of the MR, such as 
switching gradients and emitted RF fi eld, from 
interfering with the PET detector. Both the front- 
end electronics and the data transmission lines 
must be shielded. Conversely, shielding might be 
required to prevent high-frequency signals from 
the PET electronics, such as clock signals, from 
interfering with MR reception. 

 The s hielding effectiveness  (in dB) of a struc-
ture indicates the losses undergone by a signal 
going through it. These losses are primarily due 
to refl ection and absorption, but other effects 
such as multiple refl ections can also be exploited 
by certain shield structures. The refl ection loss is 
proportional to the electrical conductivity of the 
material and inversely proportional to its mag-
netic permeability. The absorption loss is propor-
tional to both conductivity and permeability, as 
well as to the thickness of the shield. Copper and 
aluminum make excellent refl ection shields due 
to their high conductivity, whereas mu-metal is 
excellent for absorption, due to its high magnetic 
permeability [ 7 ]. 

 A useful parameter when designing 
 electromagnetic shielding is the  skin depth  of the 

G. Delso and S. Ziegler
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 material. It is defi ned as the depth at which the 
fi eld drops to  e  −1  of the incident value. The skin 
depth of a material is inversely proportional to 
the square root of the electrical conductivity, of 
the magnetic permeability, and of the signal fre-
quency. As a reference, the skin depth of a copper 
plate is 5.9 μm at 127 MHz (Larmor frequency 
at 3 T). It should be noted that the skin depth is 
an approximation that considers a planar wave 
interacting with an infi nite surface. A shielding 
effectiveness beyond that indicated by the skin 
depth can be achieved, depending on the shield 
geometry [ 17 ]. As a side note, the skin depth of a 
conductor can be affected by temperature. 

 There are several constraints to be considered 
when designing electromagnetic shielding for 
PET/MR scanners. Firstly, the susceptibility of 
shield materials (e.g., −1.0 · 10 −5  for copper and 
2.2 · 10 −5  for aluminum) will dictate how they 
degrade the homogeneity of the static fi eld. Also, 
their gamma attenuation properties must be consid-
ered, if the shield is in the PET fi eld of view (e.g., 
~0.73 cm −1  for copper and ~0.23 cm −1  for alumi-
num). Both arguments advocate for a minimization 
of the amount of material used in the shields. This 
can be achieved by the use of conductor mesh lay-
ers, as well as by employing multiple layers of thin 
conductor materials. The latter also enables a fi ner 
control of the spectral properties of the shield by 
studying the transmission/refl ection interactions 
between the different layers [ 67 ]. 

 More importantly, the conductive nature of 
radiofrequency shields makes them susceptible 
to eddy current induction, with the subsequent 
heating, vibration, secondary fi elds, and coil 
 performance degradation. The use of segmented 
structures limiting the conductive paths along the 
shield surface can alleviate this problem [ 26 ,  43 ].  

1.3.3     Data Transmission 

 The relative positioning of the PET front-end and 
post-processing systems with respect to the MR 
has profound implications in the performance 
and capabilities of the hybrid scanner. A corollary 
of this is the importance of how the measured 
data is transmitted between those systems. 

 As previously discussed, the fi rst prototypes 
of PET/MR scanner were basically arrays of 
scintillator crystals coupled to long optical fi ber 
bundles that led the scintillation light to a suffi -
ciently distant photodetector and processing unit 
[ 57 ,  58 ]. Despite its conceptual simplicity, this 
setup has serious drawbacks: Coupling and trans-
mission losses lead to a degradation of the scintil-
lation signal that limits the energy and time 
resolution of the system [ 36 ]. Furthermore, the 
bulk and rigidity of the optical fi bers limit the 
scalability of such designs. New, fl exible optical 
fi bers have been recently proposed to overcome 
this limitations [ 70 ]. 

 With the adoption of solid-state photodetectors 
came the opportunity to introduce both the scintil-
lator crystals and the photodetectors in the MR 
bore, leaving the post-processing unit outside. 
Several setups have been proposed, using short 
optical fi bers [ 5 ] or direct coupling [ 27 ] between 
the scintillators and the photodetectors. A vulner-
able spot of these systems is the transmission of 
the (preamplifi ed) analog signal obtained from 
the photodetectors to the remote unit, which will 
then multiplex, digitize, and perform the coinci-
dence sorting. The long (usually coaxial) cables 
used for this purpose are prone to signal degrada-
tion. Shielding is possible but leads in turn to eddy 
current problems. A variation of this method pro-
poses using low- capacitance, high-impedance 
cables to directly transmit the charge signal from 
SiPM detectors to shielded preamplifi ers placed 
outside the scanner [ 29 ]. 

 In order to render the PET detectors more 
robust to the interference of the MR system, 
there is an ongoing research effort to minimize 
the amount of analog processing. An important 
step in this direction has been the development 
of  digital silicon photomultipliers , which include 
integrated photon counting logic and yield a 
digital output signal [ 18 ]. Application-specifi c 
integrated circuits are also being designed to 
be included next to the photodetectors in order 
to extract the timing and energy information 
from the detected light pulses. Being able to 
transmit the information in such a digital form 
has the advantage of reducing the bulk of trans-
mission lines required to communicate with the 
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 post- processing unit. This can be combined with 
the integration of laser-emitting diodes in the 
front- end boards to enable optical transmission 
of the PET signal [ 40 ].  

1.3.4     Gamma Shielding 

 A common problem in PET acquisition is the 
infl uence of gamma rays originating outside the 
fi eld of view of the scanner. Indeed, regions of 
high activity, such as the brain or the bladder—in 
the case of 18F-FDG scans—are often present 
during the scan of other organs. Not being cov-
ered by any direct line of response, the pairs of 
back-to-back gammas created in these regions 
shouldn’t be detected. However, it is possible 
that, due to Compton scattering, some of these 
gamma pairs are detected. Furthermore, even 
single gammas can degrade the performance of 
the system, increasing the dead time of the detec-
tors and increasing the fraction of  random coinci-
dences  (i.e., being paired up with gammas from 
other annihilation events) [ 62 ]. 

 The standard solution to this problem in stand- 
alone PET scanners is the inclusion of  end shields  
[ 25 ]. These are annular structures made of some 
material with high gamma attenuation, such as 
lead or tungsten. As a reference, 1 cm of lead 
attenuates approximately 83 % of the incoming 
radiation (assuming 511 keV) and 1 cm of tung-
sten 93 %. They are placed at one or both ends of 
the scanner bore in order to stop out-of-fi eld radi-
ation from reaching the scintillator ring. 

 Large, massive rings of metal are far from 
a desirable complement to an MR scanner. 
They can lead to serious susceptibility artifacts 
(the susceptibility of lead is approximately 
−15.8 ppm and that of tungsten 77.2 ppm). They 
are also susceptible to the induction of eddy cur-
rents (the conductivity of lead is approximately 
4.8 · 10 6  S/m and that of tungsten 18.2 · 10 6  S/m) 
with the subsequent fi eld inhomogeneities and 
coil performance degradation. 

 Several materials and confi gurations have 
been studied to overcome this problem [ 63 ], but 
in all cases there is a trade-off between magnetic 
compatibility, conductivity, and cost. Tungsten 

carbide has good magnetic properties but is too 
conductive. Lead is still an option, particularly so 
if combined with a layer of paramagnetic mate-
rial to optimize the total susceptibility of the 
shield. Measures must be taken to limit the con-
duction paths on the shield. Dividing the shield 
into multiple segments is possible, similarly to 
what is done for radiofrequency shielding. But in 
this case, due to the thickness of the structure, the 
gaps have to be signifi cantly larger to prevent 
capacitive effects. This in turn compromises the 
homogeneity of the shielding, unless some sort of 
shifted multilayer structure is used. 

 Composite materials of attenuating metals 
suspended in an insulating medium, like epoxy 
resin, have also been studied. However, they 
seem to lose their insulating properties before 
acceptable attenuation properties can be obtained. 
Further research on this topic may show other-
wise. Heavy-element-based insulating materials, 
such as some scintillator materials or heavy- 
metal oxides, show promising shielding and 
magnetic compatibility properties but are at the 
moment too expensive for practical use. 

 Finally, the feasibility of gamma shielding 
is limited in some architectures (Sects.  1.4.2  
and  1.4.3 ) by the space restrictions associated 
with the integration of the PET detectors in the 
MR bore.  

1.3.5      Cooling 

 Perhaps a little surprisingly, one of the most 
important tasks to ensure a good performance of 
the PET system is keeping the temperature in 
check. As we have seen, this is particularly 
important in integrated systems relying on solid- 
state photodetector technology. 

 The main choice in this case is between air- 
based cooling (such as that used in the fi rst hybrid 
system for human imaging, the Siemens 
BrainPET insert) and liquid cooling (such as 
implemented in its immediate successor, the 
Biograph mMR). Other more sophisticated 
approaches have been reported, such as the com-
bination of water-cooled plates and a nitrogen 
atmosphere used in the ClearPEM system [ 1 ]. 
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 The main goal of such sophisticated cooling 
approaches is keeping the photodetector temper-
ature stable, providing a sink for the heat gener-
ated by the preamplifi er circuit. This is critical for 
APD-based systems, like the ones mentioned 
above, due to their relatively low intrinsic gain 
and therefore strong amplifi cation needs. In the 
case of SiPM technology, where less amplifi ca-
tion is needed, and in particular with digital sili-
con photomultipliers which do not require 
external ASICs, air cooling may prove to be 
suffi cient. 

 A further improvement is using thermoelectric 
heat pumps (Peltier devices) to individually regu-
late the temperature of the detectors, thus ensur-
ing the stability of the PET subsystem even in the 
presence of time-varying induction heating. Such 
an approach can be combined with a temperature- 
dependent gain control system for optimal stabil-
ity [ 72 ].  

1.3.6     Hardware Attenuation 

 The attenuation due to the patient tissue is 
accounted for during the reconstruction process. 
The different algorithms available for this pur-
pose and their implications for the design of the 
system are covered in a different chapter. 

 Two issues remain to be considered: the atten-
uation of fi xed hardware structures, such as the 
patient bed and the radiofrequency coil in inte-
grated scanners, and the attenuation of movable 
elements, such as local coils, positioning aids, 
and medical probes. 

 It stands to reason that the attenuation of ele-
ments within the fi eld of view of the PET scanner 
should be minimized in all cases. This said, the 
presence of fi xed MR hardware directly in front 
of the PET detector ring is considerably less dis-
ruptive than that of removable elements. In gen-
eral, the attenuation introduced by fi xed hardware 
can be accounted for in the normalization factors 
computed during the scanner’s daily calibration. 
And, the closer a structure is to the PET detec-
tors, the smaller the (transaxial) errors introduced 
by scattered gammas. Notice that, on the other 
hand, scattering near the detectors can introduce 

a signifi cant amount of axial blurring that is not 
considered in standard scatter correction 
algorithms. 

 The attenuation due to moving structures is a 
more delicate issue [ 12 ,  34 ,  64 ]. Models of this 
attenuation can be obtained by measurement or 
computer design and stored in the system. There 
is, however, an intrinsic relation between the res-
olution that can be used for this model and the 
accuracy with which the position of the coils in 
the fi eld of view can be estimated. The sharper 
the edges in an attenuation model, the stronger 
the artifacts due to an incorrect positioning 
will be. 

 The design of all hardware elements that will 
be present in the PET fi eld of view should be 
reconsidered, minimizing the presence of dense 
structures. As a general rule, large fl at surfaces of 
moderately attenuating materials (often found in 
the casing) lead to more visible image artifacts 
than small, highly attenuating elements (such as 
certain electronic components). This is due to 
two factors: On the one hand, count losses are 
dependent on the attenuation properties of a 
given structure times the length of the line-of- 
response segment intersecting it. In other words, 
lines of response aligned with fl at sections of a 
coil casing will experience greater losses than 
lines of response intersecting an inductor or a 
piece of copper cabling. On the other hand, the 
losses experienced by a source in a given location 
are the sum of the losses experienced by all the 
lines of response intersecting that location. Thus, 
small high-attenuation elements will lead to 
localized artifacts, whereas less attenuating struc-
tures subtending a large solid angle will cause 
quantitative errors in wide areas of the image. 
Furthermore, in clinical practice, PET images are 
inspected by parsing one or more Cartesian 
planes. In this representation, artifacts due to fl at 
surfaces aligned with one of the scanner’s axes 
are far more obvious than those due to localized 
high-attenuation elements. 

 In general, hardware elements with rounded 
contours should be preferred, avoiding sharp edges 
and large surfaces aligned with the transaxial plane. 
Replacing glass-reinforced plastic casing with lower 
attenuation materials, like  aramid fi ber compounds, 
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can contribute to alleviate the problem. Notice 
however that the choice of construction materials 
is restricted by the rigidity constraints required to 
prevent vibration during the MR acquisition.   

1.4     PET/MR System Designs 

 The vast majority of PET/MR systems published 
to this date can be classifi ed as belonging to one 
of three categories:  Sequential  systems combine 
both modalities in the same manner as PET/CT 
systems do, placing them in a tandem confi gura-
tion, often physically separated. A second 
approach relies on a removable PET  insert  which 
is placed within the bore of the MR scanner. 
Finally, i ntegrated  systems include the PET 
detectors inside the MR scanner. 

 In the following sections, we discuss the main 
advantages and drawbacks of each architecture. 

1.4.1     Sequential Architecture 

 The most straightforward way to create a com-
bined PET/MR scanner is to adapt existing PET 
and MR machines to work in a tandem confi gura-
tion. This is the design used in clinical PET/CT 
scanners. In this approach, the patient is placed on 
a mechanical bed that slides in sequence through 

both scanners (Fig.  1.1 ). After reconstruction, the 
sensor-coded bed position information is used to 
perform the registration and fusion of the acquired 
data. An advantage of this confi guration is that it 
minimizes the adjustments in the individual com-
ponents required to create the hybrid scanner.

   The PET scanner either can be located in a sepa-
rate space [ 75 ] or can be inside the radiofrequency 
cage of the MR. An example of the former option 
is General Electric’s Discovery PET/CT+MR 
combo. The latter option has been adopted by 
Philips in their Ingenuity TF system [ 73 ]. 

 In the case of placing both scanners in the 
MR cage, mutual interference and the presence 
of the static fi eld have to be accounted for, either 
using magnetic-fi eld-insensitive photodetectors 
or providing adequate separation and shielding 
of the photomultipliers. In the particular case of 
the Ingenuity TF, the centers of the scanners are 
4.2 m apart, the PET detector ring is surrounded 
by a laminated steel shield, and each photomul-
tiplier is inserted in a mu-metal case. As a side 
note, increased physical separation has been 
advertised as a way to improve patient comfort 
and reduce claustrophobia. 

 From the software point of view, this approach 
requires minimal modifi cations of the existing 
packages, needing little more than the introduction 
of a tool to defi ne the scan sequence, manage the 
bed displacement, and display the fused results. 

PET scanner Rotating bed MR scanner

  Fig. 1.1    Example of sequential system architecture       
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 A feature that can have a signifi cant impact 
is whether the PET subsystem is also capable of 
acquiring CT data. This is of particular impor-
tance for the creation of attenuation maps, as 
MR-based attenuation correction is one of the 
major ongoing issues in hybrid imaging. 

 On the downside, the inability to perform 
real simultaneous acquisition of both modali-
ties is the main limitation of this architecture. 
Both PET and MR being usually long exams, 
adding up the acquisition times is a major dis-
advantage for clinical centers. This is less so in 
systems where the PET scanner is outside the 
radiofrequency cage, in which case two 
patients could, in theory, be scanned at the 
same time. Furthermore, registration errors 
due to physiologic activity and patient motion 
during the scan transition can be extremely 
challenging to correct. 

 Last but not least, tandem system confi gura-
tions come at a cost in room size, which might be 
a limitation for centers planning to update exist-
ing equipment.  

1.4.2      Insert Architecture 

 Insert architecture was the approach used in the 
fi rst research attempts to improve PET spatial 
resolution by exploiting the potential reduction 
of positron range inside a magnetic fi eld. The 
idea is to build a removable insert containing a 
PET detector ring capable of working within the 
bore of a conventional MR scanner (Fig.  1.2 ).

   The main technical challenge of this approach 
is the introduction of electronic circuits in the 
scanner bore, where the static fi eld is most intense. 
The devices used for the scintillation light readout 
and signal amplifi cation must therefore be either 
insensitive to the magnetic fi eld or placed in a 
shielded enclosure outside the fringe fi eld region. 

 Furthermore, the magnetic susceptibility of all 
elements placed in the scanner bore must be such 
that the disturbance to the magnetic fi eld is mini-
mized. Passive shimming structures might be 
necessary to ensure MR image quality. 

 Finally, electronic components in the insert must 
be shielded to prevent electromagnetic interference. 

Local coil

MR scannerPET insert

  Fig. 1.2    Example of insert 
system architecture       
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This is particularly important in insert architectures 
because the PET detectors are in the fi eld of view of 
the MR transmit coils. It is common to avoid this 
problem by designing custom transmit/receive coils 
to be fi tted inside the PET insert. 

 A limitation of this architecture is the narrow-
ing of the scanner bore due to the presence of the 
insert, restricting these systems to small animal 
studies and either neurological or limb explora-
tions on humans. 

 The same size restrictions have consequences 
in the performance of the PET system: Limiting 
the radial extent of the insert means limiting the 
length of the scintillator crystals and thus the 
detector sensitivity; narrowing the detector ring 
leads to an increase of sensitivity but also of scat-
ter fraction; heat management is complicated due 
to the compact design. 

 Despite the mentioned technical challenges, 
insert systems allow the simultaneous acquisition 
of both modalities, a feature that constitutes their 
main advantage with respect to sequential archi-
tectures. This leads to a reduction of the total 
acquisition time (estimated in the order of 40 %), 
ensures an excellent spatial and temporal coregis-
tration of the data, and opens the way to a range 
of novel applications, such as simultaneous 
fMRI/PET, dual-tracer studies, and MR-based 
motion and partial volume correction. 

 The possibility of simultaneous scanning, low 
cost, and modular nature has made this architec-
ture the fi rst choice for research groups (with 
access to an MR scanner) that want to investigate 
PET/MR. Several working prototypes for animal 
studies can be found in the literature: 

 The fi rst MR-compatible PET detector [ 57 , 
 58 ] was based on the use of 4 m long optical 
fi bers guiding the light from the scintillator crys-
tals to position-sensitive PMTs situated where 
the magnetic fi eld dropped below 10 mT. Based 
on this technology, the fi rst simultaneous PET/
MR phantom images were obtained using a 
38 mm diameter LSO ring within a 0.2 T scanner 
[ 57 ,  58 ]. Artifact-free simultaneous PET and 
MRI could be demonstrated with a similar proto-
type and various MR scanning protocols [ 59 ]. 
The acquisition of simultaneous PET and MR 
imaging as well as MR spectroscopy for small 
animals was fi rst reported in Carson et al. [ 4 ] 

using optical fi bers to couple the scintillators to 
an external detection module (Fig.  1.3a ). A simi-
lar system with two opposed detector heads 
instead of a full detector ring was also presented 
in Raylman et al. [ 49 ].

   Avalanche photodiodes have been used instead 
of PMTs to avoid having to guide the scintillation 
light outside the magnetic fi eld: 

 A nonmagnetic version of the APD-based 
RatCAP tomograph was described in Schlyer 
et al. [ 56 ] (Fig.  1.3b ). The main characteristic of 
this design is the fact that the PET detector ring is 
mounted on the animal head and not to the MR 
scanner. The same technology has been recently 
adapted to create a hybrid breast scanner [ 48 ]. 

 Also based on APD technology, a collabora-
tion between the University of California Davis 
and the University of Tubingen developed two 
different insert prototypes fully contained in the 
MR bore, one relying on short optical fi ber bun-
dles [ 5 ] (Fig.  1.3c ) and the other on direct cou-
pling to the scintillators [ 27 ] (Fig.  1.3d ). 

 An APD-based system for clinical neurology 
applications, the Siemens prototype BrainPET 
insert, was demonstrated in the Society of 
Nuclear Medicine’s 2007 annual meeting [ 54 ], 
proving the feasibility of performing hybrid 
imaging in humans [ 55 ]. 

 Such a system would offer clinical centers 
already equipped with an MR scanner a cost- 
effective access to PET/MR without major modi-
fi cations of the existing facilities, other than the 
unavoidable certifi cation to work with radioactive 
materials in the MR room. Certainly, the possibil-
ity of removing the insert to perform conventional 
MR acquisitions provides great fl exibility to cen-
ters which cannot afford a dedicated PET/MR 
system. One can imagine, however, that it would 
take a very careful restructuration of the clinical 
workfl ow to make such a setup cost-effective, 
something that would no doubt limit the commer-
cial penetration of the system.  

1.4.3      Integrated Architecture 

 Although the above-mentioned architectures may 
offer some advantages, there is a strong interest 
in an approach enabling full-body scanning while 
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MR scanner

PET insertOptical fiber bundle

Scintillator crystals

Signal out

PM detectors

RF shielding

Amplifier electronics

a

PET insert MR scanner

Readout electronics

Readout electronics

Scintillator crystals

RF body coil

APD detectors

RF shielding

RF shielding
b

  Fig. 1.3    Insert system architectures for small animal 
imaging. ( a ) Based on photomultiplier detectors linked by 
optic fi bers to the scintillator array. ( b ) Based on a non-
magnetic version of the RatCAP tomograph. ( c ) Based on 

avalanche photodiode detectors linked by optical fi bers to 
the scintillator array. ( d ) Based on avalanche photodiode 
detectors directly coupled to the scintillator array             
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Fig. 1.3 (continued)
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retaining the possibility of simultaneous acquisi-
tion. The way to achieve this is the complete inte-
gration of the PET detector and electronics within 
the MR scanner (Fig.  1.4 ).

   From a technical point of view, this is the most 
challenging approach, requiring signifi cant 
changes to both subsystems. However, the inher-
ent potential for new diagnostic and research 
applications is an undeniable advantage of this 
architecture. 

 The integrated designs published so far rely 
either on the use of a split superconducting mag-
net, on the use of fi eld-cycled MR, or on the 
insertion of the PET detector ring behind the 
radiofrequency coil of the MR scanner. 

 In the fi rst case, the MR superconducting coil 
is built in two separate elements, leaving between 
them an axial space of several centimeters in 
which a PET scintillator ring can be accommo-
dated. The scintillation light is guided by radially 
distributed fi ber optic bundles to PMTs situated 
outside the 1 mT fringe fi eld. Such a system was 
tested for preclinical imaging at the neuroscience 
department of the University of Cambridge [ 32 ]. 
This design requires a low-fi eld magnet (~1 T) 

and specialized gradient set, which likely restricts 
this approach to small animal imaging. 

 In the case of fi eld-cycled acquisition, two 
separate and dynamically controllable magnets 
are used for polarization and readout. This 
enables interleaving in the acquisition of MR 
data certain temporal frames free of magnetic 
fi eld, in which the PET acquisition can take place. 
This design, like the previous one, is for the 
moment restricted to preclinical imaging [ 24 ]. 

 In the last case, both the scintillator crystals 
and the associated photodetectors are located 
behind the radiofrequency coil of the MR scan-
ner. This can be achieved either by reducing the 
radius of the radiofrequency coil to provide space 
for the PET detector [ 47 ] or by using a split gradi-
ent coil [ 42 ]. The former is the approach adopted 
in the Siemens Biograph mMR, currently the only 
commercially available integrated clinical PET/
MR system. The latter is the approach announced 
by Philips for their integrated system, presently 
still being developed under the EU SUBLIMA 
project (Sub nanosecond Leverage in PET/MR 
Imaging, 01.09.2010–31.08.2014,   http://www.
sublima-pet- mr.eu/    ). Another relevant difference 

Main magnet

Gradient coils

PET detectors

Radiofrequency coil

Local coils

  Fig. 1.4    Example of integrated system architecture       
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between these systems is that the mMR uses APD 
technology, whereas Philips is aiming at time-of-
fl ight capability by using SiPM detectors. 

 Fitting the detector ring between the radiofre-
quency and gradient coils entails problems simi-
lar to those of insert architectures: The smaller 
ring diameter compared to standard geometries 
results in better sensitivity but increases random 
and scattered count rates [ 37 ]. However, these 
effects can be made to cancel each other, to a cer-
tain extent, by reducing the energy acceptance 
window of the detectors [ 11 ]. 

 Using a split gradient coil would consider-
ably simplify some of the previous issues while 
allowing for a larger portion of the processing 
 electronics to be directly coupled to the detec-
tors, making the output signals more robust to 
interference. Of course, this might come at a 
yet undetermined cost in gradient fi eld perfor-
mance, e.g., due to the misalignments intro-
duced over time by the system vibrations on the 
gradient sub-coils. 

 In both cases, integrating the PET detectors 
behind the radiofrequency coil has the advantage 
of reducing the interference due to the MR exci-
tation pulses. On the other hand, the environment 
temperature in that space is higher than ambient 
and can undergo fl uctuations of tens of degrees. 
Also, the scatter and attenuation due to the radio-
frequency coil and any other hardware in the fi eld 
of view of the PET will have to be accounted for.   

1.5     Discussion 

 The technological challenges of building com-
bined PET/MR scanners are manifold, but the 
performance results of the Ingenuity TF Zaidi 
et al. [ 73 ] and the mMR [ 11 ] prove the suitability 
of these systems for clinical applications. 

 While sequential scanning in a tandem design 
resembles the current PET/CT practice, it results 
in potentially long scan times and doesn’t allow 
simultaneous acquisition. With the three major 
manufacturers being involved in the develop-
ment of integrated whole-body systems, it seems 
that this architecture is going to be the main focus 
of research for the upcoming years. 

 Indeed, the possibilities of using MR data to 
perform motion correction of the PET scan and 
of monitoring dynamic processes are likely to 
lead to valuable new applications once combined 
scanners are widely spread. The study of tumors 
with dual-labeled contrast agents [ 31 ] or simulta-
neous PET and fMRI monitoring of brain activity 
would be just two examples of what might come. 

 To conclude, we can expect technical 
advancements in the near future to further trig-
ger the development of correction algorithms on 
both the PET side, for attenuation and scatter 
compensation and for truncation recovery, and 
MR, shimming and eddy current compensation. 
New detector technology will lead to hybrid sys-
tems with time-of-fl ight and depth-of-interaction 
capabilities. Light sensors which require less 
sophisticated and less sensitive electronics, in 
combination with matching scintillation crys-
tals, may offer new opportunities. On the clinical 
side, extensive work will be necessary to defi ne 
new protocols, optimized for hybrid scanning. 
Also, the need to provide diagnostic images for 
all regions (e.g., lungs and bones) will drive the 
development of new MR sequences. 

 Ultimately, only the use in preclinical and 
clinical settings will prove which design will be 
advantageous for which application.     
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    Abstract  

  Whole-body PET/MR imaging has the  potential 
to supplement or even replace combined PET/
CT imaging in selected clinical indications. In 
view of the lack of separate standard transmis-
sion sources in combined PET/MR imaging 
systems, attenuation correction (AC) of the 
PET data is performed using the available MR 
images. Given the novelty of MR-based AC 
(MR-AC), related image distortions and subse-
quent methodological pitfalls need to be recog-
nized. Here, we review the most common 
artifacts observed in routine PET/MR imaging 
following MR-AC in either sequential or fully 
integrated system designs.  

2.1         Introduction 

    State-of-the-art imaging is essential for effi cient 
and cost-effective patient management. Recently, 
imaging was termed “the GPS of medicine” (H 
Hricak, RSNA 2010). With this analogy in mind, 
imaging-based diagnosis can be supported effec-
tively only in the absence of any roadblocks, that 
is, image artifacts. 

 Today, most imaging techniques employed in 
early patient management are noninvasive by 
nature. These imaging modalities include tradi-
tional planar and tomographic imaging, such as 
X-ray and computed tomography (CT), respec-
tively. Both provide anatomical image information 
of high spatial resolution that is essential for local-
izing disease and structural interpretation. Most 
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severe diseases, such as cancer, however, may not 
lead to changes of the anatomy but present early in 
the course of a disease through abnormal altera-
tions of metabolic and signaling pathways. These 
changes can be visualized by nuclear medicine 
imaging techniques, such as single photon emis-
sion computed tomography (SPECT) [ 1 ] and posi-
tron emission tomography (PET) [ 2 ]. Nuclear 
medicine imaging techniques, and PET in particu-
lar, further benefi t from the intrinsic ability to quan-
tify metabolite concentrations noninvasively [ 3 ]. 

 Early attempts of combining anatomical and 
metabolic image information have led to the devel-
opment of integrated SPECT/CT and PET/CT sys-
tems [ 4 ]. A PET/CT prototype system was fi rst 
introduced in 1998 [ 5 ] and followed by the com-
mercial introduction of PET/CT systems in 2001. 
All PET/CT systems combine a spiral CT with up 
to 128 simultaneously acquired image planes and a 
whole-body PET detector system based on a scintil-
lator-photomultiplier tube detector arrangement [ 6 ]. 

 Combined PET/CT imaging has been shown 
to increase the diagnostic accuracy over PET and 
CT only in many oncology indications by at least 
10–15 % [ 7 ]. PET/CT imaging has reduced over-
all imaging times to about a third of that of PET 
and CT imaging [ 8 ], which is partly contributed 
to the use of the CT images for attenuation cor-
rection (AC) of the PET emission data. 

 CT-based attenuation correction (CT-AC) 
is performed by separating the tissues into two 
classes above and below a threshold CT density 
(Hounsfi eld unit, HU) [ 9 ]. Tissue below the limit 
is considered a mixture of air and soft tissue, while 
the tissue above represents a mix of soft tissue 
and compact bone. A bi-linear function is con-
structed using the known attenuation coeffi cients 
at 511 keV for these three tissue classes (air, soft 
tissue, bone). This function effectively maps the 
CT-attenuation values (Hounsfi eld units at an 
effective CT energy of 80–90 keV) to the required 
values for PET (Fig.  2.1 ). CT-AC is accepted in 
clinical practice and, in view of almost all PET 
 systems today being combined with CT, also con-
sidered gold standard [ 4 ].

   Recently, a new combination of PET and mag-
netic resonance imaging (MRI or MR), PET/MRI 
or PET/MR, was introduced  commercially. Today, 

two companies offer combined  whole- body PET/
MR systems [ 10 ,  11 ]: in one case, a 3 T MR and 
a whole-body PET are joint by a rotating patient 
handling system (Fig.  2.2a ) [ 12 ], in the other case 
a whole-body PET system is integrated inside the 
coil system of a 3 T MR (Fig.  2.2c ) [ 13 ].

   Neither design concept of a combined PET/
MR system (Fig.  2.2a, c ) entails a CT-type 
 transmission source for reasons of limited space 
in the combined gantry and crosstalk effects of 
the CT or other (moveable) transmission source 
and the magnetic fi eld of the MR  components. 
Therefore, CT-based AC is not an immediate 
option in PET/MR imaging, and thus, PET 
attenuation coeffi cients must be derived from 
the available MR information [ 14 – 16 ]. 

 In the co-planar (sequential) PET/MR system, 
PET attenuation coeffi cients are estimated from 
T1-weighted MR images ( atMR ) acquired spe-
cifi cally for the purpose of attenuation correction 
[ 12 ,  15 ]. Using a combination of region-growing 
techniques and body surface recognition, the MR 
images are automatically segmented into three 
classes of voxels: air, lungs, and soft tissue 
(Fig.  2.2b ). The non-attenuation-corrected (NAC) 
PET data can be used to estimate the contour of 
the patient as part of a truncation artifact correc-
tion [ 12 ]. Total acquisition time for  atMR  cover-
ing a 120 cm axial fi eld-of-view (FOV) is on the 
order of 3–4 min. The  atMR  images do not hold 
the promise of being diagnostically useful, and 
separate dedicated MR sequences are acquired 
depending on the clinical indication. 

 In the fully integrated PET/MR system, 
MR-AC is performed similarly except that a 
4-class segmentation is applied to MR images 
acquired with a 2-point (in- and opposed-phase) 
Dixon sequence. The Dixon sequence provides 
separate images of the water and fat constituents 
of the imaged patient (Fig.  2.2d ). Both image sets 
are used to automatically delineate air and lungs 
as well [ 14 ]. The acquisition time of the Dixon-
Water- Fat segmentation sequence (DWFS) is 
19 s per bed position, preferably obtained in one 
breath-hold for the thorax/abdomen and cover-
ing an axial FOV of 120 cm in 2–3 min (attenu-
ation data acquisition time only, PET data is 
acquired simultaneously). Similar to the 3-class 
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Patient handling system

Segmentation and bi-linear scaling approach to CT-AC
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  Fig. 2.1    Combined PET/CT imaging and CT-based 
attenuation correction. Linear attenuation values for PET 
are obtained by pixel mapping of the CT-values using a 
bilinear function (inserted plot). The two linear parts 

 correspond to the parts of the image dominated by soft 
tissue or bone, as illustrated by a segmentation performed 
at the threshold value       

 segmentation method above, the DWFS is not 
intended for diagnostic purposes even though 
some users argue that the quality is suffi cient 
to localize PET-positive lesions similar to using 
a low-dose CT in PET/CT [ 17 ]. However, this 
argument should be considered with caution as 
numerous studies have shown the clinical value 
of higher-quality CT in the context of whole-
body PET/CT. Similar benefi ts can be expected 
from high-quality MR images in the context of 
combined PET/MRI. 

 Rigorous testing during the development and 
production of combined imaging systems ensures 
acceptable and reproducible performance. 
Nonetheless, the resulting images can be prone to 
distortions, that is to artifacts or a bias, or both 
[ 18 ,  19 ]. Distortions of hybrid images are not 
uncommon and may originate from a number of 
reasons. An artifact clearly noticed by most PET/

CT users, for example, in the early days of this 
technology was the photopenic uptake area above 
the diaphragm in coronal PET images following 
CT-AC [ 9 ] arising from a mismatch of the ana-
tomical extension of the thorax during the acqui-
sition of the CT and emission data, as a result of 
the markedly different examination times of the 
CT and PET scans [ 20 ]. Table  2.1  summarizes 
the most common sources of image distortions in 
hybrid imaging, including more general causes 
such as system malfunction and incorrect patient 
referral and reporting. Naturally, the more com-
plex an imaging system, the more sources of 
image distortions exist. This is particularly true 
for combined imaging systems. This chapter 
reviews the most common artifacts in co-planar 
(sequential) and fully integrated PET/MR and 
provides some references to potential corrections 
and improvements of the image quality.
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  Fig. 2.2    ( a ) Sequential PET/MR system by Philips 
Healthcare. ( b ) MR-based AC uses 3-class segmentation 
of T1w-MR images. Additional truncation artifact 
 correction can be performed when also employing the 
NAC-PET images. ( c ) Fully integrated PET/MR system 

by Siemens Healthcare. ( d ) MR-AC uses a 4-class 
 segmentation model of Dixon T1w-MR images (With 
kind contributions to ( a  and  b ) by Antonis Kalemis, PhD 
and Frank DiLalla, PhD (Philips Healthcare))         

a

b

Sequential

PETMR

• 3T-MR with a 60 cm gantry opening

• Time-of-flight PET with a 78 cm gantry opening

• Co-axial offset off centre FOV: 4 m

• Transverse FOV: 50 cm (MR) and 70 cm (PET)

• No CT-like transmission source

T1w fast field echo MR sequence with 10o flip angleT1w fast field echo MR sequence with 10° flip angle

waterWater

lungsLungs

airAir

noAC-PETnoAC-PET T1w MRT1w MR

Integrated

PET

MR

MR VIBE Dixon sequence

In-phase Out-phase Water Fat
Water

Fat

Lungs

Air

• 3T-MR with a 60 cm gantry opening
• APD-based PET with a 60 cm gantry opening
• Integrated FOV: no offset
• Transverse FOV: 50 cm (MR) and 58 cm (PET)
• No CT-like transmission source

c

d
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2.2        Image Artifacts in PET-Based 
Hybrid Imaging 

 Image artifacts, much like image-based diagnosis, 
are picked up through pattern recognition in the 
eye of the observer. Therefore, a good understand-
ing of the methodology of a given imaging modal-
ity as well as experience with a wider range of 
applications of this imaging modality will help 
recognize and interpret artifacts more easily. 
Figure  2.3  illustrates the recognition of a typical 
image distortion in PET images following CT-AC. 
Due to the comparatively long examination time 
of the whole-body emission acquisition (30 min) 
performed in the caudo-cranial direction, the mus-
cles of the neck did relax between the initial CT 
scan, and the multi-bed PET scan causing an inter-
scan local shift of the head and neck region, which 
was pronounced by the lack of an effective head 

fi xation [ 21 ]. When using the misaligned CT 
information for the purpose of CT-AC, the emis-
sion activity distribution is distorted, yielding an 
incorrect asymmetrical representation of the tracer 
uptake in the attenuation-corrected PET image.

   Distortions of hybrid images can be observed in 
either of the two merged modalities; however, when 
being observed in the anatomical image volume that 
is used for the purpose of attenuation correction, 
then frequently a corresponding artifact can be rec-
ognized in the complementary attenuation-cor-
rected PET image as well. In case no such image 
artifact is recognized in AC-PET images, misalign-
ment effects may still cause a bias of the quantita-
tive value in the AC-PET images. It is, therefore, 
imperative to also inspect the attenuation maps 
(μ-maps) and the uncorrected emission images 
(NAC-PET) during the clinical review in order to 
ensure correct interpretation of the AC-PET images. 

    Table 2.1    Source of image distortions and image bias in combined PET/CT and PET/MR   

 Source of artifacts  Observation  Solution 

 Hardware and design  Limited gantry opening and 
transverse FOV cause truncation 
artifacts in large patients 

 Position patients with arms up 
(if possible) 
 Apply extended FOV reconstruction 
where available 

 Malfunctioning imaging system  Temporary or continuous system 
hardware and software failure causing 
noticeable image distortions and/or 
bias of image 

 Can be picked up by periodic (daily, 
weekly, monthly, etc.) quality control 
tests 
 Trouble shooting and/or call vendor 
service 

 Indication and patient referral  Patients may be referred incorrectly 
or without proper preparation to a 
specifi c imaging examination (e.g., 
non-dieting patient sent for FDG PET 
or patient with MR contraindication 
sent for PET/MR) 

 Need to review local referral 
strategies 
 Need to adopt and adhere to national 
imaging guidelines 

 Motion  PET and CT and PET and MR 
examination times are markedly 
different, thus rendering breath-hold 
hybrid examinations a challenge. 
Involuntary patient motion may cause 
noticeable local (or global) 
misalignment of PET/CT 
and PET/MR 

 Optimized patient preparation and 
instructions 
 Retrospective image alignment and 
AC reprocessing 
 Consider gating or motion correction 
using external marker/tracking 
system 

 Data processing  CT- and MR-based corrections 
causing image distortions and bias in 
AC-PET 

 Apply retrospective corrections, 
optimized imaging protocols 

 Reporting  Reporting doctor may misinterpret the 
examination, miss artifacts, etc 

 Ensure suffi cient training of staff 
 Increase level of staff experience 
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 Many of the artifacts observed in PET images 
from PET/MR are similar in appearance and 
nature to the artifacts observed in PET/CT imag-
ing following CT-AC. Figure  2.4  summarizes 
typical image distortions seen in PET/CT of which 
most arise from methodological issues with the 
CT (e.g., beam hardening) as well as from several 
aspects of data processing, namely, CT-AC per-
formed with contrast-enhanced CT images. Intra-
scan patient motion and truncation effects from 
mismatches of the measured  transverse FOV of 
the CT and PET also may cause artifacts and bias 
in the AC-PET images [ 21 ].

   Intra-scan patient motion and truncation 
effects are not specifi c to PET/CT and can be 
observed in PET/MRI as well. Metallic and other 
dense implants may cause beam-hardening arti-

facts on CT and subsequently on AC-PET/CT, 
while the same objects cause signal voids on MR 
images that may translate into artifacts on the 
MR-based attenuation maps and AC-PET/MR 
images. In PET/MR, AC-PET image distortions 
may further originate from the inability of the 
MR-based attenuation correction to recognize 
and handle all objects and tissues in the fi eld of 
view appropriately.  

2.3     PET/MR Artifacts 

 According to Table  2.1  PET/MR images may be 
affected by distortions from system design limita-
tions, methodological aspects, and steps in the 
data processing. Here we review possible and 

Coronal AC-PET/CT

AC-PET

NAC-PET

  Fig. 2.3    Motion-induced misalignment in the area of the neck (from muscle relaxation) can cause signifi cant distor-
tions in the AC-PET activity distribution pattern (Data courtesy of MJ Ribeiro, CEA/SHFJ in Orsay, France)       

  Fig. 2.4    Distortions most commonly observed in PET/
CT relate to the presence of beam-hardening effects 
from dental implants ( green ) that are further enhanced 
by involuntary intra-scan motion of the patient, the 

 presence of high-density CT contrast agents ( orange ), res-
piration mismatch ( blue ), and truncation effects in large 
patients ( purple ). Arrows indicate affected regions and its 
point to the regional image  distortions         
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common image distortions in PET from PET/MR 
systems. 

2.3.1     Hardware and Design: 
Truncation 

2.3.1.1     Description 
 In state-of-the-art PET/MR systems, the mea-
sured transverse fi eld of view of the MR is 
smaller compared to that of the PET (Fig.  2.2 ). 
Given the comparatively longer imaging times 
and smaller bore diameter in MR (versus PET), 
oncology patients are typically positioned with 
their arms down, thus almost always leading to 
truncation effects along the arms. 

2.3.1.2    Typical Findings 
 Any map of attenuation coeffi cients derived 
from MR information covering a FOV smaller 
than that covered by PET will lead to a “mask-
ing effect,” thereby underestimating PET image 
information beyond the measured MR informa-
tion. This can be appreciated from the reduced 
image contrast in the AC-PET along the arms 
(Fig.  2.5 ). The resulting underestimation of the 
AC-PET activity is largest in the area of trunca-
tion but can be in the order of 10–20 % in uni-

form reference regions further away from the 
truncated arm region.

   In a patient study simulating truncation in 
whole-body PET/MR imaging, Delso and col-
leagues demonstrate an average bias of up to 
15 % and local biases of up to 50 % when PET 
data were reconstructed with incomplete attenua-
tion information [ 22 ]. This underestimation may 
have implications for lesion localization in mela-
noma patients. So far (March 2013), PET/MR 
users have not reported lesions to be missed on 
AC-PET versus NAC-PET owing to MR trunca-
tion artifacts.  

2.3.1.3    Solutions 
 Delso et al. further show that completing the 
truncated attenuation map with data extracted 
from non-attenuation-corrected (NAC) PET data 
globally reduced these biases to below 10 % [ 22 ]. 
The idea of using NAC-PET images to improve 
low-quality attenuation maps was already con-
sidered before the introduction of combined 
PET/CT systems and is based on the concurrent 
 reconstruction of both, the PET emission activity 
distribution and the attenuation map [ 23 ]. The 
improvements from using extended fi eld-of-view 
attenuation maps [ 23 ,  24 ] in PET/MR are illus-
trated in Fig.  2.6 .

a b c

  Fig. 2.5    Whole-body [ 18 F]-FDG PET/MRI study 
(Fig.  2.2b ) with truncation artifacts. Patient was posi-
tioned with the arms down and along the body causing 
truncation of the attenuation-corrected PET data beyond 
the 50-cm measured transverse fi eld of view of the MR. 
( a ) PET emission image before AC, showing intense 

 muscle uptake along the lower arms, ( b ) MR-based 
4-class attenuation map illustrating truncation along the 
arms, and ( c ) AC-PET image (applying ( b ) to ( a ) demon-
strating reduced tracer distribution along the arms corre-
sponding to the area of truncation in ( b ) ( arrows  in ( a , b ))       
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2.3.2          Hardware and Design: 
Non-uniformities 

2.3.2.1     Description 
 In addition to truncation effects (Fig.  2.5 ), non-
uniformities can be observed at the edge of the 
transverse fi eld of view of the MR images. These 
well-known image distortions originate from the 
limited homogeneity of the main magnetic fi eld 
( B  0 ) and the linearity of fi eld gradients used for 
spatial encoding [ 25 ], both of which are diffi cult 
to maintain homogeneous across an extended 
transverse and axial FOV. 

2.3.2.2    Typical Findings 
 Field inhomogeneities are represented by sinu-
soidal edge enhancement in reformatted coronal 
views of the whole-body MR images (Fig.  2.7 ). 
In that regard these image distortions are similar 
to general truncation artifacts (Fig.  2.5 ), and both 
are observed together.

   The non-uniformity artifacts in the PET images 
appear as alternating high- and low-activity con-

centrations along the arms (Fig.  2.7 ). These alter-
ations in PET activity cause a reduced detectability 
of lesions in these regions and are most likely to 
be noticed in skin melanoma patients.  

2.3.2.3    Solutions 
 Patients should be positioned within the maximum 
transverse FOV of the MR, if possible. In any case, 
users are advised to review the emission images 
without attenuation correction in addition to the 
AC-PET images. New, ongoing MR sequence 
developments that aim at maintaining homoge-
nous fi elds in an extended FOV [ 26 ] may help 
reduce subsequent image distortion from nonuni-
formity effects in combined PET/MRI.    

2.3.3     Methodological Pitfalls: 
Involuntary Patient Motion 

2.3.3.1     Description 
 Involuntary patient motion, typically caused by 
respiration or relaxation of muscles, is a known 

a b

  Fig. 2.6    Truncation artifacts can be corrected for by 
using a special reconstruction algorithm aimed at recover-
ing both the tracer (activity) distribution and the attenua-
tion map: Maximum Likelihood simultaneous Activity 
and Attenuation reconstruction, MLAA [ 24 ]. ( a ) MLAA-
extended 4-class attenuation map and ( b ) AC-PET image 
using the attenuation map in ( a ) in a normal PET 

 reconstruction (MLAA PET image discarded). Note the 
residual fl aws of the attenuation data ( a ) but the marked 
improvement of PET activity recovery outside the trans-
verse FOV of the MR ( b ) compared to Fig.  2.5  (same 
patient). This method is currently implemented on the 
fully integrated PET/MR (Fig.  2.2c )       
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source of artifacts in PET/CT (Fig.  2.3 ). Likewise, 
patient motion can cause local or global mis-
alignment and blurring of images in PET/MR. 

2.3.3.2    Typical Findings 
 MR and PET emission acquisition times per 
bed position of a PET/MR study are gener-
ally too long for the patient to hold their breath. 
This holds true for some patients even for the 
19 s Dixon sequence used for MR-AC in the 
fully integrated PET/MR system (Fig.  2.2b ). 
Therefore,  respiration causes the data to be 
blurred. In selected cases respiratory motion may 
cause local misalignment of PET and MR data 
due to the difference in the duration of the two 
examinations, also when acquiring the two data 
sets simultaneously. Figure  2.8  shows an exam-
ple of respiratory motion leading to different 
caudo-cranial extension of the thorax during the 
MR and PET examination, thus affecting the PET 
tracer distribution in the upper abdomen.

2.3.3.3       Solutions 
 Breath-hold sequences can be performed as part 
of PET/MR acquisition protocols [ 27 ], thus sup-
porting improved alignment in the thorax. 
Alternatively patients should be instructed to 
breathe quietly throughout the entire  examination, 
or gating techniques can be used as for PET in 
PET/CT [ 28 ]. 

 Lately, new algorithms have been proposed to 
adopt MR-based navigator tracking to estimate 
inter-scan motion of the head [ 29 ,  30 ] and 
 abdomen [ 31 ] for systems recording PET and 
MR data simultaneously. Through data process-
ing these motion vectors can be used to correct 
the complementary PET emission data for 
motion. This approach, however, is work in prog-
ress and not yet available for routine use.    

2.3.4     Transformation of Attenuation 
Coeffi cients: Ignoring Bone 

2.3.4.1     Description 
 The MR signal decays very rapidly in bone as 
compared to soft tissue or water. Therefore, with 
conventional MRI, little or no signal is detectable 
from bone, which appears dark [ 32 ]. In practice, 
the standard methods used for MR-based AC will 
classify most bone as soft tissue, and 3-class [ 16 ] 
and 4-class segmentation [ 14 ] do not account for 
the presence of bone tissue in MR-based attenua-
tion maps. 

 In addition, the MR-based segmentation 
algorithms may assign large air-fi lled regions in 
anatomical regions of high complexity, such as 
the nasal cavities and the base of the skull. This 
MR artifact, which translates through MR-based 
AC, originates from diffi culties in maintaining 

a b c d

  Fig. 2.7    Whole-body [ 18 F]-FDG PET/MRI study of a 
patient with arms down. ( a ) NAC-PET, ( b ) opposed phase 
of Dixon T1w-MR, ( c ) MR-based 4-class attenuation 
map, and ( d ) AC-PET following MR-AC of ( a ) using ( c ). 

The nonuniformity artifacts along the arms at the edge 
of the transverse FOV of the MR propagate through 
MR-AC and distort the AC-PET images ( d ). The  arrows  
in ( b )–( d ) highlight the typical effect of this artifact         
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 magnetic fi eld homogeneity across interfaces of 
materials with different magnetic susceptibilities 
(e.g., bone and air). 

2.3.4.2    Typical Findings – Brain 
 Figure  2.9  shows a common artifact, whereby 
air cavities appear at the base of the skull, thus 
 assigning air attenuation coeffi cients to areas that 
are actually made of bone or soft tissue layers. This 
causes an underestimation of the attenuation and 
subsequently of the PET activity in these regions.

   Andersen et al. [ 33 ] and Hitz et al. [ 34 ] report 
a quantitative and visual effect of ignoring bone 
in MR-AC on the tracer distribution of brain PET 
studies. Figure  2.10  shows the relative difference 
of PET images corrected with CT-AC and 
MR-AC, demonstrating a gradually increasing 

underestimation of the MR AC-PET data from 
the center of the brain toward the skull [ 33 ].

2.3.4.3       Solutions – Brain 
 Partial bone tissue representation can be obtained 
directly from MR imaging using ultrashort echo 
time (UTE) sequences [ 35 – 38 ]. However, UTE 
imaging is technically demanding and suffers from 
general MR artifacts in complex anatomical regions 
(e.g., base of the skull) and has not yet been imple-
mented for routine clinical use. An alternative solu-
tion may be the co-registration of a low-dose CT 
image for the purpose of attenuation correction. 
This procedure, however, entails separate imaging 
and exposure of the patient and counteracts the pur-
pose of using PET/MR instead of PET/CT (or PET/
CT and MR) for a given patient group. 

a b

  Fig. 2.8    Whole-body [ 18 F]-FDG PET/MR study. The 
patient was instructed to hold her breath in expiration dur-
ing the 19 s acquisition of MR attenuation data in thorax 
and abdomen bed positions and breathe quietly during the 
remaining PET data acquisition: ( a ) MR-based 4-class 

attenuation map with the lungs segmented and ( b ) 
 corresponding attenuation- corrected PET image with the 
segmentation from ( a ) overlaid. As indicated by the 
 arrows  in ( b ), breathing artifacts were present in spite of 
the effort to avoid them by careful patient instruction       
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 Alternatively, atlas and pattern recognition 
methods have been suggested that derive attenua-
tion maps, including    bone information, from a 
database of co-registered intra-subject CT and 
MR image sets and a patient-specifi c, indepen-
dently acquired CT image volume [ 39 ]. Atlas 
methods were shown to yield promising results 
but are challenged by abnormal anatomy that is 
typically not matched in the database of aligned 
CT and MR data sets.  

2.3.4.4    Typical Findings – Whole Body 
 Ignoring bone attenuation may have an effect 
outside the brain as well. Martinez-Möller et al. 
[ 14 ] reported in a simulation study employing 
PET/CT data a maximum bias of 14 % of PET 
uptake values in the region of the bone if bone is 
not accounted for during AC. Recently, Samarin 
and co-workers reported that substitution of 
bone attenuation by soft tissue attenuation values 
in AC maps resulted in an underestimation of 

a

c d e

b

  Fig. 2.9    Coronal [ 18 F]-FDG PET/MR images of a 
dementia patient: ( a ) NAC-PET, ( b ) AC-PET following 
MR-AC demonstrating enlarged photopenic areas at the 
base of the skull ( arrows ), ( c ) MR-based 4-class seg-
mented attenuation map with air-fi lled regions near the 

base of the skull, ( d ) T1w-MR demonstrating correspond-
ing signal voids in cortical bone structures ( arrows ) seen 
clearly on ( e ) the CT, which is co-registered to the MR for 
accurate attenuation correction (the lower part of the 
image is merged data from ( c ) as the CT FOV is shorter)       
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tracer uptake of 3 % (range 0–4 %) and 11 % 
(range 2–31 %) in soft tissue lesions adjacent to 
bone and in osseous lesions, respectively [ 40 ]. 
Further analysis of the spine and pelvic osseous 
lesions revealed a substantial dependence of the 
error on the lesion composition, which may have 
implications for therapy monitoring. Figure  2.11  
illustrates the relative regional effects when 
modifying bone attenuation values in whole-
body PET studies and confi rms the fi ndings in 
literature [ 14 ,  40 ].

2.3.4.5       Solutions – Whole Body 
 For accurate quantifi cation of bone lesions, atlas- 
based methods could be used as in the brain (as 
investigated, e.g., in [ 39 ]), while MLAA and 
UTE methods need to be further tested in whole- 
body studies. In the future, MLAA-based algo-
rithms could further benefi t from the incorporation 
of time-of-fl ight (TOF) information, which has 
been shown in a pilot study to result in much 
improved image quality and suppressed image 
distortions in AC-PET images [ 41 ].    

2.3.5     Transformation of Attenuation 
Coeffi cients: Metallic Implants 

2.3.5.1     Description 
 Given the signifi cantly different magnetic sus-
ceptibilities of metal and human tissues, mag-

netic fi eld variations will cause signal voids 
around the implants on MR images. In CT and 
AC-PET metallic implants give rise to beam 
hardening. 

2.3.5.2    Typical Findings 
 In PET/MR the signal voids seen in the MR 
images are segmented as air-filled gaps in the 
MR-based attenuation map, leading to a loss 
of signal in the attenuation-corrected PET 
image. The problem is appreciated clearly in 
patients with hip endoprostheses (Fig.  2.12a ) 
or knee replacements (Fig.  2.13 ) but more 
commonly with dental fillings leading to 
image distortions in the head/neck region 
(Fig.  2.14 ).

     Artifacts arising from metallic or other dense 
implants can be observed occasionally in other 
regions of the body of patients undergoing whole- 
body PET/MR imaging. Figure  2.15  summarizes 
further artifacts, induced by metal and other 
high-density materials relevant particularly to 
oncology patients, such as from chemotherapy 
ports, tissue expanders, or, in the worst case, 
endoscopy devices.

2.3.5.3       Solutions 
 Ladefoged et al. investigated the use of semi- 
automated inpainting to correct for signal voids in 
MR and subsequent air-fi lled artifacts in MR-based 
attenuation maps in patients with endoprostheses 

a b c

  Fig. 2.10    Gradient effect in PET/MR imaging of the 
brain: ( a ) axial T2w-MR, ( b ) relative difference of 
AC-PET following 4-class MR-AC (ignoring bone) and 
AC-PET following CT-AC showing a gradually decreasing 

PET activity in PET/MR compared to PET/CT when mov-
ing from the center of the brain toward the skull bone and 
( c ) fusion of ( a ) with ( b ) (Courtesy of Flemming L 
Andersen, Copenhagen University Hospital, Rigshospitalet)       
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[ 42 ]. The authors showed that PET activity distri-
bution can be recovered to a great extent in the 
area of the implant when the signal voids on the 
MR images used for MR-AC are replaced by soft 
tissue through “inpainting.” The additional co- 
registration of the original CT attenuation values 
of the actual implant showed only marginal 
improvements. 

 The method can be ported to the dental region 
(Fig.  2.14 ), but given the more complex anatomy 
(mixed soft tissue, bone, and air) and the higher 
sensitivity to quantifi cation errors in the brain, 
more complex inpainting techniques are needed. 
Similar signal-void artifacts arise from other 
dense implants (Fig.  2.15 ) that warrant retro-
spective corrections as proposed in [ 42 ], which, 
however, are not yet validated in clinical 
routine.    

2.3.6     Transformation of Attenuation 
Coeffi cients: Tissue Inversion 

2.3.6.1     Description 
 Standard MR-AC methods are based on the 
 segmentation of three or four tissue classes 
(air, lung, and water or air, lung, fat, and water) 
from MR images that are acquired with dedicated 
sequences. However, segmentation may fail in 
routine application and cause inverted tissue 
classifi cation. 

2.3.6.2    Typical Findings 
 Figure  2.16  shows a patient study where the tissue 
classes air and lung tissue (4-class segmentation) 
were inverted for a limited coaxial imaging range 
of the lower thorax, leading to incorrect attenua-
tion correction of the PET activity in the thorax.
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  Fig. 2.11    Coronal images of a whole-body [ 18 F]-FDG 
PET/MR examination: ( a ) standard 4-class MR-based 
attenuation map, ( b ) as ( a ) with bone values segmented 
and inserted from a co-registered CT, ( c ) AC-PET follow-
ing MR-AC using ( a ), and ( d ) AC-PET following AC 
using ( b ). Panel ( e ) represents the relative difference 

image [( d )–( c )]/( c ) and illustrates the effect of ignoring 
bone during MR-AC; the bias is most prominent in the 
bone region and less noticeable in regions distant from 
bone (Data analysis courtesy of Rachida Sersar and Julie 
Hjorth Saabye, Technical University Copenhagen and 
Rigshospitalet, Denmark)       
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  Fig. 2.12    Coronal views of a whole-body [ 18 F]-FDG 
PET/MR of a patient with a metal hip endoprosthesis: ( a ) 
CT image in bone window shows the right-sided implant. 
( b ) opposed-phase MR and ( c ) in-phase MR, both with 
signal void around the implant. ( d ) NAC-PET, ( e )standard 
MR-based 4-class attenuation map with an air pocket 
assigned in and around the implant, and ( f ) AC-PET 

image following MR-AC demonstrating a photopenic 
area extending beyond the implant region. The air-gap 
artifact in ( e ) can be removed using a retrospective 
inpainting technique [ 42 ] resulting in improved AC-PET 
quality. The improved μ-map is shown in ( g ) and the 
resulting AC-PET in ( h )       

a b c d e

  Fig. 2.13    Coronal views of a whole-body [ 18 F]-FDG 
PET/MR of a patient with a knee replacement: ( a )  atMR  
image for MR-AC, ( b ) 3-class MR-based attenuation map 
showing extensive air gaps in the area of the knee replace-
ment, and ( c ) AC-PET image following MR-AC using ( a ) 
showing biased tracer uptake in the regions of the right 
knee and the lower thighs. The air gaps caused by signal 

voids on the MR ( a ) were corrected manually using a non-
licensed tool that permits fi lling in the voids with signal 
intensities from soft tissue as shown in ( d ). The resulting 
AC-PET image ( e ) shows markedly improved tracer dis-
tribution in the regions corrected in the attenuation map 
( d ) (Courtesy of Hopital Cantonal de Genéve, Switzerland)       
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  Fig. 2.14    Three patients ( a – c ) with dental restoration 
work. Dental implants cause beam-hardening effects in 
CT images that may translate into distortions of AC-PET 
images following CT-AC ( top row ). In PET/MRI ( bottom 
row ) the same dental work may cause artifacts that are 

seen as air gaps in the MR-based attenuation maps caus-
ing extended photopenia in the AC-PET images as seen in 
patients ( b ) and ( c ). The extent of these artifacts in PET/
MR depends on the composition of the implant materials 
and their orientations with respect to the gradient fi eld       

a
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c

d

No photo

Implant MR-attenuation map AC-PET NAC-PET

  Fig. 2.15    High-density objects causing artifacts in PET/
MRI following standard MR-AC: ( a ) tissue expander, 
( b ) port-a-cath, ( c ) endoscopy unit, and ( d ) orthopedic 
spine brace. The  arrows  in MR-AC maps ( a ,  b ,  c ) indi-
cate the affected regions and its point to image distor-

tions originating from the presence of dense objects 
(Panel ( d ) courtesy of Georg Schramm, Institute for 
Radiopharmaceutical Cancer Research, Helmholtz-
Zentrum, Dresden-Rossendorf, Germany).       
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   Figure  2.17  shows another example of a 3-class 
segmentation. Here, the signal from the liver on 
the  atMR  sequence was unusually low and, there-
fore, contributed to an incorrect assignment of 
lung tissue to the liver, which, in turn, caused a 
biased AC-PET image in the upper abdomen.

2.3.6.3       Solutions 
 So far, no standard correction method is available. 
Tissue inversion or misassignment can potentially 
be corrected retrospectively by using manual 
inpainting (Fig.  2.17d, e ) or by resegmenting the 

MR images. Alternatively, the examination needs 
to be repeated without reinjection of the PET tracer.    

2.3.7     Transformation of Attenuation 
Coeffi cients: MR Contrast 
Agents 

2.3.7.1     Description 
 Much like PET/CT applications, the clinical 
adoption of PET/MR entails the use of contrast 
agents as part of integrated imaging protocols. 

a b c d e f

  Fig. 2.16    Coronal views of whole-body [ 18 F]-FDG PET/
MR study of a patient with metastatic lung cancer: ( a ) 
In-phase MR, ( b ) opposed-phase MR, ( c ) fat segmenta-
tion, ( d ) water segmentation, ( e ) standard 4-class 
MR-based attenuation map illustrating false air tissue 

assignment to lower thorax ( arrow ), and ( f ) AC-PET 
image following MR-AC showing areas of severe under-
estimation of PET activity in the lower thorax ( arrow ). 
(Courtesy of Bernhard Sattler, Dept. of Nuclear Medicine, 
University Hospital Leipzig, Germany)       

  Fig. 2.17    Coronal views of a whole-body [ 18 F]-FDG 
PET/MRI study: ( a ) T1w-MR showing low signal from 
the liver, ( b ) corresponding 3-class MR-based attenuation 
map with liver tissue segmented as lungs, ( c ) manually 
corrected tissue composition in the thorax and liver 
region, ( d ) AC-PET following MR-AC using ( b ), and ( e ) 

AC-PET following MR-AC using ( c ) demonstrating 
markedly improved tracer recovery in the lower thorax 
and upper abdomen (Courtesy of Georg Schramm, 
Institute for Radiopharmaceutical Cancer Research, 
Helmholtz-Zentrum, Dresden-Rossendorf, Germany)       
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MR contrast agents are typically made up of iron 
oxide and Gd chelates for oral and intravenous 
(IV) administration, respectively. 

 Oral MR contrast, or ferumoxil (Lumirem ® ; 
Guerbet, Germany), is a negative oral contrast 
agent used to distinguish the loops of the bowel 
from other abdominal structures. It contains a 
colloid suspension of iron oxide particles and 
has superparamagnetic properties. IV MR con-
trast agents (e.g., Gadovist ® , Bayer Group, 
Germany) are paramagnetic and cause a reduc-
tion of the T1 relaxation time, leading to a sig-
nal enhancement in a T1-weighted MRI. 

 Contrast agents could cause either a higher 
attenuation of 511 keV photons than that of 
water (soft tissue) and, therefore, lead to a 
bias of the AC-PET data, or they could cause 
indirect false tissue classification in DWFS-
MR-AC (Figs.  2.18 ,  2.19 ). 

2.3.7.2    Typical Finding 
 Lois et al. [ 43 ] argue that IV MR contrast does not 
create PET/CT-like artifacts in PET/MR images 
following DWFS-MR-AC if it is  administered 
in clinically relevant concentrations, and that the 
attenuation values are not signifi cantly different 
from that of water. 

 However, signal inversion leading to subsequent 
incorrect tissue assignment has been observed in 
PET/MR. PET attenuation maps may be biased 
after ingestion of standard iron oxide- based oral 
MR contrast agent when standard segmentation-
based AC algorithms are used. Figure  2.18  shows 
a coronal MR image (Fig.  2.18a ) and an MR-AC 
map (Fig.  2.18b ) of a volunteer following the 
ingestion of Lumirem contrast. The standard 
4-class DWFS segmentation assigns extended 
air pockets to the region of the stomach when 
acquired 15 min after the contrast ingestion. These 
signal voids can be avoided by the use of alterna-
tive contrast agents (Fig.  2.18c, d ).

   Further, DWFS may yield incorrect tis-
sue assignment in the presence of IV contrast 
(Fig.  2.19a, b ). In extreme cases, IV contrast 
administration, following standard MR proto-
cols, may lead to incorrect tissue segmentation 
in standard MR-AC with liver being segmented 
as “air” and the lungs being partitioned into “air” 
and “lungs” (Fig.  2.19c, d, e, f ). The patient 
was injected with Gd-based contrast material 
(Gadovist ® ) following a standard injection proto-
col: 1 mmol/kg at 0.5–2 mL/s plus 20 mL NaCl. 
The artifacts in Fig.  2.19  were observed in less 
than 10 % of patients.

a b c d

  Fig. 2.18    Coronal MR images of  volunteer following 
oral MR contrast intake: ( a ) T1w-MR (FLASH) following 
300 mL oral MR contrast (Lumirem), ( b ) 4-class 
 segmentation yielding air gaps ( arrow ) in the stomach 
region of standard MR-based attenuation map, ( c ) 
T1w-MR (FLASH) of the volunteer in a repeat study after 

drinking 400 mL of pineapple juice, and ( d )  corresponding 
MR-based attenuation map that has no air gaps in the 
fl uid-fi lled stomach (This artifact is similar in nature to 
artifacts from metal implants (Fig.  2.12 )). The  arrows  in 
( b ) and ( d ) indicates the affected region       
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  Fig. 2.19    IV MR contrast. Coronal attenuation images 
of clinical PET/MR patient before ( a ) and after ( b ) IV 
MR contrast administration demonstrating tissue inversion 
of the liver region following DWFS MR-AC. False 
 tissue assignment is exemplifi ed in another patient ( c – f ) 
where IV MR contrast administration leads to the incorrect 
assignment of “air” to the liver ( c ,  arrow ), while the right 

lung was assigned “air” and “lung” incorrectly ( c ,  arrow-
head ). This leads to photopenic areas in the liver following 
MR-AC ( d ), in contrast to the original tracer distribution in 
no AC-PET ( e ) and PET following CT-AC ( f ) (Images 
courtesy Verena Hartung, MD (University Hospital Essen, 
Germany))       

 

S.H. Keller et al.



39

2.3.7.3       Solutions 
 The administration of an oral contrast agent may 
not be mandatory, or alternative oral agents, such 
as pineapple juice, could be used without biasing 
attenuation maps. Advanced AC algorithms, 
such as the atlas-based approach proposed by 
Hofmann and colleagues [ 39 ], can yield unbiased 
attenuation maps. The effects of IV contrast and 
subsequent reproducibility of MR-based attenua-
tion maps deserve further attention.     

    Conclusion 

 Integrated, whole-body PET/MR has become 
clinically available, but the lack of CT-like 
transmission sources mandates new 
approaches for MR-based attenuation correc-
tion of the PET data in order to migrate the 
well-known, highly accurate quantifi cation of 
metabolic and signaling pathways in PET to 
PET/MR. The currently implemented algo-
rithms for attenuation correction may yield 
artifacts in PET/MR that in some cases are 
similar to distortions of PET/CT images. 

 It is recommended to routinely review 
the non-attenuation-corrected (NAC) and 
attenuation- corrected (AC) PET images 
together with the diagnostic MR images 
and the MR-based attenuation maps in order 
to reveal and interpret any image artifacts 
potentially arising from MR-based attenu-
ation correction. This will help sharpen the 
eye of the observer and aid in the correct 
interpretation of PET/MR images. In addi-
tion, users are advised to consider following 
these points:
•    Ensure appropriate and suffi cient training 

of the expert readers and staff [ 44 ,  45 ].  
•   Perform daily quality control procedures [ 46 ].  
•   Adhere to imaging guidelines; so far no 

imaging guidelines on PET/MR exist, but 
guidelines on PET/CT [ 47 ] can serve as a 
guidance for the adoption of local standards.  

•   Test and adopt, if feasible, new MR 
sequences (for attenuation correction) 
reducing metal artifacts [ 48 ] and/or sup-
porting the derivation of bone tissue [ 15 ].    
 The potential of PET/MR imaging can be 

explored more effectively if the sources of the 

most common artifacts are understood and if 
correction methods can be adopted. In either 
case, an interaction and collaboration of PET/
MR users are required locally and globally to 
advance toward standardized and optimized 
PET/MR imaging.     
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3.1            Prologue 

 In contrast to PET/CT, several aspects  concerning 
workfl ow have to be considered. In the following 
chapter, patient preparations as well as differ-
ences in comparison to PET/CT are discussed 
(i.e. metal implants, gadolinium- containing con-
trast agents). Furthermore, protocol recommen-
dations are given for simultaneous as well as 
sequential MR-PET scanners. New methods for 
motion correction in PET open up in simultane-
ous MR-PET imaging. Finally, this new hybrid 
modality makes great demands on storage media 
and software solutions for image reading which 
will be addressed. 

 The new combination of PET and MRI raises 
several questions concerning workfl ow, data 
acquisition and data management. Especially the 
reading of the acquired images poses problems 
since PET/CT hybrid software developed in the 
last decade has to deal with a variety of new con-
trasts, functional analysis and regional morpho-
logical imaging. Other than in PET/CT imaging, 
the radiologists and nuclear medicine physicians 
are confronted with a number of image series for 
each body region instead of the well-known 
whole-body scan in PET and especially in CT. 
Therefore, data handling and visualisation tools 
need to be developed in order to optimise the 
workfl ow of this new hybrid modality. 

 Apart from reading and evaluation strate-
gies, the conception of suitable MR protocols is 
essential. As the most common MR sequences 
are  two- dimensional, the choice of the slice 
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 orientation plays a role. Unlike in CT with thin 
collimation, the two-dimensional MR image 
quality drops substantially when reformatting 
MR images originally acquired in axial plane. 
Alternatively, three-dimensional sequences can 
be applied, which in turn goes along with longer 
acquisition times. Thus, the choice of sequence 
and slice orientation becomes crucial and 
depends on the preference of the reading physi-
cian and also on the needs of the referring clini-
cian, i.e. high- resolution T2-weighted images of 
the prostate for biopsy or radiation planning. 

 At the moment, two different approaches for 
MR-PET imaging are available: fi rst, the sequen-
tial approach which resembles the image acquisi-
tion of the sequentially performed PET/CT, and, 
second, the simultaneous approach. Here, the 
PET and MR acquisition can be performed simul-
taneously since the PET detector is integrated in 
the MR scanner. Both approaches require differ-
ent workfl ow strategies. 

 Another challenge is the transfer of MR-PET 
from research to clinical routine: due to economi-
cal considerations in health system, an adequate 
throughput of patients is mandatory for adopting 
this new technique. At this point, we are confronted 
with the fact that high-resolution MR imaging and 
functional imaging is time consuming, thus limit-
ing the patient number per day. Moreover, MR 
images are challenging to read due to the higher 
detail information gained by the excellent soft tis-
sue contrast compared to CT. Thus, reading of 
MR-PET images certainly will be more time con-
suming in comparison to PET/CT: even on low-
resolution MR images, we are confronted with a 
variety of anatomical details in several image 
weightings for each body region so that some 
organs (e.g. liver) have to be evaluated several 
times in order to make a conclusive diagnosis. 

 In light of these considerations, the following 
questions arise: How much ‘morphological’ and 
functional MR imaging do we need? At which 
time point do we integrate the MR-PET examina-
tion in the clinical workup of the patient? Which 
patient will profi t from a MR-PET examination 
instead of a PET/CT examination? 

 Another important issue is the attenuation cor-
rection of the PET datasets. Since all commonly 

used MR-based methods for attenuation correc-
tion ignore bone, an additional inaccuracy is 
introduced in the PET quantifi cation, namely, an 
underestimation of SUV. The severity of under-
estimation depends on the body region and the 
attenuation of surrounding tissues. 

 Concerning patient’s safety during the 
MR-PET examination, several issues have to 
be addressed especially concerning metallic 
implants and devices which require special 
expertise and training of the operating 
personal.  

3.2     What Can We Learn from 
the PET/CT Workfl ow? 

 In PET/CT a sequential workfl ow approach 
gained acceptance since it meets several require-
ments: the fast multi-detector CT gives the base 
for attenuation correction and offers a fast and 
robust anatomical imaging. The PET can directly 
be performed afterwards without repositioning 
the patient. Thus, in PET/CT two whole-body 
modalities meet without restraints or mutual 
interference. Modern PET/CT scanners allow for 
whole-body examinations within about 20 min 
depending on the imaging protocols. At the 
moment, two distinct imaging protocols can be 
applied:
•    CT imaging with low dose (30 mAs, 120 kV) 

and low resolution which allows for attenua-
tion correction and anatomical localisation of 
the PET fi ndings.  

•   CT imaging according to ‘CT-alone’ diagnos-
tic protocols, i.e. higher dose, contrast appli-
cation and an additional chest examination 
in inspiration. Depending on the pathology 
examined, oral contrast and a muscle relaxant 
might be applied to improve bowel distension.    
 Accordingly, different imaging protocols 

can be applied for MR-PET imaging. First, a 
very fast imaging protocol is possible with no 
or very limited ‘anatomical’ imaging, and, sec-
ond, a PET acquisition with additional compre-
hensive MR imaging. Further clinically relevant 
aspects concerning MR-PET protocols are 
 discussed below.  

N.F. Schwenzer et al.
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3.3     Patient Preparation 
for MR-PET 

 For MR-PET imaging several workfl ow aspects 
can be adopted from PET/CT. This includes com-
prehensive information about the imaging proce-
dure, especially concerning examination 
duration, positioning within the scanner and 
breathing commands. In contrast to PET/CT, the 
MR component requires additional information 
about the patient before the examination can take 
place. 

 Before the MR-PET examination can be 
scheduled, it is recommended to acquire all rele-
vant information from the referring physician, 
especially regarding metallic implants, pace 
makers, claustrophobia, tinnitus and recent medi-
cal history as well as chronic diseases (particu-
larly diabetes). Furthermore, if gadolinium-based 
contrast media injection is planned, the patient’s 
renal function should be assessed to prevent 
renal-impaired patients from nephrogenic sys-
temic fi brosis (NSF) which is a systemic fi brosis 
of the skin and joints. In severe forms, NSF may 
affect internal organs such as liver and lungs. 
First reported in 2000, NSF was observed mainly 
in patients on dialysis. In 2006 a strong associa-
tion with gadolinium-based contrast medium 
administration was described [ 14 ]. Therefore, 
guidelines for gadolinium-based contrast appli-
cation have been proposed by the European 
Society of Urogenital Radiology (ESUR) 
(‘guidelines on contrast media’ v7.0 2008   www.
ESUR.org    ) and by the American College of 
Radiology (ACR) (‘ manual on contrast media ’ 
v7 ISBN: 978-1-55903-050-2 2010). They rec-
ommend identifying high-risk groups: Patients at 
highest risk are those who have severe chronic 
kidney disease (generally defi ned as patients who 
have eGFRs of <30 ml/min/1.73 m 2 ) or acute kid-
ney injury [ 23 ]. If the administration of contrast 
is mandatory in a high-risk patient, the patient as 
well as the referring physician need to be 
informed about the potential risk. Of course, the 
lowest clinical possible dose of contrast media 
should be administered. As gadolinium-based 
MR contrast agents have different risk profi le for 
NSF, those with the lowest risk for NSF should 

be preferred (see Table  3.1 ). In case of contrast 
administration, a history of previous allergic 
reaction following injection of gadolinium- 
containing contrast agents needs to be obtained. 

 Standard 1.5 and 3 T MR scanners have super-
conducting magnets which means that the static 
magnetic fi eld in the MR-PET suite is always 
active. Therefore, it is mandatory to keep all fer-
romagnetic items in an adequate distance from 
the scanner. The greatest danger in an MRI suite 
is the so-called missile effect which refers to the 
strength of strong magnetic fi elds to attract 
 ferromagnetic objects. These missiles pose a sub-
stantial risk for the patient and the operating per-
sonnel. Furthermore, metallic objects have the 
potential risk of heating by the time-varying 
magnetic fi elds during the MR examination [ 8 ]. 
Therefore, all metallic objects (watches, hearing 
aids, body piercings, jewellery, eyeglasses, metal 
containing clothes, etc.) should be removed. 
Additionally, skin-to-skin contact points should 
be avoided during the examination to prevent the 

   Table 3.1    Groups of contrast agents sorted by incidence 
of NSF cases   

 Group I: Agents associated with the greatest number of 
NSF cases 

 Gadodiamide (Omniscan ® , GE Healthcare) 
 Gadopentetate dimeglumine (Magnevist ® , Bayer 
HealthCare Pharmaceuticals) 
 Gadoversetamide (OptiMARK ® , Covidien) 

 Group II: Agents associated with few, if any, 
unconfounded cases of NSF 

 Gadobenate dimeglumine (MultiHance ® , Bracco 
Diagnostics) 
 Gadoteridol (ProHance ® , Bracco Diagnostics) 
 Gadoteric acid (Dotarem ® , Guerbet)—as of this writing 
not FDA-approved for use in the USA 
 Gadobutrol (Gadavist ®  in the USA, Gadovist ®  in other 
parts of the world—Bayer HealthCare 
Pharmaceuticals) 

 Group III: Agents which have only recently appeared 
on the market 

 Gadofosveset (Ablavar ® , Lantheus Medical Imaging) a  
 Gadoxetic acid (Eovist ®  in the USA, Primovist ®  in 
other parts of the world—Bayer HealthCare 
Pharmaceuticals) a  
  Adapted after the ACR manual on contrast media 2010 
  a Limited data for these agents, to date unconfounded cases 
of NSF  
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formation of ‘closed loops’ inside the patient’s 
body since body tissue is conductive. Only MR 
safe monitoring devices should be used within 
the MR-PET suite. All other conductive materi-
als the patient may come with should be removed 
(ECG, EEG leads, cables, wires, etc.). Cables or 
wires which have to remain within the scanner 
must not form conductive loops. Before the 
examination, all removable metallic items should 
be left outside entering the MR-PET suite. Some 
tattoos and permanent cosmetics (i.e. permanent 
eyeliner) containing certain types of iron pig-
ments can cause artefacts in the MR image. 
Furthermore, there are rare reports about tattoos 
causing burning sensations and skin burns, espe-
cially concerning decorative tattoos. Therefore, 
patients with tattoos need to be informed prior to 
the examination about the (rare) risk of heating 
and should be monitored carefully during the 
examination. 

 Regarding metallic implants, pacemakers and 
other devices, most manufacturers offer MR 
safety information. In urgent cases it might be 
mandatory to contact the manufacturer if a device 
or implant is MR safe, especially at 3 T. Ratings 
concerning MR compatibility can also be found in 
 Reference Manual for Magnetic Resonance 
Safety, Implants, and Devices  by Frank G. 
Shellock or on the website   www.mrisafety.com    . A 
comprehensive overview about MRI safety issues 
can also be found in Shellock and Crues [ 28 ].

3.4        Standard Tracer 18F-FDG 

 In oncological imaging, the standard tracer is 
18F-FDG. Therefore, like in PET/CT, patient 
should fast for about 6 h prior to the examination. 
Plain water and unsweetened tea is allowed 
before the examination. Diabetic patients need 
additional monitoring: shortly before examina-
tion blood glucose level should be obtained. For 
the time of the examination, the blood glucose 
level should be ≤150 mg/dl [ 5 ]. Blood glucose 
levels above may lead to poor FDG-PET quality. 
In patients with markedly increased glucose lev-
els, the examination might be rescheduled after 
consultation of a diabetes specialist. Diabetic 

patients should not take their diabetes medication 
near the FDG injection since insulin might cause 
increased FDG uptake in muscle whereas some 
oral diabetes medication such as metformin can 
lead to high bowel uptake of FDG [ 13 ]. 

 For FDG injection the patient should be com-
fortably positioned. Before tracer injection the 
intravenous access should be fl ushed with saline 
to prevent paravasation of the PET tracer. A 
saline fl ush after FDG injection is useful to 
reduce venous retention of FDG which might 
create artefacts in the PET images. After FDG 
injection, walking should be avoided to prevent 
FDG uptake in the musculature. The documenta-
tion of patient’s weight, injected dose, the resid-
ual dose as well as the exact uptake time is critical 
for a proper image decay correction and SUV 
uptake calculation [ 2 ]. 

 What has to be kept in mind is that patient 
positioning might take longer in MR-PET than in 
PET/CT because of the placement of several 
local MR receive coils. Thus, technical assistants 
might be exposed to a higher radiation dose from 
the patient. Regarding the radiation safety, most 
dosimeters and many radiation shielding equip-
ments are not usable in the scanner room because 
of the attraction to or interference with the mag-
netic fi eld. Thus, special shielding equipment 
might be needed, staff has to be monitored by 
fi lm dosimeters and contaminations can only be 
detected by wipe tests so far.  

3.5     MR-PET Image Acquisition 
and Imaging Protocols 

3.5.1     Whole-Body Examination 

 Principally, there are two different approaches to 
perform a MR-PET examination:
    1.    A very fast approach comprising the acquisi-

tion of the sequence for attenuation correction 
and the PET acquisition. Thus, a whole-body 
examination is possible within 15–20 min 
assuming 2–4 min PET acquisition per bed in 
simultaneous systems [ 11 ]. In sequential sys-
tems the time for the attenuation correction 
has to be added as well as the time for moving 
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the patient from one part of the scanner to the 
other.   

   2.    In the second approach additional comprehen-
sive MR imaging is performed. Especially for 
children, a whole-body examination with 
high-resolution imaging could be mandatory, 
since the MR might also be used for surgery 
planning, e.g. in sarcoma patients. Up to now, 
there are no standard protocols concerning the 
choice of sequences. Furthermore, the choice 
of MR sequences also depends on the scanner 
architecture (simultaneous versus sequential) 
since part of the MR imaging can be done dur-
ing the PET acquisition at the simultaneous 
scanner systems.     
 For the simultaneous approach it depends on 

the duration of the PET acquisition per bed and 
what kind of MR imaging can be done during 
PET measurement. Assuming 4–6 min per bed, it 
is possible to perform T2-weighted STIR (short 
time inversion recovery) or single shot sequences 
of the whole body (i.e. HASTE; half Fourier 
acquisition single shot turbo spin echo). 
Additional sequences covering a certain region 
(i.e. T2-weighted imaging of the liver) should be 
done afterwards or before during the tracer 
uptake since the position of the MR fi eld of view 
is restricted by the PET bed which might be dif-
ferent from reasonable anatomical landmarks in 
MR. Certainly, it is also possible to do additional 

whole-body MR imaging (e.g. after contrast 
injection) depending on clinical demands because 
it might not be possible to perform all whole- 
body MR sequences during the PET acquisition. 
A possible whole-body MR-PET protocol for 
simultaneous MR-PET is given in Table  3.2 . 

 In sequential systems, the time of PET and 
MRI adds up. Therefore, the MR sequences 
should be chosen with care to prevent long exam-
ination times. It has to be considered that a com-
prehensive whole-body MR examination easily 
takes about 1.5 h. Until now, it is a matter of 
research which MR sequences can be skipped in 
combining MR and PET. Probably, region- 
dependent protocols have to be set up as it was 
supposed by Eiber et al. [ 12 ] who suggested an 
examination protocol for staging of head-and- 
neck cancer. However, an approach similar to 
simultaneous MR-PET is thinkable for sequential 
MR-PET systems: assuming about 8 min for 
attenuation correction, 25 min for PET acquisi-
tion and about 35 min for basic diagnostic MR 
imaging, the examination time sums up to about 
70 min. In comparison to the simultaneous 
approach, all sequences for MR imaging have to 
be performed before or after the PET acquisition. 
A scheme illustrating the image acquisition in 
simultaneous and sequential MR-PET is given in 
Figs.  3.1  and  3.2 . The user interface of a simulta-
neous MR-PET scanner is shown in Fig.  3.3 .

   Table 3.2    Simultaneous MR-PET protocol for whole-body imaging   

 Body region 

 Basic examination  ‘MR-only’ 

 Simultaneous with PET  Native  Pre and post contrast (optional) 

 Head  AC  STIR cor  FLAIR ax  T1 ax  T1 ax fs post 
contrast 

 Neck  AC  STIR cor  STIR ax  T1 fs ax  T1 ax fs post 
contrast 

 Thorax  AC  STIR cor  T1 VIBE/STIR ax  T1 ax (VIBE) fs 
after contrast 

 Abdomen  AC  STIR cor  T2 ax  Dynamic liver 
imaging (VIBE) 

 Pelvis  AC  STIR cor  T2 ax  T1 fs ax  T1 ax fs post 
contrast 

 Acquisition time a   ~25 min  ~20–30 min  ~25 min 

   a acquisition time strongly depends on the patient’s weight and height. Additional bed positions might be mandatory 
depending on height and pathology infl uencing the acquisition time in MR 
  AC  attenuation correction,  STIR  short time inversion recovery,  cor  coronal,  FLAIR  fl uid attenuated inversion recovery, 
 ax  axial,  fs  fat-saturated,  VIBE  volumetric interpolated breath-hold examination  
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    Concerning the whole-body demands of onco-
logical staging, the limited abilities of MR in 
lung staging might be critical. On the other hand, 
in standard PET/CT examinations performed 

with low-dose CT in expiration, small lung nod-
ules might also be masked, especially in the basal 
lung. Another problem is calcifi ed nodules which 
present with low signal in MRI. Therefore, an 

  Fig. 3.2    Scheme illustrating the image acquisition in 
sequential MR-PET: First, MR imaging for attenuation 
correction ( AC ). Second, the PET acquisition is  performed. 

Third, additional MR imaging can be performed (in this 
example, a whole-body MR examination)       

  Fig. 3.1    Scheme illustrating the image acquisition in 
simultaneous MR-PET: fi rst, a simultaneous MR-PET 
acquisition (including the attenuation correction) is 
 performed ( middle ). Afterwards, either a regional 

 examination ( right ) or an additional whole-body exami-
nation ( left ) can be performed comprising MR sequences 
which could not be performed during PET acquisition due 
to time constraints       
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additional CT of the lung might be necessary 
depending on the clinical demands.

   In every MR-PET protocol sequences for 
attenuation, correction has to be incorporated. 
For whole-body examinations, all vendors offer a 
segmentation-based approach dividing the body 
in 3 to 4 tissue classes [ 24 ,  27 ]. Here, the ques-
tion arises, if these sequences should be of low 
resolution but as fast as possible or if they should 
also be of diagnostic value. All these MR-based 
methods do not provide information about the 
osseous structures, since in conventional MR 
sequences, cortical bone offers only low signal 
intensity which makes it diffi cult to separate bone 
from air. Furthermore, there is no correlation of 
MR signal intensity and tissue density as it is 

known from CT. Since bone is ignored SUV in 
PET are underestimated to a certain degree with 
the greatest underestimation within the bone and 
in the head. Therefore, several groups try to over-
come this limitations, for example, by using 
ultrashort echo time (UTE) sequences to visual-
ise cortical bone [ 32 ] or atlas registration meth-
ods to predict attenuation maps from the MR 
images [ 16 ]. However, UTE imaging for whole- 
body examination is rather time demanding, and 
atlas-based methods suffer from the high ana-
tomical inter-patient variation. Hoffmann et al. 
proposed a combined pattern recognition and 
atlas registration method [ 15 ] to overcome these 
problems but this method is computational 
demanding and still under investigation. The 

  Fig. 3.3    User interface of the Biograph mMR (Siemens 
Healthcare) allowing for a simultaneous MR-PET exami-
nation. In the  upper row , the MR fi eld of view ( white 
frame ) as well as the PET fi eld of view ( green frame ) are 

indicated. In this patient, four beds are planned. The acti-
vated bed is indicated by a change in colour ( blue frame ). 
The  lower row  shows the protocol window for the PET 
and MR parameters       
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  Fig. 3.4    Different types of MR-based attenuation maps 
for PET attenuation correction.  Left : Attenuation map 
from MR-based segmentation. Different attenuation val-
ues are assigned to fat, soft tissue and lung; bone is 

ignored.  Middle : Attenuation map based on atlas and pat-
tern recognition. The image shows a more CT-like appear-
ance with visible bone structures. Bone structures are 
visible here.  Right : CT image of the same patient       

problem of PET attenuation correction also leads 
to a reduced number of available MR coils and 
positioning aids for simultaneous systems, since 
these have to be optimised for minimum PET 
attenuation and/or corrected during image recon-
struction [ 21 ,  22 ,  29 ]. An example of MR-based 
attenuation maps is given in Fig.  3.4 .

3.5.2         MR-PET Examination 
of the Head 

 For examinations of the brain, more time can be 
invested for the PET acquisition since the head 
can be covered with one bed position. In this set-
ting, the simultaneous PET and MR acquisition 
offers the possibility to perform a dynamic PET 
measurement during MR scanning. This approach 
is time effective and offers new possibilities for 
neurological research. However, especially for 
brain imaging and quantifi cation sophisticated 
attenuation correction methods for PET are man-

datory. Until now, all vendors offer segmentation- 
based methods for attenuation correction derived 
from MR images neglecting bony structures. 
Unfortunately, ignoring the bone leads to a dis-
tinct underestimation of PET SUVs severely lim-
iting the PET quantifi cation in MR-PET imaging. 
However, in case of brain imaging UTE measure-
ments of cortical bone is feasible because only 
one bed position is usually acquired. For whole- 
body imaging UTE is not implemented so far. 
Furthermore, atlas methods can be used because 
of a reduced  inter-patient variability in the head 
region.   

3.6     Motion Correction for PET 

 There are several studies which underline the 
importance of motion correction in PET. It is 
known that especially respiratory motion can have 
a signifi cant impact on static oncological PET/CT 
imaging of the thorax or upper abdomen where 
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SUV measurements are important for therapy 
response monitoring. Regarding the acquisition 
times of several minutes in PET, breath-hold acqui-
sitions are impractical. Additionally,  misalignments 
between the free-breathing PET and breath-hold 
CT acquisition can occur leading to diffi cult 
lesion identifi cations and incorrect PET attenua-
tion correction maps. Different methods have been 
developed to manage respiratory motion in PET/
CT, i.e. respiratory gating, use of external devices, 
examinations under breath-hold or several post-
processing methods [ 1 ,  3 ,  6 ,  7 ,  9 ,  18 – 20 ,  25 ,  26 ]. 
The simplest approach is gating of PET data and 
using only data from a dedicated respiratory posi-
tion for image reconstruction. However, this leads 
to a reduced number of counts and thus a decreased 
SNR in the resulting PET image. If all counts 
should be maintained, a description of the respira-
tion-induced anatomical deformations is required 
and has to be applied after or during PET image 
reconstruction. These motion descriptions can be 
derived from PET data itself, however, the used 
radiotracer has to show enough background activ-
ity. Determination of motion from 4D CT scans is 
also possible but at the cost of increased ionisation 
radiation. Furthermore, the respiratory motion can 
change between CT and PET scan. Simultaneous 
MR-PET scanners offer the possibility to correct 
for motion using the MR data [ 4 ,  10 ,  17 ,  30 ,  31 ]. 
Most approaches try to avoid additional devices, 
i.e. using the 2D navigator from MRI which has to 
be adapted accordingly. However, if the MR scan-
ner is used for motion detection for a substantial 
time, it is meanwhile blocked to other diagnostic 
imaging. Data from larger patient studies are miss-
ing on this evolving fi eld and discussion is still 
going on about how much accuracy is needed for 
different clinical questions and how much MR scan 
time is bearable for motion measurements.  

3.7     Software Requirements 

 In contrast to PET/CT, the amount of image data 
strongly depends on the chosen examination pro-
tocol. Additional MR images mostly cover one 
region only, i.e. the neck or the liver. The same 
holds true for additional functional imaging such 
as dynamic contrast-enhanced imaging of a region 

of interest. Therefore, fusion software has to be 
adapted for MR-PET reading since time- effi cient 
navigation through this huge amount of data is 
important for the acceptance of this method in 
clinical settings. Furthermore,  quantifi cation of 
standardised parameters should be provided in 
PET and MRI. This includes region of interest or 
volume-of-interest SUV measurements as well as 
signal intensity and size measurements in MRI as 
basic demands. Additional functional MR analy-
sis needs to be integrated in a reasonable manner. 
Preferably, it should be possible to arrange and 
superpose the MR sequences and PET by drag 
and drop. Since most fusion software solutions 
are adopted from PET/CT, none of the existing 
software is ideally suited to solve these problems 
in MR-PET up to now.  

    Conclusion 

 Overall, a lot of questions remain regarding 
MR-PET workfl ow. In the next years the amount 
of anatomical and functional imaging especially 
needed from the MR part has to be investigated. 
This is a crucial question since this does not only 
affect the measurement time but also the time 
needed for clinical reading of the data and thus 
the overall throughput of the systems. Also, pro-
spective clinical studies have to address the 
question of potential patient collectives that ben-
efi t from this modality. The staff must be able to 
deal with both MR and nuclear medical applica-
tions and have to be familiar with radiation as 
well as MR safety aspects. Several problems 
have to be addressed regarding optimisation of 
MR-based attenuation and motion correction. 
Simultaneous acquisition of dynamic PET and 
functional MRI scans like perfusion measure-
ments have the potential to give important 
insights into biochemical and metabolic pro-
cesses but also generate a challenging demand 
on MR-PET workfl ow aspects.     
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    Abstract  

  Breast cancer is a common cancer entity in 
Western countries and represents a major pub-
lic health problem. A specifi c therapy and, 
therefore, chance for and duration of survival 
is strongly dependent on the cancer stage, for 
which reason an accurate staging is indis-
pensable. This chapter describes the use and 
limitations of whole-body MR-PET imaging 
for staging the primary tumor, locoregional 
lymph nodes, as well as distant metastases. 
A dedicated whole-body MR-PET protocol 
is introduced, considering specifi c demands 
of breast cancer patients, including MR-PET 
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 mammography. Moreover, aspects of MR 
imaging and functional FDG-PET are dis-
cussed with regard to restaging and treatment 
monitoring.  

4.1        Introduction/Epidemiology 

    Breast cancer is a common cancer entity in 
Western countries and represents a major public 
health problem. In women it is the most frequent 
cancer entity and the second leading cause of 
cancer-related deaths [ 28 ]. The risk of a woman 
to develop breast cancer until the 74th year of life 
is about 8 %. In Europe breast cancer is diag-
nosed in more than 370,000    women each year 
accounting for about 30 % of all newly diagnosed 
cancer diseases in women. Approximately 
130,000 women between 35 and 55 years die 
from breast cancer in Europe annually. These 
data emphasize that breast cancer represents a 
cancer entity that involves not only the elderly 
but also a high number of younger patients. The 
morbidity as well as survival of breast cancer 
patients is inversely correlated with the extension 
of the disease (size of the primary tumor, pres-
ence of metastatic lesions) [ 42 ]. For an overview 
of the TNM staging system, see Table  4.1 . 
Axillary lymph node metastases have an effect 
on the prognosis of a breast cancer patient. The 
10-year survival rate in patients with axillary 
lymph node metastases depends on the number 
of involved nodes and ranges from 30 % (>10 
nodes) to 70 % (1–3 nodes) compared to 90 % in 
those patients without lymph node involvement. 
This chapter addresses the indication of MR-PET 
for staging, restaging, and treatment monitoring 
of breast cancer patients.

4.2       Initial Staging 

4.2.1    Diagnostic Procedures 
for Initial Staging 

 Breast cancer patients are currently investigated 
using a multimodality, multistep imaging algo-
rithm that includes X-ray mammography, breast 

   Table 4.1    TNM stage and anatomic stage/prognostic 
groups according to the American Joint Committee on 
Cancer (AJCC) Staging Manual, 7th edition   

  Primary tumor (T)  
 TX  Primary tumor cannot be assessed 
 T0  No evidence of primary tumor 
 Tis  Carcinoma in situ 
 Tis (DCIS)  Ductal carcinoma in situ 
 Tis (LCIS)  Lobular carcinoma in situ 
 Tis (Paget’s)  Paget’s disease of the nipple not 

associated with invasive carcinoma 
and/or carcinoma in situ in the 
underlying breast parenchyma 

 T1  ≤20 mm in greatest dimension 
 T1mi  ≤1 mm in greatest dimension 
 T1a  >1 mm but ≤5 mm in greatest 

dimension 
 T1b  >5 mm but ≤10 mm in greatest 

dimension 
 T1c  >10 mm but ≤20 mm in greatest 

dimension 
 T2  >20 mm but ≤50 mm in greatest 

dimension 
 T3  >50 mm in greatest dimension 
 T4  Any size with direct extension to the 

chest wall and/or to the skin 
(ulceration or skin nodules) 

 T4a  Extension to the chest wall, not 
including only pectoralis muscle 
adherence/invasion 

 T4b  Ulceration and/or ipsilateral satellite 
nodules and/or edema (including péau 
d’órange) of the skin, which do not 
meet criteria for infl ammatory 
carcinoma 

 T4c  Both T4a and T4b 
 T4d  Infl ammatory carcinoma 
  Regional lymph nodes (N), clinical  
 NX  Regional lymph nodes cannot be 

assessed 
 N0  No regional lymph node metastases 
 N1  Metastases to moveable ipsilateral 

level I, II axillary lymph node(s) 
 N2  Metastases in ipsilateral level I, II 

axillary lymph nodes that are 
clinically fi xed or matted, or in 
clinically detected (e.g., by imaging 
studies) ipsilateral internal mammary 
nodes in the absence of clinically 
evident axillary lymph node 
metastases 

 N2a  Metastases in ipsilateral level I, II 
axillary lymph nodes fi xed to one 
another (matted) or to other structures 

C. Buchbender et al.



55

 N2b  Metastases only in clinically detected 
(e.g., by imaging studies) ipsilateral 
internal mammary lymph nodes and 
in the absence of clinically evident 
level I, II axillary lymph node 
metastases 

 N3  Metastases in ipsilateral 
infraclavicular (level III axillary) 
lymph node(s) with or without level I, 
II axillary lymph node involvement, 
or in clinically (e.g., by imaging) 
detected ipsilateral internal mammary 
lymph node(s) with clinically evident 
level I, II axillary lymph node 
metastases, or metastases in 
ipsilateral supraclavicular lymph 
node(s) with or without axillary or 
internal mammary lymph node 
involvement 

 N3a  Metastases in ipsilateral 
infraclavicular lymph node(s) 

 N3b  Metastases in ipsilateral internal 
mammary lymph node(s) and axillary 
lymph node(s) 

 N3c  Metastases in ipsilateral 
supraclavicular lymph node(s) 

 Distant metastases (M) 
 M0  No clinical or radiographic evidence 

of distant metastases 
 cM0(I+)  No clinical or radiographic evidence 

of distant metastases, but deposits of 
molecularly or microscopically 
detected tumor cells in circulating 
blood, bone marrow, or other 
nonregional nodal tissue that are no 
larger than 0.2 mm in a patient 
without symptoms or signs of 
metastases 

 M1  Distant detectable metastases as 
determined by classic clinical and 
radiographic means and/or 
histologically proven larger than 
0.2 mm 

  Anatomic stage/prognostic groups  
 Stage  T  N  M 
 0  Tis  N0  M0 
 IA  T1  N0  M0 
 IB  T0  N1mi  M0 

 T1  N1mi  M0 
 IIA  T0  N1  M0 

 T1  M1  M0 
 T2  N0  M0 

 IIB  T2  N1  M0 
 T3  N0  M0 

 IIIA  T0  N2  M0 
 T1  N2  M0 
 T2  N2  M0 
 T3  N1  M0 
 T3  N2  M0 

 IIIB  T4  N0  M0 
 T4  N1  M0 
 T4  N2  M0 

 IIIC  Any T  N3  M0 
 IV  Any T  Any N  M1 

Table 4.1 (continued)

ultrasound, chest X-ray, ultrasound of the liver, 
bone scintigraphy, as well as invasive staging 
procedures in most European countries [ 30 ]. 
These invasive procedures include breast lesion 
biopsies, sentinel lymph node biopsy (SLNB), 
and axillary lymph node dissection (ALND). 
Cross-sectional imaging procedures such as 
computed tomography (CT), magnetic reso-
nance imaging (MRI), positron emission tomog-
raphy (PET), positron emission tomography/
computed tomography (PET/CT), or magnetic 
resonance imaging/positron emission tomogra-
phy (MR-PET) may be added to or replace some 
procedures of the established algorithm. 
Imaging guidelines differ from country to coun-
try and in- between different societies.  

4.2.2    Evaluation of the Primary 
Tumor 

4.2.2.1    X-Ray Mammography 
 X-ray mammography represents the basic inves-
tigation of the breasts and may be applied for 
screening purposes or clinical indication in the 
case of a symptomatic patient. As in many other 
cancer entities, the detection of early-stage dis-
ease or tumor precursors is highly desirable. For 
these purposes, X-ray mammography is used 
routinely. In contrast to other imaging tech-
niques, it is able to detect microcalcifi cations 
that are associated with ductal in situ carcino-
mas. X-ray mammography as a screening tool 
may reduce the relative morbidity caused by 
breast cancer in 15 % of patients between 39 

Table 4.1 (continued)
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and 49 years [ 48 ]. European guidelines regard-
ing quality assurance in mammography screen-
ing have been published in 2008 standardizing 
different performance indicators. At least 25 % 
of all detected invasive breast cancer lesions 
should measure less than 10 mm, and ductal in 
situ carcinomas should represent at least 10 % 
of all detected malignancies [ 52 ]. The sensitiv-
ity for the detection of breast cancer lesions 
strongly depends on the density of the breast tis-
sue and ranges between 80 % in fatty breast and 
30 % in very dense glandular tissue [ 39 ].  

4.2.2.2    Ultrasound 
 Ultrasound using high-frequency transducers 
also represents a basic investigation for the eval-
uation of the breast [ 54 ]. Especially for the inves-
tigation of younger patients with a high proportion 
of dense glandular tissue, it may be favorable. 
Ultrasound has a relatively high sensitivity for 
the detection of invasive disease; for the detec-
tion of ductal in situ carcinoma, however, its sen-
sitivity has been reported to be only 50 %. Breast 
ultrasound represents the imaging modality of 
choice for unclear clinical fi ndings in young 
women during pregnancy and lactation. 
Especially for the identifi cation of cysts within 
breast tissue, ultrasound has been proven a useful 
modality.  

4.2.2.3     Magnetic Resonance 
Mammography (MR 
Mammography) 

 MR mammography is a very sensitive imaging 
method for the detection of primary lesions by 
using morphological and functional parameters 
[ 34 ,  35 ]. In the beginning, breast MRI suffered 
from limited specifi city and positive predic-
tive value for detection of invasive breast car-
cinomas but has reached a high specifi c level 
for the characterization of breast malignancies 
since then, offering a powerful diagnostic tool 
for breast imaging. The grade of specifi city 
strongly depends on the readers’ expertise and 
the use of adequate techniques [ 34 ,  35 ]. This 
holds true not only for initial lesion detection but 
also for the clarifi cation of equivocal fi ndings 
within other imaging methods, for the detection 

of  synchronous carcinoma in the contralateral 
breast, as well as for the correct characterization 
of the architecture of a breast cancer lesion (soli-
tary vs. multifocal vs. multicentric lesion). MR 
mammography performed in addition to X-ray 
mammography is able to further enhance the sen-
sitivity for the detection of invasive breast cancer 
lesions as well as for the characterization of the 
extent of ductal carcinomas in situ. In 2008 the 
European Society of Breast Imaging (EUSOBI) 
delivered practical guidelines to ensure reliable 
breast imaging by MRI [ 40 ]. These guidelines 
defi ned indications and performance instructions 
for breast MRI. The most important indications 
were problem solving in case of inconclusive 
fi ndings on conventional imaging, screening 
of the contralateral breast in women with his-
tological evidence of unilateral breast cancer, 
evaluation of the breasts in case of metastases 
of an unknown primary carcinoma, evaluation 
of therapeutic response in patients treated with 
neoadjuvant chemotherapy, exclusion of local 
recurrence after breast-conserving surgery, and 
screening of women with a lifetime risk of 20 % 
or more to develop breast cancer (e.g., mutation 
carriers). Important performance instructions 
given by the EUSOBI are the following: A dedi-
cated bilateral breast coil is mandatory for MR 
mammography; the spatial and temporal resolu-
tion must be suffi cient; a T1-weighted sequence 
should be acquired at a minimum of three time 
points (one prior and two after contrast agent 
administration); reporting should be performed 
by a radiologist with experience in breast MRI, 
using the American College of Radiology (ACR) 
BI-RADS MRI lexicon; and MRI-guided breast 
biopsy should be available [ 40 ].  

4.2.2.4     FDG-PET Mammography and 
FDG-PET/CT Mammography 

 [18F]-fl uoro-deoxyglucose (FDG)-PET/CT is 
able to depict the primary tumor, although it is 
hampered by some substantial limitations: In 
one of the fi rst key publications, Avril and col-
leagues demonstrated that many smaller tumors 
could not be imaged reliably by FDG-PET; pT1 
tumors were detected with a sensitivity of only 
68.2 %, whereas the sensitivity reached a level 
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of more than 90 % in pT2 tumors [ 4 ]. Partial 
volume effects as well as a varying metabolic 
activity due to histopathological tumor type 
were the most important factors for this limited 
sensitivity [ 4 ,  20 ]. In another study on 40 
women using FDG- PET/CT, the detection rate 
of the untreated primary lesion was higher with 
a detection rate of 95 % of all breast lesions 
[ 27 ]. This difference most likely was a result of 
the different study populations investigated; 
also in this study, the detection rate of pT1b and 
pT1c cancer lesions was low with 50 and 72 %, 
respectively. This was the case even though 
image acquisition had been optimized to the 
clinical question by applying IV contrast agents 
with the breast positioned in a special position-
ing aid [ 23 ,  27 ]. Based on the high diagnostic 
accuracy and soft tissue resolution provided by 
MR mammography, FDG-PET/CT today cannot 
be recommended as the imaging modality of 
choice for imaging the primary lesion. In cases 
when the breast is imaged in an FDG-PET/CT 
scan, the investigation protocol may be opti-
mized by positioning the patient prone ensuring 
pendant breast positioning leading to a better 
breast quadrant expansion, a better expansion of 
the axillary fossa and a separation of the tumor 
from the thoracic wall [ 23 ].  

4.2.2.5    MR-PET Mammography 
 Currently, there is no suffi cient data from larger 
series available regarding the performance of com-
bined MR-PET in imaging primary breast cancer 
lesions and determining the local tumor extent. 
In recent years, several publications, however, 
have been published that deal with the perfor-
mance of software-based, rigidly or dynamically 
fused FDG-PET datasets acquired prone and MR 
mammography datasets [ 24 ,  43 – 45 ]. Adding the 
functional FDG-PET information to morphol-
ogy seems to enhance the specifi city and PPV of 
MR mammography for the detection of malig-
nant breast lesions; Moy and colleagues reported 
an increase in the specifi city from 53 to 97 % by 
combining MR mammography with FDG-PET 
to PET/MR mammography. The PPV rose from 
77 to 98 % after image fusion in the same study 
[ 43 ]. In opposite to these results, our own group 

did not fi nd any statistically signifi cant additional 
value of fusing FDG-PET with MR mammogra-
phy [ 21 ]. Generally, all currently available data 
are based on small patient populations, inhomo-
geneities regarding the histopathological suben-
tities, as well as limitations regarding the fusion 
techniques. Integrated PET/MR systems improve 
fusion accuracy but are subject to the same limi-
tation when it comes to low PET sensitivity for 
detection of small breast lesions with FDG. To 
optimize the MR-PET protocol, it should contain 
a dedicated breast MR mammography as part of 
the whole-body MR-PET scan in the future. The 
design of such a protocol should enclose the rec-
ommendations of the EUSOBI guidelines. The 
protocol in use at our institution including whole- 
body FDG-MR-PET with integrated FDG-MR- 
PET mammography is shown in Fig.  4.1 . For 
MR-PET specifi c reading recommendations have 
to be developed to classify lesions. These are not 
available yet. Considering false-negative fi ndings 
with FDG-PET in small lesions and false positives 
with FDG-PET in lesions such as fi broadenomas 
or mastopathy development of these criteria seems 
of utmost importance [ 29 ,  66 ] (Fig.  4.2 ). An opti-
mized MR protocol and a radiologist specialized 
in breast imaging must be considered indispens-
able for MR-PET reading to ensure correct image 
interpretation. Our initial experience with com-
bined FDG-MR-PET for the evaluation of the 
primary tumor gives the impression that adding 
FDG-PET information to MR mammography 
does add relevant information to MR regarding 
the local tumor extent. The combination of FDG-
PET and MR mammography can improve the 
discrimination of invasive and noninvasive breast 
cancer lesions using dual-time-point measure-
ments: Zytoon et al. reported an increase of the 
SUVmax in invasive but not in noninvasive breast 
tumors between a baseline measurement and a 
follow-up after 16 ± 10 days; the change of the 
SUVmax may also improve the detection of small 
tumors, especially in dense breasts [ 68 ]. However, 
lesion detection will primarily rely on MR infor-
mation rather than PET. In addition, we learned 
from FDG-PET studies that the amount of FDG 
uptake is a relevant prognostic factor with higher 
SUV values  indicating a poorer prognosis [ 61 ]. 
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Prone position
Dedicated breast MRI coil

Field-of-view:
Breasts and axillae

(a) MR sequence for PET attenuation
correction (e.g. DIXON)

(b) STIR, axial

(c) T2 TSE, axial

(d) DWI (b0,500,1,500), axial

(e) T1 DCE, axial (6 measurements every 2
min.)

Simultaneous PET acquisition (20 min,
Listmode)

Supine position
Body and surface coils

Step 1:
FDG-MR-PET of the breast

Whole-body MR-PET protocol for breast cancer staging

Step 2:
Whole-body FDG-MR-PET

Field-of-view:
Head to thighs

(a) MR sequence for PET attenuation
correction (e.g. DIXON)

(b) T1 FLASH, contrast enhanced + fs, axial

(c) STIR, sagittal

(d) FLAIR, axial (brain)

(e) T2 HASTE, axial (thorax)

Simultaneous PET acquisition (8 min/bed
position, Listmode)

  Fig. 4.1    Whole-body FDG-MR-PET investigation protocol with integrated FDG-MR-PET mammography       

  Fig. 4.2    A 49-year-old female with two contrast 
medium-avid tumors ( arrows ) (one in each breast) on MR 
( a ,  b ,  e ). Both tumors were faintly FDG avid on PET ( c ,  f ) 
and fused FDG-MR-PET ( d ,  g ). Lesion within the left 
breast: SUVmax 1.6; lesion within the right breast: 
SUVmax 1.3. Only by a dedicated MR mammography 
reading taking dynamic contrast behavior into account the 

left lesion ( b ,  c ,  d ) was suspicious for a malignant carci-
noma, whereas the lesion in the right breast was rated as 
possibly benign ( e ,  f ,  g ). Histopathology after breast-con-
serving resection revealed a highly differentiated tubular 
breast carcinoma (pT1c G1) in the left breast and a fi bro-
adenoma in the right breast       

a b
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This  information can be added to other predictors 
of a poor prognosis like tumor relapse, higher-
grade tumors, and hormone receptor negativity 
[ 63 ]. FDG-MR-PET mammography thus not only 
might determine the local tumor extent but by 
SUVmax measurements also may help to predict 
the prognoses of patients. It has to be emphasized 
that – based on the lack of studies on the subject 
– the information given in this chapter represents 
the author’s own experience that has been derived 
from a limited number of patients examined with 
MR-PET.

4.3          Evaluation of Locoregional 
Lymph Nodes 

4.3.1    Ultrasound 

 Ultrasound represents a cost-effective noninvasive 
imaging method with a widespread use. In addition 
to the clinical examination, it is the standard proce-
dure for the noninvasive axillary investigation. As 
on every ultrasound examination, its accuracy is 
strongly investigator dependent. Depending on the 
investigator’s experience as well as on the criteria 

Fig. 4.2 (continued)
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defi ning a lymph node as metastatic, a sensitivity 
of up to 87 % and a specifi city of up to 97 % have 
been reported [ 1 ]. However, small foci of disease 
may escape  detection, even with contrast-enhanced 
ultrasound techniques [ 55 ]. Extra-axillary, locore-
gional infraclavicular lymph node metastases may 
be imaged by ultrasound but are not routinely cov-
ered. The detection of internal mammary lymph 
nodes is not possible reliably by ultrasound, if the 
nodes are not extensively enlarged.  

4.3.2    Invasive Staging Procedures: 
Sentinel Lymph Node Biopsy/
Axillary Lymph Node 
Dissection 

 Invasive axillary staging is the most accurate staging 
modality and cannot be replaced by noninvasive 
imaging methods. The standard procedure to assess 
the axillary lymph node status has been ALND for a 
long time. This procedure is associated with the risk 
of morbidity such as lymphedema, arm pain, nerve 
injuries, hematoma, limitations of shoulder move-
ment, and wound infections. A relevant amount of 
patients can be staged minimally invasively by 
SLNB. SLNB clearly represents a less invasive pro-
cedure compared with ALND.    However, it cannot be 
used in patients with larger tumors, with multifocal or 
multicentric tumors, with infl ammatory breast can-
cer, and with large ductal carcinoma in situ, after axil-
lary surgery and after breast reconstruction surgery, 
or in patients with questionable lymph node status on 
ultrasound. The reason is a negative predictive value 
below 95 % in those patients for SLNB which is not 
accepted in most centers. Thus, in those patients, rou-
tinely an ALND with the risk of surgery-associated 
side effects is applied. The addition of a presurgical 
test such as FDG-PET/CT might triage those patients 
from unnecessary ALND to SLNB (see below).  

4.3.3    PET/CT 

 The reported sensitivity, specifi city, positive pre-
dictive value (PPV), negative predictive value 
(NPV), and accuracy of FDG-PET/CT for  axillary 
lymph node detection are 58, 92, 82, 77, and 79 % 

[ 25 ]; for FDG-PEt alone, data are similar to these 
results [ 64 ]. Also when considering only patients 
with locally advanced breast cancer, FDG-PET/
CT underestimates the amount of locoregional 
lymph nodes [ 19 ]. These data  illustrate that FDG-
PET/CT is not able to replace invasive staging 
procedures such as SLNB or ALND. FDG-PET/
CT is, as opposed to invasive procedures, not able 
to detect micrometastatic disease suffi ciently. In 
addition, the FDG uptake of low-grade carcino-
mas, lobular carcinomas, as well as other histo-
pathological subentities may not be as high as the 
uptake of invasive ductal carcinomas with false-
negative fi ndings [ 4 ,  11 ]. PET/CT may be used to 
avoid unnecessary ALND in a specifi c subpopu-
lation of breast cancer patients and to triage those 
patients to an SLNB if the pre-procedural FDG-
PET/CT remains unremarkable for the existence 
of axillary lymph node metastases [ 25 ]. On the 
other hand, patients with metastases-suspicious 
fi ndings on FDG-PET/CT may be referred pri-
marily to ALND, based on the high specifi city of 
FDG- PET and FDG-PET/CT. 

 FDG-PET/CT has been proven to be of favor-
able diagnostic accuracy for the detection of extra-
axillary lymph node metastases compared to other 
modalities [ 3 ]. In a study on 60 patients, Aukema 
and colleagues investigated intramammary lymph 
nodes, lymph nodes at the internal mammary 
chain, intra- and interpectoral lymph nodes, and 
infraclavicular and mediastinal lymph nodes [ 3 ]. 
They found a direct impact on the clinical manage-
ment caused by FDG-PET/CT fi ndings.  

4.3.4    MR-PET 

 MR imaging of the axilla can easily be combined 
with MR mammography imaging [ 6 ]. Nevertheless, 
MRI is – analogously to all other imaging modali-
ties – also not able to compete with SLNB. 
Currently, MR-PET will also, due to the limited 
sensitivity of PET and despite current technical 
improvements such as time-of-fl ight PET scanning, 
not be able to replace SLNB or ALND. But most 
likely MR-PET may be used as a pretest before 
invasive staging with the chance to avoid unneces-
sary ALNDs or to triage patients to an immediate 
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ALNB if extended axillary metastases are detected 
[ 25 ]. When reviewing our initial experience with 
FDG-MR-PET in breast cancer patients, FDG-
MR-PET seems to at least equal to FDG-PET/CT 
for the detection of axillary lymph node metasta-
ses. In individual cases we already experienced 
that MR-PET may even be of a higher diagnostic 
accuracy for this task, being in accordance with the 
results of MRI alone compared to FDG-PET/CT 
when it comes to the detection of axillary lymph 
node metastases [ 10 ]; however, both modalities 
have their limitations regarding micrometastases 
that are not detectable. Morphological criteria such 
as the small axis diameter of the lymph node, shape 
of the node, loss of a fatty hilum, central necrosis, 
or hypervascularization do not apply to micrometa-
static disease as does FDG. A expected sensitivity 
of about 60 % of FDG-MR-PET for the detection 
of axillary lymph node metastases (on a patient 
basis) is far away from being “sensitive” (Fig.  4.3 ). 
For the detection of extra-axillary metastatic 
spread, it has to be expected that MR-PET will 
perform similar to FDG-PET/CT. When search-
ing for lymph node metastases along the internal 
mammary artery, FDG-PET/CT seems to be of 
superior capability for detecting smaller metasta-
ses; the thinner slice thickness compared to FDG-
MR- PET and the lower susceptibility of FDG- PET/
CT to breathing artifacts enable for a more accurate 
detection of small nodes at the joints of the ribs 
and the sternum. To sum it up, a negative result on 
FDG-MR-PET regarding axillary or other locore-
gional lymphatic metastatic spread does not mean 
that the patient is free of metastases – invasive stag-
ing is still required; in the case of lymph nodes that 
are suspicious for metastatic spread, the chance for 
metastases is rather high, and invasive procedures 
are also required.

4.4        Evaluation of Distant 
Metastases 

4.4.1    PET/CT 

 FDG-PET/CT has its special diagnostic capability 
in the detection of distant metastases from breast 
cancer. Several studies have investigated the 

 diagnostic accuracy of FDG-PET/CT for the detec-
tion of metastatic lesions. In a relevant number of 
patients – up to 12.5 % – the  detection of previ-
ously unknown metastatic  disease by FDG-PET/
CT changed the  therapeutic  management [ 27 ]. The 
detection of additional disease might have conse-
quences regarding the surgical strategy, radiation 
therapy planning, or switching from a curative 
intent to a palliative treatment concept. FDG-
PET/CT clearly  outperforms the  conventional 

a
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  Fig. 4.3    A 65   -year-old patient with histopathologically 
proven ipsilateral axillary lymph node metastases (pN1). 
Lymph nodes ( arrow ) were neither pathologically 
enlarged on MR ( a ) (maximum small axis diameter: 
8 mm) nor exceedingly FDG avid (SUVmax 1.9) ( b ). 
FDG-MR-PET rated the axillary lymph nodes falsely as 
free of metastases ( c )       
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modalities such as bone  scintigraphy,  ultrasound 
of the liver, chest X-ray, as well as CT [ 21 ,  27 , 
 49 ]. In contrast to bone scintigraphy which fre-
quently misses a relevant amount of osteolytic 
metastases (up to 30 %), FDG-PET/CT is able to 
detect both patterns of osseous metastases, osteo-
lytic and osteoblastic [ 47 ].  

4.4.2    MR-PET 

 Although currently no series with larger breast can-
cer patient numbers exists, MR-PET is expected to 
be a highly accurate staging tool for distant metasta-
ses. This is based on the fact that distant metastases 
from breast cancer are mainly located in the follow-
ing compartments: the bone, liver, brain, and to a 
lower extent in other organs such as the lung. The 
aforementioned compartments – with the exception 
of the lung – can be imaged by MRI with a very 
high accuracy. Previous studies have provided evi-
dence that MRI is superior to FDG-PET/CT when 
staging the bone, the brain, and the liver [ 2 ,  53 ,  67 ] 
(Figs.  4.4 ,  4.5 , and  4.6 ). This is based on the fact 
that, on the one hand, these organs normally have a 
relatively high physiologic, basal FDG uptake, and, 
on the other hand, MRI with its detailed soft tissue 
contrast is superior to CT especially when detect-
ing small lesions. Not only the lesion itself but also 
perifocal edema can be imaged more reliably using 
MRI by applying water-sensitive sequences. There 
is striking evidence that for brain imaging an MRI 
scan is indispensable: In a recently published study 
on bronchial carcinoma patients, FDG-PET/CT had 
a sensitivity for the detection of brain metastases 
of 27.3 % [ 33 ]. When searching for liver metasta-
ses, false- positive results from misinterpretation of 
benign tumors should be avoided. In these cases, the 
PET information will aid the correct diagnosis. The 
accuracy for the detection of liver metastases can 
be elevated compared to the use of non-hepatocyte- 
specifi c contrast agents if hepatocyte- specifi c 
contrast material (gadolinium-ethoxybenzyl-dieth-
ylenetriamine pentaacetic acid (Gd-EOB-DTPA), 
e.g., Primovist™, Bayer HealthCare, or gadoben-
ate dimeglumine (Gd-BOPTA), e.g., MultiHance ® , 
Bracco) is applied. Recent results showed that MRI 
of the liver using Gd-EOB-DTPA was signifi cantly 

more accurate than FDG-PET/CT [ 13 ]; in this 
study, the fusion of MRI and FDG-PET datasets 
led to an increase of sensitivity and diagnostic con-
fi dence for the detection of liver metastases as com-
pared to MRI alone. Whole-body MRI alone clearly 
outperforms the conventional staging algorithm 
including chest X-ray, ultrasound of the liver, and 
bone scintigraphy when it comes to the staging of 
distant metastases [ 22 ,  50 ]. Combining functional 
FDG-PET information with functional MRI infor-
mation based on diffusion-weighted imaging (DWI) 
may be an interesting approach for further enhanc-
ing the diagnostic accuracy of MR-PET [ 26 ]. DWI 
alone has been reported to be rather unspecifi c for 
the detection of breast cancer metastases. Thus, add-
ing PET data will improve specifi city – probably at 
the cost of sensitivity. Although we only have initial 
experience with FDG-MR-PET for the detection of 
distant metastatic disease from breast cancer, our 
fi rst results seem to be very suggestive for the diag-
nostic potential of FDG-MR- PET: Several brain 
metastases were only detected by the MRI part 
when comparing FDG-MR-PET and FDG-PET/
CT; also for liver and bone metastases, this holds 
true; in the vast majority of the cases, the plain and/
or contrast-enhanced MR sequences led to the cor-
rect diagnosis. Initial internal results indicate that 
FDG-MR-PET will lead to an even greater amount 
of therapeutic changes of breast cancer patients than 
is it known from FDG-PET/CT; this is mainly based 
on the fact that FDG-MR-PET is able to detect more 
distant metastases than other modalities which may 
change the tumor stage from M0 to M1.

4.5          Follow-Up 

 If the patient is without any clinical suspicion of 
tumor recurrence and tumor markers are not ele-
vated after initial breast-conserving treatment, an 
X-ray mammography combined with ultrasound 
of the breast is the established method of choice 
to follow patients up. This algorithm is typically 
used by half-year periods for the fi rst 3 years and 
annually thereafter. Ultrasound should cover the 
breasts as well as the axilla and the thoracic wall. 
If a local tumor recurrence has to be assumed, an 
MR mammography can be added. Due to cost 
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considerations as well as radiation burden caused 
by the PET part, MR-PET will not be a fi rst-line 
modality in the follow-up setting.  

4.6    Restaging 

 In the case of clinically suspected tumor recur-
rence, the patient has to be restaged. FDG-PET/
CT has been proved to be a very accurate modality 

for whole-body restaging of patients with recur-
rent breast cancer. A sensitivity, a specifi city, a 
PPV, an NPV, and an accuracy of 96, 91, 92, 95, 
and 94 % have been reported signifi cantly out-
performing FDG-PEt alone [ 46 ]. FDG-PET/CT 
has a great impact on the management of breast 
cancer patients in whom tumor recurrence is sus-
pected based on the elevation of tumor markers 
but at the same time shows negative or equivo-
cal fi ndings on conventional imaging modalities 
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  Fig. 4.4    Bone metastasis ( arrow ) of the right sacral bone 
that shows a typical behavior with a hypointense signal on 
the plain T1w image ( a ), a hyperintense signal on the 
images of the STIR sequence ( b ), and contrast material 

accumulation after IV gadolinium administration ( c ). 
Although the lesion is not visible on PET ( d ), the typical 
signal intensity on MR enables the correct classifi cation 
of this lesion as a metastasis by FDG-MR-PET ( e )       
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  Fig. 4.5    Brain metastasis ( arrow ) in the right occipital 
lobe that is detectable only by the MR part of combined 
FDG-MR-PET ( d ). The lesion is visible not only on con-
trast-enhanced T1w images ( a ) but also on the images of 
the FLAIR sequence ( b ) that shows the perifocal edema. 

The metastasis is not FDG avid and thus cannot be 
detected by stand-alone FDG- PET ( c ) but is clearly 
depicted by combined MR-PET ( d ). This metastasis was 
the only distant metastasis in this 52-year-old patient       
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  Fig. 4.6    Images of a 58-year-old patient suffering from a 
carcinoma of the right breast. The liver metastasis in seg-
ment 3 was detected neither by ultrasound (not shown) 

nor by FDG-PET/CT ( a ,  b ,  c ) but is clearly visible ( arrows   
in  d ,  e ) through signifi cant washout on Gd-EOB-DTPA-
enhanced MR ( d ) and FDG-MR-PET ( e )       
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[ 12 ,  18 ,  51 ,  57 ]. Today, however, it seems not 
clear whether FDG-PET/CT should be used as 
an adjunct to conventional imaging for restaging 
purposes or even as a replacement [ 51 ]. Due to 
the short time since MR-PET was introduced into 
clinical routine, currently no studies exist dealing 
with whole-body MRI or whole- body MR-PET 
for breast cancer restaging, providing a suffi cient 
follow-up time. Whole-body MRI alone has been 
shown to represent a robust imaging modality for 
tumor recurrence imaging [ 16 ]. MR-PET is sup-
posed to be at least as powerful as whole-body 
MRI and FDG-PET/CT because its morphologi-
cal component undoubtedly has the potential to 
depict locoregional recurrent lesions with a 
higher contrast. Moreover, often recurrent met-
astatic disease is located in compartments such 
as the bone and liver which can be investigated 
more accurately by MRI than by CT.  

4.7    Therapy Control 

 Both MR and FDG-PET imaging are excellent 
methods for neoadjuvant therapy control. MR 
imaging supplies important morphological infor-
mation to the surgeon before tumor resection 
when breast-conserving therapy is the therapy 
of choice. MR imaging also is able to noninva-
sively predict pathological complete response 
to neoadjuvant therapy, to estimate the patients’ 
prognoses, and to detect residual disease, espe-
cially in more aggressive cancers [ 9 ,  17 ,  37 ,  59 ]. 
While in the setting of a neoadjuvant chemother-
apy the morphological information provided by 
MR is used to plan surgery, the FDG-PET infor-
mation is able to predict therapeutic response 
to neoadjuvant therapy as early as after one or 
two  chemotherapy cycles. Thus, with FDG-
PET a suffi cient response is seen earlier than by 
using common morphological methods [ 15 ,  31 , 
 62 ]. This very early prediction of an adequate 
response to therapy is important as only up to 
20 % of all patients achieve a pathological com-
plete response [ 5 ]. The differentiation of respond-
ers from nonresponders has implications to the 
patients’ management: Ineffective therapies with 
toxic side effects can be stopped and changed to 
alternative concepts very early, and costs can be 

saved. MR-PET joins the aforementioned bene-
fi ts of both kinds of complementary information. 
A study on DWI furthermore showed the poten-
tial of functional MRI parameters to early moni-
tor the response to neoadjuvant treatment [ 65 ]. 
Beyond neoadjuvant chemotherapy, FDG-PET 
is able to early monitor treatment in metastatic 
breast cancer disease. It has been reported in the 
literature that monitoring response to chemother-
apy with FDG-PET can be performed as early 
as after the fi rst cycle of chemotherapy offering 
optimized patient care by individualizing treat-
ment and avoiding ineffective chemotherapy 
[ 14 ]. The role of whole-body MRI in this setting 
has to be investigated further. It seems likely that 
MRI will provide morphological information to 
allocate lesions to specifi c organs analogously to 
low-dose CT scans on PET/CT if only functional 
follow-up is needed. This may relevantly shorten 
the duration of the whole-body MR-PET inves-
tigation protocol. Though not yet clinical stan-
dard, we currently alter our imaging algorithm to 
FDG-MR- PET mammography when it comes to 
neoadjuvant therapy control.  

4.8    Protocol Considerations: 
Whole-Body FDG-MR-PET 
with Integrated FDG-MR-PET 
Mammography 

 Generally, the FDG should be applied through a 
cubital vein at the contralateral side of the tumor to 
avoid an accumulation in the ipsilateral lymph 
nodes in case of an extravasation injury. PET scan-
ning should be started 60 min after FDG injection. 
There are several reports in the literature that indi-
cate the usefulness of scanning the patients even at 
a later time point (up to 3 h after tracer injection) 
or to perform two scans to document FDG uptake 
dynamics. Dual-time-point measurements of the 
SUVmax (interval 2–3 weeks) can be of value for 
the discrimination of invasive and noninvasive 
breast carcinomas as invasive, but not noninvasive, 
type tumors have been reported to show an increas-
ing SUVmax [ 68 ]. Thus, using dual-time-point 
imaging, the discrimination between noninvasive 
and invasive cancers can be improved on FDG-
PET/CT, infl ammatory lesions with its falling 
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FDG uptake can more reliably be distinguished 
from malignant lesions, and the sensitivity for the 
detection of small cancers and cancers in dense 
breasts can be improved, especially in lesions with 
a low FDG uptake [ 7 ,  8 ,  36 ,  38 ,  41 ,  58 ,  69 ]. Up to 
80 min after FDG injection, the tumor standard-
ized uptake value (SUV) is known to behave more 
or less linearly, so mathematical time corrections 
are possible [ 60 ]. However, defi ning a clinical 
whole-body MR-PET scanning protocol, dual-
time-point measurements seem to go beyond the 
tolerable time frame. 

 In contrast to the more or less restricted tech-
nical possibilities on whole-body PET/CT, there 
are tremendous options on whole-body MR-PET 
(due to the great variability of sequence param-
eters) to investigate the entire body of patients 
with breast cancer. Due to cost and compliance 
considerations, the protocol has to be limited to 
the required sequences that cover all demands on 
a whole-body investigation. A whole-body-MR- 
PET scan including an MR-PET mammography 
for initial staging can be divided into two steps 
and may contain the following sequences 
(Fig.  4.1 ): 

4.8.1    First Step: Imaging 
the Breasts 

 For a thorough evaluation of the breasts, a dedi-
cated prone MR mammography protocol with the 
use of a dedicated breast coil is essential. To use 
the complete capability of MR-PET for breast 
imaging, the protocol should cover the demands 
of the guidelines of the European Society of 
Breast Imaging [ 40 ]. The scan can be started 
60 min after intravenous FDG injection and can 
be run as a synchronous MR scan and PET scan.

  Breasts 
 –   MR sequence for PET attenuation correction 

(e.g., DIXON)  
 –   STIR, axial  
 –   T2 TSE, axial orientation  
 –   DWI, axial orientation with three diffusion 

weightings (b0, 500, 1,500)  
 –   Dynamic contrast-enhanced T1w, axial orienta-

tion (six measurements    per 2 min.) after rapid 

intravenous bolus injection of a gadolinium- 
containing contrast agent  

 –   Simultaneous PET data acquisition, 20 min., 
Listmode     

4.8.2    Second Step: Acquisition 
of Contrast-Enhanced Whole- 
Body MRI Sequences and 
Simultaneous FDG-PET Image 
in Supine Position 

   Brain 
 –   Fluid-attenuated inversion recovery (FLAIR) 

sequence, axial orientation    

 Spine 
 –   Short tau inversion recovery (STIR), sagittal 

orientation    

 Entire Body (Brain to Upper Thighs) 
 –   MR sequence for PET attenuation correction 

(e.g., DIXON)  
 –   T1 FLASH, contrast enhanced, fat suppressed, 

axial orientation  
 –   T2 HASTE, axial (thorax)  
 –   Simultaneous PET acquisition, 8 min. per bed 

position, Listmode     

4.8.3    Tracers for Breast Cancer 
Imaging Beyond FDG 

 Although the broad use of FDG as the standard 
tracer for imaging breast cancer is well estab-
lished, it has to be mentioned that other tracers 
might play a rising role when it comes to hybrid 
breast cancer imaging. Other tracers are able to 
more specifi cally address biological processes, 
e.g., 18F-3′-fl uoro-3′-deoxy- l -thymidine (FLT) 
for the visualization of the tumor proliferation 
rate, [18F] fl uoromisonidazole (FMISO) to 
image tumor hypoxia, [18F] annexin V to image 
apoptosis, matrix-metalloproteinase inhibitors 
to image matrix degeneration, or 16-[18F] fl uor-
estradiol- 17 (FES) to image estrogen receptors 
[ 32 ]. Recently, a study to predict the response 
to a human epidermal growth factor recep-
tor (HER)-targeted therapy has been published 
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using C6.5 diabody (C6.5 dB), a noncovalent 
 anti- HER2 single-chain Fv dimer as radiotracer 
[ 56 ]. It has to be awaited which specifi c tracers 
will qualify for a broader use in breast cancer 
patients in the future.   

   Conclusion 

 Whole-body FDG-MR-PET with integrated 
FDG-MR-PET mammography is expected to 
be a very accurate tool for whole-body breast 
cancer staging, restaging, and therapy control. 
Assessing the primary lesion, a radiologist 
with dedicated experience in breast imaging is 
indispensable, especially to avoid false-posi-
tive results. For assessing the axillary fossa, 
invasive staging procedures will still be 
required. However, FDG-MR- PET might help 
to triage patients either to sentinel lymph node 
biopsy or to axillary lymph node dissection. 
   For the detection of distant metastases, FDG-
MR-PET is expected to outperform other 
modalities, mainly due to the typical pattern 
of distant metastatic spread from breast cancer 
that can be imaged by MR-PET in an out-
standing way; initial results defi nitely account 
for this estimation. It moreover will prove as 
very accurate tool for restaging as well as for 
early therapeutic monitoring in the next years.     
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5.1            Introduction 

    Hodgkin’s and non-Hodgkin’s lymphomas (HL 
and NHL) are a heterogeneous group of lympho-
proliferative disorders, representing the fi fth 
most frequent type of cancer in the western world 
[ 1 ]. 

 Imaging has a paramount role in the initial 
staging of the disease identifying lymph node 
groups affected by the disease and the involve-
ment of extra-lymphatic organs. In addition, 
imaging is successfully used to evaluate therapy 
response and follow-up [ 2 ,  3 ]. 

 Computed tomography (CT) represented in 
the past the dominant radiologic modality for 
lymphoma assessment [ 4 ]. However, the mor-
phologic evaluation of potentially affected organs 
is currently considered not suffi cient, as malig-
nant cells may be present in normal-sized lymph 
nodes or in residual non-infi ltrating masses often 
observed after therapy [ 4 ,  5 ]. MRI, so far, has 
played a rather minor role in the standard of care 
imaging of lymphoma patients. Currently, only 
the assessment of primary central nervous system 
(CNS) lymphoma is preferentially performed 
with MRI and CT [ 6 – 14 ]. 

 Both cross-sectional imaging techniques, CT 
and magnetic resonance imaging (MRI), rely to a 
large extent on morphologic imaging criteria. 
Positron emission tomography (PET) with 
18-F-fl uorodeoxyglucose (FDG) provides func-
tional information assessing tissue metabolism. 
Due to the increased glucose metabolism of most 
lymphoma subtypes, PET with FDG has become 
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an established and well-accepted staging tool for 
this disease entity. It has demonstrated high effi -
cacy in predicting therapy outcomes and restag-
ing after therapy. 

 With the introduction of  67 Ga-citrate imaging 
for both Hodgkin’s and non-Hodgkin’s lympho-
mas, the spectrum of molecular imaging has 
broadened for the assessment of lymphomas 
[ 15 ]; however,  67 Ga imaging has not gained 
widespread attention because of its poor spatial 
resolution and low diagnostic accuracy [ 16 ]. 

 On the other hand, many authors have proved 
that FDG-PET is the most sensitive and specifi c 
imaging technique available for patients with 
lymphoma [ 4 ,  17 – 20 ]. Nowadays, FDG-PET is 
routinely performed with integrated PET/CT 
scanners. Providing co-registered functional PET 
and anatomical CT information, PET/CT repre-
sents now the standard of care. 

 In this scenario, the recently developed PET/
MRI systems, at a fi rst glance, seem to have a 
limited future. However, a deeper analysis of the 
advantages of PET/MRI, its potential applica-
tions, and innovative approaches to staging algo-
rithms of lymphoma may lead to the opposite 
consideration discovering PET/MRI as an impor-
tant adjunct in the imaging tool box for diagnos-
ing and staging lymphoma patients.  

5.2     Current Diagnostic Workup 
and Dosimetric 
Considerations 

 Current diagnostic algorithms for lymphoma 
staging, assessment of treatment response, and 
follow-up require repetitive imaging. According 
to the current clinical practice and guidelines 
[ 21 ], the established imaging strategy for HL and 
NHL patients requires a high number of sequen-
tially performed X-ray-based imaging proce-
dures. On average, patients undergo one chest 
X-ray, one CT of neck/chest/abdomen and pelvis, 
and one FDG-PET/CT for the initial staging of 
their disease. During the course of their therapy, 

another one or two chest X-rays, one or two CTs 
of neck/chest/abdomen/pelvis, and one or two 
PET/CT scans may follow. An average of seven 
CTs and four chest X-rays during the follow-up 
are not unusual. Multiple repetitive imaging with 
modalities using ionizing radiation results in 
considerable radiation exposure and cumulative 
effective dose (CED). Nievelstein RA et al. cal-
culated a cumulative effective dose from medical 
imaging in adults with non-Hodgkin’s lymphoma 
of 97 mSv at 2.5 years after diagnosis. 

 Repetitive imaging with X-ray-based imaging 
modalities harbors a distinct risk in pediatric 
patient populations. It is well known that children 
are more sensitive to radiation-induced carcino-
genesis than adults because their cells divide 
more rapidly and because they have a potential 
for a longer life relative to adults. Thus, radiation- 
exposed children are more likely to manifest 
radiation-induced cancer within their lifetime 
[ 22 ,  23 ]. Replacing PET/CT with PET/MRI in 
the evaluation of lymphoma patients, the cumula-
tive effective dose would be signifi cantly reduced 
as the radiation exposure would be limited to 
radiation dose from the PET tracer alone.  

5.3     Conventional and Advanced 
MRI Evaluating Lymphoma 
Patients 

 Whole-body (WB) MRI has shown potential for 
the staging of a variety of malignancies [ 24 – 27 ]. 
Two studies reported the feasibility of WB MRI 
using STIR in adult and pediatric population with 
malignant lymphoma [ 28 ,  29 ]. The authors con-
clude that WB MRI-STIR enables disease stag-
ing and is superior to blind bone marrow biopsy 
and conventional imaging (including CT, gal-
lium- 67 scintigraphy, and bone scintigraphy) in 
detecting bone marrow involvement at initial 
diagnosis. However, WB MRI-STIR showed a 
low specifi city for recurrent or residual disease. 

 Diffusion-weighted imaging (DWI) is a tech-
nique exploiting the random, translational motion 
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of water molecules in biological tissues [ 30 ]. On 
diffusion-sensitive sequences, this motion results 
in a signal loss and can be quantifi ed by calculat-
ing the apparent diffusion coeffi cient (ADC). The 
ADC refl ects the specifi c diffusion capacity of 
water protons of a biological tissue that is low in 
densely packed tumor tissues [ 31 ,  32 ]. The 
increased cellular density within lymphoma 
lesions is correlated with a high signal on 
diffusion- weighted images expressing a reduced 
ADC [ 33 ]. Several studies comparing DWI with 
PET/CT in terms of diagnostic accuracy for stag-
ing lymphoma showed reasonable results for 
DWI [ 34 – 36 ] and a strong inverse correlation 
between ADC and PET SUV [ 37 ]. 

 Kwee et al. [ 38 ] studied prospectively 31 
patients with newly diagnosed malignant lym-
phoma with WB MRI (T1-weighted and short 
inversion time inversion recovery and DWI) and 
CT. Results showed that WB MRI (without DWI 
and with DWI) for initial staging of malignant 
lymphoma equals CT in most of the patients. In a 
not negligible percentage of cases, WB MRI 
overstaged relative to CT, suggesting a possible 
advantage of using DWI. 

 In a recent study [ 36 ], WB MRI including 
DWI has been compared with FDG-PET/CT in 
the staging of newly diagnosed lymphoma. While 
WB MRI-DWI compared to FDG-PET/CT did 
not fail to depict lesions, it overstaged disease in 
a minority of cases. 

 Another aspect that can be addressed with 
DWI is disease response assessment. Punwani 
et al. [ 37 ] studied the incremental information 
derived from DWI for predicting local treat-
ment response in Hodgkin’s lymphoma patients 
evaluated with PET/CT. The rationale of this 
study is that currently no method is considered 
reliable for predicting the response of an indi-
vidual disease site prior to commencing treat-
ment. Punwani S et al. showed that sites with 
an adequate response to chemotherapy had a 
signifi cantly lower median pretreatment ADC 
(1.0 × 10 −3 mm 2  s −1 ) than those with an inad-
equate response (1.26 × 10 −3 mm 2  s −1 ;  p  < 0.01). 

Thus, lesions with a lower cellularity showed a 
worse response compared to those with a higher 
cellularity, which refl ect a plausible behavior 
considering the mechanism of action of the 
chemotherapy drugs. Authors conclude that 
DWI may complement PET for prediction of 
site- specifi c interim response to chemotherapy, 
potentially facilitating earlier therapy stratifi ca-
tion and tailored treatment plans. 

 Despite the signifi cant impact of DWI in WB 
MRI on image diagnosis of lymphoma, current 
literature does not advocate or support MRI as a 
potential replacement test for PET/CT. FDG- 
PET/CT remains the reference standard staging 
and restaging malignant lymphoma. 

 The advent of integrated PET/MRI systems, 
however, may challenge this fact again and opens 
up the exciting possibility of exploring the poten-
tial complementary role of the two modalities.  

5.4     Central Nervous System 
Lymphoma 

 Primary and secondary central nervous system 
lymphomas (PCNSL and SCNSL) are predomi-
nantly tumors of the diffuse large B-cell type and 
represent aggressive diseases necessitating early 
diagnosis for proper management of patients. 
PCNL is usually confi ned to the brain, and lepto-
meninges, eyes, and spinal cord are less often 
involved. It represents about 3 % of all brain 
tumors in immunocompetent patients. On the 
other hand, SCNSL originates from systemic 
lymphoma spreading to the CNS, usually occur-
ring at disease progression or relapse [ 39 ,  40 ]. 

 The imaging technique of choice to detect 
SCNSL is contrast-enhanced MRI [ 41 ]. The initial 
diagnosis of PCNSL, as well as detection of recur-
rence, requires non-enhanced (i.e., T1-weighted, 
T2-weighted, FLAIR, diffusion- weighted imaging 
(DWI)) and contrast-enhanced MRI [ 42 ]. 

 Despite promising advances in imaging tech-
niques, including DWI and ADC maps, MR 
spectroscopy, perfusion imaging and diffusion 
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tensor imaging, and conventional non-enhanced 
and contrast-enhanced MRI remain the imaging 
test of choice in CNSL [ 42 ] until there is stronger 
evidence of added value of these procedures. 

 Although CNS lymphomas may have charac-
teristic imaging fi ndings, conventional MRI can-
not clearly differentiate CNS lymphoma from 
other brain lesions and SCNSL from PCNSL [ 43 ]. 

 FDG-PET/CT is uncommonly used for imag-
ing malignant brain tumors because of the high 
physiologic glucose metabolism in normal brain 
tissue. However, PET with FDG typically reveals 
hypermetabolic lesions with increased uptake of 
FDG in CNS lymphoma [ 44 ]. Some authors 
demonstrated its application to detect common 
enhancing brain lesions on MRI. In the study of 
Kosaka et al. [ 45 ], semiquantitative parameters 
of FDG-PET were signifi cantly higher for lym-
phoma than for other tumors ( p  < 0.01), conclud-
ing that FDG-PET can help for differential 
diagnosis between lymphoma and other malig-
nant enhancing brain tumors and is recommended 
when the MRI fi ndings are not conclusive. 

 18F-FDG-PET is also considered helpful to 
distinguish malignant lymphoma from nonmalig-
nant cerebral lesions such as toxoplasmosis in 
patients with HIV [ 46 ]. 

 Finally, 18F-FDG-PET is advocated to rep-
resent an independent predictor for treatment 
response of primary central nervous system 
lymphoma [ 47 ]. Using a ten-step semiquantita-
tive visual rating system (metabolic imaging 
lymphoma aggressiveness scale, or MILAS) to 
assess primary CNS lymphoma metabolism as a 
marker of clinical aggressiveness, a cutoff of 3 
was helpful tool to separate progression-free sur-
vival and overall survival [ 47 ]. 

 For primary lymphoma of the central nervous 
system, other tracers than 18F-FDG deserve a 
special mentioning. Initial experience is reported 
with 11C-FET PET showing encouraging results 
and complementary information in the treatment 
follow-up of PCNSL [ 48 ]. 

 The combination of N-ammonia and F-FDG 
imaging is demonstrated to help distinguishing 

PCNSLs and solid gliomas and making an 
 accurate prediction of PCNSL due to their differ-
ent metabolic profi les [ 49 ]. 

 For diagnosis and management of primary 
and secondary lymphoma to the central nervous 
system, both imaging modalities PET and MRI 
have their independent value. What PET/MRI 
has to offer as a combined imaging modality 
remains to be determined. 

 PET/MRI systems have the potential to com-
bine all available functional information from 
PET and MRI and high-resolution soft tissue 
information from MRI. The combined assess-
ment might help to improve diagnostic accuracy 
in differentiating SNC lymphoma from other 
brain tumors and SCNSL from PCNSL. It might 
also help to easier and comprehensively assess 
systemic disease in its disease extent. 

 These hopes and expectations however need to 
undergo investigation, and no data is currently 
available to support a preliminary statement on this.  

5.5     Bone Marrow Involvement 
Evaluation 

 Bone marrow involvement in patients with lym-
phoma has crucial prognostic and therapeutic 
consequences. The gold standard for its evalua-
tion is the bone marrow biopsy (BMB) that is an 
invasive procedure with a not negligible risk of 
complications and showing a not suffi cient sensi-
tivity due to possible sampling errors [ 50 ]. 

 FDG-PET has high sensitivity and specifi city 
detecting focal or multifocal bone marrow 
involvement, even in those patients with a false- 
negative BMB due to sampling error [ 51 ]. 

 However, it is important to note that FDG- 
PEt alone is not accurate in detecting small bone 
marrow lesions or bone marrow involvement by 
low-grade lymphomas. Thus, a negative PET 
scan cannot rule out lymphomatous involvement 
[ 52 ]. On the other hand, diffuse or heterogeneous 
bone marrow uptake of radiotracer in a pretreat-
ment scan should not immediately suggest bone 
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 marrow involvement by lymphoma as this pat-
tern of uptake can be seen in reactive myeloid 
hyperplasia [ 53 ]. Diffuse increase in FDG uptake 
can also be observed in patients treated with 
granulocyte colony-stimulating factors, leading 
to a possible false-positive interpretation of PET 
scans [ 8 ]. The use of PET/MRI systems may 
overcome these limitations, taking advantage of 
the complementary information provided by both 
modalities. Conventional MRI (T1w, T2w, and 
short inversion time inversion recovery, STIR, 
as indispensable sequences for the evaluation of 
the bone marrow) and DWI may be able to detect 
small lymphomatous bone marrow lesions [ 54 , 
 55 ]. MRI may also detect lymphomatous bone 
marrow lesions in patients with low-grade lym-
phomas that are negative at FDG-PET. On the 
other hand, the information provided by FDG- 
PET would increase MRI specifi city discriminat-
ing between reconverted or red marrow, benign 
bone marrow pathologies, and lymphomatous 
bone marrow lesions that may show an overlap in 
signal intensities [ 56 ].  

5.6     PET/MRI and Lymphomas: 
First Experiences with 
Integrated and Sequential 
Dedicated PET/MR Systems 

 The current status of the literature on PET/MRI 
refl ects very sparse experience with imaging 
lymphoma patients. Available data are based on 
small patient populations. 

 In a recent retrospective study [ 57 ], the feasi-
bility of FDG-PET/MR for response evaluation 
of malignant lymphoma has been evaluated in 
nine patients with malignant lymphoma. All 
patients underwent FDG-PET/MR twice, once 
for staging and once for therapy response assess-
ment. PET/MR of all patients was performed 
with the Ingenuity TF PET/MR (Philips Medical 
Systems, Best, Netherlands). In two patients, 
both the initial exam and the follow-up exam 
included an additional diffusion-weighted MR 

scan (diffusion-weighted imaging with 
 background suppression). Two nuclear medi-
cine physicians, who evaluated independently 
the PET scans, reported high interobserver 
agreement of lymphoma staging. In addition, all 
PET datasets were found to have very good or 
excellent image quality. The additional diffu-
sion-weighted images performed in two patients 
confi rmed its technical feasibility. However, 
authors conclude that its clinical role still has to 
be defi ned. 

 A clinical experience with integrated 
whole- body PET/MRI (Biograph mMR; 
Siemens Healthcare) is reported by Drzezga 
et al. [ 58 ] who assessed scans of 32 patients 
with different oncologic diagnoses, including 
two patients with lymphoma. Patients under-
went a dual-imaging protocol consisting of a 
PET/CT and subsequent PET/MR scan. 
Corresponding PET/CT and PET/MRI images 
did not show significant difference regarding 
the numbers of suspicious lesions or lesion 
positive, with a comparable anatomical 
allocation. 

 A promising first experience evaluating 
 lymphoma patients with PET/MRI can be 
reported from our own experience (unpub-
lished data). We retrospectively evaluated ten 
patients with malignant lymphoma who first 
underwent FDG-PET/CT (Philips Gemini TF 
PET/CT, Philips Healthcare, Andover, MA) 
followed by a PET/MRI (Philips Ingenuity TF 
PET/MRI, Philips Healthcare, Andover, MA) 
without an additional FDG injection. Our 
results in a multireader analysis demonstrated 
that assessment of lymphomatous lesions is 
feasible with high interobserver agreement. 
Detection and localization of lesions corre-
lated well between the two modalities. 
Figure  5.1  illustrates an example of PET/MRI. 
Of special interest was that PET/MRI, unlike 
PET/CT, was able to confidently show the 
involvement of bone marrow which had impact 
on the stage of disease according to the Ann 
Arbor classification.
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       Conclusions 

 Initial clinical experiences with integrated and 
sequential PET/MRI systems show promising 
results in evaluating lymphoma patients. The 
experience at current times however is limited 
to generalized statements in patients with 
oncologic disease and preliminary data on 
small patient samples. 

 Both PET and MRI are individually valu-
able as imaging techniques; however, further 
dedicated research is needed to determine the 
role of PET/MRI in the various clinical sce-
narios of lymphoma. 

 The value of radiotracers other than 18F-
FDG remains to be determined for this particular 
disease entity. Focusing on the combined and 
hopefully complementary information from 
these two modalities may offer in the future to 
improve the diagnostic accuracy in diagnosing 

and staging CNS lymphoma, bone marrow 
involvement, and extra-nodal lymphoma. Such 
exciting clinical applications remain to be 
explored. 

 What can be expected from current pre-
liminary data is that replacing PET/CT with 
PET/MRI in the diagnostic algorithm would 
lead to a lower radiation exposure which is 
particularly important for sequential treat-
ment monitoring and surveillance as well as 
in pediatric patients.     
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6.1            Introduction 

    Current imaging methods for liver disease include 
the use of US, CT, MRI and PET/CT. While US 
and CT are the initial and more cost- effective imag-
ing methods worldwide, MR imaging has become 
the modality of choice for liver imaging due to its 
high sensitivity and specifi city in characterizing 
liver lesions. Introduction of liver-specifi c MR con-
trast agents has further increased the role of MR 
imaging of liver in primary and secondary liver 
malignancy lesion detection, treatment planning, 
and follow-up. Similarly,  18 F-FDG PET/CT imag-
ing has established a place in staging and follow-up 
of liver malignancies, especially of liver metasta-
ses. Due to decreased sensitivity of  18 F-FDG PET 
in  primary hepatocellular carcinoma, focus is being 
made on introduction of new radiotracers. 

 Despite these recent advances in both MRI 
and PET/CT, contrast-enhanced CT is still the 
most widely used method for liver imaging, 
probably secondary to the availability, cost, and 
easiness of the method. There is increased con-
cern about radiation exposure from CT especially 
from repeated CT imaging as seen in cancer 
imaging. This latter issue will not only accelerate 
the replacement of CT in areas where MR has 
already proven superior but also create a perfect 
background for introduction of PET/MR into the 
available spectrum of imaging modalities. 

 Integrated PET/MR imaging has several 
potential advantages over PET/CT. There is no 
additional exposure to ionizing radiation and is 
believed to provide better co-registration, higher 
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accuracy, and more comprehensive information 
than MR or PET/CT in their stand-alone confi gu-
rations. Combining high sensitivity of dedicated 
liver MRI with molecular imaging of PET in 
PET/MRI as a single examination will be benefi -
cial in whole-body staging of malignancy. 

 However, PET/MR has only been recently intro-
duced into the clinical arena with little evidence 
available to support or reject the potential clinical 
applications of this technology. In this chapter, we 
will try to go over the different aspects that have to 
be taken into account for the use of PET/MR in liver 
disease, while reviewing the available evidence for 
MRI, PET/CT, and retrospectively fused PET/MR.  

6.2     PET/MR Technique 
and Protocol 

    Currently there are only two commercial PET/
MR scanners, and while one performs simultane-
ous acquisition of the PET and the MR, the other 
does it in a sequential way. There are at least two 
possible methods to perform a PET/MR when fol-
lowing usual guidelines, where a 60 min distribu-
tion time for  18 F-FDG is required before acquiring 
the PET. One method is inject  18 F-FDG and wait 
for 60 min and perform the PET/MR. The other 
method is to utilize this 60 min distribution time 
after tracer injection for MR component of the 
PET/MR followed by PET acquisition. 

 There are two specifi c situations to decide the 
type of imaging protocol:
    1.    Whole-body (WB) PET/MR including the 

liver without liver-specifi c MR 
 When there is no need for liver-specifi c 

imaging, the MR sequences that should be 
performed ought to be directed to localize 
whatever lesion is found in the study and help 

characterize it. For these purposes some of the 
sequences suggested are:
 –    WB 2-point Dixon which, besides provid-

ing the MRAC in the simultaneous scanner, 
has shown equal anatomical localization 
capabilities when compared to PET/CT [ 1 ].  

 –   WB STIR coronal allows for the detection 
of lesions in the bone [ 2 ].  

 –   WB DWI helps characterize lesions and 
has shown to provide enhanced lesion con-
spicuity and improved diagnostic accuracy 
for lymphomas [ 3 ].  

 –   Other non-WB sequences for specifi c 
organs for basic diagnostic purposes 
depending on the diagnosis of the patient.      

   2.    WB PET/MR with liver-specifi c MR     
 There are many different possible MRI proto-

cols for liver imaging that could be integrated 
into a PET/MR scan, and it usually varies from 
institution to institution. The ones suggested in 
Table  6.1  were drafted from our own experience 
and those published in the literature.

   By integrating these into the PET/MR scan-
ning protocol, they could be implemented either 
during the distribution of the tracer, as long as 
they last less than 60 min, or after the PET acqui-
sition if more time is needed. Whichever protocol 
is selected, a WB sequence has to be performed 
as well for attenuation correction purposes.  

6.3     Imaging 

6.3.1     Primary Liver Tumors 

 Hepatocellular carcinoma (HCC), cholangiocar-
cinoma (CC), and gallbladder carcinoma (GBC) 
constitute the main primary malignant tumors of 
the liver. HCC is the fourth most common cause 

   Table 6.1    MR sequences   

 MRI with gadolinium  MRI with gadoxetic acid  MRI with gadobenate dimeglumine 

 T2 TSE breathing triggered  T1w FFE in/opp phase or mDIXON  T1w FFE in/opp phase or mDIXON 
 Fat-suppressed T2w SSH  T2w SSH  T2w SSH 
 DWI   Contrast    Contrast  
 T1w FFE in/opp phase or mDIXON  Dynamic T1w FFE thrive  Dynamic T1w FFE thrive 
 Fat-suppressed T1w FFE or mDIXON  T2 TSE breathing triggered  T2 TSE breathing triggered 
  Contrast   DWI  DWI 
 Dynamic T1w FFE thrive  mDIXON (20 min delay)  mDIXON (120 min delay) 
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of cancer-related death worldwide, and it is 
highly associated with chronic hepatic infection 
by hepatitis C and B virus and cirrhosis. CC is the 
second most common hepatobiliary malignancy 
after HCC and is frequently associated with a 
poor prognosis. Based on anatomical location, 
CC is classifi ed as peripheral or intrahepatic, cen-
tral or hilar, and extrahepatic. While the periph-
eral type of CC is asymptomatic and presents at 
an advanced stage, hilar and extrahepatic present 
clinically with signs of biliary obstruction. 
Finally, GBC is the fi fth most common cancer of 
the gastrointestinal tract and has a very poor 

prognosis because of delayed diagnosis due to 
clinically silent nature and nonspecifi c presenta-
tion similar to cholelithiasis and cholecystitis. 

6.3.1.1     18F-FDG 
 In HCC, several studies have shown that the sen-
sitivity of  18 F-FDG is inversely related to the 
grade of differentiation of the tumor, with an 
overall reported sensitivity of 55 % [ 4 ]. The more 
undifferentiated the tumor is, the more  18 F-FDG 
avidity it shows. This is mainly related to a loss 
of glucose-6-phosphatase production, an enzyme 
that renders  18 F-FDG ineffectual (Fig.  6.1 ) in 

a b

c d

  Fig. 6.1    Well-differentiated HCC. T2-weighted fat-satu-
rated FSE ( a ) arterial ( b ) and delayed ( c ) gadolinium-
enhanced T1 GRE images show a well-defi ned T2w 

hyperintense mass with enhancement in the arterial phase and 
washout on delayed post-gadolinium images. Corresponding 
18F-FDG PET/CT image ( d ) shows no signifi cant uptake       
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well-differentiated HCC tumors. This inverse 
relationship between  18 F-FDG avidity and tumor 
differentiation makes PET/CT a great tool for 
detecting distant metastasis and to predict prog-
nosis, since both are highly infl uenced by the 
degree of tumor differentiation. This is especially 
true when combined in a ratio with alpha- 
fetoprotein blood levels according to some 
reports [ 5 ]. It is also believed that  18 F-FDG PET/
CT could be a good tool for recurrence surveil-
lance following local treatments, for example, 
Paudyal et al. showed that PET was able to detect 
recurrence after RFA earlier than CT in 92 % of 
his sample after only 4–6 weeks of treatment [ 6 ]. 
On the contrary, following therapies targeting the 
tumor blood supply, false-negative  18 F-FDG 
uptake can occur due to reduced tumor vascular-
ity, thus limiting its use. Finally,  18 F-FDG uptake 
by the tumor has also shown to be a strong pre-
dictive factor for recurrence when used for pre-

operative liver transplant evaluation [ 5 ]. 
Regardless of all of these characteristics, PET/
CT is not considered a fi rst-line imaging method 
for HCC in any of the areas mentioned.  18 F-FDG 
is believed to play a role in staging and detecting 
metastatic spread of CC and GB carcinoma, 
although there is less supporting evidence for 
GBC.  18 F-FDG PET/CT has proven to be more 
sensitive (93 % vs. 55 %) and specifi c (80 % vs. 
33 %) for intrahepatic-type than extrahepatic [ 7 ]-
type CC and in the fi rst category, more specifi -
cally, for mass-forming type of CC rather than 
the infi ltrative subtype [ 8 ] (Fig.  6.2 ). On the other 
hand,  18 F-FDG has shown poor sensitivity in 
locoregional staging of GBC.

     18 F-FDG PET/CT has also been reported to be 
useful in some cases of rare primary liver tumors 
such as sarcomatous HCC and combined 
HCC-CC. There are only few case reports show-
ing  18 F-FDG uptake in combined HCC-CC 

a b

c d

  Fig. 6.2    Cholangiocarcinoma. T2-weighted fat-saturated 
( a ) DWI ( b ) and gadolinium-enhanced T1 GRE images 
( c ) show a well-defi ned enhancing mass with heteroge-

neous T2w signal intensity, diffusion restriction in the left 
lobe. Corresponding 18F-FDG PET/CT image ( d ) shows 
minimal peripheral uptake of the mass       
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lesions smaller than 2 cm and with low serum 
levels of CA 19.9, two independent prognostic 
factors. Hence,  18 F-FDG uptake might be an 
additional important factor, as studies have 
shown that an SUV ≥5 is a predictive factor of 
early recurrence or poor prognosis [ 9 ]. Further 
studies should be done in these rare tumors to 
better understand the usefulness of  18 F-FDG in 
that context.  

6.3.1.2     Other Tracers 
 Due to limited sensitivity of  18 F-FDG for well- 
differentiated HCC, other radiotracers may be 
used to improve the sensitivity. 

 11C-Acetate is a tracer whose uptake is 
closely related with de novo lipid synthesis. The 
main problem related with this tracer is its short 
half-life (20 min) which requires the need for an 
onsite cyclotron. It is reported to have high sensi-
tivity of 78–87 % [ 4 ] for both well and poorly 
differentiated HCC. However, sensitivity is much 
lower for HCC smaller than 2 cm. Choline, as 
either 11C-choline or 18F-choline, is another 
tracer being studied. Abnormal choline metabo-
lism is closely related with oncogenesis and 
tumor progression, since its uptake is increased 
to keep up with the demands of phospholipids for 
the cell membrane. While 11C-choline is bio-
chemically indistinguishable from normal cho-
line, allowing for a better evaluation of the 
choline pathway, it suffers from a short half-life 
(20 min) which makes this tracer hard to use in a 
clinical setting. On the other hand, 18F-choline, 
besides having a longer half-life (118 min), is 
shown to be useful in detecting HCC when they 
are well differentiated, although sensitivity drops 
when dealing with poorly differentiated HCC 
[ 10 ]. Because of this characteristic, it has been 
suggested by some authors to do a double scan 
with  18 F-FDG and 18F-choline, thus covering 
both well and poorly differentiated HCC. 

 18 F-FCH (fl uoromethylcholine) is another 
tracer derived from choline that has shown high 
sensitivity and specifi city in differentiating 
hepatic adenoma (HCA) and focal nodular hyper-
plasia (FNH) when using a 1.13 SUV cutoff, see-
ing higher uptake in FNH. Theoretically it could 
also prove useful in detecting malignant change 

in HCA, since in well-differentiated HCC there is 
uptake of this tracer [ 11 ]. 

  18 F-FDGal (fl uoro-deoxy-galactose) is a tracer 
that can show galactose metabolism and has avid 
uptake in the liver. Generation of this tracer from 
nucleophilic fl uorination of commercially avail-
able Talose trifl ate has been reported as safe for 
human use [ 12 ]. In an initial report of the use of 
 18 F-FDGal in humans for HCC, the authors con-
clude that this tracer has high sensitivity and 
specifi city, although no percentages are shown, 
for HCC and extrahepatic spread when compared 
to conventional dynamic contrast- enhanced CT 
[ 13 ]. More studies have to be undertaken before 
determining its utility. 

 18 F-FLT (fl uorothymidine) is a tracer that 
shows tissue proliferation and has been used 
mainly for brain tumor imaging. There are reports 
showing a sensitivity of around 70 % for detect-
ing HCC, which is similar to that of conventional 
 18 F-FDG PET imaging. Larger studies are 
required for better assessment of its utility in 
increasing the specifi city by combined use of 
both tracers [ 14 ].  

6.3.1.3     Treatment Response 
 While  18 F-FDG is shown to be useful (Fig.  6.3 ) in 
tumor response assessment, false-negative uptake 
is seen in therapies targeting the tumor blood 
supply. Meanwhile, MRI multiparametric imag-
ing is not as dependent as  18 F-FDG on blood fl ow, 
thus allowing them to assess tumor response in a 
wider range of treatments.

   Quantitative dynamic contrast enhancement 
(DCE) is a technique where by using one or two 
compartment PK models, the constant tumor tis-
sue transfer ( K  trans ) and the extravascular extracel-
lular volume fraction ( V   e  ) can be computed. The 
imaging technique relies on the sequential scan-
ning of the liver before and immediately after con-
trast injection on predetermined periods of time. 
The analysis of these images with dedicated soft-
ware provides the  K  trans  and the  V   e  , allowing detec-
tion of areas of the tumor perfusion as an indicator 
for cell viability. The two main problems with 
DCE, is the inability to differentiate viable tumoral 
from reactive granulation tissue and in assessment 
of tumoral lesions with areas of necrosis. The 
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main issue with necrosis is that contrast 
 enhancement of these areas is obtained through 
contrast diffusion and that mechanism can infl u-
ence the recorded agent concentration curves. 

 Other multiparametric sequences that can also 
determine tumor perfusion and vascularity are 
arterial spin labeling (ASL), blood oxygenation 
level-dependent (BOLD) imaging, and intravoxel 
incoherent motion (IVIM) imaging. These are 
being tested in renal cell carcinoma with no doc-
umented utility in hepatic malignancy. There is 
potential application of these MR techniques in 
the future, once diffi culties such as the quantifi -
cation in a tri-compartment model, exact arterial 
input function, respiratory gating, absolute quan-
tifi cation, and reproducibility are sorted out. 

 For assessment of tumor viability, independent 
of blood fl ow, DWI and the ADC maps obtained 

from it have shown to be useful in the longitudinal 
monitoring of tumor response to a vascular dis-
rupting agent. Based on the capability of this 
sequence to determine the diffusivity of the free 
water molecules, DWI can depict with high-sensi-
tivity tissues with high cellular component. It has 
to be taken into account that when evaluating 
well-perfused tumors, the ADC maps should be 
obtained from  b  values >100 to suppress the per-
fusion component of the analyzed tissue.   

6.3.2     Metastases 

 The liver is an organ that is commonly involved 
by metastatic disease, especially with primary 
tumors of the digestive tract because of the portal 
drainage of these organs into the liver. It is known 

a b

c d

  Fig. 6.3    Chemoembolization (TACE) of HCC. 
Pretreatment post-gadolinium T1 GRE images in arterial 
( a ) and delayed ( b ) show a large left hepatic lobe mass 
with peripheral enhancement. Post-TACE gadolinium-

enhanced T1 GRE image ( c ) shows no enhancement of 
right half of the lesion. 18F-FDG PET/CT image ( d ) shows 
no uptake in the corresponding right half of the mass indi-
cating partial response to treatment       
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that 30–40 % of colorectal cancer (CRC) patients 
with a resectable primary lesion at the time of ini-
tial diagnosis will develop recurrent disease in 
the liver, within the fi rst 2 years [ 15 ]. Over all 
about 50 % of the CRC patients will develop 
hepatic metastasis [ 15 ]. Two different patient 
populations have to be distinguished regarding 
treatment approaches to metastatic disease to the 
liver in CRC: patients who are amenable for par-
tial liver resection and those who do not qualify 
for a surgical approach. Of the 50 % of CRC 
patients who develop liver metastases, only 
20–25 % [ 16 ] will be candidates for surgical 
resection. The importance of this relies in that 
survival of CRC patients has been signifi cantly 
improved when abdominal imaging is imple-
mented in their diagnostic workup and follow-up. 
This is mainly due to liver resection of metastasis 
detected at an early stage. To those patients who 
are not surgical candidates, other options such as 
transarterial embolization (TAE), transarterial 
chemoembolization (TACE), radiofrequency 
ablation, and transarterial radio-embolization 
with Y90 are available. In this fraction of patients, 
the focus is no longer on disease detection but on 
assessment of treatment response. 

 Diagnostic workup for the patient population 
where surgery is an option should focus on sensi-
tivity to detect early disease, as surgical resection 
provides absolute cure and improved survival. 
While usually triple-phase CT is the most com-
monly used diagnostic procedure, PET/CT has 
proven more sensitive for detection of both 
hepatic and extrahepatic metastatic diseases. At 
the same time, MRI is evolving as a more accu-
rate tool to assess liver metastasis when com-
pared to CT. With the advent of hepatocyte- and 
liver-specifi c contrast agents (gadoxetic acid, 
SPIO, etc.), accuracy of MRI has surpassed 
triple- phase CT [ 17 ] and PET/CT for lesions 
below 10 mm [ 18 ] (Fig.  6.4 ). For detection of 
hepatic malignant lesions, MRI with DWI has a 
reported detection rate of 97.5 % (Fig.  6.5 ) and 
which has increased to 100 % with the additional 
use of liver-specifi c agents [ 19 ]. Hence, MRI is 
the single best imaging option for detection of 
hepatic metastases. While PET/CT is limited in 
spatial resolution in the liver (Fig.  6.6 ), it defi -

nitely has its strengths in the detection of 
 extrahepatic disease (Fig.  6.7 ) which is essential 
to determine appropriate therapeutic approach.

      In the second patient population, with non- 
resectable liver metastases, the major challenge 
is to determine success or failure of treatment and 
to determine local recurrence in previously 
treated locations. Triple-phase CT, though not the 
best imaging modality, is a more common option 
in this patient population, because of its availabil-
ity and reasonable sensitivity and specifi city. 
While effi cacy of multiparametric MRI with 
DWI and ADC maps is still being tested on these 
patients, response to chemotherapy on F-FDG 
PET/CT has shown good correlation to disease-
free survival [ 20 ]. PET/CT has shown a sensitiv-
ity of 65 % on detecting residual tumors in livers 
treated with radiofrequency ablation [ 21 ]. 

6.3.2.1    Other Tracers 
 Another tumor entity to frequently metastasize to 
the liver is neuroendocrine tumors (NET) of the 
pancreas and gastrointestinal tract. NET are slow 
growing and have a slow metabolic rate. Because 
of their slow-growing pace and the fact that they 
are usually asymptomatic, they are most often 
diagnosed at a late stage when metastatic spread 
is already present. Because of the slow-growing 
rate and, hence, low metabolic rate of most of 
these tumors,  18 F-FDG-based PET is not a good 
tool to diagnose or stage. Nonetheless it could be 
useful on determining prognosis since  18 F-FDG 
uptake by these tumors is directly related to a 
shift in differentiation from well to poorly differ-
entiated which in turn is related to poorer progno-
sis [ 22 ]. Expression of somatostatin receptors by 
these tumors allows the use of labeled somatosta-
tin analogues for detection and staging of NET. 
The tracer used for SPECT is  111 In-DTPAOC 
(111In-DTPA-octreotide) (Fig.  6.8 ), while 
 68 Ga-DOTATOC is the tracer for PET/CT 
([68Ga]-DOTA-D-Phe (1)-Tyr (3)-octreotide). 
The latter tracer has shown higher sensitivity 
than CT and SPECT because  68 Ga-DOTATOC 
has higher affi nity to somatostatin receptors 
than  111 In-DTPAOC and PET has a higher spa-
tial resolution than SPECT. It has also been noted 
that the retrospective fusion of  68 Ga-DOTATOC 
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PET with MRI using gadoxetic acid has higher 
sensitivity (91 %) than  68 Ga-DOTATOC PET/
CT alone (74 %), especially with lesions under 
10 mm. On the other hand, MRI alone has a sen-
sitivity of 88 % [ 23 ]. One should be aware that 
poorly differentiated neuroendocrine tumors can 
express low levels of somatostatin receptors 2 
and 5, which are the ones that are targeted by the 
aforementioned radiotracers. In this latter popu-
lation, there would be a benefi t of using MRI 

conjointly with  18 F-FDG PET/CT, since MRI 
can still detect these lesions with a high sensitiv-
ity, independently of the tumor grade, and avid 
uptake of  18 F-FDG by undifferentiated NET, as 
opposed to the other tracers.

   Other radiotracers such as 18 F-FLT (fl uo-
rothymidine) have been tested for the detection 
and characterization of liver metastatic lesions 
with promising results when assessing treat-
ment response [ 24 ]. As FLT is metabolized to 

a b c

d e f

  Fig. 6.4    Hepatic metastases from colon cancer. DWI ( a ) 
delayed hepatobiliary phase T1 GRE following Eovist ( b ) 
and 18F-FDG PET/CT ( c ) images show multiple hepatic 
lesions in segment 4 with FDG uptake. DWI ( d ) delayed 

hepatobiliary phase T1 GRE following Eovist ( e ) and 
18F-FDG PET/CT ( f ) images show another metastatic 
lesion in segment 3 on delayed post-Eovist images with-
out diffusion restriction or uptake on FDG-PET images       
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FLT- glucuronide in liver tissue leading to a high 
physiological uptake, its utility for assessing pro-
liferation in patients with liver tumors is limited, 
and further experience is needed before any con-
clusions can be drawn from these experiences.   

6.3.3     Infections 

 Use of  18 F-FDG PET/CT is reserved for specifi c 
hepatic infections. 

 Reports have been published on the role of 
 18 F-FDG in imaging alveolar echinococcal dis-
ease and fungal liver abscesses. However, no evi-
dence can be drawn from them regarding its use 
in either disease. Though there is potential role of 
F-FDG-PET CT in monitoring response to treat-
ment and to decide the appropriate drug therapy 
of fungal liver abscesses, there is no supporting 
evidence from large-scale studies. Regarding 

alveolar echinococcal disease, there were unsuc-
cessful attempts to link the  18 F-FDG uptake of the 
lesions to the pathogen viability, since there are 
reports showing pathogen viability even in the 
absence of  18 F-FDG uptake. Nonetheless some 
authors reported the  18 F-FDG PET/CT to be use-
ful in differentiating between alveolar and cystic 
echinococcal diseases.   

6.4     Pitfalls and Artifacts 

 PET/MRI pitfalls and artifacts related to the 
imaging of the liver are mostly related to breath-
ing motion. When no measures are taken to pre-
vent breathing-related artifacts, they can show in 
up to two thirds of patients. Breathing artifacts 
can result in either misalignment of lesions or 
incorrect attenuation correction of the PET acqui-
sition (Fig.  6.9 ). Ideally, the liver is imaged in the 

a

b

c

d

e

f

  Fig. 6.5    Hepatic metastases from rectal cancer. 
T2-weighted fat-saturated FSE ( a ) DWI ( b ) ADC ( c ) and 
gadolinium- enhanced T1 GRE images ( d ) show a cluster 
of three metastatic lesions in the right lobe. Fusion images 

of FDG PET/MR ( e ) and FDG PET/CT ( f ) demonstrate 
increased uptake in this region though identifi cation of 
three distinct lesions is diffi cult due to low spatial 
resolution       
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a b c

d e f

  Fig. 6.6    Small hepatic metastasis from colon cancer. 
T2-weighted axial ( a ) and coronal ( b ) gadolinium-
enhanced T1 GRE images in arterial ( c ) portal ( d ) and 

delayed ( e ) phases show the presence of a subcentimeter 
liver metastasis in segment 4. The lesion is not detectable 
in the corresponding PET/MR fusion image ( f )       

a b

c d

  Fig. 6.7    Extrahepatic metastases from colon cancer. 
Coronal T2-weighted ( a ) and gadolinium-enhanced T1 
GRE ( b ) images demonstrate an enhancing lesion in the 

right lower quadrant. Corresponding coronal 18F-FDG 
PET/CT images ( c  &  d ) show signifi cant uptake within 
this lesion       
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exact same position in both MRI and PET. 
However, in reality, image acquisition is slightly 
different in MRI and PET so that exact co- 
registration is actually challenging. As in PET/
CT, the acquisition in PET is done over 1–3 min, 
typically per bed position, and in free breathing 
which averages an intermediate respiratory posi-
tion. In MRI, image acquisition is typically per-
formed in one single breath hold during which 
the entire liver can be covered.

   The fi rst relates to the position of the liver dur-
ing the anatomical acquisition, be it MRI or CT, 
and the mismatch of the position of the organ in 
comparison with the position of the organ in the 
PET. In PET/CT, where CT acquisition happens 
in a few seconds with the current CT technology, 
attempts have been made to diminish breathing 
artifact by instructing the patient to breath-hold 
in intermediate inspiration or in expiration. In 
MRI, most of the relevant sequences for liver 
imaging are acquired in breath hold. Thus, a sim-
ilar approach could be chosen as in PET/CT, 

since image acquisition in MRI however may 
take between 20 and 30 s and more than one 
acquisition may be necessary in some cases to 
cover the entire liver. 

 As both attenuation correction sequences, 
2-point Dixon and the T1w 3D, are scanned as 
volume data sets, there is no possibility to gate 
the acquisition. Nonetheless, breathing instruc-
tions do help, and efforts can be made to make 
the breath hold last shorter, like increasing the 
number of acquisitions to cover the whole length 
of the liver by diminishing the number of slices 
per acquisition. 

 Albeit the impact breathing artifact has on 
lesion localization, it can also impact on the SUV 
values of the PET data (Fig.  6.10 ), given that the 
anatomical acquisition is used to correct the PET. 
In this case a misalignment of the PET data and 
the CT or MRI data generates the misinterpreta-
tion of photons that proceed from liver tissue as 
photons that proceed from the lung; since both 
tissues have attenuation correction coeffi cients 

a b

c d

  Fig. 6.8    Hepatic metastases from neuroendocrine tumor 
of the pancreas. DWI ( a ) T1 GRE in portal venous ( b ) and 
delayed hepatobiliary phase ( c ) images following Eovist 

show a well-defi ned hypointense lesion in segment VIII 
with diffusion restriction. Indium-111 octreotide scan ( d ) 
shows faint uptake of the tracer in the same region       
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which are very different, the resulting SUV is 
underestimated and a photopenic band is seen.

   While the breathing-based artifacts are of a 
technical nature in the sense that are related to 
how the image is acquired by the scanner, other 
artifacts can be generated from physiological con-
ditions of the patient, like the one related to tis-
sues with physiologically increased  18 F-FDG 
uptake. In the case of the liver, there has been 

studies showing that at higher serum glucose lev-
els at the time of  18 F-FDG injection, higher SUV 
values will be seen in the liver, especially upon 
delayed imaging (>1 h) [ 25 ]. In this context 
guidelines [ 26 ] suggest to image with glucose lev-
els below 120 mg/dl, especially because the liver 
is already an organ with high  18 F-FDG uptake, 
making it sometimes diffi cult to visualize lesions 
with uptake.  

a

b

c

d

e

f

  Fig. 6.9    Respiratory misregistration artifact. Side-by-
side comparison of PET/CT attenuation correction ( a ) 
FDG-PET ( b ) PET/CT fusion ( c ) PET/MR attenuation 
correction ( d ) FDG-PET ( e ) and PET/MR fusion ( f ) 

images showing a photopenic band in the PET/MR 
images ( arrows  in images  d  &  e ) near the dome of the 
liver due to the lower position of the liver in the images 
used for MR attenuation correction       
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    Conclusion 

 MRI and molecular imaging, using  18 F-
FDG and other tracers, are the two best 
independent imaging methods in evaluation 
of both metastatic and primary hepatic 
tumors. It is also evident that in most of 
these situations, neither imaging modality 
hinders the performance of the other, allow-
ing coupling into a single-imaging modal-
ity (PET/MRI). 

 Patients being studied for metastatic 
spread of CRC, or breast cancer, or mela-
noma, or other tumor will have the opportu-
nity to get the best diagnostic capabilities in 
the liver (MRI) (Fig.  6.11    ); at the same time 
they can be screened for extrahepatic disease 

with the best imaging method available 
(PET). Another example would be a patient 
with a primary tumor of the liver, where 
MRI multiparametric imaging, alongside 
with PET and its multiple tracers available, 
not only will work synergically to diagnose 
the type of the tumor and extrahepatic metas-
tases but will also be able to thoroughly 
assess tumor response to treatment and 
screen for relapse.

   PET/MRI is still a fairly new technol-
ogy, and though preliminary studies have 
shown great potential for this new hybrid 
imaging, further studies have to be under-
taken to establish its role and its 
cost-effectiveness.     

a

c

d

e

f

b

  Fig. 6.10    Low SUV value from respiratory misregistra-
tion. Side-by-side comparison of PET/CT attenuation cor-
rection ( a ) FDG-PET ( b ) PET/CT fusion ( c ) PET/MR 
attenuation correction ( d ) FDG-PET ( e ) and PET/MR 

fusion ( f ) images show low SUV of the metastatic lesion 
at the dome of the liver in PET/MR images ( d  &  e ) due to 
the lower position of the liver in the images used for MR 
attenuation correction       
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7.1            Introduction 

    Colorectal cancer (CRC) is the third most 
 common malignant neoplasm in mankind with 
slightly less than 1.2 million new cases and more 
than 600,000 deaths worldwide in 2008 [ 1 ,  2 ]. 
Colorectal cancer is frequently associated with 
metastatic disease – either synchronous or meta-
chronous – with the highest number of metasta-
ses to the lymph nodes and liver. In CRC patients’ 
early detection of metastases has a strong impact 
on prognosis since effective interventional as 
weäll as surgical treatment options can be offered 
leading to relatively high survival rates [ 3 ]. If dis-
ease course is followed closely with imaging, 
survival can be signifi cantly improved [ 4 ]. 

 Diagnostic imaging plays a crucial role in the 
initial staging, treatment monitoring, and disease 
follow-up. The cornerstones of diagnostic imag-
ing in this setting are computed tomography 
(CT), magnetic resonance imaging (MRI), and 
positron-emission tomography (PET), today 
mostly performed as PET/CT. Conventional 
colonoscopy is the mainstay for the detection and 
primary diagnosis of disease. 

 In addition to contrast-enhanced CT of the 
chest, abdomen, and pelvis, other cross-sectional 
imaging methods and PET are well established in 
the current CRC workup. Foremost, PET/CT has 
gained a crucial role in primary staging and sur-
veillance of colorectal cancer [ 5 ]. What makes 
PET/CT a successful modality for this disease is 
the accuracy for assessment of M and N staging 
with minor limitations for the detection of liver 
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metastases. In a post-treatment setting, PET/CT 
is able to differentiate post-therapeutic changes 
from cancer recurrence or residual malignancy 
with a high level of confi dence [ 6 ]. This hybrid 
imaging modality is therefore of particular value 
for colorectal cancer patients who present with 
an unexplained rise in CEA [ 6 ]. 

 In addition, PET/CT leads frequently to the 
correction of staging results established by other 
noninvasive staging imaging modalities and 
helps to appropriately adjust the overall thera-
peutic strategy in individual patients [ 7 – 10 ]. 

 MRI, historically, is an imaging technique 
focusing on a specifi c organ or body region like 
the brain, liver, or pelvic organs with dedication 
to tissue specifi cation and spatial detail. 

 In imaging colorectal cancer, the role of MRI 
is paramount in the workup of rectal cancer and 
less prominent in the workup of colon cancer 
except for the assessment of metastatic disease to 
the liver. 

 With the arrival of new scanner technology for 
faster imaging – particularly parallel imaging 
techniques – whole-body MRI has been success-
fully applied for CRC staging with comparable 
results to PET/CT [ 11 ]. Functional, multipara-
metric MR imaging has further broadened the 
spectrum of applications of diagnostic MRI [ 12 ]. 
Diffusion-weighted imaging (DWI), a surrogate 
parameter for tissue cellularity, perfusion imag-
ing with dynamic contrast-enhanced (DCE)-
MRI, blood oxygen level-dependent (BOLD) 
imaging for hypoxia mapping, as well as MR 
spectroscopy which give information about the 
molecular tissue composition [ 13 ,  14 ] all have 
helped MRI to gain attention as an essential tool 
for oncology imaging beyond the mere desire to 
image anatomic detail and morphology. In PET/
MR, local and whole-body imaging is combined, 
and the molecular and biological information 
from PET is added to the equation. This combi-
nation raises hope for further improvement of 
diagnostic capacity of this new modality com-
pared to the current standard of care. The nonin-
vasive approach and lack of ionizing radiation 
are additional advantages even over the very suc-
cessful modality PET/CT. To assess the value of 
PET/MR, to determine the accuracy as compared 

to standard of care and PET/CT, and to elucidate 
the incremental benefi t of combining the two 
modalities in one are currently work in progress.  

7.2     Technical Considerations 
for PET/MR in CRC 

7.2.1     Scanner Design 

 The design of currently commercially avail-
able hybrid PET/MRI systems is that of either 
an integrated system [ 15 ] or a “tandem” 
sequential solution of PET and MRI [ 16 ]. In 
the integrated system, the PET is built into the 
MRI scanner. Image acquisition of PET and 
MRI occurs simultaneously. In the tandem 
approach, PET and MRI are located in close 
vicinity to each other in the same room and 
connected by a common table that moves 
between the two units. In the tandem approach 
PET/MR, the images in PET and MRI are 
acquired sequentially but in the same imaging 
examination as in PET/CT. Whether there is 
advantage of one approach over the other is not 
proven, yet. 

 Based on the limited literature available, 
some authors claim that simultaneous inte-
grated PET/MR may overcome challenges in 
image interpretation in the abdomen related to 
tissue movement in structures like the bowel 
[ 17 ]. Other authors of a recently published 
review about applications of PET/MRI in the 
abdomen state that the sequential “tandem” 
approach is suffi cient for the majority of cases 
in clinical settings. 

 According to our own experience with a tan-
dem system PET/MR and sequential imaging, 
the quality of alignment for abdominal lesions 
depends essentially on the imaging sequences 
and the patient motion for exact matching. 
Based on our experience and the limited litera-
ture available, there is no clinically relevant dif-
ference for localization of lesions between 
sequential and simultaneous PET/MR approach 
in abdominal oncology applications [ 18 ]. 
Further studies in larger patient cohorts  however 
are warranted.  

S. Partovi et al.
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7.2.2     Attenuation Correction 

 The three major tasks of MRI in the context of 
PET/MR are the following: (1) to generate data 
for tissue attenuation correction, (2) to provide 
anatomic reference for foci of abnormal tracer 
uptake, and (3) to deliver morphologic and func-
tional diagnostic information dedicated to detect, 
characterize, and stage disease. 

 Various MR sequences are being used as 
a source for tissue attenuation maps and sub-
sequent quantifi cation of standardized uptake 
values (SUV). Most common MR attenuation 
(atMR) sequences include T1w 3D gradient 
echo, mDIXON, ultrashort echo time (UET), 
and double UTE sequences. mDIXON has the 
advantage to provide an in-phase, out-of-phase, 
water- and fat-balanced image, all in one breath 
hold. This sequence has been successfully used 
for both attenuation correction and anatomic 
localization. With the mDIXON a four-class 
tissue segmentation is possible accounting for 
the fat, soft tissue, air, and lung but not bone [ 19 , 
 20 ]. This may result in quantization errors in 
bone and adjacent structures. On the other hand, 
2-point mDIXON has demonstrated to be most 
suitable for the delivery of anatomic reference in 
PET/MRI [ 18 ]. Even for the visualization of pul-
monary nodules, mDIXON was considered suffi -
cient for diagnostic purposes with PET/MRI [ 21 ] 
although slightly inferior to PET/CT in a direct 
comparison. 

 UTE sequences with exceedingly short spin-
spin T2 relaxation times are able to detect bone, 
tendons, and ligaments [ 22 ]. These properties of 
UTE have been applied in the brain and skull to 
distinguish bone from air and soft tissue for the 
purpose of attenuation correction. This might be 
distinctly helpful in the pelvis where attenuation 
correction is challenging due to surrounding 
bone and possible air in the rectum and bowel 
[ 23 ,  24 ]. A recently published manuscript com-
bined successfully the Dixon sequence for water 
vs. fat detection with the UTE approach leading 
to four-class tissue segmentation for attenuation 
correction in PET/MRI [ 25 ]. This has however 
only been shown for head and neck cancers, 
primarily. 

 T1-weighted 3D GRE sequences – as used in 
other protocols – seem to suffer from higher sen-
sitivity to motion artifacts which occasionally 
limit exact anatomic localization. With T1w 3D 
GRE, a 3-segment model is used distinguishing 
the air, soft tissue, and lung. Again, bone is not 
accounted for. A recent article by Kershah et al. 
reporting on the use of T1w 3D GRE for MR 
attenuation correction has shown that SUV devi-
ations between PET/CT and PET/MRI are most 
pronounced in areas close to the bone such as the 
psoas muscle [ 26 ,  27 ]; the latter may be a region 
which potentially will be affected for the assess-
ment of SUV measurements in lymphadenopa-
thies of malignancies in the pelvis. Deviations of 
SUV values up to 25 % have been reported in the 
pelvis. However, this remains to be proven. 

 Other than the mDIXON sequence, the T1w 
3D GRE which is used for attenuation correction 
in our protocol is not suffi cient for anatomic ref-
erence in all areas of the body due to sensitivity 
to respiratory and other motion artifacts and T1w 
signal and contrast only. A combined approach 
with T1w 3D GRE for attenuation correction and 
mDIXON is therefore desirable. 

 Further characteristics of these atMR sequences 
are discussed elsewhere in this book in more detail.  

7.2.3     Workfl ow Design 
and Image Protocol 

 One of the major logistic challenges encountered 
with PET/MR in imaging and staging colorectal 
cancer is the management of time intensive imag-
ing protocols on both ends. Imaging protocols are 
different if focus is desired on a specifi c area as 
compared to a whole-body approach as in PET/
CT. The individual arrangement of the imaging 
protocol, however, will substantially differ for 
scanners with simultaneous vs. sequential image 
acquisition. In both instances, examination time 
has to be intelligently utilized not to exceed rea-
sonable examination time on one side and not to 
jeopardize image quality, patient comfort, and 
diagnostic outcome on the other side. Therefore, 
appropriate CRC-specifi c PET/MR protocols need 
to be developed for use in clinical settings [ 28 ]. 
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 For both scenarios, the patient preparation, the 
tracer kinetics, patient positioning on the table, 
and time for scanner operation and planning are 
comparable. In the integrated system, the PET and 
MRI data are acquired simultaneously. Martinez-
Moeller et al. have proposed a workfl ow for opti-
mal use of examination time in this integrated 
setting (Fig.  7.1 ) [ 29 ]. The atMR and morphologic 
MRI    sequences are acquired while PET acquisi-
tion is running over approximately 4 min per bed 
position. This procedure is repeated for each bed 
position. Diligent selection of MRI sequences has 
to be made in order to intelligently use the given 
4 min per bed position. If multiple sequences with 
variable weightings including functional imaging 
are desired at a certain body level – as it is likely 
the case in oncologic imaging – this may exceed 
the given time frame per bed position.

   In the sequential setting, PET and MRI are 
acquired as separate examinations but one imme-
diately after the other with a table shift in 
between. With time of fl ight PET technology, 
not available in the simultaneous design, accel-
erated scanning in PET is possible [ 16 ], and the 
total examination time for the PET component 
can be shortened. This leaves more time for the 
MRI component. In addition, in this setting, the 
time immediately after injection of the tracer can 
already be used to acquire MRI data while wait-
ing for the tracer distribution in the body. 
Particularly, if whole-body MR imaging for ana-
tomic localization is added to the equation, this 
may be performed during this time period. 
Taking advantage of the time of tracer distribu-
tion may shorten patients’ overall time of visit 
and improve workfl ow. 
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  Fig. 7.1    29Workfl ow in a setting of simultaneous PET 
and MRI data acquisition. ( a ) Represents the workfl ow 
combining PET acquisition with morphologic whole-

body MRI; ( b ) demonstrates an example of combined 
whole-body and organ-focused imaging protocol 
(Modifi ed after Martinez-Moeller et al. [ 29 ])       
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 For colorectal cancer applications,  whole- body 
imaging for M staging might ideally be combined 
with focused MR imaging of the liver and/or 
rectum. 

 Typical sequences used in rectal cancer imag-
ing include the T2-weighted sequences SSFSE 
and TSE in three planes with and without fat 
saturation and T1-weighted fat-saturated 2D or 
3D sequences with and without the application of 
contrast material. Standard phased-array surface 
coils are suffi cient, and an endorectal coil is not 
required [ 30 ]. 

 A typical imaging protocol for colorectal can-
cer staging PET/MR with the sequential scanner 
approach includes T2w SSH imaging in two 
planes for the liver, abdomen, and pelvis, T2w 
SSH with fat saturation for the liver, and DWI for 
the liver and pelvis in axial orientation as well as 
T2w FSE (TSE) imaging in three planes for the 
pelvis and rectum if the primary cancer is rectal 
cancer. Pre- and post-contrast images are acquired 
for the liver including dynamic scanning 25 s, 
70 s, and 5 min post injection of the contrast 
agent and pre- and post-contrast imaging of the 
pelvis. In order to cover the whole body and pro-
vide anatomic reference for M staging, the 
whole-body 2-point mDIXON can be performed 
both pre and post gadolinium. This adds only a 
few minutes to the total protocol and the compre-
hensive local and whole-body protocol can be 
performed in 35–40 min dependent on the body 
size of the patient. In a sequential approach, the 
PET component adds another approximately 
15 min, and most of the examination can be per-
formed within one hour. 

 If one would want to include primary detection 
of colon cancer in this setting of PET/MR, MR 
colonoscopy would have to be performed. MR 
colonoscopy includes steady-state free precession 
sequences (SSFP), T2w SSFSE in two planes, and 
T1w 3D GRE in coronal plane. SSFP sequences, 
although generally robust in 1.5 T MRI systems, 
are less desirable in a 3 T setting since they suffer 
from banding artifacts due to greater magnetic 
fi eld heterogeneity at higher fi eld strengths [ 31 ]. 
They have shown to be more motion sensitive at 
3 T leading to reduced image quality [ 32 ]. The 
T1-weighted contrast-enhanced 3D gradient echo 

sequences benefi t most from the higher SNR [ 33 ]. 
These sequences are essential for colorectal polyp 
and cancer diagnosis [ 34 ,  35 ]. 

 Since in the setting of PET/MRI it is crucial to 
optimize the workfl ow and decrease the MR 
acquisition time, every approach to reduce acqui-
sition time is welcome. Recently published data 
propose for rectal imaging to substitute 2D 
sequences in three orthogonal planes with 3D 
sequences in one plane followed by post- 
acquisition 3D image reconstruction and multi-
planar reformations [ 36 ,  37 ]. Implementing these 
benefi ts of 3 T MR imaging may be relevant for 
PET/MR imaging but have not been properly 
evaluated yet.   

7.3     Current Role of PET/CT 
and MRI and Potential 
Role of PET/MR 

 In current standard of care, both PET/CT and 
MRI have preeminent value for the diagnostic 
workup of CRC. The role of PET/MR is likely to 
be different for colon cancer as compared to rec-
tal cancer. 

7.3.1     T Staging in Colon Cancer 
and Rectal Cancer 

 The reference standard for detection of polyps as 
precursors of colon cancer is currently still optical 
colonoscopy (OC) [ 38 ,  39 ]. OC however is an 
invasive method involving anesthesia and is 
related to procedural risks even if minor. MR 
colonography (MRC) has been performed suc-
cessfully and proposed as a noninvasive method 
to screen for polyps and detect and stage colon 
cancer. MRC is capable to detect colorectal ade-
nomatous polyps as well as fully established can-
cer [ 40 ]. At 1.5 T fi eld strength, a polyp of 5 mm 
or larger in size can be depicted with a sensitivity 
and specifi city of 93 and 100 %, respectively [ 41 ]. 
3 T MR imaging (commercially available PET/
MR hybrid systems are 3 T systems) may further 
decrease this threshold for polyp  detection [ 40 , 
 42 ] but will also face the intrinsic challenges of 
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high fi eld strength imaging. Air generates larger 
susceptibility artifacts at 3 T than at 1.5 T. MRC 
still requires the preparation of the colon and will 
likely not entirely avoid the issue of air in the 
colon. Despite the fact that a recent publication 
has mastered these challenges and found a sensi-
tivity of 78.4 % and a specifi city of 95.3 % for 
MRC at 3 T in detecting colonic polyps >6 mm 
[ 43 ], this technique has never been truly estab-
lished in clinical routine, as of yet [ 31 ,  34 ,  35 ]. 

 PET alone has signifi cant limitations in detect-
ing cancerous polyps and primary colon cancer 
for several reasons. First, precancerous adenoma-
tous polyps can be detected with FDG-PET, but it 
is diffi cult to determine whether they are benign 
or malignant [ 44 ]. Detection rate of PET improves 
in larger colonic polyps and in those with a higher 
grade of dysplasia [ 45 ]. False-negative lesions 
may occur with PET specifi cally if these lesions 
are (I) mucinous tumors with poor cellularity 
[ 46 ] and (II) serosal metastases, because these 
are diffi cult to discern from physiological bowel 
activity. Furthermore, PET has limited inherent 
spatial resolution which does not allow accurate 
T staging with regard to mural invasion. 

 In a setting of PET/MR, the high soft tissue 
contrast of MRI and functional information from 
PET could possibly improve overall performance 
in detection and characterization of polyps. 
While there is an overt advantage of PET/MR 
over PET/CT in reducing radiation dose, both the 
feasibility of MR colonography in a setting of 
PET/MR and its diagnostic benefi t beyond the 
current methods for the detection and T staging 
colon cancer remain to be determined. 

 In distinguishing infl ammatory from malig-
nant disease, PET is relatively nonspecifi c; this 
occasionally leads to a false-positive interpreta-
tion in PET images. One of the major interpreta-
tion pitfalls, however, is the physiological bowel 
activity which may mimic colon cancer. At this 
point it is important to emphasize that PEt alone 
is not an appropriate imaging modality for colon 
cancer screening due to high costs, limited avail-
ability, and lack of specifi city [ 47 ]. 

 Following our own initial experience with 
PET/MR, issues of bowel activity and distinc-
tion of infl ammatory from malignant tissue are a 

similar dilemma. Additional challenges in PET/
MR lie in a reproducible quantifi cation and con-
sistency of standardized uptake values. Since 
tissue attenuation correction in PET/MR is not 
performed with CT but based on MRI, the SUV 
quantifi cation and tissue attenuation correction 
in PET/MRI is currently particularly dependent 
on the sequence type used for attenuation cor-
rection [ 48 ]. 

 In summary, MRC and MRI nowadays play a 
minor role in the primary detection of colon can-
cer despite its noninvasive character, high poten-
tial, and fairly high accuracy [ 34 ,  43 ]. T staging 
of colon cancer remains a domain of conven-
tional optical colonoscopy which has maintained 
its role as a reference standard likely due to the 
signifi cant advantage to provide histopathology 
and options for treatment at the same time. 

 In contrast to the setting for colon cancer, 
MRI plays a major role in the primary assessment 
of rectal cancer. Local staging of rectal cancer 
and patient treatment outcome have signifi cantly 
improved with the arrival of high-resolution 
MRI. To assess the degree of infi ltration in the 
bowel wall and mesorectum is of paramount 
importance for clinicians and surgeons in order to 
decide for appropriate therapy. This information 
can be obtained either with invasive endorectal 
ultrasonography or with noninvasive MRI [ 49 ]. 
Studies comparing histology as reference stan-
dard with T staging conducted by MRI revealed 
agreement rates of up to 94 % [ 50 ,  51 ]. 

 Beyond primary local T staging of rectal can-
cer, MRI alone has gained increasing importance 
in the evaluation of  treatment response  and  local 
recurrence . Adding DWI to the protocol has 
improved diagnostic accuracy for detection of 
rectal cancer [ 52 – 56 ], has fostered predictive 
capacities of MRI [ 57 ,  58 ], and has been success-
ful assessing treatment response when combined 
with T2-weighted images [ 55 ,  59 ]. As DWI with 
its ADC values gives information about viability 
of tissue and potentially about the hypoxic state, 
it can be used to predict treatment response [ 57 , 
 58 ]. This is explained by the fact that hypoxia 
hampers the effect of radiochemotherapy. 
Furthermore, DWI helps to distinguish fi brosis 
from recurrence [ 56 ].  
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7.3.2     N Staging 

 Nodal staging remains a challenge for any imag-
ing modality – in both colon and rectal cancer. 
Looking at the surgical strategy, however, preop-
erative assessment of nodal involvement seems 
more critical and relevant in rectal cancer. Prior to 
mesorectal excision, detection of lymphadenopa-
thy is essential. For partial colectomy, lymph node 
dissection is encompassed in the resection of the 
mesenteric pathways. 

 Local N staging of rectal cancer is currently 
done with MRI in clinical settings. T2-weighted 
sequences are cornerstone both for T staging and 
for the assessment of local lymph node involvement 
before as well as after initiation of therapy [ 60 – 62 ]. 
For N staging, agreement between MRI results and 
histological standard of reference are high at around 
85 % [ 63 ]. The size of the node remains one main 
criterion with those nodes greater than 1 cm consid-
ered as malignant. DWI can add information in cal-
culating the ADC value ratio between lymph node 
and tumor [ 64 ]. In all instances the signal intensity 
and signal pattern of the lymph node is an essential 
feature to assess metastatic involvement. While 
MRI for N staging (also outside the local tumor 
environment) can be improved with application of 
iron containing nanoparticles [ 61 ,  62 ], this contrast 
agent is not universally available. 

 PET delivers molecular information and is an 
important adjunct to morphologic imaging in the 
case of positive uptake. However, its inherent limita-
tion of spatial resolution reduces its value in smaller-
sized nodes. One recently published paper showed 
superior N staging when combining the reading of 
PET/CT and MRI leading to high lymph node 
metastases detection rate [ 65 ]. These data justify the 
hope for an improved N staging in rectal cancer with 
PET/MR. Despite the mentioned limitations, nodal 
staging is most likely to benefi t from the arrival of 
PET/MR as a combined imaging modality.  

7.3.3     M Staging 

 The preeminent advantages of PET/CT for 
colorectal cancer staging arise from its capabil-
ity of whole-body imaging with detection of 

 metastatic spread. While performance is very 
sound in solid organs and soft tissue, PET has lim-
itations in the liver, brain, and bone. In the liver, 
the PET component is limited for M staging due to 
the physiological uptake of the liver parenchyma, 
the low spatial resolution, and the lack of clear 
anatomic landmarks [ 66 ]. Lesions measuring less 
than 1.3 cm might be overseen due to volume aver-
aging effects [ 67 ]. High liver background activity 
may lead to masking of small hepatic metastases. 
Additionally, it is challenging to detect microme-
tastases with PET/CT, in particular when unselec-
tive tracers such as FDG are used [ 68 ]. In these 
cases the MR component can be of specifi c value. 

 MRI has shown to be more accurate in the 
detection of small liver metastases than both CT 
and PET/CT [ 69 ,  70 ]. Colon cancer diagnostic 
reliability of metastases can be increased when 
adding MRI which has shown to be better than 
CT for this indication [ 71 ,  72 ]. In a meta-analysis 
of 39 articles with over 3,000 patients, MRI had 
a sensitivity of 80.3 % on a per-lesion basis and a 
sensitivity of 88.2 % on a per-patient basis. For 
lesions less than 10 mm in size, the sensitivity in 
MRI was higher in comparison to CT [ 73 ]. 

 MRI is also particularly useful for the detec-
tion of brain metastases [ 74 ]. MRI with the use of 
contrast agents can depict small metastases in the 
brain and proved to have a higher sensitivity for 
this indication in comparison to PET/CT or CT 
alone [ 75 ]. Due to the nonspecifi c uptake of FDG 
in the brain, PET is not suitable to assess simulta-
neous metastases to the brain. 

 Other areas which presumably benefi t from 
both MRI and PET in a whole-body setting are 
bone metastases. One study showed a sensitivity 
of 94 %, a specifi city of 76 %, and a diagnostic 
accuracy of 91 % when applying whole-body 
MRI for bone metastases detection. Smaller 
malignant bone lesions were depicted with 
whole-body MRI in comparison to PET/CT [ 76 ]. 

 PET/MR may improve the detection of metas-
tases to the liver, brain, and bone. In combining 
the outstanding sensitivity of MRI in the detec-
tion of even small liver lesions and the more spe-
cifi c metabolic information of PET, this will 
likely result in a signifi cant benefi t of PET/MRI 
for M staging of CRC.  
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7.3.4     Surveillance 

 Beyond the initial staging of the primary cancer, 
there are multiple scenarios regarding the follow-
 up of diagnosed colorectal cancer including the 
setting of neoadjuvant therapy and treatment 
response, postoperative treatment monitoring, 
and long-term surveillance. 

  Neoadjuvant  radiochemotherapy is established 
in the clinical workfl ow of rectal cancer patients 
for downstaging of advanced-stage tumors [ 77 ]. 
In this treatment setting, DWI combined with 
morphologic MRI helps to predict clearance of 
the mesorectal fascia from the neoplasm, impor-
tant information required by the clinician [ 78 ]. 
The metabolic imaging of PET together with the 
MR component proved to be useful in rectal can-
cer for differentiations of recurrent tumor vs. scar 
tissue [ 79 ]. 

 Another important role of imaging in the 
workup of CRC is the  monitoring  of treatment. 
Both MRI and PET/CT have proven value to 
accurately assess response to therapy for appro-
priate therapeutic decisions. DWI was proven to 
aid in assessment response to radiochemotherapy 
[ 55 ,  56 ,  58 ]. Degree of SUV decrease in FDG- 
PET prior to and after radiochemotherapy in 
advanced rectal cancer revealed to be a prognos-
tic outcome parameter: patients with higher 
degree of SUV decrease demonstrated a favor-
able outcome in this study [ 80 ]. 

 The  surveillance  of colon cancer is impor-
tant to detect tumor recurrence or progress. 
Historically, chemotherapy was the therapy of 
choice for recurrent cancer. With the introduction 
of minimally invasive therapy options like radio-
frequency ablation, innovative adjuvant radio-
chemotherapy regimens, and surgical metastatic 
resection, the clinician is able to treat recurrence 
and progress of colon cancer successfully if it is 
detected at an early stage [ 73 ,  81 ]. The role of 
CEA as a screening method for recurrent CRC 
is debated. Elevated CEA levels do not provide 
information about the location of recurrent or 
progressive disease; thus, imaging is needed, and 
currently CT of the chest, abdomen, and pelvis is 
standard. If a rising CEA tumor marker in patient 
with a history of colorectal cancer leads to a neg-

ative diagnostic workup, PET is recommended to 
reveal the recurrence site [ 82 ,  83 ]. 

 In the presence of posttreatment changes, the 
diagnosis of rectal cancer recurrence can be 
challenging. CT with its poor soft tissue resolu-
tion is extremely limited in providing accurate 
information. Morphologic MRI with higher soft 
tissue resolution is superior to CT in these cases. 
Nonetheless, after treatment in the pelvis, it can 
be diffi cult to distinguish tumor recurrence or 
residual from treatment-induced fi brotic or des-
moplastic or necrotic and infl ammatory changes 
with MRI alone [ 84 ]. DWI MRI is an important 
adjunct in these conditions to detect and stage 
rectal cancer appropriately [ 85 ] and has shown 
to improve assessment [ 56 ]. Recently published 
data demonstrated better detection of posttreat-
ment tumor recurrence and residual as well as 
superior identifi cation of positive lymph nodes 
in this patient population when adding DWI 
datasets [ 55 ,  56 ,  86 ,  87 ]. Another study could 
show DWI as a surrogate marker for the biologi-
cal behavior of rectal cancer [ 54 ]. The combina-
tion with information from PET is even more 
promising. 

 In PET/MR both local and distant recurrence 
can be investigated in one single examination. 
Combining the functional metabolic information 
from PET with the multiparametric and morpho-
logic information from MRI, PET/MR might be 
superior for follow-up after treatment enabling 
improved diagnosis of recurrent or residual tumor 
vs. therapy-induced changes. The incremental 
value of this approach, however, remains to be 
determined.   

7.4     Initial Results and Future 
Perspectives of PET/MR 
in CRC 

 Some clear advantages and benefi ts are obvious 
and can be expected from PET/MR; others 
remain to be proven and may crystallize over 
time as evidence is increasing. 

 First, benefi t can be seen in the potential for 
dose reduction with PET/MR avoiding the 
 radiation dose for CT. 
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 Second, PET/MR may offer, specifi cally in 
rectal cancer, a comprehensive diagnostic 
approach for T, N, and M staging and head toward 
a “one-stop-shop” modality with improved work-
fl ow and patient management. 

 Third and most importantly, there is great 
hope, that combining functional information of 
PET with functional multiparametric capacities 
of MRI will enhance diagnostic accuracy and 
provide predictive factors to guide therapy. 

 For all these fi elds, current literature is sparse. 
Current approaches to analyze the value of PET/
MRI are limited to comparing PET/CT and PET/
MR in the detection, localization, and character-
ization of FDG-positive lesions and the accuracy 
of MR-based attenuation correction. 

 In a recent paper, the value of software fusion 
between PET/CT and PET/MR (PET data fused 
to MRI) was analyzed for metastatic lesions. This 
approach is prospecting the potential gain from 
simultaneous or sequential imaging in one 
device. The data yielded sensitivities of 84.2 and 
98.3 % for PET/CT and PET/MRI, respectively, 
and stated that PET/MR effi ciently detected more 
metastatic lesions than PET/CT ( p  < 0.05) among 
those with diameter <1 cm. 

 Initial studies are available from true simulta-
neously acquired data in PET/MR looking at the 
value of PET/MR in oncologic indications. 
Oncologic imaging with PET/MRI so far yielded 
promising in studies including patients with a vari-
ety of tumors [ 17 ]. Detection of FDG-avid lesions 
suspicious for neoplastic involvement seems com-
parable between PET/MR and PET/CT in the 
majority of these studies reporting on the initial 
experience with the new hybrid modality [ 18 ,  88 ]. 

 For example, in the series of Drzezga et al. [ 18 ], 
a total of 32 patients were included in the study, 
four of which presented colorectal cancer. These 
patients had seven lesions in the liver and three in 
lymph nodes. Overall conclusion in this study was 
that the reliability of PET/MR was comparable to 
that of PET/CT in allowing the detection of hyper-
metabolic lesions suspicious for malignancy in 
patients with oncologic disease. 

 Quick et al. [ 88 ] report on 80 patients who 
underwent a double-scanning protocol with PET/
MR and PET/CT looking qualitatively at the 

 correlation of 195 tracer-avid lesions between the 
two modalities and rating image quality. The 
authors conclude that integrated PET/MR hybrid 
imaging is feasible in a clinical setting with simi-
lar detection rates as those of PET/CT. Attenuation 
correction can be performed suffi ciently with 
Dixon sequences, although bone is disregarded. 

 In none of these studies, colorectal cancer is 
specifi cally addressed separately as disease 
entity. 

 Our own experience with PET/MR in onco-
logic patients is based on 120 patients with 
various primary neoplasms who underwent dou-
ble-scanning protocol with PET/MR in a sequen-
tial design and PET/CT following a single- tracer 
injection of FDG. This oncologic patient popula-
tion included 13 patients with colorectal cancer 
at various stages of disease. From this limited 
experience we can summarize at least three dis-
tinct advantages of PET/MR that might prove 
value over current standard imaging approach in 
colorectal cancer:
    1.    Increase the confi dence in the characterization 

of focal liver lesions. Limitations of PET in 
confi dently identifying small lesions are com-
pensated for with MRI. On the other hand, 
even faint uptake in a small lesion which 
would be considered nonspecifi c in PET/CT 
imaging alone can reinforce the diagnostic 
confi dence in a lesion not fully characterized 
by MRI.   

   2.    Improvement to identify lymph nodes suspi-
cious for metastatic involvement.   

   3.    Increase the diagnostic confi dence in identify-
ing residual tumor after treatment. Synergistic 
behavior of ADC and PET may be a powerful 
tool to describe treatment response with even 
higher confi dence than either modality alone.     
 The future topics to be addressed with PET/

MR on the horizon of CRC imaging are 
manifold. 

 No experience is so far reported on combin-
ing the molecular information from multipara-
metric MRI and PET in colorectal cancer. 
Initial tests suggest there is suffi cient quality of 
alignment of data in the abdomen approach for 
comprehensive image analysis from both device 
components. More specifi cally, to assess the 
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potentially  synergistic information from PET 
and DWI in the assessment of treatment 
response in colorectal cancer will be an intrigu-
ing topic. 

 More data is warranted to prove the poten-
tial benefi ts and questionable superiority of 
simultaneous image acquisition in an inte-
grated over sequential acquisition. To date, no 
clear advantage has been demonstrated, in the 
specifi c indication of colorectal cancer imag-
ing staging. 

 There needs to be more effort in exploring 
the potential of currently existing multipa-
rametric imaging capacities of MRI for CRC 
imaging. For instance, PET-based perfusion 
measurements or hypoxia tracer might be cor-
related with BOLD imaging. PET tracer uptake 
might be compared with DWI as shown in 
earlier preliminary tests [ 89 ,  90 ]. Parameters 
determined from dynamic contrast-enhanced 
DCE-MRI [ 91 – 93 ] may be correlated with 
PET information. 

 With upcoming, new, and innovative treat-
ment strategies for CRC, imaging is challenged 
to provide adequate refl ection of the effective-
ness of these agents. Angiogenic inhibitor 
treatment has started to play a role in CRC. 
How to illustrate, quantify, and interpret the 
effect of these treatments beyond the purely 
morphologic description will be one of the 
major tasks in the future. New radiotracers for 
PET are already nowadays available to show 
the effect of anti- angiogenetic drugs. How 
their results can be further complemented with 
MRI remains to be determined. For this pur-
pose, PET/MR seems the ideal and most inte-
grative imaging modality. Since PET/MR 
involves less radiation burden, more frequent 
imaging to determine treatment response may 
be less problematic. The role and value of PET/
MR in view of these achievements, however, 
need to be determined. 

 Finally, different and new radiotracers may be 
explored as for their value in PET imaging of 
colorectal cancer. New predictive factors, bio-
markers, parameters, and measures may emerge 
from their use to enrich the landscape of diagnos-
tic imaging for CRC patients.     
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    Abstract 

 The new hybrid PET/MR systems permit opti-
mal spatial and temporal coregistration of 
structural, functional, and molecular data. The 
real-time high-resolution multiparametric 
imaging improves the clinical evaluation of 
disorders of the brain and offers new options 
for research in the central nervous system. 
This review discusses the advantages of inte-
grated PET/MR for brain imaging and indi-
cates possible applications in dementia, 
degenerative disorders, epilepsy, brain tumors, 
cerebrovascular disease, and infl ammatory 
diseases. The integrated assessment of various 
parameters additionally will improve partial 
volume correction of metabolic and functional 
values and facilitate the modeling of dynamic 
data. PET/MR may also help to understand 
complex metabolic processes and permit 
insight into functional and structural connec-
tivity in the brain. The multiple noninvasive 
investigative approaches offered simultane-
ously by PET/MR might gain a special impact 
in translational brain research.  

8.1         Introduction 

 Multimodality imaging, especially the combina-
tion of PET and CT, has become an important 
diagnostic tool [ 3 ], but its application to the brain 
has been limited by the low soft tissue sensitivity 
of CT. The high resolution and excellent soft tis-
sue contrast of    MRI and the multifunctional 
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options it offers, such as assessment of diffusion, 
permeability, and changes in blood oxygenation 
levels after neuronal activation, identifi cation of 
intracranial vessels and differentiation of tissue 
after injection of contrast agents, and determina-
tion of endogenous molecules by MRS as well as 
identifi cation of metabolites using chemical shift 
analysis, render this technology the ideal imaging 
modality for the brain. PET can complement the 
information obtained from MRI procedures by 
visualizing molecular tracers with picomolar sen-
sitivity and providing quantitative measurements 
of blood fl ow, cell metabolism, proliferation, 
receptor status, synaptic transmission, transporter 
activity, gene expression, and molecular abnor-
malities such as pathological protein aggregates 
(e.g., ß-amyloid plaques). Multimodality imag-
ing therefore is a promising fi eld, although exam-
inations are usually performed on separate 
machines making them time-consuming and 
logistically demanding for patients and staff: 
patient repositioning causes inaccurate anatomi-
cal matching and side-by-side interpretation of 
images results in inaccuracies. Additionally, soft-
ware fusion of images is affected by differences 
in image properties, such as spatial resolution, 
shifting, tilting, rotation, distortion, partial vol-
ume effects, and organ deformation. Even the 
combination of PET and CT which was realized 
successfully to avoid many of these limitations 
has a major drawback as imaging is performed 
sequentially rather than simultaneously. A similar 
approach by installing a high-resolution PET sys-
tem adjacent to high-fi eld MRI which allows the 
utilization of high-sensitivity molecular/bio-
chemical and high-resolution anatomical imag-
ing for brain research [ 11 ] (Philips whole-body 
   MRI PET) suffers from the problems inherent in 
studies performed at different time points and 
under different circumstances. Simultaneous and 
isochronous PET and MR data acquisition can 
only be achieved by a fully integrated PET/MR 
system. 

 The development of integrated PET/MR scan-
ners has been aggravated by the fact that conven-
tional PET photomultiplier technology does not 
work in the strong magnetic fi eld of the MR 
 scanner. Only the development of the so-called 

avalanche photodiodes (APDs), which are insen-
sitive to magnetic fi elds, opened the opportunity 
to build PET scanners able to operate in a strong 
magnetic fi eld. 

 The feasibility of simultaneous PET and MR 
data acquisition was demonstrated by Schmand 
et al. [ 40 ], and MR and PET images of the brain 
were acquired for the fi rst time simultaneously in 
a prototype with a PET insert into a MR tomo-
graph [ 39 ]. The high impact of integrated PET/
MR scanners for experimental research was dem-
onstrated by several groups applying locally 
developed equipment in small animals [ 9 ,  10 ,  54 ] 
(Pichler, see Chap.   2    ). 

 Since end of 2010, fully integrated PET/MR 
instrumentation is available for human whole- 
body imaging (Siemens Biograph mMR) [ 13 ]. 

 Recent studies were able to demonstrate that 
the application of this technology is clinically 
feasible with comparable quality of the PET data 
as in conventional state-of-the-art PET scanners 
[ 16 ]. This novel technique may represent the 
method of choice for brain imaging for a number 
of reasons, which we will try to address in this 
chapter. Some of the potential applications and 
preliminary results with PET/MR in brain imag-
ing are presented in this review.  

8.2     Advantages of Integrated 
PET/MR in Clinical 
Application 

 The integrated imaging modality permits the 
simultaneous acquisition of a combination of 
various biological parameters (Table  8.1 ). With 
the exception of blood fl ow or blood volume, 
which can be assessed rapidly, usually the quan-
titative determination of metabolic, molecular, or 
functional measures by PET can require consid-
erable time, during which several MR procedures 
can be performed.

   For example, according to the offi cial guide-
lines, minimum acquisition times of 10–15 min 
for a [18F]FDG brain scan and of 20 min for a 
[18]FET brain scan are recommended [ 50 ,  51 ]. 

 Correspondingly, it has already been demon-
strated that a complete set of MR data can be 
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accumulated during one measurement of glucose 
metabolism by FDG-PET in the fi rst volunteer 
investigated with the prototype insert brain PET/
MR [ 39 ] (Fig.  8.1 ). It is thereby possible to quan-
tify various functional parameters by PET in the 
picomolar range (see Table  8.1 ) and correctly 
correlate these measures to normal and patho-
logically altered anatomy and additionally com-
plement this with dynamic and spectroscopic 
information from MR. Special benefi ts can be 
expected from the following applications:

8.2.1       Practical/Work Flow 
Advantages 

 With regard to clinical application, there are a 
number of obvious practical advantages of inte-
grated PET/MR technology, as compared to sep-
arate diagnostic modalities. Often PET and MR 
examinations are required in the same patient 
anyway, sometimes even repetitively (e.g., in 

follow-up of brain tumor patients). The option to 
perform two examinations at the same time in the 
same scanner represents a major increase in 
patient comfort. This so-called one stop shop 
decreases the number of examinations, i.e., the 
number of visits of the patient to the imaging 
departments, and it also reduces the overall imag-
ing time. These facts also represent an advantage 
for clinicians/medical personnel by reducing the 
required time of presence at the scanners. It may 
even contribute to shorter hospitalization of 
patients and thus potentially lead to improved 
cost effi ciency.  

8.2.2     Apparent Clinical Advantages 

 PET represents a highly sensitive imaging proce-
dure but it provides limited anatomical informa-
tion. Thus, the high-resolution MR data can be 
used for MR-guided interpretation and evalua-
tion of PET data, given that the two modalities 
are exactly coregistered. Regions of interest can 
be clearly defi ned, partial volume effects can be 
avoided, and artifacts due to motion or distortion 
can be corrected. This is particularly important 
for the identifi cation of small regions of interest; 
e.g., it is essential for assessing the metabolism, 
transmitter concentration, or enzyme expression 
in small nuclei at the base of the brain (e.g., tha-
lamic nuclei [ 12 ] or nucleus basalis of Meynert 
[ 22 ]) or in the brain stem. So far this has only 
been possible by coregistration of images from 
different investigations (Fig.  8.2 ).

   Potential    added value may exist for specifi c 
clinical indications. 

8.2.2.1     Dementia/Neurodegeneration 
 In the workup of patients with cognitive impair-
ment or suspected dementia,  non- neurodegenerative 
and potentially treatable causes for the symptom-
atic appearance have to be excluded, i.e., brain 
tumors and vascular or infl ammatory abnormali-
ties. Thus, usually patients undergo morphological 
imaging procedures such as CT or MRI anyway. 
Whereas MR is valuable to exclude the mentioned 
abnormalities, it is not well suited to provide a pos-
itive proof of a specifi c neurodegenerative  disorder. 

    Table 8.1    Assessment of biological properties by MRI 
and PET   

 MRI  PET 

 Anatomy and 
pathology 

 Flow (H215O) 

 Water motion in 
tissue (DWI) 

 Metabolism (FDG) 

 Perfusion  Blood volume (C15O) 
 Vascular structure  Oxygen consumption (15O) 
 Cerebral blood fl ow  Protein synthesis (labeled AA) 
 Fiber tracts  Vascular permeability 

(labeled AA) 
 Functional activation 
(fMRI) 

 Nucleic acid synthesis (FLT) 

 Metabolites in tissue 
(MRS) 

 Transmitters (e.g. DOPA) 

 Oxygen consumption 
(17O) 

 Receptors (e.g. raclopride) 

 Migration of cells 
(Fe labeling) 

 Enzymatic activity (e.g. MP4A) 
 Angiogenesis (e.g. 18F-RGB) 
 Distribution and kinetics of 
tracers and drugs (labeled 
compounds) 
 Pathological protein 
aggregations (e.g. β-amyloid) 
 Enzymatic activity in 
transfected cells 
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Characteristic patterns of atrophy visible on the 
MR scans have been described for different types 
of neurodegenerative disorders, but their actual 
sensitivity and specifi city in clinical routine is not 
utterly high. A potential reason for this can be 
found in the assumption that structural/atrophic 
changes in the brain represent a downstream phe-
nomenon in the process of neurodegeneration [ 24 ]. 

 On the other hand, PET procedures have 
been demonstrated to allow reliable diagnosis 
and differential diagnosis of dementing disor-
ders as well as prediction in pre-dementia 
stages. This includes specifi c patterns of 
regional glucose metabolism indicating neuro-
nal dysfunction and recently also the detection 
of ß-amyloid plaques, a neuropathological 
hallmark of Alzheimer’s disease [ 15 ,  34 ] 
(Fig.  8.3 ).

   Thus, it seems obvious that it may be very 
benefi cial to systematically combine MR for 

exclusion of non-neurodegenerative causes of 
cognitive impairment with PET methods allow-
ing a sensitive and specifi c diagnosis of the type 
of neurodegeneration, respectively the underly-
ing neuropathology.  

8.2.2.2     Epilepsy 
 In epilepsy, high-resolution MRI brain scans are 
required for focus localization, particularly ahead 
of epilepsy surgery. However, sometimes even 
on high-resolution MRI, no clearly defi ned lesion 
can be found, or several structural abnormalities 
are present, which hampers the identifi cation of 
the actual epiloptogenic focus. 

    It is known that regional hypometabolic 
lesions detected in FDG-PET are highly probable 
to represent epileptogenic foci, even in MRI- 
negative cases, or to select the responsible focus 
out of several structural abnormalities present on 
the MRI fi ndings [ 32 ] (Fig.  8.4 ).
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  Fig. 8.1    Complete    set of acquired MR and PET data of a 
66-year-old man after injection of 370 MBq of FDG. ( a ) 
T2-TSE, tracer distribution in PET recorded for 20 min at 
steady-state, superimproved combined PET/MR and EPI; 

( b ) time-of-fl ight MR angiography; ( c ) proton MR spectros-
copy showing increased choline relative to creatine in white 
matter areas ( left spectra ) compared to normal gray matter 
( right spectra ) (Modifi ed from Schlemmer et al. [ 39 ])       

 

W.-D. Heiss and A. Drzezga



113

   Exact coregistration of the PET data with the 
MRI is of particular importance with regard to 
surgery planning, i.e., not to remove too little or 
too much of the brain tissue. Combination of PET 
and functional MRI may also allow to detect elo-
quent brain areas and the topographical associa-
tion to the epileptogenic material. A major 
advantage of integrated PET/MR for epilepsy 
diagnosis may be found in the fact that the num-
ber of required sedations/anesthesias can be 
reduced, particularly in smaller children who 
usually would not lie still during the PET and the 
MR scan.  

8.2.2.3     Brain Tumors 
 Systematic combination of PET and MR infor-
mation could also help to improve the quality of 
brain tumor diagnosis. MR allows the location of 
brain tumor tissue on the basis of contrast 

enhancement, equivalent to a disrupture of the 
blood–brain barrier. The extent of brain edema 
can be assessed and MR spectroscopy may pro-
vide information on the tissue, i.e., presence/
level of malignancy. Furthermore, the integrity 
of white matter tracts in the neighborhood of 
tumors can be assessed by MR fi ber tracking 
procedures. However, MRI has some limitations. 
(1) It is well accepted today that brain tumors 
may extend into brain tissue signifi cantly beyond 
the areas affected by blood–brain barrier disrup-
tion. (2) Following therapy (e.g., radiation) a 
blood–brain barrier disruption may persist with-
out the actual presence of underlying brain tumor 
tissue (so- called radiation necrosis). (3) The per-
formance of MR spectroscopy is limited in bor-
derline areas, i.e., close to the skull or the 
ventricles, and it is not well suited to cover the 
entire brain. 

Acetylcholine esterase activity in brainstem nuclei (relative uptake)

Left images (PET and MRI):

Alzheimer’s Disease patient with sleep
disturbances, 67 years, male

Mild dementia, MMSE 24

k3 0.0519 min–1

(Reference: 0.07294−0.11026 min–1)

Relative uptake in LDT/PPT: 0.30
(Reference 0.6 ± 0.156)

Right images (PET and MRI):

Alzheimer’s Disease patient with sleep
disturbances, 74 years, male

Mild dementia, MMSE 20

k3 0.0451 min–1

(Reference: 0.07294−0.11026 min–1)

Relative uptake in LDT/PPT: 0.42
(Reference 0.62 ± 0.156)

1.2

1.0

0.8

0.6

0.4

[B
o/

C
C

]
(u

nd
ef

in
ed

)

0.2

0.0

4000.0

3000.0

2000.0

1000.0

0.0

  Fig. 8.2       11C- N -methyl-4-piperidyl-acetate ( MP4A )-
positron emission tomography ( PET ) and coregistered 
T1-magnetic resonance imaging ( MRI ) of Alzheimer’s 
disease ( AD ) patients without ( left ) and with ( right ) sleep 

disturbance;  arrows , regions of interest ( ROIs ) in cholin-
ergic regions in the brain stem: lateral dorsal tegmental 
nuclei and pedunculopontine tegmental nuclei (From 
Eggers et al. [ 17 ])       
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  Fig. 8.3    [18F]FDG-PET in a patient with Alzheimer’s 
disease.  Upper row , conventional PET/CT scanner 
(Siemens Biograph 64, 30–45 min p.i.); from left to right, 
axial PET and low-dose CT slices.  Lower row , same patient 
examined on an integrated PET/MR scanner (Siemens 
Biograph mMR, 60–74 min p.i.); from left to right, axial 
PET, high- resolution MRI, and fusion image. Areas with 
reduced metabolism ( green color ) representing impaired 
neuronal function are visible in the left temporoparietal 

cortex with both modalities, but brain anatomy can only be 
displayed in high resolution with the PET/MR. Cerebral 
atrophy is apparent in widespread regions, predominantly 
on the left side and on the fusion image regional allocation 
of hypometabolism and brain substance loss is possible. 
Right half of the image: surface projections of cerebral 
metabolism and of Z-score images (comparison with con-
trols) in left lateral aspects. Similar patterns of abnormality 
are visible for both modalities.  L  left,  R  right       

  Fig. 8.4    [18F]FDG-PET/MR in a patient with epilepsy, 
acquired on an integrated PET/MR scanner (Siemens 
Biograph mMR, 60–75 min p.i.). From left to right: axial 
PET, high-resolution MRI scan, and fusion image. Distinct 

hypometabolism is visible in the polar region of the left tem-
poral lobe, typically corresponding to the epileptogenic focus. 
The fusion image allows exact anatomical allocation of the 
functional changes, e.g., for surgery planning.  L  left,  R  right       

Fusion
FDG-PET & MRI

PET/MR
(Siemens Biograph mMR)

High Resoulution
MRI

[18F]FDG-PET

PET/MR in temporal epilepsy

100%

0%

R L

 

 

W.-D. Heiss and A. Drzezga



115

 PET and particularly PET using amino acids/
analogues as tracers (e.g., [18F]FET, [11C]
methionine) can help to circumvent the limita-
tions of the MRI for brain tumor diagnosis. It has 
been demonstrated that vital brain tumor tissue 
with correspondingly increased amino acid 
metabolism can be detected outside of the regions 
associated with a blood–brain barrier disrup-
ture [ 21 ]. It allows to cover the entire brain and 
– due to the tracer uptake mechanism which is 
independent from the blood–brain barrier – it 
also helps to differentiate between radiation 
necrosis and tumor recurrence [ 37 ] (Fig.  8.5 ).

   In consequence, the combination and exact 
anatomical coregistration between PET and MR 
information can be of crucial value for primary 
diagnosis, biopsy planning, assessment of tumor 
extent, and differentiation between recurrence 
and unspecifi c fi ndings [ 36 ]. 

 In combination, the PET and MR data can be 
used for surgery and radiation therapy planning. 
It has been demonstrated that the combination of 
both modalities results in changes of the tumor 
volume used for defi nition of the radiation ther-
apy, which may have relevant effects on patient 
outcome [ 19 ]. 

 An integrated imaging device becomes espe-
cially important when areas of critical neurofunc-
tion must be identifi ed in the vicinity of tumors 
for planning of radiation therapy of the extent of 
a surgical intervention [ 46 ]. Similarly as for epi-
lepsy surgery, the simultaneous acquisition of the 
PET information with fMRI activation studies 
can help to establish the locoregional association 
between tumor tissue and eloquent brain regions. 

 In fi rst studies the value of PET/MR for 
 intracerebral lesions has been already evaluated. 
A comparison to PET/CT images obtained in the 
same diagnostic session showed similar diagnos-
tic quality of the hybrid PET/MR and PET/CT 
studies. The computed tumor-to-reference tissue 
ratios exhibited an excellent accordance between 
the PET/MR and PET/CT systems with a Pearson 
correlation coeffi cient of 0.98, and no signifi cant 
artifacts or distortions were detected in the simul-
taneously acquired MR images using the PET/
MR scanner [ 7 ].  

8.2.2.4     Stroke/Cerebrovascular 
Disorders 

 In experimental focal ischemia and ischemic 
stroke, coregistration of regional values for 

PET/MR in brain tumor diagnosis

PET/MR
(Siemens biograph mMR)

[18F]FET-PET
(Amino acid metabolism)

Fusion
FET-PET & MRI

MRI
(T2 Flair)

MRI
(T2 contrast enhanced)

R L

  Fig. 8.5    [18F]FET-PET/MR in a patient with a brain 
tumor, acquired on an integrated PET/MR scanner 
(Siemens Biograph mMR, 50–65 min p.i.). From left to 
right: axial PET, T2-FLAIR, contrast-enhanced MR 
images, and fusion image. The differences between the 

abnormalities on the MR images and the PET signal are 
illustrated. The fusion image allows identifi cation and 
anatomical allocation of a “hot spot” potentially helpful, 
e.g., for biopsy planning.  L  left,  R  right       
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 cerebral blood fl ow, oxygen utilization, and glu-
cose metabolism on MRI early and late after the 
insult has permitted the differentiation of irre-
versibly damaged tissue and functionally 
impaired but morphologically preserved areas; 
these fi ndings formed the basis for the concept of 
the penumbra, which signifi cantly affected treat-
ment strategies (review in Heiss [ 20 ]). 

 Currently, PET procedures are not routinely 
integrated into the fi rst-line diagnostic evaluation 
of patients with suspected cerebrovascular issues 
or stroke. This is in part due to the need for a fast 
diagnosis, particularly regarding differentiation 
between ischemia and intracerebral bleeding, 
because different therapeutic strategies result. 
This diagnosis is usually obtained by CT or 
increasingly also by means of MR imaging. MR 
procedures offer multiple insights into the cere-
brovascular status, including perfusion, diffu-
sion, cerebral blood fl ow, and blood volume. The 
acquisition of these MR sequences is not carried 
out within seconds (as opposed to the CT) but 
within several minutes. If an integrated PET/MR 
scanner is available, this would in principle allow 
the acquisition of a PET scan during the collec-
tion of the MR data. PET imaging using tracers 
such as 15O and H215O would, e.g., allow to 
assess the extent of the penumbra, respectively, to 
obtain a baseline situation for comparison with 
follow-up data, e.g., after intervention. However, 
it has to be kept in mind that some tracers such as 
FDG require an uptake period (>30 min) to reach 
a relatively steady state in the brain. This fact 
could lead to an intolerable delay in the start of 
the imaging procedures, if not organized well. 

 In the future, further insights into the patho-
physiology of ischemia and potential strategies for 
treatment and rehabilitation might result from 
simultaneous studies of blood fl ow, perfusion, vas-
cular status, tissue water content, metabolism, and 
receptor activity in the course after acute stroke.  

8.2.2.5     Infl ammation 
 Different pathological changes associated with 
cerebral infl ammation can be measured with PET 
methods (e.g., increased glucose metabolism or 
microglial activation and even demyelination) 
as well as with MR (e.g., edema, changes in 

 perfusion, or postinfl ammatory residuals). The 
combination of both measures may allow more 
reliable diagnosis by the accumulation of evi-
dence, such as in limbic encephalitis (Fig.  8.6 ). 
Furthermore, approaching the effects of infl am-
mation from different perspectives may allow 
improving the understanding of the complex 
pathomechanisms involved (e.g., in multiple 
sclerosis) [ 6 ,  35 ,  44 ].

   In general, the combined acquisition of clini-
cal PET and MR data may help to directly com-
pare the diagnostic value of the two modalities 
and to identify if one of the two or a combination 
of both represents the optimal approach for a spe-
cifi c indication.    

8.3     Special Methodological and 
Scientifi c Advantages 

8.3.1     Atrophy/Partial Volume 
Correction 

 Regarding the fact that the PET signal intensity is 
infl uenced by the actual volume of underlying brain 
substance, integrating this structural information in 
the evaluation of the PET fi ndings may improve the 
quantifi cation of abnormalities and improve the 
diagnostic value. Particularly in brain disorders 
associated with cerebral atrophy, such as dementia, 
judging the PET signal on the basis of the underly-
ing structural framework may be of utmost value 
(see Fig.  8.3 ). This refers, for example, to FDG-PET 
used to assess regional glucose metabolism and to 
modern amyloid imaging procedures, such as [11C]
PiB. For FDG- PET imaging, gray matter atrophy 
may lead to overestimation of cortical hypometabo-
lism. Reversely for amyloid imaging atrophy may 
lead to underestimation of amyloid tracer uptake. 

 Combining PET and MRI systematically, with-
out additional radiation exposure or loss of examina-
tion time, may allow performing atrophy correction 
of the PET data on a systematic basis, i.e., using the 
MR information reliably acquired on the same scan-
ner and using the same sequences. The lack of this 
type of consistent information may have hampered 
the introduction of atrophy/partial volume correc-
tion into clinical application in the past. 
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 Apart from using structural information 
obtained with MRI for partial volume correction, 
it can also be used for direct regional correlation 
between atrophy and specifi c PET fi ndings. For 
example, recent studies were able to demonstrate 
a direct regional correlation between PET fi nd-
ings of regional amyloid load and brain atrophy 
in healthy elderly subjects [ 2 ].  

8.3.2     Motion Correction 

 For simultaneous PET/MR acquisition, it has 
already been demonstrated that it may be possi-
ble to perform MR monitoring of patient head 
movement during the entire PET scan and correct 
the PET data for this motion afterward. In a 

recent publication, it has been shown that this 
may lead to an optimization of the image quality 
of the PET scan [ 8 ]. 

 Particularly in patients with neurological dis-
orders such as dementia or Parkinson’s disease or 
in children, the option to perform motion correc-
tion may be highly valuable. This option is only 
available for data acquired simultaneously.  

8.3.3     Modeling and Validation 
of Dynamic Data 

 The supply of PET tracers to various brain regions 
depends on the regional perfusion, and the tracer 
distribution can also be strongly infl uenced by the 
integrity of the blood–brain barrier. These effects 

PET/MR in limbic encephalitis

PET/MR (Siemens biograph mMR)

T2T1 + contrast

T2 FLAIR

R L

Fusion PET T2/FLAIR[18F]FDG-PET
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  Fig. 8.6    [18F]FET-PET/MR in a patient with limbic 
encephalitis, acquired on an integrated PET/MR scanner 
(Siemens Biograph mMR, 60–75 min p.i.). From left to 
right,  upper row : axial contrast-enhanced and T2-weighted 
MR scans,  lower row : T2-FLAIR MRI, PET, and fusion 
image. On the PET image, a lesion with increased glucose 

metabolism is visible in the right mesial temporal lobe 
( red arrow ), typically representing infl ammatory changes 
associated with limbic encephalitis. Regarding the MR 
sequences, on the T2-FLAIR image, a signal enhance-
ment is visible in similar location, adding evidence to the 
suspected diagnosis.  L  left,  R  right       
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are important with regard to quantitatively trans-
lating the PET signal into an accurate biological 
measure. Often, it may be of critical importance 
to obtain objective information from a PET imag-
ing study, e.g., on receptor occupancy or on 
metabolism, independently from accompanying 
effects of perfusion or blood–brain barrier disrup-
ture. MR procedures offer a number of insights 
into cerebrovascular parameters such as cerebral 
blood fl ow, blood volume, mean transit time, per-
meability, and blood–brain barrier disrupture. 
This includes imaging procedures depending on 
the injection of contrast media (such as DCE-MRI 
or DSC- MRI) but also noninvasive methods such 
as arterial spin labeling (ASL). To combine this 
wealth of available information with data obtained 
by PET imaging may offer numerous valuable 
options: 

 The high temporal resolution of MRI can be uti-
lized for the acquisition of dynamic data required 
for quantifi cation of parametric values by PET. For 
instance, fl ow-dependent kinetic constants can be 

determined by PWI (perfusion- weighted imaging) 
and used for compartmental analysis of PET data 
(e.g., FDG, FLT) [ 41 ] or for the assessment of the 
kinetics of the distribution of tracers or labeled 
drugs in various brain structures [ 53 ]. 

 Vascular regions of interest defi ned by MRI 
time-of-fl ight (TOF) angiography may be used to 
observe the dynamics of PET tracer supply to the 
brain and potentially to help replacing the inva-
sive monitoring of an arterial input function, e.g., 
for receptor imaging studies. 

 In research on stroke, PWI and DWI 
(diffusion- weighted imaging) by MR has been 
used extensively during the last decade for the 
identifi cation of critically perfused tissue (a sur-
rogate of the penumbra) as the basis for reperfu-
sion therapy. However, since PWI does not yield 
tissue fl ow but vascular perfusion, a validation of 
this method by quantitative measurement of 
blood fl ow is necessary, by which critical thresh-
olds for functional and morphological damage 
can be determined (Fig.  8.7 ).
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  Fig. 8.7    Coregistered images of PW/DW MRI and mul-
titracer PET in a patient with an acute right-side hemipa-
resis. The ROIs were placed according to the MRI criteria 

and then transferred to the PET images (ROI colors:  red  
indicates DWI lesion;  blue , mismatch;  yellow , oligemia; 
 green , reference region)       
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   In sequential investigations of patients with 
acute ischemic stroke perfusion delays as surro-
gate measures of penumbra fl ow were obtained 
(review in Heiss [ 20 ]), but simultaneous acquisi-
tion of these parameters would certainly improve 
the validity of these results. Additionally, the vas-
cular origin of the ischemic lesion can be detected 
by MRA and effects of reopening the vessel on 
blood fl ow and energy metabolism can be shown. 

 Regarding studies on brain tumors, the quanti-
fi cation of regional PET-tracer uptake could be 
corrected for effects of regional blood–brain bar-
rier disrupture and perfusion. Effects of antian-
giogenetic therapy in brain tumors (e.g., on tumor 
viability, metabolism, or proliferation) could be 
monitored independently from changes in vascu-
lar permeability [ 5 ]. 

 Simultaneous data acquisition by MRI and 
PET could also be used to develop and validate 
new methods. Values of cerebral blood fl ow 
obtained by ASL-MRI can be validated by H 2  15 O- 
PET [ 30 ], and  17 O as a potential tracer for oxygen 
utilization [ 45 ] could be compared to the cerebral 
metabolic rate of oxygen as determined by PET. 
Additionally, vascular lesions seen in MRA and 
perfusion disturbances detected by PWI could be 
related to hypoxic markers from 18F-MISO-PET. 
Certainly, also other new methods to quantify 
oxygen consumption by MRI (pulsed arterial spin 
labeling – PASL-MR, deoxyhemoglobin MR) 
need to be validated by  15 O-PET procedures.  

8.3.4     Monitoring Different Stages 
of Metabolic Processes 

 PET as well as magnetic resonance spectroscopy 
(MRS) can be used to monitor metabolic pro-
cesses and products, but these methods differ in 
their detection sensitivity. 18-Fluorodeoxyglucose 
(FDG) is the most widely used PET tracer and is 
routinely applied to measure glucose consump-
tion in the brain. However, since turnover of 
FDG is blocked at FDG-6-phosphate, FDG-PET 
only permits the quantifi cation of glycolysis. 
MRS is able to image substrates of the tricarbox-
ylic acid cycle including lactate and pyruvate 
and therefore can supplement the metabolic 

information obtained by PET [ 33 ]. This compli-
mentary insight into different stages of the glu-
cose metabolism is of special interest in brain 
tumors [ 23 ]. A combination of spectroscopic 
detection of choline with  11 C- or 18F-choline 
PET might deliver important hints on membrane 
properties of special tumors [ 28 ,  29 ]. Metabolic 
changes induced by drugs, e.g., by the interaction 
with the dopaminergic system, can also be visu-
alized with PET or MRS [ 52 ] permitting the 
combined visualization of receptor binding and 
increased energy demand by neuronal activation.  

8.3.5     Functional Activation 

 Patterns of activation due to different stimuli or 
interactions can be studied by PET (regional 
blood fl ow or metabolism) and by fMRI (usually 
by utilizing the BOLD effect), but the observed 
changes actually come from different substrates. 
The BOLD (blood oxygen level dependent) MRI 
uses activity-induced change of the signal which 
is the sum of changes in cerebral blood fl ow 
(increase) and in cerebral metabolic rate of oxy-
gen (smaller and delayed increase); the BOLD 
signal during activation actually indicates the 
increased blood oxygenation due to the over-
shoot of blood supply [ 18 ,  27 ]. Simultaneous 
PET/MR measurement at the same physiological 
and stimulus conditions could reveal small dif-
ferences between results from PET and MR and 
also demonstrate the differences in the localiza-
tion of the activation patterns (intravascular vs. 
tissue signals). Complex MR activation studies 
observed a large task-induced augmentation of 
cerebral blood fl ow (60 %) not mediated by 
increased oxygen consumption but only a small 
energy demand (15 % increase in ATP produc-
tion), which is met through oxidative metabo-
lism [ 31 ]. 

 A highly interesting scientifi c option of PET/
MR may be found in the combined measurement 
of neurochemical changes as assessed by PET 
and changes in regional brain activity as assessed 
by BOLD fMRI. 

 This includes effects of activation by specifi c 
tasks on transmitter release or receptor binding 
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of, e.g., DOPA or raclopride. For example, during 
learning of motor skills, effects of regional neu-
ronal activation might be followed by BOLD 
MRI, and simultaneously it could be detected by 
PET where a dopamine receptor ligand is dis-
placed from the receptor site [ 1 ]. Using opiate 
receptor PET displacement studies, effects of 
drugs or of endogenous endorphin release could 
be monitored simultaneously with regional brain 
activation. These fi ndings of multimodal imaging 
could then also be related with task performance, 
behavior, hormone levels, etc.    In contrast to pre-
vious approaches using sequential imaging of 
activation and neurochemical changes, simulta-
neous acquisition is not prone to habituation 
effects regarding the task and to differences in 
performance, changes in mood, hormonal status, 
and wakefulness, which can occur even within a 
few hours. This will open new perspectives in the 
analysis of functional networks and also in the 
evaluation of the interaction of drugs with 
behavior.  

8.3.6     Functional and Structural 
Connectivity 

 New insights into brain function in health and 
disease and into the effects of interventions on 
functional networks might be gained by introduc-
ing diffusion tensor imaging (DTI) by MRI into 
the investigative procedures: diffusion tensor 
imaging in an integrated PET/MR system will 
add new dimensions since it can be performed in 
close temporal relation to activation studies map-
ping the effects on transmitter release and recep-
tor occupancy as well as on metabolism in 
connected areas of functional networks [ 43 ]. 
Diffusion tensor imaging (DTI) showed good 
quality in seven volunteers with simultaneous 
PET data readout in the hybrid PET/MR scanner 
dedicated for brain and head imaging ([ 7 ]). In 
four patients with brain tumors, DTI provided 
information on displacement and integrity of per-
itumoral fi ber tracts which in addition to the met-
abolic grading by PET was important for 
treatment planning. 

 Another useful application for integrated PET 
and structural connectivity MR imaging may be 
to improve the understanding of the effects of 
deep brain stimulation.    With this approach the 
effect of deep brain stimulation of the nucleus 
accumbens — which is a means to ameliorate 
neurological symptoms and improve abnormal 
behavior in several brain disorders [ 49 ] — on 
metabolism, and on transmitter/receptor interac-
tion in defi ned regions together with the connect-
ing fi ber tracts can be demonstrated (Fig.  8.8  ). 
Another study was able to delineate the networks 
responsible for cognitive changes of patients with 
Parkinson’s disease after stimulation of the sub-
thalamic nucleus [ 26 ]. A further application 
might be the analysis of effects of repetitive tran-
scranial magnetic stimulation (rTMS) or of direct 
current stimulation (DCS), which can be used to 
activate or inhibit selected areas of the cortex, on 
regional metabolism, and on the involvement of 
transmitter/receptor systems with the connecting 
networks [ 48 ].

  Recently, increased microglia activation was 
observed in ischemic infarcts but also in periin-
farct regions as well as in the fi ber tracts originat-
ing from the affected areas (Fig.  8.9 ); the 
infl ammation of the corticospinal tract was 
closely related to its atrophy and predicted the 
further course of persisting defi cits [ 47 ].

   In addition to information on structural con-
nectivity, modern resting state functional MRI 
procedures allow the identifi cation of the func-
tional connectivity between different brain areas. 
Several studies have already been performed 
comparing functional connectivity information 
with PET. For example, reductions in functional 
connectivity have been demonstrated in patients 
with Alzheimer’s disease and even in healthy 
controls with PET-proven amyloid deposition in 
the brain [ 42 ]. 

 Furthermore regional overlap of hypometa-
bolic abnormalities (as measured with [18F]
FDG-PET) with impaired functional connectiv-
ity (as measured by fMRI) has been demon-
strated in patients with mild cognitive 
impairment and also in amyloid-positive healthy 
controls [ 14 ].   
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8.4     PET/MR for Translational 
Research 

 Molecular and cellular imaging is a new fi eld 
opening up with combined micro-PET and MR 
devices for animal studies [ 54 ]. For the transfer 
of these fi ndings and the development of innova-
tive treatment strategies to humans integrated 
PET/MR will be of great value. Topics for which 
simultaneous assessment of various parameters is 
essential include:
 –    Targeted gene transfer by various vectors for 

induction of foreign enzyme expression in 
selected cells. These foreign enzymes can ren-
der the induced cells susceptible to specifi c 
drugs which then are converted into toxic 
compounds. This approach was applied for 
experimental treatment of glioblastoma by 
transferring the herpes simplex thymidine 
kinase gene which made the cells susceptible 
for ganciclovir. The expression of the trans-
ferred gene as well as the effect on tumor 
metabolism and growth could be followed by 
PET and MRI [ 25 ].  

 –   Simultaneous PET/MR can be used to show 
the viability and differentiation of transplanted 
cells and their effect on the neuronal network. 
Embryonic stem cells can be implemented 
into brain lesions, e.g., the destroyed striatum. 
The proliferation and differentiation of 
 dopaminergic cells can be followed by coreg-
istering MRI and PET of specifi c dopamine 
transporter ligands. The restored functional 
activity of the transplanted cells can be dem-
onstrated by the response to amphetamine 
causing increase in rCBV due to dopamine 
release [ 4 ].  

 –   Cell replacement approaches for treatment of 
various neurological disorders, e.g., ischemic 
stroke. For this strategy it is essential to moni-
tor the location and follow the migration of 
grafted stem or progenitor cells. For labeling 
these cells, various methods can be used mak-
ing them detectable by MRI, e.g., iron oxide 
particles [ 23 ]. The migration of these cells to 
the border zone of damaged brain tissue in the 
lesioned hemisphere can be followed by MRI, 
and PET can demonstrate their viability and 
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  Fig. 8.8    Coregistration of MRI with diffusion tensor 
tracking and PET 15O water activation studies demon-
strates the effect of stimulation of the nucleus accumbens 
by fl ow increase in the striatum and various cortical 

regions. Diffusion tractography depicts the anatomical 
pathways between the stimulated region and the activated 
subcortical and cortical areas       
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their integration into functional networks [ 38 ]. 
Monitoring viability and migration as well as 
integration of cells into functional networks by 

integrated PET/MR might become a  qualifying 
step in strategies relying on transplantation of 
fetal grafts in various neurological diseases.     
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  Fig. 8.9    ( a ) Microglial activation in patient with small 
subcortical infarct and good recovery. Initial activated 
microglia in infarct decreased over 6 months ( white 
arrows ), whereas microglial activation in the brain stem 
persisted ( red arrows ). DTI showed decreased FA primar-
ily in infarct ( blue arrows ) and less along tract at level of 
cerebral peduncles ( yellow arrows ). ( b ) Patient with com-
plete transection of PT and poor recovery. Microglial 
activity in infarct decreased but still persisted after 

6 months ( white arrows ), as did activity in brain stem ( red 
arrows ). FA decreased in area of infarct ( blue arrows ) and 
along tract in cerebral peduncle ( yellow arrows ). Microglial 
activity in patient in whom PT was not affected decreased 
over 6 months ( white arrows ). No tracer uptake at level of 
brain stem was observed, and FA along tracts was not 
decreased (From Thiel et al. [ 47 ] with permission)       
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8.5     Summary 

 Integrated PET/MR imaging offers a number of 
promising options regarding the clinical evalua-
tion of disorders of the brain. The high diagnostic 
value of MR and PET procedures for neuropsychi-
atric conditions may turn PET/MR into the hybrid 
imaging modality of choice for diagnostic ques-
tions directed toward pathologies inside the brain. 
It may help to improve the diagnostic value com-
pared to each of the individual diagnostic proce-
dures and it may optimize work fl ow effi ciency 
and patient comfort. Generally, the integrated 
PET/MR technology will eventually prompt the 
diagnostic disciplines to generate a combined 
report including fi ndings from both modalities and 
interpreting them together. This may lead to a 
surge in the diagnostic quality and avoid that the 
referring physicians obtain two reports with even-
tually incompatible or mismatching results. 

 From a scientifi c perspective, PET/MR may 
help to improve the physiological understanding 
of healthy brain function and open new insights 
into the pathophysiological interrelation between 
different parameters involved in disorders of the 
central nervous system in human and small ani-
mal studies.     
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    Abstract   

 Since the turn of the millennium, PET/CT 
devices evolved as the fi rst generation of 
hybrid imaging systems integrating nuclear 
and radiological imaging from a valuable 
research tool into a clinically useful and 
accepted technique. These innovative devices 
combined morphological and metabolic- 
functional information in an elegant way and 
reached widespread distribution. Therefore, 
it seemed quite obvious to develop a PET/
MR system. However, the technical hurdles 
for this kind of integration were for physic’s 
reasons much higher – but were fi nally 
solved: for more than 2 years, integrated 
whole-body systems are now available and, 
in view of the success of PET/CT, the 
 expectations are high that PET/MR provides 
an actual clinical benefi t. MRI’s advantage of 
an excellent soft tissue contrast and the 
 capability of functional imaging at the 
 molecular level by PET should have the 
potential to  create a unique multimodality 
imaging. However, PET/MR in general and 
in cardiac imaging in particular needs to 
demonstrate its suitability in everyday clini-
cal practice. In this review we give an over-
view of the requirements and features of this 
new hybrid imaging system and provide an 
outlook based on clinical examples, in which 
areas PET/MR could potentially fi nd a place 
in the armamentarium of cardiac imaging.  
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9.1         Introduction 

 Cardiac imaging is in the fortunate situation that 
a wide variety of noninvasive imaging modalities 
is available. This includes echocardiography, 
computed tomography (CT), magnetic resonance 
imaging (MRI), single-photon emission com-
puted tomography (SPECT), and positron emis-
sion tomography (PET). Each of these methods 
has certain advantages and disadvantages. 
Through the combination of single modalities 
into hybrid imaging systems (such as SPECT/CT 
or PET/CT), the disadvantages of each compo-
nent can not only be mitigated or eliminated but 
can yield synergistic value. Thus, the PET/CT 
has experienced an impressive growth since its 
introduction in 2000, and several thousand sys-
tems were installed worldwide. This is primarily 
driven by oncological imaging, where the added 
value of hybrid imaging with PET/CT compared 
to stand-alone PET was demonstrated [ 1 ]. The 
increased availability of PET/CT systems 
resulted also in an increased utilization in cardiac 
imaging. Those devices provided rapid assess-
ment of the data needed for attenuation correc-
tion which is the prerequisite of any image 
quantifi cation up to the delineation of myocardial 
blood fl ow. In addition, CT angiography allowed 
the visualization and quantifi cation of the coro-
nary anatomy, which yielded incremental diag-
nostic value over perfusion information alone 
[ 2 ]. Thus, the questions arise whether integrated 
PET/MR systems can repeat the success of PET/
CT in general and whether such a hybrid device 
adds incremental value in cardiac imaging in 
particular. 

 This review will provide (a) an overview over 
the technical challenges and implementations in 
the context of thoracic imaging, (b) report on our 
initial experiences, and based on those (c) outline 
areas of interest and relevance for cardiac PET/ MR.  

9.2     PET/MR in Cardiac Imaging: 
Technical Considerations 

 As part of a major research initiative of the 
Deutsche Forschungsgesellschaft (DFG: German 
Research Foundation), an integrated whole-body 

PET/MR scanner was installed in our department 
in late 2010. Since then we gained considerable 
experience with this novel and complex imaging 
approach – although no fi nal evaluation or assess-
ment in comparison to the established modalities 
such as PET/CT and pure MRI systems was pos-
sible [ 3 ,  4 ]. 

 From a technical point of view, two funda-
mental implementations are available today: 
Philips Healthcare (Best, Netherlands) provides a 
system with two separated units, which are con-
nected with a common patient table [ 5 ]. Siemens 
Healthcare (Erlangen, Germany) implemented a 
fully integrated PET/MR system based on earlier 
prototypes of brain-only PET inserts [ 6 ], which is 
housed directly within the bore of a conventional 
3 T magnet.  

9.3     Attenuation Correction 

 As mentioned before, the correction of attenuated 
and scattered annihilation photons is a corner-
stone in PET quantifi cation. In PET/MR, this 
topic is of particular interest as both system 
designs lack the conventional (PET-only) 
approach, namely, rotating germanium rod 
sources, and also have no access to the technique 
used in PET/CT systems, i.e., extrapolating the 
attenuation for the 511 keV annihilation photons 
from the CT data acquired with 80–140 keV. 
Without access to such an attenuation map or 
“μ-map,” PET quantifi cation – which is a funda-
mental building block of cardiac PET – is impos-
sible. In the special case of cardiac PET/CT, this 
is of even higher importance as even modest 
alignment errors between PET and CT decrease 
the diagnostic accuracy [ 7 ,  8 ], Consequently, the 
generation of the attenuation map for 511-keV 
photons poses a new challenge, as there is no 
physical relationship between MR images and 
the attenuation coeffi cients for biological tissues. 
In order to address this problem, various 
approaches are being pursued: (a) image segmen-
tation and value mapping, (b) template- or atlas- 
based, or (c) utilizing the PET data itself. Image 
segmentation is currently the technique utilized 
on both available systems and is described 
briefl y: image data is classifi ed into different 
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types of tissue, which then are associated with 
fi xed attenuation coeffi cients [ 9 ] using DIXON 
image sequences [ 10 ]. Water and fat images are 
generated and each voxel is assigned to be either 
air, lung tissue, fat, or soft tissue. As cortical bone 
is basically invisible in these images, it is ignored 
(which was also the case of the “classic” PET 
scanner with rotating rod sources). For every bed 
position, the acquisition time is about 18 s. The 
major limitations of this technique are the small 
number of tissue classes with a general (not 
patient-specifi c) attenuation coeffi cient which is 
of particular relevance in cardiac studies as in 
some cases signifi cant fl uctuations in the lung tis-
sue signal can be seen. The advantages of this 
approach are, however, that the attenuation map 
may be computed relatively quickly and in a 
reproducible way. The Siemens Biograph mMR 
uses a variant of this approach [ 9 ], and we could 
already show a good correlation of tracer uptake 
between PET/CT and PET/MR examinations in 
oncological studies [ 11 ,  12 ]. The Philips PET/
MR device uses a similar approach integrating 
soft and fat tissue into one class, however [ 13 ]. 
Of special relevance is the fact that the transaxial 
fi eld of the MR unit typically is only 40–45 cm. 
This results in a potential truncation of the atten-
uation map in some parts of the body – especially 
the arms, which are positioned usually next to the 
body [ 14 ]. An extension of the MR’s fi eld-of- 
view is technically very complex [ 15 ], and in the 
current Biograph mMR, the following approach 
is implemented to compensate for this effect: in 
the truncated parts, PET emission data is utilized 
to estimate the presence of tissue as many PET 
tracers show nonspecifi c uptake. This data is also 
segmented and included in the attenuation map 
[ 7 ,  16 ]. Finally, it should be mentioned that the 
MR imaging-related equipment such as patient’s 
bed (which is more massive than the one found in 
PET/CT scanners), MRI coils which can be freely 
placed, and positioning and monitoring devices 
such as ECG electrodes, headphones, and respi-
ratory belts all contribute to scattering and atten-
uation of the 511 keV annihilation photons. Since 
these parts are not visible in conventional MR 
sequences and thus are not used in the attenuation 
map, they may lead to image inhomogeneities 

and adversely affect quantifi cation. Despite these 
technical problems, the data obtained so far in 
cardiac PET/MR imaging in general show a rela-
tively good correlation between PET/CT and 
PET/MR [ 17 ,  18 ], but larger studies are clearly 
warranted.  

9.4     Applications in Cardiac 
Imaging 

 It has to be acknowledged that in the past, the 
probability that a patient underwent MR and PET 
sequentially was rather low – the only moderate 
body of literature to be found refl ects this. The 
main reasons were the availability of both tech-
niques in spatial and temporal proximity as well 
as cost issues. Realistically, if both MR and PET 
were used in the same patients, the objective was 
the comparison of methods and the proof of supe-
riority or at least non-inferiority of one approach 
over the other. However, there are quite some 
aspects where the combination of both modalities 
could be advantageous.  

9.5     Myocardial Viability and 
Tissue Characterization 

 The imaging-based assessment of myocar-
dial viability is a standard approach applied in 
patients with advanced coronary heart disease 
or in those who are in early or advanced states 
of heart failure. The diagnostic goal is to dis-
tinguish between under-perfused but vital heart 
tissue (so-called hibernating myocardium) 
and poorly perfused but nonvital tissue (scar). 
Patients in the fi rst group would benefi t from 
invasive revascularization, whereas patients in 
the latter group have no advantage of this inter-
vention. Of the various imaging methods, PET 
using 18 F-fl uorodeoxyglucose (FDG) is widely 
considered as the clinical gold standard. In such 
an examination, both myocardial perfusion (e.g., 
with the 13 N-ammonia as tracer) and the glu-
cose metabolism using FDG are investigated ide-
ally applying the euglycemic-hyperinsulinemic 
clamp technique [ 19 ]. From a conceptual point 
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of view, hypoxia or ischemia leads to a change 
in myocardial metabolism from the utilization 
of free fatty acids toward glucose metabolism. It 
could also be shown that the extent of the isch-
emically compromised myocardium is associ-
ated with a poorer long-term outcome [ 20 ]. 
Furthermore, this approach allows the classifi ca-
tion of the myocardial tissue into fully viable, par-
tially vital, and nonvital tissue – however, always 
within the limits of PET’s modest spatial resolu-
tion. MR imaging could provide here a valuable 
addition to PET. Late gadolinium enhancement 
(LGE) which is acquired using T1-weighted 
inversion recovery sequences 5–20 min after the 
administration of gadolinium- DTPA directly rep-
resents myocardial scar tissue [ 21 – 23 ]. Normal 
myocardium can be “nulled” and infarcted tis-
sue shows a hyperintense signal due to different 
washout constants in normal versus abnormal 
tissue. MRI’s high spatial resolution allows not 
only the distinction between transmural and non-
transmural myocardial infarction (MI), it can also 
detect even small subendocardial infarcts, which 
is common in patients with suspected coronary 
artery disease without previous MI and shows 
prognostic signifi cance [ 24 ]. Whereas the speci-
fi city of PET and MRI is comparable (63 %), 
PET shows a higher sensitivity (92 % vs. 84 %) 
[ 25 ]. This stems from the fundamentally different 
processes in the imaging process: while the LGE 
signal is based solely on an increased interstitial 
volume of distribution (gadolinium chelates are 
too large to enter a cell), the PET signal is truly 
metabolic. Furthermore, the PET also allows 
the identifi cation of myocardium at a metaboli-
cal risk – thus, the PET provides an indication 
of therapeutic relevance in addition to the known 
relationship of infarct size and prognosis [ 26 ]. In 
summary, for the assessment of myocardial via-
bility, both methods provide similar information 
[ 18 ]. However, a potentially relevant opportunity 
of hybrid imaging could arise from the observa-
tion that myocardial tissues that were classifi ed 
as vital prior to the revascularization show no 
contractile improvement [ 27 ]. Here, the PET/
MR imaging could offer an interesting approach. 
By integrating the information from morphol-
ogy and left ventricular wall motion from the 

MR and the functional information from PET, 
a better  understanding of the underlying mecha-
nisms as well as an improved prediction of myo-
cardial recovery could arise. Figure  9.1  shows 
an example of multimodality imaging with PET/
MRI of a patient after acute MI.

   In addition to the conventional approach of 
viability imaging, recently, interesting insights 
were gained into the infl ammatory process after 
acute MI. The compromised ischemic myocar-
dium undergoes a complex healing process, 
which includes infl ammation, neoangiogenesis, 
fi broblast proliferation, and collagen deposition. 
Studies indicate that an excessive infl ammatory 
response could increase myocardial remodeling 
after acute MI and thus directly affect the prog-
nosis [ 28 ]. This infl ammatory response is 
 primarily maintained by different subpopulations 
of monocytes. In a recent study in mice, it has 
been shown that the (sequentially measured) PET 
and MR scans can be used to describe and moni-
tor this infl ammatory response [ 29 ]. It was shown 
that FDG is taken up mainly by monocytes in the 
acutely infarcted myocardium. However, to reli-
ably determine this particular FDG uptake, it is 
necessary to suppress its uptake in the healthy 
(remote) myocardium. This can be achieved by a 
special low-carbohydrate diet (so-called Atkins 
diet) in combination with “glucose fasting.” [ 30 ] 
PET/MRI could play an important role in eluci-
dating the underlying pathophysiology of the 
infl ammatory response after acute MI in humans 
as well as in facilitating such a complex protocol 
as the FDG signal can be only moderate and an 
improved morphological co-localization is cru-
cial. In addition, patient compliance is improved 
if only one examination is performed shortly 
after myocardial infarction. 

 The same fasted protocol is applicable in 
hybrid PET/MR imaging for myocardial tissue 
characterization. These applications target patho-
logical entities such as sarcoidosis or Takotsubo 
cardiomyopathy. Those applications are clearly 
not for everyday clinical use, but they can point 
into a direction where a complex imaging system 
such as the PET/MRI could show its potential. 

 Cardiac sarcoidosis represents an infl amma-
tory cardiomyopathy where, in the case of car-
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diac involvement, the myocardium is replaced by 
fi brotic, fi brogranulomatous tissue. MR using 
LGE can image those fi brotic changes of the 
heart [ 31 ]. In sarcoidosis, LGE is patchy and 
appears primarily in subepicardial regions but 
only rarely in the subendocardium. In PET, dif-
ferent patterns of glucose metabolism under fast-
ing conditions and myocardial perfusion are 
known [ 32 ] (Fig.  9.2 ). Vivid glucose metabolism 
and normal perfusion indicate active infl amma-

tion, whereas reduced perfusion and high glucose 
metabolism represent an advanced stage of the 
disease. Absent or reduced perfusion and lack of 
glucose uptake indicate end-stage disease. Thus, 
hybrid PET/MR not only allows the quantifi ca-
tion of the amount of affected myocardium but 
also helps to assess the disease stage and might 
be suited to guide therapy.

   Takotsubo cardiomyopathy is an increas-
ingly recognized syndrome with symptoms 

  Fig. 9.1    Short-axis images of myocardial perfusion and 
glucose metabolism ( top ). Both reduced 13N-ammonia 
and 18F-FDG uptake are clearly depicted in the basal 
areas of the anterior, anterolateral, and lateral wall. Four-
chamber and two-chamber views show large areas of 

transmural LGE in the anterior and lateral wall ( middle  
and  bottom rows ). While clearly reduced perfusion and 
glucose metabolism is observed in the basal lateral wall, 
the majority of the anterior wall still shows signifi cant 
amount of 18F-FDG and 13N-ammonia uptake       
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 similar to acute MI, including chest pain and 
 electrocardiographic ST segment elevation, but 
in the absence of relevant stenosis. It occurs in 
the majority of cases in postmenopausal women 
of an advanced age and is characterized by tran-
sient left ventricular apical wall motion abnor-
malities associated with emotional or physical 
stress. Its pathophysiology is not well understood 
and the available literature focuses primarily on 
case studies – however, hybrid imaging offers 
attractive opportunities [ 33 ,  34 ] and PET/MRI 
using the fasted FDG protocol as described above 
shows promising results (Fig.  9.3 ).

9.6        Myocardial Ischemia 

 The most widespread application in nuclear 
 cardiology is the detection (or exclusion) of a 
hemodynamically signifi cant coronary artery dis-
ease (CAD). Although the majority of patients are 
examined with SPECT, PET offers certain advan-
tages. It shows a sensitivity and specifi city of 

about 90 % for this indication [ 35 ,  36 ] and has 
proven suitable to make quantitative statements 
for the prognostic assessment of patients and 
guidance for treatment [ 37 ,  38 ]. MRI researchers 
introduced “fi rst-pass” MRI almost two decades 
ago where signifi cant  coronary stenoses are 
detected visually after the injection of a fast bolus 
of a contrast agent such as gadolinium-DTPA 
using the different wash-in rates at rest and dur-
ing exercise. The sensitivity and specifi city of this 
method vary substantially in the literature but can 
reach values of about 91 and 81 % [ 39 – 41 ]. Most 
SPECT and PET studies are also analyzed in a 
visual manner; however, PET’s major advantage 
is the possibility to quantify myocardial blood 
fl ow in absolute terms. This allows the determina-
tion of blood fl ow at rest and during exercise and 
consequently the calculation of the myocardial 
fl ow reserve. This is particularly of interest in 
patients with 3-vessel disease or myocardial dys-
function, since a reduced perfusion under stress 
might be missed if only a visual or  semiquantitative 
assessment is utilized due to the phenomenon of 

  Fig. 9.2    Illustration of short-axis images of myocardial 
perfusion ( top row ) and infl ammation ( bottom row ). Both 
reduced 13N-ammonia and upregulated 18F-FDG uptake 
are clearly depicted in the anterolateral and lateral wall as 
a sign of active cardiac sarcoidosis in these regions ( top ). 

Four-chamber view shows an area of transmural LGE in 
the lateral wall ( left ). Here, clearly reduced perfusion 
( middle ) and upregulated glucose metabolism ( right ) are 
observed as a sign of active infl ammation. Note increased 
18F-FDG uptake in bilateral hilar lymph nodes ( bottom )       
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“balanced ischemia.” [ 42 ] While the absolute 
quantifi cation of blood fl ow is increasingly used 
in many hospitals (especially in the United States) 
with PET due to the availability of FDA-approved 
software, dynamic perfusion MR is still in clini-
cal trials and exclusively for research purposes. 
Consequentially, the body of literature is 
rather sparse although a good correlation with 
13N- ammonia PET was shown [ 41 ,  43 ]. 

 Indeed, both methods have limitations which 
could point to a mutual benefi t, if combined: 
MRI’s weak part is the reliable defi nition of the 
arterial input function (as a prerequisite for abso-
lute fl ow delineation), the relatively low “volume 
of distribution” for gadolinium-DTPA, the very 
rapid diffusion of gadolinium-DTPA into the 
extracellular space, and the limited spatial 
 coverage of the left ventricle during acquisition 
(usually 3–5 slices and not the entire ventricle). 
The biggest disadvantage of PET is that no 

 morphological information is obtained, but only 
data about the perfused myocardium. Therefore, 
PET cannot distinguish whether a reduced 
blood fl ow is a result due to an epicardial steno-
sis or a microvascular dysfunction (e.g., diabe-
tes). Furthermore, PET cannot clearly determine 
whether such a perfusion defect is caused by thin 
scar tissue, which often poses a problem in 
dilated cardiomyopathy [ 44 ]. 

 Thus, parallel PET/MR imaging allows for the 
fi rst time a direct comparison of the delineation 
of myocardial blood fl ow using PET and MR 
under identical physiological (resting or stress) 
conditions. In addition to validation studies, 
this permits the combination of MRI-derived 
information such as morphology (e.g., coronary 
anatomy (MR angiography)), wall thickness, or 
scar (LGE) with the functional PET data so that 
an improved tissue characterization becomes 
possible.  

  Fig. 9.3    Two-chamber views 
during diastole ( top left ) and 
systole ( top right ) show 
midventricular hypokinesia 
with marked ballooning 
during systole. Left  ventricular 
ejection fraction was reduced 
(46 %). LGE shows no 
enhancement of the 
 myocardium ( bottom left ). 
18F-FDG PET demonstrates 
an upregulated glucose 
metabolism in the hypokinetic 
midventricular segments while 
glucose consumption is 
suppressed in remote 
myocardium ( bottom right )       
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9.7     Considerations for 
the Clinical Workfl ow 

 It is important to remember that hybrid scanners 
always require close collaboration between 
nuclear medicine physicians, radiologists, cardi-
ologists, and technical personnel. This holds 
especially true for MR imaging, as the method-
ological complexity (different contrasts, image 
geometry, artifacts, etc.) and the patient-specifi c 
adjustments are higher and more time consuming 
than those found in stand-alone PET and/or CT 
systems. 

 But also technical workfl ow aspects need to 
be addressed: any reading of hybrid data requires 
PET and MR images to be superimposed as accu-
rately as possible. In thoracic imaging in general 
and in cardiac imaging in particular, this repre-
sents a challenge as was learned already from 
cardiac PET/CT. Both cardiac motion due to con-
traction of the heart as well as thorax movement 
due to respiration have to be taken into account 
[ 7 ]. As mentioned before, any misalignment 
between emission and “transmission” negatively 
affects the accuracy of attenuation correction: but 
in contrast to PET/CT, MRI does not require ion-
izing radiation and thus the attenuation map can 
be generated as often as needed. In general, we 
found a good agreement between the PET data, 
which is acquired over many respiratory cycles, 
and the MR attenuation map, which is acquired 
in 18 s at end-expiration. It is relevant to keep in 
mind that alignment issues are present both for 
fully integrated as well as for integrated PET/MR 
systems. Even in the latter design, PET and MR 
data will be acquired often not simultaneously 
but rather in parallel. MR imaging is usually 
done sequentially, i.e., the image data represents 
a volume usually acquired sequentially slice by 
slice with slice acquisition times ranging from 
about 50 m s for perfusion scans up to several 
seconds for high-resolution images. This differs 
in PET where truly volumetric acquisitions 
with typical frame times – depending on the pro-
tocol – from 5 s to 20 min are acquired. Basically, 
this translates into the fact that fully simultaneous 
acquisitions using PET/MR are not trivial and 
thus continue to pose a major problem with 

respect to patient movement. However,  integrated 
PET/MR scanners could offer real-time motion 
correction and partial volume correction in the 
future. 

 A major advantage of parallel imaging, how-
ever, is the patient management, because sequen-
tial imaging of PET and MR is not only 
uncomfortable for the patient but also for the 
operating personnel. Consequently, cardiac PET/
MR imaging could lead to both increased patient 
compliance as well as to better device utilization, 
and thus better cost-effectiveness.  

9.8     Clinical Cases 

9.8.1     Acute Infarction 

 Clinical History: A 31-year-old male patient pre-
sented to his general practitioner (GP) because of 
chest pain. While talking to the GP, the patient 
suddenly collapsed. The GP immediately started 
cardiopulmonary resuscitation and called the 
ambulance which transported the patient to our 
emergency department where myocardial infarc-
tion was suspected. Cardiac catheterization con-
fi rmed left main occlusion, and subsequently PCI 
was performed. 13 days later the patient under-
went PET/MR viability imaging (Fig.  9.1 ). 

 Findings: MR images indicate mostly trans-
mural myocardial infarction of the anterior, lat-
eral, and anteroseptal wall. LV ejection fraction 
was signifi cantly reduced. PET images show 
both reduced glucose metabolism and perfusion 
in the basal regions indicating transmural myo-
cardial infarction. However, PET confi rms still a 
large amount of viable myocardium. 

 Advantages of PET/MR: The integrated infor-
mation of PET and MR may allow more accurate 
prediction of the left ventricular remodeling and 
outcome after acute myocardial infarction.  

9.8.2     Cardiac Sarcoidosis 

 Clinical History: A 30-year-old male patient was 
referred to our institution because of suspected 
cardiac involvement of a newly diagnosed 
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 sarcoidosis. Coronary angiography excluded 
 coronary artery disease and showed a severely 
reduced left ventricular function. A CT of the 
chest demonstrated bihilar lymphadenopathy. 
Subsequently, the patient was transferred to our 
institution to confi rm cardiac involvement of the 
sarcoidosis by PET/MR (Fig.  9.2 ). 

 Findings: Bihilar lymphadenopathy with 
increased FDG uptake in the lymph nodes con-
firms the diagnosis of sarcoidosis. Areas in the 
left ventricle with increased FDG uptake and 
reduced perfusion indicate active inflamma-
tion and reveal cardiac involvement of the 
 sarcoidosis. Also, a severely reduced left ven-
tricular ejection fraction with severe hypoki-
nesia of the lateral wall demonstrates dilated 
cardiomyopathy (DCM) as a consequence of 
cardiac sarcoidosis. Furthermore, areas dem-
onstrating late gadolinium enhancement 
(LGE) indicate myocardial infiltration and 
scarring. 

 Advantages of PET/MR: The integrated infor-
mation of PET and MR may thus not only allow 
assessing the amount of affected myocardium by 
LGE but also exact assessment of the stage and 
infl ammatory state of the disease, and conse-
quently therapy monitoring is feasible.  

9.8.3     Takotsubo Cardiomyopathy 

 Clinical History: A 70-year-old woman pre-
sented with acute chest pain to our institution. 
She reported of progressive dyspnea while 
 experiencing personal stress during this time. 
Angiographically inconspicuous epicardial coro-
nary arteries were found during cardiac catheter-
ization. The ventriculography, however, showed 
midventricular dilatation and a hypercontractile 
apex and base. Because of these fi ndings a vari-
ant of Takotsubo cardiomyopathy (TTC) was 
suspected and the patient was referred for PET/
MR (Fig.  9.3 ). 

 Findings: Left midventricular hypokinesia 
was found on cine MR images; however, no late 
gadolinium enhancement (LGE) could be 
depicted in the entire left ventricular myocar-
dium. FDG PET showed a markedly increased 

glucose metabolism in the dysfunctional 
 midventricular myocardium while FDG uptake 
was  suppressed in the remote area. 

 Advantages of PET/MR: Takotsubo cardio-
myopathy is a rare but increasingly recognized, 
reversible disease of which the underlying patho-
physiology is unclear. However, stress-induced 
catecholamine excess to the myocardium seems 
to play an important role in pathophysiology. 
PET/MR allows the integrated imaging of hypo-
kinetic areas of the myocardium, which demon-
strate a metabolic shift from fatty acid to glucose 
consumption in the fasted state while no myocar-
dial enhancement (LGE) after MR contrast appli-
cation is seen.  

9.8.4     Outlook: Advanced Molecular 
Imaging and Neoangiogenesis 

 In addition to those more clinically motivated 
imaging approaches, previous work with sequen-
tial PET and MR imaging identifi ed potential 
applications. Although those come mostly from 
preclinical work, their translation would be 
greatly facilitated by the use of a hybrid imaging 
system. 

9.8.4.1     Stem Cell Therapy 
 After an acute MI many of the affected cardio-
myocytes die and the ischemically compromised 
myocardium loses its function and thus contrac-
tility – which may eventually lead to heart fail-
ure. A promising therapeutic approach is the use 
of stem cells. Here, the transplanted cells (e.g., 
embryonic stem cells or bone marrow stem cells) 
will replace the lost cardiomyocytes and thus 
contribute to the regeneration of the myocar-
dium. A frequently observed problem is that only 
a fraction of the transplanted cells remains actu-
ally in the myocardium [ 45 ]. PET/MR could 
assist for a better understanding of “stem cell 
engraftment” and the underlying cellular and 
molecular processes. Our group demonstrated 
earlier the advantage of a (sequential) hybrid 
imaging approach [ 46 ]. In this rodent study, 
human endothelial precursor cells were labeled 
with iron particles. In addition, the cells were 
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modifi ed using a viral vector in such a way that 
they expressed the human sodium iodide sym-
porter (NIS) and then were transplanted into 
immunodefi cient rats. The MR was well suited to 
represent the left ventricular morphology and to 
identify the location of transplanted cells. The 
vitality of the cells was shown by PET, which 
delineated uptake of radionuclide 124I only in 
living cells. Basically, the iron particles were 
taken up by macrophages after the death of the 
transplanted cells and thus were still visible on 
the MR. The PET signal (I-124), however, was 
only visible if the transplanted cells were still 
vital, which involves a sustained expression of 
the NIS.  

9.8.4.2     Imaging of Neoangiogenesis 
 This seems to play a key role after myocardial 
infarction and accordingly is an attractive target 
for molecular imaging. Integrins are of impor-
tance in cell migration, the regulation of cell pro-
liferation, cell survival, as well as in cell 
differentiation. 18F-labeled galacto-RGD was 
initially developed for oncological PET imaging 
[ 47 ] but was investigated also for imaging of 
ανβ3 integrin expression after acute MI, both in 
animals and humans [ 48 ,  49 ]. In these studies the 
co-visualization of this “hot spot” PET imaging 
using MRI for anatomical localization and func-
tional correlation was helpful. Furthermore, a 
recent study revealed that signifi cant F-18 
galacto-RGD uptake was a predictor for the 
absence of left ventricular remodeling after MI in 
rats [ 50 ]. Thus, whole-body PET/MR has the 
potential to facilitate further research, especially 
since it allows the delineation of scar extent, left 
ventricular function, and the integrin expression 
within a single examination.    

    Conclusion 

 Both PET and MRI as stand-alone modalities 
are accepted imaging methods for the assess-
ment of myocardial perfusion and vitality. 
Hybrid PET/MR combines these two methods 
in one system, but it remains to be seen 
whether this integration provides synergistic, 
diagnostic value. Currently, PET/MR is 
mostly used for research purposes, where it 

provides an excellent tool for  cross- validation 
of new imaging methods under identical 
experimental conditions. However, it seems 
not unlikely that PET/MR could become an 
indispensable method for the development of 
radiopharmaceuticals and contrast agents. 
However, it requires complex workfl ows 
and excellent interdisciplinary cooperation. 
The latter factor in addition to the proof of 
cost- effectiveness will determine a wider 
distribution.     
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Abstract

The introduction of MR-PET systems into 
medical practice not only may lead to a gain in 
clinical diagnosis as compared to PET-CT 
imaging due to the superior soft tissue contrast 
of the MR technology but can also substan-
tially reduce exposure of patients to ionizing 
radiation. On the other hand, there are also 
risks and health effects associated with the use 
of diagnostic MR devices that have to be con-
sidered carefully. In this chapter, the biophysi-
cal and biological aspects relevant for the 
assessment of health effects related to the use 
of ionizing radiation in PET and (electro)mag-
netic fields in MR are summarized. On this 
basis, the current safety standards will be pre-
sented – which, however, do not address the 
possibility of synergistic effects of ionizing 
radiation and (electro)magnetic fields. In the 
light of the developing MR-PET technology, it 
is of utmost importance to investigate this 
aspect in more detail for exposure levels that 
will occur at MR-PET systems. Finally, some 
considerations concerning the justification 
and optimization of MR-PET examination 
will be made.

10.1	 �Introduction

Clinical adoption of combined PET-CT imaging 
has been surprisingly rapid, and, despite 
continuing debate, this technology has advanced 
the use of metabolic and molecular imaging [49], 
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particularly for oncology [11, 39, 40, 43]. 
However, when discussing the immediate bene-
fits of combined PET-CT examinations, the issue 
of patient exposure must be taken into account as 
well. As shown in a multicenter study, whole-
body PET-CT examinations – comprising a PET 
scan after the administration of the glucose ana-
logue 2-[18F] fluoro-2-deoxy-d-glucose (FDG) 
and a fully diagnostic contrast-enhanced CT scan 
– result in an effective dose to patients in the 
order of 25  mSv and thus mandate a thorough 
medical justification for each individual patient 
[5, 8]. A detailed analysis of protocols, which are 
representative for the imaging scenarios reported 
in the literature, revealed that up to 70 % of the 
total exposure is contributed by CT [8]. It would 
thus be very welcome from a radiation protection 
point of view if PET-CT could be replaced when-
ever possible by MR-PET as soon as the method-
ological challenges of this new imaging 
technology have been overcome.

As no ionizing radiation is used in MR, it is 
generally deemed safer than CT or PET in terms 
of associated health risks. Nevertheless, there are 
possible risks and health effects associated with 
the use of diagnostic MR devices that have to be 
considered carefully [4, 45]. In this context, a 
fundamental difference between ionizing and 
nonionizing radiation has to be noted: Radiation 
doses related to CT or PET procedures may result 
in stochastic effects (occurring many years later), 
whereas biological effects of (electro)magnetic 
fields used in MR are of deterministic nature 
(occurring immediately). A stochastic process is 
one where the exposure determines the probabil-
ity of the occurrence of an event but not the sever-
ity of the effect. In contrast, the severity of a 
deterministic effect is related to the level of expo-
sure and a threshold may be defined [21]. As a 
consequence, the probability of detrimental 
effects caused by PET or CT examinations per-
formed over many years accumulate, whereas 
biophysical and biological effects induced by 
(electro)magnetic fields used for MR examina-
tions (such as cardiovascular reactions or periph-
eral nerve stimulation) are related to the acute 
exposure levels of a particular examination and 
does, to our present knowledge, not accumulate 
over years.

Following the presentation in Brix et al. [9], 
this chapter presents (a) an overview on biophysi-
cal and biological aspects relevant for the assess-
ment of detrimental health effects related to the 
exposure of patients to ionizing radiation in PET 
and to (electro)magnetic fields in MR as well as 
(b) some preliminary considerations on the justi-
fication and optimization of MR-PET proce-
dures. A comprehensive discussion of aspects 
which are beyond the scope of this chapter – as, 
for example, layout and shielding of a PET facil-
ity or protection of the staff – can be found in a 
safety report issued by the “International Atomic 
Energy Agency” [19] and guidelines of the 
“International Commission on Non-Ionizing 
Radiation Protection” [20, 24, 26].

10.2	 �PET: Ionizing Radiation

10.2.1	 �Detrimental Health Effects 
Induced by Ionizing Radiation

Low-level exposure of patients undergoing a 
PET or CT examination may lead to stochastic 
radiation effects, the most significant being 
induction of cancer. Cancers caused by ionizing 
radiation occur several years to decades after the 
exposure has taken place (latency time). They do 
not differ in their clinical appearance from can-
cers that are caused by other factors. A 
radiation-induced cancer cannot be recognized as 
such, and it is only by means of epidemiological 
studies that increases in the spontaneous cancer 
incidence rates of irradiated groups can be 
detected. Ionizing radiation is the carcinogen that 
has been studied most intensely.

Increased cancer rates have been demonstrated 
in humans through various radio-epidemiological 
studies at moderate or high doses, i.e., organ or 
whole-body doses exceeding 50–100 mSv, deliv-
ered acutely or over a prolonged period. The so-
called Life Span Study (LSS) of the survivors of 
the atomic bombings in Hiroshima and Nagasaki 
is the most important of these studies [41]. The 
follow-up of the atomic bomb survivors has pro-
vided detailed knowledge of the relationships 
between radiation risk and a variety of factors, 
such as the absorbed dose, the age at exposure, the 
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age at diagnosis, and other parameters. The LSS 
provides data with good radio-epidemiological 
evidence due to the large size of the study popula-
tion (about 86,600 individuals with individual 
dose estimates), the broad age and dose distribu-
tion, the long follow-up period (about half a cen-
tury), and an internal control group (individuals 
exposed only at a minute level or not at all). The 
LSS is, therefore, the major source for predicting 
radiation-induced risks for the general population. 
However, radiation risk estimates are not merely 
based on the follow-up of the atomic bomb survi-
vors. They are also largely supported by a multi-
tude of smaller studies, mostly on groups of 
persons exposed for medical reasons, both in 
diagnostics and in therapy [1].

There is considerable controversy regarding 
the risk of low levels of radiation, typical for 
diagnostic radiation exposures, since radiation 
risks evaluated at low dose levels are not based 
on experimental and epidemiological evidence. 
Given this lack of evidence, estimates on risk, 
derived from high doses, have been extrapolated 
down to low dose levels by various scientific bod-
ies, including the “International Commission on 
Radiological Protection” [30], the “United 
Nations Scientific Committee on the Effects of 
Atomic Radiation” [50], and the “Biological 
Effects on Ionizing Radiation” committee [1]. 
Estimates on risk per unit of dose have been 
derived using the so-called linear, non-threshold 
(LNT) hypothesis, which is based on the assump-
tions that (a) any radiation dose – no matter how 
small – may cause an increase in risk and (b) the 
probability of this increase is proportional to the 
dose absorbed in the tissue. Although the risk 
evaluated at low dose levels is thus hypothetical, 
it is prudent to assume that it exists and that the 
LNT model represents an upper bound for it. It is 
for this reason that current radiation protection 
standards as well as risk assessments are based 
on the LNT hypothesis [30].

10.2.2	 �Principles of Radiation 
Protection

In line with the LNT philosophy, the 
ICRP  emphasizes that proper justification and 

optimization of medical procedures are indis-
pensable principles of radiation protection in 
medicine [31]:

There are two different levels of justifica-
tion (§§ 60, 67): At the generic level, a speci-
fied radiological procedure with a specified 
objective is defined and justified. The aim is to 
judge whether the procedure will improve the 
diagnosis or treatment or will provide neces-
sary information about the exposed individu-
als. At the next level, the application of the 
procedure to an individual patient should be 
justified (i.e., the particular application should 
be judged to do more good than harm to the 
individual patient). Hence all individual medi-
cal exposures should be justified in advance, 
taking into account all available information 
including the details of the proposed procedure 
and of alternative procedures, the characteris-
tics of the individual patient, the expected dose 
to the patient, and the availability of informa-
tion on previous or expected examinations or 
treatment.

Optimization of radiological protection (§ 
70) means the same as keeping the doses “as 
low as reasonably achievable, economic and 
societal factors being taken into account” 
(ALARA), and is best described as management 
of the radiation dose to the patient to be com-
mensurate with the medical purpose (§ 71). 
Although dose constraints for patients are inap-
propriate, management of patient dose is impor-
tant. This often can be facilitated for diagnostic 
and interventional procedures by use of a diag-
nostic reference level, which is a method for 
evaluating whether the patient dose is unusually 
high or low for a particular medical imaging 
procedure.

The ethical and procedural aspects related to 
the exposure of volunteers in biomedical research 
have also been addressed (§ 121). The key aspects 
include the need to guarantee a free and informed 
choice by the volunteers, the adoption of dose 
constraints linked to the societal worth of the 
studies, and the use of an ethics committee that 
can influence the design and conduct of the stud-
ies. It is important that the ethics committee 
should have easy access to radiological protec-
tion advice.

10  Risks and Safety Aspects of MR-PET
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10.2.3	 �Dosimetry

10.2.3.1	 �Fundamental Dose Quantities
It is generally assumed that the probability of det-
rimental radiation effects is directly proportional 
to the energy deposited by ionizing radiation in a 
specified organ or tissue, T. Therefore, the funda-
mental dosimetric quantity is the absorbed dose, 
which is defined as the radiation energy absorbed 
in a small volume element of matter divided by 
its mass. In the SI system the absorbed dose, D, is 
given in the unit Gray (1 Gy = 1 J/kg). For radio-
logical protection purposes, the absorbed dose is 
averaged over an organ or tissue and weighted by 
a dimensionless radiation weighting factor, wR, 
to reflect the higher biological effectiveness of 
high-LET as compared to low-LET radiations. 
The resulting weighted dose is designated as the 
organ or equivalent dose, HT, and given in the 
unit Sievert (1 Sv = 1 J/kg). For γ-radiation used 
in PET, wR is equal to 1.

Tissues and organs are not equally sensitive to 
the effects of ionizing radiation. Due to this rea-
son, tissue weighting factors, wT, are provided by 
the ICRP for a reference population of equal 
numbers of both sexes and a wide range of ages 
[30]. These factors indicate the relative propor-
tion of each organ or tissue to the total health det-
riment resulting from a uniform irradiation of the 
whole body. Detriment is a multidimensional 
concept: Its principal components are the sto-
chastic quantities probability of the attributable 
fatal cancer, the weighted probability of attribut-
able nonfatal cancer, the weighted probability of 
severe heritable effects, and the length of life lost 
if the harm occurs [30]. If the body is exposed in 
a nonuniform manner, as, for example, in a 
patient undergoing a PET examination, the sum 
of the products of the organ doses and the corre-
sponding tissue weighting factors determined for 
each of the various organ or tissue exposed has to 
be computed:

	
E w H wT T T= with = 1.⋅∑ ∑

T T 	
(10.1)

The resulting quantity is denoted as effective 
dose E (in Sv). Based on this dose quantity, 
it  is  possible to assess and to compare the 

probability of stochastic radiation effects result-
ing from different radiation exposures – as, for 
example, PET examinations using different 
radiopharmaceuticals yielding a different pattern 
of dose distribution in the body. It should be 
noted, however, that the concept of the effective 
dose facilitates only an overall, not an organ-
specific assessment of stochastic radiation risks 
and is aimed at large, age and gender averaged 
collectives such as the working population or the 
whole population in a country. Nevertheless, this 
generic approach provides a rational framework 
for the justification and optimization of imaging 
procedures.

Based on the latest available scientific infor-
mation, the tissue weighting factors, wT, given in 
Table  10.1 have been modified in 2007 by the 
ICRP [30]. The most significant changes from 
the previous held values [28] relate to breast 
(0.05 → 0.12), gonads (0.2 → 0.08), and the 
remainder tissues (0.05 → 0.12 using a simplified 
additive system). Moreover, in the new concept 
sex-averaged tissue doses are used for the calcu-
lation of the effective dose.

10.2.3.2	 �Estimation of Organ  
and Effective Doses

Doses from the intake of radiolabeled com-
pounds, such as PET radiopharmaceuticals, 
cannot be measured; they can only be estimated 
on the basis of biokinetic and dosimetric 
models.

Table 10.1  Tissue weighting factors, wT, given in ICRP-
103 [30]. They characterize the relative susceptibility of 
various tissues and organs, T, to ionizing radiation

Tissue or organ wT

Bone marrow (red), colon, lung, stomach, 
breast, remainder tissuesa

0.12

Gonads 0.08
Bladder, esophagus, liver, thyroid 0.04
Bone surface, brain, salivary glands, skin 0.01
aThe “remainder tissues” consist of the following group of 
additional organs and tissues with a lower sensitivity for 
radiation-induced effects for which the arithmetic average 
of organ doses must be used: adrenals, extrathoracic 
region, gall bladder, heart, kidneys, lymphatic nodes, 
muscle, oral mucosa, pancreas, prostate, small intestine, 
spleen, thymus, and uterus/cervix
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Biokinetic models describe the uptake and 
retention of incorporated radionuclides in source 
regions of the body where they accumulate as 
well as their excretion from the body. They are 
used to calculate the numbers of nuclear transfor-
mations in the source regions which are needed 
to calculate the dose to target tissues by dosimet-
ric models. In general, biokinetic models are for-
mulated as compartment models. If the tracer is 
intravenously injected, the starting compartment 
represents the blood pool from where the mate-
rial is transported to other tissue compartments 
representing the source regions where it accumu-
lates and to (mainly urinary and fecal) excretion. 
In general, the retention in a compartment can be 
described by biological half-life, i.e., by a period 
of time within which half of the material is 
removed from the compartment.

Dosimetric models are used to calculate the 
dose to a target tissue due to a nuclear transfor-
mation in the considered source regions. For this, 
absorbed fractions AF(rT ← rS) are determined, 
i.e., the fraction of the energy emitted in a source 
region rS which is absorbed in a target tissue rT. In 
case of non-penetrating radiation (α and β radia-
tion), the simplifying assumption AF(rT ← rS) = 1 
for S = T and = 0 for S ≠ T is used for most pairs of 
source regions and target tissues. For penetrating 
radiation (γ radiation), absorbed fractions are cal-
culated by Monte Carlo methods based on 

anthropomorphic phantoms which describe the 
position and the form of the source regions and 
target tissues. These phantoms were for a long 
time mathematical phantoms describing both 
source regions and target tissues by simple geo-
metric objects. They are now being replaced by 
much more realistic voxel phantoms derived 
from MRI or CT images of real persons. For pur-
poses of radiation protection, voxel phantoms are 
adjusted to the dimensions of the reference per-
sons as defined by the ICRP [29]. Reference 
voxel phantoms for an adult male and female are 
published in ICRP Publication 110 [33]. 
However, AF values computed on the basis of the 
new models are not yet available.

Combining the results from both biokinetic 
and dosimetric models, dose coefficients h(rT) (in 
mSv/MBq) are computed that give the dose HT to 
an organ T per unit activity intake. The effective 
dose resulting from the activity A of a radiophar-
maceutical administered to a patient can thus be 
estimated by

E w H A w h A dT T T T E= = r =⋅ ⋅ ( ) ⋅⋅∑ ∑
T T 	

(10.2)

with dE being the dose coefficient for the effec-
tive dose. For PET tracers more frequently used 
in clinical routine [6], values for dE are listed in 
Table 10.2.

Table 10.2  Dose coefficients to estimate the effective dose related to the administration of PET radiopharmaceuticals 
frequently administered in clinical routine. The given values were calculated for the adult mathematical reference phan-
tom using the new tissue weighting factors of ICRP-103 (2007). The biodistribution of the PET tracers was described 
by the biokinetic models given in ICRP-53 (2001) and ICRP-106 (2008) assuming that the bladder is emptied at 3.5 h 
after tracer administration

Nuclide Radiolabeled compound Function
Dose coefficient dE (μSv/
MBq)

11C l-Methionine Amino acid transport and protein synthesis 7.6
Acetate Myocardial oxidative metabolism 2.8

13N Ammonia Myocardial blood flow 2.2
15O Water Regional blood flow 1.1
18F 2-Fluoro-2-deoxy-d-glucose Glucose transport and phosphorylation 18

l-Dopa Presynaptic dopaminergic function 22
Fluoride Bone metabolism 21

82Rb Rubidium chloride Myocardial blood flow 3.8

The given values were calculated for voxel phantoms using the biokinetic models given in ICRP-53 [27] and ICRP-106 
[32] under the assumption that the bladder is emptied at 3.5 h after tracer administration and the new tissue weighting 
factors given in ICRP-103 [30]. They hold for a standard patient with a body weight of about 70 kg
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In case of pregnant patients undergoing a PET 
examination – either based on a stringent clinical 
indication or due to the unawareness of preg-
nancy – the effective dose to the offspring as well 
as the resulting radiation risks have to be care-
fully assessed. In the early stage of pregnancy, 
the uterine dose is often used as surrogate for the 
embryonic dose. For [18F]FDG, the dose coeffi-
cient for the uterine dose is 29 μSv/MBq.

10.2.4	 �Estimation of Radiation Risks

The effective dose is not recommended for epide-
miological evaluations, nor should it be used for 
detailed specific retrospective investigations of 
individual exposure and risk ([30], § 157). For 
the estimation of the potential consequences of a 
radiation exposure to individual patients, it is 
necessary to use specific data characterizing the 
exposed individual.

The standard approaches to generate age, gen-
der, and organ-specific risk estimates are based on 
the so-called excess absolute risk, ear. It denotes 
the additional risk of a person of gender S, after an 
exposure to organ dose DT at the age e, to be clini-
cally diseased with a specific radiation-induced 
cancer at the age a or, more specifically, in the 
interval [a, a + 1). It is commonly calculated from

ar e a D S = r a S + ear e a D ST T T T T( , , , ) ( , ) ( , , , ) 	
(10.3)

where arT denotes the absolute risk and rT the 
normal or baseline risk of a person of gender S to 
be diseased with a specific cancer in the interval 
[a, a + 1). If a relative risk model is used, Eq. (3) 
can be written as

ar e,a,D ,S = r a,S
+ err e,a,D S

T T T

T T

( ) ( )
1 ( , )

⋅
[ ] 	

(10.4)

with errT(e,a,DT,S) representing the excess rela-
tive risk. For example, an errT(e,a,DT,S) = 1 
means that the additional, radiation-induced can-
cer risk for a person of gender S who was exposed 
at age e to an organ dose DT and attained age a is 
as high as his normal cancer risk. Estimates of the 

excess (relative) risk for specific organs are usu-
ally derived from cancer incidence data of the 
LSS, where a linear dose dependence is com-
monly assumed for solid tumors, while a linear-
quadratic approach provides better results for 
leukemia. The most recent models are summa-
rized in the BEIR-VII report [1].

The site-specific excess absolute lifetime risk or 
lifetime attributable risk, LART, for a person of gen-
der S who was exposed at age e to an organ dose DT 
is calculated by summing up all earT(e,a,DT,S) val-
ues between e + Δt (with Δt being the minimum 
latency period) and the age of, e.g., 85 years, com-
monly used for lifetime risk estimates. The ear 
should be corrected for competing risks by the con-
ditional probability P(e,a), i.e., the probability that 
a person of age e survives beyond the age a:

LAR e D S = earT e a D S

P e a da

T T T
a=e+ t

( , , ) ( , , , )

( , )

⋅∫
∆

85

	
(10.5)

The minimum latency period Δt is the time dur-
ing which the radiation-induced cancer typically 
does not show clinical symptoms. A Δt of about 
5 years for carcinoma and of about 2 years for 
leukemia is widely applied for incidence data. To 
determine the total LAR for a PET examination, 
all site-specific LART estimates (i.e., for sites with 
appreciable organ doses) have to be summed up.

Based on this approach as well as German dis-
ease and life table data [12, 13, 15], Fig.  10.1 
gives LAR estimates for both cancer incidence 
and mortality for female and male individuals 
attributed to the administration of 370 MBq [18F]
FDG at different ages. The plots reveal that the 
LAR decreases markedly with increasing age at 
exposure and is always somewhat higher for 
females as compared to males. But even for young 
adults, the estimated radiation-induced risks are at 
least two orders of magnitude lower than the cor-
responding baseline lifetime risks, i.e., the “nor-
mal” risk to incur cancer during the remaining 
lifetime. In Germany, for example, the lifetime 
baseline risk for cancer incidence (mortality) is 
about 47 % (26 %) for men and about 39 % (21 %) 
for women (all cancers excluding skin cancer).
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10.2.5	 �Diagnostic Reference Levels

In its publication on “Radiological Protection 
in Medicine” [31] the ICRP recommends the 
use of diagnostic reference levels (DRLs) 
for  patient examinations as a measure of 
optimization of protection and gives the fol-
lowing guidance (§§ 78–84): As a form of 
investigation level, DRLs apply to easily mea-
surable quantities, in nuclear medicine to the 
activity of administered radiopharmaceutical, 
and are intended for use as a simple test for 
evaluating whether the patient dose (with 
regard to stochastic effects) is unusually high 
for a particular imaging procedure. It should 
be noted that they do not apply to individual 
patients but rather to the mean activity value 
determined in practice for a suitable reference 
group (comprising at least 10 patients). If 
patient activities related to a specific diagnos-
tic nuclear medicine procedure are consis-
tently exceeding the corresponding DRL, there 
should be a local review (clinical audit) of the 
procedures and equipment. Actions aimed at 
the reduction of activity levels should be 
taken, if necessary.

DRLs are set by professional medical bod-
ies in conjunction with national health or radio-
logical protection authorities and reviewed at 
intervals that represent a compromise between 
the necessary stability of the protection system 
and the changes in the observed dose distri-
butions. The fraction of the amount of a PET 
radiopharmaceutical to an adult to be admin-
istered in pediatrics can be calculated from the 
child’s body weight either according to the dos-
age card published by the European Association 
of Nuclear Medicine [36] or the North American 
consensus guidelines [16].

10.3	 �MR: Nonionizing Radiation

10.3.1	 �Interaction Mechanisms and 
Biological Effects of (Electro)
Magnetic Fields

In MR imaging and spatially localized MR spec-
troscopy, three variants of magnetic fields are 
employed to form cross-sectional images of the 
human body: (1) a high static magnetic field, B0, 
generating a macroscopic nuclear magnetization, 
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Fig. 10.1  Lifetime attributable 
risk for both cancer incidence 
and mortality for a female and 
male person resulting from the 
administration of 370 MBq [18F]
FDG at different ages. Risks 
were estimated from organ 
doses (computed for the adult 
reference phantom) using the 
BEIR-VII models as well as 
German life tables and cancer 
incidence rates
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(2) rapidly alternating magnetic gradient fields 
for spatial encoding of the MR signal, and (3) 
radiofrequency (RF) electromagnetic fields for 
excitation and preparation of the spin system. 
The biophysical interaction mechanisms and bio-
logical effects of these fields are shortly summa-
rized in the following; a more comprehensive 
review can be found in [4].

10.3.1.1	 �Static Magnetic Fields
There are several established biophysical mecha-
nisms through which static magnetic fields can 
interact with biological tissues and organisms 
[44]. The two most relevant mechanisms are:
Magneto-mechanical interactions. Even in a uni-

form magnetic field, molecules, structurally 
ordered molecule assemblies, or cells with a 
magnetic moment (e.g., outer segments of reti-
nal rod cells, muscle fibers, filamentous virus 
particles, and erythrocytes) experience a 
mechanical torque that tends to align their 
magnetic moment (anti) parallel to the external 
magnetic field and thus to minimize the poten-
tial energy. Orientation effects, however, can 
only occur when molecular or cellular objects 
have a nonspherical structure and/or when the 
magnetic properties are anisotropically distrib-
uted. At higher temperatures, as, for example, 
in the human body, the alignment of structures 
with small magnetic moments is prevented by 
their thermal movement (Brownian move-
ment). Additionally, paramagnetic and ferro-
magnetic objects are attracted in a nonuniform 
magnetic field, as, for example, in the periph-
ery of an MR system, and thus can quickly 
become dangerous projectiles (missile effect).

Magneto-hydromechanical interactions. Static 
magnetic fields also exert (Lorentz) forces 
on moving electrolytes (ionic charge carri-
ers), giving rise to induced electric fields 
and currents. Since electrolytes with a posi-
tive or negative charge moving, for exam-
ple, through a cylindrical blood vessel 
orientated perpendicular to a magnetic field 
are accelerated into opposite directions, this 
mechanism gives rise to an electrical volt-
age across the vessel, which is commonly 
referred to as a blood flow potential. In 

humans, the largest potentials occur across 
the aorta after ventricular contraction and 
appear superimposed on the T-wave ampli-
tude of the ECG at fields in excess of 
100 mT.
A large number of studies have been con-

ducted to detect biological responses to static 
magnetic fields with flux densities ranging from 
milliteslas to several teslas (T). These studies 
have been reviewed comprehensively – among 
others – by ICNIRP [22] and the World Health 
Organization [53]. Overall there is little con-
vincing evidence from cellular, animal, human, 
and epidemiological studies for biologically 
harmful effects of short-term exposure result-
ing from static magnetic fields with a strength 
up to several teslas. Until now, most MR exami-
nations have been performed using static mag-
netic fields up to 3 T, although whole-body MR 
systems with static magnetic fields up to 9 T are 
already used in clinical tests. The literature 
does not indicate any serious adverse health 
effects from the exposure of healthy human 
beings up to 8 T. However, sensations of nau-
sea, vertigo, and metallic taste may occur in 
magnetic fields above 2  T [23]. The greatest 
potential health hazard comes from metallic, in 
particular, ferromagnetic materials (such as 
scissors, coins, pins, oxygen cylinders) that are 
accelerated in the inhomogeneous magnetic 
field in the periphery of an MR system and 
quickly become dangerous projectiles (missile 
effect). This risk can only be minimized by a 
strict and careful management of both patients 
and staff.

10.3.1.2	 �Alternating Magnetic 
Gradient Fields

Due to their low magnetic flux density, magnetic 
gradient fields used in MRI for spatial encoding 
of the MR signal can be neglected compared to 
the strong static magnetic field B0 as far as inter-
actions of magnetic fields with biological tissues 
and organisms are concerned. In contrary, how-
ever, biophysical effects related to the electric 
fields and currents induced by their temporal 
variation have to be considered carefully. Rapidly 
switched magnetic fields induce electric fields in 
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the human body, the strength of which is propor-
tional to the time rate of change of the magnetic 
field, dB/dt. In conductive media, such as biologi-
cal tissues, the electric fields result in circulating 
eddy currents. In general, rise times of magnetic 
gradients in MR are longer than 100 μs, resulting 
in time-varying electric fields and currents with 
frequencies below 100  kHz. In this frequency 
range, the conductivity of cell membranes is 
several orders of magnitude lower than that of the 
extra- and intracellular fluid [14]. As a conse-
quence, the current flow is restricted to the extra-
cellular fluid and voltages are induced across the 
membrane of cells. When these voltages are 
above a tissue-specific threshold level, they can 
stimulate nerve and muscle cells [42].

The primary concern with regard to time-
varying magnetic gradient fields is cardiac 
fibrillation, because it is a life-threatening con-
dition. In contrast, peripheral nerve stimulation 
(PNS) is of practical concern because uncom-
fortable or intolerable stimulations would inter-
fere with the examination (e.g., due to patient 
movements) or would even result in a termina-
tion of the examination [51]. Bourland et al. [3] 
analyzed stimulation data in the form of cumu-
lative frequency distributions that relate a dB/dt 
level to the number of healthy volunteers that 

had already reported on perceptible, uncomfort-
able, or even intolerable sensations. Their 
results indicate that the lowest percentile for 
intolerable stimulation is approximately 20  % 
above the median threshold for the perception of 
peripheral nerve stimulation. The threshold for 
cardiac stimulation is well above the median 
perception threshold for peripheral nerve stimu-
lation, except at very long pulse durations which 
are, however, not relevant for clinical MR exam-
inations (see Fig. 10.2, [42]).

10.3.1.3	 �RF Electromagnetic Fields
Time-varying magnetic fields used for the excita-
tion and preparation of the spin system in MR 
have typically frequencies above 10 MHz. In this 
RF range, the conductivity of cell membranes is 
comparable to that of the extra- and intracellular 
fluid which means that no substantial voltages are 
induced across the membranes [14]. Due to this 
reason, stimulation of nerve and muscle cells is no 
longer a matter of concern. Instead, thermal effects 
due to tissue heating are of importance. The 
increase in tissue temperature is dependent not 
only on localized power absorption and the dura-
tion of RF exposure but also on heat transfer and 
the activation of thermoregulatory mechanisms 
leading to thermal equalization within the body. It 
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Fig. 10.2  Limits for the 
normal and controlled 
operating mode of an MR 
gradient system expressed as 
dB/dt as a function of the 
effective stimulus duration τ. 
The limit for the controlled 
operating mode is given by 
the median perception 
threshold for peripheral nerve 
stimulation. For comparison, 
the threshold for cardiac 
stimulation is also 
plotted [42]

10  Risks and Safety Aspects of MR-PET



148

is important to note that energy absorption is pro-
portional to the square of the static magnetic field, 
B0, which means it is markedly higher at high-
field as compared to low-field MR systems.

Established biological effects of RF fields 
used for MR examinations are primarily caused 
by tissue heating. In contrast, nonthermal (or 
athermal) effects are not well understood but 
seem – as far as this can be assessed at the 
moment – to have no relevance with respect to 
the assessment of adverse effects associated with 
MR examinations. According to published 
studies, no adverse health effects are expected if 
the RF-induced increase in body-core tempera-
ture of healthy persons does not exceed 1 °C [23]. 
However, some organs of the human body are 
particularly vulnerable to raised temperatures. 
The most sensitive organs are the testes and brain 
as well as portions of the eye. Since temperature 
changes in the various organs and tissues of the 
body during an MR procedure are difficult to 
measure in clinical routine, RF exposure is usu-
ally characterized by means of the specific 
absorption rate (SAR in W/kg), which is defined 
as the average energy dissipated in the body per 
unit of mass and time.

10.3.2	 �Operating Modes and Safety 
Regulations

To minimize health hazards and risks to patients 
undergoing MR procedures, exposure limits for 
the three different magnetic fields used in MR are 
specified in:
–– The safety recommendation issued by ICNRIP 

[23] that has been updated by an amendment 
concerning the exposure of patients to static 
magnetic fields [25]

–– The product standard IEC 60601-2-33 pro-
vided by the International Electrotechnical 
Commission [34] for manufacturers of MR 
equipment to follow
In order to reflect the still existing uncertainty 

about deleterious effects of (electro)magnetic 
fields and to offer the necessary flexibility for the 
development and clinical evaluation of new MR 
technologies, both safety guidelines give expo-
sure limits for three different modes of operation:

–– Normal mode (IEC: normal operating mode): 
Routine MR examinations that do not cause 
any field-induced physiological stress to 
patients.

–– Controlled mode (IEC: first level controlled 
operating mode): Specific MR examinations 
outside the normal operating range where dis-
comfort and/or physiological stress to some 
patients may occur. Therefore, a clinical deci-
sion must be taken to balance such effects 
against expected benefits and exposure must 
be carried out under medical supervision.

–– Experimental mode (IEC: second level con-
trolled operating mode): Experimental MR 
procedures with exposure levels beyond the 
controlled operating range. In view of the 
potential risks for patients and volunteers, 
special ethical approval and adequate medical 
supervision is required.
All manufacturers of MR equipment have 

adopted the regulations of the IEC product stan-
dard for magnetic gradient and RF fields and 
ensure compliance with the specified exposure 
limits by integrated monitor systems. With 
respect to the examination of patients in clinical 
routine, both the IEC standard and the ICNIRP 
guidelines recommended the following exposure 
limits:
–– Static magnetic field: The upper limit for the 

normal and controlled operating mode recom-
mended by the IEC is 3 and 4 T, respectively. 
In its recent amendment to static magnetic 
fields, ICNIRP recommends 4 and 8 T, 
respectively.

–– Alternating magnetic gradient fields: The maxi-
mum recommended exposure level is set equal 
to a dB/dt value of 80 % of the PNS perception 
threshold for normal operation and 100 % of the 
PNS for controlled operation. To this end, per-
ception threshold levels have to be determined 
by the manufacturers for a given type of gradi-
ent system by means of experimental studies on 
human volunteers. As an alternative, the generic 
hyperbolic strength-duration expression shown 
in Fig. 10.2 can be used.

–– RF electromagnetic fields: The increase in 
body-core temperature is limited to 0.5 and 
1.0  °C in the normal and controlled oper-
ating mode, respectively. The relatively 
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low-temperature threshold of the normal 
operating mode takes into account that heat 
tolerance or thermoregulation may be com-
promised in some individuals, such as the 
elderly, infants, and patients with certain med-
ical conditions and/or taking certain medica-
tions. Additionally, local temperatures under 
exposure to the head, trunk, and extremities 
are limited to 38, 39, and 40 °C, respectively. 
For MR practice, the SAR limits summarized 
in Table 10.3 have been derived on the basis 
of experimental and theoretical studies. They 
should not be exceeded in order to limit the 
temperature rise to the stated values. But even 
then, severe burns can occur under unfavor-
able conditions at small focal skin-to-skin 
contact zones (e.g., between the calves). 
Therefore, patients should always be posi-
tioned in such a way that focal skin-to-skin 
contacts are avoided.

10.3.3	 �Contraindications

MR examinations of patients with passive 
implants (e.g., vascular clips and clamps, intra-
vascular stents and filters, vascular access ports 
and catheters, heart valve prostheses, orthopedic 
prostheses, sheets and screws, intrauterine con-
traceptive devices), active implants (e.g., cardiac 

pacemakers and defibrillators, cochlear implants, 
electronic drug infusion pumps), or other objects 
of ferromagnetic or unknown material (pellets, 
bullets) are always associated with a serious risk, 
even if all procedures are performed within the 
established exposure limits summarized in the 
previous section. This risk can only be minimized 
by a careful interview of the patient, evaluation 
of the patient’s file, and contacting the implanting 
clinician and/or the manufacturer for advice on 
MR safety and compatibility of the implant. MR 
examinations of patients with active implants are 
strictly contraindicated, provided that the patient 
implant card does not explicitly state their safety 
in the MR environment. Comprehensive infor-
mation on the MR-compatibility of implants and 
other metallic objects is available in a reference 
manual published by Shellock [46] and online at 
www.MRIsafety.com. In contrast, side effects 
associated with the use of iron oxide or other 
metal-based pigments in tattoos occur extremely 
seldom and should not prevent patients – after 
informed consent – from undergoing a clinically 
indicated MR procedure [48].

Pregnant patients undergoing MR examina-
tions are exposed to the combined (electro)mag-
netic fields discussed above. The few studies on 
pregnancy outcome in humans following MR 
examinations have not revealed any adverse 
effects but are very limited because of the small 

Table 10.3  SAR limits for patients (and volunteers) undergoing MR procedures [22, 33] in clinical routine. They hold 
at environmental temperatures below 24 °C

Averaging time: 6 min

Whole-body SAR 
(W/kg)

Partial-body SAR (W/kg) Local SAR (averaged over 10 g 
tissue) (W/kg)

Body region → Whole-body Any region, except the 
head

Headc Head Trunk Extremities
Operating mode
↓
Normal 2 2–10a 3.2 10b 10 20
Controlled 4 4–10a 3.2 10b 10 20
Experimental >4 > (4–10)a >3.2 10b >10 >20

Short-term SAR The SAR limit over any 10 s period shall not exceed 3 times the corresponding average SAR 
limit

aPartial-body SARs scale dynamically with the ratio r between the patient mass exposed and the total patient mass
  Normal operating mode: SAR = (10 − 8 · r) W/kg
  Controlled operating mode: SAR = (10 − 6 · r) W/kg
bIn cases where the eye is in the field of a small local coil used for RF transmission, care should be taken to ensure that 
the temperature rise is limited to 1 °C
cPartial volume SARs given by IEC; ICNIRP limits SAR exposure to the head to 3 W/kg
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numbers of patients involved and difficulties in 
the interpretation of the results [23]. It is thus 
advisable that MR procedures may be performed 
in pregnant patients, in particular in the first tri-
mester, only after critical risk/benefit assessment 
and with informed consent of the expectant 
mother [10].

10.4	 �MR-PET: Synergistic Effects 
of Ionizing and Nonionizing 
Radiation?

The data and considerations presented in this chap-
ter provide an appropriate foundation for the ini-
tial assessment of possible health risks for patients 
undergoing combined MR-PET examinations. 
It  has to be noted, however, that they are based 
solely on established biophysical and biological 
effects related to the exposure of either ionizing 
radiation or (electro)magnetic fields, whereas syn-
ergistic or antagonistic effects are not taken into 
account. There are a few studies indicating that 
static [37] and low-frequency [17, 35, 38, 52] mag-
netic fields might enhance the genotoxic potential 
of ionizing radiation. Moreover, it is well recog-
nized that mild hyperthermia, as, for example, 
caused by RF fields, has a radiosensitizing effect 
in tumors [18, 47]. In the light of the developing 
MR-PET technology, further biological studies are 
thus urgently required to investigate – for exposure 
levels and examination scenarios that will occur at 
MR-PET systems – whether there are synergistic 
effects in normal tissues and, if so, to clarify their 
relevance for risk assessment of patients that will be 
examined with this innovative imaging modality.

10.5	 �Justification and 
Optimization of MR-PET 
Examinations

Indications for MR-PET have not yet been estab-
lished on the basis of clinical studies. Accordingly, 
there is at present no generic justification of 
MR-PET procedures by professional bodies in 
conjunction with health and radiological protec-
tion authorities as required by ICRP-105 ([31]; cf. 

Sect. 10.2.2). In this context, not only the improve-
ment in diagnostic accuracy achieved by this new 
imaging modality will be of relevance but also its 
practicability, availability, and cost-effectiveness. 
From a radiation hygienic point of view, an 
MR-PET examination should be performed 
instead of a PET-CT examination wherever prac-
ticable as long as it provides the same or even 
superior diagnostic information. Nevertheless, 
there will be a whole string of clinical situations 
in which PET-CT will remain the method of 
choice, as, for example, when CT data are required 
for radiation treatment planning, when CT is indi-
cated instead of MR for morphological imaging, 
or when an MR examination is contraindicated in 
patients due to implants or metallic objects. It 
goes without saying that an MR-PET examination 
can only be justified clinically, when there is an 
individual justification for a PET scan.

In case of combined MR-PET examinations, 
optimization of the entire procedure with respect 
to the exposure of patients to ionizing radiation 
reduces to the question: What activity of the 
radiopharmaceutical has to be administered for 
the emission scan? [18F]FDG activities adminis-
tered for PET-CT examinations vary between 
about 300 and 450 MBq [19] depending on the 
detector material and count rate behavior of the 
PET scanner, the acquisition mode used (2D vs. 
3D), and, of course, the body region to be inves-
tigated. They will presumably also be adequate 
for MR-PET examinations.

From a clinical point of view, lower activities 
will eventually result in longer emission scan 
times, and thus longer overall examination times. 
However, excessive examination times should be 
avoided in multimodality imaging as they may 
result in patient discomfort and, thus, in motion-
induced misregistrations of the complementary 
images. Due to this reason, diagnostic reference 
levels for [18F]FDG studies performed at conven-
tional PET scanners – that have meanwhile been 
established by many states – may not be appro-
priate for combined MR-PET examinations. To 
balance the potentially higher activities that are 
injected into patients in an attempt to reduce 
emission scan time, voiding of the bladder should 
be forced, e.g., by oral hydration with water or 
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the administration of a diuretic. This is a very 
effective measure, because FDG in the bladder is 
the major source of internal exposure to the blad-
der itself as well as to neighboring organs.

In contrast to CT, the acquisition of whole-
body MR images for transmission correction of 
emission data and morpho-functional image cor-
relation is much more challenging [2]. To realize 
short examination times, the measurement has to 
be performed with fast MR sequences relying on 
the use of high-performance gradient and RF sys-
tems. At least at high-field MR systems, it will 
therefore be necessary to carefully optimize the 
imaging sequences, as, for example, by utilizing 
SAR reduction techniques like parallel imaging 
or hyperechos. In this context it has to be noted 
that – contrary to a common opinion held among 
MR users – the SAR limits given in Table 10.3 do 
not relate to an individual MR sequence but 
rather to running SAR averages computed over 
each 6 min period, which is assumed to be a typi-
cal thermal equilibration time (Brix [7]). This 
means that sequences can be employed for which 
SAR levels exceed the defined values, if the 
acquisition time is short in relation to the averag-
ing period and energy deposition has been low 
previous to the applied high-power sequence.
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    Abstract   

 Continuous aging of the population, growing 
health consciousness, and continuous techno-
logical advances have fueled the rapid rise in 
health-care costs in the United States and 
Europe for the past several decades. The exact 
impact of new medical technology on long-
term spending growth remains subject to some 
controversy. By all measures, it is apparent 
that new medical technology is the dominant 
driver of increases in health-care costs and 
hence insurance premiums. This chapter 
addresses the impact of medical technology 
such as MRI-PET    on health-care delivery 
 systems with regard to medical practice and 
cost. Factors addressing the growth of medical 
technology will be explored before attempting 
to provide a means for assessing the effective-
ness of medical technology. Finally, avoidable 
health-care cost drivers will be identifi ed, and 
relating policy issues will be discussed.  

11.1         Introduction 

 Continuous aging of the population, growing 
health consciousness, and continuous techno-
logical advances have fueled the rapid rise in 
health- care costs in the United States and Europe 
for the past several decades. The increases 
amount to 3.5 % annually, thereby vastly exceed-
ing the average increase in spending power. 
Thus, in the United States, annual spending on 
health care increased from $75 billion in 1970 to 
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$2.0 trillion in 2005 and is estimated to reach 
$4.2 trillion in 2015. It is projected that health 
expenditures, which already constitute 16 % of 
the US economy, will rise to 30 % of GDP (gross 
domestic product) by 2030 [ 1 ]. Health insurance 
premiums have developed accordingly, leaving a 
growing number of people unable to maintain 
coverage. 

 Aiming at health insurance affordability, 
health policymakers have over the past years 
focused on cost containment. All kinds of mea-
sures have been introduced in all kinds of health- 
care systems. Virtually all of them have one thing 
in common—they failed to achieve cost contain-
ment. When trying to explain failure, health pol-
icy experts point to the development and diffusion 
of medical technology. The same pharmacologi-
cal and technical innovations which have saved 
so many individual lives seem to be responsible 
for making our health-care systems fi nancially 
sick. The exact impact of new medical technol-
ogy on long-term spending growth remains sub-
ject to some controversy. Most experts believe 
medical technology advances to account for one- 
half to two-thirds of annual spending increases 
[ 2 ]. By all measures, it is apparent that new medi-
cal technology is the dominant driver of increases 
in health-care costs and hence insurance 
premiums. 

 This article addresses the impact of medical 
technology on health-care delivery systems with 
regard to medical practice and cost. Factors 
addressing the growth of medical technology will 
be explored before attempting to provide a means 
for assessing the effectiveness of medical tech-
nology. Finally, avoidable health-care cost driv-
ers will be identifi ed, and relating policy issues 
will be discussed.  

11.2     Medical Technology Impact 
on Health Care 

 The term “medical technology” refers to 
 procedures, equipment, and processes by which 
medical care is delivered. Hence, medical 
 technology innovations can relate to new medical 
and surgical procedures (e.g., angioplasty, joint 

replacements), the discovery of new drugs 
(e.g., biologic agents), the implementation of 
health-care IT systems (e.g., electronic medical 
records and transmission of information, tele-
medicine), or the development of new medical 
devices as discussed in this book (MRI-PET 
technology). All of medicine is affected by the 
continuous advances in medical technology. 

 While some new technologies—vaccines, for 
example—do result in lower short-term spend-
ing, research has shown that, on balance, technol-
ogy advances in medicine result in increased 
spending [ 2 ]. The adverse cost effects of truly 
new medical technologies are being supplanted 
only by the widening of applications of estab-
lished technologies (e.g., magnetic resonance 
imaging). 

 Benefi ts to patients and associated fi nancial 
burdens caused by new medical technology are 
well illustrated in the case of ischemic heart dis-
ease or more specifi cally the treatment and pre-
vention of heart attacks, the leading cause of 
death in the United States and the western world. 
In the 1970s, cardiac care units were introduced, 
lidocaine was used to manage irregular heartbeat, 
beta-blockers were used to lower blood pressure 
in the fi rst 3 h after a heart attack, “clot buster” 
drugs began to be widely used, and coronary 
artery bypass surgery became prevalent. In the 
1980s, blood-thinning agents were used follow-
ing a heart attack to prevent reoccurrences, 
 beta- blocker therapy evolved from short-term 
therapy immediately following a heart attack to 
 maintenance therapy, and angioplasty (minimally 
invasive surgery) was used after heart attack 
patients were stable. In the 1990s, more effective 
drugs were introduced to inhibit clot formation, 
angioplasty was used along with stents to keep 
blood vessels open, cardiac rehabilitation pro-
grams were implemented sooner, and implant-
able cardiac defi brillators were used in certain 
patients with irregular heartbeats. In the 2000s, 
better tests became available to diagnose heart 
attack, drug-eluting stents were introduced, and 
new drug strategies were developed (aspirin, 
ACE inhibitors, beta-blockers, statins) for long-
term management of heart attack and potential 
heart attack patients. Based on these measures 
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implemented over the past 30 years, the overall 
mortality rate from heart attack in the United 
States was reduced by almost half, from 345.2 to 
186.0 per 100,000 persons [ 3 ].  

11.3     How Does New Medical 
Technology Affect Health- 
Care Costs? 

 While a particular new technology may either 
increase or decrease short-term health-care 
spending, experts agree that, taken together, 
advances in medical technology are the major 
contributors to health-care expenditure increases. 
Rettig describes the mechanisms by which new 
medical technology affects health-care costs as 
follows [ 4 ]:
•    Development of new treatments for previously 

untreatable terminal conditions,  including 
long-term maintenance therapy for treatment 
of such diseases as diabetes, end- stage renal 
disease, and AIDS  

•   Major advances in clinical ability to treat pre-
viously untreatable acute conditions, such as 
coronary artery bypass graft  

•   Development of new procedures for discover-
ing and treating secondary diseases within a 
disease, such as erythropoietin to treat anemia 
in dialysis patients  

•   Expansion of the indications for a treatment 
over time, increasing the patient population to 
which the treatment is applied  

•   Ongoing, incremental improvements in 
 existing capabilities, which may improve 
quality  

•   Clinical progress, through major advances or 
by the cumulative effect of incremental 
improvements, that extends the scope of 
 medicine to conditions once regarded as 
beyond its boundaries, such as mental illness 
and substance abuse    
 The effect of a particular new technology onto 

health-care expenditures depends on a variety of 
factors. Central to any calculation is the impact 
on the treatment cost of the individual patient. 
Does the new technology supplement existing 
treatment, or is it a full or partial substitute for 

current approaches? In looking at the impact on 
cost per patient, consideration needs to be given 
to whether the direct costs of the new technology 
include any effect on the use or cost of other 
health-care services such as hospital days or phy-
sician offi ce visits. 

 A second factor relates to the level of use that 
a new technology achieves (i.e., how many times 
is the new technology used?). Does the new 
technology extend treatment to a broader popu-
lation? Greater availability of such technologies 
such as magnetic resonance imaging, computed 
tomography, coronary artery bypass grafting, 
angioplasty, cardiac and neonatal intensive care 
units, as well as positron emission tomography is 
associated with greater per capita use and higher 
spending on these services. The impact of this 
effect is dependent on the kind of health-care 
delivery system in place. In non-budgeted 
“open” health-care systems, as are in place in the 
United States as well as some European coun-
tries, the unrestrained use of technologies result 
in their broad application, thereby incurring high 
health- care costs. Nations with a greater degree 
of health system integration and regulation have 
relied on expenditure controls and global bud-
gets to control costs. Although diffusion of tech-
nology takes place more slowly in more tightly 
budgeted systems, the use of innovative technol-
ogies in those systems tends to catch up over 
time. 

 In Japan, the number of external radiation 
therapies undertaken per month increased from 
200,366 in 2002 to 251,298 in 2005, while the 
number of Gamma Knife therapies per month 
increased from 1,262 in 2002 to 3,226 in 2005 
(Survey of Medical Institutions 2005 by the 
Ministry of Health, Labour and Welfare, Japan). 
OECD health data 2008 show that MRI units per 
million populations are 5.6 in the United 
Kingdom, 5.3 in France, 7.7 in Germany, 26.5 in 
the United States, and 40.1 in Japan. CT scanners 
per million populations are 7.6 in the United 
Kingdom, 10.0 in France, 16.7 in Germany, 33.1 
in the United States, and 92.6 in Japan. The 
 reason behind these Japanese fi gures may be an 
increased public awareness of new medical tech-
nologies and the increasing number of consumers 
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who purchase more health-care services hoping 
to get better health and reassurance. 

 The effect of health-care delivery systems 
onto the diffusion of medical technology is well 
illustrated in the case of PET/CT. The rapid 
growth in the United States with regard to PET/
CT can be attributed to the highly competitive 
nature of the health-care business. More than 
40 % of the approx. 2,400 PET/CT scanners 
worldwide are installed in the United States. The 
culture of health-care provision in Europe is very 
different, with central governments controlling 
expenditure rather than competing independent 
hospitals. This led to signifi cant discrepancies in 
the availability of PET and PET/CT imaging 
throughout Western Europe. 

 The applicability and recognition of PET/CT 
as an imaging modality in diagnostic oncology 
is affected by several factors in Germany. 
Reimbursement seems to be a major obstacle for 
the diffusion of PET/CT in Germany. Despite the 
studies by Dietlein et al. showing the cost- 
effectiveness for several PET indications [ 5 ,  6 ], 
the Federal Joint Committee of Physicians and 
Health Insurance Funds in Germany issued a 
statement in 2002 refusing reimbursement for 
outpatient PET studies. This decision dramati-
cally reduced the funding of PET and PET/CT 
studies, effectively limiting reimbursement for 
inpatients and self-fi nancing private patients. 
Additionally, excessive requirements for regula-
tory approval of radiopharmaceuticals and fear of 
radiation level are serious problems infl uencing 
the development of PET and PET/CT scanners. 
In Germany, approx. 60 PET/CT systems are in 
clinical use (Dec. 2011) in university medical 
centers, community hospitals, as well as private 
practices. Approximately 20 % of the university 
medical centers still do not have access to PET/
CT imaging 7 years after introduction of this 
technique into clinical routine [personal commu-
nication with different vendors]. 

 Comparative clinical benefi ts for existing 
PET-MRI or PET/CT approaches need to be 
established, as well as the caseload and case mix 
required for effective utilization of a hybrid 
MRI- PET scanner. MRI-PET has developed and 
matured over the last decade. Clinical systems 

are available for the whole body and for 
 specifi c areas as illustrated in this book. The 
technology’s cost remains a signifi cant obstacle. 
Integrated MRI-PET scanners—available in 
Europe but not yet approved in the United 
States—carry a price tag of approximately US 
$7 million. Similar to PET/CT scanners which 
were very expensive when they fi rst came out 
and dropped in price as the technology became 
more available, also MRI-PET scanners will 
decline in price. More research is needed to 
determine the cost- effectiveness of MRI-PET 
technology. 

 In general, there also are temporal aspects to 
evaluating the impact of new technologies on 
costs. Some innovations, such as a new vaccine, 
may cost more immediately but may lead to sav-
ings down the road if the vaccine results in fewer 
people seeking more expensive treatment. New 
technologies such as whole-body MRI-screening 
examinations also can extend life expectancy, 
which affects both the type and amount of health 
care that people use in their lifetime. 

 It is not possible to directly measure the 
impact of new medical technology on total 
health-care spending; rather, innovation in the 
health-care sector occurs continuously, and the 
impacts of different changes interrelate. The size 
of the health sector (16 % of gross domestic 
product in 2005) and its diversity (thousands of 
procedures, products, and interventions) also ren-
der direct measurement impractical. 

 Thus, economists have used indirect 
approaches to estimate the impact of new tech-
nology onto health-care cost [ 7 ]. In a landmark 
paper, Newhouse determines the impact of 
medical technology on health-care spending by 
fi rst estimating the impact of factors that can 
reasonably be accounted for (e.g., spread of 
insurance, increasing per capita income, aging 
of the population, supplier-induced demand, 
low medical sector productivity gains). He con-
cludes that the factors listed above account for 
well under half of the growth in real medical 
spending, and that the bulk of the unexplained 
residual increase is to be attributed to techno-
logical change—what he calls “the enhanced 
capabilities of medicine” [ 8 ].  
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11.4     Factors Affecting the Growth 
of New Medical Technology 

 Many factors infl uence innovation in medical 
care. Consumer demand for better health is a 
prime factor. Research shows that the use of 
medical care rises with income: as a nation and 
its population become wealthier, they provide a 
fertile market for new medical innovations. 
Consumers want medical care that will help them 
achieve and maintain good health. Advances in 
medical technology are perceived as means to 
promote those goals. Consumer demand is 
affected by the increased public awareness of 
medical technology through the media, the 
Internet, and direct-to-consumer advertising. 

 Health insurance systems that provide pay-
ment for new innovations also encourage medi-
cal advances. Medical treatments can be very 
expensive, and their cost would be beyond the 
reach of most people unless their risk of needing 
health care could be pooled though insurance 
(either public or private). The presence of health 
insurance provides some assurance to researchers 
and medical suppliers that patients will have the 
resources to pay for new medical products, thus 
encouraging research and development. At the 
same time, the promise of better health through 
improvements in medicine increases the demand 
for health insurance as consumers look for ways 
to assure access to the highest level of medical 
care. 

 Other factors driving the continuing fl ow of 
new medical technology include the desire by 
professionals to fi nd better ways to treat their 
patients. Like most other professionals, health- 
care workers are also motivated by professional 
goals (e.g., peer recognition, tenure, prestige) to 
fi nd ways to improve practice. Furthermore, 
direct providers of care may incorporate new 
technology because they feel the need to offer the 
“latest and best” as they compete with other pro-
viders for patients. Commercial interests such as 
those inherent to pharmaceutical companies and 
medical device makers represent the dominant 
force driving medical innovation. Its profound 
impact is easily visualized when taking a look at 
a medical innovation over a 40 year period in 

Germany. The difference is vast—commercially 
motivated innovations made in Germany saved 
many lives, while at the same time making health 
care considerably more expensive. Commercial 
companies are willing to invest large amounts in 
research and development as long as they are 
convinced of the underlying medical needs and 
the possibility of fi nancial reimbursement. 
Finally, public and private investments in basic 
science research lead directly and indirectly to 
improvements in medical practice. Generally 
motivated by the desire to increase human under-
standing, these government-sponsored invest-
ments in basic science are increasingly regarded 
as programs to assure economic prosperity [ 7 ]. 

 An estimated $111 billion was spent on US 
health research in 2005. The largest share was 
spent by the industry ($61 billion, or 55 %), 
including the pharmaceutical industry ($35 bil-
lion, or 31 %), the biotechnology industry ($16 
billion, or 15 %), and the medical technology 
industry ($10 billion, or 9 %). Government 
spending amounted to $40 billion (36 %), most 
of which was spent by the National Institutes of 
Health ($29 billion, or 26 %), followed by other 
federal government agencies ($9 billion, or 8 %), 
and state and local government ($3 billion, or 
2 %). Other organizations including universities, 
independent research institutes, and philan-
thropic foundations spent $10 billion (9 %). 
About 5.5 cents of every health dollar was spent 
on health research in 2005, a decrease from 5.8 
cents in 2004 [ 9 ].  

11.5     Policy Issues 

 The real issue is: Are we getting our money’s 
worth in health care? Studies suggest that, on 
average, increases in medical spending as a result 
of advances in medical care have provided 
 reasonable value. Thus, Cutler et al. found that 
from 1960 to 2000, average life expectancy 
increased by 7 years. They attributed half of this 
increase, i.e., 3.5 years, directly to improvements 
in medical technology. The cost for each year 
of life expectancy increase was calculated to 
amount to $19,900. In view of the worth of a year 
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of life, ranging anywhere between $50,000 and 
$200,000, the study concludes that the increased 
spending, on average, has been worth it [ 9 ]. 

 No matter the value of advances in medical 
care, as the rapid growth in health-care costs 
increasingly strains personal, corporate, and gov-
ernment budgets, policymakers and the public 
must consider the question of how much health 
care we can afford.  

11.6     Medical Technology 
Assessment/Avoidable 
Cost Drivers 

 Medical Technology Assessment is a 
 multidisciplinary fi eld of policy analysis that 
evaluates the medical, social, ethical, and eco-
nomic implications of the introduction, develop-
ment, and diffusion of a technology. Currently, 
most suggestions to slow the growth in new 
 medical technology focus on cost-effectiveness 
 analysis. Cost- effectiveness analysis involves 
non-biased, well- controlled studies of a technol-
ogy’s benefi ts and costs, followed by dissemina-
tion of the fi ndings so they can be applied in 
clinical practice. The method to control the use of 
inappropriate technology could be through 
 coverage and reimbursement decisions, by using 
fi nancial incentives for physician and patients to 
use cost-effective treatments. 

 There are three main reasons why medical 
technology is not being used cost-effectively. 
First, patients do not pay directly for the health 
care they receive, so they sometimes make 
 unreasonable demands on physicians regarding 
their diagnostic workup or subsequent treatment. 
Second, a new technology may be adopted 
because of its clinical superiority to existing tech-
nologies, but there is no market mechanism to 
ensure that it will be used where it is clinically 
most appropriate or where it offers highest value 
for a patient compared with other diagnostic or 
treatment options. Third, because there is no mar-
ket mechanism for determining the value of med-
ical technology, there is currently no generally 
accepted screening process to assess its value. In 
the diagnostic imaging technology category, 

increases are driven to a large extent by the 
growth in the number of machines installed. This 
has led in turn to overcapacities in many areas 
and has created incentives for doctors to prescribe 
unnecessary procedures. In addition, direct-to-
consumer marketing fuels blind demand among 
consumers for advances in devices and drugs. 

 Duplication of procedures (i.e., a patient 
receives an MRI, then a PET scan, even though 
doing both procedures does not help doctors get 
closer to a diagnosis) and overuse of high-end 
procedures in situations where they add little 
value has also driven up technology spending 
unnecessarily.     
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 photodetector 
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