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Preface

This atlas of early clinical experience from the first two sites to be equipped with a whole-body
PET/MR scanner is intended as an introduction to this new hybrid modality and its potential
applications in oncology. Written by early adopters of the technique, it highlights the strength
of collaboration and combined efforts of expert radiologists and nuclear medicine specialists
in developing new diagnostic strategies and imaging protocols that can take full advantage of
this innovative technology. The atlas is a testament not only to the efforts of the contributors in
optimally applying whole-body PET/MR imaging within their own specific domain but also to
their commitment in preparing superb illustrative cases and reference images for the book and
further amazing figures and images for the multimedia companion version. This work could
not have been achieved without the coordinated efforts of the numerous co-authors of each
chapter, each of whom deserves special recognition for their contribution. The authors would
also like to thank Dr. A. Baskin for her editorial work and preparation of numerous illustra-
tions and figures and Dr. Benedicte Delattre for her help and valuable technical support in the
development of imaging protocols and the preparation of the cases and manuscript for the
book. Finally, the authors would like to express their gratitude to Philips Healthcare for
providing the support and resources that permitted the development of the interactive
multimedia version of the book.
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CT it would seem logical that PET/MR can provide an inno-
vative and attractive alternative taking full advantage of the
superiority of MR over CT in differentiating soft tissue char-
acteristics with a reduction in radiation exposure by replac-
ing CT with MR imaging. The challenges of PET/MR are
still numerous both on the technical side as on the practical
and clinical side.
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From PET/CT to PET/MR

The development of PET/MR started even before the first
prototypes of PET/CT were developed. As described in
details in the next chapter, the technical challenges were con-
siderable to overcome the interference and cross-talk effects
between magnetic field and the photomultipliers of PET
detectors. Several alternatives have emerged and lead to the
first hybrid devices to appear on the market for clinical appli-
cations. Whether it is through a combination of separate
coplanar systems or by integrating solid-state PET detectors
inside an MRI they provide the means to explore the poten-
tial clinical applications of whole-body PET/MR in clinical
practice.
Given the broad range of applications of PET imaging,
it is oncology that remains today the clinical domain where
PET is mostly used. PET imaging was shown to be supe-
0. Ratib (59) rior to other imaging techniques in staging and follow-up
Department of Medical Imaging and Information Sciences, of numerous specific tumors. The advent of PET/CT has
Division of Nuclear Medicine and Molecular Imaging, reinforced the clinical utilization of PET by allowing com-
Genev a University Hospitals, Geneva, Switzerland bined PET and CT studies to be acquired quasi-simultane-
e-mail: osman.ratib@hcuge.ch . A . .
ously with perfect alignment of anatomical and metabolic
M. Schwaiger imaging data. While most clinical studies showed rela-
Klinikum rechts der Isar

Nuklearmedizinische Klinik u. Poliklinik, Technische Universitit ~ tively modest improvement in diagnostic accuracy through
Miinchen, Munich, Germany the sensitivity and specificity of hybrid PET/CT over PET

O. Ratib et al. (eds.), Atlas of PET/MR Imaging in Oncology, 3
DOI 10.1007/978-3-642-31292-2_1, © Springer-Verlag Berlin Heidelberg 2013
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and CT performed separately, several studies demonstrated
however a significant improvement in diagnostic confidence
when both studies were acquired together and images were
interpreted with fusion of both modalities. Uncertainties of
diagnostic findings that could occur when PET images are
interpreted without accurate anatomical localization can
be avoided when CT images are co-registered with PET
images and provide the necessary anatomical references.
Conversely, diagnostic criteria of CT based on structural and
morphological observations can be often misleading and
subject to difficult interpretation and can be significantly
improved when additional metabolic information of PET is
provided with combined PET/CT images. While MRI has
replaced CT in many clinical applications by providing abil-
ity for higher tissue characterization and functional imag-
ing, the added value of PET/MR over PET/CT still remains
to be demonstrated in clinical practice. The most immediate
application might be in patients that require both PET/CT
and MRI in their clinical workup and could benefit from
a single study combining PET and MR when CT is of no
significant additional value.

Potentials and Challenges of PET/MR

Technical designs of hybrid PET/MR devices differ consid-
erably between different vendors as shown in the next chap-
ter of this book. While integrated system my represent the
most logical solution they remain technically more challeng-
ing and coplanar systems combining two scanners adjacent
to each other provide an alternative that resembles in its
design current PET/CT systems where the patient is moved
from one to the other modality sequentially. In oncology
applications both sequential and simultaneous acquisition of
images may provide similar results they differ only on the
imaging protocols used.

The remaining challenge of all hybrid PET/MR systems
is the calculation of tissue attenuation correction maps simi-
lar to those calculated from whole body CT scans in hybrid
PET/CT devices. Several techniques of attenuation correc-
tion were explored, but the emphasis has been mainly on MR
image segmentation for derivation of an attenuation map.
Besides image segmentation, other technical challenges for
effective attenuation correction in a whole-body PET/MR,
including compensation for MR image truncation and cor-
rection for RF coils and accessories also need to be imple-
mented. Accurate calculation of tissue attenuation aims
mainly toward providing quantitative measurement of PET
tracer uptake in tissue. Semi-quantitative calculation of stan-
dard tracer uptake (SUV) is the most common technique
used today and provides an attractive simple method to

estimate the amount of tracer uptake in different tissues.
While it can allow for differentiating between benign physi-
ological and potentially pathological tissue tracers uptake, it
has only marginal added value in routine clinical practice
when PET findings are combined with observations from
other imaging modalities such as CT and MR and confronted
with multiple other criteria in clinical decision making. It
remains however necessary to achieve the best and most
accurate correction of tissue attenuation to use PET imaging
technology at its full potential and benefit from the added
value of quantitative imaging over visual interpretation of
PET findings.

The Challenge of Hybrid Imaging Protocols

Depending on the scanner design, imaging protocols can dif-
fer significantly depending on the ability to perform sequen-
tial or simultaneous acquisitions of both modalities. It
remains however that one of the most challenging aspect of
hybrid PET/MR is the complexity and heterogeneity of MR
protocols that are being used in clinical practice. The wealth
of different types of imaging parameters that MRI provides
and the diversity and lack of standardization of different
imaging protocols have lead to significant differences in pro-
tocols used in clinical practice. The general trend is that MR
imaging protocols have considerably been extended to
include several sequences for better tissue characterization
and extraction of functional and physiological parameters of
different tissues and organs. The combination for such com-
plex protocols together with additional whole-body imaging
sequences of PET and MRI can lead to significantly longer
examination time. Therefore, additional efforts and research
is needed to optimize hybrid imaging protocols to benefit
from the best potential capabilities of each modality while
maintaining reasonable imaging time that is compatible with
routine clinical practice.

Domains of Clinical Applications of PET/MR

The primary clinical applications of PET/MR that we elected
to cover in this book are in oncology. But there are other
emerging applications in cardiovascular, in inflammatory
and infectious disease as well as in neurodegenerative dis-
eases. MRI has gained a wide adoption in cardiology for the
detection of ischemic disease, myocardial viability ad car-
diac function. The added value and complementarity of PET
in providing a better sensitivity and quantitative analysis of
myocardial perfusion and myocardial viability can become
good clinical justifications for combined PET/MR studies.
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Brain imaging for acute as well as chronic disease often rely
on combination of multiple imaging modalities such as PET
and MR. In brain imaging however, the rigidity of the head
and the easily identifiable skull structures, allow software-
based registration technique to provide adequate fusion of
different imaging modalities. A wider availability of hybrid
PET/MR can however facilitate the use of hybrid imag-
ing for brain studies with more convenience to the patient
that does not have to undergo separate studies on different
scanners.

Another factor that favors MRI over CT for hybrid imag-
ing is the reduction in radiation exposure. Although for
elderly patient and patients under palliative treatment for
cancer, radiation exposure may be of minor impact, reduced
radiation exposure of PET/MRI compared with PET/CT may
be relevant in non-oncological patients and in younger
patients with potentially curable disease.

Future of PET/MR in Oncology

This book highlights the potential applications of whole-
body hybrid PET/MR in oncology. While it is still a collec-
tion of convincing anecdotal cases, it only reflects early
observations of two academic centers that were first in adopt-
ing this new technique in clinical practice. The diversity of
cases and broad scope of clinical domains covered in the dif-
ferent chapters of the book underline the potential applica-
tions in oncology but also in other clinical domains. The use
of different radiolabeled tracers such as '®F-fluorocholine
and '8F-fluorotyrosine show the potential of PET beyond
the conventional "®F-FDG tracer in clinical applications of
hybrid PET/MR. However this new imaging modality has
only been recently introduced for clinical use and will face
the same challenges and skepticism that PET/CT technique
encountered when it was first introduced. The lack of tangi-
ble added value of combined PET/MR over the two exami-
nations acquired separately is the first issue that needs to be
addressed both from a clinical perspective and from a med-
ico-economic point of view. It is however foreseeable that
increasing demand for objective criteria in determination of
adequacy and efficacy of new treatments, in particular in
oncology, will drive the development of new tracers and
innovative hybrid imaging protocols that take full advantage
of complementarity of PET and MR modalities.
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Introduction
Anato-metabolic Imaging

Most people require diagnostic tests during their lifetime in
order to detect a suspected malignancy, plan a therapy and
follow-up on a treatment. In almost all of these cases diag-
nostic tests entail a single imaging examination or a series of
complementary imaging exams. Non-invasive imaging is
central to personalized disease management and includes
imaging technologies such as Computed Tomography (CT),
Single Photon Emission Computed Tomography (SPECT),
Magnetic Resonance Imaging (MRI), Ultrasound (US) or
Positron Emission Tomography (PET).

Each of the above imaging tests yields a wealth of infor-
mation that can be separated generally into anatomical and
metabolic information. Anatomical information, such as
obtained from CT or US, is represented by a set of sub-mm
resolution images that depict gross anatomy for organ and
tissue delineation. Malignant disease is typically detected on
these images by means of locally altered image contrast or
by abnormal deviations from standard human anatomy. It is
important to note, that anatomical changes do not necessarily
relate to the onset of malignant diseases. In other words,
malignant diseases are expressed as abnormal alterations of
signaling or metabolic pathways that may lead to detectable
anatomical changes. Therefore, anatomical imaging alone
may miss diseases frequently or diagnose diseases at an
advanced stage only.

PET, as a representative of nuclear medicine imaging
methods, has been shown to support accurate diagnosis of
malignant disease [1] as well as providing essential informa-
tion for early diagnosis of neurodegenerative diseases [2]
and malfunctions of the cardiovascular system [3]. However,
over 90 % of all PET examinations are performed for oncol-
ogy indications. PET is based on the use of trace amounts of
radioactively labeled biomolecules, such as [18F]-FDG, a
fluorine-18 labeled analogue to the glucose molecule, that
are injected into the patient whereby the distribution of the

DOI 10.1007/978-3-642-31292-2_2, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 2.1 Schematics of PET imaging: a biomolecule is labeled with a
positron emitter (e.g., '*F, T, ~ 109.8 min) and injected into the patients.
The radioactive isotope label decays by emitting a positron, which anni-
hilates with an electron from the surrounding tissue, thus creating two

tracer is followed by detecting the annihilation photons
resulting from the emission and annihilation of the positrons
(Fig. 2.1).

In most cases of malignant diseases early diagnosis is key
and, therefore, imaging the anatomy of a patient may not
suffice in rendering a correct and timely diagnosis. Thus, med-
ical doctors typically employ a combination of imaging tech-
niques during the course of diagnosis and subsequent treatment
to monitor their patients. Henceforth, both functional and ana-
tomical information are essential in state-of-the-art patient
management. An appreciation for this type of combined infor-
mation is best illustrated with the introduction of the term
“anato-metabolic imaging” [4], in reference to an ideal imag-
ing modality that gathers both anatomical and functional
information, preferably within the same examination.

Historically, medical devices to image either anatomical
structure or functional processes have developed along some-
what independent paths. The recognition that combining
images from different modalities can offer significant diagnos-
tic advantages gave rise to sophisticated software techniques
to co-register (aka align, fuse, superimpose) structure and
function retrospectively (Fig. 2.2). The usefulness of combin-
ing anatomical and functional planar images was evident to
physicians as early as in the 1960s [5]. Sophisticated image
fusion software was developed from the late 1980s onwards.
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Sinograms

8F-FDG glucose

PET tomograph

annihilation photons that are emitted back-to-back and detected by a
ring of PET detectors. Image reconstruction then follows the same prin-
ciples as in CT (Courtesy of David W Townsend, Singapore)

For relatively rigid objects such as the brain, software can suc-
cessfully align images from MR, CT and PET, whereas in
more flexible environments, such as the rest of the body, accu-
rate spatial alignment is difficult owing to the large number of
possible degrees of freedom. Alternatives to software-based
fusion have now become available through instrumentation
that combines two complementary imaging modalities within
a single system, an approach that has since been termed hard-
ware fusion. A combined, or hybrid, tomograph such as PET/
CT can acquire co-registered structural and functional infor-
mation within a single study. The data are complementary
allowing CT to accurately localize functional abnormalities
and PET to highlight areas of abnormal metabolism.

The advantages of integrated, anato-metabolic imaging
are manifold [6]. A single imaging examination provides
comprehensive information on the state of a disease.
Consequently, functional information is gathered and dis-
played in an anatomical context. Patients are invited for only
one, instead of multiple exams. As shown by several groups,
the combination of complementary imaging modalities can
yield synergy effects for the acquisition and processing of
image data [7, 8]. And, finally, experts in radiology and
nuclear medicine are forced to discuss and integrate their
knowledge in one report, which will perhaps be more appre-
ciated and considered a benefit in the years to come.
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Fig. 2.2 The history of fusion imaging: from the 1960s to the 1990s
complementary image information was aligned manually and later with
the support of computer-based algorithms. With the introduction of pro-

PET/CT Imaging

PET imaging has been in clinical practice since the late
1980s, thus providing valuable information in addition to CT
imaging in cases where complementary diagnostic informa-
tion was clinically indicated. However, the lack of fine ana-
tomical detail in PET images may limit the localization of
lesions and permit only a poor definition of lesion boundar-
ies. This challenge was overcome by combining high-
resolution anatomical CT imaging with PET, thus, providing
a hardware combination for “anato-metabolic” imaging [9].
The first proposal to combine PET with CT was made in the
early 1990s by Townsend, Nutt and co-workers. The fore-
most benefit of a PET/CT hardware combination was the
intrinsic alignment of complementary image information,
further supported by a clinical need at the time. A secondary
benefit of this combination came with the ability to use the
CT images to derive the required PET attenuation correction
factors, one of the pre-requisites for quantitative PET imag-

totype SPECT/CT and PET/CT imaging in the 1990s and PET/MR
imaging systems in the mid 2000s the field of hardware image fusion
was changed dramatically

ing [10]. CT-based attenuation correction has now become
the standard in all PET/CT tomographs [11] despite the fact
that some assumptions have to be made in order to transform
the attenuation values of human tissues at CT energies (e.g.
effective CT energies are on the order of 60-90 keV) to
attenuation coefficients at the PET energy of 511 keV [12,
13]. Figure 2.3 illustrates the main drivers for PET/CT:
anato-metabolic alignment and CT-based attenuation
correction.

Following the introduction and validation of the first
whole-body PET/CT prototype in 1998 [14] first commercial
PET/CT concepts were proposed as of 2001 leading to a
breadth of 25 different clinical PET/CT systems offered by
six vendors worldwide in 2006. Today, four major vendors
offer a range of whole-body PET/CT systems with greatly
improved functionalities for both, PET and CT [15]. Table 2.1
summarizes the state-of-the-art PET/CT technology. In brief,
all PET/CT systems permit total-body imaging within a sin-
gle examination while using the available CT image
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Fig. 2.3 PET and CT can be operated in close spatial proximity with-
out cross-talk degradation of their respective performance parameters.
(a) PET and CT images provide complementary diagnostic informa-

information for routine attenuation and scatter correction of
the PET data [6]. Major technical advances include the incor-
poration of time-of-flight (TOF) PET acquisition mode [16],
the extension of the axial field-of-view (FOV) of the PET
[17] and the incorporation of system information, such as the
variability of the point spread function across the field-of-
view, into the reconstruction process [17].

Time-of-flight-PET was first suggested in the late 1960s
in order to improve the signal-to-noise ratio (SNR) of the
PET data [18]. In essence, TOF-PET requires the measure-
ment of the arrival time of two annihilation photons arising
from a given annihilation; which helps localize the origin of
the annihilation (i.e. the tracer) better. TOF-PET requires
fast scintillation detectors and advanced detector electronics
(see also section “MR-Compatible PET Detectors”).
In human studies TOF-PET can help increase the SNR by a
factor of 2. Today, still few studies are available that demon-
strate a significant diagnostic benefit in routine clinical appli-
cations [19, 20], but the options for trading a gain in SNR
into reduced injected activities or into shorter emission scan
times are available today.

Extending the axial FOV of a PET system comes at the
expense of more PET detectors to be added in the axial
direction. However, for a given injected activity, more
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‘\ B\ /| High spatial resolution

= Late(r) anatomical
\
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™.
g

Emission

Attn-corr Emission

tion. (b) The use of the CT transmission images for the purpose of
noiseless attenuation correction of the emission data comes as a second-
ary benefit of PET/CT

annihilation photon can be detected, thus, increasing the sys-
tem sensitivity by 80 % for an additional 25 % axial cover-
age. This gain in sensitivity can be used for reduced emission
scan times or activities injected. Despite the required increase
in axial bed position overlap, the number of contiguous bed
positions required to cover a given co-axial imaging range is
reduced in case of PET imaging systems with an extended
axial FOV.

Parallax errors arising from depth-of-interaction effects
cause the spatial resolution of the PET to be a variant of the
spatial location of the annihilation. If the spatial variation of
the point-spread-function (PSF) is known a priori, for exam-
ple, by means of standardized measurements, it can be
included in the reconstruction algorithm [17, 21]. The recon-
struction process becomes computationally demanding but
helps improve the spatial resolution and renders the varia-
tions of the PSF in the images uniform across the field-of-
view.

Over the years, the above advances have helped improve
the quality and reproducibility of PET and PET/CT data
(Fig. 2.4) and support a routine examination time for a stan-
dard whole-body FDG-PET/CT study of 15 min, or less, a
significant advantage when compared to PET/CT imaging
from a decade ago.
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Table 2.1 State-of-the-art PET/CT imaging systems GE Healthcare, Philips Healthcare, Mediso and Siemens Healthcare (from left to right). The
figure shows key parameters and performance measures of the PET/CT series

Discovery VCT

CT: 16-128 slices

70 cm patient port
250 kg table weight limit
170 cm co-scan range
24 rings of LYSO(Ce)
4.2x6.3x25mm°
Time-of-flight
15.1 cm axial FOV
70 cm transaxial FOV

PET resolution model

In-plane resolution: 4.9 mm

Axial resolution: 5.6 mm

Ingenuity TF

CT: 16-128 slices
70 cm (85 cm) patient port
215 kg table weight limit
190 cm co-scan range
44 rings of LYSO(Ce)
4.0x 4.0 x22 mm®
Time-of-flight
18 cm axial coverage
67 cm transaxial FOV

PET resolution model

In-plane resolution: 4.7 mm

Axial resolution: 4.7 mm

3D Sensitivity: 7.0 cps/kBq
Peak NECR: 110 kcps
Scatter: 38% (425 keV)

3D Sensitivity: 7.0 cps/kBq
Peak NECR: 110 kcps

Scatter: 30% (440 keV)

Coincidence : 4.9 ns Coincidence : 3.8 ns

TOF resolution: 549 ps TOF resolution: 495 ps

Since 1998, PET/CT imaging has rapidly emerged as an
important imaging tool in oncology [22], also supported by
above technological advances. There is, mainly for oncol-
ogy, a growing body of literature that supports the increased
accuracy of staging and restaging with PET/CT compared to
either CT or PET acquired separately [8]. These improve-
ments are incremental when compared to PET, whereby
PET-only demonstrates high levels of sensitivity and
specificity for a wide range of disease states already. However,
improvement in accuracy of PET/CT compared with PET or
CT for staging and restaging is statistically significant and
averages 10—15 % over all cancers [8].

Expectations Towards PET/MR

In view of the global success of PET/CT imaging with respect
to both diagnostic accuracy and workflow aspects, the expec-
tations for any new combination, such as PET/MR are very
high. First and foremost, combinations of PET and MR have
been discussed and prototyped since the 1990’s, starting at

AnyScan Biograph mCT

- -

I+

=)

-

CT: 20-128

16-slice CT

70 cm diameter patient port 78 cm patient port

250 kg table weight limit 250 kg table weight limit
360 cm co-scan range
24 rings of LYSO(Ce)

3.9x3.9 x20 mm®

170 cm co-scan range
52 rings of LSO (Ce) crystals
4.0 x 4.0 x 20 mm®
Time-of-flight
23 cm axial coverage 21.6 cm axial coverage
55 cm transaxial FOV 70 cm transaxial FOV

PET resolution model

In-plane resolution: 4.1 mm In-plane resolution: 4.4 mm

Axial resolution: 4.2 mm Axial resolution: 4.4 mm
3D Sensitivity: 9.7 cps/kBq
Peak NECR: 180 kcps

Scatter: 33% (435 keV)

3D Sensitivity: 8.1 cps/kBq
Peak NECR: 150 kcps
Scatter: 38% (425 keV)

Coincidence : 5.0 ns Coincidence : 4.1 ns

TOF resolution: 527 ps

about the same time as PET/CT. However, while PET/CT
was conceptualized based on a rather well-defined clinical
need to combine functional and anatomical information from
PET and CT, respectively, the developments towards an inte-
grated PET/MR system were triggered by pre-clinical
research endeavours [23]. In a well-written review of the ori-
gins of PET/MR Wehrl and colleagues reason that combined
PET/MR has the potential to address major concerns in small
animal imaging, such as very high exposure rates from
(repeat) CT examinations and unacceptably long anesthesia
times of the animals when examining them consecutive in
PET and CT, or MR [24].

Almost a decade after the introduction of small animal
imaging PET/MR prototype systems, industry took over that
idea and presented first design concepts for clinical PET/MR
systems as early as 2006. Figure 2.5 presents some key promo-
tional factors for PET/MR in the context of the known benefits
and limitations of PET/CT. First, combined PET/MR is appeal-
ing because it represents a major technological advancement.
Further, assuming technical feasibility, an integrated PET/MR
technology could permit simultaneous anato-metabolic
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Fig. 2.4 Coronal (fop) and transaxial (bortom) view of an whole-body
[18F]-FDG-PET image of a patient with a BMI of 35 acquired in
3D-mode with septa retracted and reconstructed using: (a) 3D filtered
back-projection algorithm with reprojection (3D-FBRP, 7 mm Gauss),
(b) clinical reconstruction using FORE rebinning+2D OSEM (8 sub-

Fig. 2.5 Expectations for PET/
MR in the context of the existing
experiences with PET/CT for
patient imaging

PET/CT

¢ High-resolution anatomy

¢ Best possible, intrinsic co-registration
¢ Quasi-simultaneous imaging

» Noiseless/fast attenuation correction

pro

A

s o L q
sets, 3 iterations; 5 mm filter), (¢) 3D Ordinary Poisson (OP)-OSEM
with PSF reconstruction (14 subsets, 2 iterations; no smoothing), and
(d) 3D OP-OSEM with both PSF and Time-of-Flight (TOF) reconstruc-

tion (14 subsets, 2 iterations, no smoothing) (Case courtesy of DW
Townsend, Singapore)

PET MRI

PET/MR

» High soft tissue contrast through MR
» Simulataneous imaging possible

e Less ionizing radiation (MR=0)

* MR upgrade=New MR sequences

¢ Fast whole body imaging

e Integrated report

o Patient exposure from CT

e Local, motion-induced misalignment
e Only quasi-simultaneous scanning

o Hardware Upgrades via fork-lift

e Reimbursement for PET unclear

con

imaging together, with the added potential of MR-based motion
correction of the PET data, significantly reduced patient expo-
sure and a increased soft tissue contrast through the use of MR
instead of CT, wherever clinically indicated.

* MR-compatible PET detector

* MR-based attenuation correction
o PET/MR design restrictions

» Patient acceptance

o Clinical and research applications

Soft tissue enhancement in MR (versus CT) may benefit
the imaging of pediatric patients where normally little fatty
tissues are present (Fig. 2.6), as well as for studying patients
for indications related to the brain, parenchymal organs or the
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Fig. 2.6 Side-by-side comparison of CT, MR and PET images of a
patient with previously irradiated fibrosarcoma. The tumour is poorly
visualised on CT but the MRI shows a residual mass. The PET shows
residual moderate FDG-avidity, and resection confirmed residual viable

musculoskeletal system. In addition to much improved soft
tissue contrast MR is a versatile imaging modality since it pro-
vides additional measures of physiologic and metabolic char-
acteristics of human tissue [25]. MRI goes beyond plain
anatomical imaging by offering a multitude of endogenous
contrasts and a high capability of differentiating soft tissues, as
well as many exogenous contrast media ranging from gadolin-
ium-based agents to highly specified cellular markers [26].
MR spectroscopy (MRS), for example, can be used to dis-
sect the molecular composition of tissues by applying selec-
tive radiofrequency excitation pulses [27]. Functional
processes in living subjects can also be studied via diffusion-
weighted (DWI) MRI [28]. Here, a spatially and temporally
variant magnetic field, generated by different magnetic field
gradients in all three spatial directions, is used to map phase
differences in the MRI signal that are caused by diffusing
molecules. DWI-MRI has potential clinical applications
ranging from diagnosing ischemia in early stroke diagnos-
tics, cancer, multiple sclerosis, or Alzheimer’s disease to
general fiber tracking via diffusion tensor imaging (DTI)
[26, 29, 30], and it is not restricted to the brain [31]. In addi-
tion, functional MRI (fMRI) studies can be performed dur-
ing the same examination. Functional MRI (fMRI) studies
are frequently based on the BOLD (blood oxygen level
dependent) effect [32]. This effect describes the fact that the
magnetic properties of oxygenated and deoxygenated
hemoglobin in the blood are different and, therefore, produce

FDG PET

Fused PET/MRI

tumour. Lack of soft tissue contrast, particularly lack of fat in children
compromises anatomical evaluation on CT compared to MRI (Courtesy
of Rod Hicks, Peter MacCallum Cancer Centre, Melbourne Australia)

different signals when imaged with T2*-sensitive MRI
sequences. The BOLD effect also has certain applications in
cancer imaging, such as to study tumor angiogenesis, tumor
oxygenation and brain activation in eloquent areas prior to
surgical resection.

Any of the image information above can be acquired and
presented in any direction in space, thus rendering re-orien-
tation of image information in MR similar to a “virtual tilt”,
that is available in CT-only in directions perpendicular to the
main scanner axis, and that are not available in PET/CT
imaging.

Similar to CT and PET, MRI has become a whole-body
imaging modality thanks, for example, to the advent of par-
allel imaging techniques and all their derivatives [33-35] and
thanks to new whole-body imaging strategies [36, 37]. Image
acquisition times have been shortened, thus allowing fast
single-contrast MR whole-body coverage from 30 s [36]
ranging to multi-contrast, multi-station whole-body MRI
examinations to be acquired with high spatial resolution in
less than 1 h. Initial results show that whole-body MRI is a
promising modality in oncology, especially for the detection
of metastases and hematologic malignancies.

Therefore, MRI holds a great potential in replacing CT as
the complementary modality to PET in dual-modality tomo-
graphs for selected indications where MR outperforms CT
already. In theory, MRI seems a perfect anatomical comple-
ment to PET.
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PET/MR Design Concepts

Following the successful adoption of PET/CT in clinical
routine and the ongoing efforts towards combining PET
and MRI for pre-clinical research applications [24],
industry has quickly adopted the idea of combining PET
and MRI for human studies. Figure 2.7 summarizes the
main approaches towards PET/MR hardware fusion. In
essence, three different design concepts have been pro-
posed: separate PET/CT and MRI systems operated in
adjacent rooms (a), PET and MRI systems arranged in the
direction of the main scanner axis with a patient handling
system mounted in between (b) and a fully integrated
PET/MRI system (c).

PET/CT-MR Shuttle System

GE Healthcare proposed a straightforward design in late
2010. This design is based on a combination of a dual-
modality, whole-body TOF-PET/CT and a 3 T MR system
that are operated in adjacent rooms; patients are shuttled
from one system to the other without getting off the bed
[38]. This approach substitutes the challenges of hardware
integration for immense logistical challenges in timing
access to the two systems while minimizing patient motion
in between examinations. The advantage of this rather sim-
plistic approach to PET/MR is that it is based on existing
imaging technologies without significant changes to their
hardware components. Patients undergo a PET/CT study
leveraging the benefits of time-of-flight PET as discussed
before. Following the PET/CT examination patients are
then lifted on a mobile docking-table system and shuttled
to the MR system where a loco-regional or whole-body
MR study is performed depending on the clinical indica-
tion. Figure 2.8 illustrates a clinical case from the com-
bined use of PET/CT and MRI using the PET/CT/MR
system.

While this design is still available as prototype technol-
ogy only, it has been argued also as the most cost-effective
compared to fully integrated PET/MR based on workflow
aspects and machine utilization [39], both of which are
site- and operations dependent. Therefore, in practice
the clinical and cost efficacy of the separate PET/CT/
MR design option (Fig. 2.7a) would be affected by vari-
ous workflow and installation requirements. For example,
both systems need to be installed next to each other and
operated within a combined scheduling system. Any
deviation from standard protocols would entail extended
waiting times with the patients lying on the shuttle sys-
tem until the next exam can commence. Also, two or even
three shuttle systems are required to facilitate a seamless,
high-throughput workflow. On the upside this approach
does ensure proper attenuation and scatter correction of
the PET data based on the available CT information. In

Separate

=

b Co-planar

Integrated

Fig.2.7 Design concepts for PET/MR: PET/CT and MRI tomographs
are operated in adjacent rooms and interlinked with a mobile shuttle
system (a), a co-planar PET/MR with a whole-body PET and MR oper-
ated in close proximity and a combined table platform (b), and a fully
integrated PET/MR with MR-compatible PET detection system slip-fit
into the MR (c¢)

turn, the examination time is likely to be the longest of
all PET/MR designs and patient convenience is limited
by the repositioning in MR or PET/CT using the shuttle
system.

Co-planar PET/MR

Philips Healthcare proposed a slightly more integrated
approach to PET/MR in 2010 [40]. They also presented the
first commercially available PET/MR system for clinical use
called the Philips Ingenuity TF PET/MRI. The system
(Fig. 2.7b) is based on a co-planar design concept that inte-
grates a whole-body time-of-flight (TOF) PET system and an
Achieva 3 T X-series MR system. Both components are
joined by a rotating table platform mounted in between [41].

The PET detector and electronics system is based on avail-
able Philips PET/CT technology. However, given the proxim-
ity of the PET and MR system (about 4 m) some modifications
were required to ensure MR-compatibility of the PET system.
These modifications include the addition of bulk magnetic
shielding of the PET to reduce fringe magnetic fields, the use
of higher permeability shields of the photomultiplier tubes
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Fig. 2.8 Patient with large left lung lesion undergoing whole-body
FDG-PET/CT and whole-body MRI on the separate PET/CT/MR sys-
tem (Fig. 2.7a). From left to right: FDG-PET following CT-based atten-
uation correction (CT-AC), PET after CT-AC fused with whole-body

(PMT) inside the PET gantry and the rotation of the cathodes
of the PMT’s. Further, power and signal cables penetrating
the room walls need to be filtered through specially designed
radiofrequency (RF) penetration panels to prevent extraneous
electromagnetic radiation to enter the scanner room and PET
acquisition electronics are enclosed in an RF tight cabinet.
These and other modifications are discussed in more detail in
[41]. The authors show that despite the modifications
to the PET/MRI system components the performance of nei-
ther the PET nor of the MR is degraded, and that both systems
can be operated in close spatial proximity.

Figure 2.9 illustrates a total-body imaging examination
from the co-planar PET/MR system. While this design con-
cept may be regarded as a step closer towards integrated
PET/MR (compared to sequential imaging, Fig. 2.7a) it
offers sequential PET and MRI imaging with delays that are
on the order of those in PET/CT and in sequential PET/
CT-MR imaging [42]. It could be argued that co-registration
of PET and MR information is slightly better and, perhaps
more reproducible, in both modalities compared to the shut-
tle system in Fig. 2.7a, since patients are not relocated
between rooms and repositioned using a mobile patient han-
dling system. However, no study to date has been able to
verify this. Unlike with the separate PET/CT-MR system,
one modality is idling during co-planar PET/MR imaging,
which may be argued to be less cost-effective. However, one
should keep in mind that today few indications are clearly
defined as key indications for PET/MR, and, therefore,
throughput is likely not an issue for the time being. The co-
planar PET/MR system offers full MR-flexibility and TOF-
PET functionality. Unlike with the separate design, no
transmission source is available, thus requiring MR-based
attenuation correction methods (see below).

FDG-PET/CT

UniversityHospital
|7
M Zurich

MRI FDG-PET-MRI

CT, complementary WB-MR and retrospectively aligned and fused
PET(/CT)-MR (Data courtesy of Patrick Veit-Haibach, MD, University
Hospital Ziirich)

Integrated PET/MR

The first PET/MR design for human use was presented as
early as in 2006, representing also the most challenging
design concept (Fig. 2.7¢) [43]. This PET/MR prototype sys-
tem (BrainPET, Siemens Healthcare) was intended for brain
imaging only and considered a proof-of-concept for a fully
integrated PET/MR. The BrainPET system was based on a
PET detector ring designed as an insert to a 3T whole-body
MR scanner (Magentom Trio, Siemens Healthcare Sector,
Erlangen, Germany) with the novelty being the
MR-compatible PET detection system that was integrated
into the MR system. Here, the PMT were replaced by
Avalanche photodiodes (APD), which have been shown to
operate in magnetic fields of up to 7 T [44] (see also section
“MR-Compatible PET Detectors”). Therefore, in this design
LSO (lutetium oxyorthosilicate)-based detector blocks, com-
prising of a 12 x 12 matrix of 2.5x2.5 x 20 mm? crystals were
directly coupled to a compact 3 x 3 APD array. With this sys-
tem PET and MRI cover an active co-axial FOV of 19.3 cm
simultaneously. The point source sensitivity of the PET sys-
tem measured with a line source in air was 5.6 % and the
spatial resolution was 2.1 mm at the centre of the FOV. No
degradation of the MR images was observed due to the pres-
ence of the PET detectors and no detrimental effect on the
performance of the PET detectors was observed for a num-
ber of standard MR pulse sequences [45]. Since 2006 the
BrainPET was installed at 4 sites worldwide, with one site
operating the PET insert inside a 9.4 T MRI as well. Some
preliminary clinical research data are described in [46—48].
Looked upon retrospectively, the clinical test phase of the
BrainPET helped pave the road towards whole-body PET/
MR, the advanced development of MR-based attenuation
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Fig. 2.9 29-y/o female patient with Maffucci syndrome diagnosed in
her childhood. This disease is sporadic with multiple enchondromas
and hemangiomas. An [18F]-FDG-PET/CT total body study was per-
formed for staging. Subsequent total-body PET/MR, using the same

correction and, perhaps most importantly, an improved com-
munication and closer collaboration of radiologists, nuclear
medicine physicians and physicists.

Based on the aforementioned positive BrainPET experi-
ences a further step towards the integrated design concept
(Fig. 2.7¢c) was suggested in late 2010. Then, the first whole-
body, integrated PET/MRI system (Biograph mMR, Siemens
Healthcare) was proposed. Each PET detector block consists
of an 8 x8 matrix of LSO crystals coupled to a 3x3 APD-
array. The transaxial FOV of the MR is 50 cm, whereas the
axial FOV is 45 cm. The PET subsystem consists of 8 rings
of 56 blocks with an axial FOV of 25.8 cm and ring diameter
of 65.6 cm. Both, the extended axial FOV of the PET and the
reduced ring diameter help increase the sensitivity of the
PET insert, which in turn could be leveraged, for example,
for shorter emission scan times or reduced injected PET
activities. Thus, the lack of TOF-capability in APD-based
PET systems (see Chap. 3) can be compensated for, in the-
ory, by bringing the PET detectors closer to the centre of the
FOV and by extending the axial coverage. A detailed descrip-
tion of the system together with a performance characteristic

PET/MR

FDG injection, more clearly presents bone involvement and is preferred
because of the need of multiple follow-up examinations (Data courtesy
of Osman Ratib, MD, University Hospital Geneva)

can be found in [49]. On the downside of the closer integra-
tion the integrated PET/MR system, the bore diameter is
reduced to 60 cm, which — for the moment — is the reverse
trend of PET/CT and MR-only instrumentation with gantry
and bore diameters of up to 80 and 70 cm, respectively.
Increased gantry and bore diameters help improve patient
comfort and compliance and, in addition, leave room for
image-guided interventions, if needed.

Perhaps most importantly, the integrated PET/MR design
concept allows for simultaneous data acquisition. However,
simultaneity of complementary volumetric data acquisition
is assured only for a selected MR sequence and emission
data that are acquired for the duration of that specific MR
sequence. Nonetheless, simultaneous PET/MR is argued to
improve the diagnostic accuracy of combined PET/MR over
sequential imaging (Fig. 2.7a, b). Figure 2.10 illustrates a
case from the Biograph mMR system with very good spatial
alignment of PET and MR images in the abdomen.

While the benefit from improved spatio-temporal align-
ment is immanent to the PET/MR images from integrated
PET/MR it is not clear as to how much it is required for clinical
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Fig. 2.10 61-y/o female with known squamous cell carcinoma of the
lung undergoing [18F]-FDG-PET/MR imaging on an integrated
Biograph mMR PET/MR system. (a) Increased PET tracer activity syn-
onymous of disseminated disease is depicted in the bronchial carci-

routine. Further, PET and MR data are simultaneously acquired
only for a limited period of time or for a selected region, or
voxel in its extreme. Without a doubt, the closer alignment of
PET and MR data in both, an anatomical framework and over
various imaging times will help in clinical research, such as
when comparing perfusion studies with [150]-water and arte-
rial spin labeling (ASL) in MR [24]. Also, using integrated
PET/MR imaging for shortening combined examination times
over those in sequential and co-planar designs is preferred for
the well-being of patients with acute diseases, pediatric patients
requiring sedation and patients with neurodegenerative dis-
eases. Finally, since MR-based motion detection is conceiv-
able during simultaneous PET/MR imaging, such MR-derived
motion vector can potentially be used to correct for motion-
induced blurring of the PET emission data [50, 51].

As with the co-planar design, the integrated PET/MR
design does not allow for separate transmission imaging and,
therefore, PET-based attenuation data must be derived from
the available MR information. Thus, a normal workflow
starts with the simultaneous acquisition of emission data and
a dedicated MR sequence for the purpose of deriving attenu-
ation data. As soon as the short MR-attenuation sequence is
complete, additional diagnostic MR sequences can be
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noma, frontal lobe metastasis, pancreas and in secondary, metastatic
colorectal cancer. Coronal whole-body T1-weighted MR image (b),
attenuation corrected PET (d), and PET/MR image (f) and correspond-
ing axial images through the bronchial carcinoma are shown (c, e, g)

acquired for the remainder of the pre-defined emission scan.
Alternatively, the PET emission data can be acquired in list-
mode format and reframed after finishing the MR scan.

Table 2.2 provides an overview of currently available
PET/MR systems. All systems support the acquisition of
whole-body, if not total-body, examinations. These first PET/
MR design concepts vary more widely than the first concepts
for PET/CT. This variation can be explained by the complex
physical and more demanding technical requirements for a
full integration of PET and MR imaging systems, compared
to those from a PET/CT integration.

The foremost difference between the PET/MR systems is
the type of PET detector. Integrated PET/MR imaging
requires a novel PET-based detection system, which will be
explained in more detail in Chap. 3. APD-PET does not sup-
port TOF-based acquisitions due to the insufficient timing
resolution of the APD, thus, only two PET/MR designs offer
TOF-capabilities (Table 2.2). Major differences are also seen
in the patient table design, which has subsequent effects on the
handling of the patients and workflow. Both, the co-planar
and the integrated PET/MR require the use of the MR images
for human soft tissue attenuation correction, which today is
perhaps the biggest challenge for combined PET/MR in the
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Table 2.2 State-of-the-art PET/MR imaging systems by GE Healthcare, Philips Healthcare and Siemens Healthcare (from left to right). Note, as
of 2012 the Philips and Siemens system were FDA-approved and commercially available. The figure shows key parameters and performance

measures of the various PET/MR series

Discovery PET/CT-MR

MR
Discovery MR 750w

70 cm bore diameter
50 x 50 x 45 cm FOV
16 (32) receive channels
0.5 ppm field homogeneity
PET
Discovery PET/CT 690
4.2 x 6.3 x 25 mm° LYSO(Ce)
81 cm detector ring diameter
Time-of-flight PET
15.7 cm axial coverage
70 cm bore diameter
Patient handling system
Shuttle and docking system
159 kg patient load
170 cm co-scan range
CT-based AC

In-plane resolution: 4.9 mm
Axial resolution: 5.6 mm

Ingenuity TF

MR
Achieva 3T TX

60 cm bore diameter
50 x 50 x 45 cm FOV
16 (32) receive channels
0.5 ppm field homogeneity
PET

4.0 x 4.0 x 22 mm® LYSO(Ce)
90 cm detector ring diameter
Time-of-flight PET
18 cm axial coverage
70 cm bore diameter
Patient handling system
Turning table platform
200 kg patient load
190 cm co-scan range
MR-based AC

In-plane resolution: 4.9 mm
Axial resolution: 4.9 mm

Biograph mMR

MR
3T (not Verio-based)

60 cm bore diameter
50 x 50 x 45 cm FOV
18 / 32 receive channels
0.1 ppm field homogeneity
PET

4.0 x 4.0 x 20 mm°® LSO
66 cm ring diameter
No Time-of-flight option
25.8 cm axial coverage
60 cm bore diameter
Patient handling system
Integrated table platform
200 kg patient load
140 cm co-scan range
MR-based AC

In-plane resolution: 4.5 mm
Axial resolution: 4.5 mm

3D Sensitivity: 7.0 cps/kBq
Peak NECR: 130 kcps
Coincidence : 4.9 ns
TOF resolution: 549 ps

light of clinically adopted PET/CT imaging when absolute
quantification of PET data is considered.

MR-Compatible PET Detectors

Cross-talk effects between PET and MRI may occur when
inserting a conventional PET detector and associated elec-
tronic components into an existing MR system. This may
relate to disruptions of the PET signal cascade as well as to
degraded MR imaging. The possible interactions between
PET and MR signal generation are manifold. A perfect tech-
nical integration of both modalities requires the MR with its
electromagnetic environment not to disturb the sensitive PET
signals. This encompasses the strong static and homoge-
neous magnetic field for spin alignment (in the range of sev-
eral Tesla), the strong spatially (mT/m) and temporally
(mT/m/ms) varying electromagnetic gradient fields for

3D Sensitivity: 6.4 cps/kBg (NEMA)
Peak NECR: >91kcps @ 16kBg/ml
Coincidence : 3.8 ns
TOF resolution: 535 ps No TOF

3D Sensitivity: 13.2 cps/kBq
Peak NECR: 175 kcps
Coincidence : 5.9 ns

spatial signal localization, as well as the pulsed radiofre-
quency (RF) transmit and receive fields for spin excitation
and RF signal reception (MHz range). On the other hand,
PET system components must not interfere with any of the
above listed electromagnetic fields of the MR system.

Consequently, for a fully-integrated PET/MR system, all
PET electronics must be RF shielded in order not to disturb
the highly sensitive RF signals detected by the MR compo-
nents. When shielding the PET components that are located
close to the MR gradient coils, the RF shielding has to be
designed such that the strong time variant gradient pulses do
not produce unwanted Eddy currents in the shielding, which
may have a negative effect on the gradient linearity, poten-
tially leading to image distortions [52].

Given the design of standard PET detectors based on pho-
tomultiplier tubes (PMTs), a PET/MR configuration is obvi-
ously technically more challenging than the combination of
PET and CT because phototubes are sensitive even to low
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Scintillator
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Fig. 2.11 (a) Conventional PET detectors using photomultiplier tubes
(PMT) do not work inside a magnetic field. This is illustrated by the
scintillator position profile that is skewed already from fringe fields
from a horseshoe magnet placed next to the PET detector/PMR
(Courtesy Bernd Pichler, University of Tiibingen). New PET detectors

magnetic fields (Fig. 2.11). Therefore, early developers of
PET/MR concepts, such as Hammer and co-workers, pro-
posed to place only the PET scintillator inside the MR and to
use light guides to channel the scintillation light from the
detector to the PMT situated outside the primary magnetic
field of the MR system [53]. This idea was advanced further
by other groups, as discussed by Wehrl in a recent review of
the origins of PET/MR [24].

In order to provide PET performance in PET/MR that is
similar to PET performance in PET/CT, any MR-compatible
PET detector must support accurate 3D positioning and very
fast timing information at no cost of volume sensitivity. This,
in turn, calls for combinations of scintillators with novel,
MR-compatible photodetectors of high granularity such as
Avalanche Photodiodes (APD) and Silicon Photomultipliers
(SiPM) [54].

b Avalanche photodiodes

APD-based

PET detector

Compact

High quantum efficiency
Low bias voltage

Magnetic field insensitive
Lower gain

Limited time resolution

c SiPM or G-APD

aEEEE

SiPM-based
- PET detector

High gain
Low bias voltage
Compact
Magnetic field insensitive
Very fast and TOF- compatible

Low cost CMOS process
Low quantum efficiency

Low photon detection efficiency

(b) based on avalanche photodiodes (APD) can be made more compact
and have been shown to perform in magnetic fields up to 9.4T. Recent
developments indicate further improvements for MR-compatible PET
detectors based on SiPM, a type of Geiger-APDs (c¢)

Avalanche Photodiodes (APD)

Avalanche photodiodes (APD) are semiconductor devices
that transform detected light into an electrical signal follow-
ing the same principles as ordinary photodiodes. However,
unlike ordinary photodiodes, APD’s operate exclusively at
high electric fields. When an electron—hole pair is generated
by photon absorption, the electron (or the hole) accelerate
and gain sufficient energy from the high electric field before
it collides with the crystal lattice and generates another elec-
tron—hole pair while losing some of its kinetic energy in the
process (Fig. 2.11b). This process is known as impact ioniza-
tion. The original as well as the secondary electron (or hole)
can then accelerate again under the influence of the high
electric field and create more electron hole pairs. This
process creates an avalanche of electron hole pairs — hence
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the name avalanche photodiodes. The rate at which electron—
hole pairs are generated by impact ionization is balanced by
the rate at which they exit the high-field region and are col-
lected. If the magnitude of the electric field (reverse-bias
voltage) is below a value known as the breakdown voltage,
the rate of collection exceeds that of electron hole creation
and causes the population of electrons and holes to decline
and eventually stops.

The number of created electron-hole pairs, referred to as
internal gain, is typically in the range of 10'-10* and depen-
dent on the electric field strength (reverse bias voltage).
Because the average number of created electron—hole pair is
strictly proportional to the incident light photons, this mode
of operation is known as linear mode.

Unlike amplification in PMTs, the internal gain of APDs
is characterized by fluctuations due to the statistical nature of
impact ionization. These gain fluctuations produce excess
noise, which increases as the internal gain increases by rais-
ing the reverse bias. Other factors that affect the performance
of APD include temperature, doping, as well as diode mate-
rial properties. In addition, APDs are characterized by a rela-
tively long timing resolution (FWHM> 1,000 ps), which
limits their use in TOF PET systems. Because of these fac-
tors, it is desirable to use APDs at moderate reverse bias volt-
age and temperature to ensure their stable operation.

On the other hand, APDs are characterized by high quantum
efficiency (QE — number of electron or holes created per num-
ber of incident scintillation photons) particularly at the wave-
lengths of PET scintillation detectors. APDs are also immune
to after-pulsing, which are spurious pulses generated from
electron-holes being trapped by crystal defects and released
after a certain delay time, thus, confounding the detection pro-
cess. Most importantly and contrary to PMTs, APDs are
immune to stationary and varying magnetic fields, thus, render-
ing them suitable for PET/MR systems. APDs typically have a
maximum size limited to about 1 cm?, due to the difficulty of
manufacturing large area semiconductor devices, however, the
cost of manufacturing APDs is relatively low.

Silicone Photomultipliers (SiPM)

A promising development in photodetection for PET imag-
ing is the introduction of Geiger mode avalanche photodiodes
(G-APD, Fig. 2.11c¢), commonly referred to as silicon photo-
multiplier (SiPM). This is a novel type of photodetector that
is about to reach a performance level that offers significant
improvement over APD-based PET.

A SiPM is an APD operated with a reverse bias voltage
above the breakdown voltage (~50-60 V above breakdown
voltage). In this case, the electron hole pairs generated by
photon absorption will multiply by impact ionization faster
than they can be extracted, thus, resulting in an exponential

growth of electron—hole pairs and their associated photocur-
rent. This process is known as Geiger discharge. The current
flow produced by the Geiger discharge is large and results in
a large signal gain (more than 10°). Following a Geiger dis-
charge, the SiPM is reset by dropping (quenching) the volt-
age across the photodiode below the breakdown voltage.
This will reduce the number of created electron hole pairs
and eventually stop the Geiger discharge. The discharge-
and-reset cycle is known as the Geiger mode of operation of
the photodiode. The turn-on transient of the current discharge
is comparatively fast, with several picoseconds while the
turn-off transient through quenching is mostly dependent on
the SiPM size and is on the order of 100 ns. Quenching can
be achieved using active or passive techniques although for
high counting capabilities, active quenching is preferred.
One important application of SiPMs is their ability to
count photons, which could be used to determine the energy
of the incident annihilation photon on a scintillator in a PET
system. However, a single SiPM cell has a limitation in that
it is essentially either on or off. It cannot distinguish between
a single and multiple photons that arrive simultaneously. One
only knows that the APD was triggered. This limitation,
however, is overcome when using an array of SiPM cells that
are connected in parallel. In this case the output of the SiPM
array is the sum of the output of each SiPM cell (pixel) in the
array. For example, when the photon flux is low and photons
arrive at a time interval longer than the recovery time of a
pixel, the array will output pulses that equate to a single pho-
toelectron. The generated pulses are then converted to digital
pulses and counted. However, when the photon flux is high
or the photons arrive in short pulses (pulse width less than
the recovery time of the SiPM), the pixel outputs will add up
to the equivalent number of incident photons. In this case,
the SiPM array behaves in a pseudo-analog manner, because
it can measure the incident number of photons per pulse,
which is not possible with single photon counting SiPMs.
An important feature of SiPMs is their immunity to excess
noise. This is primarily due to the fixed number of electron—
hole pairs produced in Geiger mode, which is not defined by
the statistics of the impact ionization process as in APDs.
Another important feature of SiPMs is their relatively fast
rise time, and short time jitter (FWHM=0.1 ns) defined as
the statistical variation of time interval between the photon
arrival and the resulting electrical signal from the SiPM —
thus, supporting their use in TOF-PET tomographs.
Furthermore, the performance of SiPMs (like APDs) is
immune to the effects of stationary and temporally varying
magnetic fields which allows their use in PET/MR systems.
On the other hand, SiPMs have a relatively low photon
detection efficiency (PDE), due to their low QE for scintilla-
tion light from PET detectors (40 % at 420 nm). In addition,
SiPMs are characterized by high dark count rate, high cross
talk and after pulsing as well as a strong temperature and
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Table 2.3 Characteristics of photodetectors for PET

PMT
Active area (mm ?) 1-2,000 cm?
Gain 10°-107
Rise time <1 ns
Dark current/countrate <0.1 nA/cm?
Capacitance (pF/mm?) 9
QE @ 420 nm (%) 25
Afterpulsing Yes
Bias voltage (V) 1,000-2,000
Power consumption 100 mW/ch
Temperature coefficient <1 %/°C
Bias coefficient <1 %IV

Magnetic susceptibility Very high (mT)

Information adapted from [54]
“Photon detection efficiency rather than quantum efficiency (QE)

timing dependence on bias, all of which reduce the perfor-
mance of SiPMs. Table 2.3 shows a comparison between the
performance characteristics of APDs, SiPMs, and PMTs.

Recent developments focusing on SiPM intend to create a
fully-digital data handling of PET detector signals without
employing dedicated read-out, amplifier ASICs, ADCs, etc.
Such a fully-digital SiPM (dSiPM) was first presented in
2009 by Frach, Degenhardt and colleagues from Philips
Research Aachen [55]. The dSiPM contains over 8,000
G-APDs on a 4 x3 mm layer. In a laboratory set-up the coin-
cidence timing resolution using a 22Na source and
3x3x5 mm3 LYSO crystal coupled to dSiPM was 153 ps
FWHM and the energy resolution at 511 keV was 10.7 %
FWHM. Further advances are expected towards integrating
these detection systems in clinical systems, which would
certainly be of great benefit for PET/MR systems.

PET/MR Methodological Pitfalls
and Technological Challenges

MR-Based Attenuation Correction

In addition to the technical challenges of combining PET and
MRI the necessary attenuation correction factors for the PET
emission data must be derived from the PET/MR measure-
ments [56]. While in PET/CT PET attenuation data can be
derived from transforming available CT transmission images
into maps of attenuation coefficients at 511 keV [10], no
such transmission data are available in PET/MR. This is pri-
marily due to the lack of physical space to host a transmis-
sion source. Secondly, a rotating, metal-encased transmission
source, whether X-ray tube, rod or point sources would lead
to severe crosstalk with the MR magnetic field. And finally,
the available MR images represent, in essence, proton densi-
ties that cannot be directly translated into maps of electron

APD SiPM

1-100 mm? 1-10 mm?

107 10°-107

2-3 ns ~1

1-10 nA/mm? 0.1-1 MHz/mm?
2-10 >30

60-80 <40%*

No Yes
~200-1,500 ~50

10 pW/mm? <50 pW/mm?
2-3 %/°C 3-5 %/°C

10 %/V ~100 %/V

No (up t0 9.4 T) No (up to 15 T)

densities as obtained from CT transmission measurements.
For example, air and cortical bone yield no significantly
measurable MR signal, whereas the difference in their pho-
ton attenuation properties is 2,500 HU on CT images
(Fig. 2.12). Therefore, PET/MR requires novel approaches
to MR-based attenuation correction (MR-AC).

Originally, straightforward segmentation-based approaches
have been proposed to classify tissues on MR images and to
assign respective attenuation coefficients. This approach
seems to work well in brain imaging [57]. However, MR-AC
in extra-cerebral applications is much more demanding [58].
Therefore, atlas-based approaches have been suggested for
MR-AC of brain [59] and torso data [60].

The principle of the atlas approach is to align the MR
acquired for the PET/MR study with an average MR image
from an atlas comprising pairs of co-registered MR and CT
data sets. The same transformation determined from the align-
ment of the MR of the patient with the MR in the atlas can be
applied to the CT volume from the atlas. A combination of the
co-registered CT image volume and the patient-specific MR
can be used to generate a pseudo CT map of the PET/MR
study from which the ACFs can be derived. In view of the
absence of an MR bone signal, the bone structures can be
extracted from the co-registered atlas CT and combined with
an MR image segmented for air and soft tissue. Atlas-based
approaches with or without pattern recognition enhancement
do account for the presence of bone, but these algorithms are
computationally demanding and require a set of aligned CT
and MR image volumes for a given PET/MR system [60].

The current implementations of MR-AC of patient tissues
are based on a combination of 3D Dixon-VIBE sequences in
conjunction with subsequent image segmentation. Here, the
gray values provided by the Dixon VIBE sequence are regis-
tered to different tissue classes resulting in tissue segmenta-
tion. The Dixon technique provides two images with water
and fat being ‘in phase’ and in ‘opposed phase’. This allows
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Fig. 2.12 Challenges of MR-based attenuation correction. (a) in PET
attenuation correction factors can be calculated from separate PET
transmission measurements, which take a relatively long time but pro-
vide attenuation values at 511 keV. (b) in PET/CT CT-based attenuation
values, representing a measure of the electron-density, can be used to

for reconstruction of fat-only, water-only and fat-water
images, and results in tissue segmentation of air, fat, muscle,
and lungs [61]. Bone is not accounted for in this approach.
Initial results in clinical pilot studies have shown that this
approach works reliably and provides results that are compa-
rable to corrected images form PET/CT in the same individ-
ual. However, further studies are needed to assess the impact
of ignoring bone and the overall accuracy of MR-based AC
methods on PET quantification.

The Effect of MR Radiofrequency (RF)
Coils on MR-AC

In addition to the general transformation of suitable MR
image information of patient tissues, other, hardware-related
attenuators must be considered during the transformation.

-~

MR AC-sequence (2 min)

estimate PET attenuation coefficients. (¢) In PET/MR no measure of
electron density is available and tissue appearance on MR and CT
images is markedly different for air and bone. Therefore, no direct mea-
surement is available for MR-based attenuation coefficients

This relates to the patient table, transmit and receive radio-
frequency (RF) coils as well as positioning aids. The fact that
the RF coils are located inside the FOV of the PET system
(Fig. 2.7b, ¢) is a challenge and has only started to be
addressed. For brain scans, the head coil is rigid and its atten-
uation values can be estimated from a reference CT-based
attenuation map. Subsequently for any PET/MR study only
the relative position of the head coil inside the PET/MR sys-
tem would be required. Additional work has been directed
towards reducing the amount of attenuating materials in MR
coils used in PET/CT as exemplified in a modified brain coil
for integrated PET/MR imaging [62, 63].

For extra-cranial examinations the situation is more
demanding. MR surface coils are required to achieve optimal
signal-to-noise-ratio (SNR) and high quality MR images.
Surface RF coils may contain elastic components and hence
their individual position on the patient cannot easily be
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Fig.2.13 Contributors to
attenuation and image distortions
in PET/MR. Topics marked as
green are resolved and addressed,
those marked in yellow are
known but solutions are work-in-
progress Patient

e Tissue

e Implants

R

¢ Motion

predicted. The effect of flexible body coils on overall PET
attenuation was recently estimated by Tellmann and col-
leagues [64]. The authors report a maximum bias of 4 % in
attenuation-corrected torso PET if surface coils are not
accounted for during AC. This bias is negligible compared to
the respective bias in head studies when ignoring dedicated,
rigid head RF coils (up to 20 %). MacDonald and colleagues
report similar results [65].

All PET/MR vendors today offer CT-based attenuation
templates for rigid coils as well as for the patient bed that are
seamlessly integrated during the attenuation correction.
Nonetheless, clinical studies are required to further study the
effect of misaligned RF coil templates and missing templates
for accurate representation of flexible coils on PET
quantification.

The Presence of MR Contrast Agents

MR-based AC could potentially be biased from the presence
of MR contrast materials, which are typically made up of
iron oxide and Gd-chelates for oral and intravenous (IV)
application, respectively. It is known from the development
of CT-based AC that the presence of contrast materials with
atomic numbers higher than those of water may lead to
biased attenuation maps for PET emission data. The same
effects may occur with MRCA that are applied during PET/
MR imaging. Furthermore, the presence of MR contrast
agents may produce changes in the MR signal intensity that
yield biased attenuation maps. First studies indicate no nega-
tive effect from MR contrast on PET quantification follow-
ing MR-based attenuation correction [66, 67].

/ Transverse FOV

/\ __~ MR non-uniformities

Understood and WIP

Limited FOV and Truncation Effects

Given the reduced bore diameter and the relatively long
examination times in PET/MR compared to clinical PET/
CT, most patients are positioned in the more comfortable
position with their arms down. Thus, the patient anatomy
may well extend beyond the transverse FOV of the MR
(typically 50 cm), whereby the arms or the trunk of the
patient are not fully covered by the MR images used for
MR-AC. This may yield an underestimation of the recon-
structed, attenuation-corrected emission activity concentra-
tion. Truncation artifacts were described for PET/CT
imaging [68] and have been reviewed for PET/MR [69]. It
was shown that with the arms extending beyond the FOV of
the MR the PET activity following MR-AC was biased by
up to 14 % in the area of truncation. The underestimated
activity concentration could be recovered to within 2 % of
the nominal concentration following simple, manual exten-
sion of the attenuation map.

An alternative solution would be to use the uncorrected
PET image to estimate the patient cross-section in those
areas outside the measured FOV where no — or only geo-
metrically distorted — MR information is available [70, 71].
The clinical feasibility of this approach still needs to be vali-
dated. Particularly, in imaging scenarios with highly specific
tracers the arms may be difficult to segment automatically in
the uncorrected PET images.

Figure 2.13 summarizes the challenges and the status of
MR-based attenuation corrections in PET/MR. Most chal-
lenges are understood with some being addressed sufficiently
and some awaiting further optimization, validation and clini-
cal adoption.
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MR-Based Partial Volume Correction

As early as 1991, Leahy et al. suggested that PET reconstruc-
tion could be improved by using anatomical MR images from
the same patient as prior information [72]. It is common clini-
cal practice today for neurology patients with a PET-indication
to also undergo an MR examination. However, MR-guided
PET reconstruction has not yet made the transition from
research into clinical routine. Aside from logistical problems
associated with the retrieval of the complementary image sets,
sub-optimal retrospective image alignment would significantly
deteriorate the quality of the PET data [73]. However, in com-
bined PET/MR imaging systems, the spatial (and temporal)
alignment accuracy could be improved, thus, helping to pro-
mote the concept of MR-guided PET image reconstruction.

Even if the PET image is reconstructed independently of
the MR image, it is still possible to use the MR image of the
patient as an aid for improved quantification. In particular
MR-guided partial volume correction (PVC) was suggested
as early as in 1990 [74, 75]. Again PET and MR images from
combined PET/MR examinations may facilitate improve-
ments in MR-based PET quantification through the use of
MR-based PVC.

MR-Based Motion Correction

Patient motion, from involuntary movements, and cardiac as
well as respiratory cycles, is a major contribution to degraded
PET image quality. In addition, patient motion will lead to
local or extended mis-alignment of complementary anato-
metabolic image information. In PET/CT, for example, the
PET image is acquired over several minutes, while the CT
scan is a matter of seconds and frequently acquired during a
single breath hold. As a result, patient motion typically
causes local misalignment between the PET and CT images
and may lead to serious artifacts for AC, for example near
the diaphragm. Dedicated breathing instructions have been
shown to help reduce misalignment in the thorax and upper
abdomen [76, 77]. Other authors have recommended 4D
PET/CT acquisition and AC, however, this involves a sub-
stantially higher patient radiation dose [78-80].

Respiration is expected to generate misalignment and
blurring in PET/MR images, too. As MR scans generally
take much longer than CT scans, patients spend an even lon-
ger time in the PET/MR compared to PET/CT, and conse-
quently patient motion is likely to cause even more severe
artifacts. However, integrated PET/MR system technology
offers a promising solution to the problem (Fig. 2.14).
Various MRI motion-tracking techniques are available in
clinical settings, including but not limited to cloverleaf navi-
gators [81]. Such techniques have been tested with the
BrainPET system with promising results from estimating

(18F)-FDG PET
Uncorrected

corrected

13 ] AP __-

Fig.2.14 FDG-PET images following attenuation correction (left) and
motion +attenuation correction (right) clearly demonstrate the poten-
tially improved quality of the data from lengthy examinations (Courtesy
of J Scheins and H Herzog, Research Centre Jiilich)

and correcting involuntary head motion as a result of relax-
ation of neck muscles. Using 3D Hoffman brain phantom
and human volunteer studies, Catana et al. reported that
high- temporal-resolution MRI-derived motion estimates
acquired simultaneously on the hybrid BrainPET system
(Siemens Healthcare) can be used to improve PET image
quality, thus increasing its reliability, reproducibility, and
quantitative accuracy [50].

Likewise, novel 3D cine sequences are under develop-
ment to track spatio-temporal deformation of organs such as
the heart and the thorax. Subsequently, deformation fields
are generated and incorporated into the PET reconstruction
[51, 82-85].

Thus, the use of periodic MR navigator signals in con-
junction with a 4D model of the human torso may help to
correct for motion-induced image degeneration in PET/MR
data following 4D-MR-AC, which would be a major advan-
tage over CT-AC.

PET/MR Safety

Combined PET/CT has been clinically very successful and
may well serve as a benchmark for the development of PET/
MR. However, despite the success of PET/CT there are also
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shortcomings in the use of CT as the anatomical comple-
ment to PET. As such, CT uses a source of ionizing radia-
tion for imaging and, therefore, adds significant radiation
dose to the overall examination. Brix et al. have shown that
the diagnostic CT contributes up to 75 % of the effective
dose in patients undergoing whole-body FDG-PET/CT
examinations for oncology indications leading to a total of
about 25 mSv effective dose [86]. These dose levels may
raise concern in selected population like adolescents and
females. Figure 2.15a illustrates the relative contribution to
patient exposure from the individual steps in a combined
PET/CT examination.

In PET/MR examinations, overall patient exposure is
reduced significantly by replacing the CT imaging step with
an MR imaging sequence (Fig. 2.15b). In addition, MR pro-
vides advanced functional imaging information, such as
DWI or MRS, without adding to the overall radiation expo-
sure burden. Nonetheless, staff exposure is expected to
increase slightly in PET/MR, given the complexity of the
patient set-up when employing a range of surface RF body
coils. However, no valid data are available as of yet.

Long-term experience and hundreds of millions of rou-
tinely and safely performed MR examinations confirm that
MRI is a safe imaging modality. Nevertheless, a number of
safety concerns do apply to PET/MR as discussed by Brix
et al. [87], of which all are all associated with the general
safety issues known from MR-only imaging. The strong static
magnetic field associated with MR systems potentially can
attract ferromagnetic equipment as well as some patient
implants, and accelerate these towards the strongest magnetic
field in the isocentre of the PET/MR system. In some patients
the strong and fast switching gradient fields may lead to
peripheral nerve stimulation that are harmless but nevertheless
disturbing. Finally, the strong-pulsed RF fields for MR signal
excitation can cause tissue heating. As with all other RF trans-
mitting devices, the RF power in MR imaging is limited to
harmless values of the specific absorption rate (SAR) not lead-
ing to critical tissue heating. Some electric conducting metal
implants, however, potentially may increase the local SAR
values during an MR examination above the allowed SAR
limits. To reduce all associated potential risks of MR imaging,
patient questionnaires and patient screening and selection pro-
cedures have to be established and used in daily routine.

Accordingly, MR and PET/MR examinations of patients
with passive implants (e.g., vascular clips and clamps, intra-
vascular stents and filters, vascular access ports and catheters,
heart valve prostheses, orthopedic prostheses, sheets and
screws, intrauterine contraceptive devices), active implants
(e.g., cardiac pace-makers and defibrillators, cochlear
implants, electronic drug infusion pumps) or other objects
of ferromagnetic or unknown material (pellets, bullets) are
always associated with a potential risk. Careful pre-exami-
nation interviews of the patients regarding the presence or

absence of passive implants, which may interfere with the
MR imaging protocol, or deter the patient from this examina-
tion all together is mandatory [87].

Summary and Conclusion

Multi-modality imaging instrumentation has evolved dra-
matically during the past decade. Combined SPECT/CT,
PET/CT and, lately, PET/MR have revolutionized imaging
and medical diagnosis. In these times of limited resources in
healthcare and rapidly increasing radiation awareness, any
predictions for future developments of PET/MR technology
must take into account a variety of aspects, ranging from
cost-effectiveness to overall radiation dose. While techno-
logical innovation, such as PET/MR, always pairs with
enthusiasm and public interest, subsequent commercial sys-
tems must be affordable and strategies for their clinical
implementation must be assessed for their health benefit to
justify their pursuit within a local or global healthcare sys-
tem [88]. The impressive advances in imaging technology of
the past decade came at a cost, but at what point do these
advances become cost-effective? Whole-body PET exami-
nations that took 1 h at the start of the last decade now take
5 min on PET/CT; the actual imaging takes only a fraction of
the time needed for patient preparation and positioning or
reporting the study. Does the increased wealth of available
information from the MR make up for the increased exami-
nation time?

The radiation dose to the patient incurred by PET/CT is
clearly an issue. Although the ALARA (as low as reasonably
achievable) principle is sound advice, there are clearly groups
of cancer-sufferers such as those in children and young adults
where the probability of inducing a second, radiation-
associated cancer exceeds the benefits that can be accrued
from the study. Different imaging strategies should then be
adopted, such as MRI, optical imaging or ultrasound.

The commendable drive to reduce radiation exposure to
patients has fostered an interest in a combination of PET
with MRI. However, it is fair to assume that as long as dis-
eases such as cancer and dementia remain primarily diseases
of the elderly, the benefits of nuclear and X-ray imaging will
largely outweigh the risks.

Will the coming decade witness the replacement of PET/
CT by PET/MRI? Some believe it will, just as in the 1980s
there were those who predicted that MRI would replace CT
within 5 years. Of course that never happened, as both tech-
niques have strengths and weaknesses and they have each
found their niche in the medical imaging armamentarium.
The same is likely true of PET/CT and PET/MRI—the
technical challenges will be solved and simultaneous acqui-
sition of MRI and PET will undoubtedly open new doors in
clinical research and eventually also in the clinic.
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Fig. 2.15 Relative contributions to patient and staff exposure duringa  set-up in PET/MR is more elaborate and, therefore, relative and
whole-body oncology examination in PET/CT (a) and PET/MR (b).  potentially total staff exposures are expected to be higher than those in
The amount of radioactivity injected into the patient for a PET/CT (a, PET/CT

step 1) and PET/MR (a, step 1) is assumed to be identical. Note, patient
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Introduction

PET and MRI are two well-established medical imaging
modalities that are used frequently as diagnostic tools in a
wide range of clinical indications providing complementary
information [1]. MRI can provide anatomical information
with very high spatial resolution, and functional measurements
at organ and tissue level with high diagnostic sensitivity. On
the other hand, PET images functional processes at cellular
and sub-cellular level with very high diagnostic specificity
and high tracer detection sensitivity (107'!'-~10~'2 mol/l) [2] but
with a spatial resolution inferior to MRI. This complementary
matching of capabilities renders both PET(/CT) and MRI nec-
essary in several disease pathways, particularly in oncology
and neurology. A significant workflow limitation, when both
modalities are needed, is the physical and organisational sepa-
ration of the two systems [3]. Patients who need both PET and
MR imaging are often referred for such scans independently
and, often, they are scanned with a significant time difference.
This renders the fusion of information from both examinations
difficult or even impossible due to disease status changes or
several other technical and organisational factors [4]. Hence,
when MRI is the preferred imaging modality versus CT, PET/
MR should be more clinically useful than PET/CT and a com-
bined single examination could provide significant benefits to
both the patient and the hospital.

Today, there are two different designs for combined PET/
MR systems; positioning PET inside the MRI magnet or in
tandem, similar to PET/CT [5]. Both philosophies attempt
to balance clinical utility, user flexibility in developing
clinically-relevant PET/MR-dedicated imaging protocols,
potential sacrifices in relation to stand-alone state-of-the-art
PET and MRI imaging capabilities and cost. Irrespectively,
of the design and technical differences with the stand-alone
systems, PET/MR, as a novel imaging option, requires
significant innovation at various levels in order to surpass
current concerns and scepticism. The latter are of clini-
cal, organisational and technological nature. Questions
about how it compares with PET/CT, under which clinical
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scenarios either of them should be used, patient throughput,
ease of workflow, building and running costs, ownership of
device and staff (between different departments), reliability
of new the technology and image quality in comparison to
stand-alone systems are common discussion points.

Operational Requirements

It is common in healthcare for radical new technologies to
require a second innovation wave, in the area of its structure
and organisation, in order to optimise their contribution in
disease management and patient pathway [6]. An organisa-
tion wishing to adopt PET/MR, in particular, has to over-
come its complicated logistics, often the single-modality
trained technical personnel, the staffing requirement from
two different departments and the excessive scanning time
required to acquire both PET and MR scans, which raises
significantly the cost of each scan. At this level, institutions
are requested to innovate in order to successfully adopt this
novel technology.

Atinfrastructure level, some degree of cross-departmental
collaboration and in some cases even restructuring is neces-
sary to bring the Nuclear Medicine (NM) and Radiology
staff much closer. Dual-training of the technical personnel is
essential in order to operate the scanner while another long-
term consideration is the need to cross-train Radiologists and
Nuclear Medicine physicians from both modalities [7].
However, such needs are not straightforward due several fac-
tors, amongst others the existing territorial and protective
practices in many healthcare facilities and the variations in
the legal frameworks for imaging technologists [8]. In many
hospitals Radiology and NM departments are far from each
other creating further complications in staff allocation and/or
logistics of the new scanners. Therefore, a successful model
needs to be devised for the placement of the scanner consid-
ering its heavy needs for MR, PET and Radiochemistry
expert support while residing within a controlled area for
radiation and high magnetic fields.

Innovation is also needed in defining new imaging pro-
cedures that consider the extra time and find workarounds.
Depending on the patient population of the institution, the
staff and the other medical imaging scanners, a different
departmental (or cross-departmental) workflow may be
necessary to optimise the use of all systems and person-
nel. A sound business case that demonstrates the added
value of PET/MR in comparison to PET/CT, MRI or con-
current referrals to both modalities (i.e. the current clinical
practice) [9] is also necessary to demonstrate a favourable
cost/benefits balance, to these other alternatives [10, 11].
Competition is not just in the area of clinical use; procure-
ment for PET/MR will also compete against PET/CT and
MRI due to limitations in funding, space within hospitals,

personnel and attracting research grants. Therefore, in
order to succeed, the new modality must demonstrate bet-
ter qualities than its rivals. From the system perspective,
these qualities translate into superior diagnostic accuracy,
a feasible workflow, adequate patient throughput and com-
fort, as well as imaging protocol flexibility that facilitates
optimisation.

PET/MR Applications

It is still uncertain whether PET/MR will become a routine
clinical imaging modality. The lack of solid evidence for its
benefits on specific clinical indications, compared with PET/
CT and MRI entails, at the time this book was written, the
absence of any reimbursement framework for joint PET/MR
scans. Therefore, the first and foremost need is the
identification of those clinical indications that PET/MR
excels over ‘conventional’ imaging in diagnostic accuracy,
workflow or reduction of overall costs to an extend that refer-
ring physicians consider sending their patients for scans and
healthcare regulatory authorities provide the appropriate
reimbursement for such procedures. However, the experi-
ence with PET/CT shows that even when validated clinical
applications are found, they will require further time to gain
patient referrals and receive reimbursement [9].

Several editorials and review papers have been published,
the last few years, discussing potential applications for PET/
MR, based on current experience from PET(/CT) and MRI
[1, 3, 4, 12-16]; while many groups use the stand-alone
modalities in investigational studies and assess the benefits
of combining multi-modal information in staging, therapy
monitoring and disease follow-up. Recently, the first studies
on clinical use have started to appear in scientific literature.

One of the potential applications that PET/MR could have
an impact is on brain imaging. PET has several attractive
features such as high sensitivity and specificity in detecting
biochemical and molecular tracers, while its inherent poor
spatial resolution can be improved by recent advances in
image reconstruction that incorporate resolution recovery
approaches [17, 18]. Even more importantly, however, fus-
ing quantitative PET images with high-resolution MR ana-
tomical images can enhance the information extracted from
both modalities, while at the same time advanced MR tech-
niques, such as diffusion weighted imaging (DWI), perfu-
sion with MR contrast agents, functional activation (fMRI),
MR spectroscopy (MRS) or Diffusion Tensor Imaging (DTI),
may yield complementary to PET information [12]. In
Table 3.1, a thorough list of the biological properties that can
be assessed by MRI and PET is presented.

So far, very limited work has been published in brain
imaging using integrated PET/MR systems. In Neuro-
Oncology, two groups performed feasibility studies in
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Table 3.1 Biological properties that can be assessed by PET
and MRI

MRI PET

Morphology Flow (H,"0)

Water motion in tissue Metabolism (¥F-FDG)
(DWI)

Vascular anatomy (MRA)  Blood volume (C'*O)
Perfusion (PWI, Oxygen consumption (*O)
DCE-MRI)

Tissue metabolites (MRS
for 'H, °C, *Na, *'P)
Functional activation
(fMRI)

Cerebral fibre tracts (DTI)
Oxygen consumption ('’O)

Vascular permeability (labelled AA)
Nucleic acid synthesis ('"*F-FLT)

Transmitters (e.g. DOPA)
Receptors (e.g. Raclopride)

Migration of cells (Fe
labelling)

Enzymatic activity (e.g. MP4A)

Angiogenesis (e.g. '"*F-RGB)
Tracer & drugs (labelled compounds)
distribution & kinetics

Enzymatic activity in transfected cells
Adapted from Heiss [12]

patients with intracranial masses using different PET tracers
("F-FDG, ""C-methionine, ®*Ga-DOTATOC) combined with
anatomical-MR, DTI, arterial spin labelling (ASL) and/or
proton-spectroscopy [19, 20]. A different study also found
that DTI-MR/PET provided important information for the
treatment planning of brain tumours in four patients [21].
Neuner et al. have also demonstrated the use of "*F-FET and
11C-Methionine in combination with anatomical MRI, DTI,
MRS and fMRI in PET/MR [22]. Finally, several groups
have also shown the benefits of combined PET and MR
information using stand-alone systems. Some of such appli-
cations include glioma staging [15], therapy planning [23, 24]
and differential diagnosis from inflammatory demyelination
[25]; therapy response of glioblastomas [26] and menin-
giomas [27]; as well as in image-guided neurosurgery for
brain tumours [28, 29]. Apart from neuro-oncology, PET/
MR may be useful in the assessment of damage inflicted by
stroke [30], or as shown recently in neurodegenerative dis-
eases [31-34], as well as epilepsy [35-37]. Furthermore,
there are literature reports of combined PET and MRI use for
various research studies, amongst others, in schizophrenia
[38, 39], addictions [40], autism [41], aphasia [42] and mul-
tiple sclerosis [43].

Today, all the commercial PET/MR tomographs are
designed with whole-body imaging capabilities, as this is
necessary in order to perform oncological and cardiac scans.
Advanced cardiovascular imaging is expected to be another
opportunity for PET/MR given the excellent attributes of
cardiac MRI and PET’s absolute quantification [44].
Publications that demonstrate the successful combination of
PET and MR imaging already exist in cardiomyopathy [45],

evaluation of myocardial infarction [46] and its response to
different therapy schemes [47, 48] and evaluation of carotid
artery stenosis [49]. Therefore, although clinical evidence
using integrated systems is still under way, PET/MR is
expected to be a very useful modality for cardiovascular
imaging [44].

Oncology is the main application of PET with highest
volumes of scans globally and one of the areas with the big-
gest procedures growth for MRI. Moreover, the combination
of these two modalities exhibit complementary advantages
such as enhanced accuracy in the staging of primarily dis-
ease as well as in the assessment of local lymph node involve-
ment and distant metastases [50]. Pilot studies with integrated
systems have already shown the feasibility [51] of oncologi-
cal PET/MR and potential clinical benefits in head and neck
cancer [52], and lung cancer [53]; while its use was also
showcased in single case studies for indications such as pae-
diatric oncology [16], prostate [54, 55] and therapy follow up
for malignancies of the liver [56]. Extensive discussions of
the expected benefits of PET/MR in oncology can be found
in literature [50, 57, 58].

Clinical Protocols and Workflow
Considerations

An important concern for PET/MR scans is time. Both PET
and MRI require long acquisition times for a comprehensive
examination. Extended scan times have an impact on patient
comfort (and increase of drop-out rates) and throughput,
increasing the cost per scan. Therefore, some consideration
on how to reduce acquisition time without losing important
information is necessary for the various applications and the
two system designs. Imaging acquisitions can be classified in
two groups initially: single-organ imaging and imaging over
several bed positions (e.g. whole- and total-body imaging).
Each of the two categories may comprise scans for very dif-
ferent indications; however, patient set-up and imaging order
can be similar.

Single-Organ Imaging

Single organ imaging is often performed within one (e.g. for
brain) or more than one (e.g. for lungs) bed-positions,
depending on the organ size and the scanner’s field-of-view
(FOV), to study organ function (e.g. brain, heart, liver) or
regional disease (e.g. tumour, carotid plaques) in detail. They
often require dynamic, gated or longer PET and/or MR
acquisitions. Most of the times, MRI requires the longest
acquisition times, due to the several pulse sequences and fur-
ther functional information that may be necessary for a
comprehensive diagnosis. In scanners with simultaneous
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acquisition capabilities, the required acquisition time for
diagnostic MR and the extra sequences required for MR-based
PET attenuation correction (MRAC) will define the total
acquisition time.

It is common for research brain PET imaging to require
dynamic acquisitions for studying tracer kinetics. These are
long scans in order to capture both early and late phases of the
tracer uptake. In these cases simultaneous PET/MR acquisi-
tion is prefered, from the workflow perspective, as MR scans
can be acquired at the same time. One example is given in
Fig. 3.1 for an application in neuro-oncology [22].

In clinical practice, shorter, static scans are more com-
mon. The most predominant brain PET indications include
assessment of dementia with FDG or Amyloid imaging, sur-
gical planning for focal epilepsy with FDG and to a lesser
extent Parkinson’s disease with '"SF-DOPA. Neuro-oncology
uses tracers for metabolic assessment, receptor imaging and
hypoxia as, and in addition to the list in Table 3.1. Most of
these scans are static and, although shorter than many
dynamic acquisitions, are still longer than the individual
bed-position duration in whole-body protocols, requiring
still 15-20 min as a crude average. In these cases, diagnostic
MR may require longer acquisitions, again due to several dif-
ferent contrasts that may be required. Two generic imaging
protocols for such scans are illustrated in Fig. 3.2 for simul-
taneous and sequential acquisitions. In both cases, the MR
scans can start before or after PET depending on the workflow
of the department and, in some occasions, MR scans may
start during the radiotracer’s uptake time [59].

T1/T2 fMRI DTI csl UTE ce-T1
- -
Time 50 min

Fig. 3.1 Example protocol for PET/MR scan in neuro-oncology, com-
prising a dynamic "*F-FET PET and several MR acquisitions, where
CSI Chemical Shift Imaging, UTE Ultra-Short Time Echo, ce contrast
enhanced scan (Adapted from Neuner et al. [22])

MRAC Diag-MR

PET

Fig. 3.2 Simultaneous and
sequential PET/MR scans for
a single-bed/station image

Diagnostic MR

As indicated earlier, another promising area for PET/MR
use is in cardiovascular imaging [44]. Imaging of myocardial
viability, e.g. after acute myocardial infarction, or identify-
ing vulnerable plaques in the carotid arteries also require
single-bed acquisitions. Myocardial imaging often requires
motion compensation for heart movement, which is per-
formed through cardiac gating. Such gating in PET/MR can
be done either using image-derived information from MRI,
to gate both PET and MRI data in a simultaneous acquisition
system, or via external triggering of both modalities in
sequential acquisition systems. Figure 3.3 illustrates cardiac-
gated exams acquired using the two different gating
approaches.

Cardiac imaging protocols may have similar forms to
those in Fig. 3.2. Depending on the amount and type of MR
sequences needed, as well as the scanner’s technology, but
they are often faster than brain scans. An example of a com-
prehensive cardiac gated protocol and acquisition times,
using a sequential system, is presented in Table 3.2 [59].

Whole-Body Imaging

For whole-body (i.e. eyes-to-thighs) or total-body (i.e. head-
to-toes) imaging, several bed positions are acquired and
merged. Modern PET systems require between 1 and 3 min
per bed position, and the amount of bed positions needed is
defined by the length of the required scan and the axial size of
PET FOV. The latter in the current PET/MR scanners vary
between 18 and 25.8 cm with overlap up to 50 % [60, 61]. On
the other hand, diagnostic MR protocols may easily surpass
60 min of total acquisition time. The type of acquisition for
both subsystems can vary significantly and, on some occa-
sions, the protocols may need modifications in light of new
data arising from one of the two modalities. For example, in a
staging examination, both local disease and possible distant
metastases, need to be assessed. In that case MRAC/localisa-
tion scan, followed by the FDG-PET acquisition is performed
first and findings may indicate the distant regions with sus-

Other MR diagnostic sequences

MRAC PET

acquisition

Time
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Fig.3.3 Gated PET/MR studies acquired (a) on a simultaneous acqui-
sition system with MR image-derived gating (Image courtesy of
Siemens Healthcare) and (b) on a sequential acquisition system with

independent external ECG triggering (Image courtesy of Dr R Nkoulou &
Prof JP Vallée, HUG)

Table 3.2 Comprehensive sequential PET/MR imaging protocol for assessing myocardial viability

Acq. time Effective acq.
Heart protocol (min) time (min)? Acq. res (mm) Rec. res. (mm) TR/TE (ms)
M2D-B-TFE 00:00:09 00:01:00 2.07/1.85/10.0 0.61/0.61/10.0 2.8/1.40
B-TFE 2 chamber (LV) 00:00:09 00:01:00 2.01/1.79/8.00 1.16/1.16/8.00 3.2/1.60
B-TFE 2 chambers (RV) 00:00:11 00:01:00 2.01/1.79/8.00 1.16/1.16/8.00 3.2/1.66
B-TFE 4 chambers 00:00:11 00:01:00 2.01/1.82/8.00 1.16/1.16/8.00 3.3/1.66
B-TFE short axis (x8 to cover all LV) 00:01:15 00:08:00 2.01/1.82/8.00 1.16/1.16/8.00 3.3/1.66
Dynamic sTFE 3 slices 00:00:59 00:00:59 2.98/3.03/10.0 1.28/1.28/10.0 2.5/1.27
PSIR-TFE-2 chambers 00:00:06 00:01:00 1.60/2.29/10.0 0.61/0.61/10.0 6.1/3.0 (TI=90)
PSIR-TFE-4 chambers 00:00:06 00:01:00 1.60/2.29/10.0 0.61/0.61/10.0 6.1/3.0 (TI=90)
PSIR-TFE-short axis 00:00:06 00:01:00 1.60/2.29/10.0 0.61/0.61/10.0 6.1/3.0 (TI=90)
IR-TFE-LL 00:00:10 00:01:00 2.73/2.78/10.0 1.37/1.37/10.0 8.0/3.2
3D-IRTFE 4 chambers 00:00:09 00:01:00 2.01/2.01/10.0 1.16/1.16/5.00 3.5/1.13
3D-IRTEFE 2 chambers 00:00:09 00:01:00 2.01/2.01/10.0 1.16/1.16/5.00 3.5/1.13
3D-IRTFE short axis 00:00:09 00:01:00 2.01/2.01/10.0 1.16/1.16/5.00 3.5/1.13
atMR cardiac 00:01:06 00:01:06 3.00/3.00/6.00 1.88/1.88/6.00 4.1/2.3
Gated FDG-PET (10 cardiac phases) 00:10:00 00:10:00 4.00/4.00/4.00
Total time 00:14:45 00:22:59

Courtesy of Prof JP Vallée, Dr R Nkoulou, Prof O Ratib, HUG
In Italics are all the PET/specific components

*Counting breathold time and recuperation, each sequence is performed in ~1 min

pected metastasis to be interrogated later on by the localised
diagnostic MR contrasts (e.g. in breast cancer staging).

On a PET/MR tomograph with simultaneous acquisition
capabilities, PET acquisitions run for 2—6 min per bed position
[62, 63] and, during this time, MR also acquires data for
MRAC (19 s/bed) as well as other relevant for each examina-
tion, sequences. Often, specific body areas require longer MR
acquisitions, e.g. for the complete assessment of primary
tumours. Depending on the clinical indication, PET tracer and

processes of the department, these extra MR sequences can be
performed before or after the simultaneous PET/MR acquisi-
tion. When the additional MR scans are performed prior to
PET/MR acquisition, and for PET agents such as FDG, the
patient may be scanned during the uptake period after the
tracer injection. For FDG, however, consideration should be
given in minimising potential FDG uptake in muscles [64].
Alternatively, when the additional MR scans are performed
after simultaneous PET/MR, an additional PET acquisition
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MRAC Diag-MR MRAC Diag-MR MRAC Diag-MR
PET PET PET
Time
Diag-MR Diag-MR Diag-MR Diag-MR MRAC - MRAC PET PET
Time

Fig. 3.4 Generalised simultaneous (fop) and sequential (bottom) PET/
MR whole-body imaging protocols. Diag-MR and MRAC indicate
diagnostic MR acquisitions and MR sequences for attenuation correc-
tion and PET localisation, respectively. Solid bars indicate the mini-

can be acquired which can provide dynamic data [62] or a late
acquisition which for agents such as FDG it is shown to pro-
vide more or different information than early scans [65—68].

On the other hand, in a different scanner with sequential
acquisition capabilities, one option would be to perform all
the diagnostic MR acquisitions at the beginning, followed by
MRAC dedicated sequences and then PET. A clinical indica-
tion which would use such a protocol (Fig. 3.4) is to assess
response to treatment or in Head/Neck cancer surgery plan-
ning [59]. Workflow optimisation is even more necessary for
sequential acquisition settings, since the luxury of PET acqui-
sition during MR is not present. Hence, current sequential
scanner designs are trying to leverage technologies from both
modalities such as Time-of-Flight (TOF) PET and multiple
transmission MRI in order to minimise the required imaging
time. The MRAC whole-body scan requires approximately
4-6 min [69], while a TOF PET scan is shown to be per-
formed as fast as 30s/bed position [70, 71] but times between
1-2 min/bed are more common. The decision for how long to
acquire PET data depends on the site preferences and experi-
ence with TOF-PET systems. Examples in literature exist
which demonstrate the use of PET with short acquisition pro-
tocols for FDG [72] and other radio-tracers [73].

One improvement in the area of high-field MR is brought
by the introduction of parallel transmission, which reduces
the local Specific Absorption Rate (SAR), resulting in shorter
pulse repetition time and, hence, faster acquisitions [74, 75].
Gains in acquisition time, though, vary depending on the
pulse sequences used. From comparisons with standard high-
field MR in literature it was found to accelerate lumbar spine
imaging by 50 % for T2 sagittal and 18 % for T1 sagittal
sequences; while in the pelvis, T2 fast spin-echo sequences
could be acquired with a time gain of 33 % [76]. Finally, the
average expected acquisition time improvement from multi-
transmit was found to be 31 % across 77 clinically tested MR
sequences [77].

mum required acquisitions while hatched bars are extra imaging
required by specific imaging protocols and their relative positions. The
two time axes do not suggest equal acquisition time between the two
protocols

Technical Requirements

The necessary technology for building a PET/MR scanner is
already described in detail in a different chapter of this book.
The current section attempts to link specific clinical and/or
workflow needs for PET/MRI and the main technological
requirements which may address these needs. The two main
such needs is the reduction of scan time and the equivalence
of image quality as well as quantification of PET/MR in
comparison with stand-alone MRI and PET/CT.

Scan Time

As it became apparent so far in the discussion, one major
consideration is the PET/MR acquisition time. Shorter
exam times ensure patient comfort and faster throughput
(implying reduced cost per exam). However, faster through-
put should be considered together with the fact that radia-
tion exposure to staff might be higher in PET/MR than in
PET/CT due to longer patient setting-up times that MRI
scans require, and the current lack of formalised reimburse-
ment framework for PET/MR scans. These two parameters
may limit anyhow the patient availability per day for PET/
MR scans.

On the other hand, both PET and MRI have limitations
with respect to their signal detection efficiency. For PET
imaging, only a certain amount of radiotracer can be admin-
istered according to national and local health and safety reg-
ulations, while the tomograph itself has a significantly low
detection efficiency, despite its ability for absolute
quantification [78]. MRI has also low sensitivity, due to the
inherent low macroscopic magnetisation of the human body
[79]. Therefore, the longer the acquisition time, the better the
quantification and image quality can be achieved by for both
modalities.
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The scanner design and several technologies can improve
the above compromise. From the PET side, the straightfor-
ward approach is to increase the solid angle of the detector
exposed to radioactivity with direct effect on system sensi-
tivity [80]. This can be achieved by increasing the axial FOV
and/or placing the detector closer to the body. This has
already been successfully employed by one system design
[61]. In the last 6 years, advancements in scintillation crys-
tals, electronics and reconstruction algorithms have enabled
PET systems to compute with higher accuracy the origin of
each registered event using Time-of-Flight (TOF) and
significantly improving the signal-to-noise (SNR) ratio in
images [81] at levels higher than expected for the given sen-
sitivity of the scanner [82] and keeping all other imaging
parameters equal. This route has also been exploited by
another system design [60].

From the MRI side, several techniques have been attempted
in order to reduce the acquisition time. Fast pulse sequences
have been developed, sometimes at the expense of spatial
resolution or SNR [83]. The use of 3T MRI despite its excel-
lent spatial resolution and contrast that introduced it made
acquisitions longer due to the need to account for increased
levels of local Specific Absorption Rate (SAR) by increasing
Repetition Times (TR) in the pulse sequences [84]. Two other
MRI technologies, that lead to a reduction in scan time, is
parallel acquisition with multiple coil elements [85], and par-
allel transmission [86]. Parallel acquisition uses multiple
receiver coil channels that provide additional spatial informa-
tion for the reconstruction of the under-sampled K-space in
the phase encoding direction [87]. Parallel acquisition algo-
rithms work either with the acquired aliased images (e.g.
SENSE [88]) or by reconstructing the missing K-space data
(e.g. GRAPPA [89]). A more recent technology, parallel trans-
mission utilizes multiple transmission channels and RF
sources to adjust the power, amplitude, phase and waveform
for optimal excitation and homogeneous receive fields for
each specific patient anatomy [76]. The latter has as a result
homogeneous fat suppression [90] and better image quality
for difficult regions such as spine [77], breast [91], heart [92]
and pelvis [76]. In addition, parallel transmission benefits
PET/MR through the reduction of local SAR, allowing for
significant increases in scanning speed [76].

Image Quality and Quantification

A major advantage for PET/MR versus MRI is the high
specificity of PET as well as its relative and absolute
quantification of the radiotracer bio-distribution. This
becomes possible after the implementation of several correc-
tions on the PET data related to ionising radiation measure-
ments; namely, radioactive decay, the attenuation and scatter
of photons in matter and random registered coincidences

Fig. 3.5 Example of (a) the MR FOV truncation, and (b) the maxi-
mum intensity projection of the resulting MRAC map demonstrating
the truncation effect

resulting into faulty estimated events [93]. For PET/MR, most
of these corrections are estimated using identical or similar
procedures to stand-alone PET and PET/CT. However, this is
not true for attenuation correction [94] and scatter correction
may also be problematic in certain clinical applications.

Attenuation correction in stand-alone PET is performed
by acquiring a transmission scan using rotating %Ge or '¥’Cs
sources or, in modern PET/CTs, a low-dose CT scan (CTAC)
is used (Fig. 2.12). In contrast to CT, MRI does not provide
the electron density information of the scanned object, the
primary cause of photon attenuation. Therefore, MR images
require further manipulation to derive attenuation coefficients.
Several MR-based attenuation correction (MRAC) methods
exist in literature, based on anatomical atlases [95], segmen-
tation of images obtained with specific MR sequences [96—
98] or a combination of both [99]. Two further requirements
for such methodology are to use MR images that can be
acquired in a clinically feasible time (as a significant amount
of PET/MR applications are expected to require whole-body
imaging) and are able to provide useful clinical information
for whole-body disease assessment. Currently, the methods
implemented on the commercial systems use specific
MR-sequences and segmentation of three [69] or four [97]
different classes of attenuating media.

Another important concern for MRAC is the smaller
MRI transverse FOV versus that of PET. This difference fre-
quently results in truncation of hands and shoulders in the
MR image of a number of patients (Fig. 3.5a). The result is
a truncated MRAC map (Fig. 3.5b) causing bias in
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quantification and image artefacts in PET [100, 101]. The
currently implemented truncation compensated methods on
the two commercial systems use two different approaches.
The missing parts of the attenuation maps are estimated in
the first case by a modified iterative reconstruction algo-
rithm using the emission PET data [102], while the second
utilises an edge-detection algorithm operating on the recon-
structed non-attenuated PET image and using prior knowl-
edge of the scanner design [100].

The first implemented MRAC methods do not take into
account cortical bone [97, 103], the highest attenuating
material in the human body. Although currently published
data from both commercially implemented methods do not
show any clinically relevant quantitative inaccuracies [69,
97, 104], a different study showed that MRAC without a
bone class underestimates SUVs in certain areas such as
spine and pelvis [105]. Another study, using CTAC maps
processed in such a way to mimic MRAC, found SUV__
underestimated by 11 % for total bone lesions with femur
being the highest (17 %) [106]. These findings indicate that,
depending on the clinical application, more thorough stud-
ies may identify quantification concerns for first generation
MRAC methods.

Since the transverse relaxation time (T2) of cortical bone
is very short [107], the signal from bone has decayed at the
time of image acquisition in classical MR sequences. Thus,
a separation of air and bone is not possible on the acquired
MR images. To obtain a bone signal, Ultra-short Echo Time
(UTE) sequences, in particular, have been used [108, 109]
for MR attenuation correction. UTE sequences sample the
free induction decay (FID) directly after the excitation of
the spins, yielding signal from bone and all other tissue,
while an echo signal is acquired in the same sequence,
where the bone signal has already decayed. Attenuation
maps are then derived by segmenting the images into air,
tissue and bone components [59]. Unfortunately, such
sequences require long acquisition time [108] while the
resulting images do not have clinically relevant information
for most examinations. This is an on-going area of research
and several academic and industry groups are trying to
improve MRAC with clinically sensible MR acquisition
times.

Another area of concern regarding MRAC the presence
of magnetically susceptible materials (e.g. metal implants

Fig. 3.6 Example of MR artefacts in the acquired image due a cardiac
stent, as propagated in the MRAC (Image courtesy of Philips
Healthcare)

or medical devices) in the MR FOV, will result into sus-
ceptibility artefacts, i.e. signal void areas and bright sig-
nals in the tissues surrounding the implants [110]. Such
artefacts propagate in the MRAC map in a relatively arbi-
trary fashion, depending on the location and extent of the
artefact (Fig. 3.6). Metal artefact reduction sequences
(MARS) can be used to reduce the size and intensity of
susceptibility artefacts from magnetic field distortion
[111]. However, currently only manual corrections may be
available.

Apart from attenuation correction, scatter correction may
also need some consideration in PET/MR. Although the
standard methodology performs very well for most clinical
situations, on certain clinical settings when patient set-up
may differ from PET/CT, this difference may impact on
scatter correction accuracy. For example, in breast cancer,
MR patient set-up is different from PET/CT, prone vs.
supine positioning, respectively. The main benefit for prone
imaging is that the breast tissues are extended by gravity
providing higher spatial resolution than in supine position.
When prone positioning is selected in PET/MR, occasion-
ally certain parts of the body exhibit extremely low
radiotracer uptake, such as the area behind the breast. This
causes the scatter correction to fail, impacting both image
quality and quantification. To address the incorporation of a
priori information from the MR scan in the scatter correc-
tion has been investigated [112]. One such example is illus-
trated in Fig. 3.7.
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Fig.3.7 FDG-PET image of a
patient in prone position with
scatter artefacts impacting on the
image quality and quantification in
the area behind the right breast
(a). The same PET image with a
modified scatter correction,
incorporating information from
the MR scan, shows higher SUV
uptake, but not enough to indicate
malignancy, and higher
consistency with the background
contrast (b) (Images from Kalemis
et al. [59])

Conclusions
This chapter has presented generic forms of PET/MR
protocols, as been reported by users in literature, and
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Head and Neck Cancers

Head and neck cancers comprise about 5.5 % of all cancers
worldwide. More than 90 % of head and neck malignancies
are squamous cell carcinomas (HNSCC) mainly caused by
tobacco and alcohol consumption. However, HNSCC caused
by infection with the Human Papilloma Virus (HPV) type 16
and 18 are increasingly seen in younger adults, particularly
in the oropharynx. These tumors are usually smaller and
their prognosis is slightly better as compared to non HPV-
related cancers.

Due to the rich lymphatic drainage, lymph node metasta-
ses are common and may even be seen in early tumors. The
prevalence of lymph node metastases at initial presentation
depends on the site of tumor origin and its presence affects
overall survival considerably. A particular feature of HNSCC
is the high rate of synchronous or metachronous second
tumors, which are most often seen in the lung or esophagus.

Treatment of HNSCC includes surgery, radiation ther-
apy =chemotherapy or a combination of the two.

Because of its excellent soft tissue resolution, MRI is
often used as a first line imaging modality for the assessment
of loco-regional disease, whereas PET/CT is mainly used for
the assessment of lymph node metastases, distant disease
and for the detection of tumor recurrence after treatment.
PET/MRI combines the advantages of both modalities and
contributes to the diagnostic work up of these tumors.
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Squamous Cell Carcinoma of the Larynx
Clinical History

Fifty-three-year-old male. Consults for dysphonia and
odynophagia since 5 months.

Tobacco: 120 pack years.

Alcohol: 50 g/day.

Because of increasing dyspnea, the patient underwent tra-
cheotomy 10 days prior to imaging. A tumor lesion was seen
endoscopically suggesting a squamous cell carcinoma. Prior
to endoscopy, a [18F]JFDG-PET/MRI was performed.

Imaging Technique

High-resolution [18F]JFDG-PET/MRI with axial T2w SE
and T1w SE images before and after injection of intrave-
nous Gadolinium chelates (Gd). Axial high-resolution
Dixon sequence after intravenous administration of Gd
with sagittal and coronal 2D reformations. The axial MRI
sequences were obtained using a 2-3 mm slice thickness,
a field of view of 20x 20 cm and a 512 x 512 matrix. MRI,
PET and fused PET MRI images of the head and neck area
are provided.

Fig.4.1 Axial [18FJFDG-PET/MRI images at the level of the tumor: (a)
T2w, (b) T1w+Gd, (c¢) fused T1w+PET, (d) PET. [18F]JFDG-PET/MRI
has the ability to precisely assess tumor spread as described above, in

Findings

Hyperintense lesion on T2w images with heterogeneous
enhancement after intravenous injection of Gadolinium che-
lates and with intense hypermetabolism on the PET acquisi-
tion. The transglottic mass infiltrates the thyroid cartilage
and the pre-laryngeal soft tissues, the left cricoid and the left
arythenoid cartilage. Moderate focal uptake around the tra-
cheostomy. Large necrotic lymph node metastases are seen
bilaterally in the neck involving levels III and V on the left
side and levels II-IV on the right.

Teaching Points

Transglottic laryngeal HNSCC are aggressive tumors
involving at least two of the laryngeal regions (supra-
glottic, glottic and subglottic). They typically invade
the thyroid cartilage and may extend into the soft tis-
sues in the neck (stage T4 according to UICC and
AJCC guidelines). Tumor spread into the soft tissues
in the neck may also occur not only through the carti-
lages but also through the thyrohyoid membrane.

Transglottic HNSCC often have lymph node metas-
tases at initial presentation. Lymph node metastases are
often necrotic. Necrosis is typically seen as hyperintense
areas on T2w images and as non-enhancing areas after
intravenous injection of Gd. FDG metabolism may be
quite variable depending on the degree of necrosis.

Lymph node metastases typically involve several
neck levels. If the subglottis is invaded, metastatic
lymph nodes should be looked for in the upper
mediastinum.

particular invasion of the laryngeal cartilages (thyroid, cricoid and
arytenoid), extralaryngeal soft tissues, and submucosal spaces, as well the
lymph node status, which is less well possible with PET/CT (Fig. 4.2)
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Fig. 4.2 Axial PET/CT obtained in the same patient shows the corresponding images at the level of the tumor: (a) CT (b) fused PET/CT (¢) PET
alone

Fig. 4.3 Sagital PET/MR images: (a) sagittal 2D reformatted Dixon = metabolic uptake within the tumor and moderate hypermetabolism
sequence, (b) fused sagittal Dixon images and PET image, (¢) PET. The  around tracheostomy corresponding to inflammatory changes
transglottic tumor spread is easily seen on these images. Note high

Fig. 4.4 Lateral oblique MIP PET scan showing the laryngeal tumor
and bilateral involvement of lymph nodes
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Oropharyngeal HNSCC
Clinical History

Fifty-seven years old male referred for restaging of a tonsil-
lar tumor after radiotherapy and chemotherapy.

Smoker since 40 years, 1 package per day. The patient
had endarterectomy of the left carotid and is currently treated
for hypertension. Tongue pain since 3 months.

Imaging Technique

High-resolution [18F]FDG-PET/MRI with axial T2w SE
and T1w SE images before and after injection of intravenous
Gadolinium-chelates (Gd). The axial MRI sequences were
obtained using a 2-3 mm slice thickness, a field of view of
20x20 cm and a 512x512 matrix. MRI, PET and fused
[18F]FDG-PET/MRI images of the head and neck area and
chest are provided.

Findings

Ulceration of the left amygdaloglossal sulcus with an area of
necrosis seen on T2w images. No enhancing lesion is present
after injection of Gd. Based on the MRI findings, the diagno-
sis is scar tissue. However, the hypermetabolic focus on the
PET and on the fused [18F]FDG-PET/MRI images indicates
the persistence of tumor. There is also a hypermetabolic
lymph node in the left level II and a necrotic lymph node
metastasis without hypermetabolism adjacent to it. Note the
presence of a second lesion in the lung, which proved to be a
synchronous lung tumor. The findings were confirmed surgi-
cally. However, the tumor size of the recurrent HNSCC was
largely underestimated at [18F]FDG-PET/MRI.

Teaching Points

[18F]FDG-PET/MRI can identify distant metastases
and synchronous tumors.

Although it can differentiate scar tissue and necrotic
tissue from viable tumor, the size of the detected tumor
may be grossly underestimated, as was the case here.

Fig. 4.5 Ulceration of the left amygdaloglossal sulcus with an area of necrosis surrounded by a low signal rim corresponding to scar tissue on

T2w MR images. The focal FDG uptake suggested residual tumor
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Fig. 4.6 A millimetric lymph node with intense hypermetabolism
(shown with a short red arrow) and a necrotic lymph node
metastasis with a peripheral halo of low metabolism (shown with
long red arrow). Both lymph nodes were metastatic

Fig. 4.7 Hypermetabolic lung nodule in the upper left lobe corresponding to a synchronous lung tumor versus a pulmonary metastasis. Biopsy
revealed a second primary lung tumor. The focal uptake area in the apical segment of the inferior lobe corresponded to infectious disease
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Lymphoma of the Nasal Fossa Findings

Clinical History Large hypermetabolic tumor mass of the left nasal cavity dis-
placing and infiltrating the nasal septum and causing obstruc-

Sixty-seven-year-old male in good general health with recent  tion of the osteomeatal complex. Note mucous retention in

onset of asthenia, stuffy nose and sinusitis slowly progress- the left maxillary sinus due to blocked drainage.

ing over several months. Antibiotic treatment did not improve

symptoms. Clinical workup reveals a nasal mass and biopsy

reveals a diffuse large B-cell lymphoma. Teaching Points

PET/MRI was performed for pre-treatment staging.
Extranodal lymphomas are rare but may affect all head

and neck localizations.

Imaging Technique Lymphomatopus masses share common imaging

characteristics due to their increased cellularity: low
PET: 376 MBq 18F-FDG, 70 kg/174 cm patient, 240 min  Signal on T2-w sequences, low ADC values and high
uptake time, 9 beds x 3 min.
MRI: Tiw SE, 3DTFE (Act. TR/TE 6.2/3.0, Despite their large size, major areas of necrosis are
0.80% 1.03x 1.02 mm?).

SUVmax values.

often absent resulting most often in characteristic
homogenous enhancement patterns after intravenous
administration of Gd.

Fig.4.9 Lateral oblique
MIP image of the whole
Fig. 4.8 Axial and sagittal 3D T1 TFE MRI images (leff) and fused body PET scan showing the
PET/MRI images (right) showing a large hypermetabolic mass in the  hypermetabolic lesion in
left nasal fossa and ethmoid cells infiltrating the nasal septum and caus-  the nasal fossa but no other
ing mucous retention in the left maxillary sinus distant lesions
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Fig.4.10 Axial views obtained at
three different levels with MRI (/eff)
PET (right) and fused (middle) images

Fig.4.11 Comparison of three orthogonal views centered around the nasal fossa lesion from PET/CT (left), and PET/MRI (right)
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Retrocricoid Carcinoma
Clinical History

Sixty-two-year-old male with 62 pack years. Alcohol stopped
since 1 year. The patient complained of dysphagia since 6
months, fatigue and weight loss of 8 kg. Initial PET/CT
showed a retrocricoid tumor with a right-sided nodal metas-
tasis. PET/CT and [18F]FDG-PET/MRI after radio-chemo-
therapy were performed for pre-operative evaluation.

Imaging Technique

Initial contrast-enhanced PET/CT. Unenhanced PET/CT and
Gd-enhanced [18F]FDG-PET/MRI after chemo-radiother-
apy. [18F]FDG-PET/MRI with axial Tlw and T2w SE
images, DWI images and 2D axial, coronal and sagittal 2D
reformatted images of a high-resolution Dixon sequence
obtained after intravenous administration of Gd.

Findings

PET/CT prior to chemoradiation shows a bulky bilateral ret-
rocricoid tumor with a level III lymph node metastasis on the
right. Both PET/CT and [18F]FDG-PET/MRI obtained after
chemo-radiotherapy show only partial local response. The
right level III lymph node metastasis, however, has
disappeared.

Teaching Points

Retrocricoid tumors constitute between 2.5 and 3.5 %
of all hypopharyngeal cancers. Tobacco and alcohol
consumption are the main etiologic factors followed
by the Plummer Vinson syndrome.

Retrocricoid HNSCC are often detected later than
piriform sinus cancers because presenting symptoms
are vague. Tumors are typically located submucosally
and tend to spread downwards into the cervical esoph-
agus. Lymph node metastases are seen in up to 75 % of
cases at initial presentation. Cure is difficult to
achieve.

Fig. 4.12 PET/CT examinations before (top) and after chemoradiation (bottom) show major decrease of tumor volume and FDG uptake in the
retrocricoid area and disappearance of the level III lymph node metastasis on the right
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Fig.4.13 Multi-planar
reformatted PET/MRI images
centered on the residual lesion
allowing precise assessment of
its cranio-caudal extent both on
MRI and on fused PET/MRI
images. The bilateral residual
tumor spreads into the cervical
esophagus. Note physiologic
uptake of the sublingual glands
on the sagittal reformatted
images

Fig.4.14 Axial PET/MRI images at the level of the residual tumor: (a) ~ Fig. 4.15 Coronal and sagital PET/MRI images at the level of the
Fused T2w TSE and PET (b) T2w TSE (¢) Tlw TSE (d) DWL The residual tumor. Coronal T1w (a), sagittal Tlw (b) and corresponding
tumor is easily seen on the first two images, however, it cannot be seen  fused images (¢, d). Same information as in Fig. 4.13. The T1w images
on the DWI image are from the Dixon sequence
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HNSCC of the Oropharynx with Lung
Metastases

Clinical History

Fifty-five-year-old male with a history of radiotherapy for a
T2N1MO oropharyngeal HNSCC. Several years after initial
treatment, the patient complained of odynophagia slowly
increasing over a period of 1 year. Clinical examination
revealed a base of the tongue tumor. Endoscopy revealed no
other lesions.

Imaging Technique

Initial whole-body 18F-FDG PET/CT without contrast fol-
lowed by Gd-enhanced PET/MRI that included whole body
scan and axial Tlw and T2w SE images, before and after
intravenous administration of Gd.

Findings
PET/MRI shows a recurrent base of tongue tumor with a

large area of ulceration best seen on the sagittal reconstructed
images. There is involvement of a level VI lymph node on

Fig. 4.16 2D multiplanar reformatted views of PET/MRI images of
the base of the tongue tumor recurrence obtained from whole body low
resolution T1W MRI used for localization of focal lesions on PET

the right side, involvement of a pre-tracheal node and also
multiple bilateral hypermetabolic nodules in the lungs sug-
gesting metastatic lesions.

Teaching Points

PET is primarily used for the work-up of distant metas-
tases and to look for synchronous tumors, which may
be seen in up to 20 % of patients with HNSCC.

In recurrent tumors, the rate of synchronous second
tumors and the probability of distant metastases is
higher than in primary tumors.
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Fig. 4.17 Coronal MIP rendering of PET images showing the recur-
rent tumor and secondary focal lesions in the lungs
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Fig.4.19 Multiplanar reformatted PET/CT images in three orthogonal Fig.4.20 Multiplanar reformatteq PET/ MRl.imagés in three .orth(.)g(?—
planes centered on the focal lesion of the right hilum nal planes centered on the focal lesion of the right hilum showing simi-

lar findings as on PET/CT. Biopsy confirmed lung metastases
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SCCHN: Primary Staging
Clinical History

Forty-year-old HIV positive patient presenting with an ulcer
at the floor the mouth on the left side and pain; biopsy
revealed squamous cell carcinoma; patient is referred to
PET/CT followed by PET/MR for primary staging.

Imaging Technique

Partial whole body PET/CT images acquired at 62 min after
iv injection of 329 MBq 18F-FDG (7 bed positions a 2 min;
with full diagnostic CT with i.v. contrast and dedicated head-
and-neck study); PET/MR images acquired 92 min p.i.,
52 kg.

Partial whole-body PET/MR: 4 beds x 4 min together with
coronal T1w TSE and axial T2w haste fs. 1 bed (head-neck)
a 15 min together with ax T1w+Gd-DTPA, STIR ax and
sag; T1w fatsat cor+Gd. Post CM axial Tlw VIBE from
chest to pelvis. Head/neck and TIM body coils.

Findings

The primary tumor on the left side of the floor of the mouth
shows intense uptake of 18F-FDG and extends into the area
of the left tonsil. The full extent and exact delineation of the

Fig. 4.21 PET/MR images from the head-and-neck area (from left to
right): in the MIP of the PET you see the intense uptake in the primary
tumor (arrow, closed tip) and several lymph nodes with variable uptake
on the left side, the most intense one is marked with an arrow (open tip).

tumor borders especially in the region of the left tonsil is bet-
ter appreciated in the corresponding MR as compared to CT.
Both CT and MR shows enlarged cervical lymph nodes on
the left side. In PET, also smaller lymph nodes show intense
tracer uptake, strongly suggesting lymph node metastases.

Teaching Points

For primary staging of squamous cell carcinoma of the
head-and-neck area, MR is superior to CT for the
delineation of primary tumors arising in the suprahyoid
neck due to its excellent soft tissue contrast and can
thus provide synergistic information together with
18F-FDG PET.

Concerning assessment of lymph nodes, PET can
provide additional information in non-enlarged lymph
nodes, suggesting malignancy despite of small size
when the uptake is intense. On the other hand, the mor-
phologic information of MR (or CT) is mandatory,
because necrotic malignant lymph nodes can show
only weak or moderate uptake, but can usually be
defined as clearly malignant based on morphological
criteria. This shows the synergistic value of morpho-
logical and biological imaging.

The larger one directly above shows lesser uptake, but shows morpho-
logical criteria for malignancy, the small one marked with the arrow is
unremarkable morphologically, however due to its intense uptake also
has to be considered suspicious for malignancy
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PET (PET/CT) PET/CT Fusion Fusion (PET/MR)

2

PET (PET/MR) PET/MR Fusion T1w+Gd (PET/MR) STIR (PET/MR)

Fig. 4.22 Comparison PET/CT and PET/MR concerning the primary  extension of the tumor towards the left tonsillar area are better defined
tumor (first 3 images upper row PET/CT, lower row PET/MR): the in the corresponding MR images as compared to CT. Note absence of
primary tumor shows intense 18F-FDG uptake, which can be clearly —mandibular invasion

seen on both PET/CT and PET/MR. However the tumor borders and the
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SCCHN: Primary Staging, Dental Implants
Artifacts

Clinical History

Fifty-three-year-old patient presenting with an ulcer at the
right side of the tongue; biopsy revealed squamous cell car-
cinoma; patient is referred to PET/CT followed by PET/MR
for primary staging.

Imaging Technique

Upper body PET/CT images acquired at 60 min after iv injec-
tion of 362 MBq 18F-FDG (6 bed positions a 2 min; with full
diagnostic CT with i.v. contrast and dedicated head-and-neck
study); PET/MR images acquired 94 min p.i., 64 kg.

Head and thoracic PET/MR: 4 beds x4 min together with
coronal T1w TSE and axial T2w haste fs. 1 bed (head-neck)
a 15 min together with ax T1w+Gd-DTPA, STIR ax and
sag; T1w fatsat cor+Gd. Post CM axial Tlw VIBE from
chest to pelvis. Head/neck and TIM body coils.

Findings

The primary tumor involving the right anterior mobile tongue
shows intense focal uptake of 18F-FDG both on PET from
PET/CT and PET/MR. However due to extensive artefacts
from dental implants adjacent to the tumor, the full extent and
exact delineation of the tumor borders cannot be evaluated in
the CT. However, in the MR from PET/MR, the exact tumor
borders can be nicely seen, in particular involvement of the
midline, undersurface of the right tongue and sublingual space.
The tumor reaches the midline without crossing it. Both CT
and MR show enlarged heterogeneous cervical lymph nodes
on the right side in level 2, probably partially necrotic. In PET,
weak to moderate tracer uptake is seen.

Teaching Points

In primary staging of SCCHN, delineation of the primary
tumor in CT is often impaired by artefacts from adjacent
dental implants. Depending on the imaging sequence,
this can be less pronounced in MR.

However for lymph node staging, diagnostic CT
with multiplanar reformations is at least equally good
as MRI, especially in patients with low compliance
due to the rather long examination times necessary for
a comprehensive MR examination.
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Fig.4.23 PET/MR images (upper row) and PET/CT (lower row) from
the head-and-neck area: the primary tumor (arrow, open tip) shows
intense tracer uptake, but cannot be delineated on CT due to artefacts

Fig. 4.24 Comparison of PET/CT and PET/MR concerning lymph
node staging (upper row PET/MR, lower row PET/CT): the lymph
node on the right side level 2 shows weak to moderate 18F-FDG uptake
(arrows). However, both CT and MRI show substantial heterogeneity of
the lymph node with a high signal on T2w images and peripheral rim

from adjacent dental implants. However in the MR from PET/MR, the
tumor can be seen very well. The tumor borders reach but do not cross
the midline (arrow, closed tip)

& . v : . "
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enhancement on CT and MRI characteristic of central nodal necrosis.
Thus the lymph node clearly has to be called metastatic. This also
explains why the 18F-FDG uptake is not more intense. Here both PET/

MR and PET/CT with diagnostic CT and multiplanar reformation per-
form equally well for lymph node assessment
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SCCHN: Multiparametric Imaging
Clinical History

Seventy-six-year-old patient presenting with a bioptically
proven squamous cell carcinoma of the left tonsil; patient is
referred to PET/CT followed by PET/MR for primary stag-
ing and planning of radiochemotherapy.

Imaging Technique

Upper body PET/MR images acquired at 89 min after iv
injection of 440 MBq 18F-FDG, 96 kg. 4 bedsx4 min
together with coronal T1w TSE and axial T2w haste fs. 1 bed
(head-neck) a 15 min together with STIR ax and cor; DWI ax
(b 50, 400, 800); Head/neck and TIM body coils.

Findings

The primary tumor in the left tonsil shows intense focal
uptake of 18F-FDG in PET/MR. There are no enlarged or
morphologically suspicious lymph nodes visible. However,
in PET a moderate tracer uptake is seen in one small lymph

Fig.4.25 PET/MR images from the head-and-neck area show the pri-
mary tumor (upper row, arrows) and lymph node on the /left side level 2
(lower row, arrows): the primary tumor shows intense tracer uptake.

node on the left side level 2. In the DWI images and the cor-
responding ADC map, we can see substantial restricted water
movement in the primary tumor, which is better delineated
from the surrounding tissue as compared to the STIR images
alone. The area with low ADC values corresponds well to the
area with intense 18F-FDG uptake. Note a small lymph node
with the moderate tracer uptake shows low ADC values that
is clearly delineated in the DWI images. The combination of
low ADC values and tracer uptake suggest malignancy
despite the small size.

Teaching Points

Combining functional information from MRI, like
DWI or also DCE-MRI and MRS with the biological
information from PET is feasible with high spatial pre-
cision with combined PET/MR.

In SCCHN, this combined information of DWI and
biological information from PET might provide syner-
gistic information on tumor biology, which in the
future might be helpful for radiation therapy planning
and/or classification of lymph nodes.

The lymph node is small and shows only moderate tracer uptake, mean-

ing that it could either be malignant or an unspecific benign reactive
lymph node
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Fig. 4.26 Comparison of DWI and 18F-FDG PET in PET/MR for corresponding to the areas of tracer uptake in the DWI-PET fused
multiparametric imaging of tumor biology: primary tumor in the upper  images. On ADC maps we can also see the areas of restricted water
row (arrow, open tips), lymph node in the lower row (arrow, closed — movement with low ADC values corresponding to the areas of tracer
tip); from left to right: in the b 400 DWI images, the primary tumor and  uptake in the PET/ADC map fused images

especially the small lymph node can be delineated very well,
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Prostate Cancers

Prostate cancer is biologically and clinically a heterogeneous
disease that makes imaging evaluation challenging because
different stages of prostate cancer are managed with differ-
ent treatment modalities.

The role of imaging in prostate cancer includes diagnosis,
localization and characterization of the primary tumor, deter-
mination of extracapsular spread, guidance and evaluation of
local therapy, staging of locoregional lymph nodes, detection
of locally recurrent and metastatic disease in biochemical
relapse, and planning of radiation treatment [1].

The most commonly used imaging modalities for diag-
nosing and staging prostate cancer are transrectal ultrasound,
dedicated MRI and bone scintigraphy. New developments in
radiotracers such as radiolabelled Choline and Acetate have
brought a new scope of applications of PET in the diagnosis
and follow-up of prostate cancers.

Prostate magnetic resonance imaging (MRI) plays an
important role in the determination of tumor localization,
characteristics, and extent [2]. Multiparametric MRI com-
plementes T2W images with diffusion-weighted imaging,
dynamic contrast-enhanced (DCE) imaging, and MR spec-
troscopy imaging (MRSI) to improve diagnostic accuracy.
Multiparametric MRI still remains imperfect, with sensitivi-
ties and specificities ranging from 22-85 % to 50-99 % [3].
In particular morphologic lymph node assessment with MRI
is limited.

PET has emerged as a promising imaging tool for prostate
cancer. However, '8F-FDG, has limited sensitivity for pros-
tate cancer [4, 5] due to low glucose consumption in early
prostate cancer [6, 7]. '8F-choline and !'C-Choline has shown
promise in the detection of prostate cancer, especially in the
setting of recurrent and metastatic disease [8—18].

Hybrid PET/MRI scanners introduced recently into clini-
cal practice [19, 20] combine the advantages of both modali-
ties with reduced ionizing radiation, shorter acquisition times
and better diagnostic accuracy especially in recurrences and
localized prostate cancers.
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Prostate Focal Adenocarcinoma
Clinical History

Fifty-nine-year-old patient with a primary prostate adenocar-
cinoma discovered through clinical examination and further
confirmed by biopsy (Gleason: 4 +3).

Imaging Technique

PET: 10 min dynamic acquisition obtained immediately after
injection of 240 MBq of F-18 Fluorocholine followed by
whole body scan obtained 10 min after injection and a late
acquisition centered on the prostate.

MRI: a complete diagnostic MRI study was acquired in the
same session including a 2D T2 Fast SE (TR/TE 4,000/120 ms
— slice thickness 3 mm — 432 x 386 for the axial acquisition
—FOV 22 cm) with both an endorectal coil and an external 6
array coil, and after removal of the endorectal coil, a 3D T2
fast spin echo MR sequence (3D VISTA) (TR/TE
2,000/243 ms, matrix 392 x448/x25, FOV 390 mm and slice
thickness 1 mm), a diffusion SE EPI sequence (TR/TE
3,644/66 ms — slice thickness 3 mm — FOV 200 mm — matrix
88/%9, 4 b values 0, 500, 1,000, 1,500 s/mm?).

?‘1 ‘s
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Fig. 5.1 3D MIP images of whole body PET showing focal uptake
(arrow) in the prostate area but no other signs of dissemination or
metastases

Findings

PET images show focal tracer uptake (SUV max 12.8) in the
antero-apical area of the central zone predominantly on the
right side matching the first lesion identified on MRI but not
the second MRI lesion in the left peripheral zone.

MRI images showed two focal abnormalities: one in the
right antero-apical area of the central zone with a hypointen-
sity on the T2 images, and decreased diffusion (ADC at 800),
and a second lesion in the left peripheral zone of the apex
with decreased T2 signal and decreased diffusion (ADC at
900) adjacent to the central zone.

The histology performed after radical prostatectomy dem-
onstrated an adenocarcinoma in the antero-apical area of the
central zone and prostatic intraepithelial neoplasia in the left
peripheral zone.

Teaching Points

Correlation between anatomical, functional and meta-
bolic images: intra-epithelial neoplasia was a false
positive on the T2 and diffusion MRI but not on the
PET images.

Fig. 5.2 Fused PET/MR images (upper row) showing the localization
of a focal antero-apical lesion of decreased T2 MR signal (3D VISTA)
(red arrow) and positive FDG uptake. Lower row shows additional
diagnostic MR sequences with diffusion weighted images (DWI SSH)
and a T2 TSE images obtained with endorectal coil. A prostatic intra-
epithelial neoplasia in the left peripheral zone showed a decreased T2
and diffusion signal but no abnormality on the PET
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Fig. 5.3 Fused PET/MR images showing the localization (red arrow) of a focal antero-apical lesion of decreased T2 MR signal on a 3D VISTA
and positive radiotracer uptake

Fig. 5.4 Fused PET/MR images showing a lesion with decreased T2 MR signal (red arrow) on a 3D VISTA and no radiotracer uptake
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Multifocal Prostate Cancer
Clinical History

Staging of a prostatic adenocarcinoma with a Gleason score
3+4.

Imaging Technique

PET: 10 min dynamic acquisition obtained immediately after
injection of 317 MBq of F-18 Fluorocholine followed by
whole body scan obtained 10 min after injection and a late
acquisition centered on the prostate.

MRI: a complete diagnostic MRI study was acquired in the
same session including a 2D T2 Fast SE (TR/TE 4,000/120 ms —
slice thickness 3 mm — 432x386 for the axial acquisition —
FOV 22 cm) with both an endorectal coil and an external 6
array coil, and after removal of the endorectal coil, a 3D T2 fast
spin echo MR sequence (3D VISTA) (TR/TE 2,000/243 ms,
matrix 392 x448/x25, FOV 390 mm and slice thickness 1 mm),
a diffusion SE EPI sequence (TR/TE 3,644/66 ms — slice thick-
ness 3 mm — FOV 200 mm — matrix 88/x9, 4 b values 0, 500,
1,000, 1,500 s/mm?) and a multiframe 3D T1 Fat Saturation
gradient echo MR sequence (TR/TE 6.9 — 3.4 ms — matrix

192x 189 —FOV 210 mm —slice thickness 3 mm) during 5 min
after Gd-chelate injection.

Findings

The left peripheral zone at 4 o’clock in the base of the pros-
tate showed a high tracer uptake (SUV max=4) as well as
reduced T2 signal and apparent diffusion coefficient ADC
and an increase wash-in on the perfusion MRI after Gd injec-
tion. In the right peripheral zone at 7 o’clock, there was also
an area of T2, diffusion and perfusion abnormalities on MRI
but only a weak tracer uptake on the PET images (SUV
max=2.3). Note also a moderate hypermetabolism in the
central zone associated with an hyperperfusion and a mild
restriction of the apparent coefficient of diffusion but no T2
abnormality in the right central zone.

Histology confirmed an adenocarcinoma in both the left
and right peripheral zone.

Teaching Points

A low tracer uptake of a lesion does not exclude a pros-
tatic cancer. The normal central gland can show moder-
ate tracer uptake by comparison to the peripheral zone.

Fig.5.5 Fused PET/MR images showing the localization of a left peripheral zone at the base of decreased T2 MR signal on a 3D VISTA and positive

radiotracer uptake. Note the absence of abnormal lymph nodes
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Fig. 5.6 T2 weighted 3D VISTA axial MRI images (upper row) and
after fusion with PET (lower row) showing tracer uptake in the left
peripheral zone at 4 o’clock as well as a T2 hyposignal. At 7 o’clock
there is also a weak tracer uptake a as well as a T2 hypointensity

Fig. 5.8 Perfusion MRI with 3D fast GRE after Gd injection demon-
strates foci of hyperperfusion in the right central zone and in the peripheral
zone at 4 o’clock and 7 o’clock (arrows)

Fig. 5.7 Hypointense T2 signal at 4 o’clock and at 7 o’clock in the
peripheral zone of the prostate with a T2 FSE MR sequence and an
endorectal coil

Fig. 5.9 The diffusion MRI shows an area of strong restriction of the
apparent diffusion coefficient in the left peripheral zone at 4 o’clock
(arrow)
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Prostate Cancer with Invasion of Regional
Lymph Nodes

Clinical History

Staging of a prostatic adenocarcinoma with a Gleason score of
4+4 discovered by an increased PSA serum level (14.7 ng/ml).

Imaging Technique

PET: 10 min dynamic acquisition obtained immediately after
injection of 240.3 MBq of F-18 Fluorocholine followed by
whole body scan obtained 10 min after injection and a late
acquisition centered on the prostate.

MRI: a complete diagnostic MRI study was acquired in the
same session including a 2D T2 Fast SE (TR/TE 4,000/120 ms
— slice thickness 3 mm — 432 x 386 for the axial acquisition —
FOV 22 cm) with both an endorectal coil and an external 6
array coil, and after removal of the endorectal coil, a 3D T2
fast spin echo MR sequence (3D VISTA) (TR/TE
2,000/243 ms, matrix 392 x448/x25, FOV 390 mm and slice
thickness 1 mm), a diffusion SE EPI sequence (TR/TE
3,644/66 ms — slice thickness 3 mm — FOV 200 mm — matrix
88/x9, 4 b values 0, 500, 1,000, 1,500 s/mm?) and a multi-
frame 3D T1 Fat Saturation gradient echo MR sequence (TR/
TE 6.9 — 3.4 ms — matrix 192x 189 — FOV 210 mm - slice
thickness 3 mm during 5 min after Gd-chelate injection.

Fig. 5.10 T2 3D vista with (bottom) and without (zop) fusion with the
PET data. The adenocarcinoma in the right peripheral zone is hypointense
in T2 and hypermetabolic on the PET

Findings

Large lesion in the right peripheral zone from 7 to 9 o’clock
extending from the base to the apex with an hypointensity on
the T2 MR sequences, a restriction of the apparent diffusion
coefficient (ADC) and an hypervascularisation as well as an
increased radiotracer uptake (SUV max =6.8) associated to a
loss of the adjacent capsule reflecting an extracapsular dis-
semination. In the right anterior part of the prostate, a reten-
tion cyst is also seen that is hyperintense on T2, with a high
ADC and no metabolism on the PET images. In addition,
both MRI and PET (SUV max=10.4) show an abnormal
right iliac lymph node. PET also detected a bone metastasis
on the roof of the left acetabulum (SUV max =4.0) that was
difficult to diagnose on the T2 Fast SE MR sequences opti-
mized for the prostate but not for bone analysis.

Teaching Points

Good correlation between MRI and PET for the detec-
tion of the adenocarcinoma.

Extracapsular dissemination is best diagnosed by T2
2D FSE with the endorectal coil.

PET is a very efficient tool for the detection of bone
metastasis due to the limited bone marrow contrast of
MR sequences used for the prostate evaluation.
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Fig. 5.11 Diffusion weighted image. An area of restriction of the
apparent coefficient of diffusion (ADC) is present in the right periph-
eral zone between 7 and 9 o’clock (arrow). Note the presence of reten-
tion cyst located anterior to this zone with a high ADC

Fig. 5.12 Dynamic thrive image sequence; the adenocarcinoma in the
right peripheral zone (arrow) is hypervascularized on the perfusion
MRI obtained after Gd injection

Fig. 5.13 The 2D T2 FSE MR sequence acquired with an endorectal
coil shows a hypointense area (red arrow) in the right peripheral zone
with a loss of the prostatic capsule in front of the right neurovascular
bundle corresponding to an extracapsular extension of the tumor

Fig.5.14 Fused PET/MR images showing a right iliac adenopathy on
the 3D VISTA with an abnormal radiotracer uptake (red arrow). There
is also an abnormal radiotracer uptake on the roof of the left acetabulum
corresponding to a bone metastasis that is barely visible on the fast SE
3D VISTA MR sequence (yellow circle)
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Prostate Cancer with Capsular Invasion
Clinical History

Staging of extension of primary prostate cancer in a 72 year
old patient with a primary prostate adenocarcinoma discov-
ered through clinical examination. Gleason (3+4). PSA at
13 pg/l.

Imaging Technique

PET: 10 min dynamic acquisition obtained immediately after
injection of 240 MBq of F-18 Fluorocholine followed by
whole body scan obtained 10 min after injection and a late
acquisition centered on the prostate.

MRI: a complete diagnostic MRI study was acquired in the
same session including a 2D T2 Fast SE (TR/TE 4,000/120 ms
— slice thickness 3 mm — 432 x 386 for the axial acquisition
—FOV 22 cm) with both an endorectal coil and an external 6
array coil, and after removal of the endorectal coil, a 3D T2
fast spin echo MR sequence (3D VISTA) (TR/TE
2,000/243 ms, matrix 392 x448/x25, FOV 390 mm and slice
thickness 1 mm), a diffusion SE EPI sequence (TR/TE
3,644/66 ms — slice thickness 3 mm — FOV 200 mm — matrix
88/x9, 4 b values 0, 500, 1,000, 1,500 s/mm?) and a multi-
frame 3D T1 Fat Saturation gradient echo MR sequence (TR/
TE 6.9 — 3.4 ms — matrix 192x 189 — FOV 210 mm — slice
thickness 3 mm) during 5 min after Gd-chelate injection.

Findings

PET images show focal hypermetabolic nodule (SUV max
of 3) at the lower right quadrant (8 o’clock) measuring

approximately 6 mm in diameter and depicted with
hyposignal on T2 weighted images and hypervascular irreg-
ular shape extending beyond the external capsule.

A second lesion measuring 2.5 x 0.4 cm with hypointense
signalonT2imagesandfocalhypermetabolism(SUVmax =2.6)
is identified in the left apical area with extension beyond the
external capsule.

Teaching Points

This case illustrates the added value of MRI for the
assessment of capsular invasion of tumoral tissue that
can hardly be detected by PET images.

Fig. 5.16 Perfusion weighted images (WIP DYN THRIVE NEW
SENSE) showing the hypervascular nature of the lesions on both sides
(arrows)

Fig.5.15 T2-PET MR (3D VISTA) fusion image showing two hypoin-
tense and hypermetabolic lesions in the right and left lobes, with hetero-
geneous pattern of the prostate capsule in contact with the tumor

Fig. 5.17 T2 TSE images obtained with rectal coil showing two
hypointense lesions (arrows) more visible in this sequence
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Fig. 5.18 3D VISTA, multiplanar image fusion centered on the most hypermetabolic lesion, showing two lesions on the right and left with het-
erogeneous appearance of the prostate capsule in contact with the tumor
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Prostate Cancer with Lymph Node Extension
Clinical History

Staging of a prostatic adenocarcinoma with a Gleason score
of 5+4 and a PSA level at 13.7 pg/l.

Imaging Technique

PET: 10 min dynamic acquisition obtained immediately after
injection of 240 MBq of F-18 Fluorocholine followed by
whole body scan obtained 10 min after injection and a late
acquisition centered on the prostate.

MRI: a complete diagnostic MRI study was acquired in the
same session including a 2D T2 Fast SE (TR/TE 4,000/120 ms
— slice thickness 3 mm — 432 x 386 for the axial acquisition
—FOV 22 cm) with both an endorectal coil and an external 6
array coil, and after removal of the endorectal coil, a 3D T2
fast spin echo MR sequence (3D VISTA) (TR/TE
2,000/243 ms, matrix 392 x448/x25, FOV 390 mm and slice
thickness 1 mm), a diffusion SE EPI sequence (TR/TE
3,644/66 ms — slice thickness 3 mm — FOV 200 mm — matrix
88/x9, 4 b values 0, 500, 1,000, 1,500 s/mm?) and a multi-
frame 3D T1 Fat Saturation gradient echo MR sequence (TR/
TE 6.9 — 3.4 ms — matrix 192x 189 — FOV 210 mm - slice
thickness 3 mm during 5 min after Gd-chelate injection.

Fig. 5.19 T2 weighted MR image and PET/MR fusion showing the
hypointense lesion on the right

Findings

Large prostatic tumor invading all the right peripheral zone
with some extension on the left side with a strong hypointen-
sity on T2 images, an hypervascularization on perfusion MRI
as well as a strong restriction of the apparent diffusion
coefficient (ADC). On the PET images, this lesion has a strong
uptake of the radiotracer (SUV max=9.3). In front of the right
neurovascular bundle, there is a loss of the capsule reflecting
extracapsular dissemination. In addition, three lymph nodes of
the right iliac chain demonstrated a strong uptake of the
radiotracer corresponding to metastasic adenopathies (max
SUVmax from 4.6 to 8.1). On the MRI, two of these abnormal
lymph nodes were infracentimetric (6 and 5 mm) and were
erroneously classified as benign lymph nodes.

Teaching Points

This case demonstrates strong correlation between
MRI and PET for the tumor localization.

Advantage of MRI for identification of the trans-
gression of the prostatic capsule.

Advantage of PET for lymph node staging.

Fig.5.20 The apparent diffusion coefficient (ADC) map demonstrates
a significant reduction of the ADC in the right peripheral zone (arrow)
with some extension on the left side. This reflects an increased cellular
density specific of prostatic tumor
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Fig. 5.21 Large prostatic tumor invading the entire right peripheral zone
(arrow) with some extension on the left side with a strong hypointensity on
T2 images with endorectal coil. On the right size there is a bulging of the
capsule associated to some capsule loss reflecting an extra-capsular
dissemination

Fig.5.23 Fused PET/MR
images showing the
localization of the
prostatic tumor in the right
peripheral zone on T2 3D
VISTA as well as positive
radiotracer uptake in three
abnormal lymph nodes.
Note that two of these
abnormal lymph nodes
measure less than a
centimeter in diameter and
there would have been
classified as benign lymph
node

Fig.5.22 Perfusion MRI after Gd injection. The right peripheral zone
and to some extend also on the left peripheral zone (arrows) demon-
strate a hypervascularization in the area of T2 hypointensity corre-
sponding to the adenocarcinoma
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Multiple Bone Metastases of Prostate Cancer
Clinical History

Sixty-seven-year-old patient with prostate adeno-carcinoma,
Gleason score 5+5 and PSA at 5.98 ng/l.

Imaging Technique

PET: 10 min dynamic acquisition obtained immediately after
injection of 240 MBq of F-18 Fluorocholine followed by
whole body scan obtained 10 min after injection and a late
acquisition centered on the prostate.

MRI: a complete diagnostic MRI study was acquired in the
same session including a 2D T2 Fast SE (TR/TE 4,000/120 ms
— slice thickness 3 mm — 432 x 386 for the axial acquisition
—FOV 22 cm) with both an endorectal coil and an external 6
array coil, and after removal of the endorectal coil, a 3D T2
fast spin echo MR sequence (3D VISTA) (TR/TE
2,000/243 ms, matrix 392 x448/x25, FOV 390 mm and slice
thickness 1 mm) and a diffusion SE EPI sequence (TR/TE
3,644/66 ms — slice thickness 3 mm — FOV 200 mm — matrix
88/A~ 9, 4 b values 0, 500, 1,000, 1,500 s/mm>).

Findings

Hypermetabolic prostate tumor covering entire left lobe from
apex to base and also spreading to the right lobe. Extracapsular
invasion is consistent with local invasion covering left neuro-
vascular bundle.

PET images showing a hypermetabolic lymph node below
the iliac bifurcation with SUV 3.1 and a millimetric hyper-
metabolic left ilio-obturator lymph with SUV max. 2.1.

Fig.5.25 eThrive MR image
showing the iliac lymph node
below the bifurcation with SUV
max. of 2.1 (arrows)

Multifocal hypermetabolic bone lesions at the right iliac
(SUV max. 3.5), at the left iliac wing (SUV max. 3.7) at the
left sacroiliac joint, at the ilio-pubic branch right (SUV max.
7.3), the right ischio-pubic branch (SUV 6.3) and at left
ischial tuberosity (SUV max. 5.5) are present.

Teaching Points

PET/MRI imaging allows a comprehensive staging of
remote metastasis by combining the two modalities in
a single examination.

Fig.5.24 The large hypermetabolic tumor in two lobes of the prostate
also visible in T2 MR images
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Fig.5.26 Coronal (fop) and axial (bortom) PET/MR images of the pelvis showing the metastatic bone lesions of the right iliac branch also clearly
visible on T2 weighted 3D VISTA MR images

Fig.5.27 Coronal (top) and axial (bottom) PET/MR images of the pelvis showing multiple bone metastases of the left pelvic and iliac bones also
visible on T2 weighted 3D VISTA MR images
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Primary Prostate Cancer with Extraprostatic
Extension

Clinical History

Sixty-five-year-old patient presents with an initial PSA-value
of 11.2 ng/ml. Endorectal biopsy confirmed prostate cancer
(cT3a, Gleason 4+5=9).

Imaging Technique

Whole body PET/MR images acquired 37 min after iv injec-
tion 811 MBq ''C-Choline, 77 kg.

3 beds x 4 min together with coronal T1w TSE and axial
T2w haste fs. 1 bed (pelvis) a 15 min together with ax T2
TSE, ax T1 TSE, ax DWI, ax Tlw TWIST CM dynamic.
Post gadolinium axial T1w VIBE from chest to pelvis. Head/
neck and two body coils.

Fig. 5.28 Axial T2w TSE of prostatic apex shows a relative hypoin-
tense signal in the peripheral zone of the left side highly suspicious for
prostate cancer. The missing delineation of the capsule (compared to
the right side) raises the suspicion of extracapsular extension

Findings

T2w TSE sequences are very sensitive in the detection of
prostate cancer in the peripheral zone which normally shows
a hyperintense signal. Missing delineation of the prostatic
capsule is suspicious for extracapsular extension.

Teaching Points

The superb anatomical delineation of the prostate fossa
in MRI allows local staging of prostate cancer. This is
a clear advantage of PET/MR compared to PET/CT.
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Fig. 5.29 Axial diffusion weighted imaging (DWI) demonstrate a can be found in the arterial phase of the dynamic contrast enhanced
highly restricted diffusion (low ADC-value) in the left peripheral zone =~ MRI sequence (right). Both findings support the uspicion of prostate
(left). An intense and early enhancement of the corresponding region  cancer from the T2w TSE sequence

Fig.5.30 A high focal uptake in '"C-Choline PET (lef?) is located exactly in the area of the abnormalities presented by MRI shown in the fused
PET/T2w TSE image (right)
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Prostate Cancer in the Central Zone
Clinical History

Seventy-three-year-old patient with a PSA-value of 34 ng/ml
suspicious for prostate cancer. No prior endorectal biopsy
has been performed.

Imaging Technique

Whole body PET/MR images acquired 32 min after iv injec-
tion 809 MBq ''C-Choline, 71 kg.

3 beds x 4 min together with coronal T1w TSE and axial
T2w haste fs. 1 bed (pelvis) a 15 min together with ax T2
TSE, ax T1 TSE, ax DWI, ax Tlw TWIST CM dynamic.
Post CM axial Tlw VIBE from chest to pelvis. Head/neck
and two body coils.

Findings

T2w sequences show superb anatomical details of the prostate
with a hypointense region in the anterior part on the left side. With
morphological sequences alone in MRI no definite differentiation
between prostate cancer and benign prostatic hyperplasia (BPH)
can be made. Functional imaging with diffusion-weighted imag-
ing (DWI) and "'C-Choline PET confirm the presence of prostate
cancer in the anterior portion of the gland.

Teaching Points

Detection of prostate cancer in the central zone is often
unambiguous with morphological MR sequences.
However DWI and 'C-Choline PET can help in the
differentiation between BPH and prostate cancer.

Fig. 5.31 Morphological T2w TSE sequences in the axial and the
coronal plane demonstrate superb anatomical details of the prostate
fossa. A hypointense region in the anterior part of the left side is suspicious

for prostate cancer. However benign prostatic hyperplasia can have
similar appearance on MRI
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Fig.5.32 !''C-Choline PET shows an intense focal uptake in the left anterior part of the prostate highly suspicious for prostate cancer

Fig. 5.33 The parametric ADC (apparent diffusion coefficient) map cancer than hypointensity in T2w sequences. Fusion with '"C-Choline
derived from diffusion-weighted imaging sequences shows an area of ~PET demonstrates a good concordance between the findings in PET and
highly restricted diffusion (low ADC-value) in the left anterior part of DWI

the prostate. In the central zone this can be more specific for prostate
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Multiparametric Imaging in Primary
Prostate Cancer

Clinical History

Fifty-nine-year-old patient with slowly rising PSA-value
over 5 years and a history of negative biopsy 3 years ago.
The current PSA-value is 11.3 ng/ml.

Imaging Technique

Whole body PET/MR images acquired 66 min after iv injec-
tion 750 MBq ''C-Choline, 58 kg.

3 beds x 4 min together with coronal T1w TSE and axial
T2w haste fs. 1 bed (pelvis) a 15 min together with ax T2
TSE, ax T1 TSE, ax DWI, ax Tlw TWIST CM dynamic.
Post CM axial Tlw VIBE from chest to pelvis. Head/neck
and two body coils.

Findings

A T2w-hypointense lesion in the peripheral zone of the
left side is highly suspicious for primary prostate cancer.
In addition focal increased uptake in PET, restricted diffu-
sion in DWI, high wash-in DCE-MRI and a pathological
choline peak in MRS are indicative of primary prostate
cancer.

Teaching Points

Multiparametric PET/MR imaging of primary prostate
cancer can further increase tumor detection and possi-
bly guide biopsy especially in patients with prior nega-
tive histopathology.

the central zone with a focus of high uptake in the left peripheral zone
(right top). Fused PET/T2w image documents a good correlation of the
abnormal findings in the left peripheral zone (bottom)

Fig. 5.34 The axial T2w TSE sequence shows a hypointense lesion in
the peripheral zone on the left side which is highly suspicious for primary
prostate cancer (/eft top). Diffuse partially focal uptake is demonstrated in
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Fig. 5.35 Dynamic contrast enhancement (DCE) MRI of the prostate  enhancement in the central zone typical for BPH. In the later phases (center
gland. Arterial phase (leff) shows an early enhancement in the left peripheral ~ and right) an inhomogeneous enhancement is found in the whole prostate
zone suspicious for primary prostate cancer and a diffuse inhomogeneous  nearly completely obscuring the lesion in the peripheral zone

Position: 95 1138

6940

5 Time (min)

Fig.5.36 Parametric map of the DCE-images show an increased AUC ~ malignant lesion (top right). Restricted diffusion with alow ADC-value
(area under the curve) in the left peripheral zone (left top). ROI analysis  can be found in this region in DWI-MRI (bottom left). MR-spectroscopy
demonstrates an early wash-in as well as an wash-out typical for a  reveals a high peak of choline
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Recurrence After Brachytherapy
Clinical History

Seventy-two-year-old patient presenting with rising PSA
(10.6 ng/ml) 2 years after brachytherapy.

Imaging Technique

Whole body PET/MR images acquired 46 min after iv injec-
tion 883 MBq ''C-Choline, 86 kg.

4 beds x 4 min together with coronal T1w TSE and axial
T2w haste fs. 1 bed (pelvis) a 15 min together with ax T2 TSE,
ax DWI, ax Tlw TWIST CM dynamic. Post CM axial T1w
VIBE from chest to pelvis. Head/neck and two body coils.

Fig. 5.37 Usually in MRI of the prostate gland a T2w sequence with
small field-of-views serves for anatomical delineation of the prostate
gland and enables detection of prostate cancer especially in the periph-
eral zone. Hence after Brachytherapy image quality is impaired

Findings

A high focal uptake of ''C-Choline in PET strongly indicates
local recurrence. MRI is impaired due to metal artifacts from
the implanted seeds. However it demonstrates a relative spar-
ing of the seeds in the zone with the recurrent tumor.

Teaching Points

The metallic seeds from Brachytherapy create
susceptibility artifacts in MRI. In these cases informa-
tion from PET can become crucial for detection of
local recurrence.

) : i

Fig. 5.38 Modern imaging techniques like DWI (diffusion weighted
imaging) enable higher detection rates of recurrent local prostate cancer.

However the use is hampered by implanted metal
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Fig.5.39 Inthe Tlw VIBE
GRE-sequence intense
susceptibility artifacts demon-
strate the location of the seeds
with a relative sparing of the
right anterior part of the prostate

Fig. 5.40 High focal uptake of ''C-Choline in PET indicates local Fig.5.41 Fusion from PET and T2w demonstrates the exact anatomi-
recurrence/remaining tumor cal location of the local recurrence
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Lymph Node Metastasis from Recurrent Findings
Prostate Cancer
A pararectal lymph node which is slightly enlarged and
Clinical History rounded appears suspicious in morphological imaging.
Highly restricted diffusion and high uptake of ""C-Cholin
Seventy-one-year-old patient presenting with rising PSA  confirm the malignant nature.
(34.5 ng/ml) 3 years after radiation therapy of the prostate.

Teaching Points

Imaging Technique
This case demonstrates the additional value of multi-
Whole body PET/MR images acquired 56 min after iv injec- parametric PET/MR compared to PET/CT. Besides the
tion 770 MBq ''C-Choline, 74 kg. functional information from PET, PET/MR can also
4 beds x 4 min together with coronal T1w TSE and axial provide molecular information from MRI —in this case
T2w haste fs. 1 bed (pelvis) a 15 min together with ax T2 TSE, the restricted diffusion in a malignant lymph node in

ax DWI, ax Tlw TWIST CM dynamic. Post CM axial T1w prostate cancer.
VIBE from chest to pelvis. Head/neck and two body coils.

Fig. 5.43 The ADC (apparent diffusion coefficient) — map of DWI
Fig.5.42 Anatomical T2w TSE demonstrate an enlarged lymph node  shows highly restricted diffusion in the suspicious lymph node (arrow)
in the mesorectal fascia which is an untypical location for a lymph node
metastases in prostate cancer (arrow)
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Fig. 5.45 High uptake of '"C-Choline in a morphologically enlarged
lymph node can be regarded as diagnostic for a metastases in the case
of PSA-recurrent prostate cancer

Fig. 5.44 Coronal Tlw TSE demonstrates the whole field-of-view
from PET/MR and also outlines the lymph node in the mesorectal fat

Fig. 5.46 Fusion of PET and T2w TSE shows a perfect anatomical
coregistration of the focal increased uptake in PET and the suspicious
lymph node
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Bone Metastases in Prostate Cancer Findings
After Radiotherapy
In this patient with prior radiotherapy T1w SE sequences
Clinical History show the conversion to fatty bone marrow in the whole spine.
Additional Tlw hypointense areas with high uptake of
Eighty-five-year-old patient status post radical prostatectomy 8 ''C-Choline indicate new/residual bone metastases which
years ago. He presents with rising PSA (25.9 ng/ml) despite now could be treated with focused radiation therapy.
radiation of multiple bone metastases in the last 2 years.

Teaching Point
Imaging Technique eaching Foints

MRI with Tlw SE sequences is superior to CT in

Whole body PET/MR images acquired 53 min after iv injec- outlining the anatomical extent of bone metastases.
tion 850 MBq ''C-Choline, 70 kg. Therefore it can serve for a more exact planning of
4 beds x 4 min together with coronal T1w TSE and axial radiation therapy especially in patient who underwent

T2w haste fs. 1 bed (pelvis) a 15 min together with ax T2 TSE, prior radiotherapy.
ax DWI, ax Tlw TWIST CM dynamic. Post CM axial T1w
VIBE from chest to pelvis. Head/neck and two body coils.

Fig.5.47 The axial T2w fs sequence shows a round hyperintense area  Fig.5.48 Axial post contrast VIBE sequence with fat saturation shows
in the thoracic spine. T2w hyperintensity of a bone metastasis usually =~ a moderate contrast enhancement of the lesion

indicates viable tumor tissue compared to T2w hypointensity which is

a sign of prior effective treatment (esp. by radiation therapy)
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Fig. 5.49 Coronal images show the extent of bone metastases in this
patient. PET demonstrates the highest uptake of ''C-Choline in a lesion
of the lower thoracic spine. Other lesions are located in the left pelvis
and the ribs (leff). T1w TSE show fatty conversion of the bone marrow

indicating prior radiation therapy and hypointense lesions correspond-
ing with the high uptake in PET (middle). Fused Tlw TSE and PET
demonstrate good correlation between the uptake in PET and the
hypointense lesions in MRI
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Discrimination of Viable and Effectively
Treated Bone Metastases

Clinical History

Sixty-year-old patient after with increasing PSA over 2 years
(21.5 ng/ml) after radical prostatectomy and prior radiation
of the right pelvis due to a single bone metastases.

Imaging Technique

Whole body PET/MR images acquired 42 min after iv injec-
tion 764 MBq ''C-Choline, 75 kg.

3 beds x 4 min together with coronal T1w TSE and axial
T2w haste fs. 1 bed (pelvis) a 15 min together with ax T2 TSE,
ax DWI, ax Tlw TWIST CM dynamic. Post CM axial T1w
VIBE from chest to pelvis. Head/neck and two body coils.

Fig. 5.50 Coronal T1w TSE shows a hypointense lesion in the right
pelvis. T1w alone does not allow to discriminate between active or
effectively treated bone lesions

Findings

The patients presents with a treated bone metastasis in the
right pelvis which shows no uptake of 11 _-Cholin and only
faint contrast enhancement. In contrast, a new bone metasta-
sis in the sternum has a high uptake in PET as well as an
intense contrast enhancement in MRI.

Teaching Points

In contrast to CT, MRI can give additional information
about the viability of bone metastases in prostate cancer
complementing the information provided by PET.

Fig. 5.51 Axial Tlw VIBE fs after contrast media show only faint
enhancement of a bone lesion in the right pelvis suggesting effective
treatment

Fig.5.52 In axial PET/MR no uptake is noted in the region of the right
pelvis
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Fig. 5.53 Coronal PET and T1w TSE show a lesion in the proximal sternum with T1w hypointensity in MRI and high Choline metabolism
in PET

Fig.5.54 Axial T2w HASTE fs shows relative hyperintensity of the lesion in the sternum (leff). In addition T1w VIBE fs after contrast media
demonstrates an intense enhancement (right). Both findings are indicating a viable bone metastases
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Local Recurrence After Radical Prostatectomy
Clinical History

Seventy-one-year-old patient presenting with a slow increase
of PSA-value from 0.07 ng/ml (nadir) after radical prostate-
ctomy 5 years ago to a current value of 0.31 ng/ml.

Imaging Technique

Whole body PET/MR images acquired 43 min after iv injec-
tion 798 MBq ''C-Choline, 102 kg.

3 beds x 4 min together with coronal T1w TSE and axial
T2w haste fs. 1 bed (pelvis) a 15 min together with ax T2 TSE,
ax DWI, ax Tlw TWIST CM dynamic. Post CM axial T1w
VIBE from chest to pelvis. Head/neck and two body coils.

Fig. 5.55 Moderate uptake of ''C-Choline in the pelvis is suspicious
for local recurrence

Findings

PET demonstrates a moderate uptake of ''C-Choline in the
area of the former prostate gland. Dynamic contrast enhanced
MRI shows an arterial hypervascularisation in the corre-
sponding region.

Teaching Points

Especially in cases with low PSA-value PET and MRI
can provide complimentary information. Hereby accu-
mulating evidence for a possible local recurrence
increases the certainty in reporting these findings.

Fig.5.56 Axial fused imagines show that the uptake in PET is located
at the base of the bladder in the region of the former prostate gland
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Fig.5.57 High resolution T2w provides superb anatomical resolution
with high soft tissue contrast in the pelvis. A slight asymmetry is found

Fig.5.59 A i il ing the influx of ia i
at the base of the bladder (arrow) ig parametric map illustrating the influx of contrast media in

the first 60s (1IAUC60) demonstrates this finding more clearly

Fig.5.58 Axial dynamic contrast enhanced T1 TWIST show a hyper-
vascularized region at the base of the bladder corresponding with the
uptake in PET
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Breast Cancers

Breast cancer is the leading cancer and the second leading
cause of mortality in women in most European countries,
North America, and Australia. In Europe, 1 out of every
10—-15 women will develop breast cancer in her lifetime, and
the risk is even higher in the United States, where it is 1 out
of every 8 women.

MRI plays an important role in the characterization of
breast lesions for patients with suspected breast cancer [1, 2],
and may change the surgical approach at least for young
women or women with dense breast or in cases of high risk
of multifocal/multicentric lesions [3]. However, MRI’s posi-
tive predictive value and specificity vary over a wide range
[4]. 18F-FDG whole body PET/CT on the contrary is highly
specific [4], and stages not only axillary and internal mam-
mary nodes but also the whole body for unexpected sites of
disease. Its utility as a staging procedure in primary stage I
and III breast cancer has now been proven [5], as well as for
inflammatory breast cancers at diagnosis [6, 7]. PET/CT is
also useful for detecting recurrence in breast cancer patients,
for restaging [8], and for treatment response assessment
[9-11]. Therefore, 'F-FDG PET/CT has become more
widely adopted in selected categories of patients, where PET
is complementary to breast MRI resulting in both modalities
to be part of patient clinical workup.

On those patients, the emergence of hybrid PET/MR
scanners offers the advantage of combining both studies in
a single session, reducing radiation dose of CT and allow-
ing more accurate localization of lesion detection. Optimized
whole-body PET/MR protocols, can also be acquired if nec-
essary in addition to dedicated breast MRI using specific
breast coils compatible with PET, allowing full diagnostic
quality of both modalities. This could become the modality
of choice in those indications, reducing the effective dose of
radiation compared to PET/CT, and decreasing the total time
of the examination in a single session instead of two separate
exams [12].
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Invasive Ductal Carcinoma (IDC) lymph node involvement was noted. Pathological examina-
tion of left mastectomy found a 95x45x20 mm invasive
Clinical History ductal carcinoma of the central area of the breast. Sentinel

lymph node biopsy was negative.
Forty-one-year-old patient with ¢T2 Nla invasive ductal
carcinoma, G2, of the junction of the inferior quadrants of
the left breast. PET/MR was performed for staging. Teaching Points

MRI is more effective than PET to assess tumor extent

Imaging Technique when the tumor infiltration is along the linear galacto-
phoric channels both techniques may underestimate
Whole-body PET acquired 60 min after injection of the tumor extension in these cases.

371 MBqof 18F-FDG, 57 kg/168 cm patient, with 3.7 mmol/L
of fasting glycemia. Whole body atMR (T1 weighted),
supine position.

T2 TSE axial, 3D e-thrive native, arterial and veinous
post-gadolinium, and breast PET in a SENSE breast-coil,
prone position.

Findings

Breast MR showed a 50 mm maximal diameter tumor of the
junction of the left inferior quadrants, and a suspicious
retroareolar linear enhancement. PET imaging showed a
25 mm diameter hypermetabolic suspicious area of the junc-
tion of the left inferior quadrants. No ipsilateral axillary

Fig. 6.2 Coronal MIP from whole-body PET showing cervical and
supra-clavicular brown fat tracer uptake (arrows) for this young patient,
and the breast tumor without evident distant extension

Fig. 6.1 T2 TSE axial MRI sequence acquired using dedicated breast
coil (top), fused with PET acquired in the same PET-compatible coil
(bottom), showing the left breast hypermetabolic lesion
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Fig. 6.3 E-thrive arterial MRI sequence in the three orthogonal planes, showing the hypermetabolism and the contrast enhancement of the single
left breast lesion

Fig. 6.4 3D volume rendering of an e-thrive arterial phase MRI sequence in a sagittal view, showing the hypermetabolism and the contrast
enhancement of the single left breast lesion
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Recurrence of Axillary Lymph Node
Clinical History

Sixty-four-year-old patient with history of left lumpectomy
and axillary lymph node dissection 14 years ago for invasive
lobular carcinoma (ILC) and tumorectomy of a right invasive
ductal carcinoma with radiotherapy and chemotherapy 8
years ago. Patient presented with a clinically suspicious 2-cm
single left axillary nodule.

Imaging Technique

Whole-body PET acquired 60 min after injection of 382 MBq
of 18F-FDG, 70 kg patient, with 5 mmol/L of fasting glyce-
mia. Whole body atMR (T1 weighted), supine position.

T2 TSE axial, 3D e-thrive native, arterial and venous
post-gadolinium, and breast PET in a SENSE breast-coil,
prone position.

Findings

PET/MR showed a 3-cm single tumoral lesion of the lower
limit of the left axillary region. Subsequent pathological
examination of axillary tumorectomy showed a single
28-mm G2 invasive ductal carcinoma.

Teaching Points

In this case, both MRI and PET gave the same informa-
tion: they confirmed the presence of a suspicious left
axillary nodule. PET provided no evidence for other
metastatic lesions which is important for the surgeon.
This patient already had extensive left axillary dissec-
tion and performing additional exploratory surgery
can be risky and difficult. Radiotherapy of the region
is indicated in the absence of axillary invasion either
clinically and / or on imaging.

$:.2
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Fig. 6.5 Whole-body T2W MRI sequence fused with PET, and FDG-PET alone, from the left to the right, showing the main lesion in the left

axillary region (arrow)
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Fig. 6.6 Axial (top) and coronal (bottom) views of fused PET/MR (left) and PET (right) images centered over the left axillary region showing a
single lesion with no evidence of additional axillary lymph node invasion

>
>

Fig.6.7 Whole body MIP image showing the single left axillary region
with no evidence of other dissemination or lymph node involvement
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Breast Cancer with Lymph Nodes Invasion
Clinical History
Forty-one-year-old patient with invasive ductal carcinoma

(IDC) cT4b N3b G2 of the right breast. PET/MR was per-
formed for staging before neoadjuvant chemotherapy.

Imaging Technique

Whole-body PET acquired 60 min after injection of
375 MBq of 18F-FDG, 74 kg/177 cm patient, with
4.1 mmol/L of fasting glycemia. Whole body atMR (T1
weighted), supine position.

T2 TSE axial, T2W TSE STIR, 3D e-thrive native,
arterial and venous post-gadolinium, and breast PET in a
SENSE breast-coil, prone position.

Findings

PET/MR showed a right breast multifocal/multicentric
carcinoma, with highly suspicious right axillary and inter-
nal mammary lymph nodes. Note a post-biopsy collection
of the right inner superior quadrant. Post chemotherapy
pathological examination of right mastectomy and axil-
lary lymph node dissection showed a residual lymphan-
gitic carcinomatosis and ductal carcinoma in-situ (DCIS)
of 13-cm maximal diameter.

Teaching Points

Internal mammarian lymph node involvement is more
difficult to assess on MRI compared to PET, but this
information is important to adjust the radiation field of
the thoracic radiotherapy after mastectomy in this case.

Fig. 6.8 Three orthogonal plane images showing the right breast lesion, from left to right: (a) T1 dynamic e-thrive MRI sequence; (b) T2 TSE

STIR MRI sequence; (¢) Fusion of PET and MRI; and (d) PET images
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Fig. 6.9 Dynamic e-thrive MRI sequence fused with PET (a) and of PET showing the multifocal tumor of the left breast and the exten-
dynamic e-thrive MRI sequence alone (b) showing the tumor lesion and  sion along the axillary and mammary lymph nodes
a fluid/air cavity. Coronal (c) and sagittal (d) whole body MIP images

Fig. 6.10 Three orthogonal plane images showing the axillary lymph nodes with high FDG uptake (arrows), from left to right: (a) T1 dynamic
e-thrive sense MRI sequence; (b) PET/MR with same MRI sequence; and (¢) PET images
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Invasive Ductal Carcinoma (IDC)
Clinical History

Forty-two-year-old patient with a G3 ¢T3 Nla invasive
ductal carcinoma (IDC) of the junction of the superior quad-
rants of the left breast. PET/MR was performed for staging.

Imaging Technique

Whole-body PET acquired 60 min after injection of
380 MBq of 18F-FDG, 62 kg patient, with 5.1 mmol/L of
fasting glycemia. Whole body atMR (T1 weighted), supine
position.

T2 TSE axial, 3D e-thrive native, arterial and venous
post-gadolinium, and breast PET in a SENSE breast-coil,
prone position.

Fig. 6.11 Volume rendering of 3D arterial phase e-thrive MRI (top),
fused with FDG-PET (bottom) showing multifocal tumor localization

Findings

Whole body and breast PET/MR showed multifocal/bicentric
tumoral involvement of the superior quadrants of the left
breast with massive ipsilateral axillary lymph node invasion,
without controlateral breast lesion or distant metastatic
extent. Pathological examination of left mastectomy and
axillary lymph node dissection showed a 40-mm (maximal
diameter) invasive ductal carcinoma G3 of the left superior
quadrants, with extensive peritumoral vascular invasion, ret-
roareolar intraductal papilloma, and massive lymph node
involvement (10 metastatic lymph nodes).

Teaching Points

The left axillary lymph node involvement is difficult to
identify on MRI because of cardiac motion artefacts,
but clearly visible on PET.

.
5 %

Fig. 6.12 Coronal view of the PET MIP acquired in prone position
showing left breast tumor and axillary lymph node uptake of FDG
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Fig. 6.13 (a—c) Three orthogonal planes
of PET images fused with venous
subtraction MRI sequence showing
multiple primary lesions on three levels

Fig. 6.14 Three orthogonal plane T2 TSE MRI sequences (a)
and fused images with PET (b), showing positive axillary
lymph nodes with tracer uptake (arrow)

Fig.6.15 Arterial phase of e-thrive MRI sequence showing a benign fibrocyst in the contralateral right breast with no significant FDG uptake
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Bone Metastases of an IDC
Clinical History

Sixty-four-year-old patient with history of right breast
invasive ductal carcinoma (IDC), diagnosed 10 years ago.
Patient had bilateral mastectomy. Patient had whole body
PET/MR for a suspicion of bone metastases.

Imaging Technique

Whole-body PET acquired 60 min after injection of 372 MBq
of 18F-FDG, 62 kg/163 cm patient, with 4.8 mmol/L of fast-
ing glycemia. Whole body atMR (T1 weighted), supine
position.

T2 TSE axial, Total spine T1w and T2w TSE 3D e-thrive
native, arterial and venous post-gadolinium, and breast PET
in a SENSE breast-coil, prone position.

Findings

Whole body PET/MR showed several bone metastases
including glenoid, sternum, pelvic bones and lumbar spine.

Teaching Points

Whole body PET helps confirming the presence of
suspected bone metastases in different areas. Localized
MRI can then be performed on suspicious areas.

Fig.6.16 Coronal and sagittal views of FDG-PET MIP, arrows show-
ing the glenoid metastasis, sternal metastasis and lumbar vertebral
metastasis

Fig. 6.17 Axial fused images of whole-body attenuation correction
MRI and FDG-PET, showing the same lesions at the glenoid (top arrow),
sternum (middle arrow) and L2 vertebra (lower arrow)
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Fig.6.18 T2W TSE MRI sequence showing vertebral metastases (red arrow). The blue arrow shows benign degenerative bone lesions with no
significant FDG uptake on T11 and T12 vertebrae. The red rectangle shows the region that was enlarged in the inset image on the left

Fig. 6.19 TIW TSE sequence centered on the lower spine Fig. 6.20 T2W TSE MRI sequence centered on the lower spine
metastasis metastasis



102 C. Tabouret-Viaud et al.

Metastatic Axillary Lymph Node Findings

Clinical History No suspicious breast lesion was found on breast PET/MR.
One suspicious right axillary lymph node on MRI and three

Forty-one-year-old patient with history of right skin-sparing  suspicious lymph nodes on PET imaging were noted. Eight

mastectomy with advanced breast reconstruction surgery nodes among 17 were metastatic on subsequent pathological

(DIEP) 7 years ago for ductal carcinoma in situ (DCIS). examination of right axillary node dissection. Three meta-

Invasive ductal carcinoma was found on core-needle biopsy static lymph nodes presented capsular disruption.

(CNB) of a clinically suspicious right axillary lymph node.

Teaching Points

Imaging Technique
Heterogeneous contrast-enhancement of non-tumoral

Whole-body PET acquired 60 min after injection of 368 MBq left breast tissue was difficult to interpret on MRI

of 18F-FDG, 64 kg/164 cm patient, with 5.1 mmol/L of fast- ~ alone, but PET showed no suspicious FDG uptake in
ing glycemia. Whole-body atMR (T1 weighted), supine that region excluding a tumor.
position. Right lymph node invasion was more clearly identi-

T2 TSE axial, 3D e-thrive native, arterial and venous fied on PET compared to MRL.

post-gadolinium, and breast PET in a SENSE breast-coil,
prone position.

Fig.6.22 Axial volume rendering of venous phase of MRI e-THRIVE
Fig.6.21 Coronal whole body MIP of FDG PET study showing focal  sequence (fop), fused with FDG-PET (bottom) showing absence of
tracer uptake in the right axillary region tracer uptake in the breast but focal uptake in the axillary region
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Fig. 6.23 Axial (top), coronal (middle) and sagittal (bottom) views of arterial phase e-THRIVE MRI sequence (left), fused with FDG-PET
(middle), and FDG-PET alone (right), centered on the suspicious right axillary lymph node

Fig.6.24 Three orthogonal planes of T2 TSE MRI sequence (left) fused with FDG-PET (middle), and FDG-PET alone (right), showing no tracer
uptake in the breasts, and dense left breast tissue compared to the right side, secondary to the DIEP performed 7 years earlier
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Breast Implants
Clinical History

Forty-five-year-old patient with bilateral breast implants
presenting with chronic inflammatory syndrome of unknown
origin. Inflammatory or tumoral process was suspected.

Imaging Technique

Whole-body PET acquired 60 min after injection of 375 MBq
of 18F-FDG, 58 kg/157 cm patient, with 6.5 mmol/L of fast-
ing glycemia. Whole body atMR (T1 weighted), supine
position.

T2 TSE axial, Silicone only T2w (achieved using STIR
fat suppression and SPAIR water suppression) 3D e-thrive
native, arterial and venous post-gadolinium, and breast PET
in a SENSE breast-coil, prone position.

Fig. 6.25 Subtraction MRI sequence (fop) fused with PET (bottom),
showing neither suspicious uptake nor hypermetabolism

Findings

Breast PET/MR was interpreted as normal with no evidence
of focal FDG uptake but with a small focal contrast enhance-
ment on the right breast (see Fig. 6.27) corresponding to a
benign lesion.

Teaching Points

MRI provides the high spatial and contrast resolution
to assess breast implants. Small nodular contrast uptake
at the retro-areolar glandular tissue is still difficult to
interpret on MRI. The absence of metabolic activity in
PET will help exclude the presence of a small malignant
tumor.

-“ «
-
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Fig.6.26 Coronal and lateral views of the PET MIP
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Fig.6.27 Three orthogonal planes of subtraction e-thrive MRI sequence, fused with PET in the middle, and PET alone on the right showing small
focal contrast enhancement on the right breast (arrow) with no significant metabolic tracer uptake

‘\

Fig. 6.28 Silicone only T2 weighted MRI sequence (left), fused with PET (middle), and PET alone (right)
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Neuroendocrine Breast Tumor
Clinical History

18-F-DOPA PET for a 71-year-old patient with cT1 NO
neuroendocrine invasive carcinoma of the inferior outer
quadrant of the left breast. Study requested for staging and
evaluation of tumor extension.

Imaging Technique

Whole-body PET acquired 60 min after injection of 200 MBq
of 18F-DOPA, 55 kg/158 cm patient. Whole body atMR
(T1 weighted), supine position.

T2 TSE axial, 3D e-thrive native, arterial and venous
post-gadolinium, and breast PET in a SENSE breast-coil,
prone position.

Fig. 6.29 Left mammography showing the left breast lesion

Findings

Breast PET/MR displayed a 25-mm single tumoral lesion
of the left inferior outer quadrant. Subsequent pathological
examination of lumpectomy showed a 30-mm diameter
tumoral lesion. No metastasis was found on PET/CT and
PET/MR. Sentinel lymph node biopsy was negative.

Teaching Points

This case demonstrates the effectiveness of 18F-DOPA
in characterizing a rare breast tumoral lesion, with per-
fect correlation of PET and MRI findings in neuroen-
docrine tumor.

Fig. 6.30 Sagittal volume rendering of venous phase of e-thrive MRI
sequence in 3D reconstruction showing the left breast lesion with 18-F
DOPA uptake
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Fig. 6.31 Three orthogonal planes T2 TSE MRI (far left) and of venous phase of e-thrive MRI sequence after gadolinium injection (lef?),
fused with PET (middle), and PET alone (right) showing gadolinium enhanced lesion with focal uptake of 18F-DOPA

s A
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Fig. 6.33 Axial volume rendering of venous phase of e-thrive MRI sequence after gadolinium injection (left), and fused with 18F-DOPA PET
(right) showing the location of left breast lesion
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Multifocal IDC with Lymph Node Invasion
Clinical History

Forty-three-year-old patient with high grade (G3) cT2 N2
invasive ductal carcinoma (IDC) of the left breast. PET/MRI
for staging disease was performed before neoadjuvant
chemotherapy.

Imaging Technique

Whole-body PET acquired 60 min after injection of 375 MBq
of 18F-FDG, 58 kg/157 cm patient, with 6.5 mmol/L of fast-
ing glycemia. Whole body atMR (T1 weighted), supine
position.

T2 TSE axial, 3D e-thrive native, arterial and venous
post-gadolinium, and breast PET in a SENSE breast-coil,
prone position.

O
’ .
Fig. 6.34 MIP of the whole body PET, showing the left breast lesions
with ipsilateral lymph node hypermetabolism

Findings

Whole body and breast PET/MR showed multifocal/
multicentric hypermetabolic and enhanced tumoral extent of
the left breast with massive ipsilateral axillar lymph node
involvement, without controlateral breast lesion or distant
metastasis.

Teaching Points

There is only very mild diffuse enhancement of the
glandular tissue of the right breast. In the context of
extensive tumor of the left breast, the absence of focal
metabolic activity in the right breast PET makes the
diagnosis of bilateral breast cancer very unlikely.

Fig. 6.35 E-thrive subtraction MRI sequence (top), fused with PET
(bottom), both acquired in dedicated breast coil, showing the multifocal
and multicentric left breast lesion, with important enhancement and
hypermetabolism
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Fig. 6.36 From left to right, three orthogonal planes: (a) E-thrive subtraction MRI sequences, (b) fused PET/MRI, and (¢) PET alone, acquired
in the dedicated breast coil, showing the multifocal and multicentric left breast lesion, and axillary lymph node involvement

Ry

Fig. 6.37 E-thrive subtraction MRI sequence (a), fused PET/MRI (b), and PET alone (c¢), centered over the left axillar region showing the suspi-
cious left axillar lymph nodes

Fig. 6.38 Coronal views of the MIPS for PET on the left, vs Diffusion weighted (DWIBS) MRI sequence on the right, showing the multifocal
tumor and suspicious axillary lymph nodes
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Angiosarcoma of the Breast
Clinical History

Sixty-one-year-old patient with left breast carcinoma treated
by lumpectomy and radiotherapy 10 years ago. Angiomatous
lesions are noted on the skin at the junction of the inner
quadrants of the left breast. Grade 2 angiosarcoma on CNB
(core needle biopsy).

Imaging Technique

Whole-body PET acquired 60 min after injection of 375 MBq
of 18F-FDG. Whole body atMR (T1 weighted), supine
position.

3D e-thrive native, arterial and venous post-gadolinium,
and breast PET in a SENSE breast-coil, prone position.

Findings

Breast MR showed suspected enhancement of the skin of the
left inner inferior quadrant with 42-mm maximal diameter
enhancement. PET images showed multifocal hypermeta-
bolic lesions with the largest suspected lesion having a maxi-
mal diameter of 24 mm. Subsequent pathological examination
of left mastectomy showed grade 2 angiosarcoma with
25 mm maximal size, dermal and hypodermal invasion.

Teaching Points

The area of contrast-enhancement on MRI is more
extensive compared to the suspected lesion size. PET
demonstrated more accurately the multifocal distribu-
tion and true tumor size. MRI could not separate the
post radiation inflammatory component from undiffer-
entiated tumor.

Fig. 6.39 Mammography of the right (fop) and left
(bottom) breast showing subcutaneous thickening at
the location of the suspected lesion (arrow)

Fig. 6.40 Axial (fop), coronal (middle) and sagittal (bottom) eThrive MRI images
(left) fused with PET images (right) showing the multifocal distribution of the subcuta-
neous lesions (arrows)
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Level 1

Level 2

Fig. 6.41 Two levels of sagittal planes showing arterial (al, a2), subtracted (b1, b2) and fused (c1, ¢2) images of the left breast showing the
multifocal distribution of the lesions

-’
-
Fig. 6.42 Volume rendered images of contrast-enhanced MRI images ‘ N
(top) fused with PET images (bottom) of the left breast showing the '
multifocal distribution of the lesions

»

Fig. 6.43 Whole body MIP image of PET showing the left breast
lesion but no other suspicious focal uptake of the tracer
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Retroareolar ILC
Clinical History

Forty-five-year-old patient with retroareolar cT3 N1ainvasive
lobular carcinoma (ILC) grade 2 of the right breast. PET/MR
was performed for staging.

Imaging Technique

Whole-body PET acquired 60 min after injection of 371 MBq
of ¥F-FDG, 57 kg/157 cm patient, with 5 mmol/L of fast-
ing glycemia. Whole body atMR (T1 weighted), supine
position.

T2 TSE axial, 3D e-Thrive native, arterial and venous
phase post-gadolinium, and breast PET in a SENSE
breast-coil, prone position.

Findings

Breast PET/MR showed retroareolar, multicentric, 50 mm
diameter tumor, with nipple invasion. Ipsilateral axillary
lymphnode involvement was highly suspected on imaging.
No contralateral breast lesion or distant metastatic extent

Fig. 6.44 3D reconstruction of arterial MRI e-Thrive sequence on the
top, fused with FDG-PET at the bottom, showing the right breast ret-
roareolar hypermetabolic lesion, with gadolinium uptake. This patient’s
breast tissues are dense, and therefore, there is a mild diffuse physiolog-
ical FDG uptake in the opposite breast

was noted. Patient was treated by right mastectomy and axil-
lary node dissection. On pathological examination, a 50-mm
diameter invasive lobular carcinoma with dermal nipple
showing the right breast retroareolar lesion with metastatic
right axillary lymph nodes

Teaching Points

The glandular tissue of the right breast shows multi-
nodular enhancement. In the context of contralateral
tumor, the absence of high focal metabolic activity in
PET in the left breast is an argument against the
bilaterality of cancer. The hypermetabolism of right
axillary lymph node was very suspicious, even though
its diameter is <10 mm on MRI, which was found met-
astatic in pathological examination.

~>
&4 ﬁ ——
Fig. 6.45 From the bottom to the top, PET acquisition, native MRI

e-Thrive sequence on the same level, and fusion of both modalities,
showing the right breast lesion with nipple retraction
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Fig.6.46 Arterial MRI e-thrive sequence on the left, fused with the FDG-PET in axial (fop) and sagittal (bottom) planes, showing the right breast
retroareolar lesion

Fig. 6.47 Arterial phase e-thrive MRI sequence, fused with FDG-PET images in axial (fop) coronal (middle) and sagittal (bottom) planes, show-
ing one of the suspicious right axillary lymph nodes with mild to moderate PET uptake
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Breast Cancer in Patient with Tuberculosis
Clinical History

Sixty-six-year-old patient presenting with breast cancer. A
conventional mammography performed at an outside institu-
tion showed the primary lesion in the left breast.

Imaging Technique

PET/MR images acquired 76 min after iv injection of
294 MBq F-18 FLT (fluorothymidine), 65 kg. 1 bed x 10 min
together with axial T1 TSE, axial DWI, axial DCE (KWIC),
ax T1 TSE+Gd, axial T1 VIBE+Gs

PET/CT images acquired 101 min after iv injection of
371 MBq F-18 FDG (fluoroglucose), 65 kg. 8 beds x 3 min
with intravenous contrast

Fig.6.48 Left side: Native T1w TSE demonstrates a nodular lesion in
the left outer quadrant with intense enhancement in the T1w fs images.
In addition several faint enhancing pulmonary lesions were found but

Findings

FLT-PET/MR and FDG-PET/CT for primary staging show a
lesion in the left breast with high tracer uptake. In addition
especially CT demonstrates multiple intrapulmonary lesions
with positive uptake in the FLT and FDG-dataset. Due to
previously known tuberculosis, the morphological appear-
ance and the increased metabolism in PET the clinical suspi-
cion was reactivated tubercular infiltration. The following
biopsy confirmed reactivated tuberculosis.

Teaching Points

PET/MR imaging is suitable for whole body staging
investigations. In this case both examinations (FDG-
PET/CT and FLT-PET/MR) showed a good correlation
between morphology and tracer uptake in the breast.
However the FDG-PET/CT leads to a better morpho-
logical discrimination of the pulmonary lesions dem-
onstrating the superiority of CT over MR for pulmonary
pathologies.

difficult to discriminate on MR. Right side: Axial MIP projections
nicely outline the whole breasts and demonstrate early as well as late
contrast enhancement of the lesion
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Fig. 6.49 Left: Contrast enhanced GRE fs-sequence in the arterial phase shows a hypervascularized lesion in the left outer quadrant; middle: mod-
erate focal FLT-uptake is found in the corresponding area; right: fused PET/MR-image demonstrates a good co-registration between both datasets

Fig. 6.50 FDG-PET and morphological contrast enhanced CT corre-
lation shows the primary tumor of the left breast and in addition multi-
ple pulmonary lesions, the biggest in the area of the basal left lung

»
'

Fig. 6.51 From top to bottom: CT soft-tissue windows, CT lung
window, axial PET, axial fused image: Clear anatomical outline of the
pulmonary lesion is given by the CT dataset. The lesions show moder-
ate focal uptake in FDG-PET indicating an active inflammatory process
in known tuberculosis. However lung metastases could not be excluded
in a patient with breast cancer
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Triple-Negative Breast Cancer
Clinical History

Sixty-nine-year-old patient presenting with triple negative
Breast Cancer on the right side. PET/MR indication: staging
before neoadjuvant chemotherapy and early response imag-
ing after first chemotherapy cycle.

Imaging Technique

First examination: Whole body PET/MR images acquired
79 min after iv injection of 316 MBq F-18 FLT
(fluorothymidine), 72 kg.

Early response 2 weeks after the first cycle of chemother-
apy: Whole body PET/MR images acquired 67 min after iv
injection of 271 MBq F-18 FLT (fluorothymidine), 70 kg.

In both examinations 1 bed x 10 min together with axial
T2 Haste fs, axial Vibe fs+Gd dynamic.

Findings

The staging examination shows high uptake of FLT in PET
in the lower inner quadrant of the right breast. The MR
images shows a pathological contrast enhancement of this
lesion with a central radiopaque marker. Furthermore, a very
low tracer uptake showed in projection on an enlarged lymph
node in the area of the right internal mammary artery.

Early response imaging 2 weeks after first cycle of
chemotherapy demonstrates a reduction of size in MRI and
a significant decrease of tracer uptake of the primary lesion.

Teaching Points

The combination of PET and MR imaging can lead to
a more accurate discrimination of malignant lesions
and their proliferation or metabolic activity. In this
case, additional FLT-PET information shows a
significant reduce of proliferation after one cycle of
chemotherapy in correlation to the decrease in size in
MRI in the sense of a good response to chemotherapy.

Fig.6.52 Low FLT uptake of a lymph node in the area of the internal
mammary artery to the right. The MR imaging (T1w fs+Gd) shows an
enlarged lymph node with pathological contrast enhancement
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Fig. 6.53 Axial views. From top to bottom: MRI (ax Tlw fs+Gd); Fig.6.54 Same sets of axial views acquired after chemotherapy shows
FLT-PET Scan; PET/MR Fusion showing the staging images with a per-  no more or even a very low FLT uptake and a decrease of size 2 weeks
fect co-registration of the lesion in the right breast before chemotherapy  after first cycle of chemotherapy
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Gynecological Cancers

Cervical cancer is the second most common cancer in women
worldwide. There are about 60,000 newly detected cases and
30,000 deaths each year in Europe.

18F-FDG-PET is already recommended to evaluate lymph
node extension and was proven superior to MRI for detection
of lombo-aortic lymph node extension, which is a major
prognostic factor [1, 2]. Moreover, whole-body PET is able
to detect distant metastases, and is recognized as having an
interest in assessing treatment response 3 months after the
completion of concurrent chemoradiation [3].

Given its excellent soft-tissue contrast, MRI plays an
important role in the delineation of cervical lesions, and pos-
sible vaginal, parametrial, rectal or bladder invasion [4, 5].
Some MRI sequences such as dynamic contrast enhanced
MRI can also provide additional information for the assess-
ment of response to therapy [6].

Therefore, PET and MRI are complementary for cervical
cancer local, loco-regional and distant staging and
re-staging.

Thus, hybrid PET/MRI could be very useful for this
indication, time-sparing for patients, and diminishing
the total dose of radiation they receive in comparison with
PET/CT.
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Squamous Cell Carcinoma of the Cervix
Clinical History

Fifty-one-year-old patient with FIGO IIIB squamous cell car-
cinoma of the cervix. Study requested for staging and evalu-
ation of lymph-node extension for radiotherapy planning.

Imaging Technique

Whole-body PET acquired 60 min after injection of 369 MBq
of ®F-FDG, with 5.2 mmol/L of fasting glycemia. Whole
body atMR (T1 weighted), supine position. TSE T2 weighted
MRI sequences in sagittal, coronal and axial planes (TR:
3,400 ms; TE: 100 ms; NSA: 2; voxel: 0.7/0.7/3 mm), car-
diac 32 CH coil. Supine position.

Fig. 7.1 T2 weighted TSE axial MRI sequence (top), fused with PET
images (bottom), showing right and left metastatic iliac lymph nodes
(arrows)

Findings

Forty-two-millimeter cervical lesion with serous invasion of
the cervix, involvement of 2/3 of the vagina, and numerous
retroperitoneal metastatic lymph nodes. This patient was
not eligible for surgical treatment and underwent chemo-
radiotherapy.

Teaching Points

PET clearly demonstrates diffuse iliac and retroperito-
neal lymph node invasion. In particular, para-aortic
suprarenal lymph nodes are invaded, which is impor-
tant information to know before determining the radia-
tion field (usually, the radiation field does not extend
above the renal veins in cervical cancer).

‘S o

Fig. 7.2 Frontal and lateral views of the whole-body PET MIP, show-
ing hypermetabolism of the cervical lesion and lymph nodes invasion
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Fig. 7.3 Coronal and sagittal T2 weighted TSE
MRI sequences (left), fused with PET (middle)
and PET (right), showing the hypermetabolic
cervical lesion with invasion of the 2/3 of the
anterior and superior wall of the vagina, with
liquid retention above the lesion, in the uterine
cavity. Two hypermetabolic metastatic lymph
nodes can also be seen on the coronal views

Fig.7.4 Coronal and sagittal T2 weighted TSE
MRI sequences on the /eft, fused with PET in the
middle and PET alone on the right, showing
hypermetabolic metastatic bilateral iliac lymph
nodes

Fig.7.5 Axial and coronal T2
weighted TSE MRI sequences
on the left, fused with PET in the
middle and PET alone on the
right, showing the hypermeta-
bolic cervical cancer
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Cervical Cancer Post Surgery
Clinical History

Twenty-two-year-old patient with FIGO IIA1 squamous cell
carcinoma of the cervix. Positive surgical margins on patho-
logical examination of cervical conization. PET/MR was
requested for staging prior to further therapeutic decision.

Imaging Technique

Whole-body PET acquired 60 min after injection of 374 MBq
of BF-FDG, with 3.9 mmol/L of fasting glycemia. Whole
body atMR (T1 weighted), supine position. TSE T2 weighted
MRI sequences in sagittal, coronal and axial planes
(TR: 3,400 ms; TE: 100 ms; NSA: 2; voxel: 0.7/0.7/3 mm),
STIR and eThrive sequences Supine position.

Findings

Twenty-five-millimeter maximal diameter cervical tumoral
process with left serous effraction and minor left parametrial
invasion. Surgical treatment is contraindicated and the patient
is proposed for chemo-radiotherapy.

Teaching Points

PET helps identify the extent of the disease. No retro-
peritoneal lymph node invasion was found on PET.
Radiation fields were thus limited to pelvic lymph
nodes.

Fig. 7.6 Coronal whole-body STIR sequence on the left, fused with
PET on the middle, and PET alone on the right, showing the hypermeta-
bolic cervical cancer

Fig. 7.7 Coronal MIP rendering of FDG-PET study, showing mild
hypermetabolism in both supra-clavicular regions, due to physiological
brown fat uptake in this young patient
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Fig. 7.8 T2 TSE sagittal and axial MRI sequences on the /left, fused with PET on the middle, and PET alone on the right, showing the hypermeta-
bolic cervical cancer. The contrast agent in the vagina helps to delineate the cervical lesion

Fig.7.9 T2 TSE sagittal and coronal MRI
sequences on the /eft, fused with PET on the
right, showing the topographic distribution of the
hypermetabolic cervical cancer
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Squamous Cell Cervical Carcinoma
Clinical History

Forty-two-year-old patient with FIGO IIB squamous cell
carcinoma of the cervix. Study requested for staging prior to
surgery.

Imaging Technique

Whole-body PET acquired 60 min after injection of 376 MBq
of 18F-FDG, with 5.7 mmol/L of fasting glycemia. Whole
body atMR (T1 weighted), supine position. TSE T2 weighted
MRI sequences in sagittal, coronal and axial planes (TR:
3,400 ms; TE: 100 ms; NSA: 2; voxel: 0.7/0.7/3 mm), car-
diac 32 CH coil. Supine position.

Fig.7.10 T2 TSE axial, frontal
and sagittal SENSE MRI
sequences from top to bottom on
the left, fused with PET on the
middle, and PET alone on the
right, showing the large
hypermetabolic and heteroge-
neous cervical tumor

Findings

Sixty-two-millimeter cervical tumor with serous effraction
and vaginal involvement on MRI. Bilateral iliac lymph node
involvement found on PET/MR. This patient was subse-
quently scheduled for chemo-radiotherapy.

Teaching Points

The patient had clearly positive lymph nodes on PET/
MR: this is a contraindication for surgery. Therefore,
PET/MR helped to plan the treatment and the patient
had chemo-radiotherapy.
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Fig.7.11 Coronal and left postero-lateral views of the whole-body
FDG-PET showing the large hypermetabolic cervical tumor, and
bilateral iliac focal uptake in lymph nodes

Fig.7.12 T2 TSE axial (top), coronal (middle) and
sagittal (bottom) MRI sequences on the left, fused with
PET on the middle, and PET alone on the right, showing
bilateral iliac lymph nodes with FDG uptake, therefore
suspicious of metastatic dissemination

Fig.7.13 T2 TSE sagittal
SENSE MRI sequences on the
left, fused with PET on the
middle, and PET alone on the
right, showing no significant
FDG tracer uptake on this uterine
lesion, in hyposignal T2,
corresponding to a myoma
(arrow)

’
4
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Brain Tumors

Because of its high soft-tissue contrast, MRI is the method of
choice for the assessment of brain tumors. Conventional
MRI sequences provide excellent visualization of the lesions,
but still have limitations for the accurate definition of lesion
boundaries and for differentiating some treatment related
changes and tumor recurrence. MRI techniques such as dif-
fusion-weighted imaging, perfusion-weighted imaging and
MR spectroscopy have the potential to provide powerful
additional information.

PET, on the other hand, targets specific biochemical and
metabolic processes. In particular, PET with specific amino
acid tracers, such as 18F-Fluoroethyl-L-thyrosine (18F-FET)
is an established diagnostic tool in the clinical management
and treatment planning of cerebral gliomas. This technique
can be used to guide biopsy in heterogeneous tumors, to
determine tumor extent and differentiate it from the edema
typically surrounding a mass lesion, and it may also guide
treatment  planning, specifically radiation therapy.
Furthermore, PET imaging might contribute to the differen-
tiation of post-therapeutic alterations and tumor recurrence.

Thus, hybrid PET/MRI might represent the modality of
choice to investigate, in a single imaging session, tracer
uptake and perfusion metabolic changes shown by MRI in
the neoplastic tissue. The current research with this new
hybrid modality will allow testing the added value of the
combination of PET and MRI parameters for the character-
ization of tumor tissue and the differentiation between tumor
tissue and therapy-induced changes in the brain. In particu-
lar, we expect a diagnostic gain in clinically challenging
areas such as the early assessment of response to anti-angio-
genic therapies and the differential diagnosis of tumor recur-
rence and radiation necrosis.
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Oligodendroglioma
Clinical History

Thirty-four-year-old F with oligodendroglioma (WHO grade
1) of the right temporal pole, surgically removed 8 years earlier,
with newly appeared Gd-enhanced lesions on the last MR scan.
PET/MR indication: restaging before chemotherapy.

Imaging Technique

Brain PET images acquired 30-50 min after iv injection
213 MBq 18F-Fluoroethyltyrosine (FET), head MRI (T2 turbo
spin echo, fluid attenuated inversion recovery, arterial spin
labeling, conventional perfusion, diffusion tensor imaging TIW
3D with Gadolinium administration; SENSE Head-8 coil).

Fig. 8.1 Fused 18F-FET

(on the right) and T1w Gd
images (on the left) showing the
surgical sequelae and tumor
infiltration in the temporal pole,
associated with a significant
tracer uptake

Findings

Brain PET shows an intense radiotracer uptake extending
from the surgical resection cavity to the ipsilateral frontal
and temporal lobe and thalamus.

The 18F-FET distribution shows clearly the neoplastic
lesion: in this case, the area of significant uptake is larger than
the focal lesions showing significant contrast enhancement.

Teaching Points

The combination of 18F-FET PET and MR images in
one acquisition allows identifying tumor recurrence
and the extent of the metabolically active tumor
components.
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Fig. 8.2 T2 images (left), T1 3D images after Gd administration (middle), and 18F-FET images (right). The three modalities allow visualizing
different components of the tumoral lesion

Fig. 8.3 Fusion image 18F-FET and T1Gd MR

Fig. 8.4 Fusion images 18F-FET and FLAIR MR,
showing concordant pathological findings of the
thalamus, internal capsule and temporal lobe
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Glioblastoma: Staging Findings

Clinical History Brain PET/MR shows a mass centered on the corpus callo-

sum with involvement of both frontal lobes, a “butterfly

Fifty-three-year-old M with newly diagnosed brain mass, glioma”. The biopsy was done at level of contrast enhance-

presumably a glioblastoma. ment and focal tracer uptake. The biopsy of this area showed
PET/MR indication: staging and biopsy planning. a glioblastoma (WHO grade 1V).

Teaching Points

Imaging Technique

PET/MR allows identifying MR lesions with a high
Brain PET images acquired 30-50 min after iv injection metabolic activity and significant enhancement, help-
213 MBq 18F-Fluoroethyltyrosine (FET), head MRI (T2W ing selecting the best target for biopsy.
turbo spin echo, fluid attenuated inversion recovery, arterial In addition PET/MR allows acquiring parameters
spin labeling, conventional perfusion, diffusion tensor imag- which are relevant for patient staging and surgery planning,
ing TIW 3D with Gadolinium administration; SENSE such as fiber involvement by diffusion tensor imaging.

Head-8 coil).

Fig. 8.5 Fused 18F-FET and FLAIR images showing two uptake foci of the right frontal Fig. 8.6 MIP image showing two significant
lobe and corpus callosum in axial (fop), coronal (middle) and sagittal (bottom) planes foci of 18F-FET uptake
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Fig. 8.7 Perfusion images and 18F-FET
images showing concordant hyperperfusion
(left) and tracer uptake (right)

Fig. 8.8 Diffusion tensor imaging shows that corpus
callosum fibers are globally preserved, except for the
area corresponding to the focal contrast uptake
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Brain Tumors - Glioblastoma
Clinical History
Sixty-eight-year-old M with newly diagnosed glioblastoma

(WHO grade IV). PET/MR indication: staging and radiation
therapy planning.

Imaging Technique

Brain PET images acquired 30-50 min after iv injection
213 MBq 18F-Fluoroethyltyrosine (FET), head MRI (T2 turbo
spin echo, fluid attenuated inversion recovery, arterial spin
labeling, conventional perfusion, diffusion tensor imaging T1W
3D with Gadolinium administration; SENSE Head-8 coil).

Findings

Brain PET shows a focal lesion of the right thalamus with
central hypoactivity, corresponding to a ring-enhancing
lesion on MR, extending to the internal capsule and to the
ipsilateral temporoparietal white matter. The images were
fused with the CT images used for radiation therapy planning
in order to realize intensity-modulated radiation therapy.

Teaching Points

Brain PET/MR allows better definition of MR contrast
enhancement and tumor FET uptake in a single imaging
session, identifying the most active lesion components
and allowing accurate radiation therapy planning.

Fig. 8.9 Fused 18F-FET and FLAIR images showing the thalamic mass, with a hypometabolic centre and a temporo-parietal ipsilateral

extension
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Fig.8.10 From left to right: T2w, T1Gd and 18F-FET PET images of the thalamic lesion, showing the concordance between the gadolinium ring
enhancement and the tracer uptake

X:«1.00 cm

Fig.8.11 Radiation therapy volume definition, identifying gross tumor volume and the most active tumor components to be treated with a simul-
taneous integrated boost
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Brain Tumors - Follow Up Findings

Clinical History Brain PET/MR shows surgical sequelae, and no focal MR
alteration or focal 18F-FET uptake.
Ten-year-old F followed up for medulloblastoma treated by
surgery and chemo-radiotherapy. PET/MR indication:
restaging.
Teaching Points

Brain PET/MR can be realized as a one-stop diagnos-
tic procedure for the follow-up of brain tumors, pro-
viding an accurate evaluation of various morphological
and metabolic parameters and avoiding the radiation
dose CT-related of the PET/CT.

Imaging Technique

Brain PET images acquired 30-50 min after iv injection
213 MBq 18F-Fluoroethyltyrosine (FET), head MRI
(T1W 3D with Gadolinium administration, T2W turbo spin
echo, fluid attenuated inversion recovery, arterial spin
labeling, diffusion tensor imaging; SENSE Head-8 coil).

Fig. 8.12 MRI realized at diagnosis, showing a large mass centered on the left ponto-cerebellar cistern
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Fig. 8.13 Fused 18F-FET and T1w Gd enhanced images showing the surgical sequelae in the left posterior fossa and the ventriculo peritoneal
drain, but no findings indicating tumor recurrence
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Brain Lesions - Radiation Necrosis
Clinical History

Thirty-four-year-old M with treated 2 years earlier by sur-
gery and proton-therapy for a chordoma of the clivus. MR
follow-up shows the appearance of an intra-axial left
mesiotemporal lesion. PET/MR indication: differentiation
between radiation necrosis and tumor recurrence.

Imaging Technique

Brain PET images acquired 30-50 min after iv injection
213 MBq 18F-Fluoroethyltyrosine (FET), head MRI (T1W
3D with Gadolinium administration, T2W turbo spin echo,
fluid attenuated inversion recovery, diffusion weighted
imaging, spectroscopy; SENSE Head-8 coil).

Findings

Brain PET shows a significant uptake in the MR-enhancing
intraaxial left mesiotemporal lesion. The uptake is moderate
to high and does not allow differentiating radiation necrosis
from tumor extension. The lesion has a significant contrast
enhancement. The radiological follow-up showed lesion
regression in the absence of any treatment supporting the
benign origin of these findings.

Teaching Points

Brain PET/MR might show significant enhancement
and 18F-FET uptake for an active radiation necrosis
lesion: this finding highlights the importance of inter-
preting with caution these imaging findings after radia-
tion therapy. A follow-up examination might be
required in the case of positive findings.

Fig.8.14 Fused 18F-FET and T1w Gd images showing the clivus mass, the mesiotemporal left lesion and a millimetric contrast enhancement on
the right mesiotemporal cortex
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Fig. 8.15 T2w image showing the chordoma of the clivus and a Fig. 8.16 Fused Tlw and ASL images showing perfusion of the
chordoma of the clivus and of the temporomesial lesion

temporo-polar surgical sequela

Fig.8.17 MR spectroscopy of
the left mesiotemporal lesion

Spectra Resuits
Melds  Poskor
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Skull Base Meningioma Findings

Clinical History T1w MRI shows a highly enhancing formation in the region

of the right cavernous sinus which correlates with a focal
Fifty-six year old patient scheduled for stereotactic radiation DOTANOC accumulation in PET. The findings are consis-

therapy presenting with meningioma of the right sphenoid tent with a skull base meningioma. T2 dark-fluid MRI shows
bone adjacent to the carotid artery. encasement of the artery by the tumor but no indirect signs of
obstruction.

Imaging Technique

Teaching Points

PET/MR images of the head were acquired 18 min after iv 68Ga-DOTANOC detects meningiomas with high sen-
injection 67 MBq 68Ga-DOTANOC.

sitivity and excellent tumor to background ration. MRI
T1 VIBE Dixon for attenuation correction. Axial T1

i 3 ) provides information about adjacent critical structures
MPRAGE +CM, axial FLAIR, axial T2 dark-fluid. as required for radiation therapy planning.

Fig. 8.18 Axial Ga68-DOTANOC PET image shows high intensity
focal uptake in the region of the right cavernous sinus

Fig. 8.19 Axial Tlw MRI after Gadolinium injection anatomically
outlines of the meningioma in the sphenoid bone
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Fig.8.20 Fusion of PET and T1w MRI demonstrates perfect coregis-  Fig. 8.21 Axial T2 dark-fluid MRI shows encasement of the carotid
tration of DOTANOC-uptake and MRI artery by the meningioma. Note that the flow-void of the vessel lumen
is preserved
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Convexity Meningioma

Clinical History

Seventy-nine year old female patient scheduled for
stereotactic radiation therapy of a recurrent convexity
meningioma.

Imaging Technique

Injection of 95 MBq 68Ga-DOTANOC. Start of acquisition

after 25 min, 1 bed position. T1 VIBE Dixon for attenuation
correction. 3D-MPRAGE + Gd.

Fig. 8.22 Axial PET image shows intense DOTATOC accumulation
indicating somatostatin-receptor expression

Findings

Intense DOTANOC-uptake corresponding to a moderately
enhancing structure seen in MRI consistent with a convexity
meningioma. Physiologic DOTATOC-uptake is seen in the
pituitary gland.

Teaching Points

Coregistration of DOTATOC-PET and MRI allows dif-
ferentiation of scar tissue from somatostatin-receptor
expressing tumor tissue in recurrent meningioma as
required for radiation therapy planning.

Fig. 8.23 Fusion of axial MPRAGE after contrast media from MRI
and PET. The trepanation defect due to a recent operation can be seen
in MRI
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Fig.8.24 Sagittal fusion of MPRAGE after contrast media from MRI ~ Fig. 8.26 Sagittal MPRAGE MRI. The trepanation defect due to a
and PET. The trepanation defect due to a recent operation can be seen. ~ recent operation can be seen
Physiologic tracer accumulation in the pituitary gland

CorSag 2

Fig.8.25 Coronal MPRAGE after contrast media Fig. 8.27 Fusion of PET with coronal MPRAGE after contrast media
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Recurrent Glioblastoma Findings

Clinical History Two foci of increased amino acid uptake, in the right parietal
lobe adjacent to the resection cavity and in the right anterior
Forty-nine-year-old patient with glioblastoma resection cingulate gyrus, suggest viable tumor recurrence. Only the
in right parietal lobe 2 years ago and adjuvant radio- large parietal lesion shows contrast enhancement in Tlw
chemotherapy. Tumor recurrence or posttherapeutic changes? MRI as well as clear T2 FLAIR hyperintensity.

Imaging Technique - -

ging 9 Teaching Points
PET measurement started 42 min after injection of 128 MBq Compared to conventional MRI alone, FET-PET may
[18F]FET. Simultaneous acquisistion of MRI sequences increase diagnostic specificity in the detection of recur-
(Dixon, T1, T2, CE T1 and T2 FLAIR). rent glioma.

Fig.8.28 [I8FJFET PET study showing Two foci of increased amino Fig.8.29 T1 (CE) MRI sequence showing the localization of the pos-
acid uptake, suggesting viable tumor recurrence terior lesion in the right parietal lobe adjacent to the resection cavity
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Fig.8.30 T2-FLAIR MRI (/eft) and fused PET MR image (right) allowing a better localization of the recurrent tumor lesions

Fig. 8.31 MR follow-up after 3 months Avastine treatment showing decreased contrast enhancement of the parietal lesion in T1w image axial
(middle) and coronal image (right) and decreasing size of the lesion in Flair image (/eft) confirming the response to therapy
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Meningioma Findings

Clinical History Intense somatostatin receptor expression in the FLAIR hyper-

intense lesion adjacent to ventrolateral right cerebellar hemi-
Seventy-three-year-old patient with newly diagnosed menin-  sphere, transverse/sigmoid sinus and petrous bone. The lesion
gioma. shows typical strong contrast enhancement in the T1w image.

Imaging Technique - :

ging 9 Teaching Points
PET measurement started 47 min after injection of 95 MBq DOTANOC PET/MR may be useful for accurate tumor
[68Ga]-DOTANOC. Simultaneous acquisistion of MRI delineation in the therapy planning of meningioma.
sequences (Dixon, T1, T2, CE T1 and T2 FLAIR).

Fig. 8.32 [68Ga]-DOTANOC PET image shows a posterior focal
tracer uptake identifying tumor with somatostatin receptor expression

Fig. 8.33 TI1 weighted (CE) MR image showing typical strong con-
trast enhancement in the tumoral lesion
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Fig. 8.35 Broad contact of the meningioma to the transverse sinus seen in axial, saggital and coronal view in the T1w sequence after Gd.
Corresponding axial T2w dataset shows a moderate hypointensity (second left image)
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Brain Metastases Findings

Clinical History Increased ring-shaped amino acid uptake in the left cerebel-

lar hemisphere suggesting recurrent/viable metastasis with
Seventy-nine-year-old patient with metastatic SCLC; gam- central necrosis. Tlw image shows no relevant contrast

ma-knife irradiation of a cerebellar metastasis 18 months enhancement. T2 FLAIR hyper intensity of the whole left
ago; now rising CEA tumor marker values and unsuspi- cerebellar hemisphere may either be caused by peritumoral

cious extracranial staging. edema or post-radiogenic changes.
Imaging Technique Teaching Points

FET-PET/MR for diagnosis of (recurrent) brain
PET measurement started 42 min after injection of 147 MBq metastases is promising but must still be validated, due

FET. Simultaneous acquisition of MRI sequences (Dixon,

to the large heterogeneity of brain metastases.
T1, T2, CE T1 and T2 FLAIR).

Fig. 8.36 Axial FET PET showing a left cerebellar circular tracer
uptake with central defect compatible with local metastasis and a cen-
tral necrosis

Fig.8.37 Left cerebellar metastasis showing as low intensity lesion on
T1 weighted (CE) MRI images



8 Brain Tumors

Fig. 8.38 T2 weighted Flair MRI image showing diffuse hyperintensity surrounding left cerebellar metastasis and the fused PET/MR image at

the same level showing the hypermetabolic left cerebellar metastasis of a SCLC

Fig.8.39 Pre-therapeutic axial T1w images before (leff) and after (middle) Gd injection as well as subtraction image (right) show initial circular
contrast enhancement of the left cerebellar metastasis
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In pediatric oncology 'F-FDG PET/CT imaging is used
mainly for staging and restaging of lymphoma and soft tis-
sue and bone tumors. In this special patient collective mini-
mizing the radiation dose is one of the major goals. With the
introduction of PET/MR, the CT exposure component previ-
ously produced in PET/CT studies potentially can be elimi-
nated [1]. Preliminary reports state that compared to PET/
CT the radiation exposure from a single hybrid imaging
PET/MR-scan is reduced by around 80 %, to only one effec-
tive dose of 4.6 mSv [2, 3]. In addition, especially in bone
tumors (e.g. Ewing-sarcoma, multifocal osteosarcoma)
patient require both whole-body MR and "*F-FDG PET and,
therefore, the combination of both examinations in one sin-
gle session has also substantial logistical advantages (e.g.
only one anesthesia).

Furthermore, compared to PET/CT this technique also
enables whole-body diffusion-weighted imaging (DWI)
providing additional information about cellularity and
nuclear/cytoplasmic ratio of tumors. Recent studies in
pediatric patients with lymphoma demonstrated high sensi-
tivity for the detection of lesions and allows quantitative
assessment of diffusion that may aid in the evaluation of
malignant lymphomas [4]. For soft-tissue and bone tumors
the advantage of PET/MR compared to PET/CT also lies in
its high soft-tissue contrast [5]. ®F-FDG PET/CT does not
provide exact information as MRI for T-staging in sarco-
mas, however it can give additional prognostic information
[6, 7]. e.g. in one study assessing therapy response in pedi-
atric osteosarcomas 'SF-FDG PET could discriminate
responders from nonresponders [8]. In regards of the advan-
tages of both modalities integrated PET/MRI can replace
PET/CT for these indications with a focus of the *F-FDG
PET component for prognostic questions and assessment
of N-stage and M-stage and the MR-examination on local
staging.
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Follow-up of Intestinal Adenocarcinoma
Clinical History

Seventeen-year-old patient after surgery and chemotherapy
of a mucinous intestinal adenocarcinoma with complete
remission 21 months after seven cycles of chemotherapy.
Follow up study for staging of possible recurrence of an
abdominal mass.

Imaging Technique

PET: Whole-body PET acquired 60 min after injection of
369 MBq of "®F-FDG, 57 kg/157 cm patient, with 5.2 mmol/L
of fasting glycemia.

MRI: Whole body atMR (T1 weighted), supine position. 3D
Dixon, T2 weighted and STIR whole-body MRI.

Fig. 9.1 Coronal MIP reconstruction of PET images shows multiple
focal areas of FDG uptake in the abdomen and mild diffuse uptake in
the colostomy located on the right

Findings

PET/MR images confirmed the recurrence of tumoral tissue
in a polymorphic mass in the pre-sacral area with combined
solid and cystic components and increased FDG uptake in
the sold parts of the tumor.

Teaching Points

While MR may sometimes be limited for evaluation of
abdominal masses, PET/MR may provide adequate
evaluation of solid masses in follow up of young
patients avoiding unnecessary radiation from multiple
PET/CT studies.

Fig. 9.2 Coronal STIR MR (top) and T2 weighted TSE PET/MR
(bottom) images of the retro-peritoneal mass (arrow) with cystic and
solid components with increased focal uptake of FDG
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Fig.9.3 Whole-body coronal T2 weighted TSE MR images fused with corresponding PET images showing the localization of the retro-peritoneal
mass (arrow)

". -
’
ey

Fig. 9.4 Two adjacent coronal planes of STIR MR sequences fused with PET images of the same location showing the heterogeneous composi-
tion of the pelvic mass with a large cystic component
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Follow-up of Renal Cyst Findings

Clinical History PET/MR showed a normal study without evidence of
abnormal tracer uptake at the level of the cyst or in any other

Sixteen-year-old patient followed for a left renal cyst since distant lymph nodes.

2001 with a recent change in morphology that could suggest

malignant transformation.

Teaching Points

Imaging Technique PET/MR could replace PET/CT in pediatric cases
where exclusion of malignant tumors is required with

PET: Whole-body PET acquired 60 min after injection of the added value of combining of PET’s negative

370 MBq of '*F-FDG. predictive value and the ability of MRI for tissue and

MRI: Whole body atMR (T1 weighted), supine position. 3D lesion characterization.

Dixon and T2 weighted whole-body MRI . Followed by diag-

nostic MRI, with HASTE diffusion and eThrive sequences.

Y - - Fig. 9.6 Axial respiratory gated T2 weighted HASTE (top) and fusion
with corresponding PET image (bottom) with no abnormal tracer uptake

\ around the renal cyst (arrow)

Fig.9.5 Coronal MIP reconstruction of PET images with no evidence
of abnormal PET uptake in the kidney or abdomen



9 Pediatric Oncology 153

b

.‘.“

Fig. 9.7 Coronal reformatted images from whole-body T2 weighted TSE images fused with corresponding PET images showing no abnormal
tracer uptake

Fig.9.8 Multiplanar
reformatting of whole-body 3D
Dixon sequence at the level of the
renal cyst

-
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Follow-up Post Treatment of Hodgkin Disease  Findings

Clinical History PET/MR showed a normal study with complete regression of
mediastinal mass seen on the PET/CT study performed prior

Sixteen-year-old patient after treatment by chemotherapy for to initiating chemotherapy treatment.

Hodgkin disease. Assessment of end of treatment.

Imaging Technique Teaching Points

PET/MR could replace PET/CT in pediatric follow up
PET: Whole-body PET acquired 60 min after injection of studies for assessment of the efficacy of oncological
370 MBq of '¥F-FDG. treatments.
MRI: Whole body atMR (T1 weighted), supine position. 3D PET/MR fusion allows better differentiation of lymph
Dixon, DWIBS and T2 weighted whole-body MRI node tracer uptake and brown fat uptake of FDG.
sequences.

Fig. 9.9 Coronal MIP reconstruction of PET images with no evidence  Fig. 9.10 Comparative whole body PET study prior to chemotherapy
of abnormal tracer uptake. Note the diffuse heterogeneous uptake in  showing the large mediastinal mass of Hodgkin lymphoma
brown fat (arrows)
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Fig.9.11 Comparison of pre-treatment PET/CT study (left) and post chemotherapy PET/MR study (right) showing complete response to therapy
with disappearance of all mediastinal masses

Fig.9.12 Coronal fused images of PET/MR showing the localization of brown fat uptake (arrows)
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Long-Term Follow-up of Hodgkin Disease
Clinical History

Fifteen-year-old patient referred for follow-up 2 years after
treatment by chemotherapy and radiotherapy for Hodgkin
disease.

Imaging Technique

The acquisition was performed on a Philips whole-body
hybrid Ingenuity TF PET/MR scanner.

PET: Whole-body PET acquired 60 min after injection of
370 MBq of '8F-FDG.

MRI: Whole body atMR (T1 weighted), supine position. 3D
Dixon, STIR and T2 weighted whole-body MRI sequences.

’

Fig.9.13 Coronal MIP of PET images with no evidence of abnormal

tracer uptake, except physiological uptake in brown fat (arrows)

Findings

PET/MR showed a normal study with complete regression of
thoracic enlarged lymph nodes seen on the PET/CT study
performed prior to initiating treatment.

Teaching Points

PET MR could replace PET/CT in pediatric follow up
studies for assessment of the efficacy of oncological
treatments particularly in lymphoma patients.

PET/MR fusion allows better differentiation of lymph
node tracer uptake and brown fat uptake of FDG.

Fig.9.14 Comparative whole body PET study performed 2 years ear-
lier prior to treatment showing multiple hypermetabolic lymph nodes of
Hodgkin lymphoma
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Fig. 9.15 Comparison of pre-treatment PET/CT study (leff) and 2 years follow-up post treatment PET/MR study (right) showing complete
response to therapy. Focal FDG uptake bilaterally correspond to physiological brown fat uptake

Fig. 9.17 Coronal fused whole-body images showing no abnormal
focal uptake except brown fat uptake

Fig. 9.16 Coronal fused images of PET/MR showing the localization
of brown fat uptake (arrows)
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PET/MR in Langerhans Cell Histiocytosis

Clinical History

A 12-year-old patient presents with pain in the left hip since
several weeks. A prior X-ray revealed an osteolytic lesion in the
left ileal bone suspicious for Langerhans cell histiocytosis.

Imaging Technique

Whole body PET/MR images acquired 135 min after iv
injection 335 MBq 18F-FDG, 58 kg.

8 beds x 3 min together with whole body cor T2w STIR.
1 bed (pelvis) a 15 min together with cor T1w TSE before
and after Gadolinium, ax T2w TSE and ax T1w fs TSE after
Gadolinium. Additional sequences for the brain: ax T2w flair
and MPRage after Gadolinium. Head/neck and four body
coils.

Fig.9.18 Coronal whole body
PET demonstrates intense
FDG-accumulation due to brown
fat. In addition a focal moderate
uptake could be found in the left
ileal bone (left). In the whole body
coronal T2w STIR sequence only
one lesion is confirmed by a
hyperintense signal (middle).
Additional fusion between coronal
T2w stir and PET shows a good
correlation between the single
lesion in PET and MRI (right)

Findings

Besides extensive activity due to brown fat a PET/positive
lesion with intense contrast enhancement is demonstrated in
the left ileal bone. No other suspicious lesions could be visu-
alized both in MRI and PET.

Teaching Points

The combination of whole-body PET and MR can aid
in excluding or confirming the presence of multiple
lesions in Langerhans cell histiocytosis. This is essen-
tial information for the clinician in the further treat-
ment of those patients.
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Fig.9.19 Coronal T2w STIR reveals a hyperintense lesion in the right ileal bone with surrounding edema (/eft). Corresponding coronal TIw TSE
demonstrate moderate to intense contrast enhancement of the lesion (middle and right)

Fig.9.20 Coronal PET (left) and fused images (right) show a good anatomical correlation between the moderate increased focal FDG-metabolism
and the abnormality in MRI

Fig.9.21 No involvement of the
brain espc. the hypophyseal stalk
can be found in the sagittal
reformatted MPR age after
Gadolinium (top left). The
anatomical extent of the lesion in
the left ileal bone is outlined in
the axial T1w TSE fs after
Gadolinium sequences (fop right).
Axial PET and fused images
demonstrate the highest uptake in
PET in the region of the most
intense contrast enhancement
(lower row)
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Ewing Sarcoma
Clinical History

Eleven year old boy with a large symptomatic tumor of the
left pelvis, a histologically proven Ewing sarcoma of the left
os ilium.

Imaging Technique

Whole body PET/MR images acquired pre- and post-therapy
135 min (Fig. 9.22), resp. 140 min (Fig. 9.23) after i.v injec-
tion of 198 MBq, resp. 123 MBq 18F-FDG, 27 kg.

7 beds x 3 min together with coronal T2 STIR and coro-
nal T1 TSE. T1 VIBE Dixon for attenuation correction.

Findings

High FDG-uptake of the primary Ewing sarcoma of the left
os ilium, corresponding to the T1-hypointense tumor lesion
shown in Fig. 9.22.

Images acquired 8 month later after RCTx show no more
tracer uptake in the lesion. MRT shows residual tumor lesion
in the left os ilium exhibiting hypointense signal in the
T1-sequence.

Teaching Points

FDG-PET is able to demonstrate good therapeutic
response of the treatment indicating no active tumor.
MRT shows the large decrease of the lesion size.
Combination of PET and MR could be a valuable tool
assessing the response to therapy of bone tumors.
Images also show the conversion to fatty bone marrow
in the lumbar spine after RCTX, in contrast to the tho-
racic spine.
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Fig.9.22 Coronal T1 TSE whole body shows a hypointense homoge-  PET shows an intensive glucose utilization of the whole tumor, no other
nous lesion of the left os ilium, infiltrating the soft tissue structures of  lesions
the pelvis. The space occupying lesion is hyperintense in the T2 STIR.

Fig. 9.23 After RCTx — 8 months later — tumor shrinkage is demon-  glucose utilization, indicating no active tumor. Further, a T2 hyperin-
strated in the MR component of the scan. However, a residual T1 tense signal alteration is observed in the soft tissue surrounding the
hypointense/T2 hyperintense lesion is detected exhibiting no increased lesion indicating most probably an unspecific postactinic reaction
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Recurrent Ewing’s Sarcoma
Clinical History

Eight years old boy after RTx (12/2011) of a Ewing’s Sarcoma
of the cervical spine exhibiting intraspinal involvement. First
scan (09/2012) was performed for restaging to exclude local
or systemic recurrence. Consecutively patient received surgi-
cal treatment to resect the finding of the scan. Second scan
(01/2013) was performed in the frame of follow up.

Imaging Technique

PET/MR 171 min and 153 min p.i. of 100 and 107 MBq 18F-
FDG, 23 kg, 7 bed positions 3 min per bed position T1 VIBE
Dixon for attenuation correction.

MR component first scan: cor T1 TSE, cor T2 STIR, sag
T1 TSE post GD, cor T1 SPIR post GD; second scan: cor T1
TSE, cor T2 STIR.

Fig. 9.24 Coronal PET shows the lesion exhibiting a moderate focal
18F-FDG uptake (arrow) giving evidence of disease recurrence

Findings

There is focally increased glucose uptake in the cervical
spine, corresponding to an intraspinal space occupying lesion
also visible on the MR component of the scan (Fig. 9.24).
The lesion is contrast agent enhancing (Fig. 9.25). The PET/
MR fused image demonstrates the lesion exhibiting a moder-
ate 18F-FDG uptake, suspect of recurrence of Ewing Sarcoma
(Fig. 9.24). Surgical resection confirmed recurrent disease.
The second scan performed after surgery showed no evi-
dence of recurrent disease. The increased uptake shown on
the fused images cervicaly and periclavicularly (Fig. 9.26)
corresponds to fat tissue in the MR and corresponds unspecific
uptake in brown fat.

Teaching Points

MRI is the method of choice to assess intraspinal
involvement in disease. Simultaneous PET/MR imag-
ing increased localization certainty of the hypermeta-
bolic lesion shown in PET. Additionally it increased
confidence in characterizing the space occupying
lesion demonstrated in the MR component of the scan.
The good distinction of fat tissue in the MR from other
tissue (e.g. lymph nodes) helps in the evaluation of
patients exhibiting increased glucose utilization in
brown fat.
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Fig.9.25 Intraspinal lesion
enhancing contrast shown most
clearly in the sag T1 TSE post GD
and in the cor T1 SPIR post GD
(both images in bottom row).
Coronal fused PET/MR images
(top right) demonstrate the lesion
exhibiting a moderate focal
18F-FDG uptake (arrow) giving
evidence of disease recurrence

Fig.9.26 Follow up PET/MR. The former lesion is not visible any
more in condition after surgical excision. No new suspicious lesion was
observed. Note the accurate correspondence of the increased glucose
utilization cervical and periclavicular to fat tissue as shown in the MR
component of the scan, indicating unspecific activity in brown fat
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Multifocal Ewing Sarcoma
Clinical History

Fifteen years old patient treated with radiotherapy and
chemotherapy for Ewing Sarcoma in the right humerus
(until 09/2011). He was referred for restaging in the frame
of follow up (03/2012).

Imaging Technique

PET/MR 136 min p.i. of 283 MBq 18F-FDG, 41 kg, 7 bed
positions 3 min per bed position, T1 VIBE Dixon for attenu-
ation correction.

MR component: cor T1 TSE, cor T2 STIR, sag T1 TSE,
sag T2 STIR.

Fig.9.27 Coronal PET/MR
images at different levels
showing hypermetabolic foci in
the right femur, in both iliac
bones, in the right medial tibia -
condyles, in the 12th thoracic . »
vertebral bone and in the right

sacral bone

Findings

PET/MR raises suspicion of a multifocal recurrence of
Ewing Sarcoma with hypermetabolic foci in multiple sites
(Fig. 9.27). In all cases a typical T1 hypointense/T2 hyperin-
tense signal alterations can be observed (Fig. 9.28).

Teaching Points

PET/MR is a valuable whole body imaging method for
diseases which can involve multiple sites. The high
sensitivity of MR in assessing bone marrow involve-
ment adds in the high sensitivity of PET in restaging of
Ewing Sarcoma. Furthermore the radiation exposure
of PET/MR for pediatric patients is lower compared to
PET/CT.
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Fig. 9.28 cor T1 TSE, cor T2 STIR (fop) and PET/MR fused images Ewing Sarcoma. Additionally MRI provides detailed anatomical and
(bottom) of the sites suspected to be involved in the disease. All the diagnostic information. Note the T2 hyperintense signal alteration in
hypermetabolic foci present with a T1 hypointense/T2 hyperintense  the periost surrounding the manifestation in the right femoral bone sug-
signal alteration in MR suggesting bone marrow manifestations of  gesting periostal reaction
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Treatment Follow-up of Lymphoma

Clinical History

Sixteen years old patient with Hodgkin lymphoma diagnosed
after biopsy of a cervical lymph node referred for staging
and follow up after two cycles of chemotherapy.

Imaging Technique

PET/MR 162 and 127 min p.i. of 327 and 387 MBq 18F-

FDG, 60 kg, 5 bed positions 4 min per bed position T1 VIBE
Dixon for attenuation correction.

Fig. 9.29 Coronal PET demonstrates extensive FDG-uptake in cervi-
cal, axiallary and mediastinal lymph nodes

Fig.9.30 Coronal PET slices in different levels of the
PET/MR after two cycles of CTx

MR sequences in both scans: cor T2 STIR, ax VIBE fs
post GD, thorax cor T2 haste fs.

Findings

In the pretherapeutic scan there are multiple foci of increased
glucose utilization/enlarged lymph nodes in the cervical,
axillary and mediastinal lymph node stations with infiltration
of the sternum (Figs. 9.29, 9.31). Additionally in the MR
component pleural effusion is observed. Further, increased
homogenous uptake in the bone marrow can be noted indi-
cating probably bone marrow activation, however bone mar-
row involvement can not be excluded.

In the scan after two cycles of CTx enlarged lymph
nodes are demonstrated in the axilla in the MR compo-
nent, however there is a decrease in number and size
observed (Figs. 9.30 and 9.32). The lymph nodes exhibit
tracer accumulation in the same range as that of blood pool
(Fig. 9.30). The scan indicates a good response to
chemotherapy.

Teaching Points

MRI has an equal performance to CT in imaging lymph
node involvement in lymphoma. PET is a valuable
staging and restaging method for FDG avid lympho-
mas. As the overall life expectancy of children with
lymphoma can be long and in many cases not reduced
compared to that of healthy population, it is important
to keep radiation exposure as low as possible. Therefore,
combining the anatomical MRI-information and the
high accuracy of PET in detecting viable lymphoma
tissue, could become the preferred choice compared to
PET/CT when evaluating lymphoma in children.
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Fig. 9.31 Slices in different levels of the cor T2 STIR and PET/MR  imaged in the MR component and the lymphoma manifestation destruct-
fused images. The enlarged lymph nodes are presenting as T2 hyperin-  ing the sternum best seen in the fused images
tense signal alterations in the MR component. Note the pleural effusion

Fig. 9.32 PET/MR after two cycles of chemotherapy. Enlarged, T2  The pleural effusion is resolved. Overall a good response to treatment
hyperintense lymph nodes in the axilla can be observed, however com-  can be reported
pared to the pretherapeutic scan they are reduced in number and size.
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Lymphoma, Lung and Other Tumors

In both Hodgkin disease and non-Hodgkin lymphoma, imag-
ing plays an important role for primary diagnosis and staging
[1]. Except for cerebral lymphoma, whole-body MRI is of high
research interest but not clinical routine in the staging algo-
rithm of lymphoma patients. This situation could change
quickly, and whole-body MRI might become a good alterna-
tive to CT [2]. Especially when combining with whole-body
diffusion-weighted MRI, with a its high sensitivity could
improve the diagnostic accuracy for the staging of Hodgkin
disease and non-Hodgkin lymphoma [3, 4]. Alternatively,
combing MR and 18F-FDG PET might further increase diag-
nostic accuracy and play an important role as research tool in
evaluating the strengths and draw-backs of both modalities
directly against each other. This might also give additional data
on the view of some authors who argue that '®F-FDG PET/CT
might even eliminate the need for bone marrow biopsy in the
primary staging of Hodgkin disease because '*F-FDG PET/CT
is highly sensitive and specific for bone marrow involvement in
this disease, at 92 % and 90 % respectively [5]. Additional
information using PET/MR could be specifically gained from
diffusion-weighted sequences in the case of indolent lympho-
mas [6]. Finally due the lack of radiation exposure of MRI,
compared with CT, PET/MRI may get an alternative to PET/
CT especially in young patients with good prognosis.

MR in general is considered to be inferior to CT for stag-
ing of lung cancer and detection of pulmonary metastases
[7, 8]. However MRI, including DWI sequences, has been
shown to detect 100 % of lung metastases larger than 7 mm
found on CT and the presence of small metastases is often no
therapeutically relevant [9, 10]. Hereby first preliminary data
indicate an equivalent accuracy of PET/MR and PET/CT for
lung lesions [11]. In addition, new developments like half-Fou-
rier, single-shot, turbo spin echo sequences have substantially
improved the lung-tissue contrast of MRI in the recent years
[8]. With regard to local tumor infiltration into adjacent struc-
tures MRI might improve T-staging when compared to CT.
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Diffuse Large B-Cell Lymphoma Findings

Clinical History Initial staging study prior to treatment showed multiple

hypermetabolic lymph nodes in the coeliac and retroperito-
neal areas. Super diaphragmatic extension showed a single
positive supraclavicular lymph node. Follow-up study after
two cycles of chemotherapy show complete normalization of
lymph nodes metabolic activity.

Thirty-eight-year-old patient with diffuse large B-cell
lymphoma (originally as gastric MALT). Follow-up study
acquired after two cycles of chemotherapy. Status post renal
transplant at age of 19.

Imaging Technique Teaching Points
PET: Whole-body PET acquired 60 min after injection of
369 MBq of '®F-FDG, 57 kg/157 cm patient, with 5.2 mmol/L
of fasting glycemia.

MRI: Whole body atMR (T1 weighted), supine position. 3D
FFE T1 weighted (eThrive) whole-body MRI.

Although whole-body MR images may not provide
similar diagnostic anatomical resolution as PET/CT,
PET/MR may be a valuable alternative technique for
assessment of the extent of the disease and response to
chemotherapy particularly in patients with limited
renal function that may be at risk of renal toxicity from
CT contrast media.
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Fig. 10.1 Coronal MIP reconstruction of PET images acquired at the
time of the diagnosis showing diffuse hyper-metabolic lymph nodes in
the coeliac and retroperitoneal area and in the upper left clavicular area

Fig.10.2 Whole body coronal MR and PET images showing complete

resolution of the hyper metabolic lymph nodes 2 month later after two
cycles of chemotherapy
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Fig. 10.3 Comparison of coronal PET/CT
(top) and PET/MR (bottom) images acquired
after chemotherapy showing complete
resolution of abdominal and thoracic
metabolic lymph nodes. Note the medullar
hyper-metabolism post chemotherapy

Fig. 10.4 Coronal images of PET/CT (rop)
and PET/MR (bottom) studies located more
posteriorly. Notice the right transplanted
kidney
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Recurrence of Chondrosarcoma Findings

Clinical History Current study shows recurrence of soft tissue lesion of the
left thigh with focal increase in FDG uptake with remote

Thirty-five-year-old patient with a history of surgical removal metastatic extension of hepermetabolic lesions in the iliac

of a mixoide chondrosarcoma of the left thigh followed by and peritoneal area of the left abdomen and pelvic area.

radio- and chemo-therapy 2 years ago. Current study

requested for investigation of recurrence of extra-articular

multi-metastatic extension of the original tumor. q g
Teaching Points

For soft tissue tumors, high-resolution MR images can
Imaging Technique provide more adequate soft tissue differentiation and
anatomical localization than CT images

PET: Whole-body PET acquired 60 min after injection of
369 MBq of "®F-FDG, 57 kg/157 cm patient, with 5.2 mmol/L
of fasting glycemia.

MRI: Whole body atMR (T1 weighted), supine position fol-
lowed by a whole body 3D FFE T1 weighted (eThrive)
MRI

4 . Fig.10.6 Coronal MPR of whole-body eThrive MRI images (/eff) and
fusion with PET images (right)

Fig.10.5 Whole body volume MIP rendering of PET images showing
focal uptake in the tumor region of the left thigh and distant focal uptake
lesions in the abdomen
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Fig. 10.7 Multi-planar reformatted (MPR) images of high resolution TSE T2 weighted (eThrive) MRI images fused with PET images at the level
of the muscular lesion in the left thigh

Fig.10.8 Comparison of PET/CT (left) and PET/MR (right) multi-planar (MPR) reformatted images of the pelvis and mid thigh region obtained
from whole-body 3D images
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Metastatic Pulmonary Cancer (NSCLC)
Clinical History

Seventy-year-old patient diagnosed with non-small cell lung
cancer (NSCLC) with liver metastases. Follow-up study
requested 3 months after chemotherapy.

Imaging Technique

PET: Whole-body PET acquired 60 min after injection of
370 MBq of '*F-FDG.

MRI: Whole body atMR (T1 weighted), supine position. 3D
FFE T1 weighted (eThrive) MRI followed by coronal high-
resolution breath-hold HASTE images of the upper
abdomen.

Fig.10.9 Coronal view of volume rendered MIP of PET images show-
ing focal FDG uptake in the left para-hillar region and a large metastatic
lesion of the liver with central hypometabolism corresponding to
necrotic tissue

Findings

PET/MR shows left lower lobe lung cancer with metastatic
mediastinal lymph node and heterogeneous tracer uptake in
large lesion (7 x 9 cm) in right liver segments VI/VII
corresponding to metastatic disease.

Teaching Points

For liver metastases, high-resolution breath-hold MR
images can provide better definition and tissue charac-
terization than contrast-enhanced CT images.

Fig.10.10 Comparison of coronal views of whole body PET/CT (top)
and low resolution whole-body PET/MR (bottom)
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Fig. 10.11 High-resolution contrast-enhanced CT (left) and fusion
(right) of PET/CT images of the thorax and upper abdomen

»
»

Fig. 10.12 Coronal view of low-resolution whole-body MR fused
with corresponding PET image

M SE / T2 HASTE
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Fig. 10.13 High-resolution breath-hold coronal HASTE MR image (left) with corresponding PET/MR image (right)
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Esophageal Cancer with Liver Metastases
Clinical History

Sixty-year-old patient investigated for staging of a distal
esophageal adenocarcinoma of the oeso-gastric junction.
Status post chemotherapy.

Imaging Technique

PET: Whole-body PET acquired 60 min after injection of
370 MBq of '*F-FDG.

MRI: Whole body atMR (T1 weighted), supine position.
Followed by a complementary diagnostic MRI study acquired
on a Siemens Espree including a T2 HASTE MRI sequences
in coronal. 3D FFE T1 weighted (eThrive) sequence with
contrast injection.

Fig. 10.14 Coronal view of volume rendered MIP of PET images
showing two focal lesions of FDG uptake in the oeso-gastric junction
(red arrow) and in a liver metastasis (vellow arrow)

Findings

PET/MR shows the hypermetabolic tumor lesion of the oeso-
gastric junction, and a focal metastatic lesion of the liver
with high FDG uptake. Incidental finding of a benign hepatic
lesion without tracer uptake, most likely an hemangioma.

Teaching Points

Combination of diagnostic MR sequences and PET
images allow to better differentiate malignant from
benign lesions of the liver.

Fig. 10.15 Comparison of low-resolution whole-body MRI images
(top) and high resolution (T1 weighted VIBE) MR sequences (bottomn)
fused with corresponding PET images
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Fig. 10.16 High-resolution 2D fat-saturated “BLADE” MR images (left) fused with corresponding PET image (right) showing a benign lesion
(arrow) with absence of FDG uptake on PET

Fig. 10.17 Two different MR sequences of the liver T2 weighted HASTE (left) and T1 weighted eThrive (right) allowing to better characterize
benign lesion (arrow) from metastatic lesions
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Multi-Focal Lung Tumor Findings

Clinical History PET/MR shows a hypermetabolic lung lesion of the apical
segment of the left lower pulmonary lobe. Identification of

Seventy-year-old patient with history of smoking and multiple metastatic lymph nodes with intense focal uptake of

incidental finding of a lung tumor on chest X-ray performed FDG in the paratracheal, hilar and subcarenal areas.

for investigation of resistant cough. Histology confirmed

pulmonary carcinoma (cT2a cN3 cNO, stage IIB). Study

requested for staging post chemotherapy. Teaching Points

While MR sequences are not optimal for examination
Imaging Technique of lung parenchyma that is best evaluated by CT, high
resolution MR sequences can however provide

PET: Whole-body PET acquired 60 min after injection of sufficient anatomical details for identification and
370 MBq of “F-FDG. localization of lesions with high FDG uptake.

MRI: Whole body atMR (T1 weighted), supine position. 3D
FFE T1 weighted (eThrive) MRI followed by respiratory-

gated T2 weighted HASTE images acquired in coronal and
axial planes.

Fig.10.18 Coronal vie of volume rendered MIP images of PET show-  Fig. 10.19 Coronal respiratory-gated T2 weighted HASTE images
ing the lung tumor of the lower left lobe (red arrow) and dissemination  (top) fused with corresponding PET image (bottom) showing high met-
on the mediastinal lymph nodes (yellow arrow) abolic activity of the lung tumor
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Fig. 10.20 Comparison of PET/MR (left) and PET/CT studies. Axial  and soft tissue setting (e) fused with corresponding PET images (f).
respiratory-gated T2 weighted HASTE images (a) fused with corre- Both (¢) and (g) show the PET images at the same level of the two
sponding PET image (b), and axial CT with lung window setting (d)  studies
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Brain Metastasis of Unknown Origin

Clinical History

Sixty-two-year-old patient discovered having a brain
metastases in the left cerebellum on an MRI performed for
investigating recurrent headaches. Current study requested
for staging and identification of the original tumor. Patient
also known for renal insufficiency and multiple renal cysts.

Imaging Technique

PET: Whole-body PET acquired 60 min after injection of
369 MBq of "®F-FDG, 57 kg/157 cm patient, with 5.2 mmol/L
of fasting glycemia.

MRI: Whole body atMR (T1 weighted), supine position. 3D
FFE T1 weighted (eThrive) MRI followed by a complete
diagnostic MRI study of the abdomen.

Fig. 10.21 Volume rendered MIP of whole-body PET showing a sin-
gle focal uptake of a lesion in the hilar region of the left lung

Findings

PET/MR shows a focal hypermetabolic lesion of the hilum
of the left lung. Standard whole-body MRI could not clearly
characterize the lung lesion but complimentary PET/CT
confirmed the suspicion of lung cancer. Additional high res-
olution MRI showed polycystic renal disease and incidental
finding of an aortic dissection.

Teaching Points

For proper characterization of suspicious lung tumor,
additional CT image are required. But PET/MR allows
to properly stage the extent of remote metastatic
lesions.

Fig. 10.22 Axial CT with lung window setting (fop) and soft tissue
setting (middle) fused with corresponding PET images (bottom)



10 Lymphoma, Lung and other Tumors 181

Fig. 10.23 Standard low-resolution whole body MRI sequences used
for attenuation correction (fop) have limited resolution for lung
parenchyma

Fig. 10.25 Axial (top) and coronal (bottom) high resolution MR
sequence of the abdomen show polycystic renal disease and incidental
finding of an aortic dissection

Fig. 10.24 Brain MRI post surgery showing the remaining extension
of metastatic lesion of the left cerebellar region
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Pulmonary Adenocarcinoma
Clinical History

Sixty-eight-year-old patient following incidental finding of a
right lung mass on chest X-ray for chronic cough. CT guided
biopsy confirmed a pulmonary adenocarcinoma. Study
requested for staging and treatment planning.

Imaging Technique

PET: Whole-body PET acquired 60 min after injection of
370 MBq of ¥F-FDG.

MRI: Whole body atMR (T1 weighted), supine position. 3D
FFE T1 weighted (eThrive) MRI followed by a whole body
STIR acquisition.

Fig. 10.26 Coronal projection of volume rendered MIP images of
PET showing the hypermetabolic tumor lesion of the right lung with
moderate FDG uptake of the surrounding pneumonia

Findings

PET/MR confirmed the presence of a hilar tumoral mass of
the right lower lobe, associated with pneumonitis of the
lower lobe secondary to partial obstruction of the bronchi by
the tumor. Identification of multiple hypermetabolic lymph
nodes of the mediastinum and subclavicular region

Teaching Points

PET images of PET/MR studies allow differentiating
the extension of hypermetabolic tumor tissue from asso-
ciated pneumonia with low or moderate FDG uptake.

Fig. 10.27 Axial views from low resolution whole-body MR scan
(top) and PET scan (middle) and fusion of the two images (bottom)
showing the different FDG uptake between tumor and pneumonitis-
induced condensation of pulmonary parenchyma
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Fig. 10.28 Comparison of coronal reconstructed planes of PET/CT (leff) and MRI STIR sequences (right) with fusion of corresponding PET
images (bottom) showing the added value of PET for identifying hypermetabolic tumor tissue for the segmental pneumonitis
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PET/MR in Acute Lymphocytic Leukemia (ALL)
Clinical History

A 44 year old patient with a pathological fracture of the
lumbar spine previously stabilized with dorsal instrumenta-

tion. Histopathology revealed ALL-infiltration in the lumbar
spine.

Imaging Technique

Whole body PET/MR images acquired 112 min after iv
injection 408 MBq 18F-FDG, 77 kg.

8 beds x 5 min together with whole body cor TIlw TSE
and cor T2w STIR. Axial Tlw VIBE fat saturated after
Gadolinium over the region of the thorax, abdomen and
pelvis.

Fig. 10.29 Coronal Tlw TSE (far left) and T2w STIR (middle left)
show bone marrow infiltration in the left sacral bone, the left proximal
femur, right ischium and the upper thoracic spine. Metal artifacts from
the dorsal instrumentation obscure this region on MR images. PET

Findings

A diffuse affection with bone marrow infiltration primarily
of the lumbar and sacral spine is found in PET. MR demon-
strates the extent of extra-osseous growth around the sacral
bone.

Teaching Points

Combined PET/MR provides detailed information
about the extent of the bone marrow infiltration.
Smaller lesions might be missed by MR only but the
high lesion-to-background ratio of PET facilitates their
detection.

(middle right) and fused PET/MR (far right) images demonstrate high
uptake of 18F-FDG in the corresponding regions. The lesion in the
upper thoracic spine might be missed on MR only, however the high
lesion-to-background ratio on the PET images helps identifying it
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Fig. 10.30 Coronal T12w STIR and T1w TSE show a pathological
fracture of L4 with artifacts from dorsal instrumentation in L3 and L5
(upper row). The T1w hypointense signal in L4 and the proximal left
femur indicates complete infiltration of the vertebra by lymphoblastic
cells. A small lesion is also found in the right pubic bone. In addition

Fig. 10.31 The extraosseous tumor growth is better depicted in PET
(right) compared to an axial T1w VIBE sequence (/eft) after Gadolinium
with fat saturation. In this sequence only a diffuse low to moderate

T2w STIR demonstrates a hyperintense extraosseous strand on the left
side reaching from L4 to the sacral bone. Another small extraosseous
formation is present on the left side. Both PET and fused image confirm
high uptake of 18F-FDG in the corresponding regions (lower row)

contrast enhancement could be found, whereas the high lesion-to-back-
ground ratio in PET outlines the spread more clearly
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PET/MR for Biopsy Planning in NHL
with Bone Infiltration

Clinical History

A 54 year old patient presents chronically elevated leucocytes
and the suspicion of lymphoma. No suspicious lymph nodes
were found on CT.

Imaging Technique

Whole body PET/MR images acquired 174 min after iv
injection 444 MBq 18F-FDG, 95 kg.

4 beds x 4 min together with whole body cor T1w TSE
and axial T2w HASTE fs. 1 bed (pelvis) a 4 min together
with cor T2w STIR and axial T1w fs after Gadolinium.

Findings

Tlw TSE and T2w STIR show a patchy bone marrow
infiltration with islands of normal bone interposed between.
Note the extensive artifacts from a hip prosthesis on the left
side especially impairing the fat suppression.

Teaching Points

The combination of whole-body PET and MR can aid
in guiding biopsy in patients with lymphoma espe-
cially in atypical cases like primary bone infiltration.
The information of Tlw TSE and T2w STIR delin-
eate areas of bone infiltration against the normal bone
marrow. In contrast, CT often shows no pathological
finding.

Fig. 10.32 Coronal T1w TSE and T2w STIR show patchy bone mar-
row infiltration of the lumbar spine and pelvis (upper row). Note the
normal interposed bone marrow between the affected areas. Coronal

PET shows moderate increase tracer uptake in the lumbar spine and
pelvis. Fused PET and T1w TSE demonstrate good correlation between
the uptake in PET and the hypointense regions in T1w (lower row)
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Fig. 10.33 In the coronal (leff) and sagittal (right) reformatted bone window from CT no abnormalities could be detected underlining the value
of bone marrow imaging in MRI

Fig. 10.34 Axial PET and fused images show a patchy infiltration of  corresponding region (left, lower row). In CT no abnormalities could be
the pelvis and sacral bone (upper row). Diffuse hyperintensity in T2w  detected (right, lower row). Incomplete fat suppression is related to hip
HASTE fs in MRI demonstrate the replacement of fatty marrow in the  prosthesis on the left side
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Recurrent T-NHL with Bone Infiltration

Clinical History

A 60 year old patient with prior T-NHL presents with pain in
the right hip. CT demonstrates diffuse osteolyses in the right

acetabulum rising the suspicious of a recurrence with bone
infiltration.

Imaging Technique

Whole body PET/MR images acquired 117 min after iv
injection 367 MBq 18F-FDG, 78 kg.

4 beds x 5 min together with whole body coronal T1w
TSE and cor T2w STIR. Whole body axial T1w flash fat
saturated after Gadolinium.

Findings

In contrast to CT T1w TSE clearly outlines the area of bone
infiltration by recurrent NHL. It corresponds to an intense
high uptake of 18F-FDG.

Teaching Points

The combination of PET and MRI can demonstrate the
extent of bone marrow infiltration more clearly than
PET/CT. Especially Tlw TSE sequences outline the
replacement of fatty bone marrow by malignant tissue
better than CT.
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Fig. 10.35 Coronal Tlw TSE (left) show a nodular hypointensity in
the iliac crest on the right side and a diffuse bone marrow infiltration of
the right acetabulum. Coronal PET demonstrate high focal uptake in the

corresponding regions (middle). A good correlation between the
findings in MR and PET is outlined in the fused dataset (right)
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Fig. 10.36 Axial PET and fused PET images show a high uptake in  corresponding CT exhibits a faint sclerosis in the corresponding region
the right pelvis (upper row). Intense contrast enhancement is found in  (lower row, right)
the fat saturated T1w sequence after Gadolinium (lower row, left). The

Fig. 10.37 A direct comparison of T2w STIR (leff) and CT (right) demonstrates the superiority of MR in outlining the infiltration of bone mar-
row. In the CT lesions in the iliac crest and near the ileo-sacral joint cannot be visualized
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Liver Metastasis of Adenocarcinoma
of the Adrenal Gland

Clinical History

Thirty-five-year-old patient with adenocarcinoma of the left
adrenal gland undergoing a staging examination.

Imaging Technique

Whole body PET/MR images acquired 46 min after iv
injection of 359 MBq 18F-FDG, 67 kg.

4 beds x 4 min together with coronal T1w TSE and axial
T2w haste fs. 1 bed (upper abdomen) a 15 min together with
ax/cor T2 HASTE, ax EPI (DWI), ax T1-VIBE dynamic post
iv. Gd.

Findings

In the right liver lobe a large focal lesion that is hyperintense
on T2-weighted sequence can be depicted. The lesion shows
a hyperintense signal in diffusion-weighted imaging both at
a low and a high b-value suggesting a restricted diffusion
within a likely hypercellular lesion. There is intense focal
uptake of 18F-FDG in PET. Both MRI and PET strongly
indicate a liver metastasis.

Teaching Points

Diffusion-weighted MR imaging (DWI) is an impor-
tant MR sequence for both detection and characteriza-
tion of focal liver lesions. In malignant lesions often a
restricted diffusion due to hypercellularity can be
seen.

Fig. 10.38 In the right liver lobe a large focal lesion with intense focal uptake of 18F-FDG is seen (a). The lesion is hyperintense in a T2-weighted
sequence (b). A low ADC-value (d) suggests a hypercelluar lesions. Both MRI and PET indicate one vital and one avital liver metastasis (¢ and d)
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Fig. 10.39 Whole-body 18F-FDG-PET in the coronal plane. Except for the liver there is no evidence for metastases to other organs
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Liver Metastases of Colorectal Cancer
Clinical History

Sixty-one-year-old patient with known liver metastases of
colorectal cancer and a history of partial liver resection and
radiofrequency ablation.

Imaging Technique

Whole body PET/MR images acquired 46 min after iv
injection of 357 MBq 18F-FDG, 73 kg.

4 beds x 4 min together with coronal T1w TSE and axial
T2w HASTE fs. 1 bed (upper abdomen) a 15 min together
with ax/cor T2 HASTE, ax EPI (DWI), ax T1-VIBE dynamic
posti.v. Gd.

Findings

Adjacent to the ablation defect in the left liver lobe a circular
enhancement can be seen in the arterial phase after i.v.
administration of contrast material. Another area of focal
enhancement is seen in the right liver lobe. Both regions
show an intense uptake of 18F-FDG in PET and are highly
suspicious of newly developed liver metastases.

Teaching Points

Dynamic contrast-enhanced MR imaging together
with PET is a valuable tool in the detection of liver
metastases, especially in patients with previous treat-
ment either by surgery or focal ablative techniques like
radiofrequency ablation.

Fig. 10.40 Adjacent to the ablation defect in the left liver lobe a circular enhancement can faintly be seen in the early and late arterial phase after
i.v. administration of contrast material (a and b). PET (c) and fusion (d) nicely delineate the area of recurrence
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Fig. 10.41 Another PET positive lesion in the right lobe shows an faint T2w hyperintensity
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Liver Metastasis of Rectal Cancer Findings

Clinical History In the left liver lobe a focal lesion with restricted diffusion and
peripheral enhancement is seen. There is intense focal uptake
Forty-six-year-old patient with rectal cancer undergoing a of 18F-FDG in PET. Both MRI and PET strongly indicate a

staging examination. liver metastasis. No additional focal lesions are seen.

Imaging Technique Teaching Points

Whole body PET/MR images acquired 46 min after iv injec- In patients with colorectal cancer accurate staging of

tion of 487 MBq 18F-FDG, 100 kg. liver metastases is of paramount importance as patients
4 beds x 4 min together with coronal T1w TSE and axial eligible for resection of metastases can be treated cura-

T2w haste fs. 1 bed (upper abdomen) a 15 min together with tively. Combination of a dedicated MR protocol of the

ax/cor T2 HASTE, ax EPI (DWI), ax T1-VIBE dynamic post liver and 18F-FDG PET imaging is helpful regarding
i.v. Gd. the detection of liver metastases.

Fig. 10.42 In the left liver lobe a focal liver lesion is seen. It is hyper-  eral enhancement (c¢). In addition intense focal uptake of 18F-FDG is
intense in DWI on both low (a) and high (b) b-value images reflecting  seen (d). Both MRI and PET strongly indicate a liver metastasis
restricted diffusion. In the portal venous phase the lesion shows periph-
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Fig. 10.43 Whole-body 18F-FDG-PET in the coronal plane. Except
for the liver there is no evidence for metastases to other organs
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Thyroid and Endocrine Tumors

In thyroid cancer '8F-FDG is well established for detection of
noniodine-avid disease in patients with elevated Tg levels
[1, 2]. This has led to a substantial improvement of patient
management especially for cases of recurrent tumor [3]. From
a prognostic perspective it is known that patients with FDG-
avid, high-volume disease (>125 mL) as assessed with CT and
PET have markedly reduced survival [4]. Thus FDG PET is a
tool for assisting in the clinical decision making for either
localized or systemic therapy other than the use of I in
patients with negative iodine scans and elevated hTg and in
patients with suspected local recurrence after thyroidectomy
[5]. One important prerequisite of using "*F-PET/CT for these
patients is that no intravenous contrast media should be admin-
istered when combined with a *'I-scan or when potentially a
radio-iodine-therapy is planned no intravenous contrast should
be administered for the diagnostic CT [6, 7]. Here PET/MR
can offer the possibility to add a diagnostic morphological
dataset to the PET/examination as Gd-based contrast media do
not interfere with the use of a *!I-scan or therapy. Additionally
PET/MR is expected to be a useful tool in surgical planning
and radioactive iodine therapy decisions.

For neuroendocrine tumors of the abdomen the use of
PET/MR offers potential advances especially for detection of
the primary tumor and potential liver metastases. Recently
studies [8, 9] showed that ®Ga- radiolabeled somatostatin
analog and combination of PET and MR performed
significantly more accurate (sensitivity, specificity, NPV, and
PPV of 91, 96, 87, and 97 %) compared to PET/CT (74, 88,
69, and 93 %, respectively). It is assumed that MRI compen-
sates for the drawbacks in PET in small hepatic lesions where
diffusion-weighted imaging can provide high lesion-to-liver
contrast. Additional gain in diagnostic performance is also
expected for determining the extent primary pancreatic tumors
and thus helping in therapeutic decisions [10, 11]. Especially
for neuroendocrine pancreatic cancer MR is often superior to
CT in the detection of small lesions implying an important
role of PET/MR in this patient population [12, 13].
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Metastatic Pulmonary Carcinoid
Clinical History

Twenty-nine-year-old male patient with a neuroendocrine
tumor of the right upper lobe of the lung, bilobectomy was
performed 6 years ago. Resection of a bone metastasis in the
proximal right tibia was performed 3 years ago.

Imaging Technique

Whole body PET/MR images acquired 42 min after i.v.
injection of 131 MBq [68Ga]-DOTATOC, weight 82 kg. 8
bed positions x 4 min (head to lower legs). MR-Sequences:
Whole body: Dixon for attenuation correction, cor T1 TSE.
Liver: ax/cor T2 BLADE.

Fig. 11.1 Left: MIP of the [68Ga]-DOTATOC tracer distribution, show-
ing multiple pathologic foci in the bones and in the liver. Right: whole-
body T1-weighted coronal slice for anatomic overview. Notice attenuation

correction artifact of the upper abdomen due to respiratory motion

Findings

PET shows disseminated bone metastases with avid tracer
uptake, correlating with suspicious hypointense signal alter-
ations on the T1-weighted MR images. Additionally, multi-
ple somatostatin-receptor positive liver metastases are seen,
showing hyperintense correlates in the T2-weighted MR
images.

Teaching Points

Somatostatin receptor PET/MR is feasible for whole-
body staging of patients with neuroendocrine tumors.
This patient underwent peptide receptor radiotherapy
(PRRT) with Lu-177-DOTATATE.

Fig. 11.2 Coronal T2-weighted MRI (BLADE) of the abdomen.
Multiple pathologic signal enhancements are seen in the liver, consis-
tent with multiple hepatic metastases
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Fig. 11.3 Left column: Two axial slices (fop row and bottom row)
showing somatostatin-receptor positive liver metastases with intense
tracer uptake (PET). Middle column: T2-weighted MR images show
multiple hyperintense masses in the liver, corresponding to the areas of

Fig. 11.4 Examples of the multiple bone metastases in this patient.
Top row: coronal PET/MR fusion. Bottom row: coronal T1-weighted
MR images. Left column: Metastasis in the right clavicle showing

intense somatostatin receptor overexpression. Middle column:
Metastasis in the right acetabulum, showing a a clear hypointense

increased somatostatin receptor expression, consistent with liver metas-
tases. Furthermore, additional multiple smaller hyperintense lesions are
seen on the MR images, also suspicious for malignancy. Right column:

PET/MR fusion

correlate in the T1w MR image. Right column: multiple somatostatin-
receptor positive bone metastases in the right proximal tibia.
Additionally, a large hypointense defect is observed in the TIw MR
images in the lateral part of the proximal right tibia, showing no tracer
uptake, consistent with postoperative changes
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Metastatic Medullary Thyroid Cancer
Clinical History

Eighty-six-year-old male patient with history of total thyroi-
dectomy (medullary thyroid cancer) 12 years ago and radio-
therapy of a bone metastasis (4th lumbar vertebra) 2 years
ago. Currently ongoing therapy with somatostatin analogs.

Imaging Technique

Whole body PET/MR images acquired 103 min after i.v.
injection of 107 MBq [68Ga]-DOTATOC, weight 67 kg. 3
bed positions x 4 min (head to pelvis). MR-Sequences:
Partial body: Dixon for attenuation correction, cor T1 TSE.
Liver: ax/cor T2 BLADE, ax T1 VIBE, ax DWI.

Fig. 11.5 The MIP overview shows pathologic tracer accumulation in
the neck, bone (lumbar spine, pelvis) and inhomogeneous uptake in the
liver

Findings

Local recurrence and bone metastases showing intense over-
expression of the somatostatin-receptor. Disseminated liver
metastases are also observed, showing only low to moderate
receptor expression.

Teaching Points

DOTATOC PET/MR can be used for assessment of
somatostatin-receptor expression of neuroendocrine
tumors. Especially in the liver, DWI can help to iden-
tify small or receptor-negative lesions.

Fig. 11.6 Local recurrence in the area of the right thyroid bed with
intense somatostatin receptor expression (PET, top). A hypointense
mass is seen on coronal T1-weighted MR-images (middle). Bottom:
PET/MR fusion
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Fig. 11.7 Two coronal views (fop and bottom row) showing a bone receptor. Middle: Hypointense mass in the 4th lumbar vertebra with
metastasis in the 4th lumbar vertebra (lumbalization of the 1st sacral extrasseous soft tissue extension to the right side. Right: PET/MR
vertebra). Left: PET shows intense overexpression of the somatostatin ~ fusion

Fig. 11.8 Multiple liver metastases, partly soma- Fig. 11.9 Two axial slices (left and right column) showing multiple liver metasta-
tostatin receptor positive. Top: coronal PET. Middle: ses. Top: some metastases show low to moderate expression of the somatostatin
coronal T2 BLADE MRI. Bottom: PET/MR receptor (PET). Middle: diffusion-weighted MRI (DWI, 5=800) additionally

fusion shows disseminated small, receptor negative metastases. Bottom: PET/MR fusion
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Benign Finding on Somatostatin Receptor
PET/MR

Clinical History

Fifty-one-year-old male patient after resection of a medul-
lary thyroid carcinoma (left thyroid lobe, T2 NO MO RO)
including neck dissection two years ago. The serum calci-
tonin was 72 ng/ml at the time of PET/MR imaging.

Imaging Technique

Partial body PET/MR images acquired 84 min after i.v. injec-
tion of 129 MBq [68Ga]-DOTATOC, weight 70 kg. 3 bed
positions x 4 min (head to pelvis). MR-Sequences: Dixon for
attenuation correction, cor Tlw, sag Tlw (spine) and sag
T2w (spine) sequences.

Fig. 11.10 Moderate focal uptake of [68Ga]-DOTATOC in the tho-
racic spine (MIP, lateral view). No other pathologic lesions were
observed in the PET data

Findings

Moderate tracer accumulation in the 8th thoracal vertebra.
No further foci of pathological tracer accumulation. The
finding correlates with a hyperintensity in the T1w images
and in the fat-weighted Dixon images, corresponding to an
hemangioma. The study was rated negative for metastases.

Teaching Points

MRI is useful to further characterize bone lesions,
which may increase sensitivity for bone metastases,
but on the other hand may also increase specificity by
identifying false positive lesions.

Fig.11.11 The focal lesion projects on a hyperintense lesion in the 8th
thoracal vertebra on the T2w images. Left: MRI T2w, sagittal view.
Right: PET/MR fusion, sagittal view
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Fig. 11.12 The same lesion (8th thoracal vertebra) on T1w MRI images. Left: coronal T1w MRI. Middle: PET, coronal view. Right: PET/MR
fusion

Fig. 11.13 The lesion in the 8th thoracal vertebra is also hyperintense  coronal fat-weighted Dixon image. Middle: sagittal fat-weighted Dixon
on the fat-weighted Dixon images (acquired for attenuation correction),  image. Right: sagittal PET/MR fusion
consistent with high fat content, consistent with a hemangioma. Left:
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Papillary Thyroid Cancer
Clinical History

Twenty-three-year-old male patient with papillary thyroid
cancer pT3pN1RO (03/2012). He received "*'I therapy for
ablation in April 2012. He presented with increased Tg lev-
els (hTg: 3.6 ng/ml, TSH>100 plU/ml) and therefore "'
scintigraphy after administration of 40 MBq *'I was per-
formed (Fig. 11.14). To exclude FDG-avid, “'T negative
metastases, 18F-FDG PET/MR was performed while plan-
ning a second "*'I therapy.

Imaging Technique

PET/MR 97 min p.i. of 317 MBq 18F-FDG, 70 kg, 5 bed
positions 4 min per bed position. T1 VIBE Dixon for attenu-
ation correction.

MR component: neck: ax T2 STIR, ax T1 TSE —/+ Gd
cor T1 SPIR post Gd trunk: ax T1 VIBE fs.

Findings

Diagnostic 'l scan (Fig. 11.14) and 18F-FDG PET/MR
(Fig. 11.15) do not exhibit any pathological increased focal
uptake. However in the "'l planar and SPECT/CT scan per-
formed after treatment with 206 mCi of *'I increased focal
BT uptake is shown in right cervical lymph nodes (Fig. 11.16).
The lymph nodes cannot be distinguished on CT images of
SPECT/CT, however they can be identified on MR images of
PET/MR (Fig. 11.17).

Teaching Points

When exact anatomical localization of thyroid cancer
manifestations is an issue, the MR component of PET/
MR can be a valuable tool as the diagnostic perfor-
mance of CT is limited in this condition due to the
inability to use contrast enhancement. Latter would
lead to iodine contamination limiting treatment with
BIT. Further, iodine negative 18F-FDG avid lesions
could be identified with PET/MR.

Fig. 11.14 Diagnostic *'T scan (40 MBq *'T) does not show any path-
ological focal '*'T uptake
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Fig. 11.15 Three coronal planes of the PET ~ N B N
component of PET/MR without any evidence . .
for a correlate for the increased hTg level "

g .
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. Fig. 11.16 Planar and SPECT/CT "*'I scan (lef?) after treatment with 206 mCi of

I, Two lesions with focally increased *'T uptake indicating lymph node metasta-

s . = ses of thyroid cancer. No clear correlate can be distinguished in the CT component
of SPECT/CT (non contrast enhanced CT)

Fig. 11.17 Axial MR (from left to right: T2 STIR, T1 TSE, T1 TSE post Gd PET, and
PET/MR fused image of one of the two lymph nodes with high '*'T uptake. The lymph
node is not FDG avid, however MR images of PET/MR can distinguish and identify the
lymph node (white arrow) facilitating further follow up
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Lymph Node Metastasis of Thyroid Cancer
Clinical History

Seventy-six-year-old male patient after thyreoidectomy and
ablative radioiodine treatment because of papillary thyroid
cancer pT3pN1b(2/37)RO. Patient is referred for restaging
due to a sonographically conspicuous lymph node in the left
supraclavicular region. Thyreoglobulin in serum is not ele-
vated, however there are thyreoglobulin antibodies.
Diagnostic 1311 scintigraphy (planar and SPECT/CT) with
379 MBq 1311 and 18F-FDG PET/MR were performed.

Imaging Technique

PET/MR 78 min p.i. of 428 MBq 18F-FDG, 91 kg, 4 bed
positions 4 min per bed position. T1 VIBE Dixon for attenu-
ation correction.

MR component: Neck: ax T2 STIR, ax T1 TSE —/+ GD,
cor T1 SPIR post GD, cor T1 TSE, trunk: ax T1 VIBE fs.

Findings

1311 scintigraphy did not show any pathological focal uptake,
however CT component of SPECT/CT demonstrates an
enlarged lymph node in the left supraclavicular region
(Fig. 11.18). PET/MR confirms the enlarged lymph node
exhibiting an increased glucose utilization, suspicious for
malignancy. No other lesions suspicious for malignant mani-
festations were shown (Figs. 11.19 and 11.20). Whole body
PET/MR showed suspicion of a singular metastasis of thy-
roid cancer. Surgical lymph node excision followed, histopa-
thology confirmed metastasis of papillary thyroid cancer.

Teaching Points

PET/MR is a valuable tool for evaluating iodine
negative thyroid cancer. The whole body imaging
capability of this technique allows better screening of
distant lesions and adjustment of targeted therapy.
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Fig. 11.18 1311 planar and SPECT/CT images (left)
demonstrating an enlarged lymph node in the left
supraclavicular region (arrowhead) without any substan-
tial 1311 uptake
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Fig. 11.19 PET, cor T1 TSE and fused image of the 18F-FDG PET/MR study. Increased focal uptake in the left supraclavicular lymph node,
indicative of metastatic disease. No other suspicious lesions were observed

Fig.11.20 ax T2 STIR, ax T1 TSE, ax T1 TSE post Gd, ax PET and ax fused PET/MR of the PET/MR study. The pathologically enlarged lymph
node shows the typical T2 hyperintense/T1 isointense signal (arrows)



208

M. Eiber et al.

Hiirthle Cell Thyroid Cancer
Clinical History

Restaging of a 67 year old male patient with Hiirthle cell
thyroid carcinoma after thyroidectomy, pT4pNO(0/16)R1,
and radioiodine treatment for ablation, presenting with
increasing thyreoglobulin levels (4 ng/ml) and negative post-
therapeutic 1311 scintigraphy.

Imaging Technique

PET/MR 90 min p.i. of 448 MBq 18F-FDG, 92 kg, 4 bed
positions 4 min per bed position. T1 VIBE Dixon for attenu-
ation correction.

MR component: neck: ax T2 STIR, ax T1 TSE —/+ Gd
cor T1 STIR post Gd cor T1 TSE.
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Findings

Increased focal 18F-FDG uptake in the region of the formal
right thyroid bed indicating local recurrence of the thyroid
carcinoma (Figs. 11.21 and 11.22). No other suspicious
lesions were observed.

Teaching Points

This case emphasizes the value of PET/MR in iodine
negative manifestations of thyroid cancer such as in
Hiirthle cell carcinoma. The excellent tumor/back-
ground ratio of the lesion demonstrated in the PET
component of PET/MR facilitates detection of the
lesion.
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Fig. 11.21 Different coronal levels (from ventral to dorsal) of the PET component of the PET/MR. Increased focal uptake on the right formal

thyroid bed indicating local recurrence.
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Fig. 11.22 Upper row: image of ax T2 STIR, ax T1 TSE and ax T1  SPIR post Gd showing a contrast enhancing signal alteration in the for-
TSE post Gd showing a T2 hyperintense signal alteration in the formal = mal thyroid bed (arrow) corresponding to the hypermetabolic lesion
right thyroid bed enhancing after contrast media application (arrows).  demonstrated in PET. Please note the very high tumor/background ratio
Lower row: image of ax PET and ax PET/MR fusion as well as cor T1  in the PET image facilitating detection of local recurrence
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vascular plaques [4-6].

Another application domain of PET and therefore could
potentially benefit from hybrid PET/MR is the assessment of
neurodegenerative diseases and differentiation of diagnostic
classification based on anatomical distribution of brain meta-
bolic activity. Many studies reported the added value of ‘*F-
FDG in dementia in complementarity to MRI findings [7-9].
Future development of new specific tracers will bring addi-
tional potential applications of for PET imaging in combina-
tion with MRI [10, 11].
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Atherosclerotic Plaque at Carotid Bifurcation
Clinical History

Fifty-nine-year-old man with history of an intermittent weak-
ness of the left hand. An ultrasound examination of the right
internal carotid artery shows a slight stenosis.

Imaging Technique

PET/MR image acquired 140 min after iv injection of
421 MBq 18F-FDG.

1 bed position x 15 min together with axial TOF, T2w
TSE, T1w TSE native and postinjection of 17 ml of Gd-DTPA
MR contrast agent (CA). Head/neck and dedicated phased-
array carotid coil.

Fig. 12.1 Slight stenosis observed at carotid artery slightly above
bifurcation (arrowhead) shown on a MIP projection of axial time-of-
flight MR images, acquired without the use of contrast agent

Findings

A mild stenosis of right carotid artery slightly above bifurca-
tion is observed. Axial high resolution TSE images show
morphology of outward plaque remodeling. Different MR
contrast weightings allow distinguishing plaque constituents.
Faint uptake of 18F-FDG tracer at plaque location indicates
possible inflammatory status of the plaque.

Teaching Points

In atherosclerosis characterization of the so-called
“vulnerable” plaque at risk for disruption is critical
to predict adverse events. PET/MR allows for
identification of atherosclerotic plaque morphology
and functional status.

Fig.12.2 Axial TOF MR images show slightly restricted lumen due to
a plaque, which extends also outward to the vessel lumen
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Fig.12.3 Bright signal on T2 weighted images show intact fibrous cap ~ Fig. 12.5 Fusion of PET and post CA T1w TSE shows a perfect ana-
as well as additional fibrous constituents in plaque tomical co-registration of the faint 18F-FDG tracer uptake at the loca-
tion of the plaque (PET images is calibrated in SUV values, intensity

scale 1-3 SUV)

Fig. 12.4 Lipid is bright on native T1 weighted images (left image), if
calcium was present it would be dark. Signal enhancement on T1
weighted post CA image (right image) indicates fibrous tissue, lipid or

calcified areas do not enhance
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Stress Fracture
Clinical History

Fifty-nine-year-old female patient with osteosynthetic supply
of the right ankle after a complex fracture 1.5 years ago. The
patients suffers from increasing pain of the right foot develop-
ing over the last few months. A prior X-ray was negative.

Imaging Technique

PET/MR of the right foot acquired 126 min after iv injection
326 MBq 18F-Flouride, 78 kg.

1 bed x 10 min together with sagittal T1w TSE/ PDw fs,
axial T1w TSE/ PDw fs and coronal T2w TSE. Flex coil.

Findings

Bone marrow edema and high osteoblastic activity in PET
indicate an active process in the cuboid bone. Only mild
edema and minor uptake combined with a clear stress fracture
line are signs of a more chronic process in the calcaneus.

Teaching Points

18F-Flouride PET and MRI can provide complemen-
tary information in patients with chronic foot pain. The
combination of T1w TSE outlining a potential fracture
line and the extent of osteoblastic activity is helpful in
the differentiation between an active and chronic
process.

Fig. 12.6 Sagittal PDw image (fop left) reveals an extensive hyper-
intensity in the cuboid bone. Minor bone marrow edema is also
found in the dorsal part of the calcaneus. Sagittal TIw TSE shows a
hypointense curved line in the calcaneus adjacent to the achilles ten-
don consistent with a stress fracture. In addition a beginning

hypointense line can be found in the anterior part of the cuboid bone
(top right). An intense uptake of 18F-Flouride is found in the cuboid
bone indicating high osteoblastic activity. The low and circum-
scribed uptake in the dorsal part of the calcaneus indicates a more
chronic process (bottom)
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Fig.12.7 Axial PDw fs and T1w TSE show an extensive bone marrow PET and fused image demonstrate high osteoblastic activity in the
edema in the cuboid bone. The beginning fracture line present in the  cuboid bone (right images)
sagittal image is only partially visualized (left images). 18F-Flouride

Fig. 12.8 A prior x-ray of the right ankle is completely normal (leff).  analogous to the findings in T1w TSE (middle). The axial reformatted
Sagittal reformatted multi-slice computed tomography (MS-CT) MS-CT cannot outline the beginning fracture line in the cuboid bone
shows a curved hyperdense line in the posterior part of the calcaneus  (right)
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Multicystic Disease Findings

Clinical History PET/MR images confirmed the diffuse polycystic disease
with only mild focal uptake of some retro-peritoneal and

65 y.o. patient with polycystic disease and status post renal  para-aortic lymph nodes with strong evidence of any malig-

transplant due to renal insufficiency. Diagnostic staging for nant disease.

possible lymphoma.

Imaging Technique

PET: Whole-body PET acquired 60 min after injection of Teaching Points

369 MBq of ISF‘FPG’ 57kg/157 cm patient, with 5.2 mmol/L In patients with renal insufficiency and complex clini-
of fasting glycemia. cal history, high resolution MR of hybrid PET/MR can
MRI: Whole body atMR (T1 weighted), supine position. 3D replace PET/CT studies for whole-body staging.

TSE T2 weighted whole-body MRI.

Fig. 12.10 Axial and coronal respiratory-gated HASTE images (left)
fused with PET images (right), showing mild uptake (arrow) of enlarged
retro-peritoneal lymph nodes (SUV max 3.2)

Fig. 12.9 Coronal MIP reconstruction of PET images shows diffuse
focal spots of mild FDG uptake in the abdomen
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Fig. 12.11 Axial T2 HASTE MR images showing diffuse polycystic disease fused with PET image showing focal FDG uptake in a para-aortic
enlarged lymph-node

Fig. 12.12 Comparison of coronal PET/CT (left) and high resolution coronal abdominal HASTE images of PET MR study (right)
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Kaposi Sarcoma
Clinical History

61 y.o. patient with known Kaposi sarcoma in an endemic
African form associated with HHVS virus often associated
with HIV positive subjects.

Imaging Technique

PET: Whole-body PET acquired 60 min after injection of
377 MBq 18F-FDG, 83 kg/169 cm patient.

MRI: Whole body atMR (T1 weighted), supine position. 3D
TSE T2 weighted whole-body MRI.

Fig. 12.13 Coronal MIP reconstruction of PET images shows focal
FDG uptake on the right foot (red arrow) and single focal lesion of the
left thigh (yellow arrow)

Findings

PET/MR images multiple subcutaneous lesions with high
FDG uptake corresponding to the Kaposi sarcoma lesions,
with only one distant hypermetabolic lesion of the left
thigh.

Teaching Points

In soft-tissue lesions, MRI can provide a wealth of dif-
ferent imaging sequences for better characterization
and localization of focal hypermetabolic lesions seen
on PET.

Fig. 12.14 3D volume rendering of PET/MR images showing the
location of Kaposi lesions on the right foot (red arrow)
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Fig. 12.15 Coronal high resolution T1 weighted TSE image of the right talus, fused with the corresponding PET image showing two subcutane-
ous hypermetabolic nodules corresponding to Kaposi sarcoma lesions

Fig. 12.16 Multiplaner reformatting (MPR) of T1 weighted TFE PET/MR images showing the focal FDG uptake in the left thigh corresponding
to a <10 mm nodule
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Maffucci Syndrome
Clinical History

29y.0. patient withaMaffuccisyndrome (arare non-hereditary
syndrome characterized by the presence of multiple enchon-
dromas associated with multiple hemangiomas) who under-
went several surgical interventions for bone lesions of the
lower limbs. Study requested for assessment of a rapidly
growing lesion of the left shoulder.

Imaging Technique

PET: Whole-body PET acquired 60 min after injection of
370 MBq of '*F-FDG.

MRI: Whole body atMR (T1 weighted), supine position. 3D
TSE T2 weighted whole-body MRI.

Fig.12.17 Coronal MIP reconstruction of PET images shows multiple
diffuse lesions with mild to moderate tracer uptake in enchondroma
lesions of the limbs

Findings

PET/MR images confirmed the wide spread of endochon-
droma lesions across the whole body with mild to moderate
FDG uptake. A growing lesion of the left shoulder showed
moderate homogeneous FDG uptake with no evidence of
malignant transformation.

Teaching Points

Multi-parametric criteria from MRI tissue characteris-
tics and patterns of FDG uptake can help differentiate
benign from malignant lesions in soft tissue tumors.

Fig. 12.18 Coronal STIR MR (left) and corresponding whole-body
PET image (right) with fused images in the middle. Not the important
metal artifacts of metal implants in the right knee and left limb
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Fig. 12.19 Comparison of different imaging
modalities: (a) conventional X-ray, (b) PET,
(¢) T1 weighted gadolinium enhanced TSE
MRI (d) MR angiogram

Fig. 12.20 Arterial (left) and venous (right) phase of MR angiogram of the left shoulder
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Giant Cell Vasculitis
Clinical History

Seventy-two-year-old patient presenting with elevated CRP
and chest pain.

Imaging Technique

PET/MR images of the whole body were acquired 108 min
after iv injection 420 MBq18F-FDG.
Coronal T2w STIR MRI, GRE MRI before and after

application of CM.
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Fig.12.21 FDG-PET shows increased glucose metabolism in the wall

of the descending thoracic aorta

Findings

Increased glucose metabolism in the vessel wall of the
descending thoracic aorta was found to correlate with
hyperintense changes seen in T2w MRI.

Teaching Points

FDG-PET detects pathological tracer uptake in vascu-
lar wall which confirms active vasculitis. MRI helps to
localize vascular uptake and allows correlation with
morphological changes of the vessel wall.

Fig. 12.22 Coronal T2w STIR MRI shows thickening of the wall of
the descending thoracic aorta
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Fig. 12.23 Colocalization of FDG-uptake and morphological changes
are demonstrated by coregistration of MR and PET

Fig. 12.25 GRE MRI after Gadolinium injection shows mild
enhancement
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Cardiac Sarcoidosis
Clinical History

A 30-year-old male patient was referred to our institution
because of suspected cardiac involvement of a newly diagnosed
sarcoidosis. Coronary angiography excluded coronary artery
disease and showed a severely reduced left ventricular func-
tion. A CT of the chest demonstrated bihilar lymphadenopathy.
Subsequently, the patient was transferred to our institution to
confirm cardiac involvement of the sarcoidosis by PET/MR.

Imaging Technique
To suppress physiological glucose uptake of the myocardium
the patient was put on a low-carbohydrate diet for 1 day and

had to fast 12 h prior to the scan. PET/MR images were
acquired 64 min after iv injection of 238 MBq 18F-FDG.

Short Axis

Anterior

Furthermore, myocardial perfusion was assessed at resting
conditions by slow bolus iv injection over 30 s of 219 MBq
13N-ammonia. MR: T1 VIBE Dixon for attenuation correc-
tion, True-FISP CINE (wall motion), T1 IR 15 min. 40 ml of
Gd-DTPA were injected.

Findings

Bihilar lymphadenopathy with increased FDG uptake in the
lymph nodes confirms the diagnosis of sarcoidosis. Areas in
the left ventricle with increased FDG uptake and reduced
perfusion indicate active inflammation and reveal cardiac
involvement of the sarcoidosis. Also, a severely reduced left
ventricular ejection fraction with severe hypokinesis of the
lateral wall demonstrates dilated cardiomyopathy (DCM) as
a consequence of cardiac sarcoidosis. Furthermore, areas
demonstrating late gadolinium enhancement (LGE) indicate
myocardial infiltration and scarring.
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Fig. 12.26 Illustration of short axis and vertical/horizontal long axis
images of the myocardial perfusion (top rows) and inflammation (bot-
tom rows). Both reduced 13N-ammonia and upregulated 18F-FDG
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uptake is clearly depicted in the anteriolateral and lateral wall as a sign
of active cardiac sarcoidosis in these regions
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Teaching Points

Late gadolinium enhancement appears predominantly

sarcoidosis are known. Normal perfusion and active
inflammation represent an early stage of the disease,

while reduced perfusion and active inflammation indi-
cates an advanced stage. Finally, reduced or absent
perfusion and no inflammation indicates end-stage car-
diac sarcoidosis.

The integrated information of PET and MR allow
exact assessment of the stage and inflammatory state
of the disease and therapy monitoring.

in epicardial regions of the myocardium when cardiac
involvement of sarcoidosis is present and only rarely
spreads to the endocardium. Areas of LGE represent
fibrotic changes as a consequence of fibroganulomatous
replacement of the myocardium.

Different patterns of perfusion and glucose metabo-
lism in PET in the case of cardiac involvement of

Fig. 12.27 LGE short axis images of the left ventricle. Large areas of the anterolateral and lateral wall show predominantly epicardial LGE
indicating myocardial infiltration and scarring

LGE LGE + 13N-ammonia LGE + 18F-FDG

Fig. 12.28 Four chamber view shows an area of transmural LGE in  inflammation. Note both increased 13N-ammonia and 18F-FDG uptake
the lateral wall (left). Here clearly reduced perfusion (middle) and in bilateral hilar lymph nodes
upregulated glucose metabolism (right) is observed as a sign of active
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Frontotemporal Dementia (FTD) Findings

Clinical History Transaxial PETimage shows a pattern of reduced bihemispheric
[18F]FDG tracer uptake in the frontal lobe and relative spar-
Forty-nine-year-old patient with behavioural deficits and ing of posterior brain regions, especially the percutaneous.
increasing memory loss. Study requested for differential The fusion images (Fig. 12.32) [18F]FDG-PET/T1w MRI in
diagnosis of possible neurodegenerative dementia. 3 projections shows that the regions of reduced [18F]FDG
tracer uptake correspond to the regions with most pronounced
brain atrophy (frontal lobe). Finally, coronal T1w MRI (below)
Imaging Technique shows no signs of hippocampal atrophy.

PET measurement started 62 min after injection of 151 MBq
[18F]FDG. Simultaneous acquisition of MRI sequences

(Dixon and 3D T1). Teaching Points

The combination of functional [18F]FDG-PET and
structural MR information leads to the most likely
diagnosis of frontotemporal dementia (FTD). The
main differential diagnosis behavioural atypical vari-
ant of Alzheimer’s Disease (AD) is unlikely due to
normal metabolism in the precuneus/posterior cingu-
late region and due to lack of hippocampal atrophy.

Fig. 12.29 Patient with frontotemporal dementia (FTD) known as
Pick’s Disease, a frontal form of fronto-temporal-lobe degenerations.
Axial [18F]FDG PET image showing the characteristic regional deficits
with reduced bihemispheric [18F]FDG tracer uptake in the frontal lobe
and relative sparing of posterior brain regions

Fig. 12.30 Coronal Tlw MRI showing no signs of hippocampal
atrophy
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Fig. 12.31 Multi-planar
reformatted PET images show
the characteristic regional
deficits in FDG uptake in a
patient with Pick’s Disease
with reduced bihemispheric
FDG tracer uptake in the
frontal lobe and relative
sparing of posterior brain
regions

Fig. 12.32 Fused axial (left) coronal (middle) and sagittal (right) of PET and T1W MRI images showing the characteristic regional deficits in
FDG uptake reduction and atrophy
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Alzheimer’s Disease (AD)

Clinical History

Seventy-three-year-old male subject with slowly progressing
memory deficits since 4 years. Study requested for differen-
tial diagnosis of neurodegenerative dementia.

Imaging Technique

[18F]FDG-PET measurement started 57 min after injection

of 155 MBq [18F]FDG. Simultaneous acquisition of MRI
sequences (Dixon, 3D T1 and coronal T2).

Fig. 12.33 [18F]FDG-PET in axial projection shows a symmetrically
reduced tracer uptake in the bilateral dorsolateral parietal cortex as well
as decreased uptake in the right precuneus/posterior cingulate cortex

Findings

Parietal hypometabolism in [18F]JFDG-PET images is indic-
ative of AD. MRI data including volumetric T1w sequence
showing severe global brain atrophy as well as hippocam-
pal atrophy in T2 w coronal sequence confirms the
diagnosis.

Teaching Points

The combination of functional and structural informa-
tion strengthens the diagnosis of Alzheimer’s Disease.

Fig.12.34 T2w MRI in coronal orientation demonstrates severe bilat-
eral hippocampal atrophy
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Fig.12.35 Tlw structural MRI in 3
projections shows a parietal-emphasized
global atrophy. The image on the bottom
right demonstrates a fusion with
FDG-PET that highlights a spatial
overlap between lateral parietal
hypometabolism and cortical atrophy

Fig. 12.36 Multi-planar
reformatting (MPR) of FDG-PET
images showing a characteristic
symmetrically reduced tracer
uptake in the bilateral
dorsolateral parietal cortex and in
the right precuneus/posterior
cingulate cortex
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Posterior Cortical Atrophy
Clinical History

Sixty-eight-year-old patient with predominant visuo-spatial
deficits as well as cognitive decline. Neurodegenerative
dementia? DD? Structural abnormality?

Imaging Technique

Two separate studies were performed with different tracers:
F18-FDG and C11-PIB. FDG-PET measurement started
60 min after injection of 151 MBq F18-FDG. PiB-PET mea-
surement started 41 min after injection of 371 MBq C11-PiB.
Simultaneous acquisition of MRI sequences (Dixon, 3D T1).

Findings

Transaxial FDG-PET images (Fig. 12.37) show a asymmet-
rically reduced parietal and temporo-occipital FDG tracer
uptake predominantly in the right occipital lobe extending
from the cortex into the white matter including a photopenic
lesion without any FDG uptake. The fusion images FDG-
PET/T1w MRI in 3 projections (Fig. 12.38) show that the
photopenic lesion without any FDG tracer uptake corre-
sponds to an irregular dorsal extension of the right ventricle.
Additionally, reduced bilateral occipital FDG tracer uptake
and the respective occipital cortical atrophy is seen. PiB-
PET image (Fig. 12.39) shows diffusely increased PiB tracer
uptake in bilateral cortical regions peaking in the precuneus
as well as increased subcortical PiB tracer uptake in bilateral
striatum.

Teaching Points

Although information provided by PET alone would
already favour diagnosis of AD, structural MR infor-
mation helps in further differentiating the etiology by
clarifying the asymmetrical hypometabolic/photopenic
lesion in the right occipital lobe and in detecting the
distinct bilateral occipital cortical atrophy, suggesting
posterior cortical atrophy as final diagnosis.

Fig. 12.37 Two axial PET images showing asymmetrically reduced
parietal and temporo-occipital FDG tracer uptake predominantly in the
right occipital lobe extending from the cortex into the white matter
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Fig. 12.38 Multiplanar reformatted (MPR) FDG PET images fused corresponds to an irregular dorsal extension of the right ventricle.
with axial (left) coronal (middle) and sagittal (right) of TIW MRI  Additionally reduced occipital FDG uptake and occipital cortical atro-
images show that the photopenic lesion without any FDG tracer uptake  phy can be appreciated

Fig. 12.39 Multiplanar reformatted images in axial, coronal and sagittal planes of C11-PIB PET images shows diffusely increased PiB tracer
uptake in bilateral cortical regions peaking in the precuneus as well as increased subcortical PiB tracer uptake in bilateral striatum
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