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Preface

PET imaging was developed as early as the 1970s and started clinical adop-
tion in the 1990s. However, only the introduction of hybrid PET/CT signifi-
cantly impacted disease detection, staging, restaging, and monitoring of
oncologic and inflammatory diseases. With increasing adoption and improve-
ment of MR imaging, the idea to integrate PET and MR scanners into one
scanner system was born. After overcoming defying technical and method-
ological challenges, this notion has come to an end with the introduction of
commercially available integrated PET/MR systems into clinical imaging in
2010. Despite the short time since the first introduction, PET/MR imaging
has already demonstrated its high diagnostic value for an innumerous amount
of applications. Apart from its utilization as an alternative diagnostic tool to
PET/CT for local or whole-body staging, integrated PET/MRI epitomizes the
endeavor of precision diagnostics and medicine, incorporating simultaneous
assessment of noninvasive biomarkers based on multiparametric imaging
comprising morphologic, functional, and metabolic features.

The aim of this book is to give an overview as well as dedicated display of
current and emerging applications of PET/MR imaging including technical
and methodological aspects as well as oncological and inflammatory disease
imaging. The combination of nuclear medicine specialists and radiologists as
authors, who are also dedicated hybrid imagers, is designed to allegorize and
conjoint all aspects of hybrid imaging.

Lale Umutlu
Ken Herrmann
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Current and Emerging

Applications

Lale Umutlu and Ken Herrmann

1.1 From Current...

After the majority of the initial studies on PET/
MRI focused on technical and methodological
issues such as  attenuation  correction
(Wagenknecht et al. 2013; Martinez-Moller et al.
2009), the research interest shifted towards the
assessment of its clinical diagnostic capability as
well as its potential for multiparametric tissue
imaging over time (Eiberetal. 2014; Beiderwellen
et al. 2014; Wang et al. 2017). Over the past
7 years innumerous studies evaluated its diagnos-
tic performance for a large variety of different
application fields, with an emphasis on oncologic
applications including whole-body, dedicated
head and neck, lung, liver and prostate imaging
as well as non-oncologic applications, by means
of inflammatory and neurodegenerative disease
imaging (Beiderwellen et al. 2013; Buchbender
et al. 2012; Heusch et al. 2014; Nensa et al.
2014a, b; Platzek et al. 2017; Ruhlmann et al.
2016; Wetter et al. 2014; Eiber et al. 2016a;
Rischpler et al. 2015; Catalano et al. 2016).
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Comparable to the implementation of any new
imaging technique, the focus of research, its
application and the overall understanding of PET/
MRI have shown an evolving character. The
majority of early clinical PET/MRI trials investi-
gated its diagnostic performance in comparison to
the gold-standard of hybrid imaging, by means of
PET/CT, as well as to conventional imaging
(MRI), with a focus on clinical viability assess-
ment (Beiderwellen et al. 2013; Buchbender et al.
2012; Heusch et al. 2014; Erfanian et al. 2017,
Grueneisen et al. 2014, 2015a; Sekine et al. 2017).
Overwhelmed by the infinite matrix for MR
sequence options and potentially elicited by the
insecurity of utilizing a new imaging technology
for clinical care, the majority of early trials com-
prised overly long MR protocols, which resulted
in extensive examination times of >90 minutes
(Drzezga et al. 2012, Schulthess et al. 2014). The
majority of the initiated studies yielded foresee-
able results, in terms of the general comparability
of PET/MRI to PET/CT for whole-body staging
with a favorable performance of PET/MRI regard-
ing soft-tissue lesions (e.g. liver metastases)
(Fig. 1.1) and metastases as well as its inferiority
towards PET/CT considering lung nodules
(Beiderwellen et al. 2013; Sawicki et al. 2016,
2017). However, the excessively long examina-
tion times rendered PET/MRI as an “ineffective,
cost-intensive” research tool, incompatible for
clinical usage. Adding potential patient discom-
fort (due to long examination times) into the

L. Umutlu, K. Herrmann (eds.), PET/MR Imaging: Current and Emerging Applications,
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Fig. 1.1 Figure 1 shows a patient with a leiomyosar-
coma. While the liver metastases do not show an
increased FDG-uptake and are not visible in low-dose
PET/CT (al,a2) or non-enhanced T1-weighted PET/MR

mixture of potentially negative impact on the clin-
ical implementation of PET/MR imaging, a new
era of investigations on optimized workflow man-
agement was born. One of the very first optimiza-
tion strategies was proposed by Martinez-Moller
indicating a differentiation of (whole-body imag-
ing) protocols in accordance to the clinical indica-
tion (Martinez-Moller et al. 2012). Based on the
categorization into (a) prior imaging results pres-
ent versus (b) no prior results present, the authors

imaging (b1,b2), (fatsaturated) T2 weighted TSE imag-
ing (¢) and DWI (d) revealed three small liver metastases
in the right liver lobe (arrows)

proposed the application of different PET/MR
imaging protocols to complement existing prior
data as well as to further deepen the diagnostics if
needed (e.g. add dedicated liver sequences in case
of unclear liver lesions). Starting out with
Martinez-Moller, an innumerous amount of dif-
ferent workflow optimization proposals were
published within time (Von Schulthess et al. 2014;
Ishii et al. 2016; Barbosa et al. 2015). While MR
imaging is known to generally suffer from
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insufficient standardization of sequences and pro-
tocols, inherent to the complex and diverse nature
of the technique, the conclusion derived from the
majority of the early PET/MR studies disclosed
the need to omit MR sequences that offer redun-
dant information and aspire indication- and time-
sensitive protocols. A workflow optimization
proposal that aimed to significantly shorten the
examination time of PET/MRI was introduced by
Grueneisen et al. (2015b). This so-called “FAST”
protocol is premised on a 4 minute PET per bed
position protocol, that comprises T2 weighted
HASTE imaging and diffusion-weighted-imaging
as well as post-PET post-contrast T1 weighted
VIBE imaging, reducing the total examination
time to 27.8 + 3.7 min, while preserving a compa-
rable diagnostic performance to extensive proto-
cols and PET/CT. Intrigued by the successful
implementation of a significantly shorter work-
flow protocol, the urge for further protocol abbre-
viation was triggered. Diffusion-weighted
imaging has been proven of high diagnostic value
in exclusive MR imaging as an additional tool for
identification of tumors and metastatic sites,

Extensive-protocol
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Fig. 1.2 Comparison of an extensive protocol (appr.
50 min acquisition time) to a FAST-protocol (27.8 min)
and an Ultra-FAST protocol (18.5 min) demonstrating the
feasibility and diagnostic capability of time-sensitive

revealing restricted diffusivity due to enhanced
tissue density. However, its PET-comparable utili-
zation as a “searching tool” for the identification
of tumorous lesions leaves its additional diagnos-
tic value in a PET/MR setting disputable. Hence,
based on study results demonstrating the insig-
nificant improvement of diagnostic performance
based on DWI in a whole-body PET/MRI setting,
Kirchner et al. introduced an ultra-fast PET/MRI
protocol, further abbreviating and equating the
examination time to PET/CT levels (18.5 = 1 ver-
sus 18.2 £ 1 for PET/CT, respectively) (Kirchner
et al. 2017). Despite the distinctly abbreviated
protocol, based on the omission of the DWI
sequence, while entailing a T2 HASTE sequence
within a 2 min PET per bed position and a post-
PET post-contrast T1 weighted VIBE sequence,
the ultra-fast PET/MRI protocol enabled equal
diagnostic performance to PET/CT (Fig. 1.2).
While Kirchner et al. preserved the high-
resolution morphologic imaging feature of MRI,
Kohan et al. introduced a protocol of similar
shortage yet restricting the anatomic correlation
to a 3D Tl-weighted spoiled gradient echo

FAST-protocol Ultra-FAST-protocol

PET/MRI

imaging protocols. Arrows mark a lymph node metastasis
that can be equally well depicted in the ultra-fast protocol
as the extensive protocol, offering redundant MR
information
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sequence designed for attenuation correction and
hence, downgrading the diagnostic level of PET/
MRI to low-dose PET/CT levels (Kohan et al.
2013). Although initial results were promising in
terms of comparable diagnostic performance for
N staging in lung cancer to PET/CT, the trade-off
of reducing the examination time to a minimum
of 13.5 min while forsaking any kind of high-
resolution morphologic correlation seems to come
at a very-high and questionable price.

1.2  ...ToEmerging Application

Fields of PET/MR Imaging

While the clinical viability of PET/MRI as a
comparable diagnostic tool to PET/CT may be
considered a “current application”, it is well rec-
ognized that PET/MRI enables a platform of
emerging imaging techniques that are in their
emerging steps and yet to be fully exploited.
These enticing and emerging applications range
from multiparametric PET/MRI imaging utiliz-
ing radiomic analyses to enhance tumor charac-
terization and understanding of tumor biology on
the MRI side as well as new-generation tracers
on the PET side, that bear the potential to uplift
hybrid imaging to new diagnostic and potentially
theranostic levels.

So far, precision oncology in terms of person-
alized cancer care was focused on the genomic
based molecular characterization of tumor tissue
derived from biopsy sampling. With an incre-
mentally noticeable shift towards personalized
diagnostics and treatment approaches, the
demands towards imaging have exceeded from
sole tumor detection towards advanced in vivo-
tumor mapping and characterization and predic-
tive parameters. Hence, while the ability to
provide accurate assessment of tumor location
and extent remains to be of utmost importance
and the prime skill of any diagnostic method,
more in-depth understanding of tumor features
and biology has gained an important role within
the past few years. Expanding exclusive morpho-
logic MRI by the combined analysis of morpho-
logic and physiological properties based on
diffusion-weighted imaging, dynamic contrast-

enhanced imaging (DCE) and MR spectroscopy
via multiparametric MR imaging have not only
improved the staging performance of MR imag-
ing but also leveraged it to advanced levels of
understanding of tumor biology (An et al. 2015;
Delongchamps et al. 2011; Bonekamp et al.
2011; Watanabe et al. 2011). While multipara-
metric MR has emerged to be the first-line diag-
nostic method in a number of indications (e.g.
prostate imaging), the inclusion of complemen-
tary metabolic data based on PET/MRI has been
shown to further enhance its diagnostic power. In
a comparative study performed by Lee et al.,
PET/MRI was demonstrated to provide better
sensitivity, accuracy and diagnostic value for
detection and localization of prostate cancer
when compared to sole multiparametric MRI
(Lee et al. 2017). Apart from enhancing its stag-
ing performance, the combined assessment of
morphologic, functional and metabolic tissue
data renders the potential for advanced (tumor)
tissue characterization. A number of recent trials
have investigated the diagnostic and predictive
power of non-invasive biomarkers derived from
integrated PET/MRI scans for improved cancer
detection, diagnosis, prediction of prognosis and
treatment response, revealing promising results
on the added value of multiparametric PET/MR
imaging (Wang et al. 2017; Georg et al. 2017,
Wiedenmann et al. 2015;, Pinker et al. 2016).
Based on the demand to extract a large number of
quantitative features solely from imaging datas-
ets, the increasingly acknowledged potential of
radiomic analyses and machine learning algo-
rithms may facilitate a new platform for advanced
tumor phenotyping and decoding based on multi-
parametric- PET/MRI (Fig. 1.3) (Gillies et al.
2016; Kumar et al. 2012; Parmer et al. 2015).
While the most distinct difference between
PET/CT and PET/MRI clearly lies in the potential
of multi-functional MR imaging, the continuous
developmental work on new tracers also bears the
potential to uplift PET/MR imaging onto a more
disease-specific and personalized diagnostic level.
Two newly introduced probes, that have recently
gained major attention, are 18F-PSMA-1007 and
68Ga-Pentixafor (Kesch et al. 2017; Herrmann
et al. 2015; Werner et al. 2017). These
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Fig. 1.3 (a) Multiparametric 18F-FDG-PET/MRI data-
set of a patient with a pancoast tumor of the right hemitho-
rax. (b) shows the corresponding correlation matrix of

new-generation probes are not only expected to
improve the diagnostic performance of hybrid
imaging (may it be PET/CT or PET/MRI), but also
to potentially facilitate theranostic approaches.
PET/MRI for prostate imaging has emerged to
be one of the major application fields, showing
benefits in terms of superiority of hybrid imaging
over conventional imaging as well as of PET/
MRI over PET/CT in terms of the combined
assessment of metabolic data and high-resolution
MR imaging of the prostate. Starting out with
11C-/18F-Choline imaging and shifting to
68Ga-PSMA over time, 18F-PSMA-1007 is the
newest introduction into the family of metabolic
prostate imaging (Schwarzenbock et al. 2017).
Overcoming specific limitations of 68Ga, in
terms of yielding a longer half-life and a fast non-
urinary background clearance, which reduces the
known and diagnostically challenging “halo’-
effect (caused by tracer accumulation in the blad-
der and consecutive overlapping uptake),
18-F-PSMA-1007 has demonstrated its diagnos-
tic power based on its outstanding tumor uptake
and excellent sensitivity, specificity and accuracy
rates >92% for lesion detection in initial trials
(Keschetal. 2017). Apart from 18F-PSMA-1007,
the role of chemokines in tumor progression and
metastasis development has gained major atten-
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radiomic features for the assessment of the association
between variables within the feature space

tion in the hybrid community within the last few
years. Being involved in the growth of a large
number of tumor entities (including breast can-
cer, ovarian cancer, melanoma and lung cancer)
the altered expression of chemokines and their
receptors may be utilized for display of tumorous
lesions. A special focus was put on the molecular
display of the chemokine receptor 4 (CXCR4)/
chemokine ligand (CXCL 12) axis as it is known
to play a critical role in the regulation of primary
and metastatic tumor growth, resulting in an
increased proliferation and survival of CXCR4-
positive tumor cells (Mueller et al. 2001). As
high CXCR4 expression is known to be associ-
ated with tumor dissemination, a novel CXCR4
probe by means of 68Ga-Pentixafor was intro-
duced for molecular mapping of CXCR4 density.
Initial studies on patients with advanced multiple
myeloma showed promising results, yielding
excellent specificity and high contrast in
68Ga-Pentixafor PET imaging as well as com-
plementary and additional information when
compared to 18F-FDG PET imaging (Phillipp-
Abbrederis et al. 2015).

Apart from the high diagnostic performance
that both new-generation probes delivered, they
also seem to enable the transition from an exclu-
sively diagnostic to a theranostic approach.
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Recent feasibility trials have investigated and
demonstrated the potential of different theranos-
tic concepts, involving 177Lu-DOTATATE,
177Lu-PSMA and 177Lu-Pentixather (Barrio
et al. 2016; George et al. 2015; Werner et al.
2015; Herrmann 2016). In one of the first in vivo,
in-human studies of CXCR4-directed endoradio-
therapy with 177Lu- and 90Y-labeled Pentixather
Herrmann et al. investigated its therapeutic effect
in patients with intra- and extramedullary mani-
festations of multiple myeloma. The successful
results of this preliminary study indicate that
CXCR4-targeted radiotherapy with pentixather is
a promising novel treatment option (in line with
cytotoxic chemotherapy and autologous stem cell
transplantation) for patients with advanced mul-
tiple myeloma (Fig. 1.4) (Herrmann et al. 2016).
Another application field of hybrid imaging that

68Ga-Pentixafor

Before
177 y-Pentixather

Fig. 1.4 (a) In patient 3 before pentixather therapy,
maximum-intensity projections of ®Ga-pentixafor and
BE-FDG PET/CT indicate high CXCR4 expression in
multiple extra- and intramedullary '*F-FDG-avid
myeloma lesions. Corresponding 'SF-FDG PET/CT image
2 weeks. after **Y-pentixather shows complete metabolic

has become an attractive diagnostic and thera-
peutic target is the prostate specific membrane
antigen. While the utilization of PSMA directed
ligands labeled with %*Ga is now established in
prostate cancer hybrid imaging, recent trials have
demonstrated its potential as therapeutic when
labeled with '"Lu. Hence, PSMA ligands are
expected to impact management of patients with
prostate cancer (Barrio et al. 2016; Fendler et al.
2017; Liitje et al. 2017).

All in all, secluding this chapter and the first
7 years of integrated PET/MR imaging, it is safe
to conclude that, while PET/MRI has started off
strong in demonstrating its clinical viability and
extensive source for research applications, only
the tip of the iceberg has been scratched so far
and the true potential is yet to be exploited in
upcoming years.

177 u-Pentixather

14 d after
177 y-Pentixather

24h after
177 y-Pentixather

14 d after
177 y-Pentixather

response. (b) Scintigraphic images of patient 1 at 24 h and
15 d after 15.2 GBq of "’Lu-pentixather confirm binding
to CXCR4 target. Visual difference in tumor-to-
background ratios is due to reduced background uptake at
later time point and longer emission times due to lower
count rates
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Technical Improvements

Harald H. Quick

2.1  Introduction

Hybrid imaging with combined positron emis-
sion tomography/magnetic resonance (PET/MR)
imaging is the most recent hybrid imaging modal-
ity (Drzezga et al. 2012; Quick et al. 2013). It
combines excellent soft tissue contrast and high
spatial image resolution of MR imaging with
metabolic information provided by PET, as inte-
grated PET/MR systems acquire PET and MR
data simultaneously (Delso et al. 2011; Quick
2014; Grant et al. 2016). Beyond exact co-
registration of PET and MR data, this can be
applied for MR-based motion correction of PET
data.

The integration of PET detectors within MR
imaging systems has been a challenging task that
has been solved by different vendors introducing
three different PET/MR systems in the years
2010-2014 (Delso et al. 2011; Quick 2014; Grant
et al. 2016; Zaidi et al. 2011). When compared to
hybrid PET/computed tomography (CT), PET/
MR has demonstrated comparable PET image
quality and PET quantification in numerous clini-
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cal comparison studies (Drzezga et al. 2012;
Quick et al. 2013; Wiesmiiller et al. 2013).
However, due to the missing CT component,
attenuation correction in PET/MR has to be based
on MR images and subsequent image segmenta-
tion. This turned out to be challenging and a
wealth of methodological developments have
been described in the recent literature.

Ultimately, the aim of all current technical and
methodological developments in PET/MR is to
further improve workflow, image quality, PET
quantification, and to broaden the application
spectrum of PET/MR in research and clinical
applications. This chapter on technical develop-
ments highlights current developments in PET/
MR attenuation correction and motion correc-
tion, introduces new hardware developments, and
discusses current research efforts on artifact cor-
rection and dose reduction in PET/MR hybrid
imaging.

2.2 Attenuation Correction

in PET/MR

PET is a quantitative imaging technique that
facilitates the determination of the amount of
radioactive tracer accumulation in a tumour,
lesion or organ within the human body. In this
context, attenuation correction (AC) describes a
physical method to account for the self-absorption
of the emitted annihilation photons in tissue and

L. Umutlu, K. Herrmann (eds.), PET/MR Imaging: Current and Emerging Applications,
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in hardware components. Attenuation correction,
thus, is a pre-requisite for accurate quantification
of the PET data (Kinahan et al. 1998). More spe-
cifically, the photons that originate from a posi-
tron annihilation within the body are attenuated
by the surrounding tissues and by ancillary hard-
ware components such as the patient table before
they reach the PET detectors.

In combined PET/CT systems, the attenuation
properties of tissue can be derived from the com-
plementary CT images after a fast and straight-
forward conversion of the photon energy levels of
CT-derived Hounsfield units (HU) to linear atten-
uation coefficients (LAC) for PET (Kinahan et al.
1998; Carney et al. 2006). In PET/MR, however,
attenuation correction is methodologically chal-
lenging (Wagenknecht et al. 2013) as MR imag-
ing measures magnetization densities and
relaxation times of hydrogen nuclei in tissue. The
MR signal, thus, depends on the amount of pro-
tons and their local chemical environment in tis-
sues. As there is no direct physical dependency of
proton density and proton spin relaxation times
with local electron density, which causes the pho-
ton attenuation, it is not possible to derive PET
attenuation properties of tissues directly from
MR imaging measurements (Wagenknecht et al.
2013). To address this issue, different concepts
for attenuation correction in PET/MR have been
developed (Wagenknecht et al. 2013). The most
widely used method for MR-based attenuation
correction relies on the segmentation of MR
images into different tissue classes, based on
their image-based grey scales. Following seg-
mentation, the individual tissue compartments
(e.g., background air, fat, soft tissue, lung tissue)
are then assigned a predefined LAC for the cor-
responding tissue (Martinez-Moller et al. 2009;
Schulz et al. 2011). To this day, dedicated fast
MR imaging sequences, such as Dixon VIBE
(Martinez-Moller et al. 2009) or a fast 3D
T1-weighted gradient-echo MR sequence, are
applied to obtain images of tissue distribution
and subsequent segmentation (Beyer et al. 2016).
This general method of tissue segmentation from
MR images is widely used in all currently avail-
able PET/MR systems (Beyer et al. 2016)
(Fig. 2.1).

Although the MR-based segmentation tech-
niques for AC in general provide reproducible
and straightforward results in most clinical appli-
cations, multiple initial studies directly compar-
ing PET quantification in PET/MR with PET/CT
have indicated a small but systematic underesti-
mation of PET quantification in PET/MR studies
using these MR-based AC methods (Drzezga
et al. 2012; Quick et al. 2013; Wiesmiiller et al.
2013; Boellaard and Quick 2015). The observed
underestimation of PET quantification in PET/
MR can be attributed to three methodological
challenges of MR-based AC: First, MR-based
AC lacks information about the attenuating prop-
erties of bone. Second, MR-imaging based AC
often shows signal truncations along the patient
arms, that are then not considered in MR-based
AC. Third, the use of ancillary hardware compo-
nents, such as RF coils in the field-of-view (FOV)
of the PET-detector during simultaneous PET
and MR data acquisition cause additional attenu-
ation of photons (Boellaard and Quick 2015).

2.3 Attenuation Correction

of Bone

Cortical bone is not considered in the standard
MR-based AC approaches. Bone here is classified
as soft tissue, consequently, the exact magnitude
of PET signal attenuation of bone might be sys-
tematically underestimated (Samarin et al. 2012;
Akbarzadeh et al. 2013). Samarin et al. (Samarin
et al. 2012) evaluated and quantified the amount
of underestimation when bone is assigned the lin-
ear attenuation coefficient of soft tissue. It was
shown, that for most soft-tissue lesions in whole-
body examinations, PET quantification would be
biased by a few %-points only. In brain PET/MR
and when imaging individual bone lesions, how-
ever, the classification of bone as soft-tissue
causes a significant and regionally variable bias of
20-30% (Samarin et al. 2012). As potential solu-
tions for AC of bone, the use of MR sequences
with ultrashort echo times (UTE) (Keereman
et al. 2010; Johansson et al. 2011; Navalpakkam
et al. 2013; Berker et al. 2012; Grodzki et al.
2012) or zero echo time (ZTE) have been
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Fig. 2.1 Whole-body MR-based attenuation correction
maps in coronal orientation. The AC maps were acquired
by scanning one volunteer on all three current PET/MR
systems, the Philips Ingenuity TF PET/MR (a), the
Siemens Biograph mMR (b), and the GE Signa PET/MR
(¢). Note that MR-based AC in (a) provides three attenua-
tion classes (background, soft tissue and lung), while
MR-based AC in (b and c¢) provides four classes (back-
ground, fat, soft tissue, lung). At the time of this study
(2014), system (c) additionally provided bone in the head

proposed (Wiesinger et al. 2016; Delso et al.
2015). While studies have shown that UTE-based
AC provide accurate PET quantification results
when imaging the brain (Johansson et al. 2011;
Navalpakkam et al. 2013), their use in body imag-
ing applications is limited (Aasheim 2015). Here,
the fact that UTE and ZTE sequences tend to
increase image artifacts in large FOV applications
such as in body imaging (Navalpakkam et al.
2013) is a practical limitation.

A fast and practical solution for bone AC in
whole-body PET/MR has recently been sug-
gested and evaluated (Paulus et al. 2015). This
method applies a CT-based 3-dimensional bone-
model of the major bones (skull, spine, pelvic
bones, upper femora) to the actual MR-based AC

station based on ultrashort echo time sequences. All three
AC maps are limited by field-of-view truncations along
the arms. Another general limitation in AC is the substitu-
tion of major bones by the attenuation coefficients of soft
tissue. The figure reflects the state of MR-based AC in the
year of measurement, i.e. 2014 (Beyer et al. 2016). To
date (2017) further improvements such as bone detection
and MR-based truncation correction have been imple-
mented into new product software versions of the PET/
MRI systems. (Modified from Beyer et al. 2016)

data of the patient under examination and, thus,
adds another compartment for the AC of bone in
whole-body PET/MR exams (Fig. 2.2) (Paulus
et al. 2015). This method has recently been vali-
dated in whole-body and brain PET/MR exams
with promising results towards improved
MR-based AC (Paulus et al. 2015; Koesters et al.
2016; Rausch et al. 2017; Oehmigen et al. 2017).

2.4  Truncation Correction

Another limitation of MR-based AC is the fact that
the transaxial FOV in MR imaging is limited to
about 50 cm in diameter. Beyond these dimen-
sions, MR images show geometric distortions and
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Fig. 2.2 Example for model-based addition of major
bones to patient-individual MR data as shown for the
pelvic region (a, b). The bone model consists of a set of
MR image and bone mask pairs that are registered to
subject’s Dixon-sequence images for each major bone

significant signal voids (Keller et al. 2013; Brendle
et al. 2015a). This frequently results in truncation
artifacts along the patient arms in MR-based AC,
as has been shown for all three currently available
PET/MR system designs (Beyer et al. 2016).
Therefore, the patient body is not completely and
correctly assessed in its overall dimensions and
current shape. Thus, the human tissue AC based
on truncated MR images does not consider the
exact amount and position of tissues that contrib-
ute to PET signal attenuation, resulting in inaccu-
rate values for PET quantification (Delso et al.
2010a; Schramm et al. 2013). Accurate PET quan-
tification in PET/MR, thus, requires appropriate
methods for truncation correction as part of the
attenuation correction strategy.

individually. Panels (¢ and d) show the result of adding
bone as additional attenuation class to a whole-body
MR-based attenuation map in coronal and sagittal ori-
entation, respectively. (Modified from Paulus et al.
2015)

An appropriate method for truncation correc-
tion that is used on all three currently available
PET/MR systems is the so-called MLAA (maxi-
mum likelihood estimation of attenuation and
activity) algorithm (Nuyts et al. 1999, 2013).
This PET-based technique derives the outer
patient contours from non-AC PET data. This
information is then used to complement missing
attenuation information from MR imaging data
that is truncated due to the limited transaxial
FOV of MR imaging (Nuyts et al. 2013).
However, MLAA-based contour detection is
mostly limited to radiotracers that show a con-
siderable unspecific accumulation in the human
body and blood pool, thus enabling the detection
of the outer patient contour from PET signals.
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Fig.2.3 Example for a MR-based attenuation map show-
ing the typical lateral signal truncations along the subjects
arms in coronal and transaxial orientation (a). Truncations
result from the limited field-of-view in MR imaging.
Image (b) was acquired by applying an optimized read-
out gradient field provided with the HUGE-method
(Blumhagen et al. 2012, 2014). This results in a field-of-
view extension and enables truncation correction of the
MR-based attenuation correction maps (b). Truncation

Another method for truncation correction
based on MR data was developed by Blumhagen
et al. (Blumhagen et al. 2012). The method is
referred to as HUGE ((B, homogenization using
gradient enhancement) and enlarges the field-
of-view in MR imaging beyond the conventional
50 cm diameter (Blumhagen et al. 2012).
Foundation of the HUGE method is the mea-
surement of the static magnetic field (BO) and
gradient field distributions in the specific PET/
MR system. Then, an ideal, non-distorted gradi-
ent field is calculated that is applied during
MR-based AC in the lateral regions of the MR
imaging FOV (Blumhagen et al. 2012). Thus,
the lateral MR-based field-of-view can be
extended to 60 cm in left-right direction to fully
cover the patient’s arms. The HUGE method has
been successfully evaluated for truncation cor-
rection in whole-body PET/MR examinations in
the past (Blumhagen et al. 2014). Further tech-
nical refinements of the prototype sequence and
the combination of HUGE with a moving table
acquisition have now resulted in the product
version of HUGE that provides seamless MR
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correction of the arms in (¢) was achieved by applying the
widely established MLAA method that derives truncated
regions from PET data. The difference map in (d) visual-
izes the quantification bias (in %) between images (a) and
(b), i.e. the quantitative gain by applying HUGE trunca-
tion correction. Note that truncation correction applied
along the arms has also quantitative impact on the entire
body volume (red and blue areas in (d)). (Modified from
Lindemann et al. 2017)

data for truncation correction in PET/MR
(Lindemann et al. 2017) (Fig. 2.3).

2.5 Motion Correction

The independent and simultaneous PET and MR
data acquisition in integrated PET/MR systems
inherently offers the potential for motion correc-
tion and co-registration of PET and MR data
(Quick 2014). This can be considered a potential
advantage over PET/CT, which is currently being
further explored (Tsoumpas et al. 2010;
Tsoumpas et al. 2011; Wuerslin et al. 2013;
Grimm et al. 2015; Baumgartner et al. 2014;
Catana 2015; Manber et al. 2015; Fiirst et al.
2015; Fayad et al. 2015; Gratz et al. 2017). In
PET/CT the CT data is static and is acquired only
once at the beginning of a typical hybrid exami-
nation. Since CT data acquisition is very fast
(seconds), CT images provides a snapshot of the
body anatomy and state of motion at the time of
data acquisition while whole-body PET data is
acquired stepwise over several minutes. In
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PET/MR, the MR data is acquired simultaneous
to PET data, which usually takes several minutes,
both for PET and MR data. This leads to less
deviation and less gross motion between both
imaging modalities when compared to PET/CT
hybrid imaging (Brendle et al. 2013). Moreover,
real-time MR imaging and 4D MR data of breath-
ing motion can be used to retrospectively per-
form motion correction of PET data, providing
improved fusion of PET and MR data sets
(Tsoumpas et al. 2010; 2011; Wuerslin et al.
2013; Grimm et al. 2015; Baumgartner et al.
2014; Catana 2015; Manber et al. 2015; Fiirst
et al. 2015; Fayad et al. 2015; Gratz et al. 2017).
Motion correction strategies in PET/MR, thus,
potentially lead to improved lesion visibility in
the upper abdomen and liver (Fig. 2.4).
Additionally, motion correction may also result
in better quantification of activity in lesions and
tumours as well as in cardiovascular PET/MR
studies since all moving structures are depicted
with sharper contours and less smeared over a
larger volume, which otherwise leads to reduced
standardized uptake values (SUV) of regions
subject to motion (Grimm et al. 2015) (Fig. 2.4).
In a recent cardiac PET/MR feasibility study,
motion correction strategies have been applied to

Fig. 2.4 Application of motion correction in a patient
with two lesions in the lung and one lesion in the spine. A
coronal PET image from a PET/MR study is shown.
Image (a) was acquired using the standard free-breathing
PET protocol with an acquisition time of several minutes.
Image (b) was acquired by applying respiratory motion
correction. For motion correction the MR data was used to

breathing and cardiac motion to assess athero-
sclerotic plaques in the coronary arteries (Robson
et al. 2017).

Attenuation Correction
of Hardware Components

2.6

The previous sections have discussed techniques,
limitations, and recent solutions for MR-based
AC of the patient body. An additional source of
attenuation of the annihilation photons in PET/
MR is the use of ancillary hardware components,
such as the patient table and radiofrequency (RF)
receiver coils that are placed around the patient
body for MR signal detection. These hardware
components also attenuate photons before they
reach the PET detector and, therefore, may cause
a bias of the PET quantification, as demonstrated
in earlier studies (Delso et al. 2010b; Tellmann
et al. 2011). The general concept for AC of hard-
ware components in PET/MR is to generate
CT-based attenuation maps of each hardware
component that has to be corrected (Quick et al.
2013; Quick 2014), as it is the current standard
method on all three current PET/MR systems.

Therefore, three-dimensional (3D) CT-based
b
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derive 3-dimensional motion fields over time that were
then used for non-rigid registration of the PET data to one
static, motion corrected 3D image. The motion corrected
data in (b) provides sharper visualization and higher con-
trast of the two lesions in the lung, while the non-moving
lesion in the spine shows identical image features
(Modified from Gratz et al. 2017)
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attenuation templates for rigid and stationary RF
coils such as the head/neck RF coil are added to
the overall patient attenuation map prior to the
PET data reconstruction (Quick 2014). By auto-
matically linking the current patient table posi-
tion during a patient examination to the known
position of the individual RF coil on the system’s
patient table, CT-template-based AC can be per-
formed during the PET data reconstruction pro-
cess (Delso et al. 2010b). This AC method
provides fast and accurate results for most of the
RF coils that are delivered with the current PET/
MR systems. However, the 3D attenuation tem-
plates used during reconstruction can be mis-
aligned with the actual RF coil position or not
represent the actual attenuation of the RF coils
used (Paulus et al. 2012). This is an inherent limi-
tation for flexible (non-rigid) RF surface coils,
which are frequently used in whole-body imag-
ing applications to provide excellent MRI signal
from the anterior body parts. Flexible RF coils
are currently not routinely considered in
CT-template-based AC since their position and/
or geometry during a PET/MR examination is not
known and may differ from a pre-acquired 3D
AC template (Paulus et al. 2012). It has been
shown in previous studies, that the flexible stan-
dard multi-channel RF surface body coils attenu-
ate the PET signal by only few %-points (Paulus
et al. 2012, 2013; Wollenweber et al. 2014;
Paulus and Quick 2016). Thus, the average atten-
uation due to flexible RF coils in routine applica-
tions of PET/MR seems negligible. However,
PET quantification may be locally biased by up
to 10-20% due to increased attenuation of PET
signal in the immediate vicinity of single hard-
ware components of the RF coils (Paulus et al.
2012, 2013; Paulus and Quick 2016). As an
improvement to also consider flexible RF coils in
AC, it has been suggested to detect the actual
position of flexible RF coils in MR images by
using MR visible markers (Kartmann et al. 2013;
Eldib et al. 2014) or by using residual MR signal
from the RF coil housing when applying UTE
sequences (Paulus et al. 2012; Eldib et al. 2015).
This spatial information could then be used to
align a pre-defined 3D AC template of the respec-
tive RF coil with its actual position during a PET/

MR examination as derived from MR images.
The general concept for CT-based AC of hard-
ware components in PET/MR is implemented in
all currently available PET/MR systems for the
range of rigid RF coils that are delivered with
each PET/MR system (Quick 2014; Paulus and
Quick 2016).

New Hardware
Developments

2.7

The current PET/MR systems are all equipped
with numerous RF coils to cover the patient from
head to toe in whole-body imaging applications
(Quick 2014; Beyer et al. 2016). Coverage of the
entire patient body with RF surface coils is a gen-
eral precondition for high quality MR imaging.
In combined PET/MR, the RF coils are located in
the FOV of the PET detector during simultaneous
PET and MRI data acquisition. Thus, an addi-
tional design requirement for RF coil in PET/MR
is, that the RF coils need to be as PET transparent
as possible in order to reduce unwanted PET sig-
nal attenuation. Nevertheless, although designed
PET transparent, all RF coils are subject to atten-
uation correction to provide accurate PET quanti-
fication as has been described in the previous
section. A recent overview article by Paulus and
Quick (2016) provides a summary of numerous
RF coil developments for PET/MR applications
and their individual impact on PET quantification
(Paulus and Quick 2016).

To expand the portfolio of clinical applica-
tions of PET/MR and to improve dedicated
examinations, new and specific RF coils were
designed over the recent years for combined use
in PET/MR. For example, new multi-channel RF
head coils have been designed to improve neuro
imaging and to increase the perfomance of simul-
taneous functional MR imaging (fMRI) with
PET imaging (Sander et al. 2015). Three recent
studies have described the design and implemen-
tation of bilateral breast RF coils for PET/MR
breast imaging (Aklan et al. 2013; Dregely et al.
2015; Oehmigen et al. 2016). The integration of
such breast RF coils requires a PET-transparent
design and consideration of the ancillary RF coil
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Fig. 2.5 Broadening the application spectrum of PET/
MR by integration of a breast radiofrequency (RF) coil.
16-channel breast RF coil that was designed PET trans-
parent for use in PET/MR systems (Rapid Biomedical,
Germany) (a). (b) 3-Dimensional CT-based attenuation
template for attenuation correction of the RF coil housing.
(c) Example case of patient with breast carcinoma imaged

hardware in the attenuation correction (Aklan
et al. 2013; Dregely et al. 2015, 2016). Figure 2.5
provides an example of a 16-channel breast RF
coil that was implemented into an integrated
PET/MR system with hardware attenuation cor-
rection (Oehmigen et al. 2016).

Two recent studies describe the development
of equipment for radiation therapy (RT) planning
for use in PET/MR. The overall aim of this
endeavour is to integrate PET/MR hybrid imag-
ing into the concept of RT planning, which would
further broaden the application spectrum of PET/
MR (Paulus et al. 2014, 2016). The developments
encompass PET transparent hardware compo-
nents such as a table platform with indexing sys-
tem and RF coil holders for head/neck imaging as
well as for body imaging (Paulus et al. 2014,
2016). All components have been evaluated for

on PET/MR with the RF breast coil. (d) Quantitative eval-
uation of activity concentration in the breast tumour along
the red arrow (in ¢). The blue line plot shows the activity
in the tumour after attenuation correction of the RF breast
coil. The red line plot shows lower activity values because
the RF breast coil here was not included in attenuation
correction. (Modified from Oehmigen et al. 2016)

use in PET/MR. A systematic pmap generator
ensures accurate attenuation correction of all RT
equipment in the FOV of the PET detector
(Paulus et al. 2014). All these recent RF coil and
hardware component developments have laid the
groundwork for new clinical applications of PET/
MR and further developments of dedicated RF
coils are ongoing. The additional efforts in hard-
ware component AC at the same time ensure
accurate PET quantification for these exciting
new applications (Paulus and Quick 2016).

2.8  Artifact Correction

The implementation of new imaging modalities
and / or technical systems goes hand in hand
with new types of artifacts. The complexity of
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integrated PET/MR hybrid imaging bears the
potential for an exaggeration of new artifacts,
when compared to two independent systems.
Beyond the potential affection of the visual
impression of either PET or MR data, artifacts in
PET/MR may also have a significant effect on
quantification of PET data. Artifacts in inte-
grated PET/MR may result from the technical
crosstalk between the PET and the MR compo-
nents (Delso et al. 2011; Quick 2014), e.g. when
both imaging centers may not be co-aligned cor-
rectly (Brendle et al. 2013). Differences in the
data acquisition speed between PET and MR
might lead to local misalignments and motion
artifacts due to patient and organ motion (Brendle
et al. 2013). In MR-based AC all deviations from
the real physical photon attenuation will ulti-
mately lead to inaccurate values in PET quantifi-
cation following AC (Keereman et al. 2011;
Ladefoged et al. 2014; Brendle et al. 2015).
Furthermore, the administration of contrast
agents before the application of MR-based AC
may lead to errors in MR-based tissue segmenta-
tion due to changes in tissue contrast (Ruhlmann
et al. 2016). Per definition, the signal truncations
as discussed above also represent MR-based
artifacts that have an influence on PET quantifi-
cation (Delso et al. 2010a; Blumhagen et al.
2012, 2014). A frequent source for MR-based
artifacts are dental and metal implants that are
found in a large and increasing group of patients
(Gunzinger et al. 2014; Ladefoged et al. 2015;
Schramm et al. 2014). Apart from the safety
aspects of metal implants that have to be clari-
fied for any MR examination, all metal implants
might cause signal voids or local distortions in
MR images and in MR-based AC, that exceed
the physical implant volume. During image seg-
mentation, such signal voids might then be
assigned with the low linear attenuation coeffi-
cients of air (Gunzinger et al. 2014; Ladefoged
et al. 2015; Schramm et al. 2014).

While initial publications dealt with the
description of artifacts and evaluation of their
impact on PET/MR, more recent studies now
report about developments to correct for arti-
facts. A relatively simple approach to improve
the MR-based pmap, is to use inpainting to fill

signal voids arising from metal artifacts
(Ladefoged et al. 2013). Thus, signal voids sim-
ulating regions with the low LAC of air are
removed and the higher value LAC of the sur-
rounding tissue is assigned (Ladefoged et al.
2013). Beyond the visual improvement of data,
this may improve PET quantification as well.
However, when larger metal and ceramic
implants such as knee or hip joints are involved,
PET quantification following pmap inpainting
will still be biased due to the fact, that the real
high LAC of these metallic implants is not accu-
rately considered. Fuin et al. have suggested a
method to complete signal voids in the MR-based
attenuation correction data caused by implants
by deriving the shape and AC values of metal
implants from PET emission data (Fuin et al.
2017). In the context of metal artifact reduction
in PET/MR, it has been shown that time-of-flight
(TOF) PET detection with fast PET detectors
allows for a significant visual reduction of arti-
facts in the pmap (Davison et al. 2015; Ter Voert
et al. 2017), albeit PET quantification may still
be biased. For the near future, it is expected that
also the current breed of new artifact reducing
MR imaging sequences (e.g. MAVRIC, VAT,
WARP, etc.) (Sutter et al. 2012; Talbot and
Weinberg 2016; Dillenseger et al. 2016;
Jungmann et al. 2017) will find their implemen-
tation in dedicated PET/MR imaging protocols.
In MR-only applications, such sequences have
facilitated a significant reduction of the volume
of distortions and signal voids around metallic
implants (Sutter et al. 2012; Talbot and Weinberg
2016; Dillenseger et al. 2016; Jungmann et al.
2017). In the PET/MR regime, this could be used
to further improve pmaps, and consequently, to
improve PET quantification in PET/MR of
patients with implants.

2.9 Dose Reduction

Integrated PET/MR hybrid imaging in selected
clinical applications inherently reduces the over-
all patient radiation dose when compared with
PET/CT by replacing ionizing CT imaging by
non-ionizing MR imaging (Boellaard et al.
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2010). Depending on the clinical indication,
replacing CT by MR imaging in the context of
PET hybrid imaging theoretically may save half
of the overall radiation dose or an even higher
fraction when compared with high-resolution
diagnostic CT imaging (Boellaard et al. 2010).
Further potential for radiotracer dose reduction
in integrated PET/MR resides in the possibility
of decreasing the applied activity deriving from
the administered PET radiotracer. PET image
quality in general is influenced by two key fac-
tors, acquisition time and injected activity, as
both affect count statistics, image signal, and
image noise. In PET/MR imaging, radiotracer
dose reduction by injecting less tracer activity
may be achieved by turning the comparatively
prolonged data acquisition times into an advan-
tage. In conventional PET/CT hybrid imaging,
the PET data acquisition times typically amount
to 2-3 min per bed position (Boellaard et al.
2010). In integrated PET/MR hybrid imaging,
the MR examination time may be longer depend-
ing on the study protocol and clinical application
field, respectively.

The higher sensitivity and larger volume cov-
erage of new PET detectors in PET/MR systems
compared to PET/CT (Delso et al. 2011) provides
a third precondition for the potential to reduce the
applied activity while maintaining high SNR and
excellent PET image quality (Queiroz et al.
2015).

These potential advantages of PET/MR
towards reducing the overall radiation dose com-
pared to PET/CT is currently explored in selected
studies. Based on the findings in controlled phan-
tom studies (Oehmigen et al. 2014), or by simu-
lating reduced amounts of applied activity by
shortening the acquired PET list-mode data
(Hartung-Knemeyer et al. 2013; Gatidis et al.
2016c¢), initial studies indicate that the reduction
of radiotracer does not hamper diagnostic image
quality in PET/MR examinations (Hartung-
Knemeyer et al. 2013; Seith et al. 2017). These
efforts can be considered particularly important
in clinical settings for pediatric imaging or repet-
itive scans for therapy monitoring or surveillance
(Gatidis et al. 20164, b).

Conclusion

Today, many of the technical and methodologi-
cal challenges of PET/MR imaging that were
considered roadblocks to clinical PET/MRI
during the early phase of implementation have
been overcome. Numerous innovative solu-
tions for attenuation correction, truncation cor-
rection, and motion correction have been
suggested and scientifically evaluated during
the past years. Of these, some of the most
accurate and practical developments have
found their way from research applications
into the most recent product software applica-
tions of all PET/MR systems. Together with
further hardware developments, this emerging
hybrid imaging method is constantly improved
and the clinical application spectrum of PET/
MR is further increased.
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3.1 Introduction
BE-FDG PET/CT imaging has become an
integral part in oncological imaging. Albeit an
unspecific tracer for glucose metabolism, the
increased uptake of ®F-FDG in tumor cells due
to their increased glucose metabolism, known as
the “warburg effect”, makes '®F-FDG a highly
useful tracer for the detection of metastatic dis-
ease in many cancer types (Warburg 1924; Lewis
et al. 1994). However, the true potential of this
imaging method can only be unleashed if a pre-
cise anatomic allocation of a focus exhibiting an
increased glucose metabolism can be achieved.
Hence, only the combination of PET and CT
imaging in one single modality, PET/CT, has led
to the widespread use of F-FDG PET imaging
in clinical practice and the introduction into sev-
eral guidelines, most notably in lung and head
and neck cancer (Grégoire et al. 2010; Goeckenjan
et al. 2010; National Collaborating Centre for
Cancer (UK) 2011; Wolff et al. 2012).

Despite its advantages, the low soft tissue con-
trast of CT makes the evaluation of several body
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regions difficult. In local tumor assessment, espe-
cially the precise prediction of local tumor infil-
tration can be problematic, most notably in head
and neck cancer or soft tissue sarcoma (Antoch
and Bockisch 2009; Pichler et al. 2010). In the
evaluation of distant metastases, especially small
metastases can be difficult to detect on PET
images in tissues with a high background uptake
such as the liver or the brain (Posther et al. 2006;
Kong et al. 2008). Unfortunately, even contrast
enhanced CT imaging does not increase the diag-
nostic accuracy in this regard.

Therefore, the idea of combining PET and
MRI in one single scanner was applauded by
radiologists and nuclear medicine physicians
alike and the introduction of integrated PET/MRI
scanners into clinical practice was accompanied
by a tremendous hype (Catalano et al. 2013). The
most recent publications show, however, that the
differences between the two hybrid modalities
are smaller than initially expected (Tian et al.
2014; Huellner et al. 2014; Heusch et al. 2014;
Spick et al. 2016). This is most likely caused by
the high sensitivity and specificity of PET for
detection of distant metastases. To unleash the
full potential of PET/MRI, it is therefore neces-
sary to combine a fast whole-body protocol com-
prising only few selected sequences with high
resolution MR imaging of selected regions to
assess local tumor extent and to detect metastases
in frequently affected regions such as the brain in
lung cancer or the liver in colorectal cancer, to
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perform true ‘“one stop shop” examinations
(Martinez-Moller et al. 2012; Schulthess and
Veit-Haibach 2014). Another advantage of PET/
MRI is the simultaneous acquisition of functional
MRI and PET data, allowing true multiparamet-
ric tumor evaluation (Gatidis et al. 2013).
Especially diffusion weighted imaging (DWI) as
a marker of cellular density and perfusion imag-
ing are promising techniques.

Therefore, the advantages, disadvantages and
potential pitfalls in oncological 18F-FDG PET/
MRI imaging concerning local tumor evaluation,
lymph node and distant metastasis staging as
well as restaging and therapy response assess-
ment will be discussed and differences in com-

parison to 18F-FDG PET/CT will be
highlighted.

3.2 Head and Neck

3.2.1 Squamous Cell Carcinoma

In the head and neck, squamous cell carcinoma
amounts to up to 90% of all histological sub-
types. Its association with the use of alcohol and
tobacco leads to an increased incidence in male
patients, but the number of female patients has
been shown to rise over the last years (Wolff et al.
2012; Robert Koch-Institut und Gesellschaft der
epidemiologischen Krebsregister in Deutschland
e.V. 2015). As patient survival is highly depen-
dent on complete surgical tumor removal, sur-
gery is considered the therapy of choice (Howaldt
et al. 2000). However, the complicated anatomy
of the head and neck area and the need to pre-
serve complex motoric functions to ensure a high
postoperative quality of life make a complete
tumor removal difficult. Hence, high resolution
preoperative imaging is crucial for appropriate
patient selection and preoperative planning.
Additionally, reliable follow-up examinations are
mandatory in these patients as tumor recurrence
or secondary tumors are frequent and are impor-
tant independent risk factors for survival (Ogden
1991; Schwartz et al. 1994).

Therefore, the combination of high resolution
MRI and "F-FDG PET imaging in one single

modality offers new possibilities in head and
neck tumor imaging, which will be discussed in
this chapter.

Local Tumor Evaluation

In squamous cell carcinoma of the head and
neck, surgery is the treatment modality of choice
(Howaldt et al. 2000; Grégoire et al. 2010; Wolff
et al. 2012). However, surgical removal of a
tumor located in an unfavorable anatomical
region can lead to a severe functional impair-
ment of the patient, thus considerately decreas-
ing the postoperative quality of life. Hence, cross
sectional imaging has to be considered a corner-
stone in the preoperative assessment which is
supplemented by a clinical examination, endos-
copy and ultrasound evaluation of the head and
neck (Grégoire et al. 2010; Wolff et al. 2012). In
preoperative tumor staging of the head and neck,
MRI offers a significantly higher soft tissue con-
trast compared to contrast enhanced CT imaging
(Sigal et al. 1996; Leslie et al. 1999). However,
CT is still a potential alternative that is consid-
ered as sufficient by the latest guidelines
(Grégoire et al. 2010; Wolff et al. 2012). Local
tumor staging is mainly based on morphological
changes, as studies have shown that the addition
of metabolic information by '*F-FDG PET does
not increase the diagnostic accuracy in local
tumor evaluation in comparison to CT or MRI if
the location of the primary is known
(Laubenbacher et al. 1995; Hafidh et al. 2006).
While initial studies on hybrid imaging failed to
demonstrate significant differences among con-
ventional and hybrid imaging for T and N stag-
ing in patients with squamous cell carcinoma of
the head and neck, the results indicated the supe-
riority of integrated PET/MRI over PET/CT and
MRI, revealing higher diagnostic accuracy rates
of 75% in PET/MRI over 59% in PET/CT and
50% in MRI, respectively (Rodrigues et al. 2009;
Schaarschmidt et al. 2015d).

Furthermore, additional *F-FDG PET or '*F-
FDG PET/CT might be helpful in the identification
of the primary tumor site in patients with squamous
cell carcinoma of unknown primary (Fig. 3.1)
(Wong and Saunders 2003; Paul et al. 2007; Wong
et al. 2012). A recent publication by Ruhlmann et al.
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Fig.3.1 59 year old patient with newly diagnosed lymph-
adenopathy of the right neck undergoing integrated 'F-
FDG PET/MRI for tumor localization. Two representative
slices are displayed in morphological MRI (a, d), fused (b,
f) and "F-FDG PET images (¢, f) While the metastatic
lymph node can be depicted by morphological MRI and

indicates a comparable diagnostic accuracy of *F-
FDG PET/CT and "F-FDG PET/MRI (Ruhlmann
et al. 2016). However, due to the low specificity of
BE-FDG for squamous cell carcinoma, frequently
observed incidental tracer uptake still poses a signifi-
cant problem in the identification of tumorous tissue
that cannot be overcome by the increased soft tissue
contrast of the MRI component in PET/MRI exami-
nations (Schaarschmidt et al. 2017a).

Lymph Node and Distant

Metastasis Staging

The value of ®F-FDG PET and "®F-FDG PET/CT
in preoperative lymph node assessment is contro-
versially discussed. '®F-FDG PET/CT is known
to increase the sensitivity and specificity in the
detection of metastatic lymph nodes when com-
pared to sole morphological CT or MR imaging
(Grégoire et al. 2010; Wolff et al. 2012). However,
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E-FDG PET (a—c), no primary was found in morphologi-
cal imaging (d). However, a discrepant tracer uptake can
be found in the tonsils (e, f, right tonsil: SUVmax 9.79; left
tonsil: SUVmax 6.14). This finding is indicative of a
malignancy in the right tonsil. By endoscopic sampling, a
tonsillar carcinoma of the right tonsil was confirmed

especially patients without clinically identifiable
nodal metastatic spread are problematic. In this
specific cohort, N-staging accuracy of F-FDG
PET/CT is too low to guide surgical lymph node
removal or to identify patients that do no profit
from additional neck dissection (Schdder et al.
2006; Hafidh et al. 2006; Nahmias et al. 2007;
Schroeder et al. 2008; Sohn et al. 2016). Similar
problems were encountered in preliminary 'SF-
FDG PET/MRI studies using retrospectively
fused PET- and MRI data sets (Nakamoto et al.
2009; Kanda et al. 2013; Heusch et al. 2014c¢). In
studies on small cohorts using integrated PET/
MRI scanners, no significant differences between
BE-FDG PET/CT and integrated '*F-FDG PET/
MRI could be detected concerning N-staging
(Partovi et al. 2014a; Schaarschmidt et al. 2015d).

Although the superior co-registration of the
PET and the MR data set in integrated PET/MRI
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could reduce misinterpretations caused by co-
registration errors that are frequently encoun-
tered in retrospectively fused data sets due to
patient movement, it cannot overcome the fact
that F-FDG is an unspecific tracer with a low
sensitivity for micrometastases. Furthermore, the
low spatial resolution of PET leads to considerate
partial volume effects in small metastatic lesions,
further impairing the detection of micrometasta-
ses in 'SF-FDG PET/CT and "*F-FDG PET/MRI
imaging (Buchbender et al. 2012a).

Despite these sobering preliminary data, the
definite role of ¥F-FDG PET/MRI in preopera-
tive lymph node evaluation is still unclear.
Especially the combined analysis of simultane-
ously acquired information on glucose uptake by
PET, cellular density by improved DWI and mor-
phological MR parameters might excel the sensi-
tivity and specificity of F-FDG PET/CT and
demands further investigation.

In early tumor stages of patients suffering from
squamous cell carcinoma of the head and neck,
distant metastases are rare. In these cases, whole-
body cross sectional imaging is not generally rec-
ommended and methods such as chest x-ray or
abdominal ultrasound are considered as sufficient
(Grégoire et al. 2010; Wolff et al. 2012).

In advanced local tumor stages, metastatic
disease is frequent. Here, lung and bone metasta-
ses are most commonly observed, making chest
CT the modality of choice for the detection of
distant metastases (de Bree et al. 2000; Wolff
et al. 2012). While most mucosal tumors can be
diagnosed by endoscopy alone, precise whole
body staging by '*F-FDG PET/CT can be of con-
siderate help in these patients in detecting can-
cers of the lung and the esophagus (Strobel et al.
2009; Haerle et al. 2011). Nevertheless, while
BE-FDG PET/MRI might be beneficial in the
detection of bone metastases in comparison to
BE-FDG PET/CT (see 3.7.2), the lower sensitiv-
ity for lung nodules might be problematic (see
Sect. Local Tumor Evaluation). As no compara-
tive studies between *F-FDG PET/CT and 'SF-
FDG PET/MRI are available at the current time
point, the clinical impact of these potential differ-
ences should be the focus of future studies.

Restaging and Response to Therapy
In contrast to other oncological diseases, tumor
recurrence or secondary malignancies are fre-
quent after the successful treatment of squamous
cell carcinoma in the head and neck area and lead
to a significant decrease in patient survival (Liu
et al. 2007; Miicke et al. 2009). As these malig-
nancies are most frequently observed over a
period of five years after successful tumor treat-
ment and frequently do not cause distinctive clin-
ical symptoms, regular patient follow up and
restaging is necessary (Ogden 1991; Boysen
et al. 1990; Schwartz et al. 1994; Rogers et al.
2009). Here, morphological imaging plays a
major role in tumor detection and regular cross
sectional examinations, therefore either CT or
MRI is recommended (Loeffelbein et al. 2015).
However, recent studies indicate that 'F-FDG
PET imaging is highly sensitive and specific in
the identification of small lymph node metastases
and unknown primary tumors in follow up exam-
inations alike (Lonneux et al. 2000; Abgral et al.
2009; Rodrigues et al. 2009). Still, the use of
BE-FDG PET/CT in postoperative patients is
challenging as scar tissue may frequently display
a marked glucose uptake and can be mistaken for
tumor recurrence. Due to the high soft tissue con-
trast of MRI, the differentiation between malig-
nant and benign glucose uptake might be superior
in BF-FDG PET/MRI in comparison to *F-FDG
PET/CT (Engelbrecht et al. 1995; Lell et al.
2000). Hence, it is not surprising that the com-
bined analysis of ¥F-FDG PET and MRI datasets
in patients undergoing MRI and subsequent '8F-
FDG PET/CT is superior to the interpretation of
either modality alone (Comoretto et al. 2008;
Queiroz et al. 2014). Nevertheless, based on pre-
liminary data, a superior detection for malignant
lesions in integrated '*F-FDG PET/MRI has not
been demonstrated in follow-up examinations
until now, although the superior soft tissue con-
trast is helpful to identify patients that are eligible
for surgery (Fig. 3.2) (Schaarschmidt et al.
20154d).

Within the last few years, therapy response
assessment became a focus of research in head
and neck imaging. Recently published results
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Fig. 3.2 61 year old patient after tongue tumor resection
undergoing hybrid imaging because of suspected tumor
recurrence. Morphological, fused and "F-FDG PET
images are displayed for '*F-FDG PET/CT (a—c) and "*F-
FDG PET/MRI (d-f). While the tumor can be detected in

indicate that "*F-FDG PET/CT imaging is suffi-
cient to select patients that do not profit from
neck dissection after the completion of radio-
chemotherapy (Mehanna et al. 2016). However,
early therapy response assessment is desirable
to identify non-responders and potentially
change the treatment regimen. Here, changes in
glucose metabolism detected by ""F-FDG PET
can be observed in patients responding to ther-
apy, while in contrast to positive response in
PET, at the same time a considerate increase of
the apparent diffusion coefficient (ADC) derived
from DWI can be observed (Vandecaveye et al.
2010; Wong et al. 2016). Hence, further research
is needed to investigate whether the combined
analysis of glucose metabolism and functional
MRI parameters can be used to precisely
identify patients that do not profit from
radiochemotherapy.

27

F-FDG PET/CT and
enhanced, high resolution MR images (d) provide addi-
tional data concerning local tumor invasion in comparison
to contrast enhanced CT (a).

BE.FDG PET/MRI, contrast

3.3 Thorax

3.3.1 Lung Cancer

Lung cancer is responsible for the highest amount
of cancer related deaths in the western world
(Siegel et al. 2014; Robert Koch-Institut und
Gesellschaft der epidemiologischen Krebsregister
in Deutschland e.V. 2015). Since its commercial
introduction at the beginning of the twenty-first
century, '*F-FDG PET/CT has become the modal-
ity of choice for assessing the tumor extent in
patients suffering from lung cancer. The combina-
tion of high quality morphological imaging by CT
and metabolic imaging of increased, tumor asso-
ciated glucose metabolism by *F-FDG PET has
led to an unprecedented high sensitivity and spec-
ificity in the evaluation of lymph node and distant
metastases, especially in non-small cell lung
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cancer (NSCLC) (Lardinois et al. 2003; Antoch
et al. 2003). Therefore, '*F-FDG PET/CT has now
become firmly incorporated in the latest guide-
lines for initial tumor staging (Goeckenjan et al.
2010; National Collaborating Centre for Cancer
(UK) 2011). Additionally, recent literature shows
that a decrease of ""F-FDG uptake in patients
undergoing chemo- or radiochemotherapy is an
independent predictor of survival (Pottgen et al.
2016; Shang et al. 2016). Hence, further ¥*F-FDG
PET/CT imaging during treatment might be used
for early response evaluation and treatment plan-
ning in the near future. Nevertheless, despite its
many advantages, 'F-FDG PET/CT bears a few
shortcomings that demand the introduction of
new imaging techniques:

* low sensitivity for mediastinal infiltration.
* low sensitivity for brain metastases.

e false positive findings in adrenal lesions.
 lack of multiparametric tumor evaluation.

BF-FDG PET/MRI is a potential alternative to
BE-FDG PET/CT for lung cancer staging. Due to
the higher soft tissue contrast and the possibility
to acquire functional PET and MRI data (e.g. dif-
fusion weighted imaging, perfusion imaging
etc.), it may offer a new platform for improved
assessment of tumor biology. Nevertheless, the
lower sensitivity for detection of lung nodules
might lead to a decrease in staging accuracy in
comparison to ®F-FDG PET/CT (Sawicki et al.
2016a). Hence, thoracic imaging in lung cancer
in BF-FDG PET/MRI and potential advantages
and pitfalls of F-FDG PET/MRI will be dis-
cussed in the upcoming paragraphs.

Local Tumor Evaluation

Although CT is still favored by most radiologists,
recent literature shows that '®F-FDG PET/CT and
BE-FDG PET/MRI provide similar local staging
results in NSCLC patients (Schwenzer et al. 2012;
Heusch et al. 2014a). However, these results
highly depend on the correct choice of pulse
sequences. After the commercial introduction of
integrated PET/MRI scanners, various researchers
proposed PET/MRI protocols solely depending on
the two-point 3D-Dixon VIBE sequence for mor-
phological imaging to decrease scan time (Eiber

et al. 2011; Stolzmann et al. 2013). However,
recent literature shows, that particularly T2
sequences in PROPELLER technique and contrast
enhanced 3D gradient echo sequences provide the
most accurate local tumor evaluation and should
therefore be incorporated in dedicated lung cancer
BE-FDG PET/MRI protocols (Fig. 3.3) (Hintze
et al. 2006; Biederer et al. 2012; Schaarschmidt
et al. 2015a). Based on elaborate sequence selec-
tion, recent studies demonstrated the possibility to
perform whole-body F-FDG PET/MRI exami-
nations including dedicated sequences for thoracic
imaging in an acquisition time that is comparable
to F-FDG PET/CT (Huellner 2016).

MRI has always been considered to be supe-
rior to CT for the assessment of mediastinal or
chest wall infiltration (Landwehr et al. 1999).
Therefore, SF-FDG PET/MRI has been consid-
ered to be superior to '®F-FDG PET/CT for stag-
ing of locally advanced lung cancer. However, no
significant differences have been found in local
tumor evaluation between *F-FDG PET/CT and
PET/MRI in several studies and the impact on
patient management seems to be low (Heusch
et al. 2014a; Fraioli et al. 2014; Schaarschmidt
et al. 2017b). Hence, the use of 'SF-FDG PET/
MRI in the evaluation of locally advanced lung
cancer lies at the discretion of the examiner.

According to the latest TNM classification sys-
tem, pulmonary metastases have a strong impact on
the T-stage of lung cancers, upstaging patients to a
T3 stage if found in the same lobe or to a T4 stage
if found in the ipsilateral lung (Sobin et al. 2011).
Therefore, the detection of additional pulmonary
metastases is crucial for local tumor evaluation, ren-
dering the detection of even small pulmonary nod-
ules a necessity. The latest publications demonstrate
that 'SF-FDG PET/MRI is inferior to '*F-FDG PET/
CT in the detection of pulmonary nodules, espe-
cially in subcentimeter lesions (Fig. 3.4)
(Chandarana et al. 2013; Sawicki et al. 2016a).
However, the clinical impact of missed pulmonary
nodules is still unknown. Although missed pulmo-
nary metastases might lead to a downstaging if pri-
mary ®F-FDG PET/MRI was performed, a recent
study by Schaarschmidt et al. found no changes in
clinical management in lung cancer patients due to
missed pulmonary nodules (Sawicki et al. 2016b;
Schaarschmidt et al. 2017b). Additionally, new
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Fig. 3.3 66 year old male patient suffering from an ade-
nocarcinoma of the right upper lobe (G1). Morphological,
fused and PET images are displayed for '*F-FDG PET/CT
(a—c) and "*F-FDG PET/MRI (d—f). Additionally, enlarged
CT (g), T2 BLADE (h) and two-point 3D-Dixon VIBE
images (i) are shown. While local staging results are con-

MRI sequences, like ultra short echo time (UTE) or
zero echo time (ZTE) sequences, might improve the
sensitivity of '®F-FDG PET/MRI for pulmonary
nodules even further (Burris et al. 2016).

Lymph Node and Distant

Metastasis Staging

Especially in non-small cell lung cancer, the extent
of metastatic lymph node spread is the most
important prognostic factor for survival (Leyn
et al. 2007). Therefore, the precise assessment of
the N-Stage is of utmost importance to decide on
the most appropriate treatment regimen. Due to
the high specificity and sensitivity of 'SF-FDG
PET for lymph node metastases and the potential

cordant in F-FDG PET/CT and high quality "*F-FDG
PET/MRI using a T2 BLADE sequence (T1b due to a
tumor size of 2.5 cm in both hybrid imaging modalities),
sole evaluation of the tumor size in the two-point
3D-Dixon VIBE sequence (tumor size: 1.4 cm) would
have led to a downstaging of local tumor extent to T1la.

to precisely locate the increased tracer uptake in
the co-registered data set in PET/CT, 'SF-FDG
PET/CT has occupied a central role in the prether-
apeutic assessment of patients suffering from non-
small cell lung cancer (Lardinois et al. 2003;
Antoch et al. 2003; Goeckenjan et al. 2010;
National Collaborating Centre for Cancer (UK)
2011). As differences in attenuation correction and
detector technology do not seem to influence the
detection rate of tumorous lesions, it is expected
that 8F-FDG PET images acquired in PET/CT and
PET/MRI provide the same diagnostic reliability
(Hartung-Knemeyer et al. 2013). Nevertheless,
recent data revealed differences in the diagnostic
accuracy of SFDG-PET/MRI and '8F-FDG PET/
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Fig.3.4 52 year old female patient suffering from meta-
static breast cancer. Morphological, fused and PET
images are displayed for '"SF-FDG PET/CT (a—c) and '*F-
FDG PET/MRI (d—f). Additionally, CT images of the ini-
tial F-FDG PET/CT scan (g) and of the follow-up
examination (h) are shown. While clearly visible in '*F-

CT for lymph node staging (Heusch et al. 2014a;
Schaarschmidt et al. 2017b). However, as '"*F-FDG
PET/CT and '|F-FDG PET/MRI examinations
were performed subsequently in the majority of
the comparison studies in non-small cell lung can-
cer patients, the observed differences were rather
caused by the different acquisition time points due
to the study design than by differences in scanner
technology (Hahn et al. 2012).

In the last years, DWI has been investigated for
lymph node staging in lung cancer and has been
advocated as a potential alternative to PET
(Nomori et al. 2008). First studies indicate an
inverse correlation between the apparent diffusion
coefficient derived from DWI and the standardized
uptake value derived from PET in the primary

—|

FDG PET/CT (a), a small, non 'F-FDG-avid pulmonary
nodule in the right upper lobe was missed on high quality
3D gradient echo sequence images in the 'SF-FDG PET/
MRI examination (D) which turned out to be a pulmonary
metastasis in follow-up after one year (g, h)

tumor and in lymph node metastases (Regier et al.
2012; Heusch et al. 2013; Schaarschmidt et al.
2015b). But although these two imaging biomark-
ers seem to be intertwined, they depict different
pathophysiological processes (Schaarschmidt
et al. 2015b). Therefore, the potential of simulta-
neous assessment of PET and DWI data provides
new possibilities in lymph node characterization,
which should be further explored in the future.
BE-FDG PET/CT is a highly sensitive imaging
modality for distant metastases in non-small cell
lung cancer patients. Nevertheless, the detection
of brain and adrenal metastases in *F-FDG PET/
CT remains problematic, leaving room for poten-
tial improvement based on MRI. Due to the low
soft tissue contrast of CT and the low sensitivity
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and specificity of PET for brain metastases, MRI
is considered to be superior to '*F-FDG PET/CT
for the detection of brain metastases and therefore
incorporated in the latest guidelines (Posther
et al. 2006; Goeckenjan et al. 2010). Integrated
PET/MRI scanners allow the additional acquisi-
tion of dedicated high resolution images of the
brain during a whole body examination. By per-
forming a real “one stop shop” examination, a
subsequent brain MRI scan is redundant leading
to a much more streamlined diagnostic process,
reducing the time span for the overall diagnostic
workup and thus increasing patient satisfaction
while only moderately increasing the acquisition
time of the whole-body scan (Martinez-Moller
et al. 2012; Schulthess and Veit-Haibach 2014).

The diagnosis of adrenal metastases can be
challenging in 'F-FDG PET/CT. Increased '*F-
FDG uptake is a strong predictor for malignancy,
but still, some case reports indicate that also benign
adrenal lesions such as adrenocortical adenoma can
exhibit a markedly increased glucose metabolism
(Yun et al. 2001; Shimizu et al. 2003; Basu and
Nair 2005). Although adrenocortical adenomas can
be safely identified by additional unenhanced CT
scans or an additional delayed contrast enhanced
CT scan after 15 minutes, these techniques demand
additional radiation exposure and are difficult to
incorporate in the clinical workflow (Park et al.
2007). Chemical shift imaging, however, is a reli-
able technique to characterize adrenal lesions and
can be helpful in these equivocal cases (Fig. 3.5).

Fig.3.5 59 year old female patient suffering from Stage IV
non-small cell lung cancer (adenocarcinoma). Morphological,
fused and PET images are displayed for '*F-FDG PET/CT
(a—c) and "*F-FDG PET/MRI (d-f). Additionally, T1 FLASH
(g) as well as in- (h) and opposed phase (i) T1 images are
shown. Increased tracer uptake of a mass in the left adrenal

gland is suspicious for malignancy (c, f), but due to the low
uptake (SUVmax 4.53) similar to the liver parenchyma, a
benign lesion (e.g. adrenal adenoma) cannot be safely
excluded. In PET/MRI, the lack of signal loss in the in- and
opposed phase images (h, i) is indicative for an adrenal
metastasis, which was confirmed by follow-up after 6 months
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Fig.3.6 71 year old male patient suffering from Stage IV

non-small cell lung cancer (adenocarcinoma, G2).
Morphological, fused and PET images as well as DWI are
displayed for "*F-FDG PET/MRI before (a—d) and during
treatment (e-h). After two cycles of chemotherapy, no
obvious morphological changes can be observed (a, f), but

As chemical shift imaging is incorporated in the
MR-based attenuation correction of **F-FDG PET/
MRI, these pre-existing data may be used for fur-
ther differentiation of adrenal lesions and have
been shown to significantly improve the diagnostic
certainty of correct assessment of suspicious adre-
nal lesions in ¥*F-FDG PET/MRI when compared
to '8F-FDG PET/CT without prolonging the exami-
nation time (Haider et al. 2004; Schaarschmidt
et al. 2015c¢).

Restaging and Response to Therapy
Recent therapeutic advances in lung cancer
treatment, most notably multimodal treatment
regimes, have drastically increased lung can-
cer survival. Therefore, restaging and response
assessment of lung cancer patients has become
a focus of interest in clinical research. To
avoid adverse side effects, it is important to
assess the effectiveness of radio- or chemo-
therapy as quickly as possible after the start of
treatment.

Latest publications indicate that changes in
glucose metabolism detected by *F-FDG PET/
CT are not only capable to predict survival after

a marked decrease in glucose metabolism in the primary
tumor in the right lower lobe (before treatment: SUVmean
10,03, b, ¢; after treatment: SUVmean 7,65, f, g) and in
the mediastinal lymph nodes can be found. Additionally,
early changes can be noted in DWI (d, h)

combined radiochemotherapy, but are also more
accurate than morphological CT in the detection
of early therapeutic response to chemotherapy
(Pottgen et al. 2016; Shang et al. 2016). Albeit
promising, this one dimensional approach will
not be sufficient in the future. Especially in stage
IV lung cancer, cytotoxic chemotherapy is only of
limited use and despite multiple innovations in
the twentieth century, the overall increase in sur-
vival is sobering (Breathnach et al. 2001).
Therefore, research has shifted to the identifica-
tion of tumor specific mutations which can be tar-
geted by novel therapeutic agents. However,
changes induced by these new drugs can be diffi-
cult to detect by one imaging biomarker alone,
especially in equivocal cases (Nishino et al.
2014). Here, the simultaneous acquisition of mul-
tiple imaging biomarkers such as glucose metabo-
lism depicted by ¥F-FDG PET, tissue cellularity
depicted by DWI, tissue vascularization by
dynamic contrast enhanced imaging (DCE) and
further molecular imaging biomarkers acquired in
one single ¥F-FDG PET/MRI scan may be par-
ticularly helpful (Fig. 3.6) (Ohno et al. 2012;
Nensa et al. 2014a, b).
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3.3.2 Malignant Pleural
Mesothelioma

Malignant pleural mesothelioma is a rare tumor
entity mainly caused by asbestos exposition.
Although asbestos has been banned in most coun-
tries of the western world since the beginning of
the twenty-first century, it is expected that the
peak of mesothelioma associated mortality has
not been reached (Peto et al. 1999). As personal-
ized, multimodal treatment combining surgery,
chemotherapy and radiation therapy is heavily
relying on the tumor stage, highly accurate imag-
ing is necessary to choose the most appropriate
treatment regimen and assess treatment response
(Neumann et al. 2013; Opitz 2014).

At the moment, CT is still considered as the
modality of choice for the initial diagnosis, staging
and assessment of therapy (Armato et al. 2013).
However, the low soft tissue contrast, even of con-
trast enhanced CT, is problematic in the diagnosis
of local tumor invasion (Heelan et al. 1999).
Furthermore, the differentiation between asbestos
related benign pleural disease and early malignant
pleural mesothelioma is extraordinarily difficult.

Therefore, the use of other imaging modalities
like MRI or ¥F-FDG PET/CT for detection and
staging of malignant pleural mesothelioma is dis-
cussed in recent literature (Armato et al. 2013;
Nickell et al. 2014). ®F-FDG PET/CT offers
unprecedented accuracy in the detection of
malignant pleural lesions as well as lymph node
and distant metastases (Plathow et al. 2008;
Wilcox et al. 2009; Yildirim et al. 2009).
Additionally, changes in glucose metabolism
could be used for therapy response assessment
(Veit-Haibach et al. 2010). In local tumor evalua-
tion, '¥F-FDG PET/CT is not superior to MRI, as
MRI is considered to be more sensitive for the
detection of chest wall and diaphragmatic infil-
tration (Heelan et al. 1999; Wilcox et al. 2009).
Additionally, DWI has been found to be highly
sensitive for the detection of malignant pleural
lesions (Coolen et al. 2014). Hence, "*F-FDG
PET/MRI may be a potential alternative to *F-
FDG PET/CT in malignant pleural mesothelioma
imaging, as comparable staging results have been
reported in small cohorts between both hybrid
imaging modalities (Fig. 3.7) (Martini et al.
2016; Schaarschmidt et al. 2016).

Fig.3.7 73 year old male patient suffering from advanced
malignant pleural mesothelioma (cT4 ¢cNO cM1) with dif-
fuse left-sided pleural tumor spread with additional medi-
astinal and chest wall infiltration. Morphological, fused
and PET images are displayed for '*F-FDG PET/CT

(A-C) and "F-FDG PET/MRI including DWI (D-G).
Contrast enhanced T1-weighted imaging and DWI incor-
porated in the PET/MRI protocol are more conspicuous
for chest wall infiltration and the additional bone metasta-
sis in the vertebral body than CT- or PET-imaging
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3.4 Upper Abdomen and Upper
Gastrointestinal Tract

3.4.1 Liver Metastases

The liver is the most frequent site of hematoge-
nous metastases and liver metastases are far
more common than primary hepatic neoplasms.
Typical primary tumors that are associated with
the development of liver metastases are colorec-
tal cancer, lung cancer, breast cancer and neuro-
endocrine tumors. Since the presence and extent
of distant metastatic spread is the most impor-
tant factor for patient prognosis, detection of
liver metastases as well as their discrimination
from benign lesions such as follicular nodular
hyperplasia (FNH), adenoma or hemangioma is
critical for selecting the ideal treatment and esti-
mation of prognosis. According to current
NCCN guidelines, CT is suggested as the first-
line imaging modality for liver metastases
(NCCN 2016). However, the sensitivity of CT
for liver metastases is limited due to the inher-
ently low soft-tissue contrast, and thus, more
accurate imaging modalities are necessary when
exact assessment of the hepatic spread is inevi-
table, such as when a decision regarding cura-
tive vs. palliative management is required. Due
to the increased glucose metabolism of most
liver metastases, 'SF-FDG PET/CT is able to
improve the sensitivity for their detection to
76-97% (D’souza et al. 2009; Donati et al.
2010). MRI, on the other hand, offering the
highest soft-tissue contrast of all imaging tech-
niques, has been shown to provide an even
higher sensitivity and diagnostic accuracy than
BF-FDG PET/CT (Seo et al. 2011). MRI offers
an unparalleled detectability of small liver
lesions, and specific patterns of enhancement on
dynamic Tlw imaging in combination with
DWI, in/opposed phase, and T2-weighted imag-
ing enable advanced characterization of hepatic
lesions, rendering MRI a promising alternative
to CT in hybrid imaging. Moreover, the soft-tis-
sue contrast of MRI compensates for inherent
limitations of the PET component, such as the
comparatively high background '*F-FDG uptake

of the liver parenchyma which may mask lesions
with liver-equivalent uptake. The diagnostic
accuracy of MRI can be further enhanced by
applying liver-specific contrast agents (Goodwin
et al. 2011). The combination of the advanta-
geous features of MRI and PET in a hybrid
imaging modality was expected to constitute a
new gold standard of liver imaging. Early stud-
ies using retrospectively fused PET and MRI
datasets already indicated high synergistic
potential of PET/MRI for liver imaging (Donati
et al. 2010). However, the quality of retrospec-
tive fusion PET/MRI is inferior to that of simul-
taneous PET/MRI as differences due to different
patient positioning and breath-hold imaging in
PET/CT and MRI lead to a distorted co-
registration. Since simultaneous PET/MRI is
still a new imaging technique, current evidence
concerning its diagnostic capability in liver
imaging is limited. Nevertheless, two compara-
tive studies by Beiderwellen et al. showed an
incremental value of *F-FDG PET/MRI over
BE-FDG PET/CT and MRI in the detection of
liver metastases, providing superior sensitivity,
specificity, and diagnostic confidence (Fig. 3.8)
(Beiderwellen et al. 2013a, 2015). More patients
with liver metastases were identified by '®F-
FDG PET/MRI than by ¥F-FDG PET/CT, which
adumbrates the potential clinical impact of PET/
MRI on a patient basis. Based on current evi-
dence, F-FDG PET/MRI may play an impor-
tant role in whole-body staging of cancers with
high potential for liver metastases that would
usually be staged with F-FDG PET/CT but do
not require high-resolution pulmonary imaging.

3.4.2 Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) has an increas-
ing incidence in patients with chronic hepatic
disease and is associated with a high mortality
rate (Mittal and El-Serag 2013). The “F-FDG
uptake of HCC is variable due to considerable
differences in glucose-6-phosphatase activity
and cell surface glucose transporters in HCC. The
preoperative SUVmax has been found to be a
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Fig. 3.8 Patient with hepatic recurrence of breast cancer.
The metastasis is detectable on post-contrast fat-saturated
Tlw MRI (a), 'F-FDG PET/MRI (b), PET from PET/
MRI (c), CT (d), F-FDG PET/CT (e), and PET from

surrogate for survival and correlates with the
degree of differentiation of HCC (Torizuka et al.
1995; Lee et al. 2011). Herein, high-grade HCC
show significantly higher F-FDG uptake than
low-grade HCC. Therefore, '®F-FDG PET tends
to better detect high-grade HCC while the sensi-
tivity for lower grade HCC is limited due to their
lower BF-FDG uptake against the physiologi-
cally high background uptake of normal hepatic
parenchyma. As a result, the overall detectability
of HCC in FDG-imaging is impaired, with a
reported sensitivity of only 55-68%, and thus,
BE-FDG PET/CT is considered to have limited
value in assessing primary HCC (Khan et al.
2000; Talbot et al. 2010). Although to date there
is no dedicated study on the diagnostic accuracy
of BF-FDG PET/MRI in HCC, an increased
accuracy in comparison to ¥*F-FDG PET/CT can
be expected based on the superior soft-tissue
contrast of MRI, as MRIalone has a sensitivity
and specificity of 81% and 85% for the detection
of HCC, respectively (Colli et al. 2006). The
possibility of obtaining simultaneous functional

PET/CT (f) due to contrast enhancement on MRI, ill-
defined hypodense appearance on CT and increased '"*F-
FDG FDG uptake

tumor information from dedicated MRI
sequences and PET is another advantage of PET/
MRI (Fig. 3.9). For instance, DWI has been
shown to improve the detectability of subcenti-
meter satellite HCC metastases (Xu et al. 2010;
Park et al. 2012). In contrary to primary HCC,
BE-FDG PET/CT has a high diagnostic potential
in detecting recurrent HCC. Studies that evalu-
ated "®F-FDG PET/CT in case of disease recur-
rence reported a 90% sensitivity and >80%
specificity (Sun et al. 2009). ®F-FDG PET/MRI
is expected to further exceed the diagnostic per-
formance of PET/CT in recurrent HCC. '*F-FDG
PET/MRI may be particularly appealing as dis-
ease recurrence tends to be isolocal and MRI, by
means of dynamic contrast Tlw imaging and
DWI, provides a better capability to differentiate
local recurrence from post-therapeutic changes
than CT. Two recent studies evaluated the role of
BF-FDG PET/MRI in interventional treatment
for HCC. Fowler et al. investigated a potential
link between dose deposition from Y-90 micro-
spheres radio-embolization measured on PET/
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Fig. 3.9 Patient with a large HCC in the right liver lobe.
F-FDG PET/MRI (a), PET (b), PET from PET/MRI (c),
Post-contrast fat-saturated T1w MRI (d), b-1000 DWI (e),

MRI and individual lesion response. Their results
showed that the average dose deposition mea-
sured on PET/MRI might serve as an indepen-
dent predictor of local treatment response
(Fowler et al. 2016). Another study by Ramalho
et al. found that "®F-FDG PET/MRI is useful to
detect residual tumor following thermoablation
therapy (Ramalho et al. 2015). Metastases to the
lungs, abdominal lymph nodes, and bone are the

ADC map (f). The HCC shows strong "*F-FDG uptake
(SUVmax: 14.7) and also restricted diffusion

most frequent sites of extrahepatic metastatic
HCC (Katyal et al. 2000). According to a meta-
analysis by Lin et al., ®F-FDG PET/CT is bene-
ficial in detecting extrahepatic disease with
pooled estimates of sensitivity and specificity of
77% and 98%, respectively (Lin et al. 2012). In
the light of current knowledge, whole-body stag-
ing of HCC using "F-FDG PET/MRI should
provide equal detectability of lymph node metas-
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tases, identify less lung metastases but improve
the depiction of soft-tissue and osseous metasta-
ses (Beiderwellen et al. 2014; Sawicki et al.
2016b, a). However, it is for future studies to
investigate the actual role of ®F-FDG PET/MRI
in whole-body staging of HCC.

3.4.3 Neuroendocrine Tumors

Neuroendocrine tumors (NETSs) originate from
endocrine and neural cells dispersed throughout
the body. As a heterogeneous group of tumors
there is a large variety of histopathological pat-
terns, endocrine potential, and degree of aggres-
siveness (Klimstra et al. 2015). Pancreas,
rectum, small bowel, appendix and the lung are
considered among the most frequent primary
tumor sites of NETs, despite their rare inci-
dence. However, most probably due to the con-
tinuous improvement of imaging techniques
their detection rate has multiplied up to fivefold
over the last decades (1970’s: 1.09/100.000,
2004: 5.25/100.000) (Yao et al. 2008).
Metastases are found in up to 50% of NET
patients at initial diagnosis, with the liver being
the most common site of metastatic spread
(Oberg and Eriksson 2005). In fact, about 80%
of NET patients develop liver metastases during
the course of the disease. Therefore, assessment
of local tumor burden and metastatic spread is
highly important both for choosing the appro-
priate treatment (surgery vs. chemotherapy) and
estimation of prognosis. Pathologic expression
of cell-surface somatostatin receptors (SSTR) -
especially SSTR type 2—is a unique feature of
NETs that has been used as a target structure for
radiolabeled somatostatin analogues in nuclear
medical imaging (Kulaksiz et al. 2002;
Kaemmerer et al. 2011). SSTR targeting
Tn-labeled octreotide scintigraphy and single
photon emission tomography (SPECT) have
been widely used for NET imaging. However,
the low anatomic and spatial resolution of scin-
tigraphy and SPECT often lead to false negative
scans. With the introduction of PET/CT and
more SSTR avid tetraazacyclododecane-
tetraacetic acid (DOTA) peptides, accurate

localization and depiction of even subcentimeter
NET lesions has become possible. According to
recent meta-analyses ®*Ga-DOTA peptide-based
PET/CT has a pooled sensitivity of 93% and
specificity of 96% and is considered the diag-
nostic gold standard in NET imaging, especially
for differentiated NETs that typically show high
SSTR cell surface expression (Treglia et al.
2012; Hofman et al. 2015). Hybrid PET/MRI
enables the simultaneous acquisition of
%8Ga-DOTA peptide-based PET imaging along
with high soft-tissue contrast and functional
MRI (Fig. 3.3). With regard to NET staging,
%8Ga-DOTA peptide-based PET/MRI might
offer several potential benefits over PET/CT. As
liver metastases are a frequent occurrence in
NET patients, assessment of the presence and
the extent of liver metastases is of particular clin-
ical relevance. The superior soft-tissue contrast
of MRI as well as diffusion-weighted imaging
facilitate an improved detectability of small
lesions that—due to their small size and/ or low
radiotracer avidity—remained undetected on
%8Ga-DOTA peptide-based PET/CT (Fig. 3.10)
(Sawicki et al. 2017). This is relevant since NET
metastases partly exhibit low SSTR expression,
although originating from a well-differentiated
tumor. Furthermore, characterization of sites
with physiologically high radiotracer uptake
remains a problem in ®Ga-DOTA peptide-based
PET/CT. For instance, normal %Ga-DOTA-
peptide uptake of the uncinate process of the
pancreas often mimics malignancy on PET/CT
(Jacobsson et al. 2012). By means of the inher-
ently higher soft-tissue contrast of MRI,
8Ga-DOTA peptide-based PET/MRI rather than
PET/CT could differentiate physiologic uptake
of the uncinate process from an actual NET man-
ifestation. Current literature endorses the use of
%Ga-DOTA peptide-based PET/MRI as an alter-
native to ®*Ga-DOTA peptide-based PET/CT in
whole-body staging of NET (Jacobsson et al.
2012; Sawicki et al. 2017). The SUVs from
%Ga-DOTATOC PET/MRI and PET/CT show
strong correlations. In relation to extrahepatic
disease, both modalities provide a similarly high
diagnostic performance both in morphologic and
8Ga-DOTA  peptide-based PET  imaging,
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Fig. 3.10 Patient with NET metastasis in segment 5 of
the liver. The metastasis does not exhibit pathologic SSTR
expression on PET images from ®*Ga-DOTATOC PET/CT
(b) or PET images from ®Ga-DOTATOC PET/MRI (e).
Since there was no morphologic correlate on CT (a), the
metastasis is missed on %*Ga-DOTATOC PET/CT. The

although %Ga-DOTA peptide-based PET/MRI
revealed minor disadvantages inherent to MRI
regarding lung nodules and sclerotic bone
lesions. In relation to liver metastases, studies
unanimously show a clear superiority of PET/
MRI based on the ability to detect small liver
lesions and the higher lesion-to-background con-
trast on MRI (Schreiter et al. 2012; Beiderwellen
et al. 2013b; Hope et al. 2015; Sawicki et al.
2017). Whether this translates to a change in
therapy or survival is yet to be evaluated.

3.4.4 Esophageal Carcinoma

Esophageal cancer is the ninth most frequent
cancer worldwide and represents about 4—-10%

metastasis is identified by ®*Ga-DOTATOC PET/MRI as a
small hypervascularized lesion on contrast-enhanced arte-
rial phase fat-saturated Tlw images (arrow in d) with
restricted diffusion as shown by high signal intensity on
b-1000 DWI (arrow in ¢) and low ADC values (arrow in f)

of gastrointestinal malignancies. The two main
histological subtypes are squamous cell carci-
noma and adenocarcinoma. While squamous
cell carcinomas are more common in develop-
ing countries, adenocarcinomas are the predom-
inant esophageal cancer type in the western
world. Adenocarcinomas are located in the
lower third of the esophagus, where they origi-
nate from metaplastic glandular cells. Risk fac-
tors include alcohol, tobacco, gastro-esophageal
reflux, and obesity. In patients with early-stage
disease, curative esophagectomy is the treat-
ment of choice and post-surgical patients have a
5-year survival rate of 41%. However, the
majority of patients present with locally
advanced cancer at initial referral, and up to
30% already suffer from distant metastases,
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which dramatically decreases the chances of
5-year survival to 4% (Institute NC 2017a). In
addition to biopsy, pre-surgical endoscopic
ultrasound (EUS), CT, and "F-FDG PET/CT
are frequently applied for judgment of operabil-
ity and evaluation of the local tumor extent,
lymph node status and distant metastases. EUS
is relevant for the evaluation of tumor size and
local invasiveness and recommended as imag-
ing of choice for T-staging by current guidelines
(Varghese et al. 2013). CT is the most widely
used imaging technique for thoracoabdominal
staging of esophagus carcinoma. For N-Staging
and M-Staging, CT has a reported sensitivity of
84% and 81% and a specificity of 67% and
82%, respectively (Lowe et al. 2005). The low
specificity in N-Staging is without a doubt
attributable to the size criterion applied by CT
for characterization of lymph node metastasis
(> 1 cm). Since most esophageal cancers are
IBE_FDG-avid, the role of "*F-FDG PET/CT for
staging has also been evaluated. "*F-FDG PET-
based detectability of the primary tumor is pos-
sible in >95% of all However
false-positive reports can occur due to func-
tional 'F-FDG uptake or esophagitis. '*F-FDG
PET/CT is inferior to EUS in the evaluation of
local tumor invasiveness (Lowe et al. 2005).
There are conflicting results for "*F-FDG PET/
CT regarding locoregional nodal assessment.
Increased glucose metabolism of mediastinal
lymph nodes close to the primary tumor can be
hard to discriminate from esophageal uptake
due to the limited spatial resolution of PET and
flawed co-registration from peristalsis. False-
negatives are possible in micro-metastatic
lymph nodes, and false-positives can occur in
esophagitis, sarcoidosis, or tuberculosis. A
meta-analysis that evaluated the diagnostic
accuracy of preoperative 'SF-FDG PET/CT
reported a sensitivity of 51% and specificity of
84% for locoregional lymph node involvement
(van Westreenen et al. 2004). The integration of
BF-FDG PET/CT into the conventional work-
up was found to improve staging and potentially
avoid unnecessary surgery based on the excel-
lent ability to detect distant metastases (Flamen
et al. 2000; Liberale et al. 2004; van Westreenen

cases.

et al. 2005). According to current guidelines
MRI is not intended as a first-line modality but
has a role in determining indistinctive liver or
adrenal lesions. Evidence for 'SF-FDG PET/
MRI is based on a recent pilot study of 19
patients that compared EUS, CT, "¥F-FDG PET/
CT and 8F-FDG PET/MRI in pre-surgical local
and locoregional esophageal cancer staging.
BE-FDG PET/MRI provided high accuracy for
T staging, and better accuracy than EUS, CT,
and 'F-FDG PET/CT in locoregional lymph
nodes (Lee et al. 2014). Concerning M-staging,
BE-FDG PET/MRI is expected to be superior in
parenchymatous organs such as the liver and
inferior in low-proton density organs such as
the lung. The role of '"F-FDG PET/MRI in
recurrent esophageal cancer is yet to be
explored. Based on the combined high soft-tis-
sue contrast and its potential for functional
imaging, PET/MRI might be beneficial to dis-
criminate local recurrence from scar tissue,
monitor treatment response, and guide irradia-
tion planning.

3.5 Lower Gastrointestinal Tract

3.5.1 Colorectal Cancer

Colorectal cancer is the third most common can-
cer in the western world and the fourth most
common cause of cancer-related death. It
accounts for about 95% of gastrointestinal
malignancies. There has been a rising incidence
of colorectal cancer worldwide over the last
three decades, although in recent years, numbers
are gradually declining in well-developed coun-
tries (Haggar and Boushey 2009). The vast
majority of colorectal cancers are adenocarcino-
mas (~95%). Endoscopic biopsy is performed to
determine colorectal cancer. Contrast-enhanced
CT of the chest and abdomen is recommended as
first-line imaging to estimate the stage of disease
and also for re-staging (NCCN 2016). In patients
with rectal cancer MRI of the pelvis should be
applied in order to assess T- and N-staging and
the risk of local recurrence, as determined by the
presumed resection margin (Nougaret et al.
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2013). While MRI provides accurate T-staging
and evaluation of resection margin, N-staging is
hampered both in MRI and CT due to possible
reactive enlargement of perirectal lymph nodes
or small, morphologically unsuspicious lymph
node metastases (Vag et al. 2014). Hybrid imag-
ing with ®¥F-FDG PET/CT has been found to
improve the specificity of N-staging in colorec-
tal cancer (85%). Nevertheless, in clinical rou-
tine, whole-body ®F-FDG PET/CT is reserved
for staging of patients expected to be curable by
resection, clarification of equivocal findings, or
suspected cancer recurrence. Because of its
excellent M-staging capabilities, '*F-FDG PET/
CT has a significant clinical impact, leading to
up- or down-staging of up to 31% of patients
(Kochhar et al. 2010). Moreover, the use of '8F-
FDG PET/CT instead of conventional imaging
changes treatment plans from curative to pallia-
tive or vice versa in about 30% of the cases
(Petersen et al. 2014). 8F-FDG uptake correlates
with prognosis and is predictive of mortality in
liver metastasis from colorectal cancer (Riedl
et al. 2007). F-FDG PET/MRI may be a poten-
tial alternative to '®F-FDG PET/CT in colorectal
cancer staging, particularly in primary rectal
cancer. Based on its higher soft tissue contrast
and the benefits of DWI, 'SF-FDG PET/MRI is
expected to provide more exact T-staging and at
least equivalent accuracy in N- and M-staging
compared to BF-FDG PET/CT. Furthermore,
BE-FDG PET/MRI has been shown to be supe-
rior in evaluating hepatic lesions, which is par-
ticularly relevant because of the high rate of liver
metastases in colorectal cancer (Beiderwellen
et al. 2013a, 2015). Recently, the accuracy of
BF-FDG PET/MRI has been compared with that
of contrast-enhanced CT in 51 patients with
colorectal cancer (Kang et al. 2016). '*F-FDG
PET/MRI showed an incremental diagnostic
value over CT in 28% of patients, providing
improved characterization and additional detec-
tion of distant metastases, although it missed a
few pulmonary lesions. Initial studies on UTE
sequences indicated a high potential for reliably
depicting subcentimeter lung lesions and may
improve the detection rate of MRI in the future,

but this requires additional investigation (Burris
et al. 2016). According to the authors, the infor-
mation from "*F-FDG PET/MRI led to an alter-
native treatment strategy in one fifth of the
patients. Notwithstanding these promising data,
current evidence is limited and there are many
open questions concerning 'F-FDG PET/MRI
in colorectal cancer, such as its role in disease
recurrence or evaluation of treatment response.

3.6 Lymphatic System

3.6.1 Lymphoma

In 2016 about 72,000 new cases of non-Hodgkin
lymphoma (NHL) and 8500 new cases of
Hodgkin’s lymphoma were expected in the USA
(Institute NC 2017b, c). Current lymphoma clas-
sifications recognize >50 subtypes of lymphoma
based on differences in histopathology, cytoge-
netics, and immunohistochemistry. In clinical
routine, a limited number of subtypes account for
the majority of cases, including Hodgkin’s lym-
phoma (10% of lymphoma), diffuse large B-cell
lymphoma (33% of NHL), follicular lymphoma
(20% of NHL), marginal zone lymphoma (10%
of NHL), chronic lymphatic leukemia (7% of
NHL), and mantle cell lymphoma (7% of NHL).
The Ann Arbor classification, introduced in 1971
and revised in 1989, is used to stage both Hodgkin
lymphoma and non-Hodgkin lymphoma based
on the extent of nodal group involvement, extra-
nodal lymphoma manifestation and presence of
B-symptoms. On a metabolic level, lymphoma
can be categorized according to 'F-FDG avidity,
based on expression of cell surface glucose trans-
porter proteins such as GLUT-1. CT is used for
whole-body staging in non 'SF-FDG-avid lym-
phoma (Cheson et al. 2014). ®F-FDG PET/CT is
the modality of choice for staging of all F-
FDG - avid lymphoma, such as Hodgkin lym-
phoma and diffuse large B-cell lymphoma
(Weiler-Sagie et al. 2010; Cheson et al. 2014).
However, as certain subtypes of lymphoma vary
in their ®F-FDG - avidity, '®F-FDG PET/CT
initial staging should entail high quality
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morphological CT imaging to enable best possi-
ble staging for lymphoma of any kind. Studies
have shown that '*F-FDG PET/CT provides more
exact staging than CT and '*F-FDG PET alone
with a reported sensitivity, specificity, PPV and
NPV of 96%, 99%, 96%, and 99% (Freudenberg
et al. 2004). The 2014 Lugano guidelines recom-
mend ®F-FDG PET/CT for the following indica-
tions: (a) initial staging, (b) re-staging, and (c)
evaluation of therapy response (Cheson et al.
2014). Compared to conventional imaging, '8F-
FDG PET/CT changes staging results of up to
20% of patients at initial staging and induces
change of treatment in about 15% of patients.
The combined information on lymphoma extent
and vitality offers the basis for a sophisticated
evaluation of treatment response through changes
in lesion size and glucose metabolism. Today,
BE-FDG PET/CT is an integral part of most
large-scale lymphoma trials and has a key role for
initial and re-staging during and after completion
of chemotherapy. The particular charm of 8F-
FDG PET/CT lies in its ability to discriminate
vital from non-vital residual masses, which is
crucial for treatment planning. The Deauville cri-
teria propagate an 'SF-FDG PET/CT-based
response evaluation using a 5-point scale: (1) No
uptake, (2) slight uptake, below mediastinal
blood pool, (3) uptake above mediastinal blood
pool, but below or equal to uptake of liver, (4)
uptake moderately higher than uptake of liver,
and (5) uptake markedly higher than uptake of
liver (Meignan et al. 2009). 8F-FDG PET-
negativity after completion of therapy indicates a
low chance for disease recurrence, and data from
the HD15 study showed that *F-FDG PET/CT
performed after chemotherapy can guide the
need for additional radiotherapy (Engert et al.
2012). ¥F-FDG PET/MRI may be an alternative
to F-FDG PET/CT for whole-body imaging of
lymphoma, entailing the following potential
advantages:

— Lower radiation exposition.
— Superior assessment of extra-nodal involve
ment.

— More differentiated (re-)staging due to simul-
taneous acquisition of (multiparametric) MRI
and '8F-FDG PET.

Several groups have evaluated the role of '8F-
FDG PET/MRI in staging of lymphoma (Heacock
et al. 2015; Herrmann et al. 2015; Sher et al.
2016; Grueneisen et al. 2016; Atkinson et al.
2016; Ponisio et al. 2016; Afaq et al. 2017,
Kirchner et al. 2017a, b). Existing evidence indi-
cate a diagnostic accuracy in lymphoma staging
equivalent to F-FDG PET/CT at 39-64% less
radiation dose (Fig. 3.11). Considering the young
age of many patients, '*F-FDG PET/MRI might
aid to reduce the risk of radiation-induced sec-
ondary neoplasms. Grueneisen et al. investigated
a fast ®F-FDG PET/MRI protocol (whole-body
T1w VIBE, T2w HASTE, DWI) and were able to
reduce the scan duration of whole-body PET/
MRI to under 30 min without compromising the
diagnostic performance (Grueneisen et al. 2016).
Lesion detection and Ann Arbor staging were
shown equivalent in ®F-FDG PET/MRI and '°F-
FDG PET/CT and SUVmax values strongly cor-
related. Introducing an even shorter study
protocol, Kirchner et al. investigated the diagnos-
tic performance of a so-called ultra-fast PET/
MRI protocol, demonstrating its high diagnostic
potential while reducing the examination time to
an equally short examination time as in PET/CT
(Kirchner et al. 2017a, b). In a recent study that
compared different *F-FDG PET/MRI proto-
cols, the additional application of contrast-
enhanced and diffusion-weighted imaging
resulted in higher diagnostic accuracy on a per
lesion- and per patient basis (Kirchner et al.
2017a, b). Whole-body DWI has been shown to
be inferior to PET/CT on a per-lesion basis but
could be useful in low-grade lymphomas and sur-
veillance (Herrmann et al. 2015). As they depict
different pathophysiological processes, the
potential of acquiring 'F-FDG PET and DWI
simultaneously enables the exploration of their
complementary value for staging and response
evaluation, which should be further investigated
in future trials (Schaarschmidt et al. 2015b).
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Fig. 3.11 A 20-year-old female NHL patient with two = FDG PET/MRI (b), T2w imaging (¢), ADC map (d), CT
pathologic lymph nodes in the right inguinal region (e), 'SF-FDG PET/CT (f)
Shown in post-contrast fat-saturated Tlw MRI (a), "*F-




3 Oncology

43

3.7  Musulosceletal System

3.7.1 Malignant Primary Bone
Tumors and Soft Tissue
Sarcomas

Malignant primary bone tumors and soft tissue
sarcomas are exceedingly rare (Siegel et al.
2014). Due to the multitude of histological sub-
types, precise pretherapeautical imaging is
essential for optimized patient and therapy man-
agement. While MRI excels in local tumor
imaging due to its high soft tissue contrast,
imaging of glucose metabolism by 'F-FDG
PET is of considerate value in the evaluation of
lymph nodes and the detection of distant metas-
tases (Tateishi et al. 2007). Therefore, the idea
of performing high resolution MR imaging to
assess local tumor extent and acquire whole-
body MR and PET images for distant metastasis
staging in a single examination is promising and
has been discussed as a potential major advan-
tage for integrated PET/MRI imaging in several
reviews (Fig. 3.12) (Antoch and Bockisch 2009;
Buchbender et al. 2012b; Andersen et al. 2016).
Although several case reports indicate the

Fig. 3.12 59 year old male patient suffering from chon-
drosarcoma left knee undergoing PET/MRI for initial
staging. Morphological, fused and PET images are dis-
played for "SF-FDG PET/MRI (a—c). While the suspicious

advantages of a combined acquisition of func-
tional PET data, morphological MR imaging
and functional MR imaging techniques, studies
evaluating the additional value of integrated '*F-
FDG PET/MRI in comparison to "*F-FDG PET/
CT and subsequent MRI in initial tumor staging
and tumor recurrence diagnostics are rare
(Fig. 3.13) (Schuler et al. 2013; Partovi et al.
2014b; Zhang et al. 2016). A study published by
Schuler et al. in 2015 indicates that *F-FDG
PET/MRI offers a comparable staging accuracy
as conventional staging in sarcoma patients
(Schuler et al. 2015). Furthermore, therapy
response assessment seems to be possible in '8F-
FDG PET/MRI (Platzek et al. 2017). However,
further prospective studies are necessary to eval-
uate if F-FDG PET/MRI is superior to the
sequential acquisition of 'F-FDG PET/CT and
subsequent MRI in tumor staging and response
assessment. In pediatric patients, however, inte-
grated '8F-FDG PET/MRI offers an easier clini-
cal workflow by allowing true “one stop shop”
examinations that do not only increase patient
comfort but also lead to a considerate dose
reduction by the omission of a whole-body CT
scan (Schifer et al. 2014).

tissue can be easily missed even on contrast enhanced
MRI (a), PET/MRI images are highly conspicuous for
malignancy

Fig. 3.13 61 year old female patient undergoing PET/MRI for tumor recurrence diagnostics after resection of a soft
tissue sarcoma. Morphological, fused and PET images are displayed for *F-FDG PET/MRI (a—c)
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Fig. 3.14 64 year old male patient suffering from
advanced non-small cell lung cancer (adenocarcinoma).
Morphological, fused and PET images are displayed for
BE-FDG PET/CT (a—¢) and "*F-FDG PET/MRI (d-f).
While no morphological correlate can be detected for the

3.7.2 Osseous Metastases

Bone metastases occur frequently in numerous
cancer types and are not only associated with a
considerate mortality but also a high morbidity
causing frequent hospitalization due to bone pain
and pathological fractures (Rubens 1998).
Therefore, the detection and correct characteriza-
tion of bone lesions is pivotal. While bone scin-
tigraphy and CT imaging are still used as basic
imaging tools, *F-FDG PET/CT and MRI seem
to provide a higher sensitivity and specificity in
the detection of bone metastases (Even-Sapir
2005). Integrated 'F-FDG PET/MRI combines
the advantages of both imaging modalities and
initial studies report a superior conspicuity and
diagnostic confidence for osseous metastases
(Beiderwellen et al. 2014; Samarin et al. 2015).
Furthermore, preliminary data suggest that 'SF-
FDG PET/MRI offers a sensitivity of 96.3% and
a specificity of 98.8%, surpassing both whole-
body MRI and "F-FDG PET/CT (Fig. 3.14)
(Catalano et al. 2015). Despite these encouraging
results, caution is advised when transferring
these results to clinical practice as the analyzed
patient cohorts are small and the underlying
oncological diseases are diverse, thus necessitat-
ing further research.

highly suspicious tracer uptake in the right ischial tuber-
osity in CT (a), a clear morphological correlate can be
detected in contrast enhanced MRI (d), confirming an
osseous metastasis
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Prostate Imaging

Axel Wetter and Matthias Eiber

Prostate Cancer:
Epidemiology and Pathology

4.1

In developed countries, prostate cancer is one of
the most common malignancies with an incidence
of 69.5 cases per 100,000 men, and is considered
to be among the five leading causes of death
worldwide (Torre et al. 2015). In 95% of all
malignant prostate tumors, prostate cancer arises
from acinar epithelial cells and is therefore
defined as an adenocarinoma. Rare entities of
prostate cancer include neuroendocrine or sarco-
matoid prostate cancers. Pathological and clinical
staging of prostate cancer is based on the TNM
classification, providing information about the
primary tumor (T-stage), lymph node metastases
(N-stage) and distant metastases (M-stage). T1
defines a clinically inapparent tumor (not detect-
able by imaging), T2 a tumor confined to the
gland, T3 a tumor with extracapsular growth and
T4 a tumor that infiltrates adjacent tissue (TNM
classification of malignant tumors, eighth edi-
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tion). Grading of prostate cancer is almost exclu-
sively based on the Gleason grading system
(Gleason grading), whereby the tumor is described
by an increasing loss of differentiation, displayed
in Gleason patterns from 1 to 5. As there are often
several growth patterns within the prostate, the
most common and second most common Gleason
pattern is recorded and reported as the Gleason
sum score, ranging from 2 to 10 (Gleason 1966).
Staging and grading of prostate cancer are of
utmost importance for further therapy decisions.
From a clinical point of view, the information
derived from staging, grading and other variables,
such as the PSA value, are used for outcome pre-
diction and are implemented in nomograms such
as the Partin tables (Partin et al. 1993).

4.2 Prostate Cancer: MR Imaging

MR imaging of the prostate has become the leading
imaging modality for tumor detection and local
staging of prostate cancer. Due to its high soft tissue
contrast, MRI enables detailed visualization of the
zonal anatomy of the prostate, including differentia-
tion of the central, peripheral and transition zone,
anterior fibomuscular stroma, periurethral region
and seminal vesicles. Morphological MR imaging
of the prostate is primarily based on high-resolution
strong T2-weighted fast-spin-echo images, where
the healthy peripheral zone and the seminal vesicles
exhibit a hyper-intense signal, whereas the transi-
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tional zone exhibits a hypo-intense signal. Over the
past years, MR imaging of prostate cancer has
emerged from sole morphological imaging to a
multiparametric imaging approach, combining ana-
tomical and functional data by the implementation
of diffusion-weighted imaging (DWI) and dynamic
contrast-enhanced imaging (DCE) (Hricak et al.
1983, Fiitterer et al. 2006, Morgan et al. 2007).
DWT in prostate cancer is based on the presumption
that high cellularity leads to decreased movement of
water molecules which are insensitive for the so-
called diffusion sensitizing gradients, hence result-
ing in retention of their high signal despite increasing
diffusion sensitizing gradients. DCE is based on the
assumption that prostate cancer lesions display a
focal and early enhancement due to pathological
tumor vessels. Numerous studies have shown that
the combined analysis of morphological and func-
tional MR-datasets leads to significantly improved
detection of prostate cancer foci (Hamoen et al.
2015). The European Society of Urogenital
Radiology (ESUR) and the American College of
Radiologists (ACR) have made efforts to standard-
ize mpMRI of the prostate and have proposed a
standardized approach, the Prostate Imaging
Reporting and Data System (PI-RADS) for lesion
characterization (Barentz et al. 2012, Weinreb
et al. 2016). In its newest version (PI-RADSV2),

PI-RADS is based on T2-weighted imaging, DWI
and DCE. Suspicious prostate lesions are graded
using both a score from 1 to 5 in T2-weighted
images and DWI, whereby DWI is the dominant
sequence for lesion detection of the peripheral zone,
and T2-weighted imaging is dominant for lesion
characterization of the transitional zone. DCE is
assessed on the existence or absence of pathological
early enhancement and may lead to an upgrade of a
PI-RADS score 3-lesion in the peripheral zone to a
score of 4. Minimum field strength of 1.5 T is rec-
ommended, but preference is given to 3 T scanners.
According to PI-RADS v2, use of an endorectal coil
is not necessary at 3 T, but might be useful in 1.5 T
scanners in order to improve signal-to-noise ratio.
Typical prostate cancer lesions are strongly hypoin-
tense in T2-weighted images and display a diffusion
restriction with a high signal in the original diffu-
sion-weighted images and a concomitant signal
drop in the ADC maps. DCE typically demonstrates
a focal and earlier enhancement than corresponding
areas of non-malignant prostate tissue. Sufficient
diagnostic accuracy for the detection of prostate
cancer has been shown when using PI-RADS
(Hamoen et al. 2015). Table 4.1 illustrates a typical
MR sequence protocol for prostate, pelvic and
whole-body MR imaging as part of a PET/MRI
protocol.

Table 4.1 Set of MR-sequences combining the application of multi-parametric prostate MRI, pelvic MRI and whole-

body MRI within a hybrid PET/MR examination

TR TE FoV Slice thickness
Sequence (ms) (ms) (mm) (mm) Matrix B-values (s/mm?)
TIRM coronal pelvis 3110 |56 380 5 273 x 448
T2 FSE axial pelvis 4311 | 114 400 7 512
T2 FSE axial prostate 4360 | 101 200 3 310 x 320
T2 FSE coronal prostate 4000 | 101 200 3 310 x 320
T2 FSE sagittal prostate 3740 | 101 200 3 310 x 320
DWI prostate 7600 |89 260 3 102 x 160 |0, 1000, 1500,
2000
DWI pelvis 8100 |70 420 5 90 x 160 0, 500, 1000
T1 vibe axial pre flip 2 deg. nativ =~ | 4.24 1.31 300 3 114 x 192
prostate
T1 vibe axial pre flip 15 deg. nativ | 4.24 1.31 300 3 114 x 192
prostate
T1 vibe axial dyn prostate (DCE) | 4.24 1.31 300 3 114 x 192
T1 FSE axial 5 mm fs pelvis 606 10 400 5 176 x 512
T1 vibe dixon axial contrast 4.05 1.29 380 35 173 x 320
wholebody




4 Prostate Imaging

55

4.3 Prostate Cancer: PET

and PET/CT Imaging

While MR imaging characterizes prostate lesions
on the basis of morphological and functional data,
PET imaging adds information on metabolism or
target expression, depending on the specific tracer
used. At present, two types of radiopharmaceuti-
cals for PET imaging of prostate cancer are
employed: choline derivatives or small molecules
targeting the prostate-specific membrane antigen
(PSMA). The employment of choline tracers is
based on the observation that prostate cancer har-
bors an increased uptake of choline as a precursor
for the synthesis of phosphorylcholine and ulti-
mately phosphatidylcholine in tumor cells. Carbon-
11-choline was originally introduced for PET
imaging of brain tumors, but was later also utilized
for prostate cancer imaging (Hara et al. 1998). The
development of ®F labeled choline derivatives such
as '8F fluoroethylcholine had the advantage of a
markedly longer half-life period and shorter posi-
tron range (Hara et al. 2002). More recently,
PSMA ligands have moved into the focus of pros-
tate cancer imaging. PSMA is a transmembrane
glycoprotein and functions as a cell surface pepti-
dase (Sweat et al. 1998). It is highly over expressed
(100-1000 fold) on almost all prostate cancer cells
and most of its metastases, making it a highly valu-
able target for prostate cancer imaging. In this
coherence, a ®*Ga labeled PSMA ligand (Glu-NH-
CO-NH-Lys-(Ahx)-%Ga-HBED-CC, %Ga PSMA-
HEBD-CC or ®Ga PSMA-11) was successfully
introduced in 2012 and is the most commonly used
PSMA ligand to date (Afshar-Oromieh et al. 2013).
Most recently, ®F-PSMA 1007, an “*F labeled
PSMA ligand has been developed, combining the
high specificity of PSMA with reduced urinary
clearance, hence reducing the diagnostically chal-
lenging “halo”-effect (caused by tracer accumula-
tion in the bladder and consecutive overlapping
uptake) (Giesel et al. 2017).

So far, main indications for PET and PET/CT
imaging with radiolabeled choline focus on
patients with biochemical recurrence after radical
prostatectomy or radiation therapy and on
patients with high-risk prostate cancer for initial

staging. Emerging indications are stratifications
into different therapeutic groups (e.g., eligibility
for salvage lymphadenectomy) and prediction of
the patient’s prostate cancer-specific survival
(Giovacchini et al. 2017). In recent years, PET/
CT imaging with ¥Ga PSMA-11 has been exten-
sively investigated and has shown high clinical
value in prostate cancer imaging. It has proven to
be superior over choline derivatives in terms of
lesion detection, lesion-background contrast and
tracer uptake in recurrent prostate cancer.
Especially in early recurrent disease (e.g.
PSA < 1 ng/ml) ®*Ga PSMA-11 has demonstrated
the ability to successfully detect tumor lesions
which are usually occult in other imaging modal-
ities, including '"SF-Choline-PET/CT imaging
(Afshar-Oromieh 2016).

4.4 Prostate Cancer:

PET/MR Imaging

Integrated PET/MR imaging is based on the
integration of a PET scanner into an MR scan-
ner in order to enable simultaneous data acquisi-
tion with both modalities during one session.
Simultaneous scanning without the necessity of
moving the patient from one scanner to another
enables excellent co-registration of suspicious
lesions (even of lesions of smaller size), which
is known to be hampered in sequentially fused
hybrid imaging. Furthermore, the addition of
excellent soft-tissue contrast and the possibility
to combine functional information from MRI
(DWI, DCE) with molecular information from
PET holds promise of increasing the diagnostic
capability. From a technical point of view,
simultaneous PET/MR scanning is demanding,
as several preconditions—from structural inte-
gration of both scanners to deployment of spe-
cific hardware such as receiver coils and novel
PET detector crystals, as well as specific
requirements such as different techniques for
scatter and attenuation correction—have to be
met in order to provide a well-performing
employment in clinical routine. Since the first
preclinical scan with an integrated PET/MR



56

A. Wetter and M. Eiber

scanner in 2008 (Pichler et al. 2008), numerous
studies have been carried out in order to investi-
gate this new technology in the field of prostate
cancer.

Technical Evaluation
and Feasibility

4.41

Over the past few years, simultaneous PET/
MRI has proven to be a robust method under
clinical conditions. PET images derived from
PET/MRI have been shown to provide the
same image quality as PET images derived
from PET/CT; however, certain differences in
quantitative values (e.g. SUVs) calculated
from both modalities can be observed for a
variety of reasons, such as MR-based attenua-
tion correction, novel image reconstruction
algorithms as well as the timing and length of
the PET acquisition (Drzezga et al. 2012,
Souvatzoglou et al. 2013, Wetter et al. 2014).
Therefore, quantification of PET data derived
from PET/MR remains challenging, and bone
lesions in particular require careful attention,
as underestimation of tracer uptake is fre-
quently observed (Seith et al. 2016). The possi-
bility of combining multiparametric prostate
MRI with the PET scan draws particular atten-
dance to investigate primary prostate cancer
with integrated PET/MRI. The feasibility of
simultaneous PET/MRI in primary prostate
cancer was demonstrated shortly after the
launch of commercially available integrated
PET/MR scanners in 2013 (Wetter et al. 2013).

As PET imaging of prostate cancer with %Ga
PSMA-11 is regarded to be superior to choline
derivatives, employing and evaluating this tech-
nique using hybrid PET/MR is of utmost prom-
ise. An initial report on the application of Ga
PSMA-11 PET/MRI demonstrated its technical
feasibility (Afshar-Oromieh 2014). Drawbacks
of ¥Ga PSMA-11 PET/MRI are “halo” artifacts
around the urinary bladder and kidneys which
are supposed to result from inaccurate scatter
correction especially in regions with high tracer
uptake. Apart from continuous work and
improvement on reconstruction algorithms, a
practical work-around for this challenge is
forced diuresis, which reduces the tracer concen-

tration in the urinary bladder and consequently
also reduces the halo effect. The recent introduc-
tion of 'F PSMA-1007 might overcome this
problem as it has only minimal urinary excretion
(Giesel et al. 2017).

4.4.2 Clinical Workflow
and Protocols

Initial investigations on PET/MRI put the focus on
clinical workflow as well as protocols for whole-
body fully integrated PET/MR imaging for differ-
ent oncological tumor entities including prostate
cancer (Martinez-Moelleretal.2012, Souvatzoglou
et al. 2013). These considerations were driven by
the fact that compared with PET/CT, PET/MRI is
a complex technique resulting in new problems
and challenges, especially regarding workflow,
scan protocols, and data analysis. This complexity
applies in particular to examinations in oncology
with partial- or whole-body coverage extending
over several bed positions. Unlike diagnostic PET/
CT, for which the clinical CT protocols can largely
be copied from stand-alone CT, the design of a
diagnostic MRI protocol for partial- or whole-
body coverage is more complex and has to be
adapted to the special requirements of PET/MRI
to be both time-efficient and comprehensive.

4,5 Diagnostic Performance

4.5.1 Primary Prostate Cancer

Initial studies investigated the use of choline deriv-
atives in PET/MR. Advantages compared to PET/
CT arise from the potential of improved discrimi-
nation between malignant lesions and areas of
benign prostatic hyperplasia which may exhibit
similar choline uptake in PET but show different
characteristics on MR. Recent studies using PET/
MRI in primary prostate cancer described a higher
diagnostic capability in terms of sensitivity and
positive predictive value for tumor lesion detection
compared to multiparametric MRI alone (Lee et al.
2017, Piert et al. 2016). This is regarded to result
from the complimentary information of PET and
functional MRI combined with exact matching of
the PET data and MRI data in suspicious lesion.
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Using %Ga PSMA-11 PET/MRI, preliminary
results indicate that it might be at least equivalent
to standalone multiparametric MRI for intrapros-
tatic tumor localization (Eiber et al. 2015).
Exploiting combined %Ga-PSMA11 PET/MRI
for direct comparison in 53 intermediate/high
risk patients the sensitivity of mpMRI using
PI-RADS criteria amounted to 43% compared to
64% for *Ga-PSMA11 PET. Simultaneous PET/
MRI, combining functional and mpMR data, fur-
ther improved sensitivity to 76%. When com-

Fig. 4.1 %Ga PSMA-11 PET/MR images from a patient
with biopsy-proven Gleason 4 + 4 prostate cancer at initial
staging. The images demonstrate exemplarily the combi-
nation of multi-parametric MRI with PET. The prostate
harbors a large hypo-intense lesion of the left peripheral

pared to published data for mpMRI, ®Ga
PSMA-11 PET/MRI shows comparable sensitiv-
ity but notably higher specificity (Eiber et al.
2015). Important application areas of %Ga
PSMA-11 PET/MRI may include precise radia-
tion therapy planning or biopsy targeting with
PET/MRI-based, ultrasound-guided or in-bore
biopsy systems in order to use the improved
tumor detection ability of ®Ga PSMA-11 PET/
MRI in patients with previously negative prostate
biopsies. Figure 4.1 gives an example of a multi-

‘,‘-._ - —

and parts of the transitional zone (a) with increased **Ga
PSMA-11 uptake (b), diffusion restriction, shown as a
corresponding hypo-intensity in the ADC map (c), and
pathological early enhancement in dynamic-contrast-
enhanced imaging (d)
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parametric MR examination combined with
PET in a patient with a biopsy-proven prostate
carcinoma.

4.5.2 RecurrentProstate Cancer

Imaging of biochemical recurrence of prostate
cancer is probably the most important field of
PET imaging with choline derivatives or PSMA
ligands. Especially precise imaging of the pros-
tate bed after radical prostatectomy is challeng-
ing, as this anatomical region is complex due to
scar tissue and postoperative changes as well as
urine collection at the urethro-urethral anasto-
mosis. As a result of this, both MR imaging and
PET imaging are limited on their own, as scar

tissue might be misinterpreted as local recur-
rence in MRI, and a potential local recurrence
might be overlooked in PET/CT due to limited
soft tissue contrast. In this regard, integrated
PET/MRI offers a solution, as unclear tracer
accumulations in the prostate bed can be pre-
cisely assigned to anatomical structures and sus-
picious soft-tissue lesions. Moreover, the
multiparametric approach including diffusion-
weighted imaging and contrast-enhanced imag-
ing allows for improved characterization of
unclear PET positive lesions in the prostate bed
(Liitje et al. 2017, Freitag et al. 2017). Figures 4.2
and 4.3 outline the additional value of mpMRI to
PSMA-ligand PET and choline PET by using
PET/MRI in patients with biochemical recurrent
prostate cancer.

Fig. 4.2 Images from integrated ®Ga PSMA-11 PET/
MRI in a patient with biochemical recurrence after radical
prostatectomy. PET/MRI identifies a soft-tissue lesion
between the rectal and bladder wall diagnostic for local
recurrence after radical prostatectomy (b—d). Due to the

lack of soft-tissue contrast, it was regarded as part of the
urinary bladder in PET/CT (a). Contrast-enhanced MRI
demonstrates a clear soft-tissue mass (b) with®*Ga PSMA-
11 uptake (¢) and a corresponding diffusion restriction (d)
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Fig. 4.3 ''C-Choline PET/CT and PET/MR of a 79y/o
patient with biochemical recurrence (PSA 1.7 ng/ml) after
radical prostatectomy (upper row). PET/CT showed a
faint choline uptake adjacent to the bladder on the left side
which raised the suspicion for local recurrence but was
judged as being unclear. PET/MR images demonstrated
tracer uptake in a tiny tissue nodule (middle row).

4.6 Outlook

Integrated PET/MRI in prostate cancer is a prom-
ising imaging modality for both primary and
recurrent prostate cancer. For future key applica-

Additional information from the functional MR sequences
showed a diffusion restriction in the ADC map (left, lower
row). The iAUCG60 derived from DCE (middle, lower row)
and its fusion with T2w (right, lower row) demonstrated
intense early contrast media influx. In conjunction with
the choline uptake, the findings from functional MRI were
highly indicative for a local recurrence

tions a clear benefit based on the combination of
the molecular information from PET and excel-
lent anatomical resolution as well as functional
information from mpMRI is pertinent. Specific
emerging applications include precise, imaging-
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based biopsy planning in primarily biopsy-
negative patients with high suspicion for prostate
cancer and detection of local recurrences in
patients with biochemical recurrence after pri-
mary definitive treatment.
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Female Pelvis

Johannes Grueneisen and Lale Umutlu

5.1 Introduction

Reliable and high quality diagnostics of gyneco-
logical cancers of the pelvis is of fundamental
importance to determine disease extent which
aids in the selection of the appropriate therapeu-
tic strategy for each patient. Although clinical
evaluation as well as surgical interventions still
play an elementary part in the assessment of
female pelvic malignancies, advanced imaging
techniques have gained an increasing role for
treatment planning and disease monitoring.
Particularly magnetic resonance imaging (MRI)
and positron emission tomography (PET) repre-
sent two important imaging techniques, which
are frequently applied for primary tumor evalua-
tion as well as the identification of potential
tumor relapse. MRI has been shown useful for
the assessment of malignant pathologies in the
female pelvis, accompanied with the substantial
advantage of the omission of ionizing radiation
exposure (Beddy et al. 2012; Sala et al. 2013).
Based on its high soft tissue contrast, MRI has
been proven superior over other conventional
imaging techniques for the determination of the
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local extent of primary tumors and for the differ-
entiation between post therapeutic changes and
tumor recurrences (Sala et al. 2013; Bipat et al.
2003, Weber et al. 1995).

Molecular imaging utilizing
18F-Fluorodeoxyglucose (18F-FDG) positron-
emission-tomography (PET) provides an insight
into tumor metabolism depending on the glyco-
lytic activity of malignant cells (Hoh et al. 1993).
As a part of hybrid imaging, 18F-FDG PET/CT
has been proven highly accurate and superior to
conventional imaging modalities for the detection
of metastatic spread, due to the identification of
hypermetabolic activity of malignant lesions
(Choi et al. 2006, Selman et al. 2008; Antoch et al.
2003). Therefore, 18F-FDG PET/CT is frequently
applied for staging a large number of different
tumor entities, including gynecological cancers
(Bollineni et al. 2016; Kitajima et al. 2008). After
some major technical challenges were solved,
integrated PET/MR scanners have been increas-
ingly introduced into clinical use (Pichler et al.
2008). This new-generation hybrid imaging tech-
nology enables the simultaneous acquisition of
PET- and MR-datasets, providing complementary
metabolic, functional and morphologic informa-
tion for image analysis (Cavaliere et al. 2017;
Romeo et al. 2017; Lee et al. 2016). Hence, PET/
MRI offers the diagnostic capability for an accu-
rate and efficient tumor staging approach. The ini-
tial concerns about significantly extended
examination times could be largely overcome due
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to areasonable selection of suitable MR sequences
as a part of whole-body staging protocols
(Grueneisen et al. 2015). Nevertheless, the great-
est benefit of integrated PET/MRI embodies the
implementation of MRI into hybrid imaging itself,
providing significant advantages over the
CT-component in PET/CT. This fact raises the
possibility for an expansion and change of the
diagnostic spectrum. In addition to anatomical
imaging, MRI enables the acquisition of certain
functional and quantitative data facilitating a more
comprehensive assessment of specific (soft-tis-
sue) organs and pathologies. In combination with
the metabolic information of 18F-FDG PET,
quantitative multiparametric PET/MR imaging
can be used for tissue characterization and
response evaluation and may play a role in the
management of targeted tumor therapies (Romeo
etal. 2017; Lee et al. 2016).

5.2 PET/MRImaging of
the Female Pelvis
5.2.1 PET/MR Protocols

Optimal patient preparation as well as a precise
selection of imaging parameters and protocols is
mandatory to obtain high quality imaging results.
For 18F-FDG PET data acquisition, patients
should be instructed to fast for a period of at least
6 hours to ensure adequate blood glucose levels
(< 150 mg/dL) at the time of radiotracer injec-
tion, which is of particular importance to mini-
mize competitive inhibition of 18F-FDG uptake.
Therefore, baseline blood glucose levels should
be checked prior to the administration of 18F-
FDG and regular human insulin should be admin-
istered intraveniously if the levels are exceeded.
18F-FDG should be injected at least 60 min after
insulin administration and endogenous glucose
levels have to be checked again priorily. Then, a
body-weight adapted dosage of 18F-FDG (4
MBg/kg body weight) can be applied intrave-
niously (Lartizien et al. 2002). However, new
generation PET-detector systems containing lute-
tium oxyorthosilicate (LSO)-based avalanche
photodiodes (APD), most frequently used in inte-
grated PET/MRI scanners, have been shown

highly sensitive for PET-measurements (Delso
et al. 2011). Accordingly, after attentive consid-
eration of the correct duration for PET-data
acquisition, reduced 18F-FDG doses of 2 MBq/
kg bodyweight can be applied, while preserving
adequate PET-image quality (Hartung-Knemeyer
etal. 2013; Grueneisen et al. 2015). Simultaneous
PET and MR imaging should be started approxi-
mately 1 hour thereafter. Within this uptake
period, patients should experience thermal com-
fort as well as avoid increased physical activity.
Furthermore, increased peristalsis of the small-
but especially of the large-bowel is a well recog-
nized potential cause for artifacts in abdominal
MR imaging, potentially severely impeding
image quality. Besides the previously mentioned
fasting period, antiperistaltic agents (e.g. hyo-
scine butylbromide) can be applied in addition, to
reduce bowel activity and limit the occurrence of
motion artifacts (Johnson et al. 2007).

Whole-body PET/MRI scans for primary
tumor evaluation as well as for restaging female
pelvic malignancies are generally performed in
supine position with arms placed next to the
torso. Datasets are commonly obtained in 4-5 bed
positions (usually from skull-base to mid-thigh),
depending on the size of the patient. For whole-
body MR data acquisition combined head and
neck coils as well as phased-array radiofrequency
body surface coils can be used, depending on the
desired coverage.

As for the protocol set up, in terms of
sequences and parameters, it is important to dif-
ferentiate between tumor entities (e.g. cancer of
the uterine cervix or endometrial cancer) as well
as between (Beddy et al. 2012) primary local
staging (pelvis only), (Sala et al. 2013) primary
local and additional whole-body staging and
(Bipat et al. 2003) whole-body restaging.

Primary staging of cancers of the female pelvis
should comprise dedicated MR protocols for the
female pelvis for accurate determination of the
local extent of primary tumors in dependence of
the imaged tumor entity (Table 5.1). In general,
basic MR imaging protocols of the female pelvis
include transversal T1-weighted images as well as
high resolution T2-weighted images in transver-
sal and sagittal planes. For optimal assessment of
the different tumor entities protocol adaptations
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Table 5.1 Parameters of the most commonly applied MR sequences for the assessment of the female pelvis
Axial T2w/
Sagittal Axial oblique Sagittal T1w| Axial T2w

Parameters Coronal Tlw | Axial Tlw | T2w T2w Axial DWI (fs) (fs)
Sequence Dixon- TSE TSE TSE EPI Dynamic TSE

based VIBE VIBE®
Slice thickness 5 4 4 4 5 2.5 7
(mm)
Echo time (ms) 1.23 (1st) 12 101 114 82 1.69 97

and 2.46

(2nd)
Repetition time 3.6 495 4930 5820 9900 4.46 3120
(ms)
Flip angle (°) 10 180 150 120 90 9 160
Field of view 500 400 300 400 420 300 380
(mm)
Phase FoV (%) 65.6 75.0 78.1 75.0 75.0 68.8 75
Matrix size 192 x 79 512x230 |512x240 |512x192 160 x90 |512x240 | 512 %202
b value (s/mm?) - - - - 0, 500, - -

1000

Parallel imaging | n/a 2 2 2 2 2 2
acceleration
factor
Acquisition time | 0:13 3:53 4:08 2:33 2:48 0:26 1:16
(min:s)

Careful selection of suitable MR sequences is required for the assessment of each of the different pelvic cancer types
*For dynamic imaging three repetitive scans are acquired with a delay of 20, 60 and 90 s after the application of i.v.

contrast agent

Abbreviations: VIBE volume interpolated breath-hold examination, 7SE Turbo-spin echo; DWI Diffusion-weighted

imaging, EPI Echo-planar imaging, fs Fat-saturated

are needed: Primary cancers of the uterine cervix
should be examined with high-resolution
T2-weighted sequences in axial oblique plane to
identify potential tumor invasion in the parame-
tria. For the evaluation of adnexal masses, con-
trast-enhanced Tlw images as well as
diffusion-weighted sequences are helpful for the
identification of solid components of a suspect
mass and the detection of peritoneal implants. In
addition, fat-saturated T1-weighted sequences are
useful for the differentiation between hemorrhage
or fat-tissue. For the assessment of endometrial
cancer, dynamic contrast-enhanced T1-weighted
images in sagittal and transversal plane as well as
diffusion-weighted sequences should be incorpo-
rated for improved determination of the depth of
myometrial invasion and the occurrence of cervi-
cal tumor infiltration.

In addition to dedicated primary cancer stag-
ing of the female pelvis, integrated PET/MRI
also facilitates the so-called ‘“‘one-stop-shop

imaging procedure”, in terms of the combined
assessment of local primary cancer imaging and
whole-body imaging in one exam. First studies
on this matter were published by Grueneisen
et al, revealing the high diagnostic capability of
integrated PET/MRI for local and whole-body
staging in patients with cervical cancer
(Grueneisen et al. 2015).

For restaging of patients with a suspected
tumor relapse of a female pelvic malignancy, vari-
ous studies could demonstrate a higher accuracy
of hybrid imaging techniques for tumor detection
than conventional imaging modalities (Kirchner
et al. 2017; Kitajima et al. 2009). PET/CT pro-
vides a good diagnostic performance for whole-
body restaging of gynecological cancers within a
reasonable scan duration (Kirchner et al. 2017). In
this context, the usage of extended study protocols
in the majority of initial studies of integrated PET/
MR imaging, comprising a substantial number of
different MR-sequences, revealed a disadvantage
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of PET/MR imaging compared to PET/CT imag-
ing. Causing potential patient discomfort accom-
panied by negative economic impact, the
prolonged examination times applied in initial
whole-body PET/MRI studies provoked the urge
for optimization and implementation of well-
adapted MRI protocols, dedicatedly established
for certain tumor entities. Grueneisen et al. dem-
onstrated the feasibility and clinical applicability
of a “FAST”-PET/MR protocol for restaging
female pelvic malignancies (Grueneisen et al.
2015). The reduction of the applied MR sequences
to an inevitable minimum, encompassing non-
enhanced T2w, post-contrast T1 sequences as well
as diffusion-weighted imaging (Table 5.2),
enabled a significant reduction in scan duration
(from 44 min to 27.5 min), while providing an
equivalent tumor detection rate compared to PET/
CT. The identical study protocol has already been
transferred for the assessment of other tumor types
e.g. lymphomas (Grueneisen et al. 2016; Kirchner
et al. 2017). Furthermore, the implementation of
diffusion-weighted sequences as an additional
functional parameter to exclusively morphologic
MR imaging has been shown to facilitate a signifi-
cant increase of sensitivity for identification of
tumors and metastatic sites (Low et al. 2009; Gu
et al. 2011; Michielsen et al. 2014). However,
comparable to PET, diffusion-weighted imaging is
commonly used as a searching-tool in MR staging

protocols and the option of a quantification of
resulting ADC values enables an improved differ-
entiation between benign or malignant findings
(Kovac et al. 2016; Lee et al. 2016; Liu et al.
2011). Accordingly, previous studies assessed the
usefulness of DWI as a part of whole-body MR
protocols for staging of cancer patients with inte-
grated PET/MRI, yet, could not demonstrate a
clear additional diagnostic benefit for tumor detec-
tion (Grueneisen et al. 2014, 2017; Buchbender
et al. 2013). Hence, the omission DWI (from
whole-body PET/MR protocols) enables a signifi-
cant shortening of the examination time compara-
ble to PET/CT acquisition times (18.5 + 1 min. vs.
18.2 min), while preserving an equivalent diag-
nostic performance when compared to PET/CT
(Kirchner et al. 2017; Grueneisen et al. 2017). The
application of these fast or ultra-fast imaging pro-
tocols enables the utilization of PET/MR imaging
as an efficient and high-quality staging tool for
whole-body staging and/or whole-body restaging.

5.2.2 Cervical Cancer

Despite the successful introduction of preventive
measures and reduced mortality rates in devel-
oped countries within the last decades, cervical
carcinoma continues to be one of the leading
causes of cancer-related death worldwide

Table 5.2 MR imaging parameters for whole-body PET/MR imaging based on the FAST-Protocol

Parameters Coronal T1w Axial T2w | Axial DWI | Axial T1w (fs) post-contrast
Sequence Dixon-based VIBE | HASTE EPI VIBE
Slice thickness (mm) 5 5 5 3
Echo time (ms) 1.23 (1st) and 2.46 97 82 1.53

(2nd)
Repetition time (ms) 3.6 1500 9900 3.64
Flip angle (°) 10 160 90 9
Field of view (mm) 500 400 420 380
Phase FoV (%) 65.6 75.0 75.0 81.3
Matrix size 192 x 79 320 x 194 160 x 90 512 x 250
b value (s/mm?) - - 0, 500, -

1000

Parallel imaging acceleration factor | n/a 2 2 2
Acquisition time (min:s/bed 0:13 0:47 2:48 0:19
position)

Abbreviations: VIBE Volume interpolated breath-hold examination, HASTE Half-Fourier acquisition single-shot turbo
spin-echo, DWI Diffusion-weighted imaging, EPI Echo-planar imaging, fs fat-saturated
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(Torre et al. 2015). For an efficient and appropri-
ate patient management highly accurate assess-
ment of primary cancers of the uterine cervix is
mandatory. Initial diagnosis is usually made by
histopathological sampling, delivering valuable
information about tumor histology and tumor
aggressiveness. But the choice of the initial thera-
peutic strategy highly depends on the local extent
of the primary tumor as well as the occurrence of
metastastic spread. Tumors confined to the uterine
cervix are primarily treated by surgical resection,
while patients with locally advanced tumor stages
will undergo combined chemo-radiation therapy
with a curative intent. Due to social epidemiologi-
cal reasons, cervical cancers are usually clinically
staged in accordance with the criteria as proposed
by the International Federation of Gynecology
and Obstetrics (FIGO) (Pecorelli et al. 2009).
However, large discrepancies have been described
between the results of primary clinical staging
and operative evaluation, especially in the assess-
ment of advanced tumor stages (Lagasse et al.
1980; Qin et al. 2009). Accordingly, the increas-
ing role of advanced imaging techniques for pri-
mary tumor staging as well as the assessment of
therapy response has been recognized within the
last years. Based on its high soft tissue contrast,
MRI is considered the most accurate imaging
technique for the identification of tumor localiza-
tion and tumor extent for tumors of the female
pelvis (Sala et al. 2013; Bipat et al. 2003).
Reported sensitivity, specificity and negative pre-
dictive value of MRI for the determination of
parametrial tumor invasion vary between
75-100%, 96-99% and 94-100%, respectively
(Mirpour et al. 2013; Sala et al. 2007; Zand et al.
2007). Therefore, MRI helps to triage patients
towards surgery or radiochemotherapy and is now
recommended for the assessment of primary cer-
vical cancers and treatment planning in the revised
FIGO staging system (Pecorelli et al. 2009).
Apart from assessment of the primary cancer,
the identification of lymph node or distant metas-
tases in cervical cancer patients is of particular
importance and has high impact on the selection
of a potentially multimodal therapeutic concept
(Koh et al. 2013). The detection of pelvic lymph
node metastases requires adjuvant radiation or
radiochemotherapy, and potentially an extension

of the radiation field, if metastatic paraaortic
nodes can be verified (Koh et al. 2013). In addi-
tion, the presence of nodal metastases reflects
one of the most important prognostic factors of
cervical cancers regarding progression-free and
overall survival (Delgado et al. 1990; Tinga et al.
1990; Stehman et al. 1991). Previous studies
have demonstrated that survival rates signifi-
cantly decrease from 85-91% to 50-55% in a
patient cohort with early tumor stages (IB and
ITA), if lymph node metastases are present (Piver
and Chung 1975; Elliott et al. 1989). Currently,
patients' nodal status is primarily assessed by pel-
vic and/or paraaortic = lymphadenectomy.
However, this invasive procedure may be associ-
ated with post-surgical complications.

Among the imaging techniques used for nodal
staging, 18F-FDG PET and PET/CT have been
shown to be more sensitive than CT and MRI for
the identification of metastatic spread (Choi et al.
2010). In a review article, Grant et al. summa-
rized the results of different meta-analyses and
reported sensitivities and specificities of 75-84%
and 95-98% for PET and PET/CT, 47-58% and
92% for CT as well as 54-56% and 91-96% for
MR, respectively (Grant et al. 2014). The major-
ity of those studies comprised only limited patient
cohorts and in addition, histopathological verifi-
cation of the imaged nodes was not always pres-
ent. However, a number of studies could
demonstrate the effectiveness of the additional
information provided by PET/CT, particularly in
patients with locally advanced tumor stages,
leading to substantial changes in treatment plan-
ning (Magne et al. 2008; Bjurberg and Brun
2013). This was mainly due to an improved
assessment of extra-pelvic metastatic spread.

For some years now, integrated PET/MR scan-
ners have been commercially available and the
clinical applicability has been shown in numer-
ous clinical trials (Nie et al. 2017; Nensa et al.
2014; Sotoudeh et al. 2016). These new imaging
systems combine the diagnostic advantages of
MRI, for highly efficient morphological and
functional imaging, and the PET-component,
delivering valuable metabolic information
for tumor detection and characterization
(Fig. 5.1). Kitajima and colleagues investigated
the diagnostic potential of retrospectively fused
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Fig. 5.1 Images of a 51 years-old patient with primary
cervical cancer (Squamous cervical carcinoma). T2w TSE
images (a, e) show an exophytic growing tumor of the uter-
ine cervix (a, arrow), which does not invades the parametria
(e, arrow). Fused 18F-FDG PET/MR images (b, f) reveal a

J. Grueneisen and L. Umutlu

pathologically increased glucose metabolism of the tumor
manifestation, which nicely correlates with parts of the
tumor displaying a wash-out phenomenon (¢, g; T1w VIBE
post-contrast) as well as restricted diffusivity on diffusion-
weighted images (d, DWI: b -1000; h, ADC-map).
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18F-FDG PET- and MR-data for the evaluation
of locoregional tumor extent as well as nodal
staging in cervical cancer patients (Kitajima et al.
2014). They could show a significantly higher
accuracy of fused PET/MRI and contrast-
enhanced MRI for the determination of the
T-stage in comparison to PET/CT (83.3% vs.
53.3%). For the identification of nodal positive
patients PET/MRI and PET/CT revealed a higher
sensitivity and accuracy than MRI alone (92.3,
88.2 and 90.0% vs. 69.2, 100 and 86.7%). These
findings go in line with the results from a study
by Queiroz and colleagues, investigating the
diagnostic ability for tumor staging of cervical
cancer with a sequential trimodality PET/CT-MR
system (Queiroz et al. 2015). The authors reported
a higher accuracy of PET/MRI for the delineation
of pelvic tumor extent when compared to PET/
CT, whereas both imaging techniques performed
equivalently well for the detection of metastatic
spread. In a recently published preliminary study
comprising 27 patients, Grueneisen et al. assessed
the diagnostic utility of integrated PET/MRI for
primary whole-body staging of cervical cancers
(Grueneisen et al. 2015). Besides a good perfor-
mance for the identification of the local tumor
extent, PET/MRI revealed high sensitivity, speci-
ficity and accuracy rates (91, 94 and 93%) for the
detection of lymph node metastases. In addition,
the authors could show significant correlations
between PET- and MR-derived functional param-
eters (SUVs and ADC values) and the differentia-
tion grade of primary cervical carcinomas.
Numerous studies have demonstrated the predic-
tive value of the quantification of metabolic activ-
ity and tissue cellularity of cervical cancers,
revealing significant correlations with treatment
response as well as patient survival (Nakamura
et al. 2012; Kidd et al. 2010; Kuang et al. 2013;
Park et al. 2014). Nakamura et al. could predict a
shorter overall and disease-free survival in
patients with cervical cancer, exhibiting a higher
SUVmax in combination with lower ADCmin
values (Nakamura et al. 2012). Two further stud-
ies found significant inverse correlations between
SUV and ADC values of primary cancers of the
uterine cervix (Grueneisen et al. 2014;
Brandmaier et al. 2015). Accordingly, apart from
the interpretation of tumor morphology, inte-

grated PET/MRI bears the potential of quantita-
tive multiparametric data analysis in a single
examination approach. Hence, the simultaneous
generation of a large number of morphologic,
metabolic and functional imaging features may
contribute to a more comprehensive non-invasive
evaluation and characterization of tumor biology.
Moreover, quantitative analysis of certain func-
tional parameters can be utilized for therapy
response assessment based on changes during
primary systemic therapy (Romeo et al. 2017;
Deuschl et al. 2017; Kelly-Morland et al. 2017).
The extraction and collection of numerous
quantitative imaging features, potentially reflect-
ing the underlying pathophysiology, has been
introduced as Radiomics (Lambin et al. 2012;
Gillies et al. 2016) (Fig. 5.2). Regarding the
increasing role of personalized and precision
medicine, a multitude of data can be obtained
from medical imaging, providing complementary
information to other sources (e.g. epidemiology,
histopathology). The integration of these data
may help for improvements in clinical decision
support due to increased precision in diagnosis
and more reliable assessment of prognosis. Based
on its widespread availability and frequent use in
the field of cancer management, the information
from CT images are most widely used for
radiomics analyses so far, providing anatomical
and structural tumor information (Coroller et al.
2015; van Timmeren et al. 2017; Huynh et al.
2016). Some studies could already demonstrate
that CT-based radiomic features can function as
predictors for early tumor recurrences of hepato-
cellular carcinoma and capture information which
can be applied as prognostic biomarkers for the
occurrence of distant metastases and overall sur-
vival of lung cancer patients (Coroller et al. 2015;
Zhou et al. 2017; Aerts et al. 2014). In this con-
text, PET/MR enables an extension of the diag-
nostic spectrum, providing additional functional
data, reflecting physiological and pathophysio-
logical processes such as perfusion (DCE-MRI),
cellularity (DWI) and metabolic activity (18F-
FDG PET) of healthy tissues and neoplasms (Yin
et al. 2017). Accordingly, joint texture-based mul-
tivariable models derived from simultaneously
and pretherapeutical obtained 18F-FDG PET and
MRI data may enhance the understanding of
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Fig.5.2 35 years-old patient with tumor manifestation at
the posterior lip of the uterine cervix on T2w MR images
(a, T2w TSE). In addition to morphological tumor evalu-
ation, integrated PET/MRI enables simultaneous acquisi-

tumor biology and enable the selection of more
personalized and optimized treatment strategies
for cervial cancers patients. Moreover, these data
may deliver valuable additional information,
which may assist to predict prognosis and poten-
tially help to improve patient survival.
Approximately one third of cervical cancer
patients suffer from tumor relapse with a majority
of the cases occurring within the first two years
after initial treatment (Friedlander et al. 2002;
Bellone et al. 2007). In most cases tumor recur-
rences are confined to the female pelvis or manifest
as lymph node metastases. However, due to the

tion of different quantitative parameters: (b) T2w TSE
fused with ADC-values, (¢) T2w TSE fused with PET-
data and (d) T2w TSE fused with perfusion parameters
(klmns)

more frequent application of successful pelvic
radiation or radiochemotherapy especially in
advanced tumor stages, reducing locoregional
tumor recurrence, the number of distant metastases
has relatively increased (Fulcher et al. 1999;
Kavanagh et al. 1997). Currently, CT or MRI are
considered the standard imaging procedures for the
evaluation of a potential tumor relapse. While CT
is widely established for whole-body staging strat-
egies, MRI is frequently used for the assessment of
potential local tumor relapse within the female pel-
vis. But numerous studies already demonstrated
the superiority of hybrid imaging, in terms of
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PET/CT, over conventional cross-sectional imag-
ing modalities, providing more accurate primary
and restaging of several different tumor types
(Antoch et al. 2003, 2003; Kitajima et al. 2009;
Bar-Shalom et al. 2003). One of the major chal-
lenges of “pure” morphological assessment lies in
the differentiation between post-therapeutic
changes or local tumor recurrences (Vesselle and
Miraldi 1998). Therefore, 18F FDG-PET provides
valuable additional metabolic information, which
facilitates improved detection of tumor relapse and
the distinction to scar tissue.

Kitajima and colleagues investigated the stag-
ing performance of 18F-FDG PET/CT in com-
parison to 18F-FDG PET alone and contrast-
enhanced CT alone in a study comprising 90
patients with a suspected tumor recurrence of
cervical or endometrial cancer (Kitajima et al.
2009). The authors found a significantly higher
accuracy of PET/CT for the detection of recur-
rent cancers, leading to changes in subsequent
treatment recommendations in 42% of the

patients. Furthermore, Grueneisen and colleagues
demonstrated the diagnostic advantage of com-
bined 18F-FDG PET/MRI over MRI alone,
enabling a higher detection rate as well as higher
confidence for the identification of recurrences of
cervical and ovarian cancer (Grueneisen et al.
2014). A number of studies have investigated and
compared the staging performance of integrated
PET/MRI and PET/CT for the depiction of tumor
recurrences of female pelvic malignancies. Apart
from an overall equivalent diagnostic ability for
tumor detection, only minor differences have
been described, regarding the delineation of sus-
pect lesions in dependence of their localization
(Grueneisen et al. 2015). Previous studies
reported a higher detection rate of pulmonary
lesions with PET/CT in comparison to PET/MRI
(Fig. 5.3), particularly for lesions smaller than
10 mm (Sawicki et al. 2016a, b). On the other
hand, PET/MRI has been shown to offer a higher
accuracy for the identification and characteriza-
tion of liver metastases and better detectability of

Fig. 5.3 Images of a 47 years-old patient with a subpleu-
ral metastasis in the right lung (arrows), clearly detectable
on CT images (a), which shows a pathologically increased
glucose metabolism in PET/CT (b). The identical lesion is

barely visible on contrast-enhanced MR-images (¢, T1w
VIBE) and the diagnosis of a pulmonary metastasis has
been made in PET/MRI (d), due to the additional informa-
tion provided by 18F-FDG PET
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Fig. 5.4 TImages of a 43 years-old patient with a 18F-
FDG PET-positive sacral metastasis of cervical cancer
(arrows). The tumor manifestation cannot be clearly iden-
tified on CT images (a, b) but reveals a pathologic glucose
metabolism after image fusion in PET/CT (c).
Corresponding MR-images, acquired with one hour delay,

bone metastases when compared to PET/CT
(Fig. 5.4) (Beiderwellen et al. 2013, 2014, 2015;
Eiber et al. 2014). Moreover, based on its high
soft-tissue contrast, the MR-component as part of
a hybrid imaging technique, might be beneficial
for a more accurate delineation of local tumor
recurrences as well as for the determination of
tumor extent within the female pelvis.

Another advantage of integrated PET/MR
imaging lies in the opportunity of a significant
reduction of potentially harmful ionizing radia-
tion exposure when compared to PET/CT
(Schafer et al. 2014). Reported radiation dose

show a T2-hypointense sacral lesion (d, T2w HASTE)
with restricted diffusivity on diffusion-weighted images
(e, DWI: b-1000), highly suspicious for malignancy.
Finally, the diagnosis of a bone metastasis could be made
with a higher confidence after image fusion in PET/MRI
®

savings of PET/MRI amount to 73—-77% in com-
parison to a full-dose PET/CT scan and even of
29% when applied as an alternative to low-dose
PET/CT imaging (Grueneisen et al. 2016). This
is of particular importance considering the appli-
cation of repetitive follow-up examinations in
cancer patients and a young peak age of cervical
cancer patients. Regarding a markedly reduced
radiation exposure, PET/MR epitomizes a valu-
able alternative staging tool for cervical cancer
patients within a reasonable scan duration as
demonstrated in recent publications by
Grueneisen and Kirchner et al. (2015; 2017).
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5.2.3 Ovarian Cancer

Ovarian cancers are one of the most common neo-
plasms of the female pelvis and a leading cause of
cancer-related deaths in western countries (Siegel
et al. 2014). Despite radical/extensive surgical
treatments as well as improvements in therapeutic
strategies, patients’ prognosis remains poor when
compared to other gynecological malignancies, as
the diagnosis of ovarian cancer is frequently made
at advanced tumor stages due to the asymptom-
atic nature of early disease.

In cases of a suspected manifestation of ovar-
ian cancer, clinical evaluation and the
determination of tumor markers (e.g. cancer anti-
gen (CA)-125) are initially applied (Forstner
et al. 2010). In addition, ultrasound examinations
are performed for the identification and charac-
terization of ovarian masses. For primary tumor
staging CT is most frequently used for the assess-
ment of local tumor spread and the detection of
metastatic disease, which aids in the selection of
a surgical or a systemic treatment approach. As
demonstrated for most tumors of the female pel-
vis, previous studies have shown that MR imag-
ing enables a more reliable differentiation
between benign and malignant ovary lesions than
CT as well as a more accurate determination of
the extent of primary tumors (Hricak et al. 2000;
Forstner et al. 1995; Kinkel et al. 2005).

In case of advanced tumor stages, thus, tumor
spread beyond the female pelvis, the prognosis of
ovarian cancer patients is highly dependent on an
optimal cytoreduction during primary surgery.
Older studies found a comparable predictability to
achieve maximal tumor debulking based on the
information derived from CT or MRI (Forstner
et al. 1995; Qayyum et al. 2005). Due to technical
innovations and the introduction of diffusion-
weighted imaging techniques, the diagnostic
accuracy of MRI for tumor detection has signifi-
cantly improved over the past few years (Low
et al. 2009; Fujii et al. 2008). Michielsen and col-
leagues reported a higher accuracy of whole-body
MRI including diffusion-weighted sequences than
CT for the detection of peritoneal carcinomatosis
91% vs. 75%), retroperitoneal lymph node
metastases (87% vs. 71%) as well as for the defi-
nition of the correct tumor stage (94% vs. 56%)

(Michielsen et al. 2014). Furthermore, the poten-
tial role of PET/CT for staging ovarian cancer has
been assessed in several studies and promising
results have been demonstrated, especially for the
identification of metastatic spread (Kitajima et al.
2008; Murakami et al. 2006; Mangili et al. 2007).
A meta-analysis investigated the diagnostic value
of 18F-FDG PET imaging for the identification of
lymph node metastases in ovarian cancer patients
(Yuan et al. 2012). The authors reported a higher
sensitivity and specificity of PET or PET/CT
(73.2% and 96.7%) when compared to CT (42.6%
and 95%) and MRI (54.7% and 88.3%) (Yuan
et al. 2012). Schmidt et al. compared 18F-FDG
PET/CT and MRI for detection of peritoneal car-
cinomatosis in patients with ovarian cancer and
found a higher sensitivity of MRI (98% vs. 95%)
and higher specificity of PET/CT (96% vs. 84%)
(Schmidt et al. 2015). Fiaschetti and colleagues
assessed the potential of retrospectively fused
PET and MRI datasets for the characterization of
suspicious ovarian lesions (Fiaschetti et al. 2011).
In their study PET/MRI revealed a higher sensitiv-
ity, specificity and negative predictive value (94%,
100%, 83%) than PET/CT (74%, 80% and 44%)
and MRI alone (84%, 60%, 50%) for the identifi-
cation of ovarian tumor manifestations (Fiaschetti
et al. 2011). In a previously mentioned study,
Queiroz et al. directly compared PET/CT and
PET/MRI for staging female pelvic malignancies,
comprising 12/26 (46%) patients with ovarian
cancer (Queiroz et al. 2015). While both modali-
ties showed equivalent results for the identifica-
tion of abdominal and regional lymph node
metastases, PET/MRI enabled better determina-
tion of the local tumor extent in 5 out of the 12
cases. These findings illustrate the diagnostic
potential by combining the complementary infor-
mation of PET and MRI for more accurate pri-
mary evaluation of ovarian cancers. Accordingly,
integrated PET/MRI may help to triage the patient
towards the most appropriate treatment strategy
(e.g. primary surgery vs. neoadjuvant chemother-
apy) as well as to predict the option of an optimal
cytoreductive surgical intervention.
Approximately, two thirds of ovarian cancer
patients develop tumor relapse. In general, patient
follow-up comprises clinical examination, trans-
vaginal ultrasound as well as determination of
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tumor marker levels. However, for therapy plan-
ning and the selection of patients who will benefit
from a surgical treatment approach, reliable
information about the extent and distribution of
tumor manifestations are required. In case of a
suspected tumor recurrence, the use of CT and
MRI is widely established (Forstner et al. 2010).
For PET and PET/CT higher sensitivities for the
detection of recurrent ovarian cancer have been
shown (Kitajima et al. 2008; Gu et al. 2009).
Hence in case of suspicion of tumor relapse,
these modalities should be applied even in case of
negative or inconclusive findings in conventional
cross-sectional imaging. In a meta-analysis by
Gu et al., the authors reported a pooled sensitiv-
ity, specificity and AUC of 91%, 88% and 0.96
for PET/CT, 75%, 78% and 0.80 for MRI, 79%,
84% and 0.88 for CT as well as 69%, 93% and
0.92 for CA-125 for the identification of recur-
rent disease (Gu et al. 2009). Menzel et al. could
demonstrate a high accuracy of PET for tumor
detection, especially in high-risk patients which
showed elevated CA-125 levels (Menzel et al.
2004). Furthermore, Murakami et al. found a sen-
sitivity of 97.8% for the detection of recurrent
ovarian cancer by combining the information of
PET data and CA-125 (Murakami et al. 2006).
In a mixed population of 34 women with a
suspected recurrence of a female pelvic malig-
nancy, Grueneisen and colleagues assessed and
compared the performance of whole-body MRI
and PET/MRI for restaging female pelvic malig-
nancies (Grueneisen et al. 2014). PET/MRI
enabled correct identification of 25/25 (100%)
patients with cancer recurrence, while MRI
alone detected 23/25 (92%) patients correctly. In
addition, PET/MRI provided a higher detection
rate of malignant lesions, when compared to
MRI alone (98.9% vs. 88.8%). A number of
studies have compared the diagnostic value of
PET/MRI and PET/CT for whole-body restag-
ing of female pelvic cancers (Grueneisen et al.
2015; Kirchner et al. 2017; Beiderwellen et al.
2015). In general, the authors found comparable
to equivalent detection rates of tumor recurrence
on a per-patient- and per-lesion basis, while
minor differences were shown between the two
imaging modalities for lesion detection in
dependence of their localization. Beiderwellen

et al. reported a higher diagnostic confidence for
the determination of local tumor recurrences and
lymph node metastases using PET/MRI
(Beiderwellen et al. 2015). These early study
results of integrated PET/MR imaging indicate
the high diagnostic potential of this emerging
hybrid imaging technique to facilitate improved
detection and delineation of ovarian cancer
recurrences and provide useful information for
the definition of resectable/unresectable disease
extent (Figure 5.5).

5.2.4 Endometrial Cancer

Endometrial cancer is the most frequently diag-
nosed gynecological malignancy in developed
countries (Torre et al. 2015). Typical clinical
symptoms such as abnormal or postmenopausal
bleeding usually occur at an early stage of the
disease, which results in good survival rates,
when appropriate diagnostic and therapeutic
measures are initiated. In symptomatic patients,
clinical examination and transvaginal ultrasound
are applied for primary tumor evaluation. Since
endometrcial cancers are surgically staged, fur-
ther preoperative imaging is not generally recom-
mended. Important prognostic determinants are
the local tumor extent, the occurrence of lymph
node and distant metastases as well as the histo-
logic subtype (Beddy et al. 2012). Based on its
high soft-tissue contrast, the utilization of
dynamiccontrast-enhancedimaginganddiffusion-
weighted sequences, MRI is considered highly
accurate for the determination of local tumor
extent within the female pelvis (Beddy et al.
2012; Sala et al. 2007). MRI has been shown
superior to CT or ultrasound for the assessment
of the depth of myometrial tumor invasion, repre-
senting one of the most important prognostic fac-
tors (Sala et al. 2007; Kinkel et al. 1999; Kim
et al. 1995). Previous studies could demonstrate
that the presence of lymph node metastases
increased from 3% in cases with superficial myo-
metrial tumor infiltration to 46%, when tumor
invasion extended > 50% of myometrial depth
(Larson et al. 1996; Berman et al. 1980). Reported
sensitivities and specificities of MRI for the
determination of the depth of myometrial tumor
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Fig. 5.5 Images of a 25 years-old patient with a tumor
recurrence of ovarian cancer adjacent to the right psoas
muscle (arrows), which shows a focally increased tracer
uptake in PET/CT and PET/MRI (a, b). When compared

Fig. 5.6 Images of a morphologically inconspicuous
paraaortic lymph node (a, T1w VIBE), displaying slighty
increased signal intensity in diffusion-weighted images
(b, DWI: b-1000). The diagnosis of a lymph node metas-

invasion vary between 70-95% and 80-95%,
respectively (Sala et al. 2013). Moreover, MRI
offers an excellent accuracy for the identification
of cervical involvement, which requires modifi-
cations in surgical treatment, in terms of more
extensive tumor resection (Sala et al. 2013;
Murakami et al. 1995; Freeman et al. 2012).
Furthermore, increasing evidence has underlined
the added value of presurgical treatment planning
via MRI, yielding valuable information in case of
high grade tumors and advance tumor stage at the
time of diagnosis (Kinkel et al. 2009; Querleu
et al. 2011).

to the CT-component (¢), MRI (d) enables better detection
and delineation of the tumor manifestation, based on a
higher soft-tissue contrast

tasis has been made due to the identification of a patho-
logically increased glucose metabolism after image fusion
in PET/MRI (c)

The presence of pelvic and/or paraaortic
lymph node metastases in endometrial cancer has
impact on surgical treatment and adjuvant thera-
peutic strategies and designates the patient to a
stage IIIC or higher (Freeman et al. 2012;
Creutzberg et al. 2000; Kim et al. 2016).
Morphological criteria, as most commonly
applied in conventional cross-sectional imaging
modalities, have not been proven sufficient for the
correct identification of lymph node involvement
(Fig. 5.6) (Rockall et al. 2007; Park et al. 2008).
Rockall and colleagues reported a sensitivity and
specificity of 44% and 98%, respectively, for the
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identification of lymph node metastases using
MRI (Rockall et al. 2007). In another study com-
prising 287 patients, Kim and colleagues investi-
gated the staging performance of MRI and PET/
CT in the detection of nodal positive patients
(Kim et al. 2016). The authors found a signifi-
cantly higher sensitivity, specificity, PPV, NPV
and accuracy of PET/CT (70.0, 95.4, 74.4, 94.3
and 91.3%) in comparison to MRI (34.0, 95.0,
58.6, 87.2 and 84.3%). In addition, PET/CT
showed a high sensitivity, specificity and NPV
(92.9, 98.9 and 99.6%) for the detection of distant
metastases (Kim et al. 2016). Furthermore,
Kitajima and colleagues analyzed the diagnostic
value of a retrospective fusion of pelvic MR- and
18F-FDG PET-datasets for locoregional tumor
staging of primary endometrial carcinoma in
comparison to MR alone and PET/CT (Kitajima
et al. 2013). Fused PET/MRI was most effective
for the determination of the local tumor extent
and pelvic lymph node staging. An initial study
on a trimodality PET/CT-MR system reported
similar results, yet, comprising a mixed study
population with only four patients diagnosed with
endometrial cancer (Queiroz et al. 2015). Based
on these initial results on hybrid imaging in endo-
metrial cancer, integrated PET/MRI bears the
potential to provide valuable information for ini-
tial treatment planning and the definition of a
multimodal therapeutic concept, particularly in
high risk patients and or advanced tumor stages,
thus, being inherently associated to an increased
risk of metastatic spread.

Approximately, 15% of primarily treated
endometrial cancer patients develop recurrent
disease (Creutzberg et al. 2000; Todo et al.
2010). Almost 90% of tumor recurrences occur
within 3 years after initial treatment and the
most common sites are lymph nodes or the vag-
inal vault (Sohaib et al. 2007). If tumor mani-
festations are still confined to the female pelvis,
they are preferentially treated with surgical
resection or pelvic radiation. However, if dis-
tant metastases are present, the therapeutic
options are limited. CT, MRI and PET/CT are
frequently applied imaging modalities for the

assessment of a suspected tumor relapse. MRI
is considered helpful for the evaluation of sur-
gical resectability of local recurrences within
the female pelvis. Furthermore, CT is widely
established for a whole-body restaging
approach to detect recurrent pelvic and distant
disease. However, previous studies have found
a significantly higher sensitivity of PET/CT
than CT for the identification of disease recur-
rences, which had a substantial effect on further
treatment planning (Kitajima et al. 2009;
Belhocine et al. 2002). A systematic review
article reported a pooled sensitivity and speci-
ficity of 95.8% and 92.5% of 18F-FDG PET/
CT for the depiction and localization of recur-
rences in post-therapeutical follow-up of endo-
metrial cancer patients (Kadkhodayan et al.
2013). A few initial studies compared the diag-
nostic capability of integrated PET/MRI and
PET/CT for restaging female pelvic malig-
nances and found comparable results for tumor
detection comparable to other tumors of the
female pelvis (Grueneisen et al. 2015; Kirchner
et al. 2017; Beiderwellen et al. 2015).
Accordingly, PET/MRI bears the potential for
highly accurate evaluation of endometrial can-
cer patients with a suspected tumor recurrence
and may provide useful information, especially
for further treatment planning of intrapelvic
tumor manifestations.

Conclusion

Cancers of the female pelvis represent one of
the most appreciative application fields of
integrated PET/MR imaging, as the inherently
high soft-tissue contrast of MRI, as well as the
combined analysis of morphologic, functional
and metabolic data bear the potential for
improved detection of potential primary, met-
astatic or recurrent cancerous lesions in a
“one-stop-shop-imaging” setting. Emerging
applications of radiomics analyses are awaited
to leverage hybrid imaging to improved under-
standing of tumor biology and contingently
result in ameliorated targeted/personalized
treatment.
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PET/MRI and Molecular Imaging in

Breast Cancer

Amy Melsaether, Roy Raad, Thomas Helbich,
Linda Moy, and Katja Pinker

6.1 PET/MRI of the Breast

MRI is an indispensable tool in breast imaging
with multiple established indications (Sardanelli
et al. 2010, 2017; D’Orsi et al. 2013). Dynamic
contrast-enhanced MRI (DCE-MRI) is the back-
bone of any standard MRI breast protocol and the
most sensitive method for breast cancer detection
with sensitivities ranging up to 98—100%, but vari-
able specificities ranging from 47-97% (Sardanelli
et al. 2010; D’Orsi et al. 2013; Pinker et al. 2009;
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Pinker-Domenig et al. 2012; Morris 2007; Morrow
etal. 2011; Mann et al. 2015). The effectiveness of
DCE-MRI relies on its ability not only to provide
high-resolution morphological information about
a given tumor but also functional information
about tumor neo-angiogenesis as a cancer specific
hallmark. In their multi-step development, cancers
acquire several other hallmark capabilities such as
proliferative signaling, evading growth suppres-
sors, resisting cell death, enabling replicative
immortality and activating invasion and metastasis
(Hanahan and Weinberg 2000; 2011). To over-
come the limitations of DCE regarding its specific-
ity, multiple other functional MRI parameters such
as diffusion-weighted imaging (DWI), proton
magnetic  spectroscopic imaging (‘H-MRSI),
phosphorus MRSI, sodium imaging or chemical
change saturation transfer imaging (CEST) have
been developed and investigated to interrogate
more cancer hallmarks in breast imaging, reveal-
ing encouraging results (Dorrius et al. 2014;
Baltzer et al. 2012; Schmitt et al. 2011; Zaric et al.
2016; Bogner et al. 2009, 2012; Gruber et al. 2011,
2016; Pinker et al. 2012). Despite challenges
unique to the individual MRI parameters, some of
these parameters, e.g. DWI or 'H-MRSI have been
successfully translated from experimental to clini-
cal breast imaging. Their combined application
with DCE-MRI is defined as multiparametric MRI
(mpMRI) of the breast and data indicate that
mpMRI of the breast improves diagnostic accu-
racy in breast cancer, obviates unnecessary breast
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biopsies, and enables an improved assessment and
prediction of response to neoadjuvant therapy
(Rahbar et al. 2011; Minarikova et al. 2017; Pinker
et al. 2013, 2014a, b, 2016; Spick et al. 2014;
Rahbar and Partridge 2016; Schmitz et al. 2015;
Baltzer et al. 2016; Ei Khouli et al. 2010; Yabuuchi
et al. 2008, 2010).

PET is a well-established diagnostic nuclear
medicine imaging method that enables the assess-
ment of physiological processes using different
radiotracers. However, PET alone provides lim-
ited anatomical information and has a low spatial
resolution, which results in difficulties in lesion
localization and the assessment of potential
tumor infiltration into adjacent organs. Therefore,
PET is commonly performed in conjunction with
other imaging modalities such computed tomog-
raphy (CT). The most commonly used radiotracer
in oncology is ['®F]Fluorodeoxyglucose (['3F]
FDGQG). ['F]FDG PET allows the interrogation of
another cancer hallmark- reprogramming of
energy metabolism- by the assessment of tissue
glycolysis, which is typically increased in cancer.
In breast imaging ["*F]JFDG PET/CT has emerged
as a valuable tool and is indicated in the local,
regional, and axillary staging of locally advanced
metastatic or recurrent breast cancer and in the
response evaluation of locally advanced and met-
astatic breast cancer to treatment (Koolen et al.
2012; Moy et al. 2007a; Yutani et al. 1999; Avril
and Adler 2007). However, ["*FIFDG PET/CT is
limited in the detection of small lesions and low
grade cancers with sensitivities ranging from
80-87% and specificities ranging from 73-100%,
which is inferior to MRI. It is therefore currently
not recommended as the method of choice for
local staging of known or suspected primary
breast malignancies when MRI is available
(Samson et al. 2002; Fletcher et al. 2008).

In efforts to combine the advantages of MRI
and PET, the concept of PET/MRI has been
explored. Several clinical studies evaluated the
potential of fused ['*F]FDG PET and DCE-MRI
for breast cancer diagnosis (Moy et al. 2007a, b,
Moy et al. 2010; Garcia-Velloso et al. 2017;
Domingues et al. 2009). Moy et al. compared
prone [®F]FDG PET and fused ['*F]FDG PET/
MRI. The authors demonstrated that prone ['3F]

FDG PET scans were suitable for fusion with
DCE-MRI of the breast and increased the confi-
dence of the readers in lesion assessment (Koolen
et al. 2012; Yutani et al. 1999; Moy et al. 2007b;
Bitencourt et al. 2014a). Domingues et al. inves-
tigated fused PET/MRI using [“¥F]JFDG and
DCE-MRI and concluded that ["*F]JFDG PET/
MRI provides accurate morphological and func-
tional data for an improved diagnostic accuracy
in breast cancer (Domingues et al. 2009).
Bitencourt et al. extended the protocol to include
DWI for the assessment of breast tumors and
reported that mpPET/MRI using three parame-
ters showed good diagnostic accuracy for breast
cancer diagnosis (Bitencourt et al. 2014b). To
fully exploit the potential of mpPET/MRI, Pinker
et al. used a protocol including multiple func-
tional MRI parameters, i.e. DCE-MRI, DWI,
'"H-MRSI, and ["®F]FDG for the assessment of
breast tumors (Pinker et al. 2014b). Mp [*F]FDG
PET/MRI provided an improved differentiation
of benign and malignant breast tumors when sev-
eral MRI and PET parameters were combined
without missing any cancers (Figs. 6.1 and 6.2).
In addition, the authors concluded that ['*F]FDG
PET/MRI may lead to an up to 50% reduction of
unnecessary breast biopsies.

Most recently integrated PET/MRI systems
have been developed and introduced into clinical
routine. These PET/MRI scanners allow the
simultaneous assessment of the multiple hall-
mark processes in cancer development and pro-
gression at multiple levels and therefore can
provide a plethora of morphologic, functional,
metabolic, and molecular information on breast
tumors. To date hybrid PET/MRI data in breast
imaging is still scarce. However, initial results for
different indications are promising and encour-
age further research.

6.1.1 Differentiation of Benign

and Malignant Breast Tumors

In an initial study Pace et al. compared whole-
body [*F]FDG PET/MRI to ['®F]FDG PET/CT of
the breast and demonstrated that integrated whole-
body PET/MRI is feasible in a clinical setting
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Fig. 6.1 Invasive ductal carcinoma grade 3 (IDC) in the
left breast in a 55-year-old woman. The irregular shaped
and spiculated mass lesion demonstrates (a) initial strong
enhancement heterogenous enhancement followed by a
wash-out (b). DWI shows a restricted diffusivity with low
apparent diffusion coefficient (ADC) values (0.86 x 1073

Slice Mumber: 97176

Signal Intensity

Time [sech

Fig.6.2 Fibroadenoma in a 39-year-old woman, laterally
in the left breast. The slightly irregularly shaped and mar-
ginated mass (a) demonstrated a heterogeneous medium/
persistent contrast enhancement (b) and was classified as
BI-RADS 4 in DCE-MRI. On diffusion-weighted imag-

with high quality and in a short examination time
(Pace et al. 2014). Botsikas investigated sequen-
tial ['"*F]FDG PET/MRI for the detection and pri-
mary staging of breast cancer (Botsikas et al.
2016). In a sequential PET/ MRI system, the MRI
and the PET are located in the same room at a
certain distance and share a common rotating
table. The patient is first scanned on one device
(MRI), after which the table rotates and the patient
is scanned on the second device (PET). This
approach also allows PET/MRI the acquisition of
automatically co-registered sequentially acquired
PET and MR images. In this study the authors
reported areas under the curve (AUC) for breast

mm?s) (¢). On proton magnetic resonance spectroscopic
imaging, there was a choline peak at 3.2 ppm (dashed
arrow) (d). The lesion is highly ['"*F]FDG-avid with an
SUVmax of 5.35 further hinting at malignancy (e).
Multiparametric PET/MRI accurately classified the lesion
as BI-RADS 5 (highly suggestive of malignancy)

ing (DWI), the ADC values (1.616 x 107> mm?/s) (f) were
well above the threshold for malignancy (c) and the lesion
is not "![F]JFDG avid (d) thus allowing an accurate classi-
fication as a benign finding (BI-RADS 3- probably
benign) with mp ["*F]JFDG PET/MRI

cancer detection of 0.9558, 0.8347 and 0.8855
with MRI, qualitative and quantitative ['"*FJFDG
PET/MRI, respectively (p = 0.066). The specific-
ity for MRI and ["*F]FDG PET/MRI for primary
cancers was 67 and 100% (p = 0.03) and for
lymph nodes 98% and 100% (p = 0.25). The
authors conclude that in breast cancer patients,
MRI alone has the highest diagnostic accuracy for
primary tumors, yet for the assessment of nodal
metastases both MRI and ['*F]FDG PET/MRI are
highly specific.

Jena et al. focused on the reliability of phar-
macokinetic DCE-MRI parameters (Ktrans, Kep,
ve) derived as part of a routine high resolution
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breast MRI protocol when using a simultaneous
[FIJFDG PET/MRI system for the differentia-
tion of benign and malignant lesions. The results
suggest that a reliable measurement of pharma-
cokinetic parameters with reduced acquisition
time is feasible. In this study receiver operating
characteristic (ROC) curve analysis revealed a
cut off value for Ktrans, Kep, ve as 0.50, 2.59,
0.15 respectively, which reliably distinguished
benign and malignant breast lesions. There was
an overall diagnostic accuracy of 94.50%,
79.82% and 87.16% for Ktrans, Kep, ve respec-
tively. The introduction of native T1 normaliza-
tion with an externally placed phantom enabled a

higher accuracy than without native T1 normal-
ization (93.50% vs. 94.50%) with an increase in
specificity of 87% vs. 84% (Jena et al. 2017).

6.1.2 Primary Staging of Breast
Cancer

Tanjea et al. assessed the utility of ["¥F]FDG
PET/MRI in the initial staging of breast carci-
noma (Taneja et al. 2014). In this study 36
patients with breast cancer underwent dedicated
breast primary and nodal as well as whole body
staging (Fig. 6.3). The study showed a sensitivity

Fig. 6.3 Invasive ductal cancer in the right breast (thick
arrows). 1 min subtraction MIP image (a) ['*FIFDG PET/
MRI fused axial (b) show a metabolically active mass with
satellite lesions. STIR axial (d) and ["*F]JFDG PET/MRI
fused axial (e) showing ['*F]JFDG avid marrow lesion in the
right iliac bone (thin arrows in (d) and (e)). ['*FIFDG PET/
MRI MIP image (g) shows multiple focal hypermetabolic
areas (thick arrows). STIR sagittal (h) and ['SF]FDG PET/
MRI fused sagittal (i) show multiple mildly ["*F]FDG avid

marrow lesions in vertebrae (arrow heads). 1 min subtrac-
tion MIP image (¢) STIR axial (f) and STIR sagittal (j) show
marked regression of primary breast as well as osseous
lesions after chemotherapy. Reprinted with permission
from: Taneja S, Jena A, Goel R, Sarin R, Kaul
S. Simultaneous whole-body *F-FDG PET-MRI in primary
staging of breast cancer: a pilot study. Eur J Radiol.
2014;83(12):2231-9
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of 60% and 93.3% for PET and MRI. In the
detection of axillary lymph nodes metastases
there was a specificity of 91% for both and a
false-negative rate of 6.7% on MRI and 40% on
[FIFDG PET. ["®F]JFDG PET/MRI increased
diagnostic confidence for nodal involvement.
Distant metastases were found in 22% of patients
at the time of diagnosis. Overall ['*F]FDG PET/
MRI led to a change in management in 12
(33.3%) patients. The authors conclude that in
this pilot study simultaneous ["*F]JFDG PET/
MRI has been useful in whole-body initial stag-
ing of breast cancer patients. Eun-Jung Kong
et al. investigated the application of combined
whole-body and dedicated ["*F]JFDG PET/MRI
of the breast in 42 breast cancer patients (Kong
et al. 2014). They authors conclude that such a
“one-stop-shopping” examination is feasible and
facilitates the benefits of combining high-resolu-
tion local breast and whole-body staging with
metabolic images. They found that ["*F]JFDG
breast PET/MRI utilizing a dedicated coil is still
necessary to enable an accurate diagnosis and
staging of invasive carcinomas that are less than
1 cm in size.

6.1.3 Assessment of Tumor
Aggressiveness

Margolis et al. investigated the feasibility of ded-
icated ["*F]JFDG PET/MRI of the breast to assess
the synergy of MR pharmacokinetic and ['8F]
FDG uptake data to determine tumor aggressive-
ness in terms of metastatic burden and Ki67 sta-
tus (Fig. 6.4) (Margolis et al. 2016). In this study
patients with systemic metastases showed signifi-
cantly lower kep values compared to patients
with local disease (0.45 vs. 0.99 min~', p=0.011).
Metastatic burden was positively correlated with
Ktrans and standardized uptake values (SUV),
and negatively with kep. Ki67 positive tumors
showed a significantly greater Ktrans compared
to Ki67 negative tumors (0.29 vs. 0.45 min~!,
p = 0.03). These preliminary data suggest that
MRI pharmacokinetic and ['*F]JFDG PET param-
eters may aid in the assessment of tumor aggres-
siveness and metastatic potential.

6.1.4 Therapy Monitoring

In a case-report study of four patients with locally
advanced breast cancer, Romeo et al. evaluated
the response to neoadjuvant cytotoxic and endo-
crine therapy with mp ['"8F]JFDG PET/MRI using
DCE-MRI with pharmacokinetic modelling,
DWI and maximum standard up-take values
(SUVmax) (Romeo et al. 2017) (Fig. 6.5).
Therapy monitoring in both types of neoadjuvant
treatment with mp ['*F]JFDG PET/MRI was suc-
cessfully performed and the authors conclude
another potential application for [*F]JFDG PET/
MRI in breast cancer care might be the concur-
rent evaluation of breast tumor extension, nodal
involvement, for the detection of distant metasta-
sis, and for treatment monitoring.

6.1.5 Breast Cancer Recurrence

Grueneisen et al. investigated whole-body mp
['"*FIFDG PET/MRI for the detection of local,
regional and distant recurrences of breast cancer
(Grueneisen et al. 2017). mpPET/MRI readings
showed a significantly higher accuracy and
higher confidence levels for the detection of
recurrent breast cancer lesions when compared to
MRI alone (p < 0.05). Although for the detection
of local recurrences dedicated mpMRI of the
breast is most likely sufficient, combined whole
body and dedicated ['SF]JFDG PET/MRI of the
breast has an inherent benefit of simultaneous
accurate regional and distant staging.

6.1.6 Future Developments
and Potential Applications:
Specific Radiotracers

PET/MRI of the breast is currently mainly per-
formed using the radiotracer [®¥F]FDG. ['*F]JFDG
is a very sensitive, yet not very specific radiotracer
and there is a significant overlap in the uptake
behavior of benign and malignant lesions. To over-
come these limitations, more specific radiotracers to
target hallmark processes involved in cancer devel-
opment and progression are continuously being
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Fig. 6.4 39 year old female with ER, PR, and HER2
positive right breast cancer. Left top to bottom: MR PET
Fusion, PET, and MR axial radial VIBE images. Right top
to bottom: Ktrans, KEP, and VP color maps. Regions of
interest have been drawn over the enhancing area of the

tumor as depicted by the radial VIBE sequence Reprinted
with permission from: Margolis NE, Moy L, Sigmund EE
et al. Assessment of aggressiveness of breast cancer using
simultaneous 18F-FDG-PET and DCE-MRI: preliminary
observation. Clin Nucl Med. 2016:;41(8):e355-61
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developed such as '®F-fluorodeoxythymidine ([*F]
FLT) and "*F-deoxyfluoroarabinofuranosylthymine
(['"*FIFMAU) for DNA synthesis and cell prolifera-
tion; ['®F-fluoromisonidazole (['*FIFMISO) for the
assessment of tumor hypoxia, or ¥F-fluoroestradiol
(['|F]FES) or ®F-fluorodihydrotestosterone (['*F]
FDHT) for the assessment of receptor status and
are also being investigated for breast imaging:
Although these specific radiotracers currently
play a greater role in whole body staging and ther-

T1FS + mdc

Ktrans

Fig. 6.5 (a) Invasive ductal/lobular cancer in a 54-year
old female. Multiparametric evaluation of morphological
(STIR and DCE), metabolic (PET) and functional (DWI,
ADC, iAUC, Ktrans, kep, Ve) parameters before cytotoxic
chemotherapy. A large tumoral mass with significant post-
contrast enhancement, increased of ['"FJFDG uptake,
restricted diffusivity and increased perfusion is appreci-
ated. (b) Multiparametric evaluation of morphological
(STIR and DCE), metabolic (PET) and functional (DWI,
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apy monitoring of advanced breast cancer, their
application has also been investigated for primary
breast lesions. A promising application seems to
be the assessment of tumor hypoxia as one of the
most pervasive tumor microenvironmental factors
and a feature of most solid tumors (Grueneisen
et al. 2017). Conclusive research has shown that
tumor hypoxia is one of the key factors in induc-
ing the development of cell clones with an aggres-
sive and treatment-resistant phenotype that leads

ADC, iAUC, Ktrans, kep, Ve) parameters after the second
cycle of cytotoxic chemotherapy. A significant reduction
of tumor volume, [¥F]FDG, perfusion and an increased
diffusivity are now detected compared to the pre-treatment
evaluation. Reprinted with permission from: Romeo V,
D'Aiuto M, Frasci G, Imbriaco M, Nicolai E. Simultaneous
PET/MRI assessment of response to cytotoxic and hor-
mone neo-adjuvant chemotherapy in breast cancer: a pre-
liminary report. Med Oncol. 2017;34(2):18
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Fig. 6.5 (continued)

to rapid progression and a poor prognosis (Ruan
et al. 2009; Vaupel 2008; Hockel et al. 1996a, b;
Hockel and Vaupel 2001a, b; Okunieff et al. 2003;
Tatum et al. 2006; Vaupel et al. 2002). The radio-
tracer ['*F]FMISO has a high affinity to hypoxic
cells with active nitroreductase enzymes and
accumulates in activated tumor cells, but not
necrotic cells. Cheng et al. investigated whether
['*F]JFMISO PET/CT can predict primary resis-
tance to endocrine therapy in estrogen-receptor-
positive breast cancer, and found a significantly
positive correlation between baseline ['*F]JFMISO
uptake and clinical outcomes after >3 months of
primary endocrine therapy with letrozole. These
preliminary results indicate that ["“F]JFMISO
PET/CT may be an effective method for early
monitoring of response to neo-endocrine therapy
(Cheng et al. 2013). In a recent feasibility study,

A. Melsaether et al.

PET

Pinker et al. investigated fused mp PET/MRI of
breast tumors with DCE-MRI, DWI, [¥F]FDG,
and [*F]FMISO in eight patients (Fig. 6.6). MRI
and PET parameters were correlated with patho-
logical features, grading, proliferation-rate (ki67),
immuno-histochemistry, and the clinical end-
points: metastasis and death (Pinker et al. 2015).
There were several moderate-to-excellent correla-
tions between quantitative imaging markers,
grading, receptor status, and proliferation rate.
DCE-MRI, ['|F]FDG-, and ['SF]JFMISO-avidity
strongly correlated with the presence of metasta-
ses [r=0.75 (p <0.01), 0.63 (p =0.212), and 0.58
(» = 0.093)], and patients’ death [r = 0.60
(p=0.09),0.62 (p =0.08), 0.56 (p = 0.11)]. These
initial data suggest that mp['*F]FDG /["*F]JFMISO
PET/MRI might be able to provide quantitative
prognostic information in breast cancer patients.
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Fig. 6.6 Invasive ductal carcinoma triple-negative grade
3 (IDC) with ki-67 90% in the right breast in a 70-year-old
woman. The irregular shaped and marginated mass lesion
demonstrates (a) a strong enhancement rim with central
necrosis and several satellite nodules in the immediate
vicinity. DWI shows a restricted diffusivity with low

In summary, mpPET/MRI of the breast with
different functional MRI parameters visualizes
and quantifies processes of cancer development
and progression at multiple levels, and provides
specific information about the hallmarks of can-
cer. Initial results indicate that mp['*F]FDG-,
PET/MRI of the breast can improve diagnostic
accuracy in breast cancer and obviate unneces-
sary breast biopsies. It can be expected that in the
future the role of PET/MRI will further increase
through application of specific radiotracers and
that it might play a major role as part of precision
medicine in breast cancer.

6.2  Molecular Breast Imaging

Tools BSGl and PEM

Two molecular breast imaging tools—breast-
specific gamma imaging (BSGI)/molecular
breast imaging (MBI) and positron emission
mammography (PEM) have been introduced
recently. Both exams use dedicated breast-
specific gamma technology to detect increased
blood flow to cancerous cells in the breasts.
While BSGI/MBI is based on the assessment of
Tc-99 m sestamibi uptake, PEM uses F18-
fluorodeoxyglucose (FDG). The benefit of both
exams is that they have a higher spatial resolution
than PET/CT and may detect small breast tumors
that are below the resolution of conventional PET
equipment. A drawback is that these imaging
studies do not evaluate anatomy. Hence, they dif-

apparent diffusion coefficient (ADC) values (0.665 x 103
mm?s) (b). The enhancing part of the lesion and espe-
cially the satellites are highly ['"*F]FDG-avid indicating
increased tissue glycolysis (¢) and "®[F]MISO-avid indi-
cating tumor hypoxia as a prognostic bad indicator (d)

fer from conventional breast imaging studies
such as mammography, ultrasound and MRI,
where the anatomy is clearly depicted. Another
limitation is that both tests only facilitate local
staging of the breast and axilla and do not enable
assessment of distant metastases.

One of the commercially available BSGI sys-
tems, the Dilon 6800 system (Dilon Technologies,
Newport News, Va), uses a single 15 x 20-cm
detector plate composed of an array of 3 x 3-mm
sodium iodide crystals. Similar to mammogra-
phy, the breast is compressed between the detec-
tor plate and a compression paddle. The images
obtained are in projections similar to conven-
tional mammographic views. PEM uses a pair of
dedicated gamma radiation detectors placed
above and below the breast and mild breast com-
pression to detect coincident gamma rays after
administration of 18F-FDG.

Small single center studies have compared
BSGI to mammography in asymptomatic high
risk women with dense breasts in the screening
setting. They found that BSGI detects mammo-
graphically occult breast cancers and is unaf-
fected by dense breast tissue, a major drawback
of conventional mammography (Brem et al.
2002, 2005, 2008; Rechtman et al. 2014). Rhodes
et al. demonstrated that BSGI had a breast cancer
detection rate three times that of mammography
(9.6 per 1000 vs. 3.2 per 1000) when a dose of
740 MBq (20 mCi) of 99mTc-sestamibi was
injected (Rhodes et al. 2011). However, there are
concerns about the radiation risk from BSGI as a
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screening tool (Hendrick and Tredennick 2016).
In 2015, Rhodes published a follow up study
where a lower dose of 300 MBq (8 mCi) was
used. The results revealed a higher cancer detec-
tion rate of BSGI (10.7 per 1000) compared to
mammography alone (3.2 per 1000) despite using
a lower dose (Rhodes et al. 2015). The cancer
detection rate for mammography combined with
BSGI was 12.0 per 1000 (Rhodes et al. 2015).
Additional studies are necessary to determine if
the reduced-dose BSGI may be an appropriate
supplemental breast cancer screening tool in
women with dense breasts given the radiation
risk  (Hendrick and Tredennick 2016).
Comparable to BSGI systems, PEM is also com-
mercially available. However, the clinical utility
of PEM has yet to be demonstrated, restricting its
successful establishment into clinical imaging.

6.3  Whole Body PET/MRI

in Breast Cancer

PET/MRI is particularly exciting in the context
of whole body imaging for breast cancer patients,
facilitating a single, thorough exam with high
sensitivity in typical sites of metastasis. At pres-
ent, there is no uniform recommendation for
body imaging in newly diagnosed breast cancer
patients. If performed, body imaging is non-
standardized and may consist of a PET/CT or of
a mix of radionuclide bone scan, chest radio-
graph, abdominal and pelvic CT, and brain MRI,
depending on a patient’s symptoms. Notably, in
patients with breast cancers 2 cm or greater,
whole body imaging has been shown to detect
clinically occult distant metastases in approxi-
mately 6-10% of patients (Bernsdorf et al. 2012;
Groheux et al. 2008) and clinically occult non-
axillary nodal metastases in up to 22% of patients
(Taneja et al. 2014; Groheux et al. 2008).
Detection of early, still isolated organ metastases,
especially in the brain and liver, is important
because local treatment of early metastatic dis-
ease has been shown to improve local control and
thereby, quality and length of life (Selzner et al.
2000; Mack et al. 2004; Patchell et al. 1990; De
Ieso et al. 2015).

Shortcomings that hinder broader implemen-
tation of whole body imaging at the time of diag-
nosis likely include a lack of uniform
recommendations and, in case of PET/CT, a rela-
tively high radiation dose of up to approximately
32 mSv. The Lifetime Attributable Risk (LAR) of
radiation induced breast cancer due to a single
18FDG-PET/CT has been estimated at up to
0.25%, or 2.5/1000 patients in 30-60 year old
women (Huang et al. 2009; Brix et al. 2005).
Moreover, PET scans can show high physiologic
uptake of FDG in the brain and liver that may
obscure underlying lesions (Moon et al. 1998;
Gallowitsch et al. 2003).

PET/MRI is a whole body examination that
requires significantly less radiation PET/CT
(Melsaether et al. 2016) and provides high sensi-
tivity in lymph nodes, bone, liver, and brain via
its novel ability to acquire MR data concurrently
with metabolic PET data. Early studies specifi-
cally in breast cancer patients typically compare
PET/MRI with PET/CT and are encouraging,
suggesting that replacing CT with MRI does pro-
vide some gains in the search for metastatic dis-
ease. In general, small studies consistently show
that PET/MR detects the same or a few more sys-
temic metastases than PET/CT or PET alone
(Pace et al. 2014; Taneja et al. 2014). In assessing
bone metastases, Catalano et al. (2015), showed
that PET/MRI found not only more osseous
metastases, but also more osseous metastases in
more patients as compared with PET/CT. One
concern is that PET/MRI may miss lung metasta-
ses. Raad et al. demonstrated that while PET/
MRI did miss small lung nodules in oncologic
patients, 97% of the missed nodules were stable
at follow-up, suggesting that the missed nodules
may be clinically unimportant (Raad et al. 2016).
Melsaether et al. found that PET/MRI detected
liver, lymph node, bone, and brain metastases not
seen on PET/CT. While some of these differences
in detection were significant at the lesion level,
none reached significance at the patient level,
likely because larger patient cohorts would be
needed (Melsaether et al. 2016). Finally,
Grueneisen et al. looked at PET/MR another way
and, rather than comparing PET/MR to PET/CT,
showed that adding PET to whole body MR
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increases sensitivity and overall accuracy in
breast cancer patients (Grueneisen et al. 2017). In
that same vein, Heusner et al. demonstrated that
adding PET to DWI greatly improves the speci-
ficity of DWI in whole body imaging (Heusner
et al. 2010).

One of the strengths of PET/MRI is that it is
highly customizable. The acquired MR sequences
can be varied and adapted accordingly to the
request of each of the 6-7 bed positions involving
the thighs to the vertex that comprise a PET/MR
examination. For example, one could run a T2
weighted post-contrast fluid attenuated inversion
recovery (FLAIR) sequence during the brain sta-
tion to look for leptomeningeal disease and diffu-
sion weighted imaging (DWI) during the liver
station in the interest of characterizing liver
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lesions. Research as to which sequences are the
most useful overall and at each station is ongo-
ing. Grueneisen et al. found similar sensitivities
for PET combined with MR half-fourier acquisi-
tion single-shot turbo spin-echo (HASTE) and
DWI, PET combined with MR HASTE and
T1-post contrast imaging, and PET combined
with MR HASTE, DWI, and T1-post contrast
imaging (Grueneisen et al. 2017). They noted
that reader confidence was significantly higher
when a T1-post contrast sequence was included,
as would be expected because of the superior
anatomic imaging this sequence provides.

Melsaether et al. looked at individual organ sys-
tems and found that the post-contrast T1-weighted
sequence detected more breast, lung, pleural, and
brain metastases (Figs. 6.7 and 6.8) than DWI

Fig. 6.7 37 year-old female with right breast cancer. An
axial PET image (a) shows no evidence of metastases
while T1 post-contrast (b) and fusion (c¢) images demon-

Fig. 6.8 48 year-old female with history of metastatic
breast cancer. Axial PET (a) , DWI (b), T1 post-contrast
(¢), and fusion (d) images demonstrate a hypermetabolic
2.5-cm enhancing nodule in the left upper lobe (blue
arrow) with restricted diffusion (ADC map not shown),

strate two adjacent enhancing lesions in the left parietal
lobe (arrows), consistent with leptomeningeal metastases

consistent with a lung metastasis. Note the presence of
additional lung metastases are best seen on the T1-post-
contrast image (c), while a hypermetabolic osseous
metastasis in a left rib (green arrow), is most conspicuous
on the DWI image (b)



Fig. 6.9 48 year-old female with history of metastatic
breast cancer. Axial PET (a) and DWI (b) images demon-
strate a hypermetabolic lesion (a) with restricted diffusion
(b) (ADC map not pictured) in hepatic segment VI

Fig. 6.10 76 year-old female with history of metastatic
breast cancer. Axial PET (a) , DWI (b), Tq post-contrast
(c) , and fusion (d) images demonstrate a hypermetabolic
lymph node metastasis in the AP window of the mediasti-

while DWI detected more liver, bone, and nodal
lesions than post-contrast T1-weighted imaging
(Melsaether et al. 2016) (Figs. 6.9 and 6.10).
While the capacity to customize individual sta-
tions within a PET/MR examination has not yet
been fully explored in the literature, we look for-
ward to what might be on the horizon. Ongoing
work will hopefully be able to cut exam time and
to improve diagnostic accuracy by finding the
most efficient sequences for each station.

In addition to customizing MR sequences,
radiotracers beyond “F-FDG can be adminis-
tered, either alone or together with 'F-FDG. In
breast cancer, "*F-FDG is effective at demonstrat-
ing both primary lesions and metastases in any
organ because breast cancer cells are typically
more metabolically active than surrounding tis-

A. Melsaether et al.

(arrow), consistent with a liver metastasis. The lesion is
barely visualized on the T1 post-contrast image (c),
but can be seen on fused images due to increased FDG
uptake (d)

num (arrow), which is more conspicuous on DWI than on
post-contrast T1 imaging. Note the presence of a layering
small left pleural effusion

sue, and, as such, take up and retain more labeled
glucose, allowing for lesion detection (Lim et al.
2007). There is some debate as to whether the
bone specific radiotracer "F sodium fluoride
(Na-F) outperforms 'F-FDG for detecting osse-
ous metastases, the most common metastases in
breast cancer patients. While '8F-NaF imaging
finds more osseous lesions, (Piccardo et al. 2015),
it is questionable whether lesions seen by !8F-
NaF but not by 8F-FDG provide an accurate pic-
ture of the disease burden. Specifically, Piccardo
et al. (2015) found that no patients with lesions
on 'F-NaF, but not ¥F-FDG, progressed during
their study period and that 'SF-FDG parameters,
but not '8F-NaF parameters were associated with
overall survival. These findings may reflect that
BE-FDG more closely tracks biologically active
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breast cancer than does *F-NaF, whose uptake is
tied to osseous blood flow and bony remodeling
(Czernin et al. 2010) rather than directly to breast
cancer cells.

The next step for functional PET imaging may
be to accurately image the characteristics of breast
cancer metastases. Primary breast cancers are not
uniform throughout. They are heterogeneous,
dynamic, and characterized by genomic instabil-
ity (Marino et al. 2013). In the same way, metas-
tases differ from their index lesion, from one
another, and even from themselves over time,
especially in response to treatments. Imaging with
radio-ligands targeted to molecules that influence
therapy would provide a way to non-invasively
assess appropriateness of certain therapeutic
agents and to reassess when treatment response
appears to stall.

Breast cancer biopsy and surgical specimens
are commonly assessed histologically for estro-
gen and progesterone receptors and for human
epidermal growth factor receptor 2 (HER2)
because these receptors determine whether cer-
tain treatments can be effective. Tracers target-
ing steroid receptors are under development and
include the estrogen analog 16a-'8F-17B-estradiol
(Katzenellenbogen 1995), as well as fluorine
labeled progesterone receptor ligands (Gemignani
et al. 2013). Zirconium labeled human epider-
mal growth factor receptor 2 (HER2) receptor
tracers including 89Zr-trastuzumab have also
been developed (Dijkers et al. 2010; Ulaner
et al. 2016). Recently, Ulaner et al. showed that
89Zr-trastuzumab PET can detect HER2 posi-
tive metastases in patients with HER2 nega-
tive primary breast cancers (Ulaner et al. 2016).
This study underlines how functional imaging of
metastases, which typically are not biopsied, can
provide additional information and potentiate per-
sonalized treatment options. Further studies may
be able to establish standardized SUV levels that
correlate to histologic levels of receptor expres-
sion and therapeutic efficacy. Future PET/MRI
directions may ultimately include radiolabeled
therapies coupled with dynamic PET imaging,
which could enable the physician to see in real
time whether therapeutic drugs are delivered to
and retained within their targets.
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Neurodegeneration Imaging
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7.1 Introduction

Progressive and chronic loss of neural tissue in
different brain systems is the core feature of neu-
rodegenerative diseases. This group of diseases
comprises dementia disorders, Parkinsonian syn-
dromes (PS), Huntington’s disease, amyotrophic
lateral sclerosis (ALS), and prion diseases.
Although these diseases are all accompanied by
neuronal cell loss, they are characterised and dis-
tinguished by specific pathogens, neurotransmit-
ter deficiencies, genetic background and different
clinical phenotypes.

In current clinical praxis, neurodegenera-
tive diseases are often primarily diagnosed at
the symptomatic stage by using clinical criteria.
This is, in some cases, accompanied by biomark-
ers as obtained by brain imaging, cerebrospinal
fluid analysis and other techniques. In suspected
neurodegenerative disease, magnetic resonance
imaging (MRI) represents the standard imaging
tool for morphologic assessment. MRI is pri-
marily utilized in this context to exclude other
causes for the symptoms observed, like vascular
disease, brain tumours, traumatic or inflamma-
tory changes. In addition, atrophy patterns may
supplement the clinical diagnosis of certain neu-
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rodegenerative diseases. PET imaging increas-
ingly supports respective diagnostic workups.
PET can with high sensitivity visualize and quan-
tify the imaging targets on a molecular level. As
such, PET promises a more sensitive and/or ear-
lier diagnosis particularly in neurodegenerative
disorders.

Until recently, the sequentially acquired PET
and MRI data were often analysed side-by-side
or post hoc-coregistered for multimodal brain
image data analysis. As an alternative, hybrid
PET/MRI has been investigated in neurodegen-
erative diseases for the past 5 years: The pub-
lished literature covers PET/MRI studies in
dementia disorders, PS, and ALS. In this chapter,
the current state of knowledge and future per-
spectives for the use of PET/MRI in neurodegen-
erative disorders will be discussed.

7.2  General Considerations

In general, all PET/MR imaging protocols to
investigate patients with suspected neurodegen-
erative disorders are designed to fully combine
state-of-the-art MR protocols with sophisticated
PET procedures. One example of a state-of-the-
art PET/MRI protocol for hybrid amyloid imag-
ing is demonstrated in Fig. 7.1 which shows the
standard hybrid amyloid PET/MRI protocol as it
is employed by our group in patients with
cognitive decline to support/exclude the suspicion
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Fig. 7.1 Standard amyloid PET/MRI protocol as
employed at the Department of Nuclear Medicine, Leipzig
University (Leipzig, Germany) in suitable subjects with
cognitive decline to support/exclude the suspicion of

PET

of underlying Alzheimer’s disease. For this pur-
pose, ['*F]Florbetaben is used as PET tracer
(Barthel et al. 2011; Sabri et al. 2015). Here, the
standard amyloid load PET imaging time-window
of 90—110 min post tracer injection is accompa-
nied by an early (0—10 min p.i.) PET data acquisi-
tion time-window. This double-imaging protocol
is performed as early data acquisition has been
shown to provide additional neurodegeneration
biomarker readouts (in addition to the amyloid
pathology biomarker information) (Tiepolt et al.
2016). Simultaneously to both PET imaging time-
windows, the following standard neurodegenera-
tion diagnosis MR sequences are acquired: T2
TSE, T2 FLAIR, SWI, T1 MPRAGE. This is
accompanied by UTE for attenuation correction
of the PET data, arterial spin labelling (ASL) for
blood flow information for research purposes, and
EPI for scientific resting-state fMRI. The entire
protocol is completed within 10 + 20 min total
acquisition time (Fig. 7.1).

One major methodological point of discussion
associated with the PET/MRI technology relates
to the fact that the first-generation algorithm to
correct the PET data for attenuation effects,
namely the Dixon approach, does not consider
the relevantly attenuating bone. Thus, with regard
to brain PET/MRI, a number of alternative
approaches have been developed and tested over
the last years. A recent multicentre study of more
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underlying Alzheimer’s disease. The early after tracer
administration PET data are used as neurodegeneration
biomarker (Tiepolt et al. 2016)

than 300 brain PET/MRI scans compared the
quantification accuracy of eleven different atten-
uation correction approaches, taking the
CT-based approach as standard of truth. In this
study, the UTE which is the current vendor-
provided approach yielded a quantitation error of
—5%, while at least six either segmentation-based
or template/atlas-based approaches provided
error-less results (Fig. 7.2) (Ladefoged et al.
2017). As a consequence, it can be concluded that
this methodological question is technically
solved for PET/MR imaging of the brain.

The scientific community is rigerously
searching for potential improvements of the
diagnostic quality of hybrid PET/MRI as com-
pared to sequentially acquired PET and MRI
data. This is by taking advantage of the simulta-
neous data acquisition in perfect spatial fit, and
with high sensitivity/spatial resolution (for the
PET component often higher than that of state-
of-the art stand-alone PET or PET/CT). For
imaging of the brain, particularly in neurode-
generative disease, it is believed that there is
potential for improved data and diagnostic qual-
ity on both sides of this bimodality technology
(Fig. 7.3). Examples in this regard concerning
PET advancement relate to (1) improved ana-
tomical localisationof PET signals, also to small
structures, (2) the possibility of online motion
correction of the PET data (Chun et al. 2012),
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Fig. 7.3 Incremental value of hybrid PET/MRI for
improved brain imaging diagnosis

(3) improved partial volume effect correction of
the PET data which are most often compro-
mised in neurodegenerative disorders by atro-
phy, (4) improved PET tracer uptake
quantification (Jochimsen et al. 2015), and (5)
the possibility to derive a non-invasive arterial
input function (Jochimsen et al. 2016). Examples
concerning both PET and MRI advancement
refer to the fact that it is now possible to cross-
evaluate novel imaging approaches in situations
in which the complementing imaging modality
is able to deliver the gold standard readout at the
same time, under identical pathophysiological
conditions. This aspect particularly concerns
novel brain perfusion sequences, like ASL MRI
against ['SO]H,0O PET (Werner et al. 2016a), the
imaging of amyloid-associated iron by QSM
MRI against amyloid PET (Acosta-Cabronero

et al. 2013), or the testing of novel myelin-
binding PET tracers for white matter imaging
against DTI MRI (Matias-Guiu et al. 2016).

PET/MRI in Dementia
Disorders

7.3

Amongst all brain diseases the use and utiliza-
tion of imaging biomarkers is most advanced in
dementia disorders, particularly in Alzheimer’s
disease (AD). Specific categories of amyloid
pathology biomarkers (amyloid PET) and neu-
ronal injury biomarkers (structural MRI show-
ing hippocampal atrophy, ['*F]FDG PET, in the
future potentially tau PET) have been defined
for AD in the past few years (McKhann et al.
2011).

Multimodal image analysis based on sequen-
tially acquired and separately or via post hoc
coregistration analysed PET and MRI data has
been demonstrated to have a great potential to
supplement clinical testing in early and differ-
ential diagnosis of dementia disorders (Teipel
et al. 2015). The positive state of use of imaging
biomarkers in dementia disorders has channelled
the focus of scientific and clinical studies on inte-
grated PET/MRI on the assessment of neurode-
generative diseases: From 2012 onwards, nine
respective publications comprising more than
300 subjects have been published, with most of
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these studies employing ['*F]JFDG PET in com-
bination with structural/functional MRI.

In initial feasibility studies of PET/MRI in
dementia patients it was demonstrated that the
quality of both, PET and the MRI data, obtained
from this hybrid technology in a simultaneous fash-
ion is as high as that from respective stand-alone
systems (Jena et al. 2014; Schwenzer et al. 2012).
Subsequently, the impact of the first-generation
attenuation correction techniques provided by the
vendors in the initial years after the merge of the
PET/MRI technology on the clinical diagnosis in
dementia disorders was investigated. A number of
studies on [F]JFDG and amyloid PET imaging
in dementia patients showed that, despite certain
quantification errors depending on the particular
algorithms used, clinical diagnosis is not relevantly
affected in most applications (Hitz et al. 2014; Su
et al. 2016; Werner et al. 2016b).

With regard to ['F]JFDG PET/MRI in demen-
tia disorders, recent data point to a potential gain
in pathophysiology clarification and even differ-
ential diagnosis accuracy by the combined evalu-
ation of metabolism, atrophy, and functional
connectivity. Moodley et al. investigated 24
patients with AD dementia or frontotemporal
dementia by means of ['"8F]JFDG PET/MRI and
compared regional glucose consumption with
atrophy as determined by T1-weighted MR imag-
ing. They found that hypometabolism and atro-
phy patterns may differ in certain dementia forms

Cortical amyloid
tracer uptake
(["8Fflorbetaben
PET)

Fig. 7.4 One-stop shop
dual (amyloid pathology
and neuronal injury)
biomarker delivery in
Alzheimer’s disease by
hybrid PET/MRI
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(Moodley et al. 2015). As a further advancement,
Tahmasian et al. implemented resting-state fMRI
into the diagnostic workup. By investigating 61
subjects with mild cognitive impairment or AD
dementia and comparing them with 26 healthy
control subjects, it was reported that hippocam-
pal metabolism is negatively correlated with
functional hippocampus-precuneus connectivity
in AD dementia (Tahmasian et al. 2015).
Extending these studies, the same group recently
published their results, obtained in 40 AD demen-
tia/frontotemporal lobar degeneration patients,
demonstrating that this triple read-out approach
(metabolism, atrophy, functional connectivity)
may have the potential to improve differential
dementia diagnosis (Tahmasian et al. 2016).

The use of amyloid PET tracers represents
another promising option in dementia PET/MRI,
as this approach promises the acquisition of both
amyloid pathology and neuronal injury bio-
marker information at the same time. One of the
first publications on this topic investigated a total
of 100 subjects with mild cognitive impairment
or patients with different dementias with an inte-
grated PET/MRI system and demonstrated the
potential to provide dual biomarker profiles
(Fig. 7.4) known from sequential imaging stud-
ies. Of similar importance, patient/caregiver as
well as referring doctor surveys showed that this
was accomplished with increased comfort to the
parties interviewed (Schiitz et al. 2016).

*Hippocampal
atrophy

(T1 MPRAGE
MRI)
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Fig. 7.5 Arterial spin labelling (ASL) MRI as a potential
substitute for [FJFDG PET in dementia imaging.
Voxelwise group comparisons between patients with AD

Our group currently also investigates the
potential of parallel arterial spin labelling (ASL)
MRI in the context of dementia PET/MRI. ASL
is a contrast media-free MRI method to obtain
brain perfusion images, which—as neurodegen-
eration leads to more or less concordant perfu-
sion and metabolism defects—might provide an
['8F]JFDG-like neuronal injury AD biomarker
information. We have investigated this feature by
performing simultaneous ["*FJFDG PET/ASL
MR imaging in dementia patients. Figure 7.5
shows voxelwise group comparisons between
patients with AD dementia and non-AD demen-
tias for both imaging modalities. It was found
that the typical bilateral temporoparietal AD pat-
tern known for ['®F]JFDG PET can be reproduced
to a large extent by ASL MRI (Fig. 7.5).

7.4 PET/MRI in Parkinsonian

Syndromes

In Parkinson (PS) patients, the concept of sup-
porting clinical diagnosis by imaging biomarkers

dementia and non-AD dementias for both imaging modal-
ities as acquired simultaneously by PET/MRI

is not yet as advanced as in dementia disorder.
MRI is the first-line imaging tool, and is mainly
used to exclude other pathologies as well as to
reveal potential different atrophy patterns in dif-
ferent atypical PSs (Tolosa et al. 2006). PET
imaging, based on the utilization of dopamine
precursor ["8F]JFDOPA or dopamine transporter
ligands like ["F]FP-CIT, represents another
imaging option in the primary diagnosis of PSs.
Furthermore, the glucose metabolism marker
["®F]FDG is utilized for differential PET diagno-
sis of PSs (Tolosa et al. 2006). For multimodal
analyses, the data of both modalities have been
mainly post hoc coregistered so far.

To date six PET/MRI studies have been pub-
lished in patients with suspected PS: Like in
dementia disorders, it was shown by Schwenzer
et al. in nine patients with PS for ['®F]FDG and
standard neurodegeneration MR sequences that
the data are obtainable in full diagnostic quality
via the simultaneous acquisition technology
(Schwenzer et al. 2012). Furthermore, again
comparable to dementia disorders, studies utiliz-
ing the suboptimal first-generation attenuation
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Fig. 7.6 ['SFIFDOPA PET/MRI in a patient with
Parkinsonian syndrome. Normal structural MRI (T1-
MPRAGE, left) and normal dopamine metabolism PET

correction approaches in patients with PS
revealed that the PET accuracy is clinically via-
ble (Jena et al. 2014; Werner et al. 2016b). Similar
to ['8F]FDG, the clinical standard visual dopa-
mine transporter availability determination by
['*F]FP-CIT PET/MRI was reported to not being
affected by the suboptimal attenuation correction
used in the first years of PET/MRI, but may affect
the absolute quantification of PET data (Choi
etal. 2014; Kwon et al. 2016). Choi et al. recently
published results on one of the first studies on
hybrid ["®F]FP-CIT PET/MRI in 23 PS patients,
assessing the simultaneous multimodal PET and
MRI data delivery: Here, the surrogate PET read-
out of dopaminergic degeneration was obtained
for different striatal compartments and related to
the regional cortical atrophy as determined by
voxel-based morphometry of TI-MR images.
Based on these initial results, the authors reported
an association between both parameters which
differed in its direction and degree for different
striatal sub-regions (Choi et al. 2016).

Our group recently started utilizing [!*F]
FDOPA PET/MRI in patients with PS (Fig. 7.6)
with the aim, among others, to explore whether
online motion tracking during the PET acquisi-
tion by means of special MR sequences (Chun
et al. 2012) and subsequent movement correction
of the acquired PET data has the potential to
improve diagnosis in these movement disorders.

(right; middle: PET/MRI overlay) rendering this patient
as without evidence of neurodegenerative course of dis-
ease. Clinical follow-up confirmed essential tremor

7.5 Future Developments
There is still a considerable lack of PET/MRI
studies investigating the potential of this hybrid
multimodal imaging approach in patients with
Huntington’s disease or prion disorders, which is
mainly caused by the fact that respective disease-
specific PET tracers still await their development.
However, it may be helpful to study more unspe-
cific parameters in these disorders, like neu-
rotransmitter deficiencies, neuroinflammation or
apoptosis, as was shown for ALS in recent stud-
ies. The utilization of the novel glial activation
marker ['"C]PBR28 for PET/MRI demonstrated
that neuroinflammation was increased in the
motor cortices and corticospinal tracts of ALS
patients. Areas of neuroinflammation as deter-
mined by PET correlated with areas of reduced
structural connectivity as determined by diffu-
sion tensor MR imaging or cortical degeneration
as determined by TI1 morphological MRI
(Alshikho et al. 2016; Ziircher et al. 2015).
Recent studies proposed hybrid amyloid PET/
MRI as a first-line “one-stop shop” biomarker
delivery tool instead of the currently estab-
lished sequential approach (Drzezga et al. 2014).
Prospective clinical studies on hybrid amyloid
PET/MRI will be required to clarify the accep-
tance of this “one-stop-shop” procedure by the
established dementia diagnostics community.
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Another, currently ongoing research project
bears a highly interesting potential for early diag-
nosis with regard to future use of PET/MRI in
dementia disorders: New PET probes targeting
tau aggregates, another histopathological hall-
mark of AD, are currently undergo first in human
testing (Holtzman et al. 2016). Provided the suc-
cess of this testing, these tracers might further
stimulate the use of the hybrid technology for
multi-biomarker delivery in AD. The same holds
true for some novel MR techniques, whereby
especially Fe mapping by quantitative suscepti-
bility mapping (QSM) seems to be of interest for
potential AD diagnosis (Acosta-Cabronero et al.
2013), as Fe accumulates in amyloid plaques.

It needs to be mentioned that the full potential
of hybrid PET/MRI has not been fully exploited in
imaging neurodegeneration. Showing improved
convenience to the parties involved can only be the
first step in this regard. Thus, it will be the task of
future studies to identify scenarios in which imag-
ing-based diagnoses in suspected neurodegenera-
tive disorders will benefit from improved quality
of the hybrid image data and/or the fact that the
data are acquired at the same time.

7.6  Summary and Conclusions
Integrated PET/MRI has been successfully intro-
duced in the last years into clinical imaging of neu-
rodegenerative disorders. This especially refers to
dementia disorders, but also to Parkinsonian syn-
dromes. By that, proof of concept for multi-bio-
marker delivery was demonstrated with improved
convenience to the patients, their caregivers, the
investigating, and the referring doctors. It will be
the task of the next years to come to test hybrid
PET/MRI also in other neurodegenerative disor-
ders, and to answer the questions of whether the
possibility to acquire the PET and MRI data at the
same time will lead to new clinical applications
and/or improved quality of early and differential
neurodegeneration diagnosis.
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Cardiac PET/MRI

Kai Nassenstein, Felix Nensa,
and Christoph Rischpler

Magnetic resonance imaging (MRI) and positron
emission tomography (PET) have been used for
the assessment of diverse cardiac pathologies for
decades.

Since cardiac MRI (CMR) offers a broad range
of imaging possibilities ranging from functional
imaging to quantitative tissue characterisation, it
has become the standard of reference for a variety
of cardiovascular applications including the quan-
tification of left and right ventricular function,
assessment of global and regional wall motion, tis-
sue characterisation (scar, fat and oedema) as well
as quantitative analysis of valve function.

Cardiac PET, on the other hand, allows abso-
lute quantification of myocardial perfusion and
coronary flow reserve as well as visualization and
quantification of specific processes at a molecu-
lar level, such as metabolism, inflammation, or
innervation (Hendel et al. 2009).

With cardiac MRI providing information on an
anatomic level and PET imaging offering infor-
mation on a molecular biological level, the two
imaging modalities have to be considered as com-
plementary, even though overlapping diagnos-
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tic information appear. Based on the conviction,
that the complementary information derived from
cardiac MRI and cardiac PET allow to improve
diagnostic accuracy of cardiac imaging, hybrid
cardiac PET/MR imaging using either sequential
or integrated scanner platforms have been per-
formed within the last few years either in indi-
vidual cases or within clinical studies in various
cardiac pathologies ranging from ischaemic heart
disease to cardiac tumours (Hundley et al. 2010).

The following chapter provides a summary of
the current scientific research in hybrid cardiac
PET/MRI, and outlines potential new future
applications.

8.1 Technical Aspects

Many technical aspects of cardiac PET/MRI are
common to most applications of PET/MRI and
are already discussed in great detail in a separate
chapter of this book. In the following paragraphs
we will outline some more or less specific techni-
cal aspects of cardiac PET/MRI.

8.1.1 Motion Correction

The assignment of MR or PET imaging data to a
specific cardiac phase is normally performed
using ECG-based triggering or gating. However,
ECG signals can be significantly distorted by the
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magnetic field and radio frequency pulses of the
MR device. Therefore, special caution should be
exercised when attaching the electrodes and
monitoring the signal. The comparatively long
cumulative acquisition times of most cardiac MR
protocols allow for a significantly extended par-
allel acquisition of PET signals in the cardiac bed
position, which more than compensates for the
loss of data occurring during ECG gating, and
which then results in reconstructed PET images
with high signal to noise ratio (Nensa et al. 2013).
A particularly promising, but still experimen-
tal, technical development of integrated PET/
MRI is based on the detection of cardiac motion
with ultrafast (“real-time”) 3D MR acquisition
and tagging techniques. This allows for the
MR-based estimation of cardiac motion with
vector fields in parallel to the acquisition of PET
signals. These motion vector fields can then be
used for motion compensation of the PET data,
which improves the effective spatial resolution of
PET and motion-related inaccuracies in PET
quantification. Recent advances in this area sug-
gest a relevant utility of this technology for
simultaneous PET/MR cardiac imaging.

8.1.2 Reading and Post-Processing
Software

Various commercial and/or free software pack-
ages offer semi-automatic or automatic processing
of cardiac imaging data. However, software that
allows for an integrated and quantitative reading of
both modalities is still rare. Most products are dedi-
cated to the use of either modality alone, and thus
one cannot take full advantage of the spatial and
temporal coherence of simultaneous image acqui-
sition. Also several products with generic image
fusion capabilities, like oncologic reading soft-
ware, are available. However, these typically do not
include the desired workflows for the reading of
cardiac imaging studies, like the assessment of car-
diac function and flow or the creation of paramet-
ric polar map displays. Some software packages
such as “OsiriX” (OsiriX Foundation, Geneva,
Switzerland), ‘“MunichHeart” (TU Miinchen,
Munich, Germany) and ‘“syngo.via” (Siemens

Healthineers, Erlangen, Germany) utilize both
cardiac PET and cardiac MRI data. However, soft-
ware solutions for fully integrated cardiac PET/
MRI analyses are still missing. Recently, a solution
for the integrated reading of cardiac PET and MRI
data using co-registered bully’s eye plots has been
proposed, which is based on a mutual segmenta-
tion of myocardial boundaries in MR images and
thus provides robust segmentation and inherent co-
registration (Nensa et al. 2017a, b).

8.1.3 Dietary Patient Preparation
for Cardiac FDG PET/MRI

2-deoxy-2-(18F)fluoro-D-glucose (FDG) is by
far the most widely used tracer for cardiac PET
imaging. Normal myocardium is an insulin-
sensitive tissue. Under uncontrolled metabolic
conditions the myocardium uses a variable mix-
ture of glucose, lactate, ketone bodies and free
fatty-acids, with a preference for fatty-acids.
Depending on the clinical question (inflamma-
tion/ tumor vs. viability), the myocardial metabo-
lism must either be switched to free fatty acid or
glucose utilization using a particular dietary
preparation. Therefore, careful patient prepara-
tion is of great importance. It is strongly recom-
mended to conduct detailed patient discussions
on compliance with the dietary protocol. This is
typically done by a nuclear medicine specialist
before the injection of the radiotracer. In cases of
incompliance with the protocol, the PET/MR
scan can be postponed or certain counter-
measures (e.g. insulin injection, unfractionated
heparin injection, fatty acid loading) may be
taken. In addition to pre-examination patient con-
sultations, it is advisable to carry out blood tests
of the glucose level.

For cardiac PET imaging of inflammation,
infiltration and tumors with FDG, it is important
to suppress the physiological glucose uptake by
normal cardiomyocytes by low insulin levels and
high fatty acid levels to distinguish between
inflammatory infiltrates or tumor tissue and
normal myocardium. This can be accomplished
by a number of techniques including long fasting,
high-fat, low-carbohydrate diet, fatty acid load-
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ing, and additional injection of unfractionated
heparin (Ishida et al. 2014; Williams and Kolodny
2008; Manabe et al. 2016). However, fasting has
been found to be an important cause of patient
discomfort, potentially contributing to increased
cancellation rates of cardiac PET/MR scans by
patients (Nensa et al. 2013). In a recent study, a
high-fat low-carbohydrate protein-permitted diet
without fasting was described, that yields an 84%
success rate regarding suppression of normal
myocardial glucose uptake. Cancellation rate was
less than 3% and thus comparable to routine
CMR scans (Nensa et al. 2013).

For PET imaging of myocardial viability with
FDG it is important to significantly increase insulin
levels in order to favor the physiological uptake of
glucose by normal cardiomyocytes. In principal,
several techniques are available including hyperin-
sulinemic-euglycemic clamping, administration of
hypolipidemic agents (e.g. Acipimox) and oral glu-
cose loading. In our experience, the following pro-
tocol for oral glucose loading has been proven to be
reliable, simple to perform and well received by
patients: Patients fast before the scan, which usually
means to skip breakfast in the morning. The glucose
level of diabetics should be below 150 mg/dl
(8.3 mmol/l). Prior to FDG injection, patients
receive 75 g of glucose orally in a preparation com-
mercially available for glucose tolerance tests. In
problematic groups of patients suffering from e.g.
diabetes or severe left ventricular dysfunction, how-
ever, studies indicate that the hyperinsulinemic-
euglycemic technique may result in superior PET
image quality (Vitale et al. 2001).

8.2 Ischemic Heart Disease

8.2.1 Coronary Heart Disease
Stable coronary heart disease, one of the most
important issues in daily cardiological routine
due to its high prevalence (Sanchis-Gomar et al.
2016), is the consequence of the increasing nar-
rowing of the coronary artery lumen due to
atherosclerosis.

Coronary angiography has been routinely
used over decades for the diagnosis of coronary

heart disease even though nowadays non-invasive
techniques such as coronary CT angiography are
increasingly practiced for the assessment of coro-
nary arteriosclerosis (Montalescot et al. 2013).
Unfortunately, the assessment of the morpho-
logic severity of an epicardial stenosis either by
coronary angiography or by CT angiography has
been shown to provide only a poor prognostic
value. Instead, the hemodynamic relevance of a
coronary stenosis or the presence of myocardial
perfusion defect is crucial, since these are prog-
nostic for clinical outcome after coronary revas-
cularization (De Bruyne et al. 2012).

Despite some promising recent approaches in
non-invasive CT-based assessment of coronary
fractional flow reserve, which is defined as the
pressure distal to a stenosis relative to the pressure
proximal to the stenosis, and which is considered
the hallmark of hemodynamic significance, myo-
cardial perfusion imaging either by MRI, SPECT
or PET is currently used in clinical routine to
assess the relevance of coronary stenosis.

Although cardiac MRI is widely used for myo-
cardial perfusion imaging, PET in fact is consid-
ered to be the reference standard for non-invasive
quantitative assessment of myocardial perfusion
(Hagemann et al. 2015; Sciagra et al. 2016). Most
myocardial perfusion tracers used in PET have to
be produced onsite in cyclotrons due to their short
half-lives, e.g. *N-NH; (T%2 ~ 10 min) or H,"°O
(TY2 ~ 2 min), which limits their broad applica-
tion. Even though, with Rb a generator-based
PET perfusion tracer have become available, the
current design and the high running expenses of
such a generator do not allow an easy and cost-
effective workflow for Rb on PET/MRI systems
(Rischpler et al. 2014). Novel *F-labeled perfu-
sion tracers with a low positron range, a half-life
of around 2 hours allowing distribution to sites
without an on-site cyclotron, a high first-pass
extraction, and a nearly linear flow-related uptake
have been recently introduced (Sherif et al. 2011;
Vermeltfoort et al. 2011) but these tracers are cur-
rently not broadly available and still evaluated in
clinical Phase 3 trials.

Due to technical challenges concerning simul-
taneous PET/MRI perfusion such as the short half-
life, simultaneous injection of radiotracer and MR
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contrast media while stressing the patient inside
the scanner current publications on this topic are
limited to few case reports and abstracts. Hence
further research involving larger patient cohort
studies on this topic is needed to investigate the
value of PET perfusion imaging on hybrid PET/
MR imaging systems in patients with stable coro-
nary heart disease (Zhang et al. 2012).

8.2.2 Myocardial Infarction

Cardiac MR imaging has been well established
for the assessment of myocardial infarction for
more than a decade. Beside the analysis of global
and regional left ventricular (LV) dysfunction
caused by myocardial infarction, and the direct
visualization of the area of infarction by late gad-
olinium enhancement (LGE), cardiac magnetic
resonance imaging enables a unique insight into
myocardial alterations associated with acute
myocardial infarction like myocardial oedema,
microvascular obstruction and intramyocardial
haemorrhage. Beyond that, cardiac MRI also
allows to assess involvement of the right ventri-
cle, which is of high prognostic relevance.

PET imaging is an alternative method to
assess myocardial infarction, since FDG PET
imaging enables the analysis of metabolic myo-
cardial alterations caused by myocardial infarc-
tion, as well as visualization of inflammatory
response in areas of acute myocardial infarction
(Kandler et al. 2014; Grothoff et al. 2012;
Stillman et al. 2011).

Initial hybrid PET/MRI studies focused on the
assessment of the infarct size, since the infarct
size is considered a major predictor of outcome
after myocardial infarction. These case reports
and clinical studies demonstrated a moderate to
good agreement between myocardial segments
showing LGE and reduced FDG uptake after
myocardial infarction (Nensa et al. 2013;
Schlosser et al. 2013; Rischpler et al. 2015) but
the agreement was far from perfect: While in
some cases the area of reduced FDG uptake was
smaller than the area of LGE, in other cases the
opposite was observed. In cases of smaller infarct
size in PET compared to LGE, this could be

explained by the higher spatial resolution of MRI
with consecutive detection of even small areas of
subendocardial infarction invisible for PET. In
cases of a smaller area of LGE compared to the
area of reduced FDG-uptake, this difference can-
not be explained by technical differences.
Interestingly, in one of the pilot studies on this
topic, a patient with a short symptom-to-
reperfusion time of 3 h did not show any infarc-
tion in LGE images but an area of reduced FDG
uptake, which matched with the area of myocar-
dial oedema in T2-weighted images within the
perfusion territory of the culprit vessel. Therefore,
it was hypothesized, that in reperfused acute
infarction a reduced FDG uptake could represent
the area-at-risk of infarction instead the area of
myocardial necrosis. This hypothesis was con-
firmed by two further studies: In 25 patients with
reperfused myocardial infarction the area with
reduced myocardial FDG uptake was larger than
the infarct size, and showed a good correlation
with the area-at-risk of infarction as determined
by the endocardial surface area (ESA), which is
the projection of the LGE on the entire myocar-
dial wall based on the “wave-front phenomenon”
of irreversible injury during coronary artery
occlusion (Nensa et al. 2015a). In a second study
with 21 patients with ST-segment-elevation
infarction the area of reduced FDG uptake was
compared to the area of myocardial oedema in T2
mapping, which is another estimation parameter
of the area-at-risk. This study found that the area
with reduced FDG uptake closely matched the
area-at-risk as determined by T2 mapping
(Bulluck et al. 2016). Since the area with reduced
FDG uptake represents the area-at-risk in patients
with acute infarction, FDG PET/MRI has the
potential for retrospective assessment of myocar-
dial salvage in patients with reperfused acute
myocardial infarction, which can be used for the
evaluation of strategies to reduce infarct size,
such as pre- and post- or remote conditioning.

In a further study the value of PET/MRI for
the prediction of functional recovery in reper-
fused myocardial infarction was assessed, and
28 patients with acute myocardial infarction
were examined 5-6 days after percutaneous
coronary intervention (PCI). According to this
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study myocardial segments were rated as viable
in PET images when the FDG uptake was greater
than 50% compared with remote myocardium,
and as viable in MR images, when a LGE trans-
murality less than 50% was present (Rischpler
et al. 2015). While in 82% of LV segments an
agreement between LGE transmurality and FDG
uptake was observed, discrepant findings were
found in 18% of the dysfunctional left ventricu-
lar segments (“PET non-viable” but “MR via-
ble”). Interestingly, at follow-up 6 month later,
only 41% of the “PET non-viable / MR viable”
segments improved the regional wall motion,
and the functional recovery of these segments
was low and comparable to concordant “PET
non-viable/MRI non-viable” segments, indicat-
ing that in these segments, FDG PET may be a
superior predictor for functional recovery com-
pared to MRL

As initially mentioned, PET imaging allows
additional investigation of the inflammatory
response within the area of acute myocardial
infarction (Fig. 8.1). In an initial study 49 patients
received a low-carbohydrate diet the day before
imaging followed by a 12-h fasting period to sup-
press physiological myocardial FDG uptake
(Rischpler et al. 2016a). An increased tracer
uptake was observed in an area that nicely
matched the area of infarction. Additionally, in a
subgroup of the study population the area at risk
was assessed by myocardial perfusion scintigra-
phy with radiotracer injection (***Tc-sestamibi)
prior to revascularization. The area at risk

Fig. 8.1
views: MRI only [left], FDG PET only [right] and overlay
[middle]) of a patient who suffered from acute STEMI a
few days before: Note subendocardial late gadolinium

‘Fasted” FDG PET/MR images (2-chamber

matched the area of FDG accumulation indicat-
ing that the inflammatory myocardial response
exceeds the infarct zone. Moreover, this study
showed that the FDG uptake within reperfused
myocardial infarction, which did not show any
association with levels of peripheral inflamma-
tory blood cells (such as leukocytes or monocyte
subsets), is correlated inversely with functional
recovery. The authors concluded, that this imag-
ing approach may offer additional prognostic
information about adverse functional outcome,
and that this approach might be helpful to moni-
tor and guide novel immune modulatory thera-
pies in patients with acute infarction. As FDG
PET imaging reflects glucose metabolism, the
FDG signal is not specific for inflammatory pro-
cesses and may also indicate processes other than
inflammation (e.g. ischemic memory of the myo-
cardium after ischemia). Consequently, there is
an unmet clinical need for tracers that are (more)
specific for inflammation. One such example is
%Ga-pentixafor, a radiotracer that binds with
nanomolar affinity to the chemokine receptor 4
(CXCR4; Fig. 8.2). CXCR4 is involved in a
variety of mechanisms in the body including neo-
angiogenesis, metastatic spread of malignant
tumors and wound healing. First studies indicate
that this tracer may be promising to image the
post-ischemic inflammatory response after myo-
cardial infarction (Rischpler et al. 2016b;
Thackeray et al. 2015; Lapa et al. 2015) - how-
ever larger, prospective studies to evaluate the
prognostic value of this approach are needed.

.

enhancement of the anterior wall on MR images (red
arrows) with intense FDG accumulation on PET images

(blue arrows) indicating intense post-ischemic inflamma-
tion in the infarcted area
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Fig.8.2 “Ga-penixafor PET/MRI of a patient with large myocardial infarction. The images show an intense CXCR4-
expression in the area of infarction and around the left ventricular thrombus in the apex

8.3 Inflammatory Heart Disease
The detection of cardiac inflammation either of
the myocardium, the endocardium or the pericar-
dium is of great clinical interest.

Within the last years cardiac MRI has become
an established imaging modality for the non-
invasive assessment of inflammation of the myo-
cardium and pericardium, due to the fact that
cardiac MRI enables the detection of even small
areas of myocardial inflammation, the detec-
tion of regional and global wall motion abnor-
malities, the assessment of myocardial oedema
and hyperaemia as well as pericardial effusion.
Despite these encouraging possibilities of car-
diac MRI and new emerging approaches like
T1-/ T2-mapping or extracellular volume (ECV)
assessment, it must be noted that the diagnostic
accuracy of cardiac MRI for the assessment of
cardiac inflammation is far from perfect.

In contrast to cardiac MRI which predomi-
nantly focuses on morphologic changes caused
by inflammation, FDG-PET focuses on meta-
bolic changes, and many studies showed the great
potential of PET imaging for the detection and
monitoring of inflammation. Furthermore, a
number of non-FDG tracers targeting different
aspects of inflammation ranging from chemokine

expression over cellular involvement to changes
in the myocardial tissue composition may add
significant value to cardiac PET/MRI in future
(Wu et al. 2013).

Therefore, a combination of multi-parametric
MRI with the high sensitivity and outstanding
quantification capabilities of “F-FDG-PET
could represent a powerful imaging modality for
cardiac inflammation.

8.3.1 Myocarditis

Myocarditis, also known as inflammatory cardio-
myopathy, is the inflammation of the myocar-
dium most often due to viral infections, even
though other causes exists including bacterial
infections, certain medications, toxins, autoim-
mune disorders or even physical agents. The
symptoms of myocarditis can include shortness
of breath, chest pain, decreased ability to exer-
cise, and an irregular heartbeat. In most cases the
symptoms of myocarditis are mild; however
infarction like symptoms as well as rapid pro-
gressive heart failure can occur. Due to the often
unspecific clinical symptoms myocarditis is not
correctly diagnosed in many cases, leaving the
true incidence of myocarditis unknown.
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In a first feasibility study on PET/MRI 65 con-
secutive patients with suspected acute myocardi-
tis according to the diagnostic criteria of the
European Society of cardiology (ESC) were
included (Nensa et al. 2016). Integrated PET/
MRI with FDG was performed after preparing
the patients with a high-fat and low-carbohydrate
diet. While 42% of patients demonstrated typical
MRI findings of myocarditis, pathological FDG
uptake was found in 33%. Six patients showed
pathological MR findings in the absence of path-
ological FDG uptake, whereas one patient
showed a pathological FDG uptake in absence of
pathological MR findings. Overall, a moderate
spatial correlation was found between the areas

Signal Intensity

Fig. 8.3 FDG PET/MRI in a patient with acute viral
myocarditis caused by parvovirus B19. Subepicardial late
gadolinium enhancement (a) was found in the LV anterior
wall that was in excellent agreement with increased FDG

of increased FDG uptake and the areas of patho-
logical MR findings (x = 0.73). Although this
pilot study has demonstrated the feasibility of
hybrid FDG PET/MRI in a medium-sized study
population, further studies are needed to demon-
strate the added value of integrated PET/MRI in
the diagnostic work-up of patients with suspected
myocarditis compared to MRI alone.

A case report (Fig. 8.3) has demonstrated the
use of FDG-PET/MRI in a case of myocarditis
caused by parvovirus B19 (Nensa et al. 2014). In
this report, focal subepicardial LGE was closely
matched by intense FDG uptake and accompa-
nied by myocardial edema and hyperemia. While
MRI would have been sufficient for the detection

20 30 40
|

10

Second

uptake (b). T2-weighted images revealed an edema in the
LV anterior wall (¢). Dynamic perfusion imaging revealed
hyperemia in the LV anterior wall (d) [with kind permis-
sion from Ref. (Nensa et al. 2014)]
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and diagnosis of myocarditis in this case, it high-
lights the ability of PET to quantify inflammatory
activity, particularly with respect to disease mon-
itoring. A similar case was reported involving a
patient with myocarditis due to Epstein Barr
Virus infection with diffuse FDG uptake in the
lateral wall that again closely matched LGE and
myocardial edema (von Olshausen et al. 2014).
Besides monitoring of disease activity, integrated
assessment using PET/MRI could increase diag-
nostic accuracy in cases with ambiguous MRI
findings or improve differentiation between acute
and chronic/persistent myocarditis. Inflammatory
cells can utilize a high amount of glucose and,
thus, might express high levels of glucose trans-
porters and increase hexokinase activity, leading
to increased FDG uptake in inflammatory infil-
trates. As such, FDG uptake is truly complemen-
tary to LGE (necrosis and edema), T2-weighted
MRI (edema) and early gadolinium enhancement
(hyperemia) and could be useful to extend the
well-known “Lake Louise Criteria” in the non-
invasive assessment of myocardial inflammation
in patients with suspected myocarditis ()

8.3.2 Cardiac Sarcoidosis

Sarcoidosis is a non-caseating granuloma-
tous disease of unknown etiology that occurs
throughout the world in all races with an aver-
age incidence of 16.5 per 100,000 in men and
19 per 100,000 in women. Sarcoidosis is most
common in Northern Europe and the highest
annual incidence of 60 per 100,000 has been
reported for Sweden and Iceland. In the United
States African American individuals, particu-
larly women, have a three- to fourfold greater
risk for sarcoidosis when compared to the
Caucasian individuals. In most cases (70%) sar-
coidosis occurs in young and middle aged adults
(25-45 years), however, in Europe and Japan
there is a second peak in women older than
50 years. Even though the exact cause of sar-
coidosis remains unresolved, the current work-
ing hypothesis is, that in genetically susceptible
individuals infectious (Mycobacterium tubercu-
losis, Mycoplasma species, Corynebacteria spe-

cies, spirochetes) or environmental (aluminium,
pollen, clay, talc) agents trigger primarily the
helper-inducer T cells leading to the formation of
non-caseating granuloma lesions. Albeit the lung
being the most common organ affected by sar-
coidosis, sarcoidosis may also involve the heart.
While cardiac involvement occurs in at least
25% of patients with sarcoidosis in the United
States, and accounts for 13—25% of deaths from
sarcoidosis in the US, cardiac sarcoidosis is
more common in Japan and is responsible for
approximately 85% of deaths from sarcoidosis.
The granulomas may involve the pericardium,
myocardium, and endocardium, with myocar-
dium being the most frequently involved tissue.
Despite the fact, that autopsy studies showed a
high prevalence of cardiac involvement of up
to 30%, clinical symptoms occur in only 5% of
patients. The clinical manifestations of cardiac
sarcoidosis range from asymptomatic conduction
abnormalities to fatal ventricular arrhythmias
and heart failure, depending upon the location,
extent, and activity of the granulomatous inflam-
mation. Since early therapy of cardiac involve-
ment (immunosuppression, heart failure therapy,
antiarrhythmic therapy and—if necessary—ICD
implementation) improves patients’ outcome, an
early detection of cardiac sarcoidosis is of great
clinical interest (Birnie et al. 2014; Doughan and
Williams 2006; Costabel et al. 2014).

Several studies showed, that CMR allows the
detection of cardiac involvement in sarcoidosis
in symptomatic as well as asymptomatic patients.
Cardiac sarcoidosis can result in different func-
tional or structural abnormalities in CMR: In
cine images cardiac sarcoidosis may demarcate
as zones of myocardial thinning and regional
wall motion abnormalities in terms of hypo- or
akinesia. In T2-weighted images areas of
increased signal intensity can be observed as a
result of focal myocardial edema due to granulo-
matous inflammation. In late gadolinium
enhancement (LGE) images focal areas of con-
trast enhancement can be observed due to an
increased intercellular space and focal myocar-
dial necrosis in the area of non-caseating granu-
lomatous inflammation. Although areas of LGE
predominantly manifest in the mid portion of the
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myocardium and epicardium, and not in the
endocardium, no specific pattern of LGE exists
in cardiac sarcoidosis, and cardiac sarcoidosis
can even imitate myocardial infarction.
Therefore, images must be interpreted in the
context of the patient’s history and by a cardiolo-
gist or radiologist with specific expertise. Despite
the challenges in CMR reading, a high sensitiv-
ity (100%) and specificity (78%) has been
reported for CMR for the diagnosis of cardiac
sarcoidosis (Smedema et al. 2005). Moreover, it
was shown, that the presence of LGE is associ-
ated with death and other adverse events in
patients with sarcoidosis (Greulich et al. 2013).
As LGE has been shown to diminish in size and
intensity after corticosteroid treatment with a
strong correlation to clinical improvement, CMR
may be utilized for therapy monitoring in car-
diac sarcoidosis (Doughan and Williams 2006).
Despite all these encouraging facts, it must men-
tioned, that the differentiation between active
inflammation and post-inflammatory residua is
difficult in CMR in clinical routine.

Lymphocytes and macrophages are known to
be components of non-caseating granulomas in
sarcoidosis, revealing high levels of glucose
transporters and hexokinase activity, facilitating
the utilization of FDG PET as another imaging
modality to test for cardiac involvement in sar-
coidosis. A meta-analysis comprising 7 studies
with an overall of 164 patients yielded a sensitiv-
ity of 89% and specificity of 78% for FDG-PET
in the detection of cardiac involvement in
sarcoidosis.

Therefore, CMR, just as FDG PET are recom-
mended in international guidelines for the non-
invasive cardiac assessment of patients with
sarcoidosis and cardiac abnormalities (cardiac
symptoms like significant palpitations, abnormal
ECG, abnormal echocardiogram).

Given that CMR assesses functional and
structural changes, while FDG PET assesses met-
abolic changes due to cardiac sarcoidosis, CMR
and FDG PET have to be considered as comple-
mentary, synergistic tests, and, therefore, it is
expected that a combination of the two features
may exhibit a higher diagnostic accuracy when
compared to each method alone. Particularly,

the imperfection of CMR in the differentia-
tion between active inflammation and post-
inflammatory residua may be compensated for by
FDG PET. Several case reports (Fig. 8.4) dem-
onstrated the feasibility of integrated FDG PET/
MRI in the detection and therapy monitoring of
cardiac sarcoidosis (White et al. 2013; Nensa
et al. 2015b; Schneider et al. 2014) and a larger
study recently confirmed an improved diagnos-
tic accuracy of integrated PET/MRI. Wicks et al.
reported sensitivity rates of 89% for integrated
PET/MRI, whereas FDG PET alone yielded a
sensitivity of only 65%, and CMR alone of 60%
in 51 patients with biopsy-proven or clinically
suspected cardiac sarcoidosis (Wicks et al. 2014).
Interestingly only poor agreement between the
location of increased FDG uptake and LGE was
found in this study, which may reflect the circum-
stance that FDG PET detects active inflammatory,
while CMR visualizes additional post-inflamma-
tory residua.

Due to these promising initial results for
hybrid PET/MRI and the importance of early
diagnosis of cardiac involvement in sarcoidosis it
can be expected, that hybrid PET/MRI will move
into clinical routine for the diagnosis of cardiac
sarcoidosis. Moreover, it is to be expected that
hybrid PET/MRI will gain importance in therapy
monitoring in cardiac sarcoidosis since FDG
PET enables quantitative analysis of inflamma-
tion in contrast to CMR.

8.3.3 Infective Endocarditis

Infective endocarditis has an estimated annual
incidence of 3 to 9 cases per 100,000 persons in
industrialized countries. The highest rates are
observed among patients with prosthetic valves,
intracardiac devices, or unrepaired cyanotic con-
genital heart diseases, even though 50% of the
cases are shown in patients without a history of
valve disease. Risk factors for endocarditis
involve age-related degenerative valvular lesions,
chronic rheumatic heart disease, hemodialysis, as
well as coexisting conditions like diabetes,
immunodeficiency, or intravenous drug use
(Hoen and Duval 2013).
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Fig. 8.4 FDG PET/MRI in a patient with general mal-
aise, acute retrosternal chest pain, and palpitations.
Baseline examination (a, b) showed bihilar lymphade-
nopathy (a, stars) and focal late gadolinium enhancement
in the lateral left ventricular wall (a, arrows) with corre-
sponding intense FDG uptake, supporting the diagnosis of
sarcoidosis with myocardial involvement (b). After
4 weeks of treatment, PET images (c) still demonstrated

MRI allows the direct visualization of the
valve, as well as the detection and quantification
of valve insufficiency caused by endocarditis
(Pham et al. 2012). Unfortunately, the diagnostic
accuracy of cardiac MRI is relatively low for the
detection of valvular vegetations. In a recent
study in 16 patients with preliminary diagnosis of

increased lymphonodular and myocardial (e, arrows)
FDG uptake, whereas FDG uptake was significantly
reduced after 4 months of treatment (d). In contrast to
FDG uptake, myocardial late gadolinium enhancement
remained constant in all three examinations and thus was
not an indicator of treatment response [With kind permis-
sion from Ref. (Nensa et al. 2015b)]

infective endocarditis and without valve replace-
ment, multi-parametric cardiac MRI was limited
to the identification of only 11 patients valvular
vegetations (Dursun et al. 2015). Moreover, in
case of prosthetic valves cardiac MRI is limited
by severe artifacts caused by the prosthetic valve
itself.
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FDG-PET, on the other hand, allows the direct
visualisation of the inflammation due to the fact
that active inflammatory cells like lymphocytes
and macrophages incorporate FDG, and a recent
PET/CT study showed high sensitivity (87%) and
specificity (92.1%) for the detection of infectious
endocarditis in patients with suspected prosthetic
valve endocarditis. Moreover, since PET allows
quantitative analyses this imaging modality may
also be utilized to monitor therapy response after
the initiation of antimicrobial treatment.

Given that cardiac MRI and PET feature com-
plementary information in endocarditis, hybrid
PET/MRI seems to be promising in case of native
valve endocarditis, but difficult in case of pros-
thetic valve infection due to metal artefact in
MRI as well as in attenuation-corrected PET
images (Buchbender et al. 2013). Nevertheless,
up to current status, no dedicated studies on the
diagnostic value of hybrid PET/MRI in infective
endocarditis have been published.

8.4  Cardiac Masses

Cardiac masses can be broadly categorized as
either neoplastic or non-neoplastic. While non-
neoplastic masses notably in terms of thrombi are
frequent findings in clinical routine, neoplastic
cardiac masses are exceedingly rare with a
reported prevalence of 0.001 to 0.03% based on
autopsy observations. Neoplastic cardiac masses
can be grouped into primary cardiac tumors,
which are tumors that originate from the heart,
and into secondary cardiac tumors, which are
metastases involving the heart via direct invasion
or hematologic spread. While cardiac metastases
are uncommon findings in clinical routine, they
are reported to be 20-40 times more common
than primary cardiac tumors. Approximately
75% of all primary cardiac tumors are benign
comprising myxomas, lipomas, fibroelastomas
and hemangiomas among the most common ones
in adult patients, and rhabdomyoma and fibroma
in infants. Albeit their benign biology, these
tumors can cause significant clinical effects pri-
marily in dependency of their exact localization
within the heart and their extent by altering the

hemodynamics, by embolization or by causing
cardiac arrhythmias. The remaining 25% of pri-
mary cardiac tumors are malignant, whereas the
vast majority (95%) of these entail sarcomas
notably angiosarcomas in adults and rhabdomyo-
sarcomas in infants (Motwani et al. 2013).

Due to its wide availability, low costs, lack of
contrast material or radiation exposure, its
dynamic assessment of cardiac masses in relation
to the surrounding chambers, valves, and pericar-
dium, echocardiography is considered the first-
line diagnostic test in case of cardiac masses.
Moreover, it must be noted, that many cardiac
masses are incidental findings in routine echocar-
diography performed for other indications. Apart
from its important diagnostic value as a first-line
diagnostic test for cardiac masses, echocardiog-
raphy has several limitations such as operator
dependency, a restricted field of view particularly
in patients with pulmonary disease or a large
body habitus, and limited imaging of the right
heart and mediastinal and extra-cardiac struc-
tures. Therefore, in many cases echocardiogra-
phy either transthoracic or transesophageal does
not allow the assessment of cardiac masses with
sufficient accuracy. Computed tomography
allows further assessment of cardiac masses and
offers information regarding anatomical localiza-
tion, extent, vascularity by means of contrast
enhancement, presence of calcification or fat, as
well as information about functional conse-
quences in regard to hemodynamics. However,
computed tomography has several intrinsic limi-
tations including radiation exposure, necessity of
contrast media, lower temporal resolution com-
pared to echocardiography, and lower soft-tissue
contrast compared to magnetic resonance
imaging, which restrict CT only as a second-line
diagnostic modality for the assessment of cardiac
tumors. As cardiac MRI features a large field of
view, versatility in imaging planes, good tempo-
ral resolution, sophisticated possibilities to ana-
lyze the tissue composition of a cardiac mass and
to assess the tumor’s vascularization, cardiac
MRI has become the primary imaging technique
in the work-up of cardiac masses (Motwani et al.
2013). In a study of 55 patients with cardiac
masses a multiparametric MR imaging protocol
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Fig.8.5 FDG PET/MRI in a patient with pericardial car-
cinomatosis due to advanced adenocarcinoma of the lung.
The short-axis LGE image (a) demonstrated multiple
pericardial metastases with intense FDG uptake (b)

comprising analyses of signal properties, mor-
phologic characteristics (location, size, infiltra-
tive nature, presence of pericardial effusions) and
contrast enhancement showed a diagnostic accu-
racy of 0.92 for determining a cardiac mass to be
malignant or benign (Hoffmann et al. 2003).
However, despite the excellent performance of
cardiac MRI, the exact classification of a cardiac
mass can remain difficult in individual cases in
clinical routine. FDG-PET is a different approach
to determine the biology (begin vs. malignant) of
a tumor, and innumerous oncological studies
demonstrated the usefulness of this approach. A
recent pilot study evaluated the diagnostic poten-
tial of hybrid FDG-PET MRI (Fig. 8.5) for the
assessment of cardiac masses (Nensa et al.
2015c): Twenty patients, involving 16 patients
with cardiac masses of unknown identity and 4
patients with cardiac sarcoma after surgical ther-
apy, were prospectively examined using inte-
grated cardiac FDG PET/MR imaging comprising
a multiparametric MR imaging protocol (cine
imaging, T2-weighted images, TI-weighted
images before and after contrast administration).
Significantly higher maximum standardized
uptake values (SUVmax) were found in malig-
nant masses compared to benign and, when a
threshold of 5.2 or greater was used, the SUVmax
yielded 100% sensitivity and 92% specificity for
the differentiation between malignant and benign
cases. Cardiac MRI alone showed 100% sensitiv-
ity and 92% specificity or the differentiation

involving nearly the entire circumference of the heart.
Cine imaging demonstrated the beginning pericardial
tamponade due to malignant pericardial effusion (c)

between malignant und benign tumors. Combined
reading of MRI and PET improved sensitivity
and specificity to 100%. Even though this pilot
study demonstrated that hybrid FDG PET/MR
imaging is convenient for the diagnostic work-up
of cardiac masses, this study confirmed the excel-
lent diagnostic performance of cardiac MRI
alone, so that hybrid PET/MR imaging seems to
be reserved for selected cases in which cardiac
MRI is non-conclusive.

8.5 Rare Cardiomyopathies
Cardiomyopathies are a heterogeneous group
of diseases, elicited by numerous etiologies,
commonly based on some kind of genetic
origin, and often part of a systemic disease
(Maron et al. 2006). While common features of
cardiomyopathies such as myocardial hypertro-
phy or dilatation can regularly be visualized using
diagnostic imaging, the underlying pathomecha-
nisms often remain unclear.

Up to current status publications on FDG-PET/
MRI in cardiomyopathies are mainly restricted to
case reports and small patient cohort studies. A
case report has shown the use of FDG PET/MRI in
a patient with stress-induced transient mid ventric-
ular ballooning syndrome, a variant of Takotsubo
cardiomyopathy (Ibrahim et al. 2012). The patient
was prepared with a low-fat, low-carbohydrate
diet before the examination. An increased glucose
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metabolism within the dysfunctional mid ven-
tricular segments was observed, whereas the FDG
uptake was suppressed in the normal myocardium.
Using cine MRI sequences a left ventricular mid
ventricular dysfunction was observed, while late
gadolinium-enhancement MRI did not depict any
myocardial hyper enhancement. The combined
information allowed for the delineation of neuro-
genic myocardial stunning. The authors concluded
that cardiac PET/MRI may provide further insight
into the underlying pathophysiology of stress-
induced cardiomyopathy.

Another case report showed the use of FDG
PET/MRI after oral glucose loading in a patient
with non-obstructive hypertrophic cardiomyopa-
thy (HCM) (Kong et al. 2013). First pass MR
perfusion imaging showed reduced myocardial
blood flow in the hypertrophic septum, that cor-
responded to contrast-enhancement in LGE
images and patchy FDG uptake defects in PET
images. This was interpreted as myocardial fibro-
sis. Based on the results of an animal study the
authors speculate, that the reduction of glucose
uptake in progressive HCM over time could pre-
cede its progression to heart failure (Handa et al.
2007). They concluded that cardiac FDG PET/
MRI could be helpful in the differential diagnosis
of LGE and risk stratification of HCM.

Anderson-Fabry disease is an x-linked lyso-
somal storage disease which is known to cause
characteristic basal inferolateral wall fibrosis. A
PET/MRI study of 13 patients with FDG revealed
that all patients showed increased myocardial
tracer uptake, but only few showed correspond-
ing late gadolinium-enhancement on MR images
(Nappi et al. 2015). The authors conclude, that
further studies evaluating the role of hybrid PET/
MR in disease management and monitoring the
effect of enzyme replacement therapy in larger
patient populations are needed.

Loeffler’s endocarditis is a rare restrictive car-
diomyopathy characterized by hypereosinophilia
and fibrous thickening of the endocardium, with
usually large thrombi attached to the ventricular
walls that can cause cardiovascular complica-
tions such as heart failure and thromboembolism.
One case report described FDG PET/MRI in a
patient with Loeffler’s endocarditis (Langwieser

et al. 2014). While cardiac MRI revealed late
gadolinium enhanced (LGE) circumferentially to
the endocardium within the apical region of both
ventricles, as well as apical thrombotic masses,
PET revealed the presence of active inflammation
not only in the areas of LGE but also within the
apical masses, demonstrating the complementary
information facilitated by CMR and PET.

8.6 Summary

Several studies demonstrated, that hybrid car-
diac PET/MRI is feasible with a robust and high
image quality of the MR as well as PET images.
Moreover, it was demonstrated that the MR
image quality is not compromised by the PET
component and that the MR-based attenuation-
correction provides sufficient accuracy for most
clinical applications.

Several case reports and initial pilot studies
demonstrated, that hybrid PET/MRI is promising
for the application in various pathologies includ-
ing myocardial infarction, inflammatory heart
diseases such as myocarditis and cardiac sarcoid-
osis as well as cardiac tumors. However, larger
studies are necessary to demonstrate its potential
to provide clinically relevant added value in com-
parison to current standards of care.

Emerging technical improvements such as
MR-based PET motion correction will lead to
higher spatial and temporal resolution, possibly
enabling advanced applications such as imag-
ing of coronary atherosclerosis. Beyond that, the
translation of already existing PET tracers from
preclinical imaging into clinical routine will open
up further new possibilities for PET/MR cardiac
imaging.
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Abbreviations

DWI Diffusion weighted imaging

GE Gradient echo

HASTE  Half Fourier single shot fast spin echo
T2 weighted

MR Magnetic resonance

PET Positron emission tomography

SPECT  Single photon emission computerized
tomography

STIR Short tau inversion recovery

VIBE Volume interpolated breath hold T1
weighted

9.1 Introduction

PET/MRI offers multiple potential advantages in
the evaluation of patients affected by benign con-
ditions, such as inflammatory diseases, where
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patients may require serial imaging studies and in
cases where radiation exposure is of great con-
cern. The most clinically relevant advantages of
PET/MRI compared to PET/CT include reduc-
tion in radiation exposure, higher soft tissue reso-
lution and co-acquisition.

For equivalent injected activity, PET/MRI
allows a 20% reduction in radiation exposure
compared to PET/CT, if attenuation correction
only is used, or up to 60-73% when both attenu-
ation correction and diagnostic quality CT stud-
ies are acquired with PET-CT (Atkinson et al.
2016; Schafer et al. 2014). The peculiar geometry
of PET components within PET/MRI scanners,
with increased sensitivity in the center of the PET
field of view (FOV), allows the administration of
a theoretical activity of 35% and a clinical activ-
ity of 50% of that required for comparable PET
quality from PET/CT (Queiroz et al. 2015).

Moreover, the potential to extend PET data
counting over the entire MR acquisition time,
improving the quality of the PET images, allows
the injected activity to be reduced in an inversely
proportional manner. In a phantom study, it has
been shown that increasing bed position time by
a factor of 8 provides the same signal to contrast
with just 12.5% of the activity (Oehmigen et al.
2014). The superior soft tissue contrast of MRI
compared to CT allows a better anatomic layout
that provides for a more detailed assessment of
soft tissues, bones, joints, vessels, and bowel
loop lesions. This is also likely to improve the
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characterization of incidentally discovered inde-
terminate findings seen on whole body imaging,
as already demonstrated in the oncology popula-
tion (Catalano et al. 2013). Finally, and as
described in greater detail in the paragraphs
below, PET/MRI allows co-acquisition of PET
and MR data. This may be of value in demon-
strating anatomic correlates of PET findings and
in allowing matching of biomarkers produced by
PET and MRI that might be helpful to investi-
gate, for example the dominant histology of stric-
tures in Crohn’s disease or to evaluate the risk of
non-stenotic carotid plaques (Catalano et al.
2016; Hyafil et al. 2016).

The combination of reduced ionizing radia-
tion exposure, superior soft tissue resolution and
multiple quantitative biomarkers leverages PET/
MRI to a highly promising modality for imaging
of inflammatory diseases.

9.2  Vascular Pathology
Cardiovascular diseases (CVDs) encompass a
wide spectrum of multifactorial pathologic enti-
ties, including, but not limited to, transient isch-
emic attacks, stroke, peripheral arterial disease,
angina, and myocardial infarction, that affect
>68% of women and >69% of men between the
ages of 60 and79. CVDs are also the leading
cause of death worldwide (Benjamin et al. 2017).
Inflammatory processes underlie the vast major-
ity of CVDs. Inflammatory cells are involved in
each step of plaque pathology, from initiation of
plaque formation, to progression, promotion of
smooth muscle proliferation, neo-vessel forma-
tion, intra-plaque hemorrhage, and even plaque
rupture (Amsallem et al. 2016). Several treatment
options are available for clinically significant
CVDs. However, prevention and early detection
are often deemed ineffective, as they are predom-
inantly focused on addressing risk factors and on
screening for clinical symptoms and morpho-
logic correlates of overt vascular pathology, at
which point CVDs is at an advanced stage.

In this context, there is a clinical need for non-
invasive imaging of the inflammatory components
of CVDs to aid early detection, quantification of

severity, prediction of high risk cases, guide to
treatment and monitoring of treatments (Amsallem
et al. 2016). PET/MRI may be the ideal imaging
technology to address previously encountered
shortcomings given its inherent advantages when
compared to PET/CT such as co-acquisition of
PET and MR data, better metabolic-anatomic
matching, lower radiation exposure, higher soft
tissue resolution and added functional capabilities
(Fig. 9.1).

MRI, even without gadolinium injection,
can provide high-quality images of the vascular
anatomy, differentiate lumen from the vessels
wall, better delineate plaques, and provide insights
into their composition, including evaluation of
the lipid core and assessment of the plaque cap.
Moreover MRI can detect inflammatory changes,
including edema and increased vascular perme-
ability, displayed by T2 weighted hyperintensity
and early contrast enhancement after Gadolinium
injection (Amsallem et al. 2016; LaForest et al.
2016). However, both T2 weighted hyperinten-
sity and the early gadolinium enhancement are
difficult to quantitate, being strongly influenced
by a plethora of factors, including, but not lim-
ited to, BO strength, sequence specifics and signal
processing (Jacobs et al. 2007). As a result, they
are considered insufficient as valid quantitative
biomarkers.

For these reasons, PET, as an intrinsically
quantitative imaging modality, is more appro-
priate. PET has been shown to allow for the
assessment of the inflammatory component of
CVDs with common radiopharmaceuticals, like
fluorodeoxyglucose (FDG), while other more
specific drugs that interact with very selective
inflammatory molecules are under investiga-
tion, such as 2-fluoropropionyl labeled
PEGylated dimeric RGD peptide (FPPRGD2),
which targets ovp3-integrin-positive macro-
phages and neovessels (Amsallem et al. 2016).
Maximum standardized uptake value (SUVmax)
and maximum target to blood pool ratio
(TBRmax) have been successfully used to
quantify plaque inflammation, both in PET/CT
and in PET/MRI. However due to different
attenuation correction methods applied in PET/
MRI and PET/CT technology, discrepancies
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Fig. 9.1 Images of a 82 year old patient with acute
inflammation of the aorta after stent graft implantation
after acute aortic dissection. The acute aortitis is displayed
by pathologic tracer uptake shown in the PET (a) and

between PET/CT and PET/MRI based values
exist. In patients undergoing PET/CT followed
by PET/MRI, SUVmax of carotid artery plaques
were lower on PET/MRI compared to the previ-
ously acquired PET/CT, although the values
were significantly correlated (Spearman’s
r=0.67, P <0.01). Conversely, no statistically
significant differences were observed between
TBRmax as measured on PET/CT and PET/
MRI (Li et al. 2016).

fused images (b, d). Image (c) shows cinematic rendering
of the stent graft. Courtesy of Dr. Felix Nensa, Department
of Diagnostic and Interventional Radiology and
Neuroradiology, University Hospital Essen

In a recent study on ischemic stroke patients
classified as cryptogenic and demonstrating non-
stenotic carotid plaques, PET/MRI documented
higher prevalence (40%) of MR morphologic fea-
tures of high-risk in non-stenotic plaques in the
same carotid territory as that of the stroke. In addi-
tion, these high-risk plaques exhibited higher FDG
uptake values, facilitating their identification,
despite being non-stenotic (Hyafil et al. 2016).
As stressed by the authors, the simultaneous
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evaluation of plaque morphology and metabolism
was made possible by the co-acquisition of PET
and MR and by the high soft tissue contrast of
MR. These factors also permitted localization of
FDG uptake to the vessel walls, thereby excluding
perivascular structures (Hyafil et al. 2016).
Alternative non-invasive imaging techniques have
not been shown to be capable of obtaining this
information.

9.3  ChronicInflammatory Bowel

Disease

Crohn’s disease (CD), along with ulcerative coli-
tis (UC), are responsible for the vast majority of
inflammatory bowel disease (IBD) affecting chil-
dren and adolescents in the developed world.
IBD has important epidemiological implications
due to its high incidence (10 per 100.000 children
in the USA and Canada) and prevalence (100—
200 per 100.000 in the USA) in the pediatric
population (Rosen et al. 2015). While ulcerative
colitis is a long-term condition that results in
inflammation and ulcers of the colon and rectum
based on continuous involvement of (sub)muco-
sal wall tissue, CD is characterized by a chronic/
relapsing course, the tendency to involve any seg-
ment of the gastrointestinal tract and by asym-
metric transmural inflammation of the bowel wall
(Sleisenger et al. 2010; Ford et al. 2013).
Imaging can assist in establishing the diagno-
sis, assessing disease extent, determining activ-
ity, as well as detecting and characterizing
complications, including abscesses, fistulae, and
strictures (Anupindi et al. 2014). It also assists
with the phenotyping of CD into inflammatory,
penetrating, and stricturing variants (Baumgart
and Sandborn 2012). While abscesses and fistu-
lae can be confidently evaluated using several
imaging modalities, strictures present a greater
challenge (Panes et al. 2013). They occur in
>10% of patients at diagnosis of CD, with preva-
lence increasing over time, and constitute a com-
mon cause of acute clinical symptoms (Sleisenger
et al. 2010; Rieder et al. 2013; Speca et al. 2012).
Strictures can be caused by acute transmural
inflammation or chronic fibrosis, or a combina-

tion of both (Rieder and Fiocchi 2009; Rieder
et al. 2013). Precise differentiation of inflamma-
tory from fibrotic strictures has relevant clinical
implications, with medical therapies used in case
of inflammatory strictures and surgical resection
or dilatation in case of fibrotic strictures
(Sleisenger et al. 2010; Rieder et al. 2013; Lenze
et al. 2012). However this differentiation is very
challenging, with endoscopic techniques often
incapable of evaluating the bowel wall layers
deep to the mucosa where fibrosis mainly occurs.
Therefore, several clinical, laboratory and imag-
ing biomarkers, with variable degrees of accu-
racy and clinical success, have been employed
for this purpose (Sleisenger et al. 2010; Rieder
et al. 2013; Lenze et al. 2012; Gee et al. 2011;
Adler et al. 2012).

Hybrid imaging, in terms of PET/CT and
especially PET/MRI, bears the potential to
address both the basic clinical imaging needs for
UC and CD patients, including assessment of dis-
ease extent and therapy response, as well as dis-
tinguishing inflammatory from fibrotic strictures.
Despite these benefits, their role in clinical prac-
tice remains controversial (Panes et al. 2013;
Glaudemans et al. 2010)

BE-FDG PET/CT has been demonstrated to be
of benefit in determining the location and sever-
ity of disease activity in many inflammatory dis-
orders (Bettenworth et al. 2013; Treglia et al.
2013). Particularly SUV,,, and PVC-SUV ..,
(partial volume-corrected SUV..,) have been
demonstrated to correlate significantly with
CDEIS (Crohns Disease Endoscopy Index) sub-
scores (p < 0.05) (Saboury et al. 2014). Hence,
PET also has a potential role in the assessment of
stricturing disease in this context. In particular,
the ability of PET to detect active inflammation
in strictured segments of bowel could aid in the
differentiation of such regions from fibrotic stric-
tures. PET/MRI offers advantages over PET/CT
in these clinical context due to the improved ana-
tomic detail and soft tissue contrast of MR, addi-
tional functional capabilities of MR, including
diffusion weighted imaging (DWI) and apparent
diffusion coefficient (ADC) maps, and the simul-
taneous acquisition of PET data and MR images
(Maccioni et al. 2012) (Fig. 9.2). The latter may
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Fig. 9.2 Importance of simultaneous acquisition (co-
acquisition) of PET and MR data in evaluating bowel
loops in Crohn disease. Coronal portal venouos phase
contrast enhanced VIBE acquired after PET (a), coronal
STIR co-acquired with PET (b), coronal PET (c), fused
coronal portal venous phase VIBE/PET (d), fused coronal
STIR/PET (e). The inflamed last ileal loop (arrow) dem-
onstrates wall thickening, increased enhancement, edema,

and marked FDG uptake. In (d), the morphologic abnor-
malities as seen on the post-acquired portal venouos phase
VIBE do not match with the metabolic abnormalities
depicted in the previously acquired PET. On the other
hand, a superb match of morphologic and metabolic
abnormalities is achieved using co-acquired PET and MR
data as in (e)
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Fig. 9.3 Concordance of
MR and PET in
demonstrating acute
findings of Crohn disease
affecting the last ileal loop.
Coronal portal venous
phase contrast enhanced
VIBE (a), coronal STIR
(b), coronal PET (¢), and
fused coronal PET/STIR
(d). Affected bowel loop
(arrow) demonstrate
thickened wall, edema,
marked contrast
enhancement, vascular
engorgement, and
pronounced FDG uptake

allow an ideal co-registration and fusion of the
PET data over the simultaneously acquired MR
anatomic layout of the bowel segments, over-
coming the challenges imposed by bowel peri-
stalsis that may affect the asynchronously
acquired PET/CT data (Fig. 9.3).

Whole body PET/MRI has been shown to
offer a significant dose reduction (73%) com-
pared with PET/CT (Schafer et al. 2014). Given
the high incidence of CD in the pediatric popula-
tion, radiation dose and exposure is of significant
concern. Several studies have attempted to quan-
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tify radiation dose. In a study of over 300 patients
with CD in Ireland, CT was identified to account
for 77.2% of diagnostic radiation exposure
(Desmond et al. 2008). In many of these patients
PET/MRI is a now a viable alternative.

Despite the extreme paucity of literature on
PET/MRI of Crohn’s disease, this new hybrid
technique is promising (Catalano et al. 2016;
Pellino et al. 2016; Beiderwellen et al. 2016).
Therefore we have described our personal experi-
ence as well as reviewing the limited available
PET/MRI literature, selecting also stand-alone
MR and PET research.

9.4  Author’s Experience

At our institutions, patients fast for at least 6 hours
before imaging to ensure blood glucose levels
<140 mg/ml. About two hours before being
scanned, patients start drinking two liters of a
diluted polyethylene-glycol solution, at the rate of
125 ml every 5 minutes, to be followed by as much
as possible of further two liters of the same solu-
tion. Eighty to ninety minutes before being
scanned, '¥fluorodeoxyglucose (FDG), at an activ-
ity level of 40% of that suggested by EANM
guidelines, is injected. Five minutes before the
start of the PET/MRI-Enterography (PET/MR-E)
acquisition, 20 mg of Joscine N-butilbromure
(Buscopan; Boehringer Ingelheim, Milan, Italy),
or 0.5-1 mg of Glucagon, are injected intrave-
nously. PET/MR-E images are acquired with a
Biograph mMR imaging unit (Siemens Healthcare,
Erlangen, Germany) by using two 12-channel
body coils combined to form a multichannel
abdominal and pelvic coil by using total imaging
matrix technology. PET/MR-E imaging typically
begins 80 minutes after the FDG injection on aver-
age. Acquisitions begin from the mid-thigh and
move upward to the diaphragm with co-acquired
PET and MR sequences, namely coronal short tau
inversion recovery (STIR), axial T2w half-Fourier
acquisition single shot turbo spin echo (HASTE),
coronal T1w Dixon and axial diffusion weighted
imaging (DWI), to ensure temporal and spatial
matching of the respective data. Thereafter stand-
alone breath-hold MR sequences, namely coronal

T2w HASTE, axial T1w dual gradient echo (GE)
and dynamic contrast enhanced T1w volume inter-
polated breath-hold (VIBE) are obtained. Both co-
acquired and post-PET-acquired MR images are
co-registered and fused with PET.

PET, STIR, and portal venous phase contrast
enhanced VIBE are evaluated, both stand-alone
and after having been co-registered and fused
with PET, to ascertain the quality of the acquisi-
tion, identify possible areas of active disease,
evaluate disease extent and severity, and rule out
false positives. After this preliminary assessment,
all the other MR sequences are evaluated on both
a stand-alone basis and after fusion with PET. The
co-performed portion of the protocol ensures
temporal and spatial matching of the MR and
PET information, a feature unique to PET/MRI
imaging (Catalano et al. 2016).

Overall, actively inflamed bowel loops dem-
onstrate variable degrees of wall thickening (usu-
ally >3 mm), mural edema, engorgement of the
vasa recta, contrast enhancement, and increased
FDG uptake, with high SUV,,, (> 4), as per
stand-alone MR and PET images (Toriihara et al.
2011; Allen and Leyendecker 2014; Dillman
et al. 2016; Grand et al. 2015) (Fig. 9.4). High
SUV values with associated bowel loops tether-
ing, fixation and distortion are also encountered
in case of fistulae.

Inactive sequelae of CD, typically demon-
strating less FDG avidity, might be more difficult
to detect on stand-alone PET (Lenze et al. 2012;
Jacene et al. 2009). In these cases, MR is capable
of demonstrating lipomatous hypertrophy, bowel
wall thickening, absence of intramural edema and
reduced signal on T2w images, as well as focal,
slow and progressive contrast enhancement.
However MR accuracy in distinguishing active
from inactive CD is questionable. For example
the target sign (bowel wall thickening and strati-
fied mural enhancement) that is observed in 75%
of fibrotic strictures also correlates positively
with active inflammation (Steward et al. 2012;
Al-Hawary et al. 2014). In our unpublished PET/
MRI experience, non-increased FDG avidity
(SUV . < 4) may facilitate this distinction.

Strictures, regardless of their histology, are her-
alded by upstream bowel dilatation that improves
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Fig. 9.4 Acute relapse in chronic Crohn’s disease in the
ileum. Coronal portal venous phase contrast enhanced VIBE
(a), fused PET/MRI (b), Coronal PET (c). A pseudo-saccu-
lation (arrowed) is clearly depicted in (a) and (b) demon-

detection. Endoscopy or endoscopic biopsy is lim-
ited for this purpose (Gee et al. 2011; Burke et al.
2007). Even computed tomography enterography
(CT-E) and MR-E, despite the ability to evalu-
ate the entire gastrointestinal tract, and, in case of
MR-E, to enable a multiparametric investigation
(including reduced T2w signal intensity, lack of
early mucosal enhancement, slow and progressive
contrast enhancement of the submucosa and mus-
cularis) have moderate accuracy in distinguishing
inflammatory from fibrotic strictures (Lenze et al.
2012; Gee et al. 2011; Adler et al. 2012; Lee et al.
2009; Siddiki et al. 2009). Different PET biomark-
ers, including the ratio between SUVmax of the
stricture and SUV median of the liver (SUVmax
Stricture/SUVmedLiver), and SUV maximum lean
standardized uptake value (SULmax), have been
used for the same purpose with varying results.
SULmax correlated positively with the intensity
of inflammation (8.2 = 2.8 in severe inflamma-
tion versus 4.7 + 2.5 in mild to moderate inflam-
mation), and was <8 in predominantly fibrotic
strictures. However, while sensitivity and specific-
ity were 60% and 100% respectively in detecting
active inflammation, SULmax was not capable
of differentiating fibrosis or hypertrophy from
inflammation. Similarly, another PET/CT bio-

strating the chronicity of the process. On the other side, high
FDG uptake (b, ¢), with mild thickening and enhancement
on the mesenteric border (arrow) of the same affected bowel
loop, superimposed, demonstrates an active lesion

marker, SUVmaxStricture/SUVmedLiver, dem-
onstrated lower values in fibrotic (2.1-4.3) than in
mixed (1.8-5.4) or inflammatory (1.7-10.6) stric-
tures, correctly differentiating 53% of strictures,
although these results were not statistically signifi-
cant (Lenze et al. 2012; Jacene et al. 2009).

In a recent study that investigated the perfor-
mance of PET/MRI in distinguishing active ver-
sus fibrotic strictures, with surgical pathology
serving as standard of reference, a new hybrid
PET/MRI biomarker (ADC*SUV,,,,) that takes
into account both the diffusion of water mole-
cules in the intercellular space (apparent diffu-
sion coefficient or ADC) and the FDG uptake,
proved useful for this purpose. ADC*SUV ..
cutoff <3000, was the best discriminator between
fibrosis and active inflammation with a mean sen-
sitivity of 67%, mean specificity of 73%, and
mean accuracy of 71%, with associated statistical
significance (Catalano et al. 2016).

9.5 Spondylodiscitis

Spondylodiscitis (SD) is a particular form of
osteomyelitis that specifically involves the inter-
vertebral disk. It is often caused by surgical spine
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procedures and, less frequently, by hematoge-
nous spread of infectious microorganisms. This
infectious disease may destroy the disc, extend to
nearby bone tissue causing low back pain, spine
deformities and, in serious cases, neurological
deficit (Jain 2010; Jutte and van Loenhout-
Rooyackers 2006; Hadjipavlou et al. 2000). The
incidence of SD is 1:250,000 (about 5% of all
cases of osteomyelitis) and it mainly affects men
in the fifth to seventh decades (Pigrau et al.
2005).

Radiography is typically one of the first steps in
the identification of SD, however it lacks specific-
ity and sensitivity, especially in the initial stages of
the disease when bone abnormalities are not pres-
ent yet. In these situations CT can be useful in
order to guide biopsy for a definitive diagnosis
(Leone et al. 2012). For its properties to image
bone marrow and soft tissue abnormalities, MR is
the preferred imaging modality when SD is sus-
pected as it is able to promptly identify one of the
first signs of infection: the increase in extracellular
fluid of the vertebral body that appears as a reduced
signal intensity at T1-weighted and increased sig-
nal intensity in T2 weighted sequences (Tins et al.
2007; Tohtz et al. 2010; Tins and Cassar-Pullicino
2004). MR with gadolinium is also crucial for the
differentiation between an epidural abscess, that
requires surgical drainage, and phlegmon, which
represents granulation tissue and is treated with a
conservative approach.

While MRI is considered the gold standard in
the diagnosis of primary / untreated SD, a recent
meta-analysis performed by the Infection/
Inflammation Committee of the FEuropean
Association of Nuclear Medicine (EANM) in
conjunction with the European Society of
Neuroradiology revealed that the diagnostic
accuracy of MR and FDG-PET/CT is similar in
case of haematogenous SD, but FDG is superior
in case of post-surgical SD (unpublished data).
Indeed, the role of ['*F]FDG PET/CT in the diag-
nosis of infection and inflammation is well estab-
lished (Jamar et al. 2013; Glaudemans et al.
2013) and in this specific situation ['"*F]JFDG
PET/CT represents the nuclear medicine modal-
ity of choice as it provides a higher diagnostic
accuracy than white blood cell scintigraphy

(Turpin and Lambert 2001). In 2013 Hungenbach
et al. proposed a five point visual scale for FDG
pattern uptake in order to define the severity of
the disease (Hungenbach et al. 2013). This clas-
sification is used in several centers in the diag-
nostic setting and for follow-up. Several groups
have explored the feasibility of ['"SF]IFDG PET/
CT over MR in the diagnosis of SD and in the
evaluation of treatments. In a population of nine
patients affected by SD, Nakahara and co-authors
demonstrated that FDG demonstrates higher sen-
sitivity and specificity than MRI (100% and 79%
vs. 76% and 42%). They identified an SUVmax
of 4.2 as a threshold for defining the infection
(Nakahara et al. 2015). Similarly, Smids et al.
demonstrated a superior diagnostic value of ['3F]
FDG in the earlier phases of the disease (within
2 weeks) and a similar performance after 2 weeks
(Smids et al. 2017). Fuster et al. suggest to use
['®F]FDG PET/CT as a first line imaging modal-
ity and they also proposed the combination of
both modalities in order to improve the diagnos-
tic accuracy (Fuster et al. 2015). These studies
and their respective results indicate the high diag-
nostic potential of integrated PET/MRI for
assessment of SD, as integrated PET/MRI com-
bines the functional information provided by
PET with the high resolution contrast for soft tis-
sue of MR, bearing the potential to significantly
improve hybrid imaging when high soft-tissue
contrast is desired, e.g. in the diagnostic workup
of SD, Fahnert et al. studied 34 consecutive
patients with a suspected SD with combined ['*F]
FDG-PET/MRI using both visual and semiquan-
titative analyses (SUVmax, SUVmean, SUV
ratios between affected and unaffected disk). The
results were compared with histopathological
findings based on biopsy or surgery (Fahnert
et al. 2016). They demonstrated high sensitivity,
specificity, PPV and NPV (100%, 88%, 86% and
100% respectively) when PET was fused to MR
(Figs. 9.5 and 9.6). The absence of false negative
cases in their series enforces the hypothesis that
PET/MRI should be used in patients with sus-
pected SD, particularly when MR findings are
inconclusive.

However, more studies with larger patient
cohorts are necessary to reinforce these results.
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Fig. 9.5 Simultaneous *F-FDG PET/MRI in a 71-year-
old female patient with final diagnosis of spondylodisci-
tis. MRI was inconclusive: (a) TIRM (turbo inversion
recovery magnitude) with typical hyperintense signal
alterations in the intervertebral disc level L4/5 (arrow) and
a moderate post-contrast MRI T1-WI signal (b). *F-FDG

Fig. 9.6 Simultaneous *F-FDG PET/MRI in a 59-year-
old female patient with suspected spondylodiscitis in level
L2/3 and final diagnosis of “no spondylodiscitis” but post-
fracture changes. Single MRI was inconclusive: MRI,
TIRM (turbo inversion recovery magnitude) (a) with typi-
cal hyperintense signal alterations in intervertebral disc
level L2/3 (arrow) but poor post-contrast signal in MRI

Conclusions

PET/MRI is a versatile and innovative hybrid
imaging technique that combines the meta-
bolic information of PET with the high soft
tissue resolution, fine anatomic detailing and
tissue characterization of MR (Glaudemans
etal. 2012). Simultaneous PET/MRI improves
co-registration of PET and MR and benefits
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PET and combined "*F-FDG PET/MRI (¢, d) show a
focally elevated uptake in the affected disc (arrow) as a
sign of active inflammation. Courtesy of Dr. Jeanette
Fahnert, Department of Diagnostic and Interventional
Radiology, University Hospital Leipzig

-

The

T1-weighted (b). *F-FDG PET and fused "*F-FDG PET/
MRI (e, d) show no elevated tracer uptake in the suspected
disc (arrow), thus active inflammation was excluded.
Courtesy of Dr. Jeanette Fahnert, Department of
Diagnostic and Interventional Radiology, University
Hospital Leipzig

from the complementarity of the techniques.
This makes PET/MRI suitable for all the
applications for which MR or PET are cur-
rently used in patients with several inflamma-
tory/infective diseases and has demonstrated
promising potential in assessing active
inflammatory disease and distinguish from
fibrotic lesions or scars (e.g. in CD or SD).
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In the future, we foresee the use of many
other radiopharmaceuticals, in addition to FDG,
which have already been successfully applied by
SPECT or PET/CT (D'Alessandria et al. 2007),
or adapted from other chronic inflammatory dis-
eases. These may ultimately be labelled with
positron emitters (such as 18F, 68Ga or 64Cu or
69Zr) for PET/MRI investigations (Nie et al.
2016; Pedersen et al. 2015; Bucerius et al. 2017).
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Sergios Gatidis, Konstantin Nikolaou,

and Jurgen F. Schafer

10.1 Introduction

Pediatric imaging has been identified as a key
application of combined PET/MRI (Gatidis et al.
2017). Both single modalities, MRI and PET, are
well-established diagnostic tools in pediatric
radiology for a variety of indications.

MRI can be considered as the most versatile
and comprehensive single imaging modality for
children due to a number of properties. The most
obvious advantage specifically for its use in chil-
dren is the lack of radiation exposure in contrast
to alternative imaging techniques like X-ray, CT
or scintigraphy. In addition, the superior soft tis-
sue contrast and the ability of MRI to depict
functional tissue properties allow for comprehen-
sive local and whole-body assessment of patholo-
gies in a single examination (Goo et al. 2005).
Thus, numerous studies have shown the value of
MRI particularly for imaging of pediatric onco-
logic, inflammatory, neurologic and musculo-
skeletal disorders. In the context of pediatric
oncology, MRI displays a high sensitivity for the
detection of tumor lesions (Pfluger et al. 2012).

In the clinical context PET is nowadays
widely used as a part of hybrid imaging modali-
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ties, mostly in combination with CT. The distinct
diagnostic strength of PET is given by its poten-
tial of depicting metabolic, molecular and func-
tional information through the use of a variety of
available PET tracers. The main indication for
the use of PET in children is imaging of solid
tumors for primary evaluation, assessment of
therapy response and in follow-up after therapy,
mainly using the PET tracer 18F-FDG. Especially
in a post-therapeutic situation, 18F—-FDG-PET
has been shown to increase specificity for the
evaluation of tumor vitality compared to mor-
phological imaging by MRI only (Pfluger et al.
2012).

From a diagnostic point of view, the combina-
tion of the high morphologic sensitivity of MRI
with the high specificity of PET in combined
PET/MRI thus promises to constitute a compre-
hensive and precise whole-body imaging modal-
ity for pediatric patients (Gatidis et al. 2016a;
Schafer et al. 2014).

A specific aspect of medical imaging in chil-
dren is the minimization of diagnostic radiation
exposure. In contrast to adults, children have a sig-
nificantly higher susceptibility to potential adverse
long-term effects caused by ionizing radiation.
Furthermore, childhood cancer is fortunately asso-
ciated with an overall high cure rate (Robison et al.
2005), however, this may result in long-term fol-
low-up by repeated imaging studies (Rathore et al.
2012). Apart from secondary cancer risk from
therapeutically induced radiation exposure there
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are also concerns about the effect of radiation
exposure caused by diagnostic imaging. Thus, the
cumulative radiation exposure especially of pedi-
atric cancer patients undergoing PET/CT studies
can be substantial (Chawla et al. 2010). In com-
parison, PET/MRI allows for a reduction in radia-
tion dose by replacing CT with MRI, making it
particularly suitable for pediatric applications.

10.2 Technical Aspects

Due to specific anatomic and physiological char-
acteristics of children, certain technological
aspects of PET/MRI have to be considered.
MR-based PET attenuation correction is affected
by the smaller body size and lower body weight
as well as the anatomical distribution of cortical
bone and fat tissue (Gatidis et al. 2016a; Schafer
et al. 2014). In segmentation-based PET/MR
attenuation correction, tissue classes (water, fat,
lung, air) are segmented based on a dual-echo
MR sequence for chemical shift fat/water separa-
tion. Subsequently, known attenuation coeffi-
cients for these tissues are applied. Attenuation
caused by cortical bone can be additionally
addressed using dedicated atlases in the so-called
atlas-based attenuation correction (Bezrukov
et al. 2013). These methods include image pro-
cessing and segmentation steps that have to be
tailored to patient size and anatomy. Especially
for atlas-based attenuation correction, a children-
specific underlying atlas is necessary to ensure
correct localization of bone structures and to
avoid artifacts caused by attenuation correction
(Bezrukov et al. 2015).

Apart from effects on PET attenuation correc-
tion, MRI and PET as such are also affected by
children’s physiology. Higher respiratory fre-
quency and heart rate in children require adapta-
tion of MR imaging parameters, especially
respiratory and cardiac trigger parameters and
breath hold duration. Also, in both, PET and
MRI, a higher spatial resolution may be required
in small children compared to adults. Concerning
MR acquisition times, delays in measurement
time due to higher specific absorption rates also
need to be considered.

10.3 Preparation, Imaging
Protocol and Data Analysis

PET/MRI is a complex imaging modality that
requires thorough preparation and careful plan-
ning, especially with respect to pediatric exami-
nations (Stauss et al. 2008).

The indication for a pediatric PET/MR exami-
nation should be established in close collabora-
tion between imaging experts (pediatric
radiologist and nuclear medicine physician) and
specialized pediatricians and anesthesiologists.
Potential contraindications against MRI and the
potential necessity for patient sedation should be
discussed. Patients and legal guardians should be
informed as early as possible about the course of
the examination, especially about relatively long
examination times and necessary preparation.
The necessity for patient sedation has to be evalu-
ated beforehand, depending on patient age and
ability to cooperate.

Children-specific aspects have to be consid-
ered prior to the examination. Appropriate prepa-
ration for the respective tracer application is
indispensable. When using the tracer 18-FDG,
patients should fast for at least 4-6 h in order to
ensure good sensitivity. Blood glucose levels
should be determined prior to the examination. If
possible, FDG PET/MR-examinations should be
scheduled during the morning hours as the toler-
ance for necessary fasting is reduced in children.
In addition, activated brown adipose tissue has a
high prevalence in children and can deteriorate
diagnostic PET information. In order to avoid
activation of brown adipose tissue, patients
should be kept in a warm environment and if pos-
sible the application of a beta blocker is recom-
mended. Finally, in patients with tumors adjacent
to the genitourinary tract the administration of
diuretic medication after FDG-injection and
transurethral catheterization can be discussed.

The course of a typical oncologic whole-body
FDG PET/MR examination is shown in Fig. 10.1.
After informed consent of patients/legal guardians,
the tracer is injected and uptake time is spent out-
side the scanner. In principle, tracer uptake time
could already be used for acquisition of MR-only
measurements. However, from a perspective of
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uptake time

60 min

Fig. 10.1 Typical course of a whole-body FDG-PET/
MRI examination. PET acquisition is initiated 1 hour after
tracer administration and performed simultaneously to

optimizing PET image quality and reducing local
radiation dose, it seems preferable to allow the
patient to void the tracer-containing bladder after
the FDG uptake time, directly prior to the
examination.

Whole body PET/MRI in pediatric examina-
tions consists of two parts which can be planned
independently—simultaneous PET/MRI acquisi-
tion and MR-only measurements. During simul-
taneous PET/MRI, image data are acquired in a
bed-per-bed manner following the typical PET
acquisition pattern. Simultaneously acquired
MRI mostly consists of a dedicated sequence for
MR-based PET attenuation correction, a coronal
STIR sequence and potentially whole-body
diffusion-weighted MR imaging. Typical PET
measurement times per bed position depend on
the duration of parallel MR sequences and are in
the range of 3—6 min. Depending on patient size
and required scan field, this part of the examina-
tion thus takes approximately 20-30 min. If
needed, subsequent MR-only examinations (e.g.
additional dedicated local imaging, e.g. liver
imaging) and contrast-enhanced MRI can be
added depending on the clinical question. The
duration of this part of the examination is vari-
able and is typically in a range of 30-60 min.
Initial studies on fast PET/MR protocols, includ-

20-30 min

PET+MRI

30-60 min

whole-body MR measurements. Subsequently, additional
local MR sequences are acquired

ing T2 weighted, diffusion-weighted MRI and
post-contrast VIBE imaging, demonstrated its
diagnostic potential for whole-body imaging
applications and may be of high clinical impor-
tance for pediatric applications (Kircher et al.
2017).

The multiparametric nature of combined PET/
MR examinations results in a high output of
image data that require competent analysis.
Importantly, dedicated software is of crucial
importance in order to enable efficient manage-
ment of this image load. Due to the technical
complexity of the modality and the often com-
plex clinical questions, reading should be per-
formed in a multidisciplinary approach, involving
experts in pediatric radiology and nuclear medi-
cine, as well as pediatricians. Findings should be
reported in a combined report considering the
information provided by PET and MRI in the
process of the diagnostic decision.

10.4 Indications

Recent literature on PET/MRI in children and
adults supports the diagnostic equivalence of
PET derived from PET/MRI and PET/CT with
respect to detection of PET-positive findings
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and—using atlas-based attenuation correction—
also with respect to quantification of PET stan-
dardized uptake values. Hence, PET/MRI is in
general indicated in children whenever PET is
indicated and no MR contraindications are pres-
ent. Although PET/MRI as a combined modality
has been available for over half a decade (Delso
et al. 2011), the clinical availability is still very
limited. Thus, despite being the modality of
choice for performing PET in children where
available, PET/MRI still cannot be regarded as a
standard modality.

The largest field of application for pediatric
PET/MRI is imaging of solid tumors. First clini-
cal data of PET/MRI have shown the diagnostic
equivalence with PET/CT for pediatric cancer
and suggest potential benefits concerning ana-
tomical allocation of focal PET uptake and char-
acterization of PET-equivocal lesions due to the
high soft-tissue contrast of MRI (Gatidis et al.
2016a; Schafer et al. 2014).

Pediatric lymphoma is a prime example for
the use of FDG-PET/CT in pediatric oncology
for the purpose of staging and assessment of ther-
apy response (Depas et al. 2005). Especially in
Hodgkin’s disease, tumor vitality after chemo-
therapy as defined by FDG-PET has a direct
impact upon therapy management regarding the
necessity of radiation therapy. MRI can poten-
tially add additional information in cases of low
or unknown FDG-avidity and when assessing
changes in FDG-avid organs like the kidneys.

The diagnostic value of MRI for local and
whole-body assessment of pediatric soft-
tissue tumors, specifically sarcomas, is well-
established. With respect to therapy planning
and assessment of therapy response, PET can
add metabolic information, increasing speci-
ficity for the detection of vital tumor lesions
with impact particularly on local treatment
(e.g., extent of surgical resection, Fig. 10.2)
(Tzeng et al. 2007). Furthermore, FDG-PET
has been shown to provide prognostic informa-
tion based on the quantification of metabolic
tumor volume (Byun et al. 2013). A potential
limitation of PET/MRI specifically for the
diagnostic work-up of pediatric sarcoma is the
limited sensitivity of MRI for small pulmo-

nary nodules (Rauscher et al. 2014). Thus, an
additional chest CT may be indicated in these
patients.

Another field of application for PET/MRI is
imaging of primary tumors of the central nervous
system (Bisdas et al. 2013). The excellent soft-
tissue of MRI allows for precise localization of
CNS tumors and further functional characteriza-
tion using diffusion-weighted imaging, perfusion-
weighted imaging and MR spectroscopy. On the
PET side, amino acid tracers are preferred in
order to depict vital tumor parts or to estimate
tumor grade. Thus, combined PET/MRI is espe-
cially useful for the definition of biopsy targets
and for the post-therapeutic detection of tumor
recurrence.

In patients with Type I Neurofibromatosis,
combined FDG-PET/MRI is an excellent modal-
ity for the early detection of potential malignant
transformation of neurofibromata to malignant
peripheral nerve sheet tumors. The high soft-
tissue contrast of MRI allows for precise ana-
tomic allocation of single lesions and assessment
of changes in size, signal properties and diffusiv-
ity (Wasa et al. 2010), while elevated FDG-
uptake is a good marker for malignant
transformation (Bredella et al. 2007). In addition,
associated pathologies in these patients such as
optic nerve glioma can be precisely diagnosed in
MRI.

Apart from oncologic applications, hybrid
PET/MRI is also promising diagnostic tool for
the assessment of metabolic dysfunction and
inflammatory conditions. Especially for these
non-oncologic indications, the relatively low
radiation exposure of PET/MRI compared to
PET/CT can potentially widen the use and lead
to increased acceptance of the modality. With
respect to pediatric central nervous system dis-
orders, the combination of MRI and FDG-PET
allows for comprehensive examination of
patients with epileptic disorders by revealing
structural and metabolic changes of the brain
indicating epileptogenic foci (Fig. 10.3) (Gok
et al. 2013). Regarding inflammatory condi-
tions, FDG-PET is highly specific and sensitive
for evaluating inflammatory activity; MRI on
the other hand allows for precise depiction of
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Fig. 10.2 Simultaneous whole-body and local staging tumor extent (A.Il and A.III) compared to MRI enabling
using PET/MRI in a patient with osteosarcoma of the left  joint-preserving tumor resection (C). (from Gatidis et al.
humerus before (A) and after (B) chemotherapy. FDG-  2017)

PET increases specificity for the assessment of the local

Fig. 10.3 Combined FDG-PET/MRI in a patient with recurrent seizures reveals focal cortical dysplasia (red arrows)
as the epileptogenic source with typical hypometabolism in FDG-PET (white arrows). (from Gatidis et al. 2017)
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Fig. 10.4 FDG-PET/MRI for the assessment of active
inflammation (arrows) in a patient with cystic fibrosis. A
long PET acquisition time of 20 minutes in this patient

associated morphologic changes in affected
organs. Thus, combined FDG-PET/MRI has a
high diagnostic potential in patients with rheu-
matoid disorders, chronic inflammatory bowel
disease, graft-versus-host disease but also infec-
tious states, e.g. in patients with cystic fibrosis
or immunodeficiency (Fig. 10.4).

10.5 Patient Safety and Dose
Aspects

In general, existing literature shows that PET/
MRI is a safe imaging modality for pediatric
patients (Guckel et al. 2015). The potential
examination-related risks arise from MR contra-
indications (especially metal implants) and
adverse reactions to MR contrast media. The
overall risk profile is thus equal to MRI examina-
tions that have been performed safely for several
decades, also in pediatric patients. In a similar
manner, patient compliance in PET/MRI mainly
depends on the ability of patients to stay still for
a longer period of time, to hold their breath, and
to tolerate scanner noise, which are potential
sources of discomfort.

Due to long examination times and the require-
ment for good patient compliance, sedation may
be necessary in PET/MRI for pediatric patients
up to an age of 6-8 years, in order to achieve

allowed for a drastic reduction of administered FDG-
activity to 1 MBg/kg. (from Gatidis et al. 2017)

diagnostically sufficient image quality. The same
applies to alternative examinations including
PET/CT and MRI. By offering comprehensive
local and whole-body staging within a single
examination, PET/MRI may help reduce the total
number of necessary imaging studies and thus
the number of necessary sedations. For this rea-
son, patient safety may be improved and poten-
tial adverse long-term effects caused by sedation
can be reduced using PET/MRI as a single and
comprehensive modality.

As mentioned above, aspects of radiation
dose reduction are of particular importance in
pediatric patients. By replacing CT with MRI,
diagnostic radiation exposure can already be
markedly reduced by up to 50-80% in PET/MRI
compared to PET/CT (Gatidis et al. 2016a;
Schafer et al. 2014). In addition, the possibility
of simultaneous PET and MRI acquisition—in
contrast to sequential PET and CT acquisition in
PET/CT—allows for longer PET measurement
times without relevant increase in total examina-
tion time (Gatidis et al. 2016b). Thus, adminis-
tered tracer activities can be further reduced in
combined PET/MRI, maintaining high diagnos-
tic PET image quality. For the examination of
single organs (e.g. inflammatory changes of the
lung), effective doses of PET in PET/MR can
thus be reduced to values lower than 1 mSv
(Fig. 10.4).
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10.6 Outlook

The further development of hybrid PET/MRI
strongly depends on the technical and clinical
development of the single modalities.

With respect to PET, the development and
clinical implementation of novel tracers will
potentially give new diagnostic and pathophysi-
ologic insight into the development of pediatric
diseases. One of many examples is the develop-
ment of PET tracers for imaging of neuroblas-
toma, such as 18F-MFBG or labeled anti-GD2
antibodies (Zhang et al. 2014). This development
may then open the way for a theranostic approach
using diagnostic PET markers as therapeutic
agents.

The technical development of MRI on the
other hand already allows for significant acceler-
ation of examinations using novel sequence tech-
niques combining parallel imaging, compressed
sensing and improved scanner hardware. It can
be expected that these techniques will be imple-
mented also on PET/MR scanners in the near
future, potentially leading to significantly reduced
PET/MR examination times. Furthermore, new
developments in sequence techniques allow for
artifact-robust and motion-robust acquisition of
MR data, yielding higher image quality and diag-
nostic confidence.

Finally, a main role of hybrid PET/MRI is to
be seen in basic science, where the combination
of specific PET tracers and multiparametric func-
tional MRI parameters will potentially provide
substantial information for a better understand-
ing of pediatric diseases, (patho-)physiology and
(tumor) biology, and thus help to improve patient
care.
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