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For decades now, molecular imaging has played a foundational role in the 
evaluation of cardiovascular pathology focusing primarily on the assessment 
of coronary artery disease and systolic function. More recently, the increasing 
availability of PET imaging has led to significant evolution in the field of 
molecular cardiovascular imaging. In particular, FDG-PET, which had long 
been used for the imaging of noncardiac infection, inflammation, and malig-
nancy, has revealed itself to be immensely useful in a number of cardiovascu-
lar applications. Today, many centers offer routine cardiovascular PET 
imaging for a number of indications, ranging from the evaluation of infection 
(e.g., endocarditis), inflammatory processes (e.g., cardiac sarcoidosis), car-
diac malignancy, as well as other applications such as viability imaging. 
Furthermore, technological advances have brought forth a new imaging 
modality, PET/MR, for which the implications for cardiac imaging are still 
being determined.

Molecular imaging has embraced the opportunities that PET imaging has 
provided; however, with new roles come new challenges. The rapid growing 
body of literature and the broad variety of pathologies that can now be rou-
tinely encountered pose a challenge for clinicians. This can be especially true 
in nonspecialist centers where studies for such indications are less frequently 
performed. With this in mind, the purpose of this book is to present a clini-
cally oriented, up-to-date, and in-depth review of the various applications of 
FDG-PET/CT and FDG-PET/MR in cardiovascular diseases, along with 
high-quality clinical cases with emphasis on the current available evidence. 
We envisioned creating a reference textbook that will be useful to nuclear 
medicine physicians, radiologists, cardiologists, residents, postgraduate fel-
lows, and technologists. The first section reviews the technical basis of car-
diovascular PET/CT and PET/MR imaging as well as those aspects of cardiac 
metabolism relevant to cardiac PET imaging. The following chapters present 
specific pathologies or indications, supported by clinical cases. The last two 
chapters are collections of cases including common pitfalls and interesting 
cases.

The contributing authors constitute a group of internationally recognized 
experts in the field of molecular imaging stemming from North America and 
Europe. To them, we are deeply indebted. We cannot adequately express our 
sincere gratitude to each who volunteered their time and effort to provide 
what we believe to be a thorough yet concise textbook. We thank our mentors 
who have guided us at each step of our careers. Most importantly, we dedicate 
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this book to our families who have shown unflagging support, and infinite 
patience, while we spent our evenings and weekends in offices, eschewing 
family activities so we could make a little bit more headway on “the book.”

Montréal, QC, Canada Matthieu Pelletier-Galarneau  
Vancouver, BC, Canada  Patrick Martineau   
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1Cardiac Positron Emission 
Tomography Basics

Chad R. R. N. Hunter and Robert A. deKemp

 Introduction

Positron emission tomography (PET) is an imag-
ing modality that uses the physics of positron 
annihilation to sort photons into parallel arrays 
without the need for a collimator, thus greatly 
increasing sensitivity. Imaging begins after injec-
tion of a small amount of a positron emitting 
radioactive isotope, often bound to an organic 
moiety, called a radiotracer. The radiotracer will 
distribute itself throughout the body according to 
its unique biochemistry, with regions of higher 
uptake indicating a higher degree of a specific 
biochemical process. Thus, what is imaged is the 
biochemical uptake and extraction of a tracer in 
various tissues. This distinguishes PET imaging 
from anatomical imaging modalities such as CT 
or MRI since it is the biochemical function of the 
patient being imaged, which is why it is rightly 
called “functional imaging.”

After injection, a ring of detectors arranged 
around the patient will passively detect the pho-
tons emitted from positron annihilation events 
(this will be covered in greater detail in section 
“Basic Radiation Physics in PET Imaging”). 
Events are recorded over time and binned and 
reconstructed into separate consecutive time 

frames. Each reconstructed time frame is a three- 
dimensional representation of the tracer distribu-
tion within the patient for that time frame. For a 
given organ, the change in activity over time for 
the whole time series is known as a time activity 
curve. Time activity curves in various tissues and 
organs can be used in kinetic modeling to per-
form quantitative analysis of the metabolic func-
tion in the organ or tissue. For example, the time 
activity curves in the blood pool region and the 
myocardium can be used for kinetic modeling of 
blood flow to the myocardium to aid in the detec-
tion of coronary artery disease.

Detection of positron annihilation photons is 
accomplished with scintillation crystal detectors 
combined with photon multipliers to amplify the 
signal detected. Scintillation is a process whereby 
the deposited photon energy is converted into a 
large number of lower energy (usually blue light) 
photons called scintillation photons. The inten-
sity of the scintillation light is proportional to the 
energy of the photon that was converted and can 
be used to discriminate legitimate photons from 
noise, this is covered in detail in section 
“Radiation Detection and PET Detector 
Systems”. One of the earliest PET scanners was 
the Donner 280-Crystal tomograph which used 
NaI(Tl) scintillation crystals [1]. As technology 
improved, the Nal(Tl) crystals were gradually 
replaced with the bismuth germanate oxide 
(BGO) crystals which were more dense than 
Nal(Tl) and thus the crystal detectors could be 
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made smaller resulting in improved image reso-
lution. Bismuth germanate oxide (BGO) crystals 
were the dominant scintillation crystal used in 
the 1980–1990s. In the late 1990s the lutetium 
oxyorthosilicate (LSO) crystal detector was 
developed for PET, with superior light emission 
properties compared to BGO. Currently lutetium- 
yttrium oxyorthosilicate scintillation crystals 
(LYSO) are also in use for PET detector systems, 
with very similar properties to LSO [2].

The light output from scintillation crystals is 
too low to be measured directly and must be 
amplified. In the early development of PET scan-
ners, photomultiplier tubes (PMTs) were used to 
amplify the scintillation light. One of the limita-
tions of PMTs is that they are sensitive to mag-
netic fields, thus are unsuitable to applications 
that combine PET with MRI. In addition, due to 
their size, many crystals must be coupled to a 
single PMT. In the early 2000s advances in semi-
conductor technology resulted in the develop-
ment of silicon photomultiplier tubes (SiPMs) for 
PET. Since SiPMs are not sensitive to magnetic 
fields they can be used in PET/MRI systems. In 
addition, due to their small size each crystal 
could be individually coupled to a unique SiPM.

In this chapter, basic radiation physics impor-
tant to PET detector systems such as radioactive 
decay, positron annihilation, and photon scatter-
ing will be discussed. In addition, the physics and 
engineering related to photon detection (scintilla-
tion and photomultiplication) and image recon-
struction will also be discussed.

 Basic Radiation Physics in PET 
Imaging

 Radioactive Decay by Positron 
Emission and Electron Capture

An unstable nucleus will stabilize by undergoing 
radioactive decay. In the case of PET isotopes, 
this is through a process of either positron annihi-
lation or electron capture. The existence of the 
positron was first predicted by Paul Dirac in the 
1930s when he noticed the wave equation con-
tained negative solutions [3]. Shorty after this 
prediction these particles were detected by Carl 

D. Anderson [4]. Positrons are a form of antimat-
ter that have the same properties as electrons 
(spin and mass) but with the opposite coulomb 
charge. The process whereby an element X will 
decay via positron (β+) emission to element Y is 
given in Eq. (1.1). During this process a proton 
becomes a neutron, and a positron is emitted

 A
Z

A
ZX Y→ + +− +1 β ν

e  (1.1)

where A is the number of nucleons, Z is the num-
ber of protons, and νe is an electron neutrino. 
Positron emission can only occur if the energy- 
equivalent of the mass difference between the 
daughter and parent atom is at least 1.022 MeV 
or twice the rest mass energy of an electron. The 
neutrino and positron are emitted with some ini-
tial kinetic energy with most of the energy of 
emission going to the positron. Since the amount 
of energy shared between the two particles var-
ies, there is a characteristic energy emission 
spectrum for the positron. If the minimum energy 
threshold is not reached, the decay mode will be 
electron capture instead of positron emission.

 The Positron Annihilation Process

PET detectors take advantage of the physics or 
positron annihilation for imaging purposes, in 
this section the physics of positron decay and 
annihilation are covered. Positrons are emitted 
with some initial kinetic energy as mentioned 
above. Since positrons rarely annihilate in transit, 
they must first slow down until they no longer 
have enough kinetic energy to overcome the 
Coulomb potential. As positrons travel, they 
gradually lose energy through positron–electron 
interactions known as Bhabha scattering. The 
distance traveled by the positron before annihila-
tion varies according to the positron energy and 
has a stochastic distribution that decreases as a 
bi-exponential function of distance from the 
point of annihilation. The representative distance 
is called the positron range and is typically 
expressed as the root mean square (RMS) of the 
distribution—for example, see Table  1.1. Once 
sufficient energy is lost and the positron cannot 
overcome the Coulomb potential, the positron 
will combine with an electron and undergo an 

C. R. R. N. Hunter and R. A. deKemp
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Table 1.1 Common isotopes used in PET imaging [5–12]

Isotope Source
Positron abundance EMAX EMEAN

Decay
half-life Range (RMS)

Rangea

(FWHM)
Fraction MeV MeV Min mm mm

C-11 Cyclotron 0.99 0.96 0.39 20.4 1.2 2.8
N-13 Cyclotron 1.00 1.19 0.49 9.96 1.8 4.2
O-15 Cyclotron 1.00 1.72 0.74 2.07 3.0 7.1
F-18 Cyclotron 0.97 0.64 0.250 109.8 0.6 1.4
Cu-62 Generator 0.98 2.91 1.280 9.76 6.1 14
Cu-64 Cyclotron or reactor 0.19 0.653 0.278 762 0.7 1.7
Ga-68 Generator or cyclotron 0.89 1.90 0.83 67.7 2.9 6.8
Rb-82 Generator 0.96 3.35 1.40 1.26 2.6 6.1
Zr-89 Cyclotron 0.23 0.897 0.397 4740 1.3 3.1

aApproximate Gaussian FWHM = 2.355 × RMS

Positron decay

Bhabha scattering

Annihilation

β+

−0.5° −0.5°

+0.5° 0.5°

511 ke V γ  511 ke

+
γ  V

Fig. 1.1 Schematic of 
the positron decay and 
annihilation process

annihilation reaction whereby both particles are 
transformed into electromagnetic waves (pho-
tons). Most of the time the positron and electron 
have very little kinetic energy compared to their 
respective rest mass energy; thus, in order to con-
serve momentum, two photons with equal but 
opposite momentum are produced. This process 
is illustrated in Fig. 1.1.

Since the positron and electron may not be 
totally at rest when they annihilate, the photons 
will have a small angular deviation of about ±0.5° 
[13]. PET detectors rely on the collinearity of 
these two photons, which will be covered in 
detail in section “Radiation Detection and PET 
Detector Systems”.

 Important Isotopes Used in PET 
Imaging

One of the important advantages of PET imaging 
is that most of the positron emitting isotopes are 
the same (or similar to) elements commonly 

found in biology. Thus, PET tracers made from 
these isotopes can be made to perfectly reflect the 
biological function under investigation. 
Additionally, most PET isotopes have short half- 
lives compared to longer lived SPECT isotopes 
(e.g. technetium-99m has a 6-h half-life). This 
shortens the imaging time, the time between con-
secutive imaging studies (important for rest/
stress studies in cardiology), and improves 
dosimetry. A list of isotopes commonly used for 
PET imaging can be found in Table 1.1.

The isotopes C-11, N-13, and O-15 are limited 
to facilities with an on-site cyclotron due to their 
short half-lives. Other isotopes like F-18, Cu-64, 
and Zr-89 have half-lives that are long enough to 
be transported, and thus facilities that are within 
driving or flying distance of an off-site cyclotron 
can make use of these radioisotopes [14, 15].

The most common tracer with F-18 is made 
by replacing a hydroxyl (OH−) group in a deoxy-
glucose molecule with F-18 to form 2-deoxy- 
2-[F-18]fluoro-d-glucose (FDG). The FDG tracer 
acts as an analogue of glucose and is useful for 

1 Cardiac Positron Emission Tomography Basics
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characterizing tissues with increased glucose 
uptake such as fast-growing tumor cells or isch-
emic tissues which have switched to anaerobic 
glycolysis.

 Radiation Detection and PET 
Detector Systems

The goal of nuclear medicine imaging is to assess 
a particular biochemical process occurring within 
a patient. This can be used to measure abnormal 
tissue growth for oncology, blood flow to the 
heart for cardiac imaging, uptake in regions of 
the brain to look for cerebral diseases, and many 
more biochemical processes. All this is accom-
plished by measuring the radiative emissions 
from an unstable isotope within a patient. The 
source is a radioactive isotope-labeled molecule 
or radiopharmaceutical (called a radiotracer) that 
has the necessary chemical properties to follow 
the biological process under investigation and is 
injected into the patient in small amounts. In 
order to put these radiative emissions in a usable 
format, the angular information of the photons 
must be quantized (i.e. grouping all photons at 
the same angle together, also known as collimat-
ing) to form projection information, the details of 
which will be discussed later in this chapter. 
Various tomographic image reconstruction algo-
rithms can then be used to produce a 3D repre-
sentation of the tracer distribution throughout the 
patient for a particular time period. To collimate 
the incident photons, a physical collimator such 
as those used in single-photon emission tomogra-
phy (SPECT) can be used. Physical collimation 
works by using a dense material like lead or tung-
sten to reject (through absorption) photons that 
have too high an incident angle. Since the rejected 
photons are absorbed by the collimator, they are 
lost forever which has a detrimental impact on 
sensitivity.

PET detectors take advantage of the physics of 
positron annihilation. Positron annihilation pro-
duces two photons with a 180° angular separa-
tion; thus, “electronic” collimation is naturally 
built into the imaging physics for PET. Older 2D 
PET systems included physical collimation 

between axially adjacent detector rings. To colli-
mate the emissions within the trans-axial planes, 
detectors placed around the radiation source only 
need to look for coincident events. The angular 
information needed to form the projection infor-
mation is determined from the line of response 
connecting two detectors, thus collimation is 
inherently built into the PET detector system.

 Scintillation Detectors

All modern PET scanners use a system of crystal 
detectors arranged as a ring around the patient. 
The detectors have important properties for 
detecting and discriminating photons that ema-
nate from the patient. Early PET detectors con-
sisted of an array of Nal(Tl) crystals. These were 
gradually replaced with BGO, then LSO and 
LYSO scintillation crystal radiation detectors [2, 
16]. Regardless of what crystal detector is used, 
all have some common properties. That is, all 
detector crystals used for PET imaging have high 
stopping power for the 511 keV photons emitted 
from a positron annihilation event and all are 
scintillation crystals.

Scintillation is a process whereby a higher 
energy photon is absorbed and converted into a 
number of lower energy photons called scintil-
lation photons or scintillation light. The total 
energy of all the low energy photons will be pro-
portional to the total energy deposited by the 
high energy photon assuming no losses. 
Therefore, the energy of the incident high 
energy photon can be measured by the amount 
of scintillation light generated. Thus, the ideal 
detector would convert all the incident photon 
energy into scintillation light. To facilitate this, 
scintillation crystals are chosen from materials 
that are transparent to scintillation light, in order 
to collimate the scintillation light, and have a 
high probability for 511 keV photons to interact 
via the photoelectric effect to absorb all the pho-
ton energy. Accurate measurement of the energy 
of the incident photon is necessary in order to 
remove noise from spurious photons (photons 
not originating from an annihilation event) 
interacting with the detector.

C. R. R. N. Hunter and R. A. deKemp
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Energy

Recombination

Migration

Valence Band

LuminescenceTransportConversion
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Fig. 1.2 Diagram of band-gap structure, production of electron–hole pairs during conversion, migration of electron–
hole pairs during transport, and recombination resulting in emission of photon

Scintillation is a three-stage process: conver-
sion, transport, and luminescence [17, 18]. 
Scintillation crystals have a band-gap structure 
similar to a semiconductor consisting of a valence 
band, conduction band, and a forbidden region 
(band-gap)—see Fig. 1.2. During the conversion 
process an incident photon (γ) interacts with the 
scintillation crystal, the energy is deposited in the 
crystal through interactions such as Compton 
scatter and the photoelectric effect. Compton 
scatter results in only part of the energy of the 
incident photon deposited, whereas with the pho-
toelectric effect the entire photon is absorbed. 
This process produces an electron–hole pair in 
the crystal lattice, with the electron promoted to 
the conduction band and the valence band is left 
with a deficit of charge. In the case of the photo-
electric effect, the deficit will be in the innermost 
shell of the atom, leaving the atom in an unstable 
state. This atom will stabilize when an electron in 
the outer shell falls to the inner shell and will pro-
duce a characteristic X-ray and/or auger elec-
trons. These characteristic X-rays then go on to 
interact with the scintillator and can excite 
loosely bound electrons to form additional elec-
tron–hole pairs in the crystal lattice. High energy 
electrons also interact with other electrons via 
scatter and promote some to the conduction band. 
The culmination of these effects can result in 
multiple electrons being promoted to the valence 
shell resulting in multiple electron–hole pairs, in 
a process called conversion. Due to the band-gap 

structure of the crystal, only electrons that absorb 
the minimum energy defined by the band-gap 
energy will be promoted from the valence band to 
the conduction band. Electron–hole pairs will 
migrate through the crystal and lose some energy 
due to non-radiative re-combinations (quench-
ing) during the transport stage which reduces the 
efficiency of the crystal. Doping agents are added 
to the crystal in order to produce multiple traps 
within the crystal lattice with energy levels in the 
forbidden region (band-gap) range. During the 
luminescence stage, electron–hole pairs within 
the traps recombine and photons with the charac-
teristic scintillation light are produced. This pro-
cess is illustrated in Fig. 1.2 [17, 18].

The properties of scintillation crystals that are 
important to PET imaging are summarized in 
Table 1.2 [19]. The detector efficiency describes 
how well the crystal converts the deposited pho-
ton energy into electron–hole pairs. Having a 
scintillator with high efficiency will improve 
energy resolution and make detection of the pho-
ton more accurate. The process from conversion 
to luminescence takes a finite amount of time. If 
a second photon interacts during this process, the 
light from the second event will be added to the 
first causing a pile-up effect. Since this process is 
very fast (≈40 ns for LYSO) this effect is only 
important for high count rates. If the crystals 
have a high light output, the physical sizes of the 
crystals can be made smaller, which increases 
spatial resolution. In addition, it is easier to man-

1 Cardiac Positron Emission Tomography Basics
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Table 1.2 Desirable characteristics of a PET scintillation 
crystal [19]

Crystal property Effect
High conversion 
efficiency for electron–
hole pair production

High γ-ray detection 
efficiency

Fast light decay time Low pile-up/good 
coincidence timing

High light output Large number of crystals 
per PMT
Good energy resolution for 
rejection of scattered 
photons

Scintillation light 
wavelength near PMT 
response

High detection quantum 
efficiency for collection of 
scintillation photons

Transparent to 
scintillation light

Good transport of light 
output to PMT

Same index of refraction 
as PMT coupling

Good optical coupling to 
PMT

Resistant to radiation Stable response over time
Non-hygroscopic Easier to package crystals
Physically rugged Easier to produce smaller 

crystal elements

ufacture small crystals if the material is more 
rugged. The energy resolution for the 511  keV 
photons should be as high as possible; thus, scin-
tillation crystals tend to be dense so they primar-
ily interact via the photoelectric effect to fully 
absorb the energy of the incident photon. It is 
important that the scintillation light has a 
 wavelength matched to the PMT response, the 
PMT coupling has the same index of refraction as 
the crystal, and that the crystal is transparent to 
the scintillation light to avoid optical losses. 
Materials exposed to radiation degrade over time; 
therefore, it is important for scintillation crystals 
to be radiation resistant to increase stability and 
longevity. Since some crystals such as NaI(Tl) 
deteriorate when exposed to moisture (hygro-
scopic), non-hygroscopic crystals are more desir-
able since they do not need an air-tight seal.

Scintillation crystals such as BGO can be sen-
sitive to damage by ultraviolet (UV) light and 
must be shielded, and the ambient temperature 
can change the detector efficiency. In addition, 
scintillation light is in the visible (blue) spec-
trum, thus ambient light would interfere with the 
measurement of radiation. Therefore, scintilla-

tion crystals are packaged to protect them from 
the environment and typically a mylar sheet is 
placed in front of the crystal to block ambient 
light. The transparent scintillation crystals act 
like optical light guides which carry the scintilla-
tion photons to the photomultiplier tubes (PMT). 
This relies on total internal reflection; however, 
some photons escape the crystal and due to fact 
that the emission of scintillation light is isotropic 
some do not travel towards the PMT. Depending 
on crystal size, a BGO crystal can lose up to 40% 
of the scintillation light and for LYSO it can be 
up to 50% [16]. Typically, a detector is formed 
from crystal arrays each made from a single 
block of crystal with grooves cut to form a 2D 
array of crystals. The grooves are not cut entirely 
through the crystal block and are filled with 
Teflon to protect the crystal arrays. A typical 
arrangement involves coupling 4 PMTs to a sin-
gle crystal detector (2D array) block [20]. Since 
the grooves are not cut entirely through the crys-
tal some crosstalk between the PMTs is allowed 
and used for position determination.

 Photomultiplier Tubes (PMTs)

The light output from the scintillation process is 
too low to be measured directly and must be 
amplified prior to being quantified. Scintillation 
photons are directed by the crystal to the photo-
multiplier tube (PMT) where they interact with 
the photo-cathode. When scintillation photons 
interact with the photo-cathode they liberate an 
electron which is ejected through a focusing elec-
trode and accelerated towards the first dynode. 
There are a series of successive dynodes held at 
ever-increasing voltage potentials which causes 
more electrons to be accelerated and thus greatly 
amplifies the signal. The final signal is measured 
by an electric circuit to record the amplitude of 
the pulse, the whole process is illustrated in 
Fig. 1.3 [21].

One of the limitations of PMTs is that they 
cannot be used in an environment where high 
magnetic fields are present such as those utilized 
in magnetic resonance imaging (MRI). In addi-
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detector block
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electrode
primary
electron

photo
cathode

scintillation
photons

photomultiplier tube

γ β−

Fig. 1.3 Schematic of a photomultiplier tube with detec-
tor block attached

Pre-Amplifier

Output

SiPM

Rs

Rq

ADP

Vbias

γ

Fig. 1.4 SiPM photomultiplier circuit diagram. The 
SiPM is made up of an array of ADP semiconductors 
operated in the Geiger-Muller mode. Gamma rays deposit 
energy into the ADP semiconductors producing electron–
hole pairs [25]

tion, PMTs are expensive relative to their surface 
area which increases the cost of PET detector 
systems. Due to the fact that PMTs are bulky it 
would be impractical to couple a PMT to indi-
vidual crystal detectors which is why detector 
blocks are used instead. Finally, PMTs have lim-
ited detection quantum efficiency (~35% for 
PMTs vs. 80% for SiPM) which is the proportion 
of incident light photos converted into electrons 
[22–24]. Therefore, to improve PET imaging and 
couple PET with MRI a different method of sig-
nal amplification is required. Recent develop-
ments in semiconductor technology have offered 
a solution in the form of silicon photomultipliers 
(SiPMs). SiPMs are also commonly called single- 
photon avalanche diode (SPAD) arrays, but are 
also known by the following terms: solid-state 
photomultiplier (SSPM), pixelated Geiger-mode 
avalanche photon detector (PPD), multipixel 
Geiger-mode avalanche photodiode (GM-APD 
or G-APD), or multipixel photon counter 
(MPPC). SiPMs are made up of an array of 
single- photon avalanche photodiodes (APD) 
operating in the Geiger-muller mode. When a 
sufficient voltage is applied to an ADP a large 
electric field is generated. When a photon inter-
acts with the ADP a charge is created and due to 
the electric field any charges in this field will be 
accelerated; this creates more electron–hole pairs 
and multiplies the signal via this “avalanche” of 
charges. These charges then produce an output 
pulse that is proportional to the number of scintil-

lation photons that interacted with the APD. The 
gain of an ADP (and thus SiPM) varies as a func-
tion of the temperature and must be temperature 
controlled; however, SiPMs are insensitive to 
magnetic fields which is useful for PET/MRI 
applications and have excellent timing character-
istics for time-of-flight PET imaging [25, 26].

A circuit diagram for a SiPM is shown in 
Fig. 1.4. The SiPM is made up of a parallel array 
of a large number (102 to 105) of ADP semicon-
ductors with a voltage applied in the reverse bias 
direction (Vbias) [25]. This reverse bias voltage 
(typically <100  V) puts the ADP in a Geiger- 
Muller mode as discussed previously [22]. Each 
ADP is in series with a quenching resistor (Rq) 
which sets the restoration time for the SiPM to 
return back to the Geiger-Muller mode following 
detection of scintillation light. The output voltage 
from the SiPM is read across a shunt resistor (Rs) 
and the final signal is amplified with a 
pre-amplifier.

 The PET Camera

In a vacuum, photons travel at the speed of light 
(≈3 × 108 m/s or 30 cm/ns). Thus, a photon would 
take 2 ns to travel the distance for a PET detector 
system with a diameter of 60 cm. Positron anni-
hilation produces two gamma rays of equal 
energy (511  keV) but opposite direction (with 
180° separation) as previously discussed. These 
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photons are highly penetrating to human tissues 
due to their high energy, so we expect them to 
escape the body. Due to their fast speed, it is 
expected that if both photons interact with the 
detector, they will interact at roughly the same 
time.

Radioactive tracers produce many decay 
events within the patient that occur simultane-
ously. This in turn produces many photon detec-
tions per second depending on the activity within 
the field of view. The measured coincident  signals 
are then amplified with photomultiplier tubes and 
checked for coincident timing as illustrated in 
Fig. 1.5—recreated from [27].

Signals from the PMT are transformed by a 
pulse generator into a sharp pulse with an 
amplitude proportional to the deposited energy. 
Photons that arise from events like electron 
capture and other interactions within the body 
and photons that do not correspond to an anni-

hilation event may still interact with the detec-
tor crystal. Also, annihilation photons may not 
deposit the same amount of energy in the crys-
tal due to imperfect energy deposition and 
variations in detector efficiency. Therefore, 
pulses from the pulse generator are selected 
using an energy threshold to decide if a photon 
is likely due to an annihilation event as shown 
in Fig. 1.6 [21].

If the pulses are accepted, they are then fed 
into a gate-pulse generator, which transforms the 
pulses into a square wave which has a width that 
is twice the coincident timing window (2τ), but 
preserves the timing difference between the two 
peaks. Since there is no way to discriminate 
between the emission of two separate annihila-
tion events, a coincidence timing window is used 
to reject or accept a measured coincidence as 
shown in Fig. 1.7 [21]. The final detected events 
are then recorded and stored.

Computer Analysis
and Storage

Gate-Pulse
Generator

Pulse
Generator

Gate-Pulse
Generator

Logic
Unit

Pulse
Generator

PMT
PMT

PMT
PMT

Annihilation Event

2τ 2τ

Fig. 1.5 Coincident 
timing circuitry
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t1 t2

Fig. 1.6 Example pulses from the pulse generator. These 
pulses are within the energy window and are accepted as 
coincident events [21]
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Fig. 1.7 Prompt coincident timing window showing two 
cases: (a) example pulses are not in coincidence and are 
rejected and (b) example of pulses in prompt coincidence 
[21]
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 Data Acquisition, Projections, 
and Sinograms
A small point source in the field of view will pro-
duce several emission lines from coincident 
events at various angles. If we restrict observa-
tion to a single trans-axial plane and plot the dis-
placement from the center of the scanner as a 
function of angle from the horizontal, the dis-
placement will trace out a sinusoidal function as 
shown in Fig.  1.8—recreated from [28]. 
Collection of these displacements grouped by 
angle and stacked is therefore called sinograms 
and will be described later.

The detector block and thus the rings in a PET 
scanner are stacked axially as shown in Fig. 1.9—
recreated from [21]. Older 2D-mode scanners 
had thin tungsten septa between the detector 
rings for attenuation of photons between the 
trans-axial planes. 2D reconstruction limited the 
axial angles for coincidence detection to these 
separate trans-axial planes. This design helped to 
reduce scatter between image planes but at the 
cost of lower sensitivity since photons are highly 
absorbed in dense tungsten. Due to advance-
ments in 3D image reconstruction (e.g. Fourier 
re-binning, iterative statistical methods, and 
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model-based scatter correction) physical colli-
mation has become unnecessary and modern 
PET scanners no longer have any tungsten septa.

Each line of response has an axial and trans- 
axial angle determined by the crystal geometry. 
Lines of response with a common angle (parallel 
lines of response) are grouped together into a 
projection. Projections can then be stacked in 
increasing angular displacement along the radial 
axis into a data structure called a sinogram as 
shown in Fig. 1.10 (recreated from [29, 30]). A 
1D projection is a summation of all counts (coin-
cident events) for all lines of response at the same 
angle. In Fig. 1.10, part A shows 1D projections 
at 0° and −45°. A full sinogram is made up of all 
projections for all angles (full 180° from −90° to 
+90°) and contains all projection information for 
a single slice (or plane) within the axial length of 
the scanner. Sinograms for all slices (including 
the oblique angles) are stacked in a 3D matrix for 

form a 3D sinogram. An angular projection as 
shown in Fig. 1.10, part B is formed by stacking 
all 1D projections for all slices at a common 
angle, where the heart wall is clearly visible in 
the projection image as a horse-shoe or donut 
shape.

In Fig. 1.10, part A shows this function with 
lateral displacement “L” along an angular vector 
ℓ at angles at 0° and −45°. An example of the 
projection profile is also shown.

A summary of various scanner geometries is 
given in Table 1.3, which shows scanners using 
BGO, LSO, and LYSO scintillation crystals. The 
GEHC Advance and Discovery 690 (D690) scan-
ners both use PMTs, whereas the Siemens 
Biograph Vision 600 (V600) uses the newer sili-
con photon multiplier tubes (SiPMs). Due to the 
superior properties of LYSO scintillation crystals 
compared to BGO crystals, the D690 scanner has 
smaller crystal elements than the Advance. The 
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Fig. 1.10 Lines of 
response at the same 
angle grouped together 
at 0° and −45° shown in 
(a). Stacking all the 
grouped sinograms by 
angle forms a single 
sinogram, as shown in 
(b). If we take a single 
projection at an angle 
for all trans-axial slices 
we get the stacked 
projection view (right 
side of (b))
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Table 1.3 Example PET scanner designs

Model

GEHC
Advance
[30]

GEHC
Discovery 690
[31]

Siemens
Vision 600
[32, 33]

Approximate year 1995 2010 2020
Crystal block arrangement 6 × 6 9 × 6 5 × 5
(trans-axial × axial)
Detector crystal size (mm3) 4.0 × 8.1 × 30 4.2 × 6.3 × 25 3.2 × 3.2 × 20
(trans-axial × axial × depth)
Number of detector rings 18 24 80
Detector crystals/ring 672 572 760
Axial FOV (cm) 15.2 15.7 26.3
Ring diameter (cm) 92.7 81.0 82.0
Detector crystal material BGO LYSO LSO
Photodetector type PMT PMT SiPM

PMT
PMT

PMT
PMT

Fig. 1.11 Representation of a scatter coincidence. 
Emission occurs at a point within the heart (blue circle) 
and one of the 511 keV photons scatters in the bone of a 
rib. The recorded line of response (blue) is mispositioned 
as it does not intersect with the point of annihilation

V600 scanner has even smaller crystal sizes than 
either the Advance or D690 due to further 
advances in technology such as SiPM photode-
tectors. Typical reconstructed image matrix sizes 
range from 128 to 880 pixels, for example, on the 
V600, with the Advance having 35 trans-axial 
slices, the D690 having 47 slices, and the V600 
having 159 slices.

 Correction for Physical Effects 
and Image Reconstruction

When positron annihilation results in two (unscat-
tered) photons being detected by the PET system 
this is known as a true coincidence, as shown in 
Fig. 1.5. However, the physical effects of photon 
scatter, absorption, and unpaired (accidental or 
chance) detection will lead to false coincidences 
such as scatter, random, and cascade gamma 
coincident events. Any two photons detected 
within the prompt coincidence time window 
(Fig.  1.7b) are called prompt coincident events 
and include all the true, random, scatter, and cas-
cade gamma events. Ideally, the recorded true 
events count rate should be directly proportional 
to the isotope activity concentration. However, 
because the PET scanner records all photon pairs 
in the prompt coincidence window, the contami-
nating effects of attenuation, scatter, randoms, 
and prompt-gamma coincidences must be 
removed for accurate measurements of isotope 
concentration.

 Correction for Scatter Coincident 
Events

When one of the annihilation photons under-
goes Compton scatter but both photons are 
detected as valid annihilation photons, it pro-
duces a line of response that does not intersect 
the point of annihilation as shown in Fig. 1.11. 
We call this a scatter coincidence and, depend-
ing on the object size and acquisition mode (2D 
vs. 3D), scatter events can make up 20–80% of 
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all measured prompt events. Therefore, scatter 
events are a significant source of noise for PET 
imaging.

High angle scatter events (approaching 90°) 
would produce photons that approach half their 
initial energy (255.5 keV) and would therefore be 
outside the energy window of the detector and are 
rejected. Therefore, most scattered coincidences 
result from relatively small angle scatter events 
and therefore only produce a small offset from 
the true annihilation position. A narrower energy 
window can be used to reject more scatter, but at 
the expense of reduced sensitivity to true (i.e. 
unscattered) photons.

The most common scatter correction method 
is the simulated single scatter (SSS) algorithm 
proposed independently by Watson et  al. and 
Ollinger et al. in 1996 [34, 35]. Multiple scatter 
events occur far less frequently than single scat-
ter events so the SSS algorithm assumes that 
most scatter events occur due to a single 
Compton interaction. Since multi-scatter events 
are not negligible, these are accounted for by 
convolution of the single-scatter distribution 
with a one- dimensional Gaussian kernel. The 
Klein-Nishina formula is used to simulate single 
scatter events that occur along each line of 
response (LOR). The process begins after ran-
dom and dead time corrections where an initial 
estimate of the scatter is made using a back-pro-
jection of the emission data at low resolution 
(sometimes as low as 1 cm3 voxel volume). To 
scale the images to the true activity concentra-
tion, a normalization factor is estimated from 
the tails of the scatter outside the body contour, 
this is illustrated in Fig. 1.12. Typically, the ini-
tial estimate is used in  conjunction with iterative 
reconstruction (to be discussed later in this 
chapter) by incorporating the SSS estimate in 
the forward projection component of the 
reconstruction.

Accurately modeling and determining scatter 
in the patient requires a priori knowledge of both 
the scattering medium and the emission distribu-
tion making scatter correction one of the most 
difficult PET corrections to implement.

 Correction for Random Coincident 
Events

When two photons from different annihilation 
events are detected by the system and recorded as 
a coincident event, the line of response does not 
correspond to the point of annihilation as shown 
in Fig. 1.13. These events are known as random 
coincident events and have a nearly uniform dis-
tribution for objects centered in the field of view.
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Fig. 1.12 Example of a sinogram profile (black solid 
line) and estimated scatter from the tails of data (red dot-
ted line) outside the object used in the SSS estimate for 
scatter correction

PMT
PMT PMT

PMT

Fig. 1.13 Representation of a random coincidence. The 
blue line is the recorded line of response which is mispo-
sitioned as it does not intersect with either point of 
annihilation
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The probability of a random coincidence 
increases with higher levels of activity. The 
delayed coincidence method is the most com-
monly used method used to correct for random 
coincidences. This method uses a dual coinci-
dence circuit where a second circuit has a delay 
in the coincidence timing to measure the delayed 
coincidences. The timing of the delay is set such 
that true coincidences will not be detected and 
only randoms are measured in the delayed win-
dow. Random events cannot be removed from the 
scan data and create a background noise in the 
final images. However, the bias in the measured 
activity concentration of the image can be cor-
rected to produce quantitative images in units of 
activity concentration.

 Correction for Cascade Gamma 
Coincident Events

Some radioactive isotopes produce a high energy 
gamma ray called a cascade gamma simultane-
ously with the emission of a positron, and this 
cascade gamma may be detected by the PET 
detector system. For example, about 15% of the 
time Rb-82 will emit a 776.5 keV gamma ray (in 
addition to the positron), which can scatter and 
fall within the energy window for acceptance 
[36]. Cascade gammas (sometimes called prompt 
gammas) are emitted from the nucleus, whereas 
annihilation photons are emitted from the site of 
annihilation which could be some distance away 
from the decay event due to the positron range. If 
a cascade gamma is detected in coincidence with 
another photon, it is called a cascade gamma 
coincident event, as illustrated in Fig. 1.14.

While random coincidences occur due to two 
separate decay events with some temporal sepa-
ration, cascade coincidences will be correlated in 
time with the positron annihilation gamma pho-
tons since they occur at nearly the same time; 
thus, the delayed window random correction 
technique does not correct for cascade events. 
The line of response from cascade gamma coinci-

dences is shifted from the true annihilation loca-
tion and has a uniform noise distribution similar 
to random coincidences and thus needs to be cor-
rected. The uniform distribution is a result of the 
fact that cascade emissions are isotropic and not 
correlated with the annihilation photon orienta-
tion [36].

Cascade gamma correction is often combined 
with scatter correction. Sinograms are first cor-
rected for randoms, attenuation, and dead time, 
then the shape of the cascade gamma distribution 
is estimated from a cascade gamma compensa-
tion (CGC) kernel and the shape of the SSS dis-
tribution is determined. Sinograms are masked to 
select activity outside the body contour which is 
assumed to contain only scatter and cascade 
gamma coincident events. Data outside the body 
is then fit to a combination of the CGC and SSS 
distributions, and after scaling these are sub-
tracted from the data to produce a sinogram cor-
rected for scatter and cascade gamma 
coincidences [36].

PMT
PMT

PMT
PMT

Fig. 1.14 Representation of a cascade gamma coinci-
dence. The green line is the cascade gamma ray, the red 
line represents the colinear annihilation gamma rays, and 
the blue line is the recorded line of response which is mis-
positioned as it does not intersect with the point of 
annihilation
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 Correction for Detector Dead Time 
and Pulse Pile-Up

After a photon interacts with the scintillation 
crystal there is a time interval where the scintil-
lation light is produced, converted into an elec-
tronic pulse, and finally into the square wave 
gate-pulse as shown in section “Radiation 
Detection and PET Detector Systems”. If a sec-
ond photon interacts with the detector while the 
first photon is still being processed, the second-
ary photon will not be detected. The electronic 
circuitry takes a finite time to integrate the 
incoming signal from the detector. During this 
time, any subsequent signals from the PMTs 
cannot be processed and the detector is effec-
tively “dead” for a period of time known as the 
detector dead time. If the second photon occurs 
early during the detection process (before inte-
gration) the second photon is indistinguishable 
from the first photon and both photons are inte-
grated together, according to the total energy 
absorbed. This combines the signal of the first 
photon to the signal of the second and is known 
as pulse pile-up.

The conversion time in scintillation takes 
<1 ps and is not a significant source of pile-up; 
however, there is a significant delay from trans-
port to luminescence due to the time it takes to 
recapture the electron–hole pairs. The total decay 
time from conversion to luminescence (also 
known as the crystal response time) for BGO 
scintillation crystals is 300 ns and 40 ns for LYSO 
[37–39].

To illustrate the effect of detector dead time, 
Fig.  1.15 shows the ideal (true coincidences) 
count rate vs. the measured count rate. At low 
activities there are very few dead time or pile-up 
events; thus, the measured count rate and ideal 
count rate are almost the same and behave like a 
linear function. The ideal detector would have a 
linear response for all levels of activity, but due to 
events lost to detector dead time and to increase 
in random events, the coincidence count rate 
drops off at high activity levels. At high count 
rates the system response can become saturated 
where any further increase in total activity results 
in little to no increase in count rate.

Dead time effects are classified as paralyzable 
or non-paralyzable and illustrated in Fig.  1.16. 
The circuitry used for coincidence detection 
needs time to reset which creates non-paralyzable 
dead time. During non-paralyzable dead time the 
detector is insensitive to photon interactions for a 
fixed period of time, and any pulses arriving dur-
ing this time are discarded. Paralyzable dead time 
is more complex since pulses arriving during the 
dead time effectively reset the integration clock, 
extending the length of the dead time. This pro-
cess can continue to increase to a point where no 
additional photons are detected. All photons 
detected during this process are integrated 
together. PET detectors systems often consist of a 
combination of both paralyzable and non- 
paralyzable dead time effects.

The prompt coincidences (trues (T)  +  ran-
doms (R) + scatter (S)) will have the same dead 
time losses as the randoms in a delayed window 
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Fig. 1.15 Coincident count rate measurement as a func-
tion of activity in the scanner field of view, according to 
paralyzable and non-paralyzable dead time models. The 
ideal count rate (no dead time losses) would be linear 
increasing in proportion to total activity
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Fig. 1.16 Examples of paralyzable and non-paralyzable 
dead time responses. Length of dead time is extended for 
the paralyzable case when subsequent pulses arrive close 
enough together
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since both are acquired from timing windows of 
the same length. Randoms can be removed using 
a delayed window leaving just T + S and should 
be proportional to the activity in the field of view 
following dead time correction.

The effect of dead time on the true count rate 
(T), randoms count rate (R), scatter count rate (S), 
and prompt count rate (T + R + S) is shown in 
Fig. 1.17. At low activity levels the randoms rate 
is lower than the scatter and/or trues rate and 
increases linearly with activity. For higher activ-
ity levels dead time becomes more significant; 
therefore, the randoms count rate will dominate. 
At very high activities, all measured count rates 
will decline as the system becomes saturated 
since the system bandwidth is reached.

Scanners can have paralyzable, non- 
paralyzable, or a combination of both dead time 
effects. For instance, the older GE Advance can 

be modeled by two paralyzable dead times, one at 
the individual crystal level (332 ns) and one at the 
block level (625 ns), whereas the GE D690 has a 
200 ns paralyzable dead time at the block level 
(where pile-up occurs) followed by 200 ns non- 
paralyzable dead time required for the detector 
circuit to reset. Measured data is adjusted accord-
ing to these system models to produce images 
where the corrected (trues) count rate is propor-
tional to the isotope activity concentration. 
Modern scanners take advantage of fast comput-
ers and data transfer speeds, enabling high coin-
cidence bandwidth limit (e.g. 1Gbit/s network 
data transfer rate can support ~15  Mcps using 
64-bit event words) [40]. Newer scanners with 
extended axial field of view such as the 
EXPLORER (United Medical Imaging) and 
QUADRA (Siemens) have such high sensitivity 
that the injected activity must be limited to avoid 
uncorrectable dead time effects that will occur 
when the coincidence bandwidth is exceeded.

 Correction for Photon Attenuation

As photons travel through the tissue medium 
some photons are absorbed or scattered out of the 
scanner field of view. These photons are removed 
from the detector system which causes a loss of 
counts. If this loss is not accounted for, the mea-
sured activity concentration in the patient would 
be underestimated. Reconstructed PET images 
before and after correction for attenuation are 
shown in Fig. 1.18.
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Fig. 1.17 Count rate measurement of true, scatter, and 
random events as well as total prompt coincident 
(T + R + S) events as a function of activity in the PET field 
of view

Coronal

Uncorrected

Transverse

Corrected

SagittalFig. 1.18 PET images 
reconstructed without 
(top) and with (bottom) 
attenuation correction. 
The apparent 
distribution of tracer 
activity is markedly 
altered in the 
uncorrected images
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Fig. 1.19 ACF sinogram for a simulated heart scan (left) 
and projection view at a single angle (right). The ACF val-
ues are unit-less scalars used as a multiplicative correction 
of the recorded true coincidences

Modern PET systems include a computed 
tomography (CT) scanner for patient positioning 
and attenuation correction purposes. A secondary 
use for the CT is to correlate the regions of tracer 
uptake with the anatomical location of organs in 
the body. A CT produces a rotating X-ray source 
around the patient and measures the intensity of 
the photons that travel through the patient to a 
detector on the other side. This creates projection 
images of photon attenuation in Hounsfield units 
(HU) but can be converted to units of photon 
attenuation for 511  keV photons. Thus, CT 
images can be directly used to calculate the atten-
uation correction factor (ACF). CT projections 
can be stacked to form a multiplicative ACF sino-
gram for correction of PET sinograms as shown 
in Fig. 1.19 [41, 42].

 Intrinsic and Reconstructed Spatial 
Resolution

In imaging, the minimum separation distance 
between two objects where both objects are dis-
tinguishable from each other is known as the 
spatial resolution. The assumption in PET imag-
ing is that the lines of response correspond to the 
tracer position (decay events); however, due to 
positron range the resultant line of response 
(LOR) between two crystals may not cross the 
point of decay. This difference between the 
decay and annihilation positions adds a blurring 
effect to the reconstructed images, thereby 
reducing image resolution. Short-lived isotopes 
have more energetic positrons with correspond-

ingly larger positron ranges and thus lower 
image resolutions (Table 1.1). In addition, when 
positrons annihilate there may be some residual 
angular momentum which causes a ±0.5° angu-
lar distribution (non-collinearity) in the emission 
angles that can cause a small loss in image reso-
lution (Fig. 1.1).

Annihilation photons are highly penetrating 
and if the incident angle to the crystal is not 90° 
it may penetrate the initial crystal and deposit 
some or all of its energy to the adjacent crystal. 
Crystal penetration causes the LOR to be assigned 
to the wrong crystal, which causes an asymmetric 
blurring effect in the radial direction. This effect 
becomes more pronounced for emissions nearer 
the edge of the detector ring.

 Image Reconstruction 
from Projections

PET and CT imaging relies on the mathematics 
of tomographic image reconstruction which takes 
projection information and reconstructs an esti-
mate of the 2D (or 3D) object. A projection is a 
collection of LOR at the same angle but with a 
spatial distribution across the object, i.e. span-
ning an image plane. In PET, a LOR is a summa-
tion of all coincident events that occur between 
two detectors. Reconstruction of projection 
information was first proposed by Johan Radon 
in 1917 and first applied to image reconstruction 
in 1956 [27, 43].

 Filtered Back-Projection

The mathematical principles of image recon-
struction start with the radon transform. By 
extending the radon transform with the projec-
tion slice theorem we can develop the inverse 
Fourier transform that is used to reconstruct the 
image function called a back-projection. 
However, this requires filtering and is thus called 
filtered back-projection [29, 44]. Due to the fact 
that this is an analytical model, this reconstruc-
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Fig. 1.20 Example of the effect of the number of projection angles on image reconstruction. The image reconstructed 
using 100 and 500 projections is nearly identical to the original image

tion method is easy to implement and fast to 
compute. However, back-projection lacks any 
modeling of the physical characteristics of PET 
imaging such as noise and sometimes produces 
negative values in the reconstructed image. 
Furthermore, insufficient projection information 
can lead to streaking effects. The effect on the 
number of projections for a filtered back- 
projection reconstruction is shown in Fig. 1.20. 
When a single projection angle is used, there is 
just one projection back-projected onto a blank 
matrix. The reconstructed image converges to the 
true object as the number of projection angles 
increases, with little improvement beyond 100 
projection angles.

 Iterative Reconstruction

The probability of detecting a number of events 
from a radiative process follows a Poisson dis-
tribution. By extending the probability of detect-
ing a single event to the sum of all possible 
events and developing the maximum log-likeli-
hood function from this mathematical frame-
work, an iterative reconstruction algorithm is 
formed. Since this method takes into account 
the physics of radiation detection, noise can be 
accurately modeled as part of the reconstruc-
tion, and the reconstructed images do not suffer 
from streaking effects as seen with back-projec-
tion. In addition, a priori knowledge can be 
applied to remove the possibility of negative 
values in the reconstructed images. However, 
the algorithm is necessarily more complex and 
is therefore computationally expensive. 
Typically, clinical images are reconstructed 
using iterative reconstruction due to the advan-
tages highlighted above.

References

1. Derenzo SE, Budinger TF, Huesman RH, Cahoon JL, 
Vuletich T.  Imaging properties of a positron tomo-
graph with 280 Bgo crystals. IEEE Trans Nucl Sci. 
1981;28(1):81–9.

2. Jones T, Townsend D.  History and future technical 
innovation in positron emission tomography. J Med 
Imaging (Bellingham). 2017;4(1):011013.

3. Dirac PAM, Fowler RH.  A theory of electrons and 
protons. Proc R Soc Lond Ser Contain Pap Math Phys 
Character. 1930;126(801):360–5.

4. Anderson CD.  The positive electron. Phys Rev. 
1933;43(6):491–4.

5. Cattin P, Harders M, Hug J, Sierra R, Szekely 
G.  Computer-supported segmentation of radio-
logical data. In: Suri JS, Wilson DL, Laxminarayan 
S, editors. Handbook of biomedical image 
analysis. Segmentation models part B, vol. 2. 
Boston, MA: Springer US. p.  753–98. https://doi.
org/10.1007/0- 306- 48606- 7_14.

6. Zanzonico P.  Positron emission tomography: a 
review of basic principles, scanner design and per-
formance, and current systems. Semin Nucl Med. 
2004;34(2):87–111.

7. Anderson CJ, Ferdani R. Copper-64 radiopharmaceu-
ticals for PET imaging of cancer: advances in preclini-
cal and clinical research. Cancer Biother Radiopharm. 
2009;24(4):379–93.

8. Fujibayashi Y, Matsumoto K, Yonekura Y, Konishi J, 
Yokoyama A. A new zinc-62/copper-62 generator as 
a copper-62 source for PET radiopharmaceuticals. J 
Nucl Med. 1989;30(11):1838–42.

9. Zweit J, Goodall R, Cox M, Babich JW, Potter GA, 
Sharma HL, et  al. Development of a high perfor-
mance zinc-62/copper-62 radionuclide generator 
for positron emission tomography. Eur J Nucl Med. 
1992;19(6):418–25.

10. Jødal L, Le Loirec C, Champion C. Positron range in 
PET imaging: non-conventional isotopes. Phys Med 
Biol. 2014;59(23):7419–34.

11. Jødal L, Le Loirec C, Champion C.  Positron range 
in PET imaging: an alternative approach for assess-
ing and correcting the blurring. Phys Med Biol. 
2012;57(12):3931–43.

12. Conti M, Eriksson L. Physics of pure and non-pure 
positron emitters for PET: a review and a discussion. 
EJNMMI Phys. 2016;3(1):8.

1 Cardiac Positron Emission Tomography Basics

https://doi.org/10.1007/0-306-48606-7_14
https://doi.org/10.1007/0-306-48606-7_14


20

13. Derenzo SE, Budinger TF.  Resolution limit 
for positron- imaging devices. J Nucl Med. 
1977;18(5):491.

14. Nakazato R, Berman DS, Alexanderson E, Slomka 
P. Myocardial perfusion imaging with PET. Imaging 
Med. 2013;5(1):35–46.

15. Balsara RD, Chapman SE, Sander IM, Donahue DL, 
Liepert L, Castellino FJ, et al. Non-invasive imaging 
and analysis of cerebral ischemia in living rats using 
positron emission tomography with 18F-FDG. J Vis 
Exp. 2014;94:51495.

16. Ramirez RA, Wong W-H, Kim S, Baghaei H, Li H, 
Wang Y, et  al. A comparison of BGO, GSO, MLS, 
LGSO, LYSO and LSO scintillation materials for 
high-spatial-resolution animal PET detectors. In:  
IEEE nuclear science symposium conference record, 
vol. 2005; 2005. p. 2835–9.

17. Nikl M. Scintillation detectors for X-rays. Meas Sci 
Technol. 2006 Feb;10(17):R37.

18. Lecoq P.  Scintillation detectors for charged par-
ticles and photons. In: Fabjan CW, Schopper H, 
editors. Particle physics reference library: vol-
ume 2: detectors for particles and radiation. 
Cham: Springer; 2020. p.  45–89. https://doi.
org/10.1007/978- 3- 030- 35318- 6_3.

19. Melcher CL.  Scintillation crystals for PET.  J Nucl 
Med. 2000;41(6):1051–5.

20. Casey ME, Nutt R.  A multicrystal two dimensional 
BGO detector system for positron emission tomogra-
phy. IEEE Trans Nucl Sci. 1986;33(1):460–3.

21. Herman GT, Carvalho BM. Simultaneous fuzzy seg-
mentation of medical images. In: Suri JS, Wilson DL, 
Laxminarayan S, editors. Handbook of biomedical 
image analysis. Segmentation models part B, vol. 2. 
Boston, MA: Springer; 2005. p. 661–705. https://doi.
org/10.1007/0- 306- 48606- 7_12.

22. Roncali E, Cherry SR.  Application of silicon pho-
tomultipliers to positron emission tomography. Ann 
Biomed Eng. 2011;39(4):1358–77.

23. Marrocchesi PS, Bagliesi MG, Batkov K, Bigongiari 
G, Kim MY, Lomtadze T, et al. Active control of the 
gain of a 3 mm×3 mm silicon PhotoMultiplier. Nucl 
Instrum Meth Phys Res A. 2009;602:391–5.

24. Mirzoyan R, Laatiaoui M, Teshima M.  Very high 
quantum efficiency PMTs with bialkali photo- 
cathode. Nucl Instrum Meth Phys Res Sect 
Accel Spectr Detect Assoc Equip. 2006;567(1): 
230–2.

25. Dam H, Vinke R, Dendooven D, Loehner H, Beekman 
F, Schaart D. A comprehensive model of the response 
of silicon photomultipliers. Nucl Sci IEEE Trans. 
2010;57:2254–66.

26. Jha AK, van Dam HT, Kupinski MA, Clarkson 
E.  Simulating silicon photomultiplier response 
to scintillation light. IEEE Trans Nucl Sci. 
2013;30(1):336–51.

27. Radon J. On the determination of functions from their 
integral values along certain manifolds. IEEE Trans 
Med Imaging. 1986;5(4):170–6.

28. Fahey FH. Data Acquisition in PET Imaging. J Nucl 
Med Technol. 2002;30(2):39–49.

29. Prince JL, Links J. Medical imaging signals and sys-
tems. 1st ed. Upper Saddle River, NJ: Prentice Hall; 
2005. p. 496.

30. Turkington TG. Introduction to PET instrumentation. 
J Nucl Med Technol. 2001;29(1):4–11.

31. Bettinardi V, Presotto L, Rapisarda E, Picchio M, 
Gianolli L, Gilardi MC.  Physical performance of 
the new hybrid PET∕CT Discovery-690. Med Phys. 
2011;38(10):5394–411.

32. Anna M, Oddbjørn K, Live S, Erik EP. Quantitative 
comparison of PET performance—Siemens Biograph 
mCT and mMR. EJNMMI Physics. Goa. 2016;3(1):5. 
https://doi.org/10.1186/s40658-016-0142-7.

33. Kjærnes S, Birger ØL, Live A, Maria EA. Image 
quality and detectability in Siemens Biograph PET/
MRI and PET/CT systems—a phantom study. 
EJNMMI Physics. Karlberg. 2019;6(1):16. https://
doi.org/10.1186/s40658-019-0251-1.

34. Ollinger JM. Model-based scatter correction for fully 
3D PET. Phys Med Biol. 1996;41(1):153–76.

35. Watson CC, Newport D, Casey ME. A single scat-
ter simulation technique for scatter correction in 
3D PET. In: Grangeat P, Amans J-L, editors. Three- 
dimensional image reconstruction in radiology and 
nuclear medicine. Dordrecht: Springer; 1996. p. 255–
68. https://doi.org/10.1007/978- 94- 015- 8749- 5_18.

36. Moncayo VM, Garcia EV.  Prompt-gamma com-
pensation in Rb-82 myocardial perfusion 3D PET/
CT: effect on clinical practice. J Nucl Cardiol. 
2018;25(2):606–8.

37. Positron Emission Tomography. Clinical practice. 
Radiology. 2007;244(2):380.

38. Moszynski M, Kapusta M, Wolski D, Szawlowski 
M, Klamra W.  Energy resolution of scintillation 
detectors readout with large area avalanche photo-
diodes and photomultipliers. IEEE Trans Nucl Sci. 
1998;45(3):472–7.

39. ter Weele DN, Schaart DR, Dorenbos P. Scintillation 
detector timing resolution; a study by ray tracing soft-
ware. IEEE Trans Nucl Sci. 2015;62(5):1972–80.

40. Count rate lost model for D690. GE; 2015.
41. Ostertag H, Kübler WK, Doll J, Lorenz WJ. Measured 

attenuation correction methods. Eur J Nucl Med. 
1989;15(11):722–6.

42. Kinahan PE, Townsend DW, Beyer T, Sashin 
D. Attenuation correction for a combined 3D PET/CT 
scanner. Med Phys. 1998;25(10):2046–53.

43. Bracewell RN. Strip integration in radio astronomy. 
Aust J Phys. 1956;9:198.

44. Scudder HJ. Introduction to computer aided tomogra-
phy. Proc IEEE. 1978;66(6):628–37.

C. R. R. N. Hunter and R. A. deKemp

https://doi.org/10.1007/978-3-030-35318-6_3
https://doi.org/10.1007/978-3-030-35318-6_3
https://doi.org/10.1007/0-306-48606-7_12
https://doi.org/10.1007/0-306-48606-7_12
https://doi.org/10.1186/s40658-016-0142-7
https://doi.org/10.1186/s40658-019-0251-1
https://doi.org/10.1186/s40658-019-0251-1
https://doi.org/10.1007/978-94-015-8749-5_18


21

2Cardiac PET/MR Basics

Yoann Petibon, Chao Ma, Jinsong Ouyang, 
and Georges El Fakhri

 Introduction

Hybrid positron emission tomography (PET) and 
magnetic resonance (MR) (PET/MR) is rapidly 
gaining momentum as a powerful imaging 
modality for both clinical and basic research 
applications. The first clinical whole-body PET/
MR systems were FDA-cleared and installed in 
2010. Since then, the number of systems in use 
worldwide has grown steadily, with ~260 fully 
integrated PET/MRs installed globally at the end 
of 2020 (Fig.  2.1a). The expanding base of 
installed scanners in the last decade has been 
accompanied with very active research, both fun-
damental and clinical, with over 4250 articles 
referencing PET/MR by the end of 2020 
(Fig.  2.1b). At its most basic level, PET/MR 
combines the strengths of each modality, enabling 
imaging of physiology with the exceptional 
molecular sensitivity of PET complemented with 
the high-resolution structural information of MRI 
and its multitude of complementary functional 
(e.g., perfusion) and molecular (e.g., spectros-
copy) measurements. Besides the superior soft- 
tissue contrast of MRI as compared to computed 
tomography (CT) as well as its unique ability to 
probe tissue composition, the use of MRI as the 

anatomical complement to PET comes with the 
benefit of a lower effective radiation exposure in 
PET/MR as compared to PET/CT, which is a sig-
nificant advantage for pediatric applications and 
protocols that require serial imaging, e.g., for 
staging and monitoring response to therapy. 
Furthermore, the intrinsic spatial and temporal 
alignment of PET and MR data in fully integrated 
PET/MR machines can be exploited to perform 
MR-based motion correction of PET [1] and ana-
tomically guided PET reconstruction [2] for par-
tial volume effect correction and noise control, 
yielding substantial improvements in PET image 
quality and accuracy. Last but not least, simulta-
neous PET/MR offers opportunities to quantify 
physiological processes that would otherwise be 
difficult to assay with either modality alone as 
demonstrated in cardiac imaging with quantita-
tive mapping of mitochondrial membrane poten-
tial using a voltage-sensitive PET tracer and 
MRI-based measurement of myocardial extracel-
lular volume fraction [3–5].

PET/MR has been the subject of active inter-
disciplinary research aimed at developing solu-
tions for many of the physical (e.g., 
instrumentation) and practical (e.g., attenuation 
correction) challenges associated with this hybrid 
imaging modality. Furthermore, thorough 
research has been undertaken to take full advan-
tage of the unique opportunities (e.g., motion 
correction) of this imaging technique in specific 
clinical applications. The aim of this chapter is to 
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Fig. 2.1 (a) Number of PET/MR scanners installed worldwide. (Source: Siemens Healthineers, GE Healthcare, United 
Imaging). (b) Number of PET/MR publications. (Source: PubMed)

provide a brief overview of the challenges and 
opportunities associated with PET/MR, with a 
particular emphasis given to cardiac imaging 
applications. We also briefly present current clin-
ical applications as well as future directions in 
cardiac MR imaging in the context of PET/MR.

 PET/MR Instrumentation

The integration of PET and MRI scanners into a 
single machine represents a significant engineer-
ing achievement owing to the mutual interfer-
ences and crosstalk between the two systems [6, 
7]. Indeed, all components needed for the forma-
tion and acquisition of MR signals (e.g., static 
main magnetic field (B0), radiofrequency field 
(B1), and gradient fields) can affect the normal 
operation of standard PET detectors and elec-
tronics, therefore necessitating the development 
of specific MRI compatible instrumentation for 
combined PET/MR scanners. For example, the 
photomultiplier tubes (PMTs) that had tradition-
ally been used in PET detectors for signal ampli-
fication cannot be operated in the presence of 
even small magnetic fields, as electromagnetic 
forces perturb the movement of electrons down 
the chain of dynodes in the PMT and significantly 
impair its amplification power [6]. Integrated 
PET/MR scanners instead rely on a different type 
of photodetector technologies such as avalanche 

photodiodes (APDs) [8] or silicon photomultipli-
ers (SiPMs) [9], which are largely insensitive to 
magnetic fields. Likewise, the introduction of 
PET instrumentation (e.g., scintillation crystals, 
electronics, shielding) into the bore of the magnet 
can affect MRI data acquisition by distorting the 
B0 and B1 fields and the linearity of the gradient 
fields, resulting in image artifacts. For example, 
PET scintillation crystals that contain gadolinium 
such as LGSO (lutetium gadolinium orthosili-
cate) are not suitable for use in PET/MR due to 
their high magnetic susceptibility [10]. Hybrid 
PET/MR systems thus employ detectors made 
with materials such as lutetium-yttrium oxyor-
thosilicate (LYSO). There are also physical con-
straints associated with integrating a PET scanner 
within an MRI gantry since the two systems have 
outer bores in the range of ~1 m diameter, requir-
ing the PET instrumentation to be very compact 
in order to fit into the bore. In this regard, APDs 
and SiPMs are not only MRI compatible but also 
much less voluminous than PMTs and therefore 
represent a particularly well-suited technology 
for PET/MR.  Nevertheless, combined PET/MR 
systems all have narrow bores (about 60  cm 
diameter), which can cause practical difficulties 
for studying large or claustrophobic patients.

Four clinical whole-body (WB) PET/MR 
scanners have been introduced commercially so 
far. The first WB PET/MR machine was released 
by Philips Healthcare in 2010 with the TF 
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Ingenuity [11]. Unlike the systems that followed, 
the TF Ingenuity PET/MR allowed for sequen-
tial—as opposed to simultaneous—PET and 
MRI scanning, with each system physically sepa-
rated from the other to minimize interferences, 
and a rotating bed shuttling the patient between 
the two gantries. In spite of the physical separa-
tion between the two scanners, magnetic shield-
ing still had to be introduced within the design of 
the PET scanner to allow its detectors—based on 
conventional PMTs and LYSO crystals (size: 
4  ×4  ×22  mm3)—to properly function. Shortly 
after, Siemens Healthcare introduced the 
Biograph mMR, the first fully integrated WB sys-
tem capable of simultaneous PET and MR acqui-
sition [12]. The Biograph mMR is a hybrid PET/
MR system consisting of a 3-T whole-body MRI 
scanner and a PET gantry installed between the 
gradient and body coils. The PET detector sys-
tem employs lutetium oxyorthosilicate (LSO) 
scintillators (4 ×4 ×20 mm3) coupled with APD 
arrays and allows an axial coverage of 25.8-cm, 
compared to the 18-cm axial FOV of the Ingenuity 
TF. In 2015, General Electric (GE) released the 
Signa PET/MR [13, 14] the first integrated PET/
MR machine with time-of-flight (TOF) capabil-
ity. The MRI component of the Signa is based on 
3-T Discovery 750w MRI platform and the PET 
detector system employs lutetium-based scintil-
lators (“LBS,” size: 3.95× 5.3× 25 mm3) coupled 
to SiPMs, offering a 394 ps TOF timing resolu-
tion and a 25 cm axial FOV [14]. The uPMR 790 
is another integrated TOF PET/MR system 
recently introduced by United Imaging 
Healthcare [15]. The scanner comprises a 3-T 
superconducting magnet and a PET system con-
sisting of LYSO crystals (size: 
2.76× 2.76× 15.5 mm3) also coupled with SiPMs. 
The system has a timing resolution at ~540  ps 
[15] and its axial field of view is 32 cm long, the 
largest among all currently available commercial 
PET/MR scanners.

As mentioned above, all integrated clinical 
WB PET/MR scanners rely on solid-state photo-
detectors such as APDs or SiPMs. Both devices 
are silicon semiconductor photodetectors, based 
on a modified p-n junction with an external bias 
voltage applied for charge carrier acceleration 
[9]. Because the distances traveled by the charges 

in the APD and SiPM are small, these photode-
tectors are largely insensitive to magnetic fields 
[6, 16, 17]. Though APDs are MRI compatible 
and highly compact, their amplification perfor-
mance strongly depends on the temperature and 
the strength of the applied voltage [6], which 
requires very tight control of these parameters for 
stable operation. Furthermore, APDs have a 
much lower gain than conventional PMTs as well 
as a poor timing resolution, precluding measure-
ment of photon TOF. The SiPM is an alternative 
photodetector technology consisting of a 2-D 
array of thousands of APDs operated in Geiger 
mode (i.e., with a bias voltage higher than the 
breakdown voltage). In the SiPM, each Geiger 
APD within the detector array effectively oper-
ates as a single photon counter and is processed 
independently and simultaneously with the other 
ones [6, 9]. SiPMs have a very high gain, equiva-
lent or higher than that of conventional PMTs, as 
well as an excellent timing resolution, which 
enables TOF measurement.

 Attenuation Correction

Attenuation correction (AC) is critical to obtain 
quantitatively accurate PET images. Until the 
introduction of hybrid PET/computed tomogra-
phy (CT) systems in the early 2000s, standalone 
PET cameras employed rotating positron- 
emitting transmission sources to directly measure 
attenuation of annihilation photons. In PET/CT 
scanners, attenuation maps are derived from low- 
dose CT images by exploiting the linear relation-
ships that exist between CT Hounsfield units 
(HU) and attenuation coefficients at 511  keV 
[18]. However, none of the commercially avail-
able PET/MR systems is equipped with a CT 
gantry or a transmission source, meaning that 
attenuation maps must be obtained from MR 
images [19, 20]. Generating accurate MR-based 
attenuation maps for human tissues is technically 
very challenging as there is no direct relationship 
between the tissue properties measured by MRI 
(e.g., proton density, relaxation times) and the 
underlying electron densities which determine 
the linear attenuation coefficients. For instance, 
tissues such as bone and lung exhibit drastic dif-
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ferences in the degree to which they attenuate 
annihilation photons, yet both show very low 
MRI signals when imaged by conventional pulse 
sequence because of their ultra-short T2* relax-
ation times (<1 ms) and low proton densities.

MR-based AC (MRAC) in PET/MR has been 
the subject of extensive research and several 
approaches have been investigated. The most 
widely used MRAC method consists in segment-
ing MR images of the subject into different tissue 
classes and then to assign a discrete attenuation 
coefficient to each tissue type [19, 20]. The most 
commonly used segmentation-based MRAC 

method relies on a fast 3D two-point Dixon 
acquisition for water/fat separation. The acquired 
in-phase and out-phase images are then used to 
generate piecewise constant PET attenuation 
maps with four compartments: air, lung, fat and 
non-fat soft tissue [19]. Though widely used in 
PET/MR scanners, this approach has several lim-
itations, the principal one being that it incorrectly 
assigns the attenuation coefficient of soft tissue 
to cortical bones. This underestimation of attenu-
ation effects introduces substantial quantitation 
errors within the bones themselves and in tissues 
located in their vicinity [21, 22] (Fig.  2.2). 
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Besides bones, tissue misclassification errors 
have been reported in other body locations such 
as the bronchus, causing further image artifacts 
[23]. Nevertheless, the bias in activity estimates 
reported within soft tissue organs such as the 
heart, liver, and kidney remains relatively small 
with these approaches, in the range of a few per-
cent typically [24]. To obtain bone information 
for MRAC, methods leveraging special pulse 
sequences with very short echo times such as 
UTE (ultrashort-echo-time), ZTE (zero-echo- 
time), or combination of UTE/ZTE with Dixon 
acquisitions have been investigated in brain [25–
28] and pelvic [29] imaging applications. 
However, these approaches come at the price of 
longer acquisition times and often require some 
level of human intervention, e.g., during bone 
segmentation [29]. A second type of approach to 
MRAC generates attenuation maps that can 
account for bones by registering image data from 
individual subjects to pre-computed attenuation 

atlases/templates, as shown in brain [30–32] and 
whole-body [33] imaging. These methods have 
been found to offer accurate results in the brain 
[34]; however, their application in body imaging 
remains challenging due to the larger subject-to- 
subject variability in terms of anatomy, body 
mass index, and/or disease [35]. Furthermore, 
atlas-based methods are intrinsically limited in 
their ability to account for subject-specific varia-
tions in bone density and structure. A third cate-
gory of MRAC techniques employs machine 
learning to synthesize pseudo-CT distributions 
from MR images in a fully automated fashion 
[36–40] (Fig. 2.3). These methods usually rely on 
deep convolutional neural networks (CNNs) to 
learn a nonlinear mapping between input MRI 
data (e.g., Dixon data only [36, 40], Dixon-ZTE 
[37], multi-echo Dixon/UTE [38]) and ground- 
truth CT attenuation during a training step, using 
patch- [37] or slice-based [36, 38] approaches. 
CNNs are a specific kind of artificial neural net-
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works specialized for the analysis of image data. 
Deep CNNs typically operate by applying a 
series of filtering and down/upsampling opera-
tions designed to extract the most relevant fea-
tures of the input data for the task at hand. The 
parameters of the deep CNN (e.g., filters’ coeffi-
cients) are learned during a training phase in 
which a cost-function measuring the discrepancy 
between outputs of the deep CNN (e.g., “pseudo-
 CT” image) and the labels (e.g., ground-truth CT 
image) is minimized. Deep learning based 
MRAC algorithms have been shown to provide 
accurate results in the pelvis [36, 37, 40] and 
brain [38, 39], typically within a few percent of 
the reference CT-based results. However, their 
performance has yet to be fully evaluated in large 
patient cohorts.

The challenge of attenuation correction in 
PET/MR is further complicated by the so-called 
truncation artifacts [20]. Indeed, the transaxial 
FOV of MRI is usually restricted to a sphere of 
25 cm radius around the isocenter where the B0 
field has the best uniformity, meaning that attenu-
ating tissues positioned toward the edges of the 
bore cannot be imaged accurately and display 
severe geometric distortions or even signal voids 
and truncation [41]. For instance, thoracic PET/
MR studies with arms-down often truncate the 
MR signal from the arms, complicating the esti-
mation of attenuation effects from the truncated 
tissues. If uncorrected, truncation artifacts in the 
attenuation maps can lead to bias in the recon-
structed activity distributions that extend well 
beyond the missing tissues. Different methods 
have been developed to address this problem. 
PET-based approaches, such as maximum likeli-
hood estimation of activity and attenuation 
(MLAA) [42, 43], seek to estimate body contours 
from the emission data themselves. However, the 
quality of MLAA-based correction depends on 
the type of tracer used and inaccurate results have 
been reported with tracers that show low accu-
mulation in the extremities such as 68Ga-PSMA 
[41]. MR-based methods for truncation correc-
tion include “B0 Homogenization Using Gradient 
Enhancement” (HUGE) [41, 44], which effec-
tively extends the MR FOV beyond its traditional 
limits. Unlike MLAA, this approach is agnostic 

to the radiotracer used during the study and was 
found to provide more robust performance than 
(non-TOF) MLAA-based methods across differ-
ent tracers [41].

Finally, PET/MR scanning of the body often 
requires the use of flexible radiofrequency (RF) 
surface coils for MR data acquisition, which are 
made of various materials such as plastic and 
rubber as well as high attenuating components 
such as the hardware used for electronic circuitry 
[45]. These RF coils are located in the PET FOV 
during the acquisition but are not accounted for 
by current attenuation correction schemes since 
their position and individual geometries are in 
practice unknown in whole-body scans. Studies 
have reported PET count losses in the range of 
2–5% due to these flexible RF coils and substan-
tial underestimation of the reconstructed activity 
concentration in the vicinity of the high attenuat-
ing electronic hardware components [46].

 Motion Correction

Signal-to-noise ratio (SNR) in PET primarily 
depends on the number of coincidence events 
acquired during the scan. Consequently, acquisi-
tion times typically extend over several minutes 
for each bed position (and even up to 1 or 2 h for 
some dynamic studies), making PET particularly 
susceptible to patient movement, both involun-
tary (e.g., respiration and cardiac contractions) 
and voluntary (e.g., body motion). Cardiac PET 
studies are especially subject to motion effects as 
the heart undergoes the simultaneous action of 
respiratory motion, shifting the heart by more 
than 1  cm along the superior–inferior direction 
[47], and cardiac contractions, moving the base 
of the heart toward the apex by an average of 
~12  mm [48] while thickening the wall by 
~4–6 mm [49]. In addition to these pseudo-cyclic 
physiologic displacements, subjects may move in 
a completely unpredictable manner during the 
PET scan, e.g., due to discomfort, pain, cough-
ing, or deep breathing, and such body movements 
are more likely to occur during longer acquisi-
tions, e.g., dynamic PET studies. The continuous 
motion of organs during scanning introduces arti-
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facts that alter quantification of tracer concentra-
tion in moving tissues and deteriorate the 
diagnostic quality of PET images. Two types of 
image artifacts result from motion. One presents 
as a spatially dependent smearing (or blurring) of 
the reconstructed activity distributions, reducing 
the effective PET spatial resolution and introduc-
ing errors in estimates of local radioactivity con-
centration. The other stems from spatial 
inconsistencies between the attenuation map—
acquired during a breath-hold in standard PET/
CT and PET/MR protocols—and the emission 
data, which can be treated as acquired at an aver-
age position over many motion phases, cardiac/
respiratory cycles, and body poses. Motion- 
induced emission/attenuation discrepancies can 
introduce severe image artifacts primarily in 
regions adjacent to large attenuation gradients 
(e.g., heart/lung and liver/lung interfaces), dete-
riorating the diagnostic value of PET [50, 51].

Integrated PET/MR systems are uniquely 
capable of providing an accurate and robust solu-
tion to the motion problem in PET [1, 52–57]. 
Indeed, owing to its lack of ionizing radiation, 
excellent soft-tissue contrast, high SNR, and very 
good spatiotemporal resolution, MRI has ideal 
characteristics for measuring organ motion. 
Furthermore, because of the simultaneity and 
inherent alignment between the two modalities, 
MRI-derived motion information can be lever-
aged to compensate motion effects in PET 
images. MR-based motion correction of PET has 
been investigated extensively in recent years, 
with applications in imaging of the brain [58, 59], 
thoracic or abdominal malignancies [60–69], and 
heart [64, 70–79].

MR-based PET motion correction approaches 
are generally quite complex, involving a coordi-
nated set of MR sequences, PET acquisitions, 
and data postprocessing steps that often need to 
be customized depending on the targeted body 
region (e.g., brain vs. heart) and the type of 
motion to be corrected (e.g., physiologic vs. bulk 
motion) [55]. Figure 2.4 presents a general PET/
MR data acquisition and processing pipeline for 
cardiac/respiratory motion correction. The first 
step is a PET/MR scan involving the acquisition 
of an attenuation map followed by a special pulse 

sequence designed to capture organ motion dur-
ing PET data acquisition in list mode, in which 
each coincidence event is recorded as to its time 
of acquisition. Motion measurement sequences 
are usually customized for capturing the specific 
motion of the organ or body region of interest. 
For instance, tagged MRI [80] can be employed 
to measure contractile motion of the myocardium 
[81, 82] but it is not practical to use tagging for 
measuring respiratory motion of the heart as tag 
patterns fade more rapidly than a typical respira-
tory cycle. Alternatively, T2-prepared bright 
blood MRI sequences might be better suited for 
measuring heart respiratory displacements [77]. 
Another critical aspect of the PET/MR acquisi-
tion scheme pertains to the tracking of motion 
phases as a function of scan time, such that each 
coincidence event and MR k-space readout can 
be gated, i.e., assigned a specific motion phase. 
Cardiac motion phase tracking can be achieved 
quite robustly with electrocardiogram (ECG) 
devices. For respiratory motion, phase tracking 
can be performed via 1-D navigator echoes [63, 
83] or low-resolution 2-D image navigator mod-
ules [69, 77] inserted in the motion measurement 
sequence, or using respiratory bellows or list- 
mode PET-driven signals [62, 81, 84]. Phase 
tracking signals are then used to construct 
motion-resolved MR volumes, i.e., 3D images of 
the subject’s anatomy in the different motion 
instants, and to bin the PET coincidence events 
into the different phases. The next step is motion 
estimation which is typically performed by regis-
tering the MR volumes from the different phases 
to a reference one, although some groups have 
also investigated registration algorithms that 
make use of both PET and MR images [79]. This 
step produces motion vector fields (i.e., dense 
sets of 3D displacements), describing the voxel- 
to- voxel spatial coordinate correspondence 
between each motion phase and the reference 
phase. A motion-dependent attenuation map can 
then be synthesized by applying the estimated 
motion vector fields to the acquired attenuation 
map after aligning it to the reference MR volume 
to compensate for potential discrepancies. At 
last, the motion fields and motion-dependent 
attenuation maps can be integrated within itera-
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tive PET reconstruction [85, 86] to correct motion 
effects. An alternative approach that is also easier 
to implement is to independently reconstruct 
each gated PET volume using standard algo-
rithms and then to apply the estimated motion 
fields to align them to the reference phase, fol-
lowed by averaging of the resulting images. 
Figure  2.5 illustrates the impact of MR-based 
PET motion correction in myocardial perfusion 
imaging [82] using 18F-flurpiridaz [87].

It is worth noting that the pulse sequences 
used for motion field measurement are usually 
not part of the diagnostic MR protocol and clini-
cal sequences are thus played either before or 
after these acquisitions. In theory, it is possible 

to make use of the PET data acquired during 
diagnostic MR imaging for motion correction 
by continuing the acquisition of motion phase 
tracking signals as illustrated in Fig. 2.4a. As for 
respiratory motion phase tracking, while it is 
technically possible to incorporate MR naviga-
tors into clinical pulse sequences, modifying 
every sequence across all manufacturers is 
impractical; additionally, navigator acquisitions 
can interfere with the normal operation of other 
sequences. A more practical approach is to rely 
on external sensors or methods that do not inter-
fere with the MR or PET acquisition such as 
respiratory bellows or list-mode driven respira-
tory gating [84].
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Owing to the unpredictability of body motion, 
its tracking and measurement using MRI would 
effectively require playing a dedicated structural 
(or navigator) sequence continuously during the 
PET acquisition [88]. An alternative and arguably 
more practical strategy is to rely on PET-driven 
methods [89–91]. One possible approach is to 
divide the PET list-mode data into temporal 
frames of relatively short duration (a few sec-
onds, typically) and then to reconstruct the data 
in each frame using ultra-fast list-mode based 
reconstruction algorithms [89]. The resulting 
images can then be used to determine motion 
fields between each frame and a selected refer-
ence one using image registration. In cases where 
the activity distribution changes rapidly, during a 
dynamic study, for instance, registration can be 
performed between temporally adjacent frames 

to improve motion estimation. Note that the same 
approach could be used to account for both body 
and respiration motion if very short time frames 
(e.g., <1  s) are employed, although PET image 
noise may degrade the performance of motion 
estimation and correction. An alternative PET- 
driven strategy for body motion correction con-
sists in computing the coordinates of the activity 
distribution’s center of mass (“COM”) [91] or 
center of detection [90] (“COD”—if TOF is 
available) from the list-mode data as a function of 
scan time. Analysis of the extracted traces can 
then be used to detect motion under the assump-
tion that body movements cause abrupt changes 
in COM or COD coordinates. List-mode scan 
data can then be parsed into frames accordingly, 
reconstructed and registered for motion estima-
tion and correction [90, 91].
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 Radiation Dose Reduction

PET/MRI offers a substantially reduced radia-
tion exposure compared with PET/CT owing to 
the elimination of CT and the associated radia-
tion dose from the patient workup. For whole 
body examinations, a potential reduction in 
effective radiation exposure of up to 80% can be 
achieved with PET/MRI relative to standard 
PET/CT [92–94]. This represents a significant 
benefit for children and young adult populations 
considering the cumulative dose associated with 
multiple examinations, e.g. for staging, therapy 
monitoring, and follow-up, and the risk of devel-
oping secondary malignancies later in life due to 
radiation exposure [95, 96]. Furthermore, with 
MR acquisition protocols generally requiring 
longer time per bed position, it may also be pos-
sible to further reduce the injected tracer dose in 
PET/MR examinations [95].

 Cardiac MRI

Because of its high spatial and temporal resolu-
tion and excellent soft-tissue contrast, cardiac 
MRI is recognized as the reference method for 
myocardial tissue characterization and ventricu-
lar function assessment, providing structural and 
functional information of the heart complemen-
tary to the molecular information from PET [97]. 
Conventional T1- and T2-contrast weighted car-
diac MR sequences, such as late gadolinium 
enhancement (LGE) and fast spin-echo (FSE), 
provide qualitative assessment of the myocar-
dium but are limited in their ability to detect and 
grade diffuse diseases. Cardiac parametric map-
ping methods, including T1, T2, and T2* map-
ping, can address these limitations by providing 
quantitative characterization of myocardial tissue 
composition [98]. The longitudinal relaxation 
time (T1) characterizes alterations in the struc-
ture and intra/extracellular components of the 
myocardium. Modified Look-Locker inversion 
recovery (MOLLI) is a widely used method for 
cardiac T1 mapping [99]. It utilizes inversion 
recovery (IR) pulses followed by ECG-gated bal-
anced steady-state free precession (bSSFP) 

acquisitions over multiple cardiac cycles to allow 
estimation of myocardial T1  in a single breath- 
hold. A variety of inversion- and/or saturation- 
recovery schemes have been developed to 
improve the accuracy of T1 mapping [100]. The 
extracellular volume fraction (ECV), measured 
from pre- and post-contrast T1 values, is an 
emerging biomarker for diffuse fibrosis, e.g., in 
heart failure, dilated cardiomyopathy, and amy-
loidosis, which is known to be particularly chal-
lenging to detect using the conventional LGE 
method [98]. The transverse relaxation time (T2) 
is sensitive to changes in water content of the 
myocardium, e.g. in presence of edema [101]. In 
cardiac T2 mapping, T2 preparation modules 
with different durations are inserted in each car-
diac cycle followed by ECG-gated bSSFP or 
spoiled gradient echo (GRE) acquisitions with 
breath-holding [98]. The T2* relaxation time 
reflects the decay of the transverse magnetization 
in the presence of local B0 field inhomogeneity 
and is used for assessment of myocardial iron 
load. Cardiac T2* mapping is often performed 
using ECG-gated GRE acquisitions at different 
echo times with breath-holding [98]. Finally, car-
diac cine MR imaging is the gold standard 
approach to assessing ventricular function, 
including ejection fraction, myocardial mass, and 
myocardial wall motion [102].

All current commercial PET/MR scanners 
operate at 3 T. Compared to 1.5 T, cardiac MR at 
3 T faces several unique challenges. Due to the 
more severe B0 inhomogeneity at 3 T, sequences 
using bSSFP acquisitions are prone to the well- 
known banding artifacts, imposing challenges in 
B0 shimming and preventing from 3D cardiac 
imaging. In addition, transmit B1 variations on 
the order of 30–60% over the left ventricle have 
been reported [103], causing bias in the estimated 
T1 values at 3  T.  Besides the above hardware- 
related challenges, cardiac and respiratory 
motions cause significant difficulties in cardiac 
MR. As a result, commercially available cardiac 
parametric mapping sequences are 2D imaging 
sequences with breath-holding acquisitions, 
which limit both the resolution and spatial cover-
age in the slice selective direction. Furthermore, 
acquiring multiple parametric maps (T1, T2, etc.) 
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prolongs the total imaging time. Therefore, very 
active research efforts are being undertaken to 
achieve 3D, high-resolution, multi-parametric 
cardiac imaging with free-breathing or even 
ECG-gating free acquisitions, including respira-
tory and cardiac gating-based free-breathing 
methods [104], sparse sampling methods with 
constrained image reconstruction [105, 106], MR 
multitasking [107], and MR fingerprinting [108].
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 Introduction

The heart is a unique organ. It is the first func-
tional organ developed in embryogenesis and 
will beat continuously until death. It has been 
estimated that the human heart will beat an aver-
age of 2.5 billion times during an individual’s life 
and pump approximately one million barrels of 
blood during that time. In order to have the 
energy to accomplish this under varying physio-
logical and pathological conditions, cardiac 
metabolism has evolved uniquely from other 
physiological systems in order to provide a reli-
able and an adaptable source of energy.

PET has been widely used for in vivo assess-
ment of myocardial metabolism in animals and 
humans and has proven itself to be an accurate 
and useful tool able to shed light on different 
facets of cardiac function. The most commonly 
utilized radiotracer is 2-deoxy-2-[18F]fluoro-d- 
glucose (FDG), a glucose analog, while a pleth-
ora of additional agents are available for probing 
different aspects of cardiac metabolism and 
physiology, including oxygen consumption, 
fatty acid metabolism, innervation, and perfu-

sion [1]. An important limitation of studying 
cardiac glucose metabolism with FDG is that 
this technique is unable to assess glucose oxida-
tion in its entirety and can only scratch the sur-
face of this pathway—after transport across the 
cellular membrane by glucose transporters 
(GLUT) and phosphorylation by hexokinase, 
FDG does not undergo any additional metabolic 
transformations apart from dephosphorylation 
by glucose- 6- phosphatase. Nonetheless, studies 
have shown FDG-PET to be a useful tool for the 
assessment of in vivo myocardial metabolism.

In this chapter, we briefly and superficially 
review the basics of cardiac metabolism, as well 
as its implications for cardiac imaging with FDG- 
PET. A complete overview of the intricacies of 
cardiac metabolism would be beyond the scope 
of this volume. Nonetheless, we hope the reader 
gains an appreciation of the complexity and 
sophistication of the mechanisms involved. In 
addition, we briefly review the alterations in car-
diac metabolism which manifest in various com-
mon cardiac pathologies. These are of particular 
relevance to cardiac imagers as these are fre-
quently encountered on FDG-PET imaging.
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 Cardiac Metabolism in Health

 The Basics of Cardiac Metabolism: 
Free Fatty Acids, Glucose, Ketones

Cardiac metabolism has been a topic of active 
research since at least the work of Tigerstedt in 
the early twentieth century [2]. Following that, a 
number of pioneering discoveries were made 
concerning cardiac metabolism and function; 
however, particular attention needs to be cast on 
the work of Randle et al. who in 1963 proposed 
the glucose-fatty acid cycle (which has since 
been known as the eponymous “Randle cycle”) 
as a model describing the dynamic interactions 
among the basic metabolic substrates of the myo-
cardium [3]. While there still remains much to 
learn about cardiomyocytes, the Randle cycle 
provides a useful and accessible paradigm to help 
understand the relationship between the hor-
monal milieu, substrate availability, and cardio-
myocyte functioning. Central to this concept is 
the competitive interaction between glucose and 
free fatty acids (FFAs) as metabolic substrates. 
Depending on both hormonal factors and avail-
ability, these substrates are transported into car-
diomyocytes and progress along a series of 
enzyme-catalyzed steps, ultimately culminating 
in the production of ATP within the mitochondria 
(Fig. 3.1).

 FFA Metabolism in Myocardium
Of the total energy budget for the heart, approxi-
mately 60–70% is derived from the oxidation of 
FFAs [4]. FFAs enter cardiomyocytes via at least 
four separate proteins—the fatty acid translocase 
FAT/CD36 and the fatty acid binding protein 
(FABPpm), as well as two very-long-chain acyl- 
CoA synthetases, ACSVL2 and ACSVL4, also 
known as the FA transport proteins (FATP1 and 
FATP6) [5–7]. FFA transport into cardiomyo-
cytes is stimulated by both contraction and insu-
lin albeit to a much lower degree than glucose 
(1.5-fold for FFAs vs. 2–14-fold for glucose) 
[8–10]. Once within cardiomyocytes, FFAs are 
transformed into fatty acyl-CoA, through the 
actions of acy-CoA synthase, and into fatty acyl-
carnitine by carnitine palmitoyltransferase I 

(CPT-I) β [11]. β-oxidation transforms fatty acyl- 
CoA to acetyl-CoA providing nicotinamide ade-
nine dinucleotide and hydrogen (NADH) and 
flavin adenine dinucleotide (FADH2). Within the 
mitochondria, acetyl-CoA is further oxidized by 
the tricarboxylic acid (TCA) cycle, producing 
three NADHs, one FADH2, and one guanosine 
triphosphate (GTP) per molecule. NADH and 
FADH2 are subsequently oxidized by the electron 
transport chain, producing ATP. GTP can be con-
verted to ATP through the action of nucleoside- 
diphosphate kinase. FFA metabolism provides a 
large amount of ATP—for example, the complete 
oxidation of a single palmitate molecule gener-
ates 105 ATP molecules [12].

 Glucose Metabolism in Myocardium
While FFAs serve as the heart’s principal meta-
bolic substrate, carbohydrate metabolism pre-
dominates during high workloads (such as during 
exercise or pressure overload) [13, 14] and in the 
postprandial state. Roughly 10–40% of myocar-
dial ATP production can be attributed to carbohy-
drate and lactate metabolism (the latter primarily 
when exercising), with smaller contributions also 
arising from amino acid and ketone metabolism 
(primarily when fasting) [15].

Glucose is either taken up from the circula-
tion or generated by the hydrolysis of intracel-
lular glycogen stores. Glucose transport into the 
cell is facilitated by glucose transporters 
(GLUTs) and is the rate-limiting step in myo-
cardial glucose utilization [16]. GLUTs com-
prise a family of membrane proteins, which are 
known to exhibit high specificity for glucose 
molecules; however, it has been shown that glu-
cose analogs such as 2-deoxyglucose and FDG 
also enter cells via GLUTs. While over a dozen 
different types of glucose transporters have been 
described in the literature (in addition to numer-
ous types of sodium-glucose co-transporters), 
the principal isoforms in the heart are GLUT1 
and GLUT4 [17].

GLUT1 was the first of the GLUT family to be 
discovered and acts as a uniporter glucose protein 
widely expressed in human tissue [18]. GLUT1 
is a membrane spanning glycoprotein with 12 
transmembrane domains. Although GLUT1 is 
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Fig. 3.1 This figure provides a simplified overview of 
cardiac metabolism with attention to the three main meta-
bolic substrates—free fatty acids (FFA), glucose, and 
ketones—as well as the clinical factors which stimulate or 
inhibit their use. FFA free fatty acids, MCT1 monocarbox-

ylate transporter 1, GLUT glucose transporter, FAT/CD36 
fatty acid translocase/cluster of differentiation 36, G6P 
glucose-6-phosphatase, PFK phosphofructokinase, F1,6P 
fructose-1,6-bisphosphate, PDH pyruvate dehydrogenase, 
CoA coenzyme a, LCF long chain fatty
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typically thought of as providing a basal level of 
glucose influx required to maintain cellular respi-
ration, both cardiac contraction and increasing 
insulin levels are known to impact GLUT1 sarco-
lemmal localization. The relationship between 
GLUT1 expression, insulin levels, and metabolic 
substrates has been explored across multiple 
studies. It has been shown that increasing insulin 
levels results in increased translocation of 
GLUT1 from intracellular storage vesicles to the 
plasma membrane with a concomitant increase in 
glucose transport [19, 20]. GLUT1 expression is 
also known to be increased in hypoglycemia and 
hypoxia [21–24].

GLUT4 is an insulin-sensitive glucose trans-
porter and is expressed in adipose tissue, skeletal 
muscle, and myocardium [25]. GLUT4 expres-
sion predominates in the myocardium with the 
GLUT1/GLUT4 ratio in rat hearts reported to be 
0.1–0.6 [9, 26]. Unlike GLUT1, which mainly 
localizes to the plasma membrane, GLUT4 prin-
cipally resides in intracellular vesicles and trans-
locates to the plasma membrane upon 
stimulation. Upon translocation, glucose flux 
immediately increases 10–20-fold [27, 28]. Like 
GLUT1, GLUT4 expression at the plasma mem-
brane has been shown to increase under hypoxic 
conditions and rising insulin levels with a con-
comitant increase in glucose flux across the cell 
membrane [24, 29]. Likewise, exposure to alpha- 
or beta- adrenergic agonists has a similar effect 
on GLUT4 as insulin [30, 31]. Elevated serum 
free fatty acids (FFAs) have been shown to 
reduce GLUT4 expression with an associated 
decrease in insulin-mediated glucose uptake [32, 
33]. Like GLUT1, contraction mediated GLUT4 
expression is an additional regulating factor 
which appears to be separate from the effects of 
insulin [34].

GLUT3, GLUT8, GLUT10, GLUT11, and 
GLUT12 have all been found to be expressed in 
the myocardium, although to a lesser degree than 
the above discussed glucose transporters [35–
37]; furthermore, the factors regulating their 
myocardial expression and roles in cardiac glu-
cose metabolism remain unclear.

After entering the cardiomyocyte, hexokinase 
transforms glucose to glucose-6-phosphate 

(G6P), which is subsequently transformed to 
pyruvate and NADH, along with two molecules 
of ATP. Pyruvate can then enter the mitochondria 
via the mitochondrial pyruvate carrier (MPC) to 
complete aerobic glycolysis, or undergo nonoxi-
dative glycolysis in the cytosol generating NAD+ 
and lactate. Within the mitochondrial matrix, 
pyruvate is decarboxylated to acetyl-CoA by 
pyruvate dehydrogenase. Acetyl-CoA then enters 
the tricyclic acid (TCA or Krebs) cycle ultimately 
resulting in the production of two CO2, three 
NADH, one FADH2, and one GTP molecule for 
each molecule of acetyl-CoA. ADH and FADH2 
are subsequently oxidized by the electron trans-
port chain, producing ATP.  Overall, glucose 
metabolism yields up to 31 molecules of ATP per 
molecule of glucose [12].

From an imaging perspective, the factors reg-
ulating myocardial uptake of glucose (and, by 
extension, FDG) significantly complicate the 
assessment of cardiac PET FDG studies as these 
factors are challenging to ascertain within the 
clinic but can have drastic implications for PET 
imaging. For this reason, standardized prepara-
tion protocols have been developed (Chap. 4) in 
order to control the contribution of glucose 
metabolism; however, even when these protocols 
are used, typical patterns of FDG uptake can be 
seen within the heart (Chap. 23).

 Ketone Metabolism in Myocardium
Ketone bodies are created by the liver under spe-
cific physiological conditions starting from fatty 
acids and certain amino acids. Three types of 
ketone bodies are metabolized by the heart: ace-
tone, acetoacetate, and β-hydroxybutyrate [38]. 
Under normal conditions, ketones contribute 
only a small amount (approximately 5%) to the 
energy budget of the heart despite the fact that, 
per mass, the myocardium is the most important 
consumer of ketone bodies in the human body 
[39]. However, ketones can become an important 
energy source in patients who are fasting, in 
those following low-carbohydrate diets, those in 
the post-exercise state, as well as in neonates 
[38]. In general, plasma ketone body concentra-
tions tend to be elevated in states with low insulin 
and high fatty acid levels.
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Ketones are transported into cardiomyocytes 
using monocarboxylate transporters MCT1 [40]. 
Once within cardiomyocytes, ketone bodies are 
oxidized through a series of reactions to form 
acetyl-CoA, a substrate for the TCA cycle. Per 
carbon moiety, oxidation of ketone bodies is 
more energy efficient than glucose utilization but 
less efficient that FFA oxidation. Ketone oxida-
tion inhibits myocardial FFA and glucose oxida-
tion [41–43]. This latter observation may have 
important consequences for FDG-PET prepara-
tion protocols which require prolonged patient 
fasting.

 Cardiac Metabolism in Disease

 Cardiac Metabolism and Aging

Animal studies have shown that the proportion of 
energy  obtained from fatty acid oxidation in 
the heart declines with age [44, 45]. These results 
have been confirmed in humans using PET stud-
ies [46]. However, it appears that this reflects an 
overall decrease in cardiac metabolism seen in 
the elderly heart rather than a shift in preferred 
metabolic substrate as concomitant reductions in 
glucose metabolism have also been reported [47]. 
Interestingly, an association with increased intra-
myocardial lipid accumulation in elderly hearts 
has also been reported—a similar association has 
also been noted in patients with diabetes and obe-
sity [47–49]—but the significance of this finding 
remains unclear. This decrease in myocardial 
fatty acid utilization is associated with lower 
expression of cardiac peroxisome proliferator- 
activated receptors (PPAR) α, a nuclear receptor 
protein associated with cardiac energy metabo-
lism [50].

In addition to decreased fatty acid metabo-
lism, overall glucose oxidation rates appear to 
decrease with age, although glucose uptake and 
glycolysis actually increase [44, 46, 47]. The 
reason for this apparent uncoupling between glu-
cose oxidation and glycolysis remains unclear; 
however, alterations in both fatty acid and glu-
cose oxidation are known to be associated with 

impairments of cardiac function [51–55]. 
Although the impact of aging on cardiac FDG-
PET requires further attention, one study 
reported lower physiological cardiac uptake in 
patients older than 30 years of age when com-
pared to younger patients [56].

 Cardiac Metabolism and Heart Failure

Heart failure (HF) is a clinical syndrome which 
develops when cardiac function is inadequate to 
support an individual’s physiological needs. It is 
a relatively common condition, affecting an esti-
mated 2% of the adult population [57]. It is also 
well established that the development of HF is 
often associated with metabolic shifts in the 
heart.

The hypothesis that heart failure is caused by 
the heart running out of energy goes back to the 
1930s when an association between falling cre-
atine levels and heart failure was noted by 
Herrman and Decherd [58]. Since that time, the 
association between alterations in cardiac metab-
olism and impaired cardiac function has been 
further reinforced [53–55, 59–64]. Multiple 
studies have suggested that early heart failure is 
associated with an increase in glucose consump-
tion, while FFA metabolism remains essentially 
stable [15, 65–67]. With worsening failure, the 
heart appears to develop a degree of insulin 
resistance and a concomitant decline in glucose 
utilization, accompanied by a decrease in FFA 
metabolism [68–71]. Mitochondrial oxidative 
phosphorylation decreases with glycolysis 
uncoupling from glucose oxidation resulting in 
energy deficient myocardium reliant largely on 
glycolysis to supply it with ATP [52]. 
Interestingly, it has been noted that ketone 
metabolism is increased in the failing heart 
although the reasons for this remain unclear [72–
75]. Abnormalities of glucose metabolism in 
patients with heart failure have been confirmed 
on PET studies [56, 71, 76]. In particular, in the 
study by Israel et al., patients with heart failure 
were noted to have increased cardiac FDG 
uptake compared to normal controls [56].
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 Cardiac Metabolism in Obesity 
and Diabetes

The prevalence of obesity and diabetes has dras-
tically increased in the last few decades. The 
World Health Organization now estimates that 
over half of the global population is overweight 
or obese [77]. In addition, close to 10% of adults 
have diabetes [78]. Both conditions predispose 
patients to adverse cardiovascular outcomes with 
diabetic patients having a twofold increased risk 
of developing heart failure when compared to 
control subjects [79].

Obesity and type 2 diabetes are associated 
with elevated plasma FFA levels as well cardiac 
steatosis [80, 81]. Not surprisingly, FFA uptake is 
significantly increased in patients with pre- 
diabetes when compared to nondiabetic subjects 
[82]. In addition, there is a reported decrease in 
myocardial glucose uptake in patients with dia-
betes, which may be related to downregulation of 
GLUT4 transporters [9, 83]. This decrease has 
been observed in FDG-PET studies of diabetic 
patients [56, 84–87]. These findings suggest an 
important shift in cardiac metabolism away from 
glucose metabolism the significance of which 
becomes clear when one considers the efficiency 
of cardiac metabolism—while FFAs generally 
produce more molecules of ATP when compared 
to glucose, they also require greater amounts of 
oxygen to metabolize. This implies that a shift 
away from glucose oxidation reduces the overall 
efficiency of cardiac metabolism. This, together 
with a reduced ability of the myocardium to adapt 
substrate use (i.e. due to insulin insensitivity) 
may relate to these patient’s increased risk of 
developing heart failure.

 Cardiac Metabolism in Ischemia

The effects of acute ischemia on cardiac metabo-
lism are significant as the lack of oxygen drasti-
cally impairs oxidative phosphorylation and 
reduces ATP formation [88, 89]. This results in 
an increase in myocardial glucose uptake and 
glycolysis, likely in an effort to maintain ATP 
production. However, the lack of oxygen pre-

vents pyruvate’s oxidation by mitochondria, 
which instead gets converted to lactate. The result 
of this is the accumulation of significant amounts 
of lactate and a concomitant decrease in pH 
within cardiomyocytes and an associated 
decrease in myocardial contractility. This reduc-
tion in contractility, in turn, has the effect of 
reducing myocardial oxygen demand and may 
serve as a protective mechanism [90]. If the 
degree of ischemia is severe or prolonged but 
insufficient to cause necrosis, the state of 
impaired contractility can persist for days to 
weeks after restoration of blood flow, a condition 
known as stunning [91].

In the context of chronic ischemia, myocar-
dium can undergo metabolic and functional 
changes referred to as “hibernation”—in con-
trast to stunning, hibernating myocardium is a 
persistent state of impaired functionality associ-
ated with reduced resting flow. While the initial 
hypothesis behind hibernating myocardium was 
that chronic ischemia would lead to a self- 
protective decrease in function and metabolic 
changes to match supply, a review of the evi-
dence suggests that hibernation is more likely to 
be associated with repeat episodes of ischemia 
and stunning, as well as an impairment of myo-
cardial flow reserve rather than reduced blood 
flow per se [92, 93]. A clinically important aspect 
of hibernating myocardium is that it often shows 
an improvement in function after revasculariza-
tion; however, the recovery of function can be 
prolonged and occur over weeks to months fol-
lowing therapy. A metabolic hallmark of hiber-
nating myocardium is preserved or even 
increased glucose metabolism compared to other 
reference areas in the heart [94]. This preserved 
use of glucose is associated with an increase in 
intracellular glycogen accumulation within 
hibernating myocardium and increased expres-
sion of GLUT4 [95, 96]. Although the reason for 
the shift in glucose metabolism by hibernating 
myocardium remains unclear, this may reflect a 
protective adaptive mechanism to ensure ade-
quate supply of substrate for anaerobic metabo-
lism during repeat episodes of ischemia. 
Conversely, FFA metabolism with a relatively 
higher oxygen requirement would seem to be 
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particularly unsuitable for myocardium with a 
precarious oxygen supply. From a clinical per-
spective, the reliance of hibernating myocardium 
on glucose metabolism is key for its visualiza-
tion using viability imaging (Chap. 20).

 Conclusion

Cardiomyocyte metabolism is a vast and compli-
cated topic which remains an area of active study. 
However, FDG-PET can serve as a useful probe 
to help elucidate the mysteries of the 
myocardium.
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Abbreviations

18F-FDG 18F-fluorodeoxyglucose
JSNC Japanese Society of Nuclear 
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PET Positron Emission Tomogra-

phy
SNMMI/ASNC Society of Nuclear Medicine 

and Molecular Imaging/
American Society of Nuclear 
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 Introduction

One of the primary challenges in successful 
18F-fluorodeoxyglucose positron emission 
tomography (18F-FDG-PET) imaging of myo-
cardial and intracardiac inflammation is dis-
cerning pathologic 18F-FDG uptake from 
physiologic uptake by background myocar-
dium. Accordingly, patients undergoing car-
diovascular 18F-FDG- PET for inflammation 
must undergo careful preparation prior to 
imaging to optimize the diagnostic yield of the 
modality. This chapter will describe the under-
lying physiology of myocardial and inflamma-
tory cell metabolism, examine the existing 
evidence for the utility of various preparation 
techniques, describe current evidence- based 
consensus recommendations, and identify 
future directions for further research to opti-
mize inflammatory myocardial 18F-FDG- PET 
imaging.

 Underlying Physiology 
of Myocardial and Inflammatory 
Cell Glucose Metabolism

Normal myocytes are able to use both glucose 
and free fatty acids for metabolism and have 
variable avidity for glucose under different 
metabolic conditions. Intake of carbohydrates 
triggers insulin secretion, which leads to acti-
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vation of GLUT4 channels in the myocardium 
to augment glucose uptake. In the absence of 
insulin, normal myocytes utilize free fatty 
acids for metabolism [1]. Alternatively, inflam-
matory cells are only able to utilize glucose for 
metabolism through uptake via the constitu-
tively expressed GLUT1 and GLUT3 channels 
[2]. 18F-FDG, a radioactive glucose analog, is 
phosphorylated upon entry into cells and 
becomes trapped, allowing an assessment of 
glucose metabolism using PET imaging. Thus, 
by manipulating the metabolism of normal 
myocardium to shift it away from glucose and 
towards free fatty acids prior to 18F-FDG-PET 
imaging it is possible to identify pathological 
inflammation that would otherwise be 
obscured.

 Goals of Preparation for 18F-FDG- 
PET Imaging

To limit myocyte uptake of glucose and 18F-FDG, 
the primary goal of patient preparation is to mini-
mize insulin release and glucose availability prior 
to 18F-FDG-PET imaging of myocardial and 
intracardiac inflammation. A secondary goal is to 
augment free fatty acid availability to provide 
adequate energy for the myocardium in a low 
insulin state. Ultimately, the sensitivity for detect-
ing highly metabolic inflammatory cells within 
cardiovascular tissues is optimized by maximally 
suppressing 18F-FDG uptake by the myocardium. 
The metabolism of normal myocardium and 
inflammatory cells and the impact of patient 
preparation are summarized in Fig. 4.1 [3].

18F-FDG and
glucose

18F-FDG and
glucose

Normal Myocytes

18F-FDG Uptak

18F-FDG Uptak

18F-FDG Uptak

Similar uptake occurs
under all conditions

Uptaker dependent
on insulin level/
metabolic state

↑insulin
↓FFA

↓insulin
↑FFA

18F-FDG enters
cell via GLUT4

transporter

18F-FDG enters
cell via GLUT1 &

GLUT3
transporters

Inflammatory Cells

e

e

e

Fig. 4.1 Metabolism of inflammatory cells and normal 
myocytes under a variety of metabolic conditions and 
impact of suppressing physiologic myocardial 18F-FDG 

uptake for inflammatory imaging. FFA free fatty acids, 
18F-FDG 18F-fluorodeoxyglucose. (Reprinted with per-
mission [3])
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 Patterns of Myocardial 18F-FDG 
Uptake

The appearance of optimally suppressed 18F- 
FDG uptake by normal myocardium leads to a 
relative paucity of myocardial tracer uptake com-
pared to the blood pool to facilitate identification 
of areas of abnormal 18F-FDG uptake. 
Alternatively, a pattern of intense global myocar-
dial uptake that obscures foci of abnormal 18F- 
FDG uptake indicates poor suppression of 
myocardial uptake. Between these extremes, a 
finding of focally increased uptake on a back-

ground of diffuse 18F-FDG myocardial uptake 
can be seen with either poor suppression or with 
incomplete suppression and superimposed 
inflammatory pathology. Lastly, focal 18F-FDG 
uptake is often seen in the setting of inflamma-
tory pathology; however, focal myocardial 18F- 
FDG uptake limited to the lateral wall and basal 
ring has been reported as normal variants [4]. 
These patterns can be challenging to distinguish 
from pathology and the physiology underlying 
the patterns is not well understood. Images dem-
onstrating these patterns are shown below 
(Fig. 4.2).

a b

c d

e

Fig. 4.2 Patterns of myocardial 18F-FDG uptake follow-
ing preparation for inflammatory imaging. (a) Global sup-
pression. (b) Diffuse uptake. (c) Focal on diffuse uptake. 
(d) Focal uptake. (e) Lateral wall uptake (normal variant). 

All panels display short axis images with perfusion imag-
ing in the top row and metabolism (18F-FDG) in the bot-
tom row

4 Myocardial Suppression Protocols
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 Approaches to Suppress Myocardial 
18F-FDG Uptake

 Dietary Strategies

 Prolonged Fasting
Fasting has been widely studied and has become 
a commonly implemented component of many 
protocols to suppress myocardial 18F-FDG uptake 
[3, 5]. The metabolic consequences of fasting 
include lower insulin release and heightened 
lipolysis, resulting in a shift towards myocardial 
utilization of free fatty acids rather than glucose 
[6]. Although current Society of Nuclear 
Medicine and Molecular Imaging/American 
Society of Nuclear Cardiology (SNMMI/ASNC) 
recommendations support a fast of at least 4–12 h 
prior to 18F-FDG administration, more recent 
data suggests that a longer fast of up to 18 h may 
provide even greater suppression of myocardial 
18F-FDG uptake [5, 7, 8]. Fasting for 18 h may 
also provide the optimal method for myocardial 
18F-FDG uptake suppression in isolation for indi-
viduals with significant dietary constraints (e.g., 
vegan and vegetarian diets) [5].

 High-Fat Low-Carbohydrate Diet
A high-fat low-carbohydrate diet can be imple-
mented to reduce insulin release and increase 
available free fatty acids as a method of shifting 
myocardial metabolism towards free fatty acids 
rather than glucose. This strategy has been exten-
sively researched, and several studies have shown 
improved suppression of myocardial 18F-FDG 
uptake with high-fat low-carbohydrate meals 
combined with fasting compared to fasting alone 
[3, 5]. Accordingly, current SNMMI/ASNC rec-
ommendations include having at least two meals 
with >35 g of fat and <3 g carbohydrates on the 
day prior to the 18F-FDG-PET exam [5]. The 
Japanese Society of Nuclear Cardiology (JSNC) 
also recommends a low carbohydrate diet (<5 g) 
prior to fasting but considers a high-fat diet to be 
supplemental [8]. Table 4.1 provides a guide of 
optimal choices for dietary preparation [3].

 High-Fat Drink
Multiple studies have evaluated the impact of 
adding a high-fat drink to a dietary preparation 

protocol several hours prior to imaging. This 
strategy seeks to suppress myocardial 18F-FDG 
uptake by augmenting free fatty acid availability. 
While the results of several early studies do not 
support broad implementation, a recent study 
describes an effective preparation strategy that 
includes a high-fat drink as part of a combined 
approach [3, 5, 9].

 Behavioral Strategies

Strenuous exercise triggers augmentation of 
myocardial glucose uptake and metabolism 
through activation of catecholaminergic path-
ways. Accordingly, patients should avoid exer-
cising for 12–24  h before 18F-FDG 
administration [1].

Table 4.1 Dietary recommendations for optimal sup-
pression of myocardial uptake of 18F-FDG

Consume Meat fried in oil or butter without 
breading or broiled (chicken, turkey, 
bacon, meat-only sausage, hamburgers, 
steak, fish)
Eggs (prepared without milk or cheese)
Oil (an option for patients who are 
unable to eat and have enteral access or 
vegan patients) and butter
Clear liquids (water, tea, coffee, diet 
sodas, etc.)

Acceptable Some artificial sweeteners (Sweet’N 
low, equal, NutraSweet)
Fast of 18 h or longer if unable to eat 
with no enteral access or dietary 
restrictions prevention consumption of 
advised diet

Avoid Vegetables, beans, nuts, fruits, and juices
Bread, grain, rice, pasta, all baked goods
Sweetened, grilled or cured meats or 
meat with carbohydrate-containing 
additives (some sausages, ham, 
sweetened bacon)
Dairy products aside from butter (milk, 
cheese, etc.)
Candy, gum, lozenges, and sugar
Alcoholic beverages, soda, and sports 
drinks
Mayonnaise, ketchup, tartar sauce, 
mustard, and other condiments
Dextrose containing intravenous 
medications

Reprinted with permission [3]
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 Pharmacologic Strategies

 Heparin
Intravenous heparin increases lipolysis and serum 
free fatty acids [10]. As such, several institutions 
administer heparin approximately 15 min prior to 
18F-FDG administration as a component of a pro-
tocol of myocardial 18F-FDG uptake suppression. 
The dose given is typically a 50  IU/kg bolus. 
Nevertheless, the overall body of evidence 
remains inconclusive and the current SNMMI/
ASNC recommendations suggest that heparin 
administration may be beneficial as an adjunctive 
component of a preparation strategy while it is 
not recommended by the JSNC [5, 8].

 Calcium Channel Blockers
Intracellular calcium is a known contributor to 
glucose and 18F-FDG uptake. Although calcium 
channel blockers reduced myocardial uptake of 
18F-FDG in a murine model, they have not been 
found to be incrementally effective in humans 
[11].

 Communication

It has proven useful to provide careful review of 
preparation instructions with patients several 
days in advance of imaging as well as evaluating 
their adherence to the preparation strategy on the 
day of imaging prior to radiotracer injection. This 
allows patients to prepare well in advance of their 
study as well as to identify patients who are 
unlikely to have adequate suppression and permit 
rescheduling without unnecessary radiation 
exposure [5, 8].

 Combination Strategies

Most institutions have preparation protocols that 
employ more than one of the above approaches in 
combination to prepare patients for myocardial 
and intracardiac inflammation imaging with 
18F-FDG-PET. The individual component strate-
gies are summarized in Table 4.2.

 Laboratory Values

The relationship between serological measures of 
glucose and fat metabolism and imaging findings 
in 18F-FDG-PET imaging of myocardial and 
intracardiac inflammation has been investigated 
in several cohorts. The impact of different prepa-
ration strategies on serological measures of 
metabolism has been largely inconsistent to date, 
although there does appear to be a tendency 
towards lower blood glucose prior to imaging 
with a longer duration of fasting [3]. A recent 
study of serial 18F-FDG-PET imaging showed 
that the metabolic parameters on serial imaging 
visits were similar but that these measurements 
were unrelated to imaging findings [12]. 
Alternatively, a subsequent single center study 

Table 4.2 Summary of different preparation strategies 
for myocardial 18F-FDG-PET and their impacts on myo-
cardial metabolism

Strategy grouping Specific strategies

Impacts on 
myocardial 
metabolism

Dietary 
techniques

Prolonged 
fasting

Reduced 
glucose uptake 
and increased 
availability of 
free fatty acids

High-fat 
low- 
carbohydrate 
diet

Reduced 
glucose uptake 
and increased 
availability of 
free fatty acids

High-fat drink Increased 
availability of 
free fatty acids

Behavioral 
technique

Abstinence 
from exercise

Reduced 
glucose uptake

Pharmacologic 
strategies

Heparin Increased 
availability of 
free fatty acids

Calcium 
channel 
blockers

Reduced 
glucose uptake

Communication Review of 
protocol before 
preparation and 
confirmation of 
adherence prior 
to imaging

Enhance patient 
understanding 
and compliance
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that evaluated the effectiveness of a preparation 
protocol reported that there were significant asso-
ciations between markers of glucose metabolism 
and the standardized uptake values of the blood 
pool and myocardium and established normative 
ranges of serological measures of metabolic 
parameters for the study population [9]. Indeed, 
given the heterogeneity of preparation strategies, 
it may be that each unique protocol alters metab-
olism differently, and the establishment of nor-
mative values based on a given preparation 
strategy in a particular population may be neces-
sary to meaningfully assess a particular patient’s 
metabolic state prior to imaging [9, 13].

 Patient Populations Requiring 
Special Considerations

While the above recommendations apply 
broadly, several patient populations require addi-
tional consideration to optimize myocardial sup-
pression of 18F-FDG uptake for inflammation 
imaging.

Patients with diabetes mellitus create a unique 
challenge given the need to minimize insulin 
administration to optimize imaging while bal-
ancing patient safety. Current recommendations 
suggest that patients with diabetes undergo the 
same preparation strategy as other patients. 
Those with type I diabetes should receive basal 
insulin but should minimize short-acting insulin 
to the extent that it is safe, especially on the day 
of the study. For those with type 2 diabetes, oral 
medications and non-insulin injections should 
be held on the day of the test. Similarly, insulin 
administration should be minimized to the extent 
that it is safe [5, 8].

It is important to exclude obstructive coronary 
disease in patients prior to 18F-FDG-PET imag-
ing if there is clinical suspicion. Ischemic and 
hibernating myocardium is highly avid for glu-
cose because it lacks the ability to metabolize 
fatty acids. Accordingly, ischemic territories can 
exhibit exuberant uptake of 18F-FDG even under 
fasting conditions, and coronary artery disease 
should be considered in any patient with 18F-FDG 

uptake in a coronary distribution on a study 
ordered to assess for inflammation [14].

Advanced cardiomyopathy alters myocardial 
metabolism by increasing glucose metabolism 
relative to fatty acid metabolism. Although this 
change in physiology merits consideration, there 
are presently no recommendations to modify 
preparation strategies in the setting of cardiomy-
opathy [15].

Additionally, inpatients who require 18F-FDG- 
PET myocardial imaging for inflammation also 
require careful planning. Intravenous medica-
tions containing glucose should be avoided. 
Furthermore, a multidisciplinary approach 
involving nursing, dieticians, and imaging staff 
should be employed, in addition to providing the 
same instructions to the patients that would have 
been provided in the outpatient setting. As with 
outpatients, these individuals should be screened 
carefully for errors in preparation prior to 18F- 
FDG injection.

 Current Recommendations

The most recent SNMMI/ASNC expert consen-
sus document from 2017 provides recommenda-
tions to optimize patient preparation based on 
current evidence. The document supports pre-
paring patients with either: (a) at least two high 
fat (>35 g) and low carbohydrate (<3 g) meals 
the day prior to the study followed by a fast rang-
ing from 4 to 12 h or (b) a fast of >18 h. The use 
of heparin can be considered as an adjunct given 
its uncertain role in suppressing myocardial glu-
cose utilization. All patients should be contacted 
with instructions well in advance of the study 
and should document their meals and prepara-
tion for review with lab staff prior to 18F-FDG 
injection [5]. Since publication of this most 
recent consensus document, additional support 
for longer duration fasting has emerged from 
several centers. Accordingly, if possible, a fast 
closer to 12  h as part of a combined approach 
appears to be more favorable [7]. In fact, the 
JSNC advocates for a longer fasting period of 
12–18 h preceded by a low carbohydrate meal in 
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Table 4.3 SNMMI/ASNC consensus recommendations 
for myocardial suppression in 18F-FDG-PET Imaging [5]

Beneficial Maybe beneficial
At least two high-fat 
(>35 g) low-carbohydrate 
(<3 g) meals the day prior 
to imaging followed by a 
fast of 4–12 h or a fast of 
>18 h prior to 18F-FDG 
administration

Use of adjunctive 
unfractionated heparin 
as an intravenous bolus 
(50 IU/kg) 15 min 
before 18F-FDG 
administration

Diabetic patients should 
minimize short-acting 
insulin and avoid oral 
agents and non-insulin 
injections on the day of the 
study
The exact preparation 
strategy should be logged 
prior to 18F-FDG 
administration and serial 
studies should be performed 
with the same preparation 
strategy

its most recent consensus statement [8]. A table 
of the strategies supported by current SNMMI/
ASNC recommendations is provided below 
(Table 4.3) [5]. Importantly, a recent single cen-
ter study demonstrated improved efficacy of a 
protocol based on the SNMMI/ASNC recom-
mendations compared to the previously imple-
mented institutional protocol [7].

Because each institution defines its own strat-
egy for patient preparation for 18F-FDG-PET 
imaging of myocardial and intracardiac inflam-
mation, it is of paramount importance that all 
patients adhere to the specified protocol and that 
the institution performing imaging routinely 
reviews the quality of imaging results. There 
should be a goal of >85% successful suppression 
of myocardial 18F-FDG uptake on these imaging 
studies.

 Future Directions

There remain several key questions that merit 
ongoing investigation for optimization of 
18F-FDG-PET imaging of myocardial and intra-
cardiac inflammation. A multicenter random-
ized trial comparing preparation strategies to 

determine the optimal means of patient prepa-
ration should be considered. While serological 
measures have not yet proven to be useful for 
the assessment of metabolic status prior to 
imaging, the identification of an easily mea-
sured biomarker that would inform the quality 
of preparation would be extremely advanta-
geous. Also, the role of machine learning in the 
interpretation of challenging and heterogeneous 
images consequent to marginal preparation 
(e.g., focally increased uptake superimposed on 
diffuse myocardial uptake) merits additional 
research. Alternative dietary strategies to 
reduce myocardial glucose uptake, such as a 
ketone body infusion, have shown promise in 
early studies and should be further evaluated 
[16]. Finally, and importantly, alternative trac-
ers that would not require intensive patient 
preparation to suppress background myocardial 
uptake should continue to be investigated. For 
example, other PET tracers that have already 
demonstrated potential utility in cardiac sar-
coidosis include 18F-fluorothymidine and 
68Ga-DOTATATE [17, 18].
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5Cardiac Sarcoidosis

Patrick Martineau, Matthieu Pelletier Galarneau, 
and David Birnie

 Introduction

Despite having been studied over a century, many 
aspects of sarcoidosis—including its pathophysi-
ology, diagnosis, and management—continue to 
confound clinicians and researchers alike. 
Initially described in 1877 by the English physi-
cian Jonathan Hutchinson, this multisystemic 
condition is characterized by non-caseating gran-
ulomas that can involve virtually any organ sys-
tem. Due to the inter-patient variability in clinical 
presentation, disease severity, and organs 
involved, sarcoidosis has historically been 
referred to by a number of different names and 
eponyms dependent on the particular constella-
tion of clinical findings, e.g. Lofgren syndrome 
(lymphadenopathy and skin involvement), 
Heerfordt syndrome (ocular, salivary gland, and 
facial nerve involvement), lupus pernio (skin 
involvement), etc. The introduction of what are 

essentially subtypes of sarcoidosis obfuscates the 
situation to a degree as all these conditions reflect 
a single unifying pathophysiology. Adding to the 
confusion are the difficulties associated with the 
diagnosis—sarcoidosis is a diagnosis of exclu-
sion for which no specific tests exist. While 
serum markers of sarcoidosis are known, these 
are generally neither sensitive nor specific.

Recently, there has been increased attention 
on cardiac sarcoidosis (CS) due to the realization 
that the prevalence of this condition had long 
been underappreciated (in no small part due to 
the difficulties inherent in its diagnosis) and of 
the dire clinical and prognostic implications. 
Cardiac involvement is the leading cause of death 
in patients with CS with a 5-year mortality rate 
estimated to range from 25 to 60% despite treat-
ment [1–3]. As a result, the field has recently seen 
advances in the development of diagnostic and 
therapeutic approaches. Fortunately, PET imag-
ing with 2-deoxy-2-[18F]fluoro-d-glucose (FDG) 
has been shown to be highly sensitive for the 
detection of inflammatory pathology and has 
proven itself to be a particularly useful test for the 
diagnosis and assessment of sarcoidosis, includ-
ing cardiac involvement.

In this chapter, we review the basics of CS, 
with particular emphasis on imaging using FDG- 
PET.  We discuss the diagnostic and prognostic 
significance of FDG-PET findings in patients 
with CS, as well as compare to other imaging 
modalities.
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 Histopathology

The etiology of sarcoidosis remains a mystery 
despite exhaustive attempts to identify a caus-
ative agent. To date, the largest study which 
attempted to shed light on the origins of sarcoid-
osis was the NIH-funded ACCESS (A Case- 
Control Etiological Sarcoidosis Study). This 
study enrolled over 700 subjects, in addition to 
nearly 30,000 of their first- and second-degree 
relatives, in an attempt to determine a possible 
genetic etiology for sarcoidosis but failed to iden-
tify either a common agent or genetic locus [4, 
5]. Nonetheless, ACCESS was able to confirm 
familial clustering of sarcoidosis cases, as well as 
racial variations, supporting a potential genetic 
component in the pathophysiology of sarcoid-
osis. Additional support for a genetic component 
is provided by the observation of a higher inci-
dence rate of sarcoidosis in monozygotic com-
pared to dizygotic twins [6].

Historically, a number of agents have been 
suggested as possible causative agents of sarcoid-
osis, including mycobacteria, propionibacteria, 
mycoplasma, viruses, as well as a variety of inor-
ganic (talc, aluminum, zirconium) and organic 
(clay, pine tree pollen) substances. Nonetheless, 
conclusive evidence linking these agents to sar-
coidosis has not been forthcoming. Further sup-
port for an environmental component of 
sarcoidosis is an observed variation with geogra-
phy, seasonal variation, and occupation [7].

Currently, the predominant theory regarding 
the pathophysiological origins of sarcoidosis is 
the so-called gene-environment hypothesis—
namely that individuals with a genetic predis-
position are exposed to a particular 
environmental trigger, precipitating the disease 
phenotype [8]. Support for this theory has been 
garnered by a number of observations includ-
ing: the above- described genetic component, 
the particular inflammatory response seen in 
sarcoidosis patients which is compatible with a 
Th1-type response triggered by an antigen, as 
well as an association between the condition 
and CD4+ T-cells [9]. These elements suggest 

that sarcoidosis may represent the body’s reac-
tion to a poorly degradable antigen resulting in 
the perpetuation of a chronic inflammatory 
response.

At the histological level, the hallmark lesions 
of sarcoidosis consist of granulomas—organized 
collections of mononuclear phagocytes—which 
may be associated with additional inflammatory 
leukocytes [10]. Traditionally, these granulomas 
are described as non-necrotizing although a 
degree of central necrosis can be present [10]. An 
important point to note is that the lesions seen in 
sarcoidosis are not specific to the condition and 
can be observed in other granulomatous condi-
tions—as such, sarcoidosis remains a diagnosis 
of exclusion, and consideration of the clinical 
presentation, imaging results, as well as pathol-
ogy results is necessary.

When activated, inflammatory cells overex-
press specific glucose transporters—GLUT1, 
GLUT3, and GLUT4 [11, 12]—leading to an 
increase in glucose uptake (and, by extension, 
FDG which acts as a glucose analog) within these 
cells. It is this uptake which is the key to detect-
ing sarcoidosis lesions on PET imaging.

 Epidemiology

The reported incidence of sarcoidosis varies 
greatly among published studies which may sug-
gest a significant geographical variation 
(Table  5.1). Sarcoidosis has consistently been 
reported to be most commonly seen in individu-
als living in Scandinavian countries, as well as in 
African Americans, with prevalence rates as high 
as 215 and 141.4 per 100,000 individuals, in 
Swedes and African Americans, respectively [13, 
14]. However, it is important to note that these 
results were derived from health care use data 
which likely underestimates asymptomatic 
patients or those with limited disease. In addition 
to race and geography, sarcoidosis incidence has 
been noted to vary greatly with age and sex. 
Incidence is noted to peak in middle age, with a 
slightly greater prevalence in women.
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Table 5.2 Reported prevalence of cardiac sarcoidosis on imaging studies

References Year published Country N Prevalence Modality
[25] 2002 France 31 54.9% CMR
[23] 2003 France 50 14.0% CMR
[24] 2005 Holland 82 3.7% CMR, SPECT
[16] 2008 USA 62 38.7% CMR, PET
[18] 2009 USA 81 25.9% CMR
[20] 2011 USA 152 19.0% CMR
[21] 2013 Germany 155 25.5% CMR
[17] 2014 Japan 61 31.0% CMR
[59] 2016 Germany 188 15.4% CMR
[22] 2016 USA 205 20.0% CMR

 Rates of Cardiac Involvement

The reported prevalence of cardiac involvement 
varies significantly (Table  5.2). The ACCESS 
reported a prevalence of CS of only 2.3% [15]; 
however, it should be noted that studies have con-
sistently revealed that a significant proportion of 
patients with sarcoidosis without cardiac symp-
toms have detectable cardiac involvement on 
imaging, with the proportion ranging from 3.7 to 
54.9% [16–25]. Furthermore, comparable results 
have consistently been seen on autopsy studies. 
In particular, cardiac sarcoidosis is common 
among the Japanese population and has been 
found in up to 58% of sarcoidosis patients [26]. 
In American populations, autopsy studies have 
found cardiac involvement in 27–40% of patients 
[1, 27]. Cardiac involvement has been reported to 
the predominant cause of death in patients with 
sarcoidosis, responsible for approximately 50% 
of sarcoid-related deaths in these patients [28–
30], rising to 85% in Japanese patients [26].

 Clinical Presentation and Prognosis

The clinical presentation of sarcoidosis is 
highly variable and dependent on numerous 
factors, including extent of disease and the 

organ systems involved. Chronic granuloma-
tous inflammation can result in organ fibrosis 
and dysfunction. While the clinical significance 
of this largely depends on the organ or type of 
tissue affected, such fibrosis in the heart can 
have significant prognostic implications. In 
particular, granulomatous infiltration and fibro-
sis of the heart can precipitate rhythm distur-
bances, conduction blocks, or even sudden 
cardiac death when the conduction system is 
involved (Fig. 5.1) [1, 2, 24, 31–33]. Extensive 
involvement by cardiac lesions can lead to 
impaired cardiac function resulting in heart 
failure [2, 31, 34]. Studies have shown that a 
large proportion (16–35%) of patients less than 
60 years of age presenting with complete heart 
block, or those with ventricular tachycardia of 
unknown etiology, have CS [35–38].

Despite this, some patients with cardiac 
involvement remain asymptomatic—studies have 
reported that the rate of asymptomatic cardiac 
involvement in patients with extracardiac disease 
varies between 3.7% and 54.9% [24, 25].

Cardiac involvement portends a worse prog-
nosis than extracardiac involvement—in particu-
lar, CS is reported to be the cause of 85% of 
sarcoid deaths in Japan [39]—with death being 
caused by factors such as heart failure and/or 
arrhythmias.
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Atrial involvement can manifest
with atrial arrhythmis and is a
common finding, affecting
approximately one third of
patients

Infiltration of the interventricular
septum can presents as an
atrioventricular block. Septal
involvement is present in up to
80% of patients with CS.

Papillary muscle involvement can
result in valvular dysfunction.
Papillary involvement has been
reported in up to one third of
subjects.

Diffuse infiltration of the ventricular myocardium
can result in left or right heart failure, as well as
ventricular tachycardias. Ventricular involvement
is ubiquitous in patients with CS and is seen in
the left ventricle in virtually all patients, and
involves the right ventricle in approximately one
third of subjects

Fig. 5.1 The clinical presentation of cardiac sarcoidosis is variable and is largely dependent on the degree of involve-
ment as well as the location of the lesions

 Diagnostic Workup

Due to the lack of a single specific test, the diag-
nostic workup of patients with CS is comprehen-
sive and takes into account clinical symptoms, 
serum biomarkers, tissue sampling, and the 
results of advanced imaging modalities such as 
PET and MRI.

In order to address this, various diagnostic 
guidelines have been proposed which incorporate 
a constellation of clinical symptoms, ECG 
results, tissue sampling, and imaging findings. 
There are currently three sets of guidelines used 
for the diagnosis of CS, all of which propose 
clinical criteria in order to establish a diagnosis 
of CS. These are the Japanese Ministry of Health 
and Welfare (JMHW) criteria, proposed in 1993 
[40] and revised in 2007 [41], the World 

Association for Sarcoidosis and Other 
Granulomatous Disorders (WASOG) criteria, 
first published in 1999 [42] and updated in 2014 
[43], as well as the more recently published Heart 
Rhythm Society (HRS) expert consensus state-
ment, also published in 2014 [44]. Most studies 
examining the use of advanced imaging for the 
diagnosis of CS use either the JMHW or HRS 
criteria as gold standard—these criteria are com-
pared in Table 5.3.

A recent study comparing the diagnostic per-
formance of all three sets of criteria compared to 
an expert, multidisciplinary panel found that a 
large portion of patients deemed to have CS by 
the panel failed to satisfy the three diagnostic cri-
teria [45]. Furthermore, the three diagnostic cri-
teria were found to have low concordance; 
however, it should be noted that the cohort exam-
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ined in this study had a high rate of isolated CS 
which, due to low sensitivity and the difficulties 
in obtaining a tissue diagnosis of sarcoidosis 
from endomyocardial biopsy, may partly account 
for the poor agreement between expert consensus 
and the various diagnostic criteria.

 Serum Biomarkers

Despite the well-known association between sar-
coidosis and serum angiotensin converting 
enzyme (ACE) levels, ACE levels are reported to 
be elevated in only 60% of patients with sarcoid-
osis [46]; however, patients treated for hyperten-
sion with ACE inhibitors can have suppressed 
levels of serum ACE—and it should be noted that 
up to 35% of patients with hypertension in the 
USA are treated with ACE inhibitors [47]—sig-
nificantly limiting the utility of this biomarker for 
the diagnosis of sarcoidosis [48]. A number of 
additional serum biomarkers have been investi-
gated for the diagnosis and follow-up of sarcoid-
osis including neopterin, troponin, IL-2, 
chitotriosidase, lysozyme, serum amyloid A, etc.; 
however, none of these demonstrates high accu-
racy for the diagnosis of sarcoidosis [49]. As 
such, the role of serum biomarkers in the evalua-
tion of sarcoidosis and CS is limited, and serum 
biomarker results are not included in the diagnos-
tic criteria mentioned above.

 Endomyocardial Biopsy

The gold standard for the diagnosis of CS con-
sists of a positive endomyocardial biopsy 
(EMB). Unfortunately, in part due to the nature 
of the disease which causes patchy, heteroge-
neous areas of myocardial infiltration, as well as 
technical difficulties—sampling being limited to 
the right- sided heart chambers—the sensitivity 
of EMB is quite low, reported as 20–30% [39, 
50]. Electroanatomical mapping or image-
guided biopsy has been reported to improve sen-
sitivity (up to 50%) but most patients with CS 
are not diagnosed with endomyocardial sam-
pling [51, 52].

 ECG Findings

ECG changes frequently serve as a screening test 
for patients with suspected CS and can demon-
strate evidence of structural or functional cardiac 
abnormalities [16, 53]; however, ECG findings 
suffer from low sensitivity and specificity for the 
diagnosis of CS, reported to be 33–58%/22–71%, 
respectively [31, 54]. Nonetheless, the presence 
of cardiac symptoms and certain ECG findings, 
such as bundle branch block, second or third 
degree atrioventricular block, ventricular arrhyth-
mias, and ST/T changes, can be suggestive of the 
diagnosis [55–57]. ECG abnormalities in CS 
patients are common, reported in 12–62% of sub-
jects [2, 24, 58]; however, in patients with clini-
cally silent CS, ECG abnormalities have been 
reported to be present in only 3.2–8.6% of 
patients [16–18, 59].

 Echocardiography

Echocardiography is often used as the initial car-
diac imaging assessment in patients with sus-
pected CS due to it wide availability. While 
frequently normal in patients with clinically 
silent CS, symptomatic patients can demonstrate 
regional wall motion abnormalities, systolic or 
diastolic dysfunction, basal septal thinning, an 
increase in left ventricular wall thickness, or a 
restrictive or dilated cardiomyopathy [16, 60–
63]. Occasionally, patients with CS and atrial 
involvement can demonstrate areas of atrial 
hypertrophy [64]. None of these findings is spe-
cific to CS and patients often require assessment 
with more advanced imaging modalities. 
Nonetheless, echocardiography is useful in the 
initial assessment and follow-up of LV function, 
an important prognostic indicator.

 Cardiac Magnetic Resonance (CMR)

CMR findings are not specific for the diagnosis 
of CS but typical findings include late gadolin-
ium enhancement (LGE), usually patchy and 
multifocal. Segments most commonly affected 
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include the basal segments, with LGE usually 
seen in the midmyocardium and epicardium [20, 
65, 66]. CMR enjoys high spatial resolution and 
allows for accurate assessment of both left and 
right ventricular function while also assessing for 
areas of edema and fibrosis. Unfortunately, the 
use of CMR in patients with suspected CS is 
often hampered by the presence of cardiac 
implantable electronic devices (CIED).

 FDG-PET Imaging of Patients 
with CS

Recently, the European Association of Nuclear 
Medicine (EANM), the European Association of 
Cardiovascular Imaging (EACVI), the American 
Society of Nuclear Cardiology (ASNC), and the 
Society of Nuclear Medicine and Molecular 
Imaging (SNMMI) have produced multi-society 
procedural position statements in part to help 
guide the use of FDG-PET imaging in patients 
with CS [67, 68].

The EANM, the EACVI, and the ASNC posi-
tion statement sets forth, among other things, a 

standardized approach to patient preparation and 
image acquisition, in addition to a clear set of 
diagnostic criteria for FDG-PET (in conjunction 
with perfusion imaging) in patients with sus-
pected CS. These diagnostic criteria support the 
hypothesis that FDG uptake in cardiac lesions 
represents sites of active inflammation with the 
interpretation of these patterns reliant on the dis-
tribution of uptake, rather than the degree or 
intensity of uptake seen. Furthermore, this posi-
tion statement proposes an imaging approach to 
the workup of patients with suspected CS 
(Fig. 5.2) and also highlights the important role 
that FDG-PET can play in the monitoring of 
response to immunosuppressive therapy due to 
the ability of PET to directly visualize inflamma-
tory activity. The views put forth in this position 
statement largely echo those of the Joint 
SNMMI–ASNC expert consensus document 
[68]. Both of these documents make clear the 
importance of standardized PET acquisition pro-
tocols and interpretation criteria. These position 
statements enumerate multiple clinical scenarios 
in which PET imaging in patients with known or 
suspected CS may be helpful.

Suspected CS
Extracardiac sarcoidosis and

palpitations/syncope or abnormal
ECG/Holter or abnormal echo

CMR
preferred

FDG PET/CT
& MPI

FDG (-) & MPI (+)
CMR LGE (+)

Consider ICDImmunosuppressive Rx‡
Consider ICD

Abnormal/Unavailable/
Contraindicated

Normal

Clinical
Follow-up∗

FDG (+)†

Fig. 5.2 Suggested imaging approach for the assessment 
of suspected cardiac sarcoidosis suggested by the 
Cardiovascular and Inflammation and Infection 
Committees of the European Association of Nuclear 
Medicine, the European Association of Cardiovascular 
Imaging, and the American Society of Nuclear Cardiology. 

CS cardiac sarcoidosis, CMR cardiovascular magnetic 
resonance imaging, ECG electrocardiogram, Echo echo-
cardiogram, FDG 18F-fluorodeoxyglucose, ICD implant-
able cardioverter defibrillator, LGE late gadolinium 
enhancement, MPI myocardial perfusion imaging, Rx 
therapy. (Reprinted with permission from [67])
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 Protocols for Cardiac FDG-PET 
Imaging

Due to the variable nature of physiological car-
diac FDG uptake, use of standardized patient 
preparation protocols is essential when using 
FDG-PET to assess patients with suspected 
CS.  Further details on the nature of cardiac 
metabolism and suppression protocols are 
available in Chaps. 3 and 4. It will be noted that 
adoption of a structured preparation protocol 
has been shown to decrease the rate of non-
diagnostic studies [69]. Furthermore, Tang 
et al. performed a systematic review and meta- 
analysis in order to examine the effects of 
patient preparation on the diagnostic accuracy 
of FDG- PET for CS using the JMHW criteria 
as gold standard [70]. This analysis incorpo-
rated 16 studies for a total of 559 patients. The 
authors found that the diagnostic odds ratio 
positively correlated with fast duration and 

heparin use, but not with the use of a high fat 
low carbohydrate diet.

 Interpretation Criteria

Assuming adherence to an appropriate patient 
preparation protocol, the interpretation of cardiac 
FDG-PET images is straightforward. As men-
tioned above, the interpretation of PET cardiac is 
based on the distribution of uptake and not on the 
intensity of uptake. Figure 5.3 shows the typical 
patterns of cardiac FDG uptake encountered in 
clinical practice. Positive studies for CS should 
show distinct foci of uptake, or at least heteroge-
neous uptake, while homogeneous (particularly 
in the lateral free wall of the left ventricle) or 
absent uptake should be considered negative for 
active cardiac sarcoidosis. The distinction of 
“active” cardiac sarcoidosis is an important one 
due to the possibility of so-called burnt-out dis-

None

Diffuse

Isolated
Lateral wall

Focal on
diffuse

Focal

Fig. 5.3 Patterns of 
cardiac uptake which 
can be encountered 
when assessing patients 
with FDG-PET for 
suspected CS shown in 
short, horizontal long, 
and vertical long axes. 
The “None,” “Diffuse,” 
and “Isolated Lateral 
wall” patterns are all 
considered negative for 
CS. Furthermore, the 
“Diffuse” pattern should 
raise the issue of 
appropriate patient 
adherence to preparation 
instructions and such 
studies may be 
considered non- 
diagnostic. Positive 
studies for CS should 
show focal patterns of 
activity such as seen in 
the “Focal” and “Focal 
on diffuse” patterns. 
(Reprinted with 
permission from [115])
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ease, i.e. myocardial scarring without evidence of 
active inflammation. As FDG-PET assesses 
inflammation, patients with burnt-out disease 
will not show abnormal findings on this modal-
ity; however, cardiac perfusion studies and CMR 
can show the stigmata of burnt-out CS—namely 
myocardial scarring—hence the importance of 
conducting such studies in conjunction with 
FDG-PET, as recommended by the position 
statements mentioned above.

One of the important advantages of PET as a 
whole-body imaging modality is that, in addition 
to cardiac involvement, extracardiac sarcoidosis 
can be easily assessed (Fig. 5.4).

 Diagnostic Accuracy of FDG-PET 
for the Assessment of CS

The issue of diagnostic accuracy of FDG-PET for 
CS is complicated by the lack of a unique refer-
ence standard. Furthermore, the results of certain 
early studies which may not have employed ade-
quate myocardial suppression protocols must be 
interpreted with caution, as physiological cardiac 
uptake can be a serious confounder, limiting the 
effectiveness of FDG-PET.  Furthermore, poor 
correlation between PET results and the JMHW 
criteria has been reported which brings into ques-
tion the results of studies reporting the accuracy 

a b

c

Fig. 5.4 Typical findings in a patient with CS and extra-
cardiac sarcoidosis on FDG-PET.  Maximum intensity 
projection images demonstrate significant myocardial 
uptake as well as roughly symmetric and bilateral medias-
tinal/hilar lymphadenopathy (as indicated by the arrow), 

the typical finding of thoracic sarcoidosis (a). In this 
patient, MRI (b) demonstrated patchy myocardial late 
gadolinium enhancement (as indicated by the arrow), with 
corresponding activity seen on transaxial FDG-PET/CT 
images (c). (Reprinted with permission from [115])
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Table 5.4 Results of studies examining the sensitivity and specificity of FDG-PET for cardiac sarcoidosis

References Year N Preparation Sensitivity Specificity Gold Standard Country
[116] 2003 17 5 h fast 82% – JMHW Japan
[83] 2004 22 12 h fast 100% 91% Modified JMHW Japan
[117] 2005 19 6 h fast, UFH 100% 81% JMHW Japan
[72] 2008 21 6 h fast, UFH 88% 38% JMHW Japan
[85] 2009 30 18 h fast 85% 90% JMHW USA
[84] 2010 24 12 h fast 100% 33% JMHW Japan
[73] 2012 24 12 h fast 79% 79% Modified JMHW Canada
[118] 2013 43 12 h fast 33% 96% JMHW Italy
[96] 2013 58 4 h fast, HFLC diet 50% 95% JMHW France
[88] 2014 31 12 h fast, HFLC diet 95% 88% Modified JMHW USA
[71] 2014 118 3 h fast, HFLC diet 42% 80% JMHW USA
[119] 2014 59 6 h fast, UFH 93% 69% JMHW Japan
[120] 2014 19 12 h fast, UFH 75% 73% JMHW Japan
[121] 2015 52 12 h fast, UFH 74% 80% JMHW Japan
[122] 2015 92 19 h fast, LC diet 97% 83% Modified JMHW Japan
[101] 2016 19 15 h fast 33% 88% JMHW Denmark
[92] 2017 231 12 h fast, HFLC diet 69% 93% JMHW USA
[105] 2017 20 18 h fast 85% 100% JMHW Japan

JMHW Japanese Ministry of Health and Welfare Guidelines, UFH unfractionated heparin, HFLC high fat, low carbo-
hydrate, LC low carbohydrate

of PET imaging while using the JMHW criteria 
as gold standard [71, 72].

Yousef et al., in a meta-analysis of 7 studies 
including 164 patients, reported a sensitivity and 
specificity of 89% and 78%, respectively, using 
the JMHW guidelines as gold standard [73]. A 
more recent meta-analysis, which updated these 
results to include 17 studies and 891 subjects, 
reported a pooled sensitivity and specificity of 
0.84 and 0.83, respectively [74] (Table 5.4). The 
authors suggested that the combination of FDG- 
PET with perfusion imaging could improve diag-
nostic accuracy. It should be noted that this 
meta-analysis only included studies which used 
the JMHW or modified JMHW criteria as a refer-
ence standard and it is unclear how the use of 
another gold standard (such as the HRS criteria) 
would impact diagnostic accuracy.

 Prognostic Significance

Blankstein et  al. examined the relationship 
between PET abnormalities (perfusion and meta-
bolic) and outcomes in cardiac sarcoidosis 
patients [71]. Patients were assigned to one of the 

three categories—normal perfusion and metabo-
lism, abnormal perfusion or metabolism, or 
abnormal perfusion and metabolism. Primary 
outcomes considered included all-cause death 
and documented sustained ventricular tachycar-
dia. This study found that abnormalities in perfu-
sion and metabolism were significantly associated 
with death and sustained ventricular tachycardia, 
with the strongest association found in patients 
with both perfusion defects and metabolic abnor-
malities. The authors found that focal uptake in 
the right ventricle was also associated with an 
increased rate of adverse outcomes which is up to 
5 times greater than those without abnormal car-
diac perfusion or metabolic findings.

A study comparing the prognostic significance 
of late gadolinium enhancement (LGE) and myo-
cardial FDG uptake on PET in a group of 56 
patients suggested that LGE was predictive of 
adverse events (defined as sustained ventricular 
tachycardia, ventricular fibrillation, ICD shock, 
and all-cause death), while FDG uptake was not 
[75]. It should be noted that these results differ 
from those of Blankstein et al. [71].

The prognostic importance of right ventricular 
involvement was confirmed in a retrospective 
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study by Tuominen et al. involving 137 subjects 
[76]. This study found that right ventricular 
involvement, in addition to high total cardiac 
metabolic activity, was associated with an 
increased risk of adverse cardiac events (defined 
as death, reduction in LVEF, or hospitalization 
due to arrhythmia). The prognostic significance 
of the extent and severity of FDG-avid cardiac 
abnormalities in CS was also explored in a retro-
spective study by Sperry et  al. [77]. This study 
examined the relationship between perfusion 
PET (using rubidium as a perfusion agent), FDG- 
PET, and clinical outcomes—in particular, the 
authors performed survival analysis using a com-
posite endpoint consisting of death, ventricular 
tachycardia requiring defibrillation, and heart 
transplantation. Measures of cardiac FDG uptake 
considered included the summed FDG score, 
maximum global SUV score, mean global SUV, 
the standard deviation of global SUV, as well as 
the coefficient of variation (CoV, defined as the 
ratio of the standard deviation to the mean) of 
FDG uptake. Furthermore, the relationship 
between FDG and perfusion abnormalities was 
examined. Their results showed that, of the vari-
ables examined, the sum rest score (SRS) on per-
fusion imaging and the CoV on FDG imaging 
were the best predictors of adverse events.

Subramanian et al. examined the relationship 
between a novel quantitative measure, the Uptake 
Index (UI)—defined as the product of the maxi-
mum left ventricular SUV and the number of seg-
ments with abnormal uptake—and the clinical 
and echocardiographic response in patients with 
CS undergoing treatment [78]. This study found 
that pre-treatment myocardial FDG-PET find-
ings, as assessed by the UI, were an independent 
predictor of the short-term (4–6 months) clinical 
and echocardiographic response following the 
initiation of therapy.

The extent of perfusion abnormalities may 
have more prognostic significance than the extent 
of inflammation. A study by Yamamoto et al. [79] 
examined the prognostic significance of myocar-
dial ischemia—as assessed by 123I-BMIPP 
SPECT—and myocardial uptake on FDG-PET in 
73 subjects with CS and without obstructive cor-
onary artery disease. Patients underwent serial 

imaging SPECT and PET over a mean follow-up 
period of 1264 ± 996 days during which time 20 
major adverse cardiac events (MACE, defined as 
all-cause mortality, hospitalization due to heart 
failure, and sustained ventricular tachycardia/
fibrillation) were recorded. Following diagnosis, 
patients were treated with prednisolone. Those 
patients with SUVMax < 4 on FDG-PET after the 
introduction of prednisolone for more than 
2 years were considered as recurrence-free, while 
those with SUVMax > 4 at least once under treat-
ment were considered to have recurred. The 
authors found that the higher BMIPP defect 
scores were predictive of both recurrence and 
MACE, while FDG findings were not predictive 
of MACE; however, the metabolic volume 
(defined as the volume of the left ventricular wall 
with SUV  ≥  4.0), total lesion glycolysis (the 
product of the metabolic volume and mean SUV), 
and frequency of right ventricular involvement 
were greater within the recurrence group.

 Role in Assessing Response

It is recommended that patients with CS be 
treated with immunosuppressive drugs when 
there is evidence of LV dysfunction, ventricular 
arrhythmias, abnormalities on cardiac imaging 
(e.g. LGE on CMR, or cardiac uptake on FDG- 
PET), or when there is RV dysfunction in the 
absence of pulmonary hypertension [80]. The 
fact that most of these criteria must be assessed 
on cross-sectional imaging highlights the impor-
tant role of advanced imaging modalities for the 
follow-up of patients with CS undergoing treat-
ment. Furthermore, as neither echocardiography 
nor CMR is very specific for active cardiac 
inflammation—which is the aspect of CS most 
amenable to treatment—FDG-PET may serve as 
the ideal imaging modality for follow-up in these 
patients (Fig. 5.5).

One of the advantages of PET imaging is the 
ease with which quantitative or semi-quantitative 
assessments of perfusion or metabolic abnormal-
ities can be obtained. Furthermore, many of these 
quantitative measures have been shown to be 
associated with high repeatability, an essential 
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a b c

Fig. 5.5 FDG-PET allows for straightforward evaluation 
of therapeutic response in patients with sarcoidosis. (a) 
shows a baseline FDG-PET of a patient with CS with car-
diac (arrow) and mediastinal lymph node involvement. 

After 3 months of treatment (b), the lymphadenopathy has 
resolved but there is evidence of mild residual inflamma-
tion within the heart (arrow). This activity has completely 
disappeared after an additional 3 months of treatment (c)

feature particularly if PET is to be used to mea-
sure response to therapy [81, 82]. Measures that 
have been considered for the assessment of dis-
ease activity in CS patients include maximum 
standardized uptake value (SUVMax), mean seg-
mental SUV, the coefficient of variation (CoV) of 
myocardial SUVs, the cardiac metabolic activity 
(CMA), and cardiac metabolic volume (CMV) 
[71, 83–88]. Some of these measures have been 
shown to be more revelatory than others. For 
example, McArdle et al. [86] showed that patients 
presenting with ventricular tachycardia (VT) had 
higher values of SUVMax and mean segmental 
SUV when compared to subjects with atrioven-
tricular block, while Ahmadian et  al. [88] have 
suggested that CMA may be a useful marker for 
assessing effectiveness of immunosuppressive 
therapy due to an association with adverse events 
(including VT and other arrhythmias, congestive 
heart failure, and heart block).

Several studies have suggested that a decrease 
in the amount of myocardial inflammation is 
associated with an improvement in cardiac func-
tion and NYHA class [71, 87, 89]. Lee et  al. 
examined the role of FDG-PET/CT for follow-up 
of 16 patients with CS by comparing various 
quantitative measures (including maximum 
(SUVMax), partial-volume corrected mean 
 standardized uptake value (SUVMean), partial- 
volume corrected metabolic volume product, and 
global metabolic volume product) to clinical 

symptoms, NYHA class, and ECG changes [89]. 
Results suggested that decreases in both SUVMax 
and SUVMean were associated with improvements 
in clinical measures, while patients with progres-
sive disease failed to show statistically significant 
decreases in quantitative measures on serial 
scans; however, one limitation of this study is 
that the relationship between PET findings and 
hard cardiac outcomes (e.g. death, arrhythmia, 
MACE, etc.) was not examined.

Muser et  al., in a retrospective study of 20 
subjects with a total of 92 PET studies, examined 
the prognostic significance of SUVMax, partial- 
volume corrected mean standardized uptake 
value (SUVMean), partial-volume corrected 
volume- intensity product, the volume-intensity 
product of the entire heart, and the background 
cardiac metabolic [90]. Over a median follow-up 
period of 35 months, 18 MACE (including death, 
heart transplantation, hospitalization for heart 
failure, and ICD interventions) occurred. It was 
found that lack of metabolic improvement (as 
measured by the partial-volume corrected 
volume- intensity product) was the only predictor 
of MACE, with a hazard ratio of nearly 19. 
Furthermore, the authors found a significant 
inverse relationship between changes in partial- 
volume corrected volume-intensity product and 
changes in the LVEF.

A characteristic feature of CS on FDG-PET is 
heterogeneous myocardial uptake. This heteroge-
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neity is helpful in distinguishing it from other 
disease processes and has been studied quantita-
tively through the use of texture analysis. Texture 
analysis—which consists of a set of computa-
tional techniques to study the relationships and 
inhomogeneity amongst sets of voxels—has been 
shown to be useful in assessing FDG-PET/CT 
studies in patients with suspected CS [77, 91–
93]. An advantage of texture analysis over other 
quantitative measures (such as SUV) is that mea-
sures of texture can assess the distribution of 
activity. While much work remains to be done, 
results to date suggest that texture features could 
aid in the diagnosis of CS and confer prognostic 
significance, with many extractable features 
associated with high inter-operator 
reproducibility.

Despite these results, the optimal quantitative 
measure for diagnosis and follow-up has yet to be 
identified. Furthermore, at least for the purposes 
of diagnosis, use of these quantitative measures 
has not been shown to be superior to a visual 
interpretation by an expert reader. Overall, the 
use of quantitation of FDG-PET in the assess-
ment of CS continues to be an area of active 
research.

 FDG-PET/MR for the Assessment 
of CS

Hanneman et al. examined the feasibility of using 
PET/MR to image cardiac sarcoidosis and myo-
carditis in 10 subjects with known or suspected 
cardiac sarcoidosis or myocarditis [94]. They 
found no significant difference in the number of 
positive cases between PET/MR and standalone 
PET/CT or CMR, but they did report a significant 
decrease in total effective radiation dose between 
PET/MR and PET/CT.

Wisenberg et  al. [95] compared the findings 
on PET/CT and PET/MR in 10 patients with CS 
following a single injection of FDG, with patients 
imaged with both modalities in a single day. They 
found that the presence of increased uptake, as 
well as the location of uptake was similar between 
both modalities. Based on their results, PET/MRI 
held no clear advantage over PET/CT.

 Comparison of FDG-PET/CT to MRI

To date, there has been limited research compar-
ing FDG-PET and CMR in patients with CS. In 
part, this may be related to the fact that compar-
ing FDG-PET and CMR is inherently limited as 
both modalities detect different phenomena—
FDG-PET is useful for imaging myocardial 
inflammation but provides essentially no infor-
mation on the presence or extent of myocardial 
fibrosis, while CMR is able to detect both inflam-
mation and fibrosis. As such, correlation between 
FDG-PET and CMR findings has been reported 
as only mild to moderate [72, 96]. A significant 
advantage of PET over CMR is the ability to 
image patients with CIEDs, as well as those with 
impaired renal function for whom IV contrast 
may be contraindicated. In addition, PET has the 
ability to accurately quantify the degree of myo-
cardial inflammation—which is the part of the 
disease amenable to therapy—and may be better 
suited for assessing response to treatment on fol-
low- up imaging. Furthermore, PET is highly use-
ful in detecting extracardiac disease, which can 
be useful in detecting extracardiac sites amenable 
to biopsy.

A direct comparison between FDG-PET and 
CMR in 30 untreated patients with CS and con-
duction system disease (CSD) was provided by 
Ohira et al. [97]. The modified JMHW 2006 cri-
teria were used as the gold standard for CS. Of 
the 30 subjects, 20 had abnormalities on both 
CMR and FDG-PET.  After classifying patients 
into two groups—chronic vs. new-onset CSD—it 
was found that patients with chronic CSD were 
more likely to be positive on CMR, while those 
with new-onset disease were more likely to be 
positive on FDG-PET.  The authors suggested 
that, despite both CMR and FDG-PET being use-
ful in the assessment of patients with suspected 
CS, FDG-PET might provide additional informa-
tion in patients with new-onset CSD.

The respective roles of FDG-PET and CMR in 
the follow-up of patients with CS were examined 
in a retrospective study by Coulden et  al. [98]. 
This study examined a total of 31 subjects with 
biopsy proven extracardiac sarcoidosis and sus-
pected CS, 22 of which received immunosup-
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pressive therapy, all of which underwent repeat 
CMR and PET after a median 228 days. Treated 
patients showed a significant decrease in myocar-
dial SUVMax as well as a significant increase in 
LVEF, with no significant change in volume of 
LGE post-therapy. The patients not undergoing 
therapy showed no significant changes in FDG- 
PET or CMR measures. On the basis of these 
results, the authors suggested that cardiac FDG- 
PET findings could serve as a potentially useful 
surrogate for assessing therapy response.

 Future Directions

FDG-PET in the assessment of patients with CS 
continues to be an area of active research. 
Outstanding issues include the optimal quantita-
tive measures to use in diagnosis and follow-up 
as well as the role that PET/MR should play. 
While FDG-PET has shown itself to be a useful 
imaging modality in patients with CS, the need 
for special patient preparation in order to sup-
press normal myocardial uptake is an important 
limitation. For this reason, several studies have 
looked at alternative PET radiotracers—ideally, 
those without physiological cardiac uptake. To 
date, numerous other radiotracers have been 
shown to be able to detect CS on PET including 
DOTA agents [99–103], fluorothymidine [104, 
105], NaF [106], and FMISO [107]. However, 
compared to FDG, the use of most of these radio-
tracers is restricted by their limited availability, in 
addition to reimbursement issues.

 Conclusion

The use of FDG-PET for CS is firmly established 
in clinical practice with this modality offering 
high diagnostic accuracy, in addition to important 
diagnostic and prognostic information, distinct 
from that of other advanced imaging modalities 
such as CMR.  Furthermore, the ability to per-
form this test in essentially all patients and its 
straightforward interpretation guarantees it a 
continued role in the diagnostic armamentarium 
for CS.
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 Introduction

Myocarditis is an inflammatory disease of the 
heart muscle associated with a broad variety of 
clinical presentations, ranging from chronic, sub-
acute, acute, to fulminant. In myocarditis, inflam-
mation, which may be focal or diffuse, is the 
primary cause of myocardial dysfunction. 
Diagnosis requires a high clinical suspicion and 
exclusion of other causes. Endomyocardial 
biopsy with histological, immunological, and 
immunohistochemical analysis represents the 
gold standard to diagnose myocarditis. 
Myocarditis can be classified according to the 
type of inflammatory cells infiltrating the myo-
cardium: lymphocytic, eosinophilic, polymor-
phic, giant cells, and non-caseous granulomas 
compatible with cardiac sarcoidosis. The 
European Society working group on Myocarditis 
also recommends the inclusion of the following 
subset: viral myocarditis (PCR proven viral repli-
cation), autoimmune myocarditis with or without 
serum cardiac autoantibodies, and viral and 

immune myocarditis combining positive viral 
PCR and positive cardiac antibodies [1]. 
Myocarditis can lead to entirely reversible injury 
or can cause myocardial scarring and chronic 
remodeling with subsequent dilated cardiomy-
opathy [2]. Prompt diagnosis is therefore impor-
tant to establish appropriate monitoring and 
management. Given the importance of early 
diagnosis and the challenges associated with the 
non-specific symptoms and variable presenta-
tions, better diagnostic tools are needed to 
improve recognition and follow-up and help 
identify the etiology of inflammation. In this 
chapter, the epidemiology, clinical presentation, 
classification, and treatment options of myocar-
ditis, as well as the current diagnostic strategies 
and role of cardiac magnetic resonance imaging 
(CMR) and positron emission tomography (PET) 
will be reviewed.

 Epidemiology

The true incidence of myocarditis is not precisely 
known partly due to the heterogeneous clinical 
presentation and because endomyocardial biopsy, 
which represents the gold standard for the diag-
nosis of myocarditis, is not always performed [1]. 
Early clinical recognition is key for appropriate 
diagnosis and management. A recent study using 
International Classification of Diseases (ninth 
revision) codes estimated the global prevalence 
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of myocarditis to be around 22 per 100,000 
person- year [3, 4]. Prevalence of myocarditis on 
autopsies of young people who succumbed to 
sudden death is highly variable, ranging from 2 to 
42%. In patients with unexplained dilated cardio-
myopathy, 9–16% of patients have biopsy proven 
myocarditis [1]. Thus, although the exact inci-
dence of myocarditis is unknown, it is not a rare 
entity.

 Clinical Presentation

Myocarditis is associated with a broad range of 
clinical presentations, making its diagnosis chal-
lenging. Some patients are completely asymp-
tomatic, while others present with non-specific 
symptoms including chest pain, shortness of 
breath, palpitations, and fever. In the most severe 
cases, patients with myocarditis can initially 
present with life threatening conditions such as 
cardiogenic shock and malignant arrhythmias 
[3]. Interestingly, myocarditis can mimic an acute 
coronary syndrome, with acute chest pain, with 
or without EKG changes, ventricular segmental 
motion abnormalities, and increased troponins 
(acute or prolonged/sustained). In these patients, 
coronary angiography will show no significant 
epicardial stenosis. Myocarditis can also present 
as new onset or worsening heart failure in the 
absence of coronary disease. In these cases, 
symptoms include shortness of breath, fatigue, 
peripheral edema, and chest pain. It can be 
accompanied with abnormality of the conduction 
system (AV block and bundle branch block) or 
arrhythmias. Finally, it can present with hemody-
namic instability due to severe myocardial dys-
function, cardiogenic shock, refractory 
ventricular arrhythmias, and/or death [1].

 Myocarditis Classification

 Lymphocytic Viral Myocarditis

Lymphocytic viral myocarditis is, as the name 
suggests, a viral illness manifesting with lym-
phocyte infiltration of the myocardium [2]. 

Frequently, a viral prodrome can be identified 
preceding the development of cardiac symptoms. 
Lymphocytic viral myocarditis may be fulmi-
nant, acute, subacute, or chronic. Some viruses 
directly infiltrate myocardial cells, including car-
diotropic viruses (adenoviruses, enteroviruses, 
coxsackieviruses, and echoviruses) and vasculo-
tropic viruses (Parvovirus B19), while others 
may indirectly infiltrate the heart 
(Cytomegalovirus, Epstein-Barr virus, Herpes 
simplex 6). Other viruses such as Influenza, HIV, 
hepatitis C, and possibly SARS-CoV-2 can cause 
myocardial inflammation by triggering a cyto-
kine storm or a cellular immune response by 
molecular mimicry [5]. Fulminant presentation is 
characterized by critical acute illness but those 
who survive the acute phase have an excellent 
long-term prognosis (93% survival without heart 
transplant). Acute presentation on the other hand 
despite a less severe initial presentation, is asso-
ciated with a progressive course associated with 
greater mortality and more commonly require 
cardiac transplantation (45% survival without 
heart transplant) [6]. The use of immunosuppres-
sion for lymphocytic viral myocarditis is still 
controversial. Some studies have shown possible 
benefits in patient with active lymphocytic myo-
carditis with positive cardiac autoantibodies and 
no viral genome in the myocardium [7]. This is 
hardly applicable in clinical practice as viral PCR 
is not always routinely performed on endomyo-
cardial biopsies. A case of lymphocytic myocar-
ditis is presented in Figs. 6.1 and 6.2.

 Giant Cell Myocarditis

Giant cell myocarditis is considered a rare (about 
300 cases described in the literature according to 
NORD- National Organization for Rare 
Disorder), fulminant, and rapidly fatal disease. In 
20% of cases, it is associated with another auto-
immune disease. Inflammation is caused by an 
inflammatory infiltrate containing giant cells 
resulting in myocardial destruction. 
Manifestations include heart failure, ventricular 
arrhythmias and atrioventricular block, hemody-
namic instability, cardiogenic shock, and sudden 
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Fig. 6.1 A 41-year-old male with biopsy proven lympho-
cytic myocarditis. Whole-body FDG-PET maximal inten-
sity projection (MPI) image (a), axial FDG-PET/CT 
image (b), and FDG bullseye image (c) show relatively 
extensive increased FDG uptake involving the anterosep-
tal, anterior, and anterolateral walls, with extension into 
the lateral basal walls. This uptake distribution does not 

represent a typical pattern of poor suppression (e.g. iso-
lated lateral wall) and is therefore compatible with inflam-
mation. On CMR, T2-weighted short-tau inversion 
recovery (STIR) sequences (d) show mild edema (ratio 
heart: muscle 2.1). There was no significant late gadolin-
ium enhancement (e)

a b

c

d

Fig. 6.2 A 60-year-old male referred with myocarditis, 
non-ischemic cardiomyopathy, and elevated troponins 
(>10,000). Whole-body FDG-PET maximal intensity pro-
jection (MPI) image (a) and axial FDG-PET/CT image 
(b) revealed a small area of abnormal FDG uptake (arrow) 

in the infero-septal wall, corresponding to an area of late 
gadolinium enhancement on CMR (c, arrow). Rubidium 
rest myocardial perfusion imaging (d) demonstrated a 
corresponding area of focally reduced perfusion
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Baseline Follow up

CRP <1
TnT-hs <3

proBNP 279

CRP 67
TnT-hs 7

proBNP 1202

Fig. 6.3 A 60-year-old female who presented with dys-
pnea. She was found to have thickened atrial walls on 
echocardiography and atrial late gadolinium enhancement 
on CMR (not shown). Initial FDG-PET/CT revealed 
intense (SUVmax 15) uptake in both atria with no abnormal 

uptake in the left or right ventricle. On follow-up study, 
there is complete resolution of atrial inflammation. A right 
atrial biopsy confirmed the diagnosis of giant cell 
myocarditis

death. Without immunosuppression, the rate of 
death or cardiac transplantation was ~90%, with 
a median survival of 5.5 months from the onset of 
symptoms [8]. With immunosuppression, the sur-
vival is 65% free of transplantation and 85% with 
or without transplantation [9]. Giant cell myocar-
ditis is associated with a high risk of sudden 
death and patients may benefit from a defibrilla-
tor [10, 11]. A case of giant cell myocarditis is 
presented in Fig. 6.3.

 Cardiac Sarcoidosis

Sarcoidosis is a multisystemic inflammatory dis-
ease causing the formation of non-caseating granu-
lomas. Cardiac involvement is associated with 
worse prognosis and has been diagnosed in approx-
imately 25% of individuals with systemic sarcoid-
osis based on autopsy or cardiac imaging studies 
[12]. The etiology is unknown but it has been 
hypothesized to be precipitated by exposure to an 
unknown antigen with subsequent exaggerated 
immune response in a possibly genetically predis-
posed individual [12–14]. A frequent initial clinical 
presentation includes atrioventricular block [15]. 
Cardiac sarcoidosis is found in as many as 25–35% 
of patients with AV block under the age of 60–65 
[16, 17]. Cardiac sarcoidosis is frequently associ-

ated with ventricular arrhythmias and can lead to 
refractory malignant arrhythmia and ventricular 
tachycardia (VT) storm and sudden death. It is the 
underlying diagnosis in 17–18% of patients thought 
to have idiopathic monomorphic VT [17] and in 
10–20% of patient with criteria for arrhythmogenic 
right ventricular dysplasia (ARVD) [18]. 
Endomyocardial biopsy is only positive in about 
25% of case due to the patchy disease. A common 
finding on cardiac echocardiography is basal septal 
thinning and wall motion abnormalities in a non-
coronary distribution [19]. CMRI and PET-FDG 
have been shown useful for the diagnosis of cardiac 
sarcoidosis and in monitoring response to therapy 
[19, 20]. Management includes immunosuppres-
sion when inflammation is present and early 
implantation of cardiac defibrillators to prevent 
sudden death [19, 21]. See Chap. 5 for a more thor-
ough review of cardiac sarcoidosis.

 Eosinophilic Cardiomyopathy

Hyper-eosinophilic syndromes (HES) are charac-
terized by persistent marked eosinophilia 
(>1500 eosinophils/mm3), absence of a primary 
cause of eosinophilia (such as parasitic or allergic 
disease), and evidence of eosinophilic myocar-
dial infiltration. Some other diagnoses involving 
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hypereosinophilia can overlap with cardiac mani-
festations including Churg-Strauss syndrome, 
early giant cell myocarditis, hypersensitivity 
reaction, parasitic infection, Loeffler or tropical 
endomyocardial fibrosis, and malignancy. The 
cardiac pathology of HES has traditionally been 
divided into three stages: (1) acute necrosis, (2) 
thrombosis, and (3) fibrosis. Clinical manifesta-
tions include heart failure, intracardiac thrombus, 
arrhythmias, and rarely pericarditis. 
Echocardiographic findings include laminar right 
and left apical thrombus with possible involve-
ment of posterior mitral leaflets. Management 
includes normalization of the peripheral eosino-
phil count, screening for the FIP1L1-PDGFRA 
mutation and treating with imatinib if the muta-
tion is present, and initiating anticoagulant ther-
apy in patients with or at risk for thrombotic 
complications [22]. Some patients require heart 
transplantation and more aggressive management 
of arrhythmias [22, 23].

 Diagnosis and Investigation

Clinical history and physical examination may 
raise the suspicion of myocarditis but presenta-
tions are typically non-specific. Non-invasive 
investigations are useful to improve diagnostic 
confidence, assess disease severity, and evaluate 
the need for more invasive investigations. 
Electrocardiogram (ECG) is easily accessible 
and routinely performed early in patients with 
cardiovascular symptoms. ECG of patients with 
myocarditis is usually abnormal but without any 
specific or sensitive features. Relatively frequent 
findings include ST segment abnormalities, atrio-
ventricular block, bundle branch blocks, QRS 
prolongations, atrial and ventricular arrhythmias, 
or repolarization abnormalities. Although ECG 
can neither confirm nor exclude the diagnosis of 
myocarditis, it should be performed in all patients 
suspected of myocarditis to exclude other under-
lying pathology such as acute coronary syn-
drome. In addition, biomarkers are non-specific 
for myocarditis [1]; C reactive protein (CRP) is 
frequently elevated in myocarditis but is not spe-
cific and does not confirm diagnosis. Cardiac tro-

ponins are frequently elevated, revealing 
myocardial injury, but are also non-specific and 
negative troponins do not exclude the diagnosis 
[24, 25]. Coronary angiography is often per-
formed early to exclude an underlying coronary 
artery disease that could account for the myocar-
dial dysfunction and cardiac biomarker 
elevation.

 Endomyocardial Biopsy

As stated above, endomyocardial biopsy is the 
gold standard for the diagnosis of myocarditis. 
Current guidelines recommend endomyocardial 
biopsy in the following scenarios, mostly to 
exclude reversible and treatable cause and estab-
lish prognosis [24]:

Class I
 1. New onset heart failure of <2 weeks duration 

associated with a normal-sized or dilated left 
ventricle and hemodynamic compromise.

 2. New onset heart failure of 2 weeks to 3 months 
duration associated with a dilated left ventri-
cle and new ventricular arrhythmias, second- 
or third-degree heart block or failure to 
respond to usual care within 1–2 weeks.

Class IIa
 1. Heart failure of >3  months duration associ-

ated with a dilated left ventricle and new ven-
tricular arrhythmias, second- or third-degree 
heart block or failure to respond to usual care 
within 1–2 weeks.

 2. Heart failure associated with a dilated cardio-
myopathy of any duration associated with a 
suspected allergic reaction and/or 
eosinophilia.

 3. Heart failure associated with suspected 
anthracycline cardiomyopathy.

 4. Heart failure associated with unexplained 
restrictive cardiomyopathy.

 5. Suspected cardiac tumors.
 6. Unexplained cardiomyopathy in children.

Class IIb
 1. New onset heart failure of 2 weeks to 3 months 

duration associated with a dilated left ventri-
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cle without new ventricular arrhythmias or 
second- or third-degree heart block that 
responds to usual care within 1–2 weeks.

 2. Heart failure of >3  months duration associ-
ated with a dilated left ventricle and without 
new ventricular arrhythmias, second- or third- 
degree heart block or failure to respond to 
usual care within 1–2 weeks.

 3. Heart failure associated with unexplained 
hypertrophic cardiomyopathy.

 4. Suspected ARVD/C.
 5. Unexplained ventricular arrhythmias.

The conventional approach for endomyocar-
dial biopsy consists of acquiring 5–10 samples 
from the right ventricular septum with access 
through the right jugular vein or femoral veins. 
Left ventricular biopsy is feasible and of interest 
in certain clinical situations and can be combined 
with right ventricular biopsy to increase the diag-
nostic yield. Left ventricular biopsy is less fre-
quently performed because of concerns about 
bleeding, systemic embolization, and possible 
damage to the aortic valve or mitral subvalvular 
apparatus. Right ventricular biopsy has a low risk 
of complications (<2%), which includes arterial 
puncture, vasovagal reaction, bleeding, arrhyth-
mia, conduction abnormalities, perforation, tam-
ponade, pneumothorax, and death (<0.5%).

The diagnostic yield of a biopsy varies accord-
ing to underlying disease and timing of the proce-
dure relative to the disease stage. Due to sampling 
error and evolution of disease over time, a nega-
tive biopsy does not entirely rule out myocarditis. 
For example, sensitivity of biopsy is between 
80% and 90% in the very acute (<2 weeks) phase 
of lymphocytic viral myocarditis and 85% in 
giant cell myocarditis, while only 20% of right 
heart biopsies will be positive in cardiac sarcoid-
osis due to patchy disease involvement [24, 26]. 
The Dallas criteria, which rely on histological 

description of the inflammatory cells, with or 
without necrosis and/or fibrosis, and immunohis-
tochemistry description, were first introduced in 
1986. Although they are often considered the 
gold standard, they are limited by sampling qual-
ity and inter-observer variability in histopatho-
logic interpretation [24].

 Echocardiography

Echocardiography is the first line imaging test in 
patients with suspected myocarditis. In fact, all 
patients with suspected myocarditis should 
undergo a transthoracic echocardiography (TTE) 
and repeated TTE should be performed if there is 
a clinical or hemodynamical deterioration as 
myocardial dysfunction can be progressive and 
evolve rapidly during the acute phase of the dis-
ease. ETT findings may include global biventric-
ular dysfunction, regional wall abnormalities, 
diastolic dysfunction, normal-sized or dilated 
ventricles, thickened ventricular walls (due to 
edema), and intraventricular thrombus [1, 27]. 
Global longitudinal strain is also useful for early 
diagnosis and follow-up [27].

 Cardiac Magnetic Resonance (CMR)

CMR is currently the imaging modality of choice 
for the diagnosis of myocarditis. In addition to its 
unrivaled ability to evaluate cardiac function, 
CMR provides exquisite tissue characterization. 
The timing of the CMR will depend on hemody-
namic stability of the patient and the local avail-
ability. Myocarditis is associated with 
pathophysiological alterations in the myocar-
dium, including hyperemia, increased vascular 
permeability, edema, necrosis, and fibrosis, all of 
which can be assessed on CMR (Table  6.1). 

Table 6.1 Different CMR findings and their diagnostic accuracy in myocarditis

Parameter Prevalence Sensitivity Specificity
Edema T2-ratio 52% 56% 77%
Hyperemia and vascular permeability EGE 66% 62% 74%
Necrosis LGE 77% 69% 95%

Adapted from [35]
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Presence of edema, or increased water content, 
will lead to prolonged myocardial T2 relaxation 
times [28]. A T2 ratio can be calculated by divid-
ing the T2 signal intensity of the myocardium by 
that of skeletal muscle; a ratio ≥2.0 is indicative 
of edema [29, 30]. Of note, concurrent skeletal 
muscle inflammation may lead to a normal T2 
ratio despite the presence of myocardial edema. 
Hyperemia increased vascular permeability, and 
capillary leak can be assessed on early gadolin-
ium enhancement (EGE) using T1-weighted 
sequences. Similar to the T2-ratio, a EGE ratio 
can be calculated by dividing the signal intensity 
in myocardium to that of skeletal muscle, with 
ratio ≥4.0 being considered abnormal [31]. 
Newer sequences aiming at measuring the 
 extracellular space using T1 mapping before and 
after gadolinium can also be used. Because 
gadolinium- based contrast agents accumulate in 
the extracellular space, increased signal is 
observed after contrast injection. Another hall-
mark of myocarditis is the presence of necrosis 
and fibrosis, which can appear as regions of 
increased signal on T1 images acquired >10 min 
after administration of gadolinium-based con-
trast, commonly referred to as late gadolinium 
enhancement (LGE). Different patterns of 
delayed contrast enhancement (LGE) have been 
described and associated with different diagnoses 
and can provide insight on the etiology of the car-
diomyopathy. Lymphocytic myocarditis can 
cause transmural and/or subepicardial LGE, 
whereas sarcoidosis can cause patchy, subepicar-
dial, or transmural LGE. Hyper-eosinophilic car-
diomyopathy will typically cause subendocardial 
LGE [32]. Typically, in myocarditis, LGE will 
follow a non-vascular distribution with subendo-
cardial areas of enhancement, often patchy, and 
frequently affecting the basal and mid- 
inferolateral segments. One notable exception is 
eosinophilic myocarditis which can present as 
circumferential subendocardial LGE [33]. 
Finally, other findings on CMR have been asso-
ciated with the presence of myocarditis, includ-
ing pericardial effusion, and LV wall motion 
abnormalities. Interestingly, in the acute phase 
of myocarditis, the presence of edema without 

LGE is associated with better functional recov-
ery and outcomes, while the presence of LGE is 
associated with adverse outcome, regardless of 
LVEF [34].

 Lake Louise Criteria
On their own, the various diagnostic criteria are 
neither sensitive nor specific for the diagnosis of 
myocarditis (Table 6.1). The Lake Louise Criteria 
(LLC) were developed to address this limitation, 
by incorporating several criteria to reach a final 
diagnosis [31]. According to the LLC, CMR find-
ings are compatible with myocardial inflamma-
tion in the setting of clinically suspected 
myocarditis if ≥2 of the following criteria are 
met: (1) Regional or globally increased T2 signal 
intensity, (2) increased EGE, and (3) LGE fol-
lowing a non-ischemic pattern. Sensitivity and 
specificity of the LLC have been reported at 78% 
and 74%, respectively [35]. In 2018, an updated 
version of the LLC was presented [30]. The 
updated LLC, sometimes referred to as the 2018 
LLC, stipulate that in patients with a significant 
pre-test probability of myocarditis, the presence 
of T2-based markers of edema or T1-based 
marker of myocardial injury (e.g. EGE, LGE), or 
both, provides strong evidence of myocardial 
inflammation [30]. Studies suggest that the 2018 
LLC has increased sensitivity compared to the 
original LLC without any loss in specificity [36], 
although performance of those new criteria may 
be affected by the studied population [37].

 Positron Emission Tomography

There is a striking paucity of literature on the use 
of FDG-PET in myocardial inflammation outside 
of cardiac sarcoidosis. At this time, the literature 
is limited mainly to small series and case reports, 
and no prospective study has evaluated the diag-
nostic performance of FDG-PET/CT in myocar-
ditis. Furthermore, whether FDG-PET has the 
ability to identify the various types of myocardi-
tis is unknown, and the impact of FDG-PET on 
the management of patients with suspected myo-
carditis remains unstudied. Nonetheless, given 
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Table 6.2 Potential roles of FDG-PET in myocarditis

Initial diagnosis
Distinguish between residual active myocarditis and 
scarring
Evaluation of prognosis
Assessment of response therapy
Guide biopsy
Assessment of concomitant or precipitating pathology

the central role played by FDG-PET for the ini-
tial diagnostic and assessment of therapy response 
in idiopathic granulomatous myocarditis (cardiac 
sarcoidosis), it is conceivable that FDG-PET may 
play a role in the evaluation of patients with sus-
pected myocarditis (Table  6.2). Nonetheless, 
robust and prospective studies are required.

FDG findings have been described in various 
types of myocarditis. Abnormal FDG uptake has 
been reported in myocarditis following viral 
infection including parvovirus B19 and Epstein- 
Barr virus [38–42]. Simon et al. reported an inter-
esting case of myocarditis presenting as a 
manifestation of giant cell arteritis, with intense 
and diffuse myocardial FDG uptake [43]. In 
another case report, Gracia et  al. showed 
increased FDG uptake in a patient with eosino-
philic myocarditis [44]. Langwieser et al. report a 
case of relatively intense and focal FDG uptake 
corresponding to an apical mass in both ventri-
cles in a patient suffering from Loeffler endocar-
ditis, a rare cardiomyopathy caused by 
eosinophilic infiltration of the endomyocardium 
[45]. Moriwaki et al. reported a case of eosino-
philic myocarditis with intense, predominantly 
septal uptake after initiation of therapy, which 
resolved completely following adequate treat-
ment [46].

Kandolin et  al. report on 32 subjects with 
biopsy proven GCM [9]. In their sample, 12 
underwent FDG-PET/CT following a cardiac 
sarcoidosis myocardial suppression protocol in 
addition to a resting perfusion study. Of those 12 
subjects, 10 demonstrated focal uptake, 9 of 
which had corresponding resting perfusion 
abnormalities. Two subjects with GCM and with-
out significant FDG uptake had perfusion abnor-

malities, suggesting a different disease stage and 
highlighting the importance of acquiring resting 
perfusion. The authors suggested that guiding 
biopsy with FDG and CMR findings may improve 
its yield.

Lamacie et  al. reported the case of a patient 
with GCM who underwent serial FDG-PET/CT 
scans [47]. On initial FDG-PET, acquired at pre-
sentation, there was diffuse and intense FDG 
uptake in the left and right ventricles, with 
SUVmax of 25. Following 2 weeks of immunosup-
pressive therapy, uptake reduced significantly 
with an SUVmax of 6.4. After 4 months of therapy, 
there was no significant residual FDG uptake. 
Uptake intensity was found to correlate with tro-
ponin levels. Similar results were obtained in a 
patient with fulminant myocarditis, with abnor-
mal FDG uptake resolving after successful ther-
apy [48]. When inflammation subsides, the FDG 
uptake resolves while LGE typically persists on 
CMR, allowing to differentiate between active 
disease and sequelae [20, 49, 50]. This likely 
explains why the sensitivity of FDG-PET to 
detect myocarditis related inflammation is high-
est early after presentation [51]. Using FDG-PET 
as a biomarker of therapy response may be even 
more important in eosinophilic myocarditis as 
serologic markers to monitor cardiac disease are 
lacking [44, 46].

 PET/MR

Given the complementary role of FDG-PET and 
MR in cardiac sarcoidosis [20] and the critical 
role of CMR in the evaluation of patients with 
suspicion of myocarditis, integration of PET and 
MR into a single study is appealing. This is espe-
cially true given that CMR findings do not neces-
sarily correlate with level of myocardial 
inflammation [29, 52]. Furthermore, there is 
good but imperfect correlation between CMR 
and FDG-PET findings. Nensa et  al. reported a 
sensitivity and specificity for FDG-PET of 74% 
and 97%, respectively, when using CMR (LGE 
and/or T2) as gold standard [53]. These values of 
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sensitivity and specificity should be interpreted 
with caution due to the gold standard used. 
Indeed, FDG-PET and CMR are in fact imaging 
different aspects of the same pathology. 
Nonetheless, this highlights the complementary 
role of the two modalities; a normal CMR does 
not necessarily exclude the presence of 
 myocardial inflammation, which could be identi-
fied on FDG-PET.

 Imaging Protocol and Interpretation

PET acquisition should be performed in the 
same manner as for cardiac sarcoidosis imag-
ing, including use of a myocardial suppression 
protocol (see Chap. 4). Imaging should be per-
formed relatively early after tracer injection 
(40–60  min) to avoid creeping myocardial 
uptake that can be observed on delayed imag-
ing. Resting perfusion images, with SPECT or 
PET, should also be acquired, especially if CMR 
LGE sequences are not performed. Increased 
heterogeneous or focal myocardial uptake 
should be considered suspicious for myocarditis 
in the appropriate clinical setting. Image inter-
pretation can be challenging, as contrary to car-
diac sarcoidosis, uptake may mimic poorly 
suppressed myocardium, with either diffuse 
myocardial uptake or isolated lateral wall uptake 
[9, 38, 39]. FDG uptake may be very intense and 
diffuse (Fig.  6.1) or very focal and mild 
(Fig.  6.2), depending on myocarditis type and 
timing of imaging (acute inflammation vs. 

delayed presentation). Table 6.3 presents condi-
tions or circumstances that may help differenti-
ate between poor suppression and diffuse 
inflammation. When clinical suspicion of poor 
myocardial suppression is high, PET may be 
repeated following a 48-h low-carbohydrate- 
high-fat diet and prolonged fasting. The likeli-
hood of a positive PET study is greater in the 
presence of resting perfusion and/or CMR 
abnormalities. It is important to remember that 
FDG- PET identifies active inflammation and 
thus, absence of findings on FDG-PET does not 
exclude remote or quiescent myocarditis, espe-
cially when performed >8–10 weeks after onset 
of symptoms [51] (Fig. 6.4).

Table 6.3 Factors to help differentiate between poor 
myocardial suppression versus diffuse myocardial inflam-
mation as reason for uptake on FDG-PET in patients with 
suspected myocarditis

Poor suppression more 
likely

Myocardial inflammation more 
likely

Suppression protocol 
not followed
Normal CRP
Normal or low 
troponins
Absence of perfusion 
defects
Diabetic patients
Patients receiving 
high corticosteroid 
dose

Strict suppression protocol
Elevated CRP
Elevated troponins
Corresponding rest perfusion 
abnormalities
Corresponding MRI 
abnormalities
Uptake persists on repeated 
study
Very high myocardial uptake 
with increased marrow and/
spleen uptake
Septal uptake greater than 
lateral wall uptake
Atrial uptake
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Fig. 6.4 A-29 year-old male with eosinophilic cardiomy-
opathy. Whole-body FDG-PET maximal intensity projec-
tion (MPI) image (a) and axial FDG-PET/CT image (b) 
revealed no abnormal myocardial uptake. CMR showed 
patchy areas of late gadolinium enhancement on 2 cham-

ber (c) and short axis (d) views. Rubidium rest myocardial 
perfusion imaging (e) demonstrated areas of abnormal 
perfusion not conforming to coronary anatomy in the mid 
septal and anterolateral walls

 Conclusion

Myocarditis represents a broad range of patholo-
gies characterized by myocardial inflammation. 
Initial diagnosis of myocarditis can be challeng-
ing as clinical presentations are variable and 
treatment is often limited to supportive therapies. 
The exact role of FDG-PET in the evaluation of 
patients with myocarditis remains unclear. The 
diagnostic performance of FDG-PET depends on 
the timing of imaging relative to the onset of dis-
ease as well as disease subtype. Nonetheless, 
FDG-PET’s unrivaled ability to identify active 
inflammation may have the potential to help 
guide therapy. Additional research is needed to 
better delineate and validate the role of FDG- 
PET for the evaluation of myocarditis.
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7Large Vessel Vasculitis

Pieter H. Nienhuis, Elisabeth Brouwer, 
and Riemer H. J. A. Slart

 Introduction

Large vessel vasculitis (LVV) is a collection of 
chronic autoimmune conditions characterized by 
inflammatory lesions in the vessel wall of large- 
and medium-sized arteries. These vessel wall 
lesions may result in aneurysm formation, rup-
ture, and dissection in the aorta and stenosis as 
well as end-organ damage in the medium-sized 
arteries [1]. There are two major variants of LVV: 
Takayasu arteritis (TAK) and giant cell arteritis 
(GCA). TAK is characterized by inflammation of 
the aorta and its major branches and affects 
patients under 50 years of age. In GCA, the aorta 
and its major branches may likewise be affected, 
but less commonly than in TAK.  Instead, the 
third to fifth-order branches of the aorta such as 

the temporal and vertebral arteries are affected 
[2]. Additionally, GCA only presents in patients 
over 50 years of age, hence age being the main 
discriminator between the two diseases [3].

Apart from the above-mentioned complica-
tions associated with aortic involvement which 
presents in both TAK and GCA, the frequently 
affected vessels determine many of the clinical 
features. In TAK, subclavian artery occlusion 
leads to limb claudication and pulselessness. 
Such a clinical course may subsequently be com-
plicated by peripheral ischemia. In GCA, occlu-
sion of cranial arteries leads to headache and jaw 
claudication. Associated possible complications 
include vision loss and stroke.

Systemic symptoms such as fever, weight 
loss, and arthralgia are present in both types of 

P. H. Nienhuis 
Department of Nuclear Medicine and Molecular 
Imaging, Medical Imaging Center, University 
Medical Center Groningen, University of Groningen, 
Groningen, The Netherlands 

Vasculitis Expertise Center Groningen, University 
Medical Center Groningen, University of Groningen, 
Groningen, The Netherlands 

E. Brouwer 
Vasculitis Expertise Center Groningen, University 
Medical Center Groningen, University of Groningen, 
Groningen, The Netherlands 

Department of Rheumatology and Clinical 
Immunology, University Medical Center  
Groningen, University of Groningen,  
Groningen, The Netherlands 

R. H. J. A. Slart (*) 
Department of Nuclear Medicine and Molecular 
Imaging, Medical Imaging Center, University 
Medical Center Groningen, University of Groningen, 
Groningen, The Netherlands 

Vasculitis Expertise Center Groningen, University 
Medical Center Groningen, University of Groningen, 
Groningen, The Netherlands 

Department of Biomedical Photonic Imaging, Faculty 
of Science and Technology, University of Twente, 
Enschede, The Netherlands
e-mail: r.h.j.a.slart@umcg.nl

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 
M. Pelletier-Galarneau, P. Martineau (eds.), FDG-PET/CT and PET/MR in Cardiovascular 
Diseases, https://doi.org/10.1007/978-3-031-09807-9_7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-09807-9_7&domain=pdf
mailto:r.h.j.a.slart@umcg.nl
https://doi.org/10.1007/978-3-031-09807-9_7


90

LVV.  GCA patients presenting with pain and 
stiffness of the shoulder or hip girdle are fre-
quently diagnosed with concomitant polymy-
algia rheumatica (PMR), belonging to the 
same disease spectrum as GCA.  As many as 
half of the GCA patients have evidence of 
PMR [4].

Although both diseases are primarily diag-
nosed based on clinical suspicion and raised 
inflammatory markers, various imaging modali-
ties are now frequently used to aid the diagnostic 
process. In recent recommendations, the early 
use of imaging in the diagnostic process of GCA 
has been favored over a temporal artery biopsy, 
which has historically been considered the diag-
nostic gold standard [5].

In patients with high clinical suspicion, a posi-
tive imaging test may confirm a diagnosis of 
GCA or TAK. Imaging modalities used to inves-
tigate LVV include ultrasonography, magnetic 
resonance angiography (MRA), computed 
tomography angiography (CTA), and 
[18F]-fluorodeoxyglucose positron emission 
tomography (FDG-PET). Ultrasonography show-
ing a “halo sign” is highly suggestive of 
GCA. MRA is the primary imaging modality to 
diagnose TAK by way of showing vessel wall 
thickening and edema. Additionally, MRA of the 
cranial arteries may be used to diagnose 
GCA. CTA may equally be used to detect vessel 
wall inflammation in the large arteries.

Despite the proven value of the current diag-
nostic tools, negative results from any diagnostic 
tool cannot definitively exclude the presence of 
LVV. For example, a patient may have a negative 
temporal artery biopsy, ultrasonography without 
a halo sign, magnetic resonance imaging and 
computed tomography without wall thickening, 
but still have LVV as evidenced by a positive 
FDG- PET/CT.

FDG-PET is a functional imaging technique 
that is based on detecting enhanced glucose 
uptake. It is an established tool in the field of 
oncology, detecting the high glycolytic activity 
of malignant cells. To anatomically locate FDG 
uptake, FDG-PET is always used in conjunction 
with another imaging method, most commonly 
low-dose CT.

FDG-PET/CT also plays a role in imaging 
infectious and inflammatory diseases, by detect-
ing the increased glycolytic activity of inflamma-
tory cells such as macrophages [6]. This way, 
vessel wall inflammation in LVV may be detected 
on FDG-PET/CT. Given FDG-PET/CT is usually 
conducted as a whole-body scan, it enables detec-
tion of LVV in many regions throughout the 
body. Using FDG-PET/CT to assess inflamma-
tion of the aorta and its first-order branches is 
already well established in daily clinical practice. 
Its use to assess vessel wall inflammation in the 
cranial arteries had always been regarded unfea-
sible due to the small diameter of these arteries. 
For example, the superficial branch of the tempo-
ral artery has an average diameter of 2 mm, for 
which PET camera systems did not have suffi-
cient resolution [7]. Additionally, cranial artery 
uptake was difficult to distinguish from the high 
physiological FDG uptake of the brain [8]. 
However, recent studies have shown that proce-
dural adaptions and higher resolution PET cam-
era systems can reveal inflammation in the cranial 
arteries as well [9–11].

Apart from detecting vessel wall inflamma-
tion, FDG-PET/CT may assist the differential 
diagnosis by enabling the identification of other 
inflammatory processes that may explain the 
patient’s clinical presentation.

Much remains unknown about how FDG 
uptake may be interpreted in inflammatory dis-
eases. Increased FDG uptake is mainly noticed in 
active disease processes with a high rate of 
metabolism. In LVV, this may be observed in the 
early phase of the disease process, before ana-
tomic changes in the vessel wall manifest. 
Therefore, FDG-PET/CT may not show the ves-
sel wall destruction resulting from inflammation 
and subsequently not capture all clinically sig-
nificant findings.

In this chapter, the current application of 
FDG-PET/CT in LVV will be discussed. The 
technical approach to FDG-PET procedure and 
image interpretation as well as the role of FDG- 
PET/CT in the diagnostic workup of LVV forms 
the backbone of this chapter. Additionally, poten-
tial pitfalls of FDG-PET/CT in LVV will be 
reviewed.

P. H. Nienhuis et al.



91

 FDG-PET Procedure

The FDG-PET procedure for patients with LVV 
determines the quality and, therefore, the read-
ability of the FDG-PET images. Important fac-
tors in the FDG-PET procedure are patient 
preparation, image acquisition, and image recon-
struction. Standardization of the FDG-PET pro-
cedure is paramount to ensure optimal image 
quality for diagnosis, enable comparison with 
follow-up imaging, and allow validation of 
research outcomes [8, 12]. The recommended 
procedural parameters are summarized in 
Table 7.1.

 Patient Preparation

The main goal of patient preparation is to reduce 
physiologic tracer uptake in healthy tissues 
while maintaining or enhancing tracer uptake in 
inflamed tissues. Because FDG is a glucose ana-
log, glucose may competitively inhibit FDG 
uptake in tissues. Indeed, serum glucose levels 
have been found to alter the biodistribution of 
FDG and lower the diagnostic sensitivity of 
FDG-PET [13, 14]. Ideally, serum glucose lev-
els do not exceed 7  mmol/L before the FDG 

administration. For this reason, patients are 
instructed to fast 6  h before FDG administra-
tion. Unlike for certain malignancies, FDG-PET 
may still enable the detection of inflammatory 
disorders despite high serum glucose levels 
[15]. Therefore, hyperglycemia is not consid-
ered an absolute contraindication, and patients 
with (poorly controlled) diabetes may still 
undergo an FDG-PET [8].

Glucocorticoids form the initial mainstay in 
the treatment of LVV [16]. Especially when GCA 
is suspected, glucocorticoid treatment needs to be 
given without delay to decrease the risk of isch-
emic complications such as vision loss. For this 
reason, glucocorticoid treatment may already be 
started before a diagnosis of LVV can be con-
firmed by imaging.

However, glucocorticoid treatment may 
decrease the detectability of LVV on US and 
FDG-PET imaging [17]. Research revealed that 
FDG-PET imaging maintains its accuracy for 
detecting LVV when performed within 3 days of 
starting glucocorticoid therapy. FDG-PET imag-
ing performed after 10  days of glucocorticoid 
treatment significantly decreases its diagnostic 
sensitivity [18]. Glucocorticoids may also 
increase liver uptake of FDG, resulting in lower 
diagnostic sensitivity when scoring vascular 
FDG uptake compared to the liver [19]. Scoring 
methods will be discussed further below, under 
“Image Interpretation.”

 PET Acquisition Procedure

The interval time, defined as the time between 
FDG injection and acquisition, is one of the main 
influencing factors of the imaging result. Interval 
times of approximately 60  min are most fre-
quently used in LVV imaging. Extended interval 
times of 120 min are more frequently used in ath-
erosclerosis, another type of vessel wall inflam-
mation. In LVV, extended interval times have 
been shown to decrease FDG uptake in the blood 
pool, possibly resulting in enhanced detectability 
of vessel wall uptake due to lower background 
activity. Interval times of 120 min may identify 
more patients with clinically active LVV [20]. An 

Table 7.1 Summary of recommended patient prepara-
tion and image acquisition parameters for FDG-PET/CT 
in LVV

Parameter Recommendation
Dietary 
preparation

Fast for at least 6 h prior to FDG 
administration
Consider a carbohydrate lacking 
diet for 12–24 h prior to the scan 
in case of fever of unknown 
origin or suspected cardiac 
involvement

Blood glucose 
levels

Preferably ≤7 mmol/L (126 mg/
dL)

Glucocorticoids Withdraw or delay therapy until 
after PET, unless there is a risk 
of ischemic complications

Scan range Head down to the feet
Incubation time 
after FDG 
injection

Standard 60 min

Modified from Slart et al. [8]
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important comparative advantage of FDG-PET 
imaging is its ability to allow assessment of virtu-
ally all medium- and large-sized vessels. Imaging 
from head to knee or from head to feet (whole-
body imaging) is, therefore, recommended. 
Additionally, doubling the imaging time and 
applying a larger matrix increases the resolution 
of the images. A higher resolution may be espe-
cially beneficial when imaging the arteries of the 
head and neck due to their smaller size [8].

Image resolution also depends on the chosen 
image reconstruction settings. Increasing the 
number of iterations increases the resolution, but 
also increases image noise. Time-of-flight infor-
mation must be used during reconstruction and 
image filtering should be minimized [8].

 Interpretation and Reporting 
of FDG-PET/CT

Arterial FDG uptake may be influenced signifi-
cantly by several factors. Over the years, several 
interpretation methods have been proposed for 
use in clinical practice. The simplest method of 
FDG-PET interpretation is based on a visual first 
impression by an experienced reader. This 
method, also described in literature by the 
German word “Gestalt,” gives fast results, but 
highly subjective and, subsequently, not stan-
dardizable [19]. The interpretation methods are 
summarized in Table 7.2.

 Visual Grading Scales

Visual grading scales may be used to overcome 
this subjectivity bias, by creating uniform, repro-
ducible, and easy-to-use criteria. Additionally, 
visual grading scales may also correct for indi-
vidual differences in systemic FDG uptake by 
comparing vascular wall uptake to a background 
organ. To achieve more standardization in clini-
cal practice, 2018 recommendations propose the 
use of a 0-to-3 visual grading scale that compares 

Table 7.2 Summary of FDG-PET/CT interpretation 
methods for large vessel vasculitis

FDG-PET/CT LVV interpretation methods
Visual interpretation
Grading 
compared to 
background

Grade 0 (no vascular uptake)
Grade 1 (vascular uptake < 
background)
Grade 2 (vascular 
uptake = background uptake)
Grade 3 (vascular uptake > 
background uptake)
Background:
Liver
Blood pool
Lungs
Surrounding tissue

Uptake pattern Focal 
(atherosclerosis)
Diffuse (vasculitis)

Semiquantitative interpretation (visual)
Total vascular 
score (TVS)

= [Grade Target 
1] + [Grade Target 
2] + …
Vascular targets:
Large vessels Ascending 

aorta
Aortic arch
Descending 
aorta
Abdominal 
aorta
Pulmonary 
arteries
Innominate 
artery
Subclavian 
arteries
Axillary 
arteries
Subclavian 
arteries
Iliac arteries
Femoral 
arteries

Cranial vessels Temporal 
arteries
Maxillary 
arteries
Vertebral 
arteries
Occipital 
arteries
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vascular wall uptake to liver [8]. This method is 
illustrated in Fig. 7.1 and works as follows: grade 
0 = no uptake; grade 1 = vascular uptake inferior 
to liver; grade 2 = vascular uptake equal to liver; 
grade 3 = vascular uptake superior to liver uptake. 
Examples of visual grading scores for the large 
vessels are shown in Fig.  7.1. In active LVV, a 
smooth linear and segmental pattern of grade 3 
visual FDG uptake in the wall of large- and 
medium-sized arteries is considered a positive 
FDG-PET. Under immunosuppressive therapy, a 
grade 2 may be considered positive. In addition 
to the liver, the blood pool in the vena cava may 
also be used as background for comparison.

In LVV, all medium- and large-sized vessels 
may be affected. For FDG-PET interpretation of 
LVV, it is useful to make a distinction between 
the large systemic vessels affected in TAK and 

Table 7.2 (continued)

FDG-PET/CT LVV interpretation methods
Semiquantitative (SUV)
Target-to- 
background 
ratio (TBR)

= SUVmax vascular target/SUVmax/mean 
background
Vascular targets:
Same as above
Background:
Blood pool Superior 

caval vein
Inferior 
caval vein

Liver Right lobe

(PET/)CTA/MRA LVV interpretation methods
Regular vascular wall thickness (mm)
Contrast enhancement
Presence of stenosis and/or aneurysm

Modified from Slart et al. [8]

SUVmax 3.5

Ratio 1.3

Mild

TVS 4

SUVmax 4.7

Ratio 2.1

Moderate

TVS 9

SUVmax 5.9

Ratio 2.4

Severe

TVS 17

Fig. 7.1 FDG-PET. Mild (grade 1), moderate (grade 2), 
and severe (grade 3) FDG uptake patterns including 
SUVmax values of the thoracic aorta in patients with 
GCA. Ratio is defined as average SUVmax of the thoracic 

aorta divided by the liver region. The total vascular score 
(TVS) is the highest for the right-positioned patient. 
(Modified from Slart et al. [8])
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large vessel-GCA (LV-GCA), and between the 
medium-sized cranial vessels in C-GCA. The ini-
tial use of FDG-PET in LVV was based on the 
assessment of increased tracer uptake in the large 
systemic vessels [21]. FDG-PET/CT imaging 
and assessment of the aorta and the common 
carotid, subclavian, axillary, iliac, and femoral 
arteries were, increasingly used in the diagnostic 
workup of GCA and TAK, although to a lesser 
extent in TAK.  Importantly, FDG-PET imaging 
was not deemed feasible to assess the cranial 
arteries and, for that reason, not suitable to diag-
nose C-GCA [22].

 Cranial Artery Assessment
Due to procedural adaptions and technical 
advancements in PET systems in recent years, 
PET image resolution has increased. The use of 
digital PET systems and especially systems with 
time-of-flight capabilities allow for the assess-
ment of extra-cranial artery involvement in 
GCA. Also, a slight increase in acquisition time 
of the head/neck area (5 min instead of 2–3 min) 
improves the visualization of extra-cranial arter-
ies. Diagnosis of C-GCA is possible due to com-
bined assessment of the temporal, maxillary, 
vertebral, and occipital arteries and may be 
reported like the visual scoring previously 
described [9–11] (Fig. 7.2).

 Quantification

Until now, only scoring by visual assessment has 
been discussed. Other types of (semi) quantita-
tive scoring may also be used and may be consid-
ered more objective methods of FDG-PET 
interpretation. Standardized uptake value (SUV) 
metrics may be calculated by drawing regions of 
interest (ROI) or volumes of interest (VOI) 
around the vascular lesions. Additionally, SUV 
metrics of the target vascular lesion may also be 
corrected for systemic uptake. By dividing the 
SUV of the target vascular lesion by the SUV of 
a background region, a correction can be made 
for individual differences of tracer uptake 
depending on weight, injected radiotracer dose, 
blood glucose levels, and renal clearance. 

Frequently used background regions are the liver 
and the blood pool as measured in the superior or 
inferior vena cava.

Importantly, semiquantitative measurements 
using SUV metrics are currently recommended 
for use in research only [23]. Although studies 
have shown that SUV metrics can be used for 
diagnosis, this has not been proven in any large- 
scale, prospective studies [20, 24, 25]. Moreover, 
SUV metrics are highly dependent on the FDG- 
PET imaging procedure, which may make gener-
alization and comparable multicenter diagnostic 
implementation difficult. Equally, the use of SUV 
metrics in FDG-PET as a monitoring biomarker 
or as a predictive tool may provide additional ben-
efit. However, this has not been investigated yet.

 Diagnostic Performance

The diagnostic performance of FDG-PET imag-
ing in LVV is good to excellent. The sensitivity of 
FDG-PET/CT to detect LV-GCA is 80–90% and 
its specificity is 89–98%, depending on the crite-
ria for reference diagnosis [8, 26]. Diagnostic 
performance is similar when assessing the cranial 
arteries in C-GCA, with a sensitivity of 82% and 
a specificity approaching 100% [9, 10]. In com-
parison, diagnostic accuracy is lower in TAK 
patients, a sensitivity of 87% and a specificity of 
73%. As stated before, the diagnostic accuracy of 
FDG-PET in LVV decreases if patients have 
already been treated with glucocorticoids for 
more than 3 days [18].

The use of a visual grading scale, as described 
above, can be extended by calculating a total vas-
cular score (TVS). The TVS is calculated by add-
ing up the visual grading scores of multiple 
vessels and vascular segments. As expected, a 
TVS of 4 aortic segments (ascending, arch, 
descending, and abdominal) and 4 branch arteries 
(carotid and subclavian) is significantly higher in 
LVV patients than in controls [27]. It is currently 
unknown whether TVS also illustrates the dis-
ease extent or severity. A recent study concluded 
that the TVS may be correlated with the global 
assessment of a physician, but not with patient- 
reported disease severity [23]. Likewise, it 
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Fig. 7.2 FDG-PET/CT. Mild (grade 1), moderate (grade 
2), and severe (grade 3) cranial FDG uptake patterns: tem-
poral artery, maxillary artery, vertebral artery, and occipi-

tal artery. The red circle highlights the visually determined 
area of increased uptake
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remains unclear whether including less fre-
quently involved vessels such as the axillary, 
iliac, and femoral arteries increases the discrimi-
natory value of the TVS. Similarly, including the 
cranial vessels may increase diagnostic perfor-
mance [11].

 Monitoring and Follow-Up

As described in the introduction, clinical symp-
toms, physical signs, and laboratory tests are 
unreliable to diagnose LVV [24]. Similarly, the 
same holds true for establishing relapsing dis-
ease. Over 50% of patients with LVV will experi-
ence relapsing disease [16].

The value of serial FDG-PET investigations as 
an imaging biomarker for LVV is still up for 
debate [11, 27]. Follow-up FDG-PET/CT imag-
ing may be able to differentiate clinically active 
and inactive disease by, respectively, higher and 
lower TVS. Additionally, there may be no corre-
lation between the glucocorticoid dose and TVS, 
nor between patient-reported assessment and 
TVS [23]. In studies looking at follow-up FDG- 
PET scans in LVV patients, FDG uptake was 
variable in patients with persistent clinical remis-
sion, ranging from patients with decreased FDG 
uptake to patients with increased uptake com-
pared to baseline [25, 28]. Conversely, other 
studies demonstrated mainly decreased FDG 
uptake on follow-up scans [29, 30].

Likewise, some research suggests that a high 
TVS may be predictive for future clinical relapse. 
However, this predictive ability may depend on 
the TVS calculation, the number of vascular beds 
included, the reconstruction techniques used, and 
the background organ that is used for semiquanti-
tative scoring.

 PET Combined with CTA or MRA

Standard FDG-PET/CT imaging in LVV makes 
use of low-dose CT for attenuation correction 
and also of anatomic reference for the PET sig-
nal. As an imaging tool in LVV, low-dose CT has 
little added value by itself but can be helpful to 

distinguish LVV from atherosclerotic activity 
[31].

Alternatively, PET imaging may be comple-
mented by vascular imaging with angiography, 
either in the form of CT angiography (CTA) or 
MR angiography (MRA). When used in conjunc-
tion with these imaging techniques, FDG-PET 
provides visualization of ongoing inflammatory 
processes, whereas the CTA and MRA can visu-
alize the morphologic changes in the vessel wall, 
such as wall thickening, aneurysm formation, 
and arterial stenosis assessment.

Currently, CTA and MRA are used in different 
situations. Thickening of the vessel wall 
(>2–3 mm) or aorta dilatation (3–4 cm) on CTA 
may be indicative of LVV and shows particularly 
high diagnostic accuracy in TAK [26]. Its use for 
investigation of the cranial arteries in C-GCA is 
limited. Conversely, MRA is an established 
method to investigate mural inflammation in the 
cranial arteries. By itself, it may also be used to 
investigate inflammation of the intracerebral 
arteries, which are precluded from investigation 
on FDG-PET due to high FDG uptake by the 
brain. Combined FDG-PET/MRA may synergis-
tically improve diagnosis of C-GCA due to its 
combined morphologic and functional imaging 
accompanied by lower radiation burden [32].

 Potential Pitfalls in LVV FDG-PET 
Imaging

Potential pitfalls regarding FDG-PET imaging in 
LVV have already been mentioned in this chap-
ter. Many aspects of the FDG-PET procedure 
influence the resulting image, highlighting the 
importance of procedure standardization. Patient 
factors, such as blood glucose levels, glucocorti-
coid use, and body mass, may all influence FDG 
uptake in the tissues. Other factors, such as renal 
clearance, metabolic disease, and the use of 
immunosuppressive drugs may also influence 
imaging results. Procedural factors such as 
injected tracer dosage and imaging time delay 
also influence the FDG-PET image [20].

Image interpretation may also present some 
challenges. Implementation of the recommended 
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visual scoring methods described above may 
require additional training. Interpretation of cra-
nial artery uptake may be especially challenging 
because of the anatomic localization. However, 
high diagnostic accuracy and reader consensus 
may be achieved with training [9].

Like LVV, atherosclerosis may show FDG 
uptake in the arterial wall. Therefore, it may be 
difficult to distinguish between atherosclerosis 
and LVV, especially where both diseases may 
overlap [31]. Hence, one should interpret vascu-
lar inflammation in patients with marked calcifi-
cation on CT with caution. No definitive methods 
have been devised to differentiate between these 
types of vascular inflammation, but atherosclero-
sis seems to present with less intense and patchier 
FDG uptake compared to LVV, as the latter is a 
more intense and diffuse pattern [31] (Fig. 7.3).

 Perspectives in LVV Imaging

Based on the currently available literature, FDG- 
PET/CT plays an important role in the diagnosis 
of LVV, but additional randomized studies are 
needed to validate the existing evidence. To 
increase the reproducibility of future research 
and the generalizability of its results, future stud-
ies should take the latest international recom-
mendations on FDG-PET/CT imaging in LVV 
into account.

Future research should focus on including 
real-world prospective data and the implementa-
tion of FDG-PET/CT with existing diagnostic 
(imaging) investigations. The development of 
diagnostic algorithms may further clarify the role 
of FDG-PET/CT in the diagnostic process and its 
position within such algorithms. New semiquan-
titative approaches to FDG-PET/CT interpreta-
tion, focusing on SUV metrics, and including 
TVS, may be of particular benefit in monitoring 
and prediction of the LVV disease course. An 
example of a novel semiquantitative metric may 
be found in the calculation of the total lesion gly-
colysis (TLG). TLG measurements are already 
used in oncology and also take the volume of an 
inflammatory lesion into account, rather than 
only the intensity of FDG uptake. Although not 
yet extensively investigated, TLG may prove to 
be of value in monitoring disease activity [33].

Whole-body PET imaging presents opportuni-
ties for truly systemic investigations of LVV, a 
systemic disease that may present in virtually all 
large- and medium-sized arteries throughout the 
body. The availability of the FDG tracer allows 
for the widespread use and implementation of 
FDG-PET/CT investigations in LVV.  However, 
FDG remains nonspecific in the investigation of 
inflammatory processes and cannot provide any 
information about the nature of inflammation. 
Additionally, high FDG uptake in the brain pre-
cludes FDG-PET from assessing inflammatory 
processes in the brain, but extra- cranial arteries 
can be visualized on digital high- resolution PET/
CT camera systems.

New PET tracers targeting specific immune 
cells may open new areas for basic research into 
LVV as well as more specific characterization 

Fig. 7.3 Transverse FDG-PET/CT images of atheroscle-
rotic FDG uptake (above) and vasculitic FDG uptake 
(below) in the aorta. Vasculitic FDG uptake is characteris-
tically more intense and circumferential compared to ath-
erosclerotic FDG uptake
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and recognition of inflammatory lesions. 
Macrophage targeting PET tracers, such as 
18F-PEG-Folate, and tracers targeting the translo-
cator protein (TSPO) have shown promising 
results in (auto) inflammatory and vascular dis-
eases [34]. Similarly, tracers targeting the 
 fibroblast activation protein inhibitor (FAPI) are 
promising, demonstrating low uptake in healthy 
tissues and showing promise in monitoring dis-
ease activity [35, 36].

Importantly, FDG-PET/CT may play an 
increasing role in clinical practice. Its implemen-
tation may be further aided by additional physi-
cian training on the interpretation of FDG-PET/
CT scans in LVV. Furthermore, the role of FDG-
PET/CT in LVV may change in the future, pos-
sibly for monitoring and predicting disease 
course. As the array of investigative (and thera-
peutic) options increases, and as management 
will become more personalized, a vasculitis mul-
tidisciplinary expert team may ensure optimal 
use of FDG-PET/CT in LVV.  Also training in 
optimal reading of the FDG-PET/CT for the 
imager should be supported by the affiliated 
medical societies.

A patient-centered and multidisciplinary 
approach has to be accounted for in research too. 
Therefore, for future research to be built into 
clinical practice, clinical relevance and patient 
well-being are essential. This includes minimiz-
ing the diagnostic burden where possible and uti-
lizing the strengths of FDG-PET/CT—its high 
diagnostic performance and whole-body assess-
ment—where necessary.
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8Pericardial Diseases

Matthieu Pelletier-Galarneau 
and Patrick Martineau

 Introduction

The pericardium is composed of two layers: 
the fibrous layer corresponding to the outer 
layer and the serous pericardium forming the 
inner layer, which is attached to the myocar-
dium. It encases the heart and root of the great 
vessels while providing a physical barrier to 
external insults such as thoracic infections. In 
addition, the pericardium contains the pericar-
dial fluid, which reduces friction between the 
two layers [1].

Pericardial diseases consist of a collection of 
several diverse pathologies. The symptoms are 
typically non-specific but can consist of chest 
pain and/or dyspnea. The severity of the presen-
tation can depend on the underlying etiology and 
can range from an incidental finding of pericar-
dial effusion in an otherwise asymptomatic 
patient to life-threatening tamponade. The 2015 
European Society of Cardiology (ESC) guide-
lines for the diagnosis and management of peri-
cardial diseases classify pericardial diseases 
etiology as infectious vs. non-infectious causes. 
Non-infectious causes are further divided into 

autoimmune, neoplastic, metabolic, traumatic, 
iatrogenic, and drug-related causes (Table 8.1).

Echocardiography should serve as the initial 
imaging test for the evaluation of suspected peri-
cardial disease. When needed, computed tomog-
raphy (CT) and cardiac magnetic resonance 
(CMR) may also be helpful. Fluorodeoxyglucose- 
positron emission tomography (FDG-PET) is 
generally reserved for challenging or atypical 
cases. Nonetheless, FDG-PET may be of value to 
differentiate between benign and malignant etiol-
ogies, as well as to identify extra-cardiac manifes-
tations of systemic conditions that may be 
responsible for the pericardial disease (Table 8.2). 
In addition, Gerardin et  al. reported that more 
intense FDG uptake in the pericardial fluid is 
associated with higher risk of relapse in idiopathic 
acute pericarditis, highlighting the prognostic 
value of FDG-PET [2]. FDG-PET, which has an 
established role in the imaging of both oncologi-
cal and infectious/inflammatory diseases, and 
which usually provides whole-body imaging, is 
ideally suited for these purposes. In this chapter, 
we review the role and utility of FDG-PET in the 
assessment of pericardial diseases.
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Table 8.1 Classification of pericardial diseases etiology

Infectious Viral Most common etiology
Coxsackievirus, echovirus, Epstein-Barr virus, cytomegalovirus, adenovirus, 
parvovirus B19, and human herpes virus 6

Bacterial More frequently in developing countries where tuberculosis is endemic
Mycobacterium tuberculosis, Coxiella burnetii (Q-Fever), Pneumococcus species, 
Streptococcus species, Staphylococcus species

Fungal Rare and typically in immunocompromised patients
Histoplasma species, Aspergillus, Candida

Parasitic Very rare
Echinococcus species, Toxoplasma species

Non- 
infectious

Autoimmune Connective tissue diseases
Systemic lupus erythematosus, rheumatoid arthritis, Sjögren’s syndrome, scleroderma
Others
Sarcoidosis, vasculitis

Neoplastic Primary (very rare)
Pericardial mesothelioma
Secondary (more frequent)
Lung, breast, lymphoma, esophageal, melanoma

Metabolic Uremia, myxoedema, anorexia
Traumatic or 
iatrogenic

Penetrating thoracic injury, cardiac surgery, post-myocardial infarction, etc.

Others Drug-related, amyloidosis, aortic dissection, chronic heart failure

Table 8.2 Potential roles of FDG-PET imaging in the evaluation of patients with pericardial diseases

Potential roles of FDG-PET imaging
Evaluation of patients with probable autoimmune condition to exclude large vessel vasculitis or sarcoidosis
Evaluation of disease activity and extent in patients with suspected TB pericarditis
Evaluation of myocardial inflammation in patients with suspected myopericarditis
Diagnosis and staging of patients with suspected neoplastic pericardial disease
Assessment of relapse risk in idiopathic pericarditis
Assessment of therapy response

 Infectious Pericardial Diseases

Pathogens causing infectious pericardial dis-
eases vary based on population, as well as geo-
graphical and socio-economical factors. In 
developed countries, the most common form of 
pericardial disease is viral pericarditis, with the 
most frequent virus being coxsackievirus, echo-
virus, Epstein-Barr virus, cytomegalovirus, 
adenovirus, parvovirus B19, and human herpes 
virus 6 [3]. In developing countries where 

tuberculosis (TB) is endemic, TB is the most 
frequent causative agent [4]. Patients with 
tuberculous pericarditis can present with effu-
sive pericarditis, constrictive pericarditis, tam-
ponade, and myopericarditis. Coxiella burnetii 
(Q-fever) pericarditis has also been described, 
while other bacterial agents less frequently 
observed. Fungal and parasitic pericarditis is 
rarely seen [5].

In infectious pericarditis, FDG-PET findings 
will vary based on the causative agent involved 
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(Table 8.3). Viral and idiopathic pericarditis typi-
cally shows absent to mild, homogeneous peri-
cardial uptake which may be accompanied by a 

pericardial effusion (Fig. 8.1) [6, 7]. In tubercu-
lous pericarditis, intense FDG uptake has been 
described, with SUV values above 5 frequently 
observed (Fig.  8.2) [7, 8]. In addition, whole- 
body FDG-PET may allow to detect other areas 
of infection—this may be helpful in identifying 
an area more amenable to sampling and may 
influence differential considerations [9]. In 
Q-fever, FDG-PET may allow localization of 
persistent infection foci [10, 11]. In both idio-
pathic and tuberculous pericarditis, FDG-PET 
uptake has been shown to predict response to 
therapy, with responders having higher FDG 
uptake on the baseline study when compared to 
non-responders [12].

Table 8.3 Typical FDG distribution of various pericar-
dial disease etiologies

Uptake distribution
Homogeneous Heterogeneous

Uptake 
intensity

Mild Idiopathic
Viral
Autoimmune
Fungal
Parasitic
Dressler

Fungal
Parasitic
Neoplastic
Iatrogenic
Traumatic

Moderate 
to intense

Tuberculosis
Bacterial

Neoplastic
Tuberculosis
Traumatic

a b c

Fig. 8.1 An 89-year-old female referred for weight loss, 
lower gastrointestinal tract bleed, and pericardial effusion. 
Axial FDG-PET (a), CT (b), and fused PET/CT (c) 

images demonstrate mild diffuse pericardial uptake with a 
small pericardial effusion (arrowheads), attributed to idio-
pathic pericarditis
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a

b

c

d

Fig. 8.2 Axial FDG-PET (a), CT (b), fused PET/CT (c), 
and whole-body MPI (d) images of a 73-year-old female 
referred with an effusive constrictive pericarditis of 
unknown origin. There is intense (SUVmax 14) and some-
what heterogeneous FDG uptake in the pericardial effu-
sion (arrowheads) as well as intense uptake (SUVmax 11) 

in mediastinal lymph nodes (yellow arrow). This pattern 
of findings is highly suggestive of malignancy or tubercu-
lous pericarditis. The final diagnosis of tuberculous peri-
carditis was later established on pericardial fluid culture 
and analysis

 Autoimmune Pericardial Diseases

Pericardial diseases may be associated with auto-
immune conditions including connective tissue 
diseases such as systemic lupus erythematosus 

(SLE), rheumatoid arthritis, and Sjögren’s syn-
drome, as well as sarcoidosis and vasculitis. In 
these conditions, pericardial diseases typically 
present as acute or recurrent pericarditis [13]. 
Pericardial involvement may be caused by the 
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a b c

d

Fig. 8.3 A 53-year-old male referred with a history of 
Behcet’s disease, mouth ulcers, and renal infarctions. 
Whole-body FDG-PET (a) and axial FDG-PET/CT (b) 
images demonstrate mild and focal increased uptake 
(arrow) in the pericardium. On cardiac magnetic reso-

nance, cine short axis images without contrast (c) and 
viability sequences with contrast (d) demonstrate enhanc-
ing pericardium (arrowheads), compatible with pericardi-
tis. The focal uptake is an unusual presentation of 
pericarditis

systemic inflammatory disease itself or may be 
precipitated by increased susceptibility to other 
unrelated illnesses.

FDG-PET can play an important role in the 
evaluation of patients with suspected autoim-
mune causes. In this setting, although PET can 
detect pericardial inflammation (Fig.  8.3), its 
strength resides in its ability to assess areas of 
inflammation on whole-body imaging, which 
may help reveal the underlying causative pathol-
ogy and potentially guide biopsy. For example, 
characteristic FDG-avid mediastinal lymph 
nodes and lung lesions can point to the diagnosis 
of sarcoidosis [14], while increased vascular 
FDG uptake can confirm the presence of large 
vessel vasculitis [15]. In addition, FDG-PET can 
readily localize inflammatory arthritis in patients 
with suspected rheumatoid disease, which is typi-
cally symmetrical, FDG-avid, and present in 
multiple small and large joints and can some-
times be accompanied by FDG-avid lymph nodes 
[16]. In SLE and Sjögren’s syndrome, FDG-PET 
can highlight areas of active inflammation, 
including in the pericardium, joints, lymph 
nodes, salivary glands, and lungs [17–19].

 Neoplastic Pericardial Diseases

Pericardial diseases associated with malignancy 
are secondary to metastatic disease in the vast 
majority of cases, including lung cancer, breast 
cancer, lymphoma, and melanoma. Primary peri-
cardial tumors, most commonly pericardial 
mesothelioma, are infrequent. Pericardial meso-
thelioma is very rare, with an incidence of 
0.0022% and represents less than 3% of primary 
cardiac tumors (see Chap. 10) and may be associ-
ated with asbestos exposure [20, 21]. Conversely, 
secondary pericardial involvement in malignancy 
is not rare, affecting 1–20% of patients with can-
cer based on autopsy studies, but is often under-
diagnosed [1, 22, 23]. Neoplastic pericardial 
diseases may present as acute pericarditis, peri-
cardial effusion with or without tamponade, and 
constrictive pericarditis.

The role of FDG-PET is well established for 
the diagnosis, staging, and response assessment 
of neoplastic disease due to the increased FDG 
uptake seen in most malignancies. Therefore, in 
cases of suspected neoplastic pericardial disease, 
FDG-PET with whole-body imaging can be help-
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ful to clarify the etiology of pericardial disease, 
identify and assess the extent of underlying 
malignancy, and guide biopsy (Fig.  8.4). 
Neoplastic pericardial lesions (i.e. metastases) 
often demonstrate intense and heterogeneous 

FDG uptake with corresponding nodularity on 
CT [24, 25]. In cases of direct spread from an 
adjacent tumor (typically from a lung primary), 
an FDG-avid mass involving the pericardium is 
usually easily identified.

a

b

c

d

Fig. 8.4 A 43-year-old male with a history of heart trans-
plant presented with sepsis and diarrhea. Axial FDG-PET 
(a), CT (b), fused PET/CT (c), and whole-body MPI (d) 
demonstrate innumerable foci of intense FDG uptake pro-
jecting in lymph nodes as well as within the myocardium, 

the pericardium (arrowhead), spleen, liver, and bones, 
compatible with a lymphoproliferative process. The final 
diagnosis of post-transplant lymphoproliferative disorder 
(PTLD) was established on biopsy
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 Other Non-Infectious Pericardial 
Diseases

Post-cardiac injury syndrome, also called 
Dressler’s syndrome, occurs in the presence of 
myocardial or pericardial injury, which can be 
seen following cardiac surgery, myocardial 
infarction, penetrating injury, pacemaker 
insertion, etc. It usually occurs within 
1–6  weeks following injury [26]. Post-
myocardial infarction syndrome became rare 
following the advent of reperfusion treatments 

[27]. Nonetheless, in the weeks following a 
myocardial infarction, especially for patients 
who did not undergo revascularization or for 
those with delayed revascularization, symp-
toms including fever, generalized weakness, 
and pleuritic chest pain should raise the suspi-
cion of post-myocardial infarction syndrome. 
On FDG-PET, post- myocardial infarction syn-
drome is indistinguishable from idiopathic 
and viral pericarditis and demonstrates mild to 
moderate, diffusely increased pericardial 
uptake (Fig. 8.5).

a

b

c

d

Fig. 8.5 A 57-year-old female referred for fever of 
unknown origin. The patient had a ST-segment elevation 
myocardial infarction (STEMI) 2 weeks prior to the study. 
Axial FDG-PET (a), CT (b), fused PET/CT (c), and 

whole-body MPI (d) images demonstrate mild and diffuse 
increased uptake within a pericardial effusion, compatible 
with post-myocardial infarction syndrome (Dressler 
syndrome)
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Post-pericardiotomy syndrome occurs in the 
weeks following cardiac surgery, with an inci-
dence between 2% and 30% [28]. FDG-PET may 
reveal diffusely increased pericardial uptake with 
an associated effusion [29]. Importantly, it may 
be difficult to differentiate post-operative changes 
from pericarditis in this context. The distribution 
of FDG uptake may help distinguish between 
post-operative changes and post-pericardiotomy 
syndrome, with the former being more focal and 
anterior and the latter more diffuse and 
circumferential.

An unusual cause of non-infectious pericardial 
disease is IgG4-related disease, which is a rare, 
multisystemic, immune-mediated, fibro- 
inflammatory disease often mimicking malig-
nancy [30]. FDG-PET can identify areas of active 
inflammation and therefore be used for the assess-
ment of organ involvement, therapy response 
monitoring, and guiding intervention [31]. IgG4-
related pericarditis may appear as diffuse or het-
erogeneous uptake projecting in a pericardial 
effusion [32]. Coronary involvement can also be 
seen on occasion, with more focal activity noted 
at the level of the affected epicardial vessels. 
Whole-body imaging can be useful in patients 
with suspected IgG4-related disease in order to 
assess disease extent as additional, non- cardiac 
sites of fibrosis and inflammation can be present.

 Conclusion

Pericardial diseases are relatively frequent and 
clarifying the etiology is of paramount impor-
tance in order to administer the appropriate ther-
apy and identify potential life-threatening 
conditions. FDG-PET is emerging as a useful 
tool for the evaluation of patients with pericardial 
disease, as it allows for the identification and 
assessment of disease extent. It has been shown 
to be especially useful for the assessment of 
tuberculous pericarditis and neoplastic pericar-
dial lesions. In addition, FDG-PET has shown 
potential in predicting the response to therapy. 
Further studies are required to assess the role of 
FDG-PET, particularly for non-infectious and 
non-oncological pericardial diseases.
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9Ventricular Arrhythmias

Daniele Muser, Abass Alavi, 
and Pasquale Santangeli

 Introduction

Ventricular arrhythmias (VA) include a wide 
spectrum of clinical entities ranging from idio-
pathic premature ventricular contractions (PVC) 
to malignant sustained ventricular tachycardia 
(VT) or ventricular fibrillation (VF). The mecha-
nisms behind VA are heterogeneous and include 
triggered activity or exacerbated automaticity in 
the absence of structural heart disease as well as 
reentry mechanisms related to the presence of 
myocardial scar associated with structural heart 
diseases (SHD) such as ischemic heart disease 
and non-ischemic cardiomyopathies. Myocardial 
inflammation may also play a role in the genesis 
and maintenance of VT in several conditions 
such as myocarditis, cardiac sarcoidosis (CS), 
and Chagas cardiomyopathy either by determin-
ing cell loss and reparative fibrosis able to sustain 
reentrant arrhythmias as well as triggered activity 
and exacerbated automaticity within inflamed 
areas [1–3]. Recently, a potential role of subclini-
cal myocardial inflammation in patients present-

ing with VA of unexplained origin has been also 
reported [4]. Cardiac 18F-fluorodeoxyglucose 
(18F-FDG) positron emission tomography (PET) 
is the gold standard for evaluation of myocardial 
inflammation and may be used to improve 
arrhythmic substrate characterization, risk strati-
fication and identification potential therapeutic 
targets in patients presenting with VA [5]. In the 
present chapter, we present the principles and 
main clinical applications of 18F-FDG PET imag-
ing in the setting of VA.

 Mechanistic Bases

Myocardial inflammation contributes to the gen-
esis of VA in several ways [1]. First of all, active 
inflammation is responsible for direct cell injury 
leading to myocyte death and consequent replace-
ment fibrosis. The presence of surviving myocar-
dial fibers within fibrous tissue leads to the 
formation of slow conduction pathways, disper-
sion of activation and refractoriness which all 
together create the pathophysiologic basis for 
reentrant circuits (Fig. 9.1) [6]. Systemic inflam-
matory response may also promote myocardial 
electrical instability through cytokine release, 
electrical remodeling, and sympathetic hyperac-
tivity [7]. Finally, myocardial ischemia as a result 
of microvascular dysfunction and demand/supply 
imbalance within the inflamed myocardium can 
further increase arrhythmogenicity [8].
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Fig. 9.1 Schematic representation of a reentry circuit as 
originally described by Stevenson et al. in 1993. In this 
model, two activation wavefronts propagate around two 
lines of conduction block sharing a common pathway 
(central isthmus). Areas of dense scar (blue) cannot be 
excitable during tachycardia. Bystander pathways can be 
attached to any point in the circuit and represent areas of 
tissue activated by the wavefront but not playing an active 
role in the reentrant circuit

 General Principles of 18F-FDG PET/
CT Imaging in the Setting 
of Ventricular Arrhythmias

The possibility to identify myocardial inflamma-
tion by the use of 18F-FDG PET relies on the pref-
erential accumulation of 18F-FDG in areas of 
active inflammation compared to healthy 
 myocardium, thanks to the higher metabolic 
activity (glucose demand) of inflammatory cells. 
Considering that in normal circumstances, car-
diac metabolism may rely on glucose consump-
tion, physiologic myocardial glucose uptake may 
represent a major source of false positive results 
making its suppression of pivotal importance to 
identify areas of true pathologic involvement [9].

Several strategies have been proposed to 
achieve adequate suppression of physiologic 18F- 
FDG uptake including prolonged fasting (≥18 h) 
preceded by a low-carbohydrate/high-fat content 
diet to shift cardiac metabolism from a glucose to 
a free fatty acid one and administration of unfrac-
tionated heparin (intravenous bolus of 50 IU/kg 
15  min prior to 18F-FDG injection) in order to 
increase circulating free fatty acid levels [10, 11]. 

Regrettably, a high variability in myocardial 18F- 
FDG uptake is still observed even after all the 
aforementioned precautions, leading to a rate of 
false positive results of up to 30% [10]. In order 
to optimize scan reliability, specific criteria have 
been developed for image interpretation. In par-
ticular, diffuse 18F-FDG uptake should always be 
looked at very suspiciously as a possible result of 
inadequate suppression, while focal or focal on 
diffuse uptake patterns are generally regarded as 
more significant [11]. To further complicate the 
interpretation of 18F-FDG/PET results, selective 
uptake of 18F-FDG in the inferolateral wall, even 
in the presence of a complete suppression of the 
remaining myocardium, has been reported as a 
normal physiologic pattern [12, 13]. In this 
regard, the comparison between 18F-FDG/PET 
finding and other imaging modalities such CMR 
with T2-weighted imaging to detect myocardial 
inflammation and late gadolinium enhancement 
to detect necrosis/fibrosis may improve its speci-
ficity [14]. Other possible sources of false results 
are represented by misalignment issues due to 
patient movement or abnormal 18F-FDG uptake 
surrounding pacemaker (PM) or implantable car-
dioverter defibrillator (ICD) leads [15, 16]. 
Recently, the development of new radiotracers 
which do not physiologically accumulate within 
healthy myocardium such as Gallium-68 (68Ga) 
DOTATATE may potentially overcome 18F-FDG 
limitations. 68Ga-DOTATATE targets somatosta-
tin receptors on activated macrophages which are 
absent on normal myocardial cells making 
68Ga-DOTATATE a selective marker of myocar-
dial inflammation [17].

 Cardiac Sarcoidosis

Sarcoidosis is a systemic inflammatory disease 
characterized by lymphocyte CD4+ mediated 
formation of non-necrotizing granulomas [18]. 
Overt cardiac involvement is relatively rare being 
found in about 5–10% of the patients [19]. 
Cardiac sarcoidosis is characterized by patchy 
areas of myocardial inflammation and fibrosis 
which, depending on the location and severity, 
may be clinically silent or lead to atrio- ventricular 
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conduction block, supra-ventricular arrhythmias, 
VA, and progressive heart failure [18]. In the 
pathophysiologic process of CS there is always a 
coexistence of lesions at different stages of the 
disease with areas of active inflammation over-
lapping areas of dense, metabolically inactive 
scar (Fig. 9.2) [20, 21]. In patients with CS pre-
senting with recurrent VT, characterization of the 
arrhythmogenic substrate helps the detection of 
potential targets for substrate-based ablation but 
also provides important diagnostic elements and 

information to identify patients at high risk of 
recurrence after catheter ablation (CA) that may 
benefit from more aggressive medical therapy 
with immunosuppressive drugs [22]. Interestingly, 
areas of unipolar voltage abnormality on invasive 
electroanatomic voltage mapping have been cor-
related with the presence of active inflammation 
in areas without a significant amount of scar rep-
resenting optimal targets for endomyocardial 
biopsy (EMB), thus improving its sensitivity and 
specificity which is typically limited by the 

Fig. 9.2 Imaging and electroanatomic findings of a 
patients with cardiac sarcoidosis and recurrent ventricular 
tachycardia. Positron emission tomographic (PET) scan 
(a–e) showing active inflammation of the mid-basal 
inferoseptum (a, red arrowhead), basal (a, asterix) and 
apical (a, red arrow) anterolateral wall, basal inferior (e, 
red arrow), and anterior (e, red arrowhead) walls. Contrast- 
enhanced magnetic resonance imaging (b–f) of the same 
patient showing diffuse myocardial scar involving the dis-
tal anterolateral wall (b, green arrow), the anterior wall (f, 
green arrows), and the inferior wall (f, green arrowheads). 

The septum and the basal anterolateral wall do not show 
scar although they are involved by active inflammation. 
Left ventricular (LV) endocardial electroanatomic map 
(EAM; (c), (d), (g), and (h)) showing a small area of low 
bipolar voltage (≤1.5 mV) on the midapical inferior wall 
(g, inferior view) and a more diffuse area of low unipolar 
voltage (≤8.3) on the basal septum (d, right anterior 
oblique [RAO] view) and inferior wall (h, inferior view); 
unipolar EAM showed areas of abnormal voltage consis-
tent with both scar and inflammation. (Reprinted with per-
mission from Muser et al. [22])

a b

c d
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patchy distribution of the disease and the pres-
ence of areas with dense scar (nonspecific finding 
on histology) (Fig.  9.3) [5]. The available evi-
dence strongly supports the critical role of scar 
compared to active inflammation in sustaining 
VA.  In a study including 50 patients with CS, 
14% developed VA during follow-up: none 
among those with LGE-/FDG+, 19% among 
those with LGE+/FDG+, and 21% among those 
with LGE+/FDG- [23]. In a series of 42 patients 
with CS and VT referred for CA who underwent 
preprocedural 18F-FDG PET and CMR, evidence 
of active inflammation was found in 48% of the 
cases, while areas of LGE were almost ubiqui-
tous (90% of the cases) [5]. Interestingly, after 
quantification of myocardial inflammatory activ-
ity in terms of metabolic volume (MV—volume 

of the 18F-FDG-avid myocardium) and metabolic 
activity (MA—product between SUV and MV), 
myocardial areas showing the presence of abnor-
mal electrograms (representing potential targets 
for CA) had a higher degree of scar transmurality 
on CMR and a lower MV and MA compared to 
those without evidence of abnormal electrograms 
(Fig. 9.3). Moreover, critical sites for VA deter-
mined by electrophysiological mapping appeared 
more strongly associated with LGE on CMR than 
with increased 18F-FDG uptake on PET (abnor-
mal electrograms present in 70% of LGE+/PET− 
myocardial segments vs. 27% of LGE− /PET+ 
segments) [5]. All the aforementioned data sug-
gest that reentrant VT circuits are strongly asso-
ciated with presence of scar even in patients with 
active disease and are located in areas with more 

e f

g h

Fig. 9.2 (continued)
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Fig. 9.3 Correlation among presence of scar, inflamma-
tion, and electroanatomic findings in patients with cardiac 
sarcoidosis undergoing ventricular tachycardia ablation 
Top Panel: Scatter plot representing the distribution of 
myocardial segments according to imaging and electro-
anatomic findings. Segments with both normal unipolar 
and bipolar voltage (green dots) represent the “healthy 
myocardium” without either scar or inflammation. 
Segments with low unipolar voltage but normal bipolar 
voltage (orange dots) represent sites of “active disease” 
with absence/few scar and presence of active inflamma-
tion in which no or only few abnormal electrograms are 
recorded. Those sites represent potential good targets for 

endomyocardial biopsy. Segments with both low unipolar 
and bipolar voltage (blue dots) represent sites of 
“advanced disease” with high scar transmurality and no/
few inflammatory activity. In such sites, abnormal electro-
grams are frequently recorded representing potential good 
targets for substrate modification. Bottom Panel: Box- 
plots demonstrating the higher degree of scar transmural-
ity on CMR (a) and the lower degree of inflammation 
quantified by cardiac metabolic volume (b) and cardiac 
metabolic activity (c) within myocardial segments show-
ing the presence of abnormal electrograms (critical sites 
of VT circuits) compared to those without. (Modified with 
permission from Muser et al. [5])

extensive fibrous replacement and less inflamma-
tion stressing the central role of fibrosis in the 
genesis of VA. Inflammation still plays an impor-
tant causative role in VA as the primary source of 
myocardial damage, cell loss, and fibrotic 

replacement. To that end, in patients undergoing 
repeated CA after a first attempt, a significant 
scar progression has been found only in those 
with persistent inflammatory activity detected by 
FDG-PET (Fig.  9.4) [5]. Correspondingly, lack 

9 Ventricular Arrhythmias



116

-1500
-20

-10

0.0

0.2

0.4

0.6

0.8

1.0

ed
Observed
Linear

: R
2
 Linear = 0.215

p<0.003

PET non responders
PET responders

Log-rank p<0.001

0

10

20

-1000 -500 0

Change in Lesion Metabolic Activity Follow-up, months

C
ha

ng
e 

in
 L

ef
t V

en
tr

ic
ul

ar
 E

je
ct

io
n 

Fr
ac

tio
n

S
ur

vi
va

l f
re

e 
fr

om
 c

ar
di

ov
as

cu
la

r 
ev

en
ts

500 1000
0 12 24 36 48 60

b

a c

Fig. 9.4 Correlation between [18]FDG-PET evaluation 
of treatment response, scar progression, and long-term 
outcomes in patients with cardiac sarcoidosis. (a) PET 
scan in a patient with cardiac sarcoidosis (CS) involving 
the mid-basal septum, mid-basal anterior, and basal infe-
rior wall of the left ventricle (top row) that demonstrate 
complete normalization after 6  months of immunosup-
pressive therapy (bottom row). (b) Patient with CS involv-
ing the lateral and anterior wall of the left ventricle as well 
as the anterolateral papillary muscle at baseline (top row) 
and persistent inflammation despite immunosuppressive 

treatment (bottom raw). (c) Endocardial voltage maps of a 
patient with persistent myocardial inflammation on FDG- 
PET and evidence of scar progression between two con-
secutive ventricular tachycardia ablation procedures 
performed within 3  months. (d) Correlation between 
changes in lesion metabolic activity and changes in left 
ventricular ejection fraction in patients undergoing immu-
nosuppressive treatment. (e) Kaplan–Meier survival curve 
showing survival free from cardiovascular events accord-
ing to metabolic response in patients with CS. (Modified 
with permission from Muser et al. [5, 24])
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of PET improvement after initiation of immuno-
suppressive treatment has been associated with 
worse clinical outcomes at follow-up with a sig-
nificant inverse relationship between changes in 
MA and changes in left ventricular ejection 
fraction (Fig.  9.4) [24, 25]. The presence of 
abnormal 18F-FDG uptake has also been corre-
lated to long- term risk of recurrence after CA of 
VT with a fourfold increase risk for those 
patients with abnormal 18F-FDG uptake at base-
line and an adjunctive twofold increase risk for 
those  nonresponders to immunosuppressive 
therapy [22].

 Ventricular Arrhythmias 
of Unknown Etiology

Subclinical myocardial inflammation may be 
responsible for VA of otherwise unknown etiol-
ogy. In a series of 103 patients with non-ischemic 
heart disease of unknown etiology and VA, evi-
dence of abnormal myocardial 18F-FDG uptake 
was found in 49% of the cases with signs of 
extracardiac involvement in 34% of them [4]. 
Only patients presenting focal or focal on diffuse 
patterns of myocardial 18F-FDG uptake were 
considered as PET positive. Among patients who 
underwent EMB, CS was found in 60% of the 
cases, non-granulomatous inflammation in 30%, 
while absence of inflammatory infiltrates was 
found in the remaining 10%. Among patients 
treated with CA, a correlation between 18F-FDG 
PET findings and voltage abnormalities was 
reported in 79% of the cases. Immunosuppressive 
treatment was started in 90% of patients with 
positive 18F-FDG PET showing a trend toward 
better clinical outcomes. As such these patients 
may benefit from early detection of underlying 
inflammation (before irreversible myocardial 
scarring occurs) and from immunosuppressive 
medical therapy [4]. Those findings have recently 
been confirmed by a single center prospective 
study (Myocarditis And Ventricular Arrhythmia 
registry—MAVERIC) in which 18F-FDG PET 
was performed in a series of 107 patients with 

frequent (≥5000/24 h) PVC of unexplained etiol-
ogy [26]. As previously reported, only focal or 
focal on diffuse myocardial 18F-FDG uptake pat-
terns were considered significant. Patients with 
positive 18F-FDG PET were treated with immu-
nosuppressive therapy (oral prednisone 40  mg 
daily tapered 10 mg every 3 weeks for a total of 
3 months). In patients who either had a subopti-
mal or no response at 3  months, a second line 
immunosuppressive treatment with azathioprine, 
cyclosporine, mycophenolate, methotrexate, or 
monoclonal antibodies was considered. 18F-FDG 
PET scans were repeated every 3 months in order 
to monitor treatment response and modify ther-
apy accordingly. At baseline 51% of the patients 
had evidence of abnormal myocardial 18F-FDG 
uptake and EMB was performed in half of them 
demonstrating lymphocytic infiltrate in 46% of 
the cases, CS in 7%, only mild to moderate inter-
stitial fibrosis in 25%, and no pathologic findings 
in the remaining 25%. Even if EMB did not show 
the presence of non-caseating granulomas, a 
diagnosis of CS was made in 24% of the 18F-FDG 
PET positive patients based upon extracardiac 
findings, while the remaining 74% of such cases 
were labeled as idiopathic myocardial inflamma-
tion. A total of 46 patients received immunosup-
pressive treatment with optimal response (≥80% 
decrease in PVC burden with complete resolution 
of 18F-FDG uptake on serial PET scans) in 67% 
of them, suboptimal (<80% decrease in PVC bur-
den with only partial decrease of 18F- FDG uptake) 
in 15% and no response in the remaining 13% 
after a mean follow-up of 6  months. Among 
patients with left ventricular dysfunction, 37% 
showed an improvement in the mean LVEF. Of 
note, 54% of the patients did not respond to 
immunosuppressive treatment with steroids alone 
and needed a second line treatment [27]. All the 
above data come from relatively small single cen-
ter experiences, are burdened by a substantial het-
erogeneity in treatment strategies -including CA, 
antiarrhythmic drugs, and type, dose and duration 
of immunosuppressive therapy - therefore should 
be considered with caution before being routinely 
used in clinical practice.
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 Conclusion

Position emission tomography imaging with 18F- 
FDG has an increasing role in the field of cardiac 
electrophysiology helping in diagnosis, risk strat-
ification and management of patients with com-
plex VA by evaluating myocardial inflammation. 
In the future, the integration of PET imaging with 
electroanatomic mapping systems could poten-
tially improve VT ablation strategies by identify-
ing critical sites for VT.
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10Cardiac Tumors

Patrick Martineau 
and Matthieu Pelletier-Galarneau

 Introduction

Cardiac masses constitute one of the less well- 
understood aspects of modern oncology due to a 
number of reasons. For one, the rarity of primary 
cardiac tumors is a serious obstacle to conducting 
studies on the diagnostic approaches and man-
agement of these pathologies. Furthermore, while 
cardiac masses are relatively uncommon findings 
on imaging, autopsy studies over the course of 
the last century have repeatedly shown that car-
diac involvement in patients with systemic malig-
nancy is relatively prevalent, suggesting that 
imagers may be systematically understaging the 
extent of cardiac disease on routine imaging stud-
ies. However, with the growing use of FDG-PET 
for the routine staging and follow-up of patients 
with systemic malignancy, and the demonstrated 
utility of this imaging modality in the assessment 
of cardiac lesions, it may be hoped that this tech-
nique could allow for new insights in the evalua-
tion of cardiac tumors.

Cardiac masses include nontumoral lesions in 
addition to both primary and secondary tumors. 

As a rule, primary cardiac tumors are typically 
rare and benign; however, it is important to note 
that, due to the dynamic nature of cardiac physi-
ology, even benign pathologies can be associated 
with high mortality and morbidity with symptom 
manifestation highly dependent on the location 
of the mass within the heart and its relation to 
local structures. Secondary tumors (i.e., metasta-
ses) are malignant by definition and constitute 
the overwhelming majority of cardiac masses.

While most patients with cardiac lesions are 
asymptomatic [1], clinical manifestations of car-
diac masses are myriad and can occur due to peri-
cardial effusion and cardiac tamponade [2, 3], 
arrhythmia (including atrial fibrillation/flutter, 
ventricular tachycardia, multifocal atrial tachy-
cardia, and paroxysmal supraventricular tachy-
cardia) [3–6], myocardial infarction (either from 
tumor embolization into the coronary arteries [7, 
8] or from extrinsic compression of the coronary 
vessels [3, 9, 10]), and tumor embolization [11], 
with specific symptoms highly dependent on 
lesion location.

Treatment options depend largely on the 
tumor type, extent of disease, and the relationship 
between the tumor and cardiac structures. For 
example, treatment options in an elderly patient 
with cardiac involvement from a metastatic lung 
adenocarcinoma vary drastically from those of a 
young patient with a primary cardiac 
rhabdomyoma.
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Diagnosing cardiac tumors is complicated in 
part due to the challenges in obtaining a tissue 
biopsy—as a result, imaging often plays a key 
role in the diagnosis of these lesions. Several 
imaging modalities are available for the assess-
ment of cardiac masses and can often provide 
complimentary information. The most commonly 
used and widely accessible imaging test is echo-
cardiography—either transthoracic or trans-
esophageal—which provides high-spatial and 
high-temporal resolution images of lesions, as 
well as assessment of cardiac function, including 
the relationship of lesions to valve planes, the 
presence of pericardial effusions, etc. However, 
echocardiography can be limited by poor acous-
tic windows, operator dependency, and poor tis-
sue characterization. Nonetheless, 
echocardiography typically serves as the initial, 
and sometimes only, imaging assessment. 
Contrast-enhanced, cardiac-gated computed 
tomography (CT) is well-suited for assessing the 
extent of metastatic disease, provides high spatial 
resolution imaging, and can be helpful in surgical 
planning. Cardiac magnetic resonance (CMR) 
provides superior tissue characterization com-
pared to echocardiography and CT, as well as 
improved functional assessment compared to CT; 
however, the technique is limited in patients with 
impaired renal functions, those with implantable 
electronic devices, and provides limited informa-
tion in those patients with secondary cardiac 
masses. Positron emission tomography (PET) 
imaging, typically with 2-deoxy-2-[18F]-fluoro-
glucose, is rarely used in the initial assessment of 
cardiac masses; however, its role in the assess-
ment of metastatic disease (cardiac or otherwise) 
is well-established, and studies have shown that it 
may be particularly well-suited for distinguishing 
malignant from benign cardiac lesions, as well as 
assessing for intracardiac tumor recurrence fol-
lowing resection [12]. In addition, in cases of 
secondary cardiac lesions, PET can be helpful in 
identifying noncardiac lesions which may be 
more amenable to tissue sampling than their car-
diac counterparts.

 Primary Cardiac and Pericardiac 
Lesions

 Epidemiology of Primary Cardiac 
Lesions

Primary cardiac masses are rare. The prevalence 
has been reported to vary between 0.0017% and 
0.28% with data being derived from autopsy 
series, which reflects the difficulty of antemortem 
diagnosis in many cases [13–15]. Furthermore, 
the great majority of primary cardiac lesions are 
benign, with myxomas accounting for the bulk of 
these [14]. Primary malignant cardiac tumors 
(PMCT) are even more uncommon. A 40-year 
retrospective review of the SEER program identi-
fied their prevalence as 0.008%, with the major-
ity (54.1%) occurring in females with a median 
age of 50  years [16]. Prognosis is poor with 
<50% of patients with PMCTs alive 1-year fol-
lowing diagnosis [16].

 Types of Primary Cardiac 
and Pericardiac Masses

A classification of cardiac masses is presented in 
the fourth edition of the WHO Classification of 
Tumours of the Lung, Pleura, Thymus and Heart 
[17]. This framework classifies cardiac tumors 
into one of four separate categories:

 1. Benign tumors.
 2. Tumors of uncertain biological behavior.
 3. Germ cell tumors.
 4. Malignant tumors.

As mentioned above, the bulk of primary car-
diac tumors are of a benign histology, with only 
about 10% of these lesions being malignant [18]. 
Tumors of uncertain biological behavior and 
germ cell tumors consist of very specific lesion 
types and are uncommon. Histologically, most 
primary malignant cardiac tumors in adults 
belong to the sarcoma (64.8%), lymphoma 
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Table 10.1 The most common types of cardiac lesions

Primary cardiac lesions
Malignant Benign
Adult Children Adult Children
Angiosarcoma Rhabdomyosarcoma Myxoma Rhabdomyoma
Rhabdomyosarcoma Lipoma Teratoma
Mesothelioma Papillary fibroelastoma Fibroma
Lymphoma Myxoma

Common sources of secondary cardiac lesions
Lung
Breast
Esophageal
Melanoma
Sarcoma
Renal cell carcinoma
Lymphoma

Nontumoral lesions
Thrombus
Vegetation

(27.0%), or mesothelioma (8%) types [16]. The 
specific types of sarcoma vary with age with 
rhabdomyosarcomas more frequently seen in 
pediatric patients while angiosarcomas or undif-
ferentiated sarcomas are more common in the 
adult population. The most frequently seen car-
diac lesions are shown in Table 10.1.

 Symptoms and Clinical Presentation

The symptomology associated with cardiac lesions 
is variable and is largely dependent on their loca-
tion within the heart, pericardium, and great ves-
sels. In general, three broad classes of symptoms 
are recognized as arising from cardiac lesions. 
Systemic symptoms can consist of fever, weight 
loss, arthralgias, and fatigue. In addition, some 
cardiac lesions present with paraneoplastic symp-
toms. Cardiac symptoms can consist of cardiac 
dysfunction (which can occur as a result of lesions 
filling cardiac chambers or interfering with valve 
function), arrythmias (typically seen in patients 

with lesions present within the myocardium), and 
cardiac tamponade (secondary to pericardial effu-
sions which are frequently seen in pericardial 
involvement). Finally, patients with cardiac tumors 
can develop emboli (pulmonary or systemic) as 
numerous types of cardiac lesions have embolo-
genic potential. Unfortunately, none of these 
symptoms are specific for cardiac tumors.

 Diagnostic Approach

Cardiac lesions are typically less accessible to 
tissue sampling than other systemic lesions. As a 
result, the diagnostic approach in this context 
relies on the following information:

 1. Clinical context/epidemiological likelihood 
plays a significant role in determining the 
nature of the lesion.

 2. Age is an important diagnostic factor as, for 
example, certain tumor types are more com-
monly seen in pediatric patients.
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Right Atrium

-Lipoma
-Angiosarcoma

-Primary cardiac lymphoma
-Tumor thrombus

-Metastases
-Lymphoma

Valve planes

-Vegetations
-Papillary fibroelastoma

Right Ventricle

-Metastases
-Lymphoma

Pericardium

-Metastases
-Lymphoma

-Germ cell tumors

Left Ventricle

-Thrombi
-CAT

-Hemangioma
-Fibroma

-Rhabdomyoma
-Metastases
-Lymphoma

Left Atrium

-Thrombi
-Myxoma

-Paraganglioma
-Leiomyosarcoma

-Metastases
-Lymphoma

Fig. 10.1 Typical locations of various cardiac lesions. Malignant lesions. (Reprinted with permission from [114])

 3. Finally, the imaging characteristics (including 
lesion location, enhancement characteristics, 
FDG-avidity, sites of additional lesions) are 
all important factors to consider in the workup 
of a cardiac mass. The typical locations of 
various cardiac lesions are shown in Fig. 10.1.

Trans-thoracic echocardiography usually 
serves as the first-line imaging. If additional 
imaging is required, trans-esophageal echocar-
diography, computed tomography (CT), mag-
netic resonance imaging (MRI), and (increasingly) 
positron emission tomography (PET) can provide 
further characterization.

 Benign Cardiac Lesions

 Intra-Cardiac Thrombi

Thrombi, the most frequently encountered intra- 
cardiac lesions, are most commonly seen in the 
left atrium, atrial appendage, and ventricle, but 
can also be present within the right-sided cham-
bers [19]. Thrombi may be mobile or adherent to 
the endocardium. Thrombi within the append-
ages or atria are most commonly seen in patients 
with arrythmias, atrial enlargement, or mitral 
valve dysfunction. When seen in the ventricles, 
these are most commonly associated with apical 
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aneurysms or systolic dysfunction. Thrombi in 
general are typically seen in patients with hyper-
coagulability, such as those with malignancy, 
antiphospholipid syndrome, or in those with 
intracardiac prosthetic material.

An occasional incidental finding, intracardiac 
thrombi have been reported on FDG-PET imag-
ing. While FDG uptake is typically low or absent, 
unusually high uptake has been reported in orga-
nizing thrombi [12, 20].

 Vegetations

Intra-cardiac vegetations are associated with 
endocarditis, often appearing as mobile, irregular 
masses arising along the atrial side of the tricus-
pid or mitral valves, or along the ventricular side 
of the pulmonic or aortic valves. Less frequently, 
vegetations can arise from atrial or ventricular 
walls [21]. FDG-PET has an established role in 
the imaging of endocarditis as further discussed 
in Chaps. 12 and 13.

Patients in hypercoagulable states can also 
present with noninfective vegetations, termed 
marantic endocarditis [22]. In this case, the veg-
etations consist of platelet aggregates and blood 
interspersed with fibrin. As is in the case of 
thrombi, FDG accumulation has been described 
within these lesions [23].

 Calcified Amorphous Tumors

Calcified amorphous tumors (CATs) are non- 
neoplastic lesions of uncertain etiology, charac-
terized by nodular calcifications in a background 
of amorphous fibrinous material. These lesions 
are typically pedunculated and can arise in any 
chamber, but are more common in the left ven-
tricle [24]. Due to the presence of calcifications, 
the imaging appearance can be suggestive of 
osteosarcoma, calcified myxoma, or vegetations; 
however, the histopathological diagnosis of CATs 
is straightforward. CATs can be encountered in 
patients with valvular disease (such as mitral 
annulus complex calcification) and end stage 
renal disease [25].

 Cardiac Myxoma

Atrial myxomas are the most common of the 
benign cardiac tumors, accounting for approxi-
mately two thirds of all primary cardiac masses 
[26, 27]. Approximately 80% of these lesions 
arise in the left atrium, and around 80% are 
attached to the interatrial septum [27]. These 
rarely arise within the ventricles or from the 
valves [28]. Ninety percent of patients are diag-
nosed between the ages of 30 and 60 years [29], 
and these tumors are 1.5–2 times more common 
in women [30]. These tumors are rare in children, 
where they account for about 10% of benign car-
diac tumors [31].

Histologically, these tumors consist of mul-
tipotent mesenchymal cells. Size, contour, and 
type of endocardial attachment are variable; 
however, these are most commonly 3–4 cm in 
size (but can be much larger [28]), with a lobu-
lated contour, and are often pedunculated. 
Smaller, pedunculated tumors can be highly 
mobile and prolapse across the atrioventricular 
(usually, mitral) valve leading to an element of 
diastolic filling impairment. Furthermore, 
myxomas may be covered by a surface throm-
bus—these are frequently associated with 
embolization events and present in at least 
10–20% of patients [30]. These lesions may 
calcify (in up to 14% of cases), and occasion-
ally ossify [32].

Diagnosis of cardiac myxomas is usually 
accomplished by echocardiography, aided by 
their typical location and appearance. In atypical 
cases, these can be investigated using advanced 
imaging. On FDG-PET, most cardiac myxomas 
demonstrate little to no uptake [33–35].

Therapy consists of surgical excision. 
Recurrence is rare, except in cases of familial or 
complex myxomas where recurrence can be seen 
in 10–20% of cases [36, 37].

The Carney complex is an inherited multiple 
neuroendocrine neoplasia syndrome. This auto-
somal dominant condition, associated with muta-
tions of the PRKAR1A tumor suppressor gene 
found on chromosome 17q, is associated with 
(often multiple) cardiac myxomas, present in the 
majority of affected individuals.
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 Papillary Fibroelastoma

These benign endocardial lesions account for the 
majority (75%) of benign valvular tumors [38]. 
The most common locations are the downstream 
side of the aortic valve, followed by the mitral 
valve, left ventricular endocardium, and the tri-
cuspid valve [39]. At the histopathological level, 
these tumors are gelatinous and have a frond-like 
appearance. Like myxomas, these tumors can 
lead to embolization or impede cardiac function 
by interfering with valve movement or by 
obstructing chambers. Surgical resection can be 
curative. Although experience is limited, these 
lesions do not appear to be significantly FDG- 
avid [12].

 Lipoma

Cardiac lipomas are most frequently encountered 
in the right atrium or left ventricle and can be 
subendocardial (most commonly), subepicardial, 
or myocardial. These lesions account for 
 approximately 10% of primary benign cardiac 
lesions [40]. While these lesions can be asymp-
tomatic, the types of symptoms encountered can 
be related to their location—subendocardial 
lesions can cause obstructive symptoms while 
myocardial lesions can lead to arrhythmias. As 
these are typically encapsulated, embolization is 
uncommon. Furthermore, the presence of a cap-
sule can help distinguish these lesions from lipo-
matous hypertrophy of the interatrial septum.

 Rhabdomyoma

Rhabdomyomas are the most common primary 
pediatric cardiac tumors and are most frequently 
seen in infants and fetuses [41]. Rhabdomyomas 
are growths consisting of cardiomyocytes and 
can be considered hamartomas. These are often 
multiple and located in the interventricular sep-
tum or ventricular free wall. Rhabdomyomas can 

frequently resolve spontaneously [42]. There is 
an association with tuberous sclerosis with 
approximately half of infants with tuberous scle-
rosis found to have rhabdomyomas [43–45].

 Fibroma

Cardiac fibromas are the second more commonly 
encountered primary cardiac tumor in children. 
Like rhabdomyomas, these are present from 
birth, but symptoms often present only in the sec-
ond or third decade of life. These are typically 
seen in the left ventricular free wall or intraven-
tricular septum [46, 47]. Histologically, they are 
composed of fibroblasts and collagen fibers along 
with calcifications [47]. There is an association 
with familial adenomatous polyposis and Gorlin 
syndrome [48]. Unlike rhabdomyoma, these 
tumors do not regress spontaneously, and surgi-
cal resection is indicated.

 Hemangioma

Hemangiomas and other vascular malformations 
can be seen in children but are more commonly 
encountered in adults [49]. In children, these are 
most commonly present in the right atrium. In 
adults, these are typically encountered in the left 
ventricle or associated with cardiac valves. Due 
to their variable appearance, these are difficult to 
be distinguished from other lesions and, as they 
can be infiltrative, can be confused for malignant 
lesions on imaging.

 Tumors of Uncertain Biological 
Behavior

 Cardiac Paraganglioma

Paragangliomas arise from paraganglionic tissue 
which can be seen at the base of the heart and 
atrium. These lesions are most commonly seen in 
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the left atrium (55%), interatrial septum (16%), 
or the anterior wall of the heart (10%) [50]. They 
are classified as Tumors of Uncertain Biological 
Behavior but can be aggressive, invading local 
structures, and should be resected [51]. Like 
pheochromocytomas, these lesions can be either 

secretory or nonsecretory. A minority of these 
tumors can secrete catecholamines which can 
lead to patients presenting with hypertension, 
palpitations, headache, and/or diaphoresis. An 
example is shown in Fig. 10.2.

a b

c d e

Fig. 10.2 Example of a primary cardiac paraganglioma 
in a 56-year-old male which demonstrates avid FDG 
uptake (SUV 27) on maximum intensity projection 
images (a) and trans axial PET/CT (b). The lesion is cen-

tered between the left atrial appendage and main pulmo-
nary artery and demonstrates homogeneous enhancement 
on CMR (c) and cardiac CT (d). In addition, the lesion 
was noted to be DOTA-avid (e)
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 Germ Cell Tumors

Cardiac germ cell tumors are relatively rare with 
the majority of cases occurring within the pericar-
dial space [46]. These are usually multilocular and 
well-defined and often contain fat and/or calcifica-
tions [52]. In light of this, MR can be particularly 
useful in characterizing these lesions. Large peri-
cardial effusions are typically present [53].

 Malignant Cardiac Lesions

Given the types of tissue present in the heart, it 
follows that the bulk of primary malignant car-
diac tumors consist of lesions in the sarcoma 
family. An example is shown in Fig. 10.3. These 
lesions are usually diagnosed in younger adults, 
without a clear gender predominance [54]. 
Clinical presentation is variable and often related 

a b
Fig. 10.3 This 
49-year-old male was 
diagnosed with a 
primary synovial 
sarcoma of the heart. 
This large lesion 
demonstrates significant 
but heterogeneous FDG 
uptake (SUV 15) on 
MIP images (a) and was 
centered at the right 
atrium, with extension 
across the pericardium 
and into the 
mediastinum as can be 
seen on coronal images 
(b). Areas of central 
necrosis (*) are apparent 
on PET
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to the location of the lesion with symptoms com-
parable to those caused by benign lesions.

Imaging findings suggestive of a malignant 
lesion include a rapidly growing tumor, necrosis 
and/or hemorrhage, involvement of multiple 
chambers, and pericardial effusion; however, 
none of these features are sensitive or specific 
[55].

 Cardiac Angiosarcoma

This neoplasm of endothelial mesenchymal cells 
constitutes the most common primary malignant 
cardiac tumor, accounting for approximately 
30–40% of cases [56, 57]. These lesions are more 
common in males and typically arise in the right 
atrium (75%) and right atrioventricular groove 
[15, 58, 59]. Angiosarcomas have a tendency to 
invade the pericardium, extend into the right ven-
tricle through the tricuspid valve, and involve the 
right coronary artery. The lesion often appears 
heterogeneous due to areas of necrosis and hem-
orrhage. Despite surgery, angiosarcomas have a 
high rate of recurrence and frequently produce 
systemic metastases. In fact, metastases can be 
seen in up to 47–89% of cases, with involvement 
of the lungs, bone, bowel, and brain reported 
[60]. Prognosis is poor with survival of a few 
months without surgery [60].

 Leiomyosarcoma

Leiomyosarcomas account for 8–9% of cardiac 
sarcomas with patients usually presenting in the 
fourth decade of life [61]. These lesions typically 
appear as sessile masses arising from the poste-
rior left atrium although involvement of all cham-
bers has been reported [62, 63]. Lesions can be 
multiple in approximately one third of cases.

 Rhabdomyosarcoma

Most cases of rhabdomyosarcoma arise in chil-
dren, with a mean age at presentation of 14 years 

[46]. Unlike angiosarcomas and leiomyosarco-
mas, rhabdomyosarcoma appear to have no clear 
predilection for any chamber [64]. These primary 
lesions of striated muscle are the most common 
pediatric cardiac malignancy [65]. Despite treat-
ment, prognosis is dismal with most patients suc-
cumbing in less than 1 year [66].

 Primary Cardiac Lymphoma

Primary cardiac lymphoma (PCL) accounts for 
approximately 27% of primary cardiac malignan-
cies and is the second most common primary car-
diac malignancy after sarcomas [67, 68]. Diffuse 
large B-cell lymphoma (DLBCL) is the most 
commonly encountered histology (80%), fol-
lowed by follicular B-cell lymphoma. There is an 
association with Epstein-Barr virus and AIDS, as 
well as a prior history of cardiac transplant. In 
addition, an association with implanted cardiac 
devices has been reported and thought to be 
related to a chronic foreign body reaction—this 
condition has been termed fibrin-associated large 
B-cell lymphoma [69].

PCL is usually multifocal and most commonly 
involves the right atrium although any chamber 
can be involved. Pericardial involvement is 
reported in one third of cases and superior vena 
cava involvement in one fourth of cases [70, 71]. 
Mediastinal lymphadenopathy can be present. 
Prognosis is poor, and median survival is 
12 months [71].

 Secondary Cardiac Masses

 Epidemiology of Secondary Cardiac 
Lesions

Secondary (i.e., metastatic) cardiac masses are 
for more common than primary cardiac tumors. 
However, the reported prevalence varies greatly, 
ranging from 2.3% to 18.3% of all patients with 
malignancy (see Table 10.2)—or roughly 40–50 
times more common than primary cardiac masses 
[72]. All secondary cardiac lesions are consid-
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ered malignant, irrespective of histology, due to 
their potential effect on cardiac function.

 Sources of Secondary Cardiac Masses

For males, the most common source of cardiac 
metastases are lung and esophageal tumors while, 
in females, most cardiac lesions originate from 
lung cancer or lymphoma [72]. This is largely 
due to the prevalence of these malignancies, as 
well as their proximity to the heart. In particular, 
lung cancer is associated with a high rate of car-
diac disease, with autopsy studies reporting 
involvement of the heart in approximately one in 
six cases [73].

Prevalence aside, malignancies with the high-
est rate of cardiac metastases include melanoma 
(Fig. 10.4), mesothelioma, and renal cell carcino-
mas. In particular, melanoma is known to involve 
the heart in roughly one quarter to one half of 
patients [73–75], while mesotheliomas affect the 
heart in nearly one half of cases [74].

 Secondary Cardiac Lymphoma

Cardiac involvement is noted in approximately 
25% of patients with disseminated lymphoma 
[76]. Pericardial involvement has been reported 
to be more frequent in cases of Hodgkin’s lym-
phoma; however, cardiac involvement is more 
frequently seen in non-Hodgkin’s lymphoma 
[77]. An example is shown in Fig. 10.5.

Table 10.2 Results of autopsy studies examining the 
prevalence of cardiac metastases in patients with 
malignancy

Reference
Year 
published

Number of 
malignancies

Prevalence 
(%)

Pollia and 
Gogol [115]

1936 1450 2

Scott and 
Garvin [116]

1939 1082 10.9

Walther [117] 1948 2027 2.3
Young and 
Goldman 
[118]

1954 476 19.1

Gassman et al. 
[119]

1955 4124 5.0

Hanfling [120] 1960 694 18.3
Berge et al. 
[121]

1968 2595 4.7

Malaret and 
Aliaga

1968 250 15.1

Harrer and 
Lewis [122]

1971 1164 12.6

Kline et al. 
[79]

1972 716 8.5

Lockwood and 
Broghamer 
[123]

1980 1303 14

Mukai et al. 
[124]

1988 6240 15.0

Karwinski 
et al. [125]

1989 2564 5.1

Manojlovic 
[126]

1990 477 8.2

Klatt and 
Heitz [73]

1990 1095 10.7

MacGee et al. 
[127]

1991 1311 4.3

Silvestri [128] 1997 1928 8.4
Bussani et al. 
[74]

2007 7289 9.1
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a b

Fig. 10.4 Cardiac metastases from melanoma are well- 
described in the literature. This 91-year-old man had 
widespread metastatic melanoma (arrows), best appreci-

ated on MIP images (a). In addition, there was an obvious 
lesion in the interventricular septum (b, arrow)

a b

Fig. 10.5 Pericardial or cardiac involvement in lym-
phoma is relatively common. This 45-year-old male had 
extensive diffuse large B-cell lymphoma, best seen on 

MIP images (a). On transaxial PET/CT images (b), near- 
circumferential pericardial disease is visible (arrow)
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 Miscellaneous Cardiac Lesions

 Lipomatous Hypertrophy 
of the Interatrial Septum

As of the fourth edition of the WHO classifica-
tion of cardiac tumors, lipomatous hypertrophy 
of the interatrial septum (LHIS) is no longer con-
sidered a distinct cardiac lesion; however, it 
remains an important diagnostic consideration 
when evaluating fat-density cardiac tumors. At 
the histological level, LHIS consists of brown 
adipocytes and cardiomyocytes. On imaging, 
LHIS appears as a fat-density lesion within the 
interatrial septum sparing the fossa ovalis. The 
presence of brown fat likely explains why LHIS 
can be distinctly FDG-avid on PET.

 Mechanisms of Spread to the Heart 
and Pericardium

There are four main metastatic pathways to the 
heart: direct extension, hematogenous dissemina-
tion, retrograde lymphatic spread, or by trans- 
venous (tumor thrombus) extension along the 
superior vena cava (SVC), inferior vena cava 
(IVC), or pulmonary veins [78]. As is typically 
seen in oncology, certain tumor types 
 preferentially spread using specific pathways, 
although dissemination along multiple pathways 
can also be seen. Studies have suggested that ret-
rograde lymphatic spread may act as the domi-
nant pathway, responsible for the majority of 
cardiac metastases [3, 79, 80].

The pathway of spread largely determines 
the location of the resultant cardiac metastases. 
Metastases spreading through the hematoge-
nous pathway will generally deposit in the 
endocardium or myocardium due to the nature 
of coronary circulation. Likewise, metastases 
spreading through the lymphatics will preferen-
tially accumulate in the sub-epicardium and 
pericardium where cardiac lymphatic channels 
are predominantly located. Certain infra-dia-
phragmatic malignancies such as renal cell car-
cinoma (RCC) frequently produce tumor 

thrombi which ascend the IVC into the right 
atrium, while mediastinal or lung primaries can 
directly invade the SVC with tumor extending 
into the right atrium, or by extending along pul-
monary veins into the left atrium (Fig.  10.6). 
Finally, direct invasion can be seen in lung and 
mediastinal tumors and invariably involves the 
parietal pericardium before transgressing the 
visceral pericardium, followed by invasion of 
the myocardium.

Obstruction of pericardial lymphatics by 
malignancy can cause impaired pericardial fluid 
drainage resulting in effusion. Pericardial effu-
sion due to inflammation of the pericardium sec-
ondary to tumor infiltration can also occur; 
however, studies have shown that the majority of 
patients with malignant pericardial effusions 
developed cardiac metastases from lymphatic 
spread [3].

 Cardiac Lymphatic Anatomy

The presence of cardiac lymphatics was docu-
mented by Rudbeck as early as the seventeenth 
century; however, the particularities of cardiac 
and pericardial lymphatic anatomy are often 
overlooked when compared to other organ sys-
tems. For example, in the case of mediastinal 
lymphatic anatomy, a well-defined classification 
of nodal stations and their relationship has been 
proposed and is widely utilized [81].

Studies have revealed that the cardiac lym-
phatic system is organized into subendocardial, 
myocardial, and subepicardial plexi [82]. 
Drainage flows from the subendocardial plexus 
centrifugally, reaching the subepicardial plexus 
which resides in the connective tissue between 
the epicardium and myocardium [83]. From 
there, drainage proceeds along right and left lym-
phatic trunks that follow the course of the coro-
nary vessels [84]. Although subject to variation, 
in the majority of individuals the left efferent 
trunk merges with the right lower paratracheal 
lymph node, while the right lymphatic trunk typi-
cally joins the left anterior mediastinal lymph 
node chain [85, 86].
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a b

c

Fig. 10.6 Examples of tumor thrombus. (a) This middle- 
aged woman presented with a right adrenocortical carci-
noma which had an associated IVC tumor thrombus 
extending into the right atrium (arrow). A 52-year-old 

man had a large adenocarcinoma in the right upper lobe 
(b, arrow) which developed a tumor thrombus within a 
right-sided pulmonary vein (c, arrow)

Lymphatic drainage of the pericardium pro-
ceeds by several separate pathways [87]. 
Drainage of the sternocostal surface of the peri-
cardium proceeds either via efferent pathways 
laterally toward the phrenic nerves before pro-
ceeding caudally to the diaphragm or drains ven-
trally to prepericardial nodes situated at the 
anterior junction of the pericardium and dia-
phragm. The posterior pericardium drains to the 
upper and lower paratracheal lymph nodes. 
Drainage from the lateral pericardium is more 
variable—the more cephalad aspects of the lat-
eral pericardium drain into paratracheal and tra-
cheobronchial nodes, while the more caudal 
aspects drain into the diaphragm.

Knowledge of cardiac lymphatic anatomy is 
of practical utility in the assessment of cardiac 
lesions as lesions at certain locations (i.e., peri-
cardial lymph nodes, lower paratracheal lymph 
nodes) can help identify those patients at high- 
risk of cardiac involvement.

 Roles of FDG-PET Imaging 
of Cardiac Masses

 Cardiac Metabolism and Patient 
Preparation for Cardiac FDG-PET

Myocardial metabolism is determined by the 
Randle cycle which dictates the particular meta-
bolic substrate utilized by cardiomyocytes under 
varying physiological conditions. These sub-
strates include glucose and free fatty acids 
(FFAs), with the relative amounts of these nutri-
ents metabolized dictated by availability, endo-
crine factors, myocardial work, and cardiac 
perfusion. Prolonged fasting causes upregulation 
of lipolysis in adipocytes, with an increase in 
serum FFA levels in addition to a decrease in 
both circulating glucose and insulin levels. 
Increased FFAs drives cardiomyocyte metabo-
lism to preferential use of FFAs as metabolic sub-
strate. The ability to use FDG (a glucose analog) 
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to image cardiac pathology is entirely dependent 
on the ability to distinguish physiological from 
pathological cardiac uptake. This can best be 
achieved through the suppression of normal 
physiological cardiac uptake.

Standard oncology patient preparation proto-
cols (4–6 h of fasting) often result in heteroge-
neous, diffuse, or focal FDG cardiac uptake in 
normal patients. As a result, several approaches 
have been proposed when assessing cardiac 
pathology including prolonged fasting (5–18 h) 
[88], a high-fat/low-carbohydrate diet [89], the 
use of unfractionated heparin infusion, or fasting 
combined with an unfractionated heparin infu-
sion [90]. However, none of these protocols are 
universally effective, and approximately 20% of 
patients will demonstrate unsuppressed benign 
cardiac FDG uptake [88].

 FDG-PET/CT

When investigating cardiac masses with FDG- 
PET, obtaining cardiac and respiratory gated 
images is recommended, in order to reduce the 
effects of motion artifact.

The CT component can provide helpful find-
ings in the characterization of cardiac masses as 
certain features are more suggestive of benign or 
malignant lesions [91]. These features are shown 
in Table 10.3.

A retrospective study by Rahbar et al. exam-
ined 24 patients with cardiac masses who under-
went FDG-PET/CT.  These included seven 
benign, eight primary, and nine secondary malig-
nant cardiac lesions [92]. PET results were com-
pared to contrast-enhanced CT features. In 

particular, the features assessed included 
enhancement, infiltration of surrounding tissues, 
involvement of the epicardium, irregular tumor 
margins, presence of necrosis, pericardial effu-
sions, as well as involvement of several cardiac 
chambers. Malignant lesions were shown to have 
a standardized uptake value (SUV) significantly 
greater than those of benign lesions. However, 
SUV could not be used to distinguish between 
primary and secondary malignant lesions. 
Receiver operator characteristic (ROC) analysis 
showed a sensitivity and specificity of 94% and 
100%, respectively, with an optimal cut-off max-
imum SUV (SUVMax) of 4.2. CT performance 
was optimal when at least three of the above CT 
features were present, leading to a sensitivity and 
specificity of 82% and 86%, respectively.

Similarly, a retrospective study by Qin et al. 
examined the role of FDG-PET/CT in diagnosis 
and prognostication of 65 cardiac masses in 64 
patients [93]. The studied population included 38 
patients with primary and secondary cardiac 
malignancies, with 27 benign lesions also 
included in the analysis. Their results showed 
that numerous PET metrics—including SUVMax, 
SUV adjusted to lean body mass (SUVLean), met-
abolic tumor volume (MTV), and total lesion 
glycolysis (TLG)—were significantly greater in 
malignant lesions than benign lesions. 
Furthermore, SUVMax and SUVLean were signifi-
cantly higher in lymphoma than other malignant 
cardiac lesions. Supplementing the PET findings 
with CT features—including the infiltration of 
surrounding tissues, pericardial involvement, the 
presence of irregular margins, necrosis, pericar-
dial effusion, pleural effusion, and involvement 
of more than one chamber or vessels—the authors 

Table 10.3 CT findings helpful in distinguishing between benign and malignant cardiac masses

CT feature Benign Malignant
Size <5 cm >5 cm
Number of lesions Single Multiple
Location Intracameral Intramural
Attachment Narrow base Broad base
Margin Well-defined Ill-defined
Enhancement Minimal Moderate to intense
Invasion Absent Can be present
Pericardial effusion Absent Can be present
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found that the combination of CT features and an 
SUVMax > 6.75 could distinguish between malig-
nant and benign lesions with an accuracy of 
92.3%. It was also found that imaging features 
were useful for prognostication with multivariate 
Cox regression analysis finding that 
SUVMax ≥ 6.715 was an independent prognostic 
factor while age, gender, and the presence of 
effusions were not. Similar features were reported 
in a retrospective study by Meng et  al. in 38 
patients with cardiac lesions [94]. Shao et al. also 
showed that SUV could distinguish malignant 
from benign cardiac lesions in 23 subjects [95].

The increased uptake seen in cardiac lym-
phoma compared to other cardiac lesions was 
also reported in a study by Kikuchi et  al. [96]. 
These authors found that the combination of mul-
tidetector CT and FDG-PET/CT was able to dis-
tinguish DLBCL (N  =  5) from other cardiac 
tumors (primary or secondary, N  =  12) on the 
basis of significantly greater FDG uptake, in 
addition to the lesion being located at the right 
atrioventricular groove, encasement without ste-
nosis of the coronary arteries, and the presence of 
a large pericardial effusion.

Likewise, the use of contrast-enhanced CT 
combined with FDG-PET in the evaluation of 
primary cardiac tumors was examined by Liu 
et al. [97]. In their retrospective study, 46 primary 
cardiac tumors were characterized on dual-phase 
(arterial and venous) contrast-enhanced CT as 
well as FDG-PET.  Seventeen of the 46 lesions 
had malignant histology. Location in a right- 
sided chamber, involvement of multiple cham-
bers, involvement of the mediastinum or great 
vessels, broad base attachment, size (> 5  cm), 
and at least moderate enhancement were all CT 
findings compatible with malignancy. Conversely, 
internal calcification, smooth boundary, and lack 
of enhancement were findings suggestive of a 
benign lesion. In terms of PET findings, SUV, 
SUV adjusted for serum glucose level, as well as 
tissue to background ratio (TBR) were examined. 
Among the PET parameters, SUV adjusted for 
serum glucose level had the highest discrimina-
tory power on ROC analysis. For lesion charac-
terization, contrast-enhanced CT had a diagnostic 
accuracy of 83%, compared to 85% for FDG- 

PET.  Combining FDG-PET with contrast- 
enhanced CT significantly improved accuracy to 
93%.

D’Angelo et al. retrospectively compared car-
diac CT and FDG-PET/CT in 60 subjects [98]. 
Of these, 40 had malignant masses, including 18 
primary cardiac lesions. CT features considered 
included density, size, calcifications, enhance-
ment, tumor margins, pericardial effusion, inva-
siveness, and extension of the mass into the 
adjacent tissues. PET features examined included 
SUVMax, mean SUV, MTV, and TLG. Of the CT 
parameters, the presence of irregular margins 
was the most accurate (91.7%) for differentiating 
between malignant and benign masses, while 
intra-tumoral calcifications was the least (31.7%). 
Of the PET features, TLG had the highest diag-
nostic accuracy (91.7%) for distinguishing 
malignant from benign lesions, while SUVMax 
and MTV both showed good diagnostic perfor-
mance (accuracies of 89.3% and 86.1%, respec-
tively). SUVMax was found to be an independent 
prognostic indicator. Based on their findings, the 
authors also proposed a diagnostic algorithm for 
the imaging workup of cardiac masses: in the 
presence of five or more (or two or less) of the CT 
features, cardiac lesions can accurately be char-
acterized as malignant (or benign); however, PET 
could be used for further characterization in the 
remainder of cases, as CT shows insufficient 
diagnostic accuracy.

Chan et al. compared the results of CMR and 
FDG-PET for the detectability of cardiac masses 
in 66 subjects [99]. These authors reported the 
sensitivity and specificity of FDG-PET to be 70% 
and 78%, respectively, for cardiac masses (benign 
or malignant) using CMR as the gold standard. 
An important limitation of this study is the lack 
of a dedicated cardiac suppression protocol, or 
the acquisition of cardiac or respiratory gated 
images—all factors which could have improved 
PET performance compared to CMR. They fur-
ther showed that FDG avidity of cardiac masses 
(as assessed by SUV) varied with the degree of 
contrast enhancement on CMR (as measured by 
signal to noise ratio).

Further comparison of diagnostic modalities 
was performed by Lemasle et al. who retrospec-
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tively studied the roles of various modalities—
including TEE, CT, MRI, and PET—for the 
diagnosis and management of cardiac masses in 
119 subjects [100]. Of the various imaging tests, 
FDG-PET was found to be the most useful 
modality for distinguishing between benign and 
malignant lesions.

Despite the observation in the above- 
mentioned studies that elevated SUVs can be 
used to identify malignant lesions, it should be 
noted that several examples of benign cardiac 
masses with high FDG-avidity have been reported 
[101–103].

In addition to its utility for lesion characteriza-
tion, an important use of FDG-PET/CT is for 
staging—either detection of metastatic disease 
from primary cardiac malignancies or for identi-
fying cardiac involvement from a systemic 
malignancy. The use of FDG-PET in this capac-
ity has been described in case reports and one 
study [93, 104–112]. In the context of cardiac 
lesions, the detection of metastatic disease can be 
extremely useful since metastases are likely more 
amenable to tissue sampling than the cardiac 
lesion [113]. However, studies to date have not 
thoroughly examined this.

 FDG-PET/MRI

Nensa et  al. examined the use of PET/MR for 
the assessment of cardiac masses [12]. These 
authors prospectively assessed 16 patients with 
cardiac masses, in addition to four patients with 
previously resected cardiac sarcomas. Like the 
above- described PET/CT studies, these authors 
found significantly higher SUVs in malignant 
lesions (primary and secondary) than in benign 
masses. ROC analysis showed that lesions could 
be classified as benign or malignant with a sen-
sitivity of 100% and specificity of 92% using an 
SUV cut- off of 5.2. MR findings including 
tumor volume, T2 signal characteristics, con-
trast enhancement, and the presence of pericar-
dial effusion were less useful for lesion 
characterization. Consent interpretation using 
all MR features showed an accuracy equal to 
using SUV. In addition, the combination of con-

sent MR and SUV resulted in a sensitivity and 
specificity of 100%. In light of the high diagnos-
tic accuracy of both PET and MRI in the assess-
ment of cardiac masses, the authors suggested 
that this technique should “be reserved for 
selected cases for which true benefit can be 
expected.”

 Conclusion

The role of FDG-PET in the evaluation of patients 
with cardiac masses continues to be defined and 
refined. However, the evidence to date lays out a 
few salient observations. Notably, FDG-PET 
(combined with either CT or MRI) can distin-
guish between benign and cardiac masses using 
measures of FDG-avidity (i.e., SUV, TLG, 
MTV). In addition, combining PET results with 
anatomical features can increase the discrimina-
tory power, thus speaking to a synergistic effect 
of hybrid imaging. Finally, the ability to identify 
metastatic disease through whole-body imaging 
is contributory both by helping to characterize 
the cardiac finding as either a primary or a sec-
ondary lesion and in identifying potential biopsy 
sites.
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 Fibrosing Mediastinitis

Fibrosing mediastinitis, also known as sclerosing 
mediastinitis, is a rare disease characterized by 
progressive and excessive fibrosis of the medias-
tinum. Fibrosing mediastinitis typically arises 
secondary to an infectious or inflammatory 
pathology. In most cases, fibrosing mediastinitis 
represents a late complication of an infection by 
Histoplasma capsulatum, which can be accompa-
nied by an exuberant immune response [1]. Other 
etiologies of fibrosing mediastinitis have been 
identified but are thought to be less common with 
the relative prevalence varying based on geo-
graphic location. Infection by Mycobacterium 
tuberculosis has been identified as a cause of 
fibrosing mediastinitis and may be more common 
in areas where tuberculosis is endemic [2]. 
Noninfectious causes have been reported, includ-
ing sarcoidosis and mediastinal radiation, and 
fibrosing mediastinitis has also been associated 
with immunoglobulin G4-related diseases and 

vasculitis [2–5]. Clinical presentations are vari-
able and depend on the involved mediastinal 
structures (Table 11.1). Symptoms, if present, are 
variable and nonspecific and may include cough, 
dyspnea, chest pain, face swelling, headaches, 
dysphagia, odynophagia, etc. The disease typi-
cally progresses over the course of several months 
to years, and symptoms can fluctuate in severity. 
Treatment typically involves immunosuppressive 
therapy, and some patients may need surgical 
intervention to address the complications of the 
disease.

On CT, fibrosing mediastinitis can have a 
focal or diffuse appearance [6]. In its more com-
mon focal form (82% of cases), fibrosing medias-
tinitis appears as infiltrative soft tissue limited to 
a single mediastinal compartment (Fig. 11.1). It 
is typically found in the middle mediastinal com-
partment, in the right paratracheal, subcarinal, or 
hilar region. Stippled or gross calcifications can 
often be found within these infiltrative areas. In 
its diffuse form, the soft tissue infiltration 
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Table 11.1 Sites of fibrosing mediastinitis and associ-
ated clinical presentation

Pulmonary vessels Pulmonary hypertension
Pulmonary infarct

Great vessels Superior vena cava syndrome
Pleura Constrictive pericarditis

Chylothorax
Airways Pneumonia

Atelectasis
Esophagus Esophageal compression
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Fig. 11.1 Focal fibrosing mediastinitis. Axial image of a 
chest CT (left) demonstrates a middle mediastinal tissue 
infiltrate with calcifications (*). There is encasement of the 

bronchus intermedius (arrow). Minimal intensity projection 
(MinIP) axial image (right) shows severe narrowing of the 
lingular bronchus (arrow) with associated distal atelectasis

involves more than one mediastinal compartment 
and rarely calcifies.

Fibrosing mediastinitis can encase or invade 
mediastinal structures. This can cause vessels 
and airways to narrow [7]. Pulmonary opacities 
may appear as a result of atelectasis or pneumo-
nia from narrowed airways or pulmonary infarcts 
from pulmonary vessel occlusion. When fibros-
ing mediastinitis involves the pericardium, there 
can be thickening (>4 mm) and calcifications of 
the pericardium, which can lead to constrictive 
pericarditis with small cone-shaped ventricles 
and enlarged atria, as well as septal flattening [8]. 
Calcified pulmonary, liver or splenic granulomas, 
or calcified lymph nodes are suggestive of prior 
histoplasmosis infection and can support the 
diagnosis of fibrosing mediastinitis [8].

On MRI, soft tissue infiltration related to 
fibrosing mediastinitis typically shows a signal 
iso-intense to muscles on T1-weighted images, 
variable signal on T2-weighted images  depending 
on the degree of fibrosis and inflammation, and 
heterogeneous enhancement on postcontrast 
sequences [9]. Calcifications are more difficult to 
recognize on MRI than on computed tomography 
because of variable signal intensities and occa-
sionally small size. Usually, calcifications pres-
ent as hypointense foci on all sequences, but are 
best confirmed on radiograph or computed 
tomography [10].

On FDG-PET, fibrosing mediastinitis often 
represents an incidental finding in the evaluation 
of patients with suspected neoplasia or other 
inflammatory or immune pathologies [11]. 

Fibrosing mediastinitis may present as a hyper-
metabolic, aggressive-appearing lesion and may 
be indistinguishable from a neoplastic process 
(Fig.  11.2). The presence of calcification may 
suggest a diagnosis of fibrosing mediastinitis in 
the appropriate clinical setting. Nonetheless, tis-
sue sampling may be required to confirm the 
diagnosis.

FDG-PET imaging has been proven useful in 
the assessment of various granulomatous dis-
eases and atypical infections such as sarcoidosis, 
histoplasmosis, and tuberculosis, by differentiat-
ing between active and quiescent disease [12–
14]. FDG-PET may play a similar role in the 
evaluation of patients with fibrosing mediastini-
tis. However, given the low incidence of the dis-
ease, the literature to date is limited to case 
reports and case series. Ikeda et al. reported the 
case of a patient with fibrosing mediastinitis 
causing stricture of the left common carotid 
artery [15]. On the baseline study, increased FDG 
uptake was observed in the affected areas while 
on the follow up scan, following successful 
immunosuppressive therapy with steroids, the 
abnormal uptake had resolved completely. 
Similarly, Takalkar et  al. reported a case of a 
patient with dysphagia, chest pain, and chronic 
cough, suffering from fibrosing mediastinitis and 
demonstrating intense FDG uptake in the 
involved area as confirmed by biopsy [16]. On 
scans following immunosuppressive therapy, the 
abnormal uptake resolved significantly. Similar 
results were reported in a small case series of 
three patients with fibrosing mediastinitis follow-
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Fig. 11.2 A 71-year-old male with fibrosing mediastini-
tis. Coronal and axial enhanced CT images (top row) 
reveal a partially calcified fibrous lesion in the right supe-
rior paratracheal region, with obstruction of the superior 
vena cava (arrow), and extensive collateral venous net-

work (not shown). Corresponding coronal and axial FDG- 
PET/CT images (bottom rows) reveal moderately 
increased uptake corresponding to the noncalcified por-
tion of the lesion

ing rituxumab therapy [17]. In another case 
report, Chong et al. [18] reported a case of quies-
cent fibrosing mediastinitis which demonstrated 
no significant FDG uptake. Imran et al. reported 
the case of a patient with no significant uptake on 
an initial PET scan, while the disease was 
 quiescent [19]. On a follow-up study, abnormal 
uptake was seen in a superior mediastinal mass. 
In that case, uptake intensity appeared to corre-
late with disease severity. While the evidence 
supporting the use of FDG-PET in this context 
remains scant, these reports suggest that there 
may be a correlation between disease stage and 
FDG avidity and that FDG could potentially be 
used to assess response to therapy and progres-
sion potential.
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 Epidemiology, Microbiology, 
and Pathophysiology of PVE

Cardiovascular infections are a heterogenous 
group of conditions that can affect various 
components of the native structure of the heart 
(pericardium, muscle, endocardium, valves, 
autonomic nerves, and the vessels) as well as 
implanted devices such as valve prostheses (all 
types of prosthetic valves, annuloplasty rings, 
intracardiac patches, and shunts), cardiovascu-

lar implantable electronic devices (CIED), left 
ventricular assist device catheters, and vascular 
grafts. The increased use of implantable devices 
and surgical biomaterials during the last decades 
have resulted in an increase in related infections 
as well as associated complications. For example, 
the expected number of heart valve interventions 
is estimated to reach more than 800,000 annual 
procedures worldwide by 2050 [1]. Healthcare- 
associated infections are the most common non-
cardiac complication following cardiac surgery 
and device implantation affecting about 1.7 mil-
lion patients each year and associated with nearly 
100,000 deaths in the US alone [2, 3].

Infective endocarditis (IE) is a severe disease 
associated with high morbidity and mortality and 
whose incidence and severity have remained 
unchanged or even increased, despite improve-
ments in diagnostic and therapeutic strategies [4, 
5]. Recent data such as from the EuroEndo regis-
try, the most comprehensive and far-reaching 
observational international study involving a 
cohort of 3116 adult with IE recruited between 
January 2016 and March 2018  in 40 countries, 
showed that in-hospital mortality remains very 
high—around 17.1% of patients—and was more 
frequent in prosthetic valve endocarditis (PVE). 
Independent predictors of mortality were the 
Charlson index, creatinine >2 mg/dL, congestive 
heart failure, vegetation length >10 mm, cerebral 
complications, abscess, and failure to undertake 
surgery when indicated [6].
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PVE accounts for 20% of all cases of endo-
carditis and occurs in up to 6% of patients with a 
prosthetic valve [7]. The frequency of PVE in 
the EuroEndo registry is also increasing, 
accounting for 30% of cases [6] as compared to 
the 26% of cases in the EuroHeart survey [8], 
25% in the 2008 French registry [9], and 21% in 
the International Collaboration on Endocarditis- 
Prospective Cohort Study reported in 2009 [10].

The epidemiology of aortic PVE is different in 
patients with surgical aortic valve replacement 
(SAVR) versus transcatheter aortic valve replace-
ment (TAVR). In SAVR, the incidence of PVE is 
about 6 per 1000 cases [11] with higher infection 
rates in cases of bioprosthetic compared to mechan-
ical valves [12]. In TAVR, the incidence rate of 
PVE is similar to patients with bioprosthetic SAVR 
[13]. However, TAVR is increasingly being used, 
and the number of post-TAVR IE is also expected 
to rise [14]. A major problem with post-TAVR IE is 
that SAVR is often required to replace the infected 
valve. However, TAVR patients are often elderly 
and with more comorbidities, rendering them inop-
erable or at high risk, thus resulting in a general 
worst prognosis [15]. In addition, the leaflets of 
transcatheter valve prostheses contain a greater 
quantity of metal in the stent frame in contrast to 
the surgical valves, leading to significant changes 
in the outcome and management of IE [16].

Early SAVR PVE is typically the result of 
peri-procedural bacterial contamination of the 
prosthetic valve, often secondary to seeding from 
a distant focus of infection such as a catheter or 
wound infection [17]. In the first days following 
valve implantation organisms have direct access 
to the prothesis–annulus interface and the tissue 
along the sutures in the paravalvular area. They 
can easily adhere to the fibrinogen and fibronec-
tin in the paravalvular area, resulting in the for-
mation of abscesses. Staphylococcus aureus, 
Staphylococcus epidermidis, Gram- negative bac-
teria, and fungi are the most frequent isolated 
microorganisms. Staphylococci and streptococci 
have a penchant for transcatheter valves. 
Interestingly, in TAVR PVE, enterococci have 
also been a prominent causative agent in the peri-
procedural period [16], likely related to the femo-
ral access in the groin.

Data from the EuroEndo registry confirmed 
that the microorganisms most often identified 
were staphylococci (44.1%), oral streptococci 
(12.3%), enterococci (15.8%), and Streptococcus 
gallolyticus (6.6%). Finally, the number of 
culture- negative IE observed in the EuroEndo 
registry (21%) was higher than those previously 
reported; 14% and 11% observed in the 2002 
French survey [9] and 2009 International 
Collaboration on Endocarditis Prospective 
Cohort Study [10], respectively.

Late-onset PVE acquired in the community is 
usually caused by endogenous microbiota organ-
isms also seen in native valve endocarditis, such 
as streptococci, staphylococci, and enterococci. 
The prostheses do not allow the organism to 
adhere to leaflets in the absence of thrombotic 
material. The sewing ring and sutures become 
endothelialized a few months after the valve 
implementation. Alterations in the valve and the 
paravalvular surface can lead to the formation of 
microthrombi, to which bacterial organisms can 
adhere, multiply, and cause an infection [18].

The severity of PVE infection depends upon 
several factors including the involved microor-
ganism, the maturity of the biofilm developed on 
the device, the location and type of the biomate-
rial, and the host defence status [19, 20]. The 
presence of a biofilm, a community of adherent 
microorganisms embedded within a self- 
produced matrix of extracellular polymeric sub-
stances, provides a physical barrier leading to 
antibiotic resistance and host phagocytic 
defences. Therefore, the only strategy to effec-
tively eradicate the infection is often surgical 
removal of the infected device.

PVE cannot be diagnosed from a single symp-
tom, sign, or diagnostic test. The heterogeneity of 
clinical presentations makes a multidisciplinary 
team approach integrating diagnostic criteria 
necessary. Microbiology and imaging are cur-
rently the benchmarks for a prompt and accurate 
diagnosis. The standard microbiological investi-
gation includes microorganism identification, 
and antibiotic susceptibility tests for treatment 
guidance. Blood culture is the most important 
initial laboratory test. If antibiotic therapy has 
been administered prior to the collection of blood 
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cultures, the rate of positive cultures declines, 
reducing the sensitivity of the diagnostic criteria 
[21]. Multimodality imaging, including molecu-
lar hybrid imaging techniques, is widely used in 
conjunction with traditional diagnostic criteria.

In this chapter, we will focus on the use of 
18F-fluorodeoxyglucose-positron emission 
tomography/computed tomography  (FDG-PET/
CT) in PVE.  In addition, we will give some 
insight into recent new developments that might 
be of particular interest for this field.

 Diagnostic Workout

Evidence of valve or intracardiac material involve-
ment on imaging is a major diagnostic criterion of 
PVE, with echocardiography (ECHO) represent-
ing the first-line imaging method. However, it is 
well known that ECHO has several limitations 
[22] and other imaging modalities such as CT, 

MR, and nuclear imaging have progressively been 
shown to be useful to demonstrate both valve 
involvement and the presence of IE-related 
peripheral complications (metastatic infection 
and septic embolism), as well as occult predispos-
ing lesions that may be the source of infection. 
Hybrid imaging combining anatomical imaging 
and metabolic information as in PET/CT or 
SPECT/CT has been shown to be particularly use-
ful in the presence of implantable/prosthetic 
material [23, 24]. Therefore, these techniques 
have been gradually included in the global assess-
ment of patients with suspected IE, and the 2015 
ESC guidelines [25] and the American Heart 
Association (AHA) 2020 guidelines for the man-
agement of patients with valvular heart disease 
[26] which also recognize the value of the multi-
modality approach and the importance of team 
work in the assessment of patients with IE.

Figure 12.1 presents the diagnostic algorithm 
currently used at our centre. ECHO is the first- 

Suspected left-sided Prosthetic Infective Endocarditis

Duke criteria (TTE + TEE + Blood Cultures)

Definite IE
Urgent surgery needed

Definite IE
Stable clinical status

Whole body CT scan
or PET/CT/CTA

to detect silent embolism
or metastatic infections

Cardiac CT*
to detect periprosthetic

extension (major criterion)

Whole body CT scan*
to detect silent embolism
or metastatic infections

(minor criteria)

Cardiac CT*
to detect periprosthetic

extension

Cerebral scan or MRI
to rule out cerebral

haemorrhage
or myocotic aneurysm

Cardiac Surgery
if no neurologic contra-
indication (see Table)

Antibiotic therapy
Management

according to the
guidelines

Management according to the
endocarditis team decision

PET/CT/CTA
to detect cardiac uptake

(major criterion)
or silent embolism

or metastatic infections
(minor criteria)

Possible IE or IE rejected
but high suspicion

IE rejected
Low suspicion

Refer the patient to a
reference center

Refer the patient to a
reference center

No additional
imaging

investigation

Repeat
TTE/TEE/BC

ESC 2015
diagnostic criteria

Fig. 12.1 Diagnosis algorithm in suspected prosthetic valve infective endocarditis, reprint with permission from Erba 
et al. [22]. * If contrast-agent injection is not contra-indicated
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line imaging modality performed in suspected IE 
[22]. Both transthoracic (TTE) and transoesopha-
geal (TEE) echocardiography should be per-
formed [27], with TEE allowing a better 
evaluation in several situations where TTE has a 
limited sensitivity [28], such as prosthetic valve 
IE small vegetations, and in the presence of peri-
valvular abscess [29]. ECHO is of major impor-
tance for the diagnosis of IE, the assessment of 
the severity of the disease, providing prognostic 
data including embolic risk, and patient follow-
 up assessments. The typical ECHO findings in 
PVE are vegetations and perivalvular complica-
tions such as abscess, pseudoaneurysm, new 
dehiscence of a prosthetic valve, intracardiac fis-
tula, and valve perforation or aneurysm [25]. 
ECHO is also useful in predicting embolic events, 
with the size and mobility of vegetations being 
the stronger predictors of embolic events [30].

In cases of suspected PVE, abnormal uptake at 
the site of the prosthetic valve on FDG-PET/CT or 
WBC SPECT/CT is considered a major criterion. 
Identification on imaging of recent embolic events 
or infectious aneurysms (silent events) is consid-
ered as a minor criterion. The identification of para-
valvular lesions by cardiac CT is also a major 
criterion of the ESC 2015 diagnostic criteria. In 
fact, ECG-gated cardiac CT (A) enables assessment 
of both the valve and perivalvular IE lesions with 
the ability to detect perivalvular lesions (abscesses 
and pseudoaneurysms) with very high sensitivity 
and specificity (>95%) [31], especially for the aor-
tic valve [32]. Detection of valvular lesions such as 
vegetations, leaflet thickening, valve perforation, or 
valve aneurysm is also feasible [31].

 FDG PET/CT and PET/MR Imaging

Two different strategies might be used for molec-
ular imaging of infection. The first is based on the 
use of agents targeting the microorganism 

responsible for the infection while the second tar-
gets components of the pathophysiological 
changes of the inflammatory process and/or the 
host response to the infectious pathogen. FDG is 
actively incorporated by inflammatory cells (i.e., 
activated leukocytes, monocyte-macrophages, 
and CD4+ T-lymphocytes) at the sites of infec-
tion due to their overexpression of glucose trans-
porters. FDG-PET/CT in PVE is generally 
performed using a single acquisition time point 
(generally at 45–60 min) after the administration 
of FDG (Fig. 12.2). Advantages of FDG-PET/CT 
over other nuclear imaging modalities, such as 
radiolabelled WBC, are the lack of blood han-
dling, a shorter study time that allows the conclu-
sion of the scan within 1–2  h after tracer 
administration (excluding preparation time), and 
high target-to-background ratio and higher image 
resolution.

FDG-PET/CT and PET/MR have an increas-
ingly relevant role in cardiovascular infections 
and inflammation imaging. They can be used 
throughout the disease course for different pur-
poses (Fig. 12.3). In the very early phase of the 
disease, bacteraemia might result in the micro-
organism adhering to native and/or prosthetic 
valves. At this stage, the main manifestations of 
the disease are local as a direct consequence of 
the vegetation formation. In this phase, ECHO 
is very useful for identifying valvular abnor-
malities and early vegetation development. 
Based on their ability to directly identify the 
microorganisms sustaining the infection, it 
could be hypothesized that bacterial specific 
agents might be the radiopharmaceutical of 
choice for this early disease phase. At a later 
phase, once the host immune response to infec-
tions has been activated, WBC and other inflam-
matory cells are recruited at the vegetation site, 
imaging using radiolabelled WBC and FDG has 
become effective for detecting local disease 
extension and/or complication as well as for 
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Imaging acquisition

PET/CT

PET/CTA

Imagine reconstruction and reporting

PET/MR

Patients’
preparation

Radiopharmaceutical
administration

Fig. 12.2 Schematic summary of the use of FDG-PET/
CT(A) and PET/MR in the context of cardiovascular 
infections. First in the right panel, the patient should be 
properly prepared by at least 24  h of high-fat-low-carb 
diet followed by 12 h fasting before the radiopharmaceuti-
cal administration. After about 1 h, the patient is imaged 
according to the specific protocol (middle panel, upper 

row PET/CT, middle row PET/CTA, and lower panel 
PET/MR). Finally, the images are reconstructed, reori-
ented, and assessed for the presence of uptake at the valve 
and extracardiac disease involvement, as in case of septic 
embolisms, metastatic sites of infection and the portal of 
entry or alternative source of infections (left panel)

identifying systemic manifestation of the dis-
ease caused by embolic detachment from the 
vegetation/valve. PET/MR, an exciting novel 
hybrid imaging tool which can assess disease 

activity together with cardiac anatomy, func-
tion, and tissue composition has not been evalu-
ated yet in the context of PVE except in an 
anecdotal case (Fig. 12.4) [33, 34].
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Fig. 12.3 Schematic representation of IE pathogenesis 
from the microorganism entrance and subsequent heart 
native valve/prosthetic valve adhesion to local and sys-
temic manifestations of the disease. In the lower panel, the 
type of radiopharmaceutical agents to be used in relation 
to the different disease phase: bacterial specific agents 

potentially leading to early diagnosis or agents identifying 
the host immune response to infections such as WBC 
imaging and FDG. The blue curve indicates the intensity 
of the local infection burden while the red curve the inten-
sity of systemic infection
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a b

c d

Fig. 12.4 FDG PET/MR images in a case of Loeffler 
endocarditis. (a) Left ventriculography showing thicken-
ing of the apical endocardium of the left ventricle. (b) 
Magnetic resonance imaging in four-chamber orientation 
depicting late gadolinium contrast-enhanced (LGE) 
lesions restricted circumferentially to the endocardium 
within the apical region of both ventricles in contrast to an 
apical mass in the left and right ventricle without LGE. (c) 

FDG-PET in four-chamber orientation demonstrating sig-
nificant FDG uptake within the whole-apical region of 
both ventricles. (d) Superimposed MRI and FDG-PET in 
four-chamber orientation, confirming FDG uptake not 
only in the LGE region but particularly within the apical 
mass of both ventricles identifying the presence of active 
inflammatory tissue. (Reprinted from Langwieser et  al. 
[34])

 Specific Technical Considerations

For an optimal test, special attention must be 
paid to the patients’ preparation, the imag-
ing protocol, and the study interpretation. An 
extensive review of the main critical technical 
issues is provided in the “Recommendation on 

nuclear and  multi- modality imaging in IE and 
CIED Infections” and in the “EANM Procedural 
recommendations of cardiac PET/CT imaging 
standardization in inflammatory-, infective-, 
infiltrative-, and innervation (4Is)-related car-
diovascular diseases: a joint collaboration of the 
EACVI and the EANM” [35].
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 Patient Preparation

Patient preparation is very important to reduce 
the physiological uptake of FDG of the myocar-
dium (see Chap. 4). There is a general agreement 
to use patient preparation protocols including a 
high-fat diet lacking carbohydrates for 12–24 h 
prior to the scan combined with a prolonged fast-
ing period of 12–18 h, with or without the use of 
intravenous heparin of 50  IU/kg approximately 
15 min prior to FDG injection [36–38]. In addi-
tion, strenuous exercise should be avoided for at 
least 12  h prior to the exam. Following FDG 
injection, and before images are obtained, the 
patient should continue to fast and should refrain 
from any physical activity, as both will enhance 
myocardial glucose uptake. Hyperglycaemia 
does not represent an absolute contraindication to 
performing the study [39]. In fact, a study by 
Rabkin et al. demonstrated that neither diabetes 
nor hyperglycaemia at the time of the study had a 
significant effect on the false-negative rate in 
infection and inflammation imaging [40]. FDG 
should be injected no sooner than 4 h after subcu-
taneous injection of rapid-acting insulin or 6  h 
after subcutaneous injection of short-acting insu-
lin. FDG administration is not recommended on 
the same day after the injection of intermediate- 
acting and/or long-acting insulin [41].

 Radiopharmaceutical: Administered 
Activity

The administered activity can vary based on the 
type of PET scanner used and acquisition duration. 
The EANM guidelines on FDG-PET imaging in 
inflammation/infection suggest an administered 
activity of 2.5–5.0  MBq/kg, which represents 
175–350 MBq or 4.7–9.5 mCi for a 70-kg stan-
dard adult. In the USA, the recommended FDG 
administered activity is 370–740  MBq (10–
20  mCi) for adults and 3.7–5.2  MBq/kg (0.10–
0.14 mCi/kg) for children [39].

 Concomitant Treatments

Although antimicrobial treatment for cardiac 
infection is expected to decrease the intensity of 
inflammation and therefore FDG accumulation 
[42], there is currently no evidence to routinely 
recommend treatment discontinuation before per-
forming PET/CT. The risk of false-negative FDG-
PET scans is probably the lowest if the patients 
are imaged when their CRP is > 40  mg/L [43]. 
This contrasts with inflammatory disorders such 
as large vessel vasculitis where treatment with 
steroids can lead to false-negative results [44].

 Other Special Considerations

FDG imaging can be safely performed in patients 
with kidney failure, although image quality may 
be suboptimal and prone to interpretation pitfalls 
[45]. Creatinine and/or glomerular filtration 
should be evaluated, according to national guide-
lines, if intravenous contrast agents will be 
administered. If renal function is impaired and 
FDG-PET/CT examination with intravenous CT 
contrast agent is deemed necessary, then ade-
quate prevention of nephrotoxicity should be per-
formed according to local or society guidelines.

 Image Acquisition Protocol 
and Postprocessing

Image acquisition generally starts 45–60 min fol-
lowing radiotracer administration, and acquisi-
tion duration depends on the sensitivity of the 
scanner and administered dose. The time interval 
between FDG injection and scanning is critical if 
semiquantification using SUV is intended, but 
less important for visual reading only. Although 
the recommended interval is 60–90 min for car-
diovascular imaging (similar to tumour imaging), 
120–180 min is sometimes applied to help assess 
inflammatory activity in the vascular wall and 
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left ventricle due to lower background activity in 
the blood pool [39, 46, 47], but these extended 
time intervals could be less effective in infection 
detection [48].

A specific acquisition protocol is used for IE 
imaging. First, a total body acquisition with a 
field of view extending from skull base to mid 
thighs is performed. Imaging of the lower limbs 
and brain can also be considered. Total body 
FDG-PET imaging is particularly useful in 
patients with suspected systemic involvement 
and can identify septic emboli, mycotic aneu-
rysms, and the portal of entry (POE). This first 
acquisition can be ECG-gated and include a pro-
longed acquisition of the cardiac region, which 
can be separately reconstructed to improve evalu-
ation of the heart. A separate and dedicated car-
diac bed ECG-gated acquisition may improve 
image quality, particularly in coronary athero-
sclerosis assessment and PVE, but supporting 
literature is scarce [49]. A respiration-averaged 
low-dose CT can be considered for attenuation 
correction of the thorax, as this will likely give 
better alignment between PET and CT over the 
heart. Otherwise, the recommendations for low- 
dose CT attenuation correction for tumour imag-
ing with FDG can be followed.

Diagnostic CT angiography (CTA) scan might 
also be performed, to maximize the diagnostic 
information provided by the exam. The technical 
requirements for performing PET/CTA with a 
hybrid PET/CT scanner are cardiac gating for 
both techniques and at least a 64-detector row 
CT. For the evaluation of left-sided PVE, an arte-
rial phase ECG-gated CTA must be performed. 
When PET/CTA is performed to diagnose device 
infection, a prospective, ECG-gated, venous 
phase CTA sequence is recommended to evaluate 
local soft tissue changes, lead vegetation, and 
venous thrombosis of the vascular accesses [35]. 
The routine iodinated contrast injection protocol 
should be adjusted individually to the patient’s 
body mass index and the scan duration. A typical 
injection consists of 50–120  mL of isomolar 

iodinated contrast medium at a flow rate of 
4–7 mL/s, followed by a 30–50-mL saline chaser 
[50]. Optional is the use of diluted contrast which 
may help define the four heart chambers and 
make anatomic localization of endocarditis easier 
(triphasic contrast administration for better delin-
eation of the right and left cardiac chambers).

Medication potentially interacting with intra-
venous contrast agents (e.g., metformin) and rel-
evant medical history (e.g., compromised renal 
function) should be taken into consideration. 
Renal function should generally be assessed in 
this group of patients before administration of 
contrast agents because of possible nephrotoxic-
ity. Patients with a higher risk of contrast agent- 
induced nephrotoxicity include those with an 
eGFR < 30 mL/min/1.73 m2 [51]. Furthermore, 
attention must be paid to patients with a history 
of previous contrast agent hypersensitivity reac-
tions. Premedication with glucocorticoids and 
H1- and H2-blockers reduce the risk of an ana-
phylactic reaction, but unenhanced CT should 
generally be performed in patients with a known 
severe contrast reaction.

In cases of IE and CIED infection, combining 
FDG-PET with CTA is helpful in the identifica-
tion of a larger number of anatomic lesions and in 
reducing the number of equivocal scans [52, 53]. 
CTA can help in the diagnosis of pseudoaneu-
rysm, fistulas, and abscesses associated with 
infected valves and for the accurate assessment 
of valve prostheses. CTA is especially useful in 
patients with aortic grafts, or congenital heart 
diseases and complex anatomy. Another advan-
tage is that in case of aortic valve IE, CTA can 
provide useful information about the anatomy of 
the valve, such as the size or extent of any calci-
fication of the valve and ascending aorta, as it can 
also differentiate between pannus vs. thrombus/
vegetation in case of elevated transvalvular pres-
sure gradients. This information is important for 
a proper surgical management.

The protocol for cardiac PET/MR in IE 
requires the acquisition of MR attenuation cor-
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rection sequences, total body PET, followed by 
an ECG-gated cardiac PET including the area 
from the aortic arch to the upper border of the 
diaphragm (12 cm, with an approximate duration 
of 30  min). Multiparametric MR sequences are 
performed simultaneously with PET with differ-
ent sequences possible such as cine sequences, 
T1- or T2-weighted turbo spin echo, perfusion, 
and valvular phase contrast sequences. In case of 
contrast use, short-axis delayed-enhancement 
sequences at 10  min following contrast agent 
injection, with coverage from the base to apex of 
the heart. Figure  12.2 shows a schematic sum-
mary of the FDG-PET/CT, PET/CTA and PET/
MR protocol generally used for imaging patients 
with PVE.

 Image Reconstruction

Image reconstruction with and without attenua-
tion correction is recommended to identify poten-
tial reconstruction artefacts. Metal artefact 
reduction techniques are useful to minimize over-
correction. In general, images should be recon-
structed according to the guidelines for tumour 
imaging with FDG-PET/CT [35], using iterative 
reconstruction with a product of subsets and iter-
ations between 40 and 60. Use of TOF and reso-
lution recovery is recommended as it has been 
shown to improve disease detectability in cardiac 
PET [54]. All corrections necessary to obtain 
quantitative images should be applied during the 
reconstruction. More advanced image recon-
struction methods, such as penalized reconstruc-
tion, are possible; however, the use of these 
methods is rather limited to visual assessment 
and should not be used interchangeably with reg-
ular iterative reconstruction methods [55].

 Image Quality Assessment

Image quality should be assessed as suggested in 
the procedural recommendations of cardiac PET/
CT imaging [35] as follows: overall quality 
(good, average, low), motion artefacts, abnormal 
biodistribution, quality of FDG suppression in 

the myocardium (full suppression, partial sup-
pression, unsuppressed). In particular, the proper 
suppression of FDG signal in the myocardium 
should be considered before reporting. 
Physiological myocardial FDG uptake usually 
occurs in a diffuse intense pattern across the 
myocardium but can also demonstrate regional 
variation. In the absence of adequate myocardial 
suppression, the compliance of the patient to the 
preparative procedures should be verified, and 
this information is included in the report. 
Standard commercial software programs can be 
applied for reading and quantifying FDG data.

 Image Analysis and Interpretation 
Criteria

FDG-PET/CT images must be visually evalu-
ated. Both CT-attenuation corrected and non- 
corrected PET images are evaluated in the 
coronal, transaxial, and sagittal planes, as well as 
in tridimensional maximum intensity projection 
(MIP) cine mode. FDG-PET images are visually 
analysed by assessing increased myocardial FDG 
uptake, taking into consideration the pattern 
(focal, focal on diffuse, linear, diffuse), intensity, 
and relationship to adjacent areas of physiologic 
distribution (Fig. 12.5). The location, pattern, and 
intensity of the FDG uptake at the valve should 
be described and localized as intravalvular (in the 
leaflets), valvular (following the supporting 
structure of the valve), or perivalvular (next to the 
valve). Focal and/or heterogenous perivalvular 
uptake is the most common finding in case of 
PVE. In TAVR IE cases, focal or multifocal activ-
ity surrounding the prosthetic ring, more intense 
than the normal pulmonary parenchyma on the 
non-attenuation-corrected images, is highly sus-
picious of PVE.

PET information should always be compared 
with the morphologic information available from 
the CT, including contrast-enhanced CT scans 
when available. It must be kept in mind that the 
sensitivity of FDG for infection and inflamma-
tion is not perfect and that even in the absence of 
significant FDG uptake, a thorough analysis of 
the CT component is essential.
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Fig. 12.5 Example of the typical pattern of focal heterogeneous peri-valvular uptake considered a positive finding for 
FDG-PET/CT in patients with PVE

Semi-quantitative analysis with the standard 
uptake value (SUV) is possible. However, as 
opposed to oncology applications, SUV has not 
been validated in inflammation and infection. If 
SUV is used, all the factors influencing its quan-
tification should be carefully considered, includ-
ing those related to patient preparation 
(glycaemia, concurrent treatment, etc), time of 
uptake and the use of positive contrast. Although 
higher SUV may be more suggestive of infection, 
there is significant overlap with inflammation and 
uptake distribution must be taken into account in 
the interpretation.

Several physiological variants and pathologi-
cal conditions should be recognized to prevent 
false-positive scan. A physiological variant that 
might be misinterpreted as PVE is increased 

activity along the posterior aspect of the heart, 
which may represent lipomatous hypertrophy of 
the interatrial septum, presenting as a fat- 
containing mass with increased FDG uptake [56]. 
Focally increased FDG uptake might be found in 
many other conditions such as active thrombi 
[57], soft atherosclerotic plaques [58], vasculitis 
[59], primary cardiac tumours [60], cardiac 
metastases [61], post-surgical inflammation [62], 
foreign body reactions [63], stitches [64], and 
Libman-Sacks endocarditis [65]. The use of sur-
gical adhesives (i.e., Bioglue) can result in false- 
positive scan findings after valve surgery [66]. 
Post-operative inflammation characterized as dif-
fuse, homogeneous distribution of FDG in the 
absence of associated anatomic lesions, can also 
lead to a false-positive scan and can persist for at 
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least 1 year after surgery as suggested by a recent 
prospective study in patients undergoing FDG- 
PET/CTA at 1, 6, and 12  months. In fact, the 
results of this study show that FDG uptake might 
be present in implanted prosthetic valves from 
the recent post-operative period, with a typical 
diffuse and homogenous distribution pattern and 
mild intensity in relation to post-operative inflam-
mation which can be defined a “normal” FDG 
morphological and metabolic pattern of non- 
infected prosthetic valves (Fig.  12.6). Such 
uptake is very different from the focal/heteroge-
neous pattern of infected prosthetic valves and 
remains stable during the first year after surgery 
[67]. Therefore, based on these results, the 
3-month interval recommended in the ESC 2015 
guideline [25] seems to lose value, and depend-
ing on the level of risk for infection in the pres-
ence of noncomplicated valve surgery, scans 
< 3 weeks surgery can be considered [66].

On the other hand, prolonged antimicrobial 
therapy can reduce FDG intensity despite persis-
tent infections. All these confounder factors 
should be taken into consideration when inter-
preting the images. In all cases, correlation with 
clinical features, ECHO, and CTA findings is 
necessary. In doubtful cases, white blood cell 
single-positron emission tomography (WBC- 
SPECT) can further help define the presence/
absence of infection at PVE.

Several semiquantitative parameters have 
been tested to quantify the FDG uptake in PVE, 
such as the highest SUV (SUVmax) in the valvu-
lar region and the prosthetic to background 
ratio (PBR) which takes into account the vari-
ability of the signal related to blood pool activ-
ity and image noise, by correcting valve SUV 
values by background activity in non-affected 
myocardium. Nonetheless, final interpretation 
relies on the integration of several parameters 

Fig. 12.6 Changes in anatomic and metabolic features 
over time. Aortic bioprosthesis (upper row) and mitral 
mechanical prosthesis (lower row) show stable FDG 

uptake distribution and intensity at 1, 6, and 12 months 
after surgery. No anatomic lesions appeared at any time 
point of follow-up. (Reproduced from Roque et al. [67])
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including visual analysis and should not rely on 
a single quantitative index.

 Overall Clinical Performance

A recent meta-analysis showed an overall 
pooled sensitivity and specificity (95% CI, 
inconsistency I-square statistic) of 0.74 (0.70–
0.77, 71.5%) and 0.88 (0.86–0.91, 78.5%) for 
all cases of endocarditis. For native valve IE, 
sensitivity was 0.31 (0.21–0.41, 29.4%) and 
specificity was 0.98 (0.95–0.99, 34.4%). For 
PVE, sensitivity was 0.86 (0.81–0.89, 60.0%) 
and specificity was 0.84 (0.79–0.88, 75.2%). 
Interestingly, the pooled sensitivities and speci-
ficities were higher for the 17 most recent stud-
ies published after 2015 compared to the nine 
studies published before 2015, which could be 
explained by improved imaging techniques and 
interpretation [68]. The addition of FDG-PET/
CT to the modified Duke criteria increased sen-
sitivity for a definite IE from 52–70% to 
91–97% [69] by reducing the number of possi-
ble PVE cases. This finding has been confirmed 
in several series [52, 70–76]. The presence of 
FDG-PET/CT uptake as a major criterion of the 
ESC 2015 was present in 40.9% of patients 
without major echo criteria (in this study, 
ECHO sensitivity was 68.1% [57.5–77.5%] 
with a specificity of 62.5% [40.6–81.2%] while 
the sensitivity of FDG-PET/CT was 73.6% 
[63.3–82.3%] and specificity 75.0% [53.3–
90.2%.]). Therefore, by adding FDG-PET/CT 
in the ESC 2015  classification, the sensitivity 
of the Duke criteria increased from 57.1% (95% 
CI: 46.3–67.5%) to 83.5% (95% CI: 74.3–
90.5%) (p < 0.001), with a relative decrease in 
specificity from 95.8% (95% CI: 78.9–99.9%) 
to 70.8% (95% CI: 48.9–87.4%). However, in 
cases of high clinical suspicion of IE, the abso-
lute increase in true positive findings was higher 
than the absolute decrease in the occurrence of 

false positive using the ESC 2015 classification 
instead of the Duke criteria [77]. Indeed, apply-
ing the proper interpretation criteria, high sen-
sitivity (87%) and high specificity (92%) have 
been reported [52, 78], underlying the need to 
use specific PET/CT criteria (typical findings) 
in imaging reading and proper discussions of 
the results within the Endocarditis Team [77].

FDG-PET/CT has been reported to have simi-
lar sensitivities for vegetations, perivalvular 
sequelae, and prosthetic valve dehiscence com-
pared with ECHO [71]. However, the value of 
FDG-PET/CT is more limited in NVE [79, 80]. 
The more frequent presence of isolated valve 
vegetation, rare para-valvular involvement, lower 
predominance of polymorphonuclear cells, and 
increased fibrosis in NVE compared with PVE 
result in reduced inflammatory response and sub-
sequently lower FDG uptake [81]. Notably, the 
lower sensitivity of FDG-PET/CT is offset by a 
near perfect specificity for the detection of NVE 
and an unrivalled ability for identifying septic 
emboli [79, 82]. Thus, in the case of NVE, the 
use of FDG-PET/CT is mostly useful for the 
detection of distant embolic events, a condition 
currently considered a minor criterion in the 2015 
ESC guidelines. The application of gated-PET 
may further improve it [83].

When FDG-PET/CTA is performed, the sensi-
tivity and specificity increased to 91%, with a 
positive predictive value of 93% and a negative 
predictive value of 88% [52, 84]. In association 
with the Duke criteria, FDG-PET/CTA allowed 
reclassification of 90% of the cases initially clas-
sified as possible IE and provided a more conclu-
sive diagnosis (definite/reject) in 95% of the 
patients. By adding CTA to PET/CT, it is also 
possible to assess the entire chest identifying sep-
tic pulmonary infarcts and abscesses, evaluate the 
aorta and the coronary arteries in prevision of 
surgery. Figures 12.7 and 12.8 present two exam-
ples of FDG-PET/CT contribution in patients 
with suspected PVE.
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Fig. 12.8 Example of FDG-PET/CT (Discovery 710 
PET/CT GE Healthcare) in patients with final diagnosis 
infection involving the aortic PV as shown by the PET/CT 
images of the thorax (from left to right, superimposed sag-

ittal and transaxial emission, CT and superimposed 
images valve levels) showing an area of focal radiophar-
maceutical uptake limited to the prosthetic aortic valve

Fig. 12.7 A 73-year-old gentleman with persistent fever. 
Aortic valve replacement with a biological aortic valve 
prosthesis was performed in March 2020. TTE and TOE 
showed a periprosthetic leak. Repeat blood cultures were 
negative. FDG-PET/CT images (Discovery 710 PET/CT 
GE Healthcare, from left to right MIP, transaxial superim-
posed images of the thorax at different levels, and trans-

axial CT at upper level and superimposed PET/CT at 
lower level reconstructed) show a focal area of increased 
uptake at the perivalvular region, adding a major criterion 
to the ESC classification, thus resulting in a ‘Definite IE’. 
Furthermore, total body images also show uptake along 
the tibial artery, consistent of embolic localization as con-
firmed by follow-up images
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 Extra-Cardiac Manifestations

Extracardiac manifestations in IE (both NVE and 
PVE) are reported in 30–80% of patients. Most 
frequent are embolic stroke or septic emboliza-
tion to bone, spleen, or kidneys [85]. Importantly, 
septic emboli are not always associated with 
symptoms [86–88]. The majority of emboli occur 
within the first 14 days after treatment initiation 
[89]. The localization of the emboli and their 
cerebral/extracerebral proportion vary according 
to the studies, in particular according to the fre-
quency and modalities of imaging, and the pro-
portion of right-sided and left-sided IE.

Whole-body FDG-PET/CT imaging is partic-
ularly useful in patients with suspected or proven 
PVE to identify septic emboli, mycotic aneu-
rysms, and the POE, with the notable exception 
of cerebral septic embolism and mycotic aneu-
rysms of intracerebral arteries owing to the high 
physiological uptake of FDG in the brain 
(Fig.  12.3). In these cases, CT or MRI is the 
modality of choice. Typically, septic emboli 
appear as focal areas of FDG uptake and most 
often affect the spleen, liver, lungs, and kidneys. 
Uptake at the intervertebral disks and/or the 
 vertebrae (spondylodiscitis) suggests metastatic 
infection and can be also observed in muscles 

and joints (septic arthritis). Embolic events can 
be clinically silent in 20% of cases, especially 
those affecting the spleen or brain. On CTA, sep-
tic emboli appear as hypodense lesions. FDG- 
PET is more sensitive and specific than CTA for 
the detection of septic emboli (Fig. 12.9).

Early detection of septic emboli with FDG- 
PET/CT has a high sensitivity (87–100%) and 
specificity (80%) [69], at a reasonable cost- 
effectiveness, especially in patients with Gram- 
positive bacteraemia [90]. Extracerebral septic 
emboli were found in 24–74% of patients with 
definite IE; most of these peripheral emboli were 
silent (50–71%) and only revealed by FDG-PET/
CT.  In a case-control study, FDG-PET/CT 
detected extra-cardiac lesions in 57.4% of IE 
patients, representing the only initially positive 
imaging technique in about half of the patients 
with embolic events [91]. Detection of metastatic 
infection by FDG-PET/CT led to change of treat-
ment in up to 35% of patients [92] and a two-fold 
reduction in the number of relapses [91]. FDG- 
PET/CT is very accurate in organs with low 
physiological uptake, but is of limited utility in 
ruling out the presence of brain emboli [93], 
where the use of CT/MRI is more appropriate.

The evaluation of disease extent by the identifi-
cation of extracardiac extension has consequences 

Fig. 12.9 Examples of embolic events detected at FDG- 
PET/CT (Discovery 710 PET/CT GE Healthcare) in the 
spine (right panel, sagittal emission, and superimposed 
images at left panel and corresponding MR images at 
right panel), spleen emboli (middle, upper panel superim-

posed PET/CT images, lower panel ceCT images) and in 
a case of mycotic aneurysm (left panel superimposed 
PET/CT images). In both cases, increased homogeneous 
FDG uptake is evident
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on therapeutic management of IE, leading to a 
reduction of the risk of relapse. This has been 
shown particularly useful in the identification 
of unexpected infectious foci such as mycotic 
aneurysms [94], a potential life- threatening com-
plication requiring specific treatment. Indeed, 
FDG-PET/CT has been demonstrated to lead to 
a change in therapy in 28% of patients, such as 
earlier cardiac surgery or initiation of a specific 
antimicrobial regimen for the treatment of the 
embolic foci [95]. In addition, in the Kestler case-
control study, the systematic use of FDG-PET/CT 
was associated with a two-fold reduction in the 
number of IE relapses (9.6 vs. 4.2%) [91].

FDG-PET imaging in IE is also useful to iden-
tify the POE. Typical POE that can be identified 
are dental abscesses, sinusitis, infected central 
catheters, skin infection, and colonic cancers/pol-
yps [6, 96]. The identification of the infection 
portal of entry at FDG-PET/CT and subsequent 
eradication of the sources of infection is particu-
larly important in IE to prevent recurrence, either 
relapse and/or reinfection, a risk which varies 
between 2.7% and 22.5% [97–104]. The primary 
infectious site may be suspected based on the 
common biotope of the bacteria strain (digestive, 
skin, catheter). Yet, published research on this 
topic is very limited. In a recent study, systematic 
search for the POE identified the site of primary 
infection in 74% of patients, mainly cutaneous 
(40%), followed by oral or dental (29%) and gas-
trointestinal (23%) [105]. FDG-PET/CT has 
been demonstrated to reveal the source of infec-
tion, including cases where the sustaining POE 
was a neoplasia (colonic cancer) [52]. Once the 
portal of entry has been identified, risk modifica-
tion can be attempted.

 Multidisciplinary Discussion 
of Imaging Results

Multidisciplinary discussion of the multimodal-
ity imaging and laboratory findings is necessary 
to enhance their contribution into a clinical plan-
ning and decision-making process that delivers 
quality care in such complex contexts. A mul-
tidisciplinary team approach has been recently 

successfully extended beyond oncology where 
the work model is successfully established, such 
as in cases of valvular heart disease (the “Heart 
Valve Clinic”), particularly in the selection of 
patients for TAVR procedures, and coronary 
artery disease for revascularization decisions 
(Heart Team) [46, 106]. The first example of 
a multidisciplinary approach in the field of 
cardiovascular infections is represented by 
the Endocarditis Team (E-Team), a multidis-
ciplinary “round table” involving specialists 
involving imaging, cardiologists, cardiac sur-
geons, infectious disease specialists, microbi-
ologists, and others [25, 107]. This approach 
has been shown to significantly reduce the in-
hospital and 1- and 3-year mortality in France, 
Italy, and Spain [37, 38]. Putting multimodality 
imaging in a central position in the diagnostic 
work-up of patients with suspected cardiovas-
cular infections implies a new professional per-
spective for the “Clinical Imaging Specialist” 
who is called to be an active part and contributor 
within the E-Team. Very recently, this approach 
has also been recognized by the American 
Heart Association (AHA) 2020 guidelines for 
the management of patients with valvular heart 
disease [26] which now include FDG-PET/CT 
imaging and a multidisciplinary team approach 
in the assessment of patients with IE.

 Conclusion

The application of multimodality imaging has 
improved the sensitivity to detect PVE, allowing 
for the early detection of complications such as 
septic emboli and metastatic infections even 
before these become clinically apparent. The role 
of multimodality imaging in the diagnostic 
 work- up of cardiovascular infections is now well- 
established and supported by ample evidence. 
Discussion of the test results in the context of the 
clinical presentation in the framework of a 
Multidisciplinary Team Approach is recom-
mended. Novel trends in radiopharmaceuticals 
developments as well as significant progress in 
technology, new insights on the various mecha-
nisms that play a role in cardiovascular infections 
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will likely provide in the near future new diag-
nostic and therapeutic targets for further develop-
ments in the field.
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13Native-Valve Endocarditis

Gad Abikhzer, Jeremy Y. Levett, Igal A. Sebag, 
and Matthieu Pelletier-Galarneau

Acronyms

IE  Infective endocarditis
NVIE Native-valve infective endocarditis
PVE  Prosthetic valve endocarditis
TEE  Transesophageal echocardiogram
TTE  Transthoracic echocardiogram

 Introduction

Although relatively rare, infective endocarditis (IE) 
is associated with significant morbidity and mortal-
ity [1]. The diagnosis of IE is clinically challenging 
due to diverse and variable clinical presentations, 

ranging from chronic, to subacute, to rapidly pro-
gressive disease. To circumvent these diagnostic 
difficulties, the Duke criteria were established. The 
diagnosis of IE mostly relies on a modified version 
of those criteria (the modified Duke criteria), con-
sisting of major and minor criteria that are com-
posed of clinical and paraclinical findings including 
blood cultures and echocardiographic findings. 
Studies have demonstrated that approximately one 
third of patients investigated for IE are classified as 
possible IE [2, 3]. In patients categorized as having 
possible IE by the modified Duke criteria, 24–72% 
of these patients are subsequently found to have IE 
following additional investigations, such as repeat 
TTE or TEE [4, 5]. This ultimately leads to delays 
in diagnosis and initiation of treatment which is in 
turn associated with poorer outcomes, including 
increased rates of irreversible morphologic valvu-
lar damage, embolic events, surgery, and death [6, 
7]. Advanced multimodality imaging has become 
increasingly integrated in the diagnosis and evalua-
tion of IE. Although the role of FDG-PET/CT in 
native valve infective endocarditis (NVIE) is still 
being defined, there is a growing body of evidence 
supporting the role for FDG-PET/CT in the diag-
nosis and staging of this disease.

 Pathophysiology

The healthy heart is naturally resistant to infec-
tion [8]. High pressures, constant hemodynamic 
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flow, and poor adherence to endocardial surfaces 
prevent infectious organisms from colonizing 
endocardial structures [8, 9]. A predisposing 
abnormality of the endocardium, massive bacte-
remia, or virulent microorganism is therefore 
usually necessary to cause endocarditis of native 
valves. The most common predisposing abnor-
malities of the endocardium are structural in 
nature, typically involving the heart valves, and 
include mitral valve prolapse, rheumatic valve 
disease, calcific or bicuspid aortic valves, 
 congenital heart defects, hypertrophic cardiomy-
opathy, mural thrombi, ventricular septal defects, 
or patent ductus arteriosus sites [8, 10–12]. As a 
result of endothelial damage and activation of the 
coagulation cascade, the nidus for infection is 
typically a sterile fibrin-platelet vegetation [8].

Microorganisms colonize and proliferate the 
endocardium in three stages [13]. First, they 
begin by circulating in the bloodstream, causing 
bacteremia. Second, a predisposing abnormality 
of the endocardium promotes increased adher-
ence and local stasis, enabling the pathogenic 
agents to adhere to the abnormal or damaged 
endothelium. Third, the nidus formed by the pre-
disposing abnormality nurtures an environment 
for microorganism proliferation and inflamma-
tion of local structures, leading to the formation 
of a mature vegetation. As a defensive mecha-
nism from host innate and humoral immunity, as 
well as from antibiotic penetration, many of the 
causative endocarditis microorganisms produce a 
protective matrix of polysaccharide biofilms sur-
rounding the mature vegetation [13].

NVIE is generally classified into two cat-
egories: left-sided NVIE (mitral or aortic valve), 
which represents 80% of infections, or right- sided 
NVIE (tricuspid or pulmonic valve) [13]. The 
causative microorganisms vary by sites of infec-
tion, etiology of bacteremia, and host risk fac-
tors. Staphylococci and streptococci are the most 
common causative microorganisms, accounting 
for over 80% of NVIE cases [13]. The conse-
quences of endocarditis can manifest locally 
and systemically, depending on the progression 
of disease [13]. Devastating local complications 
can include valvular, myocardial, or aortic root 
abscesses with tissue necrosis and conduction 

system abnormalities, sudden and severe val-
vular regurgitation, or aortitis due to adjacent 
spread of infection [8]. Systemic consequences 
most commonly manifest as a result of emboliza-
tion of vegetation material from the heart valve, 
a devastating complication which can occur in 
25–50% of patients [14], or immune- mediated 
phenomena. Left-sided NVIE lesions can embo-
lize to any tissue, particularly the central nervous 
system, kidneys, or spleen, whereas right-sided 
NVIE lesions can be complicated by septic pul-
monary embolism, resulting in pulmonary infarc-
tion, pneumonia, or empyema [8]. As a result of 
left-sided NVIE lesions, mycotic aneurysms of 
major arteries can also form. Furthermore, cuta-
neous (Osler nodes and Janeway lesions) and 
retinal emboli are specific features of left-sided 
NVIE [13].

 Epidemiology

While the precise estimate of NVIE incidence is 
difficult to ascertain due to varying case defini-
tions over time, it is estimated that the crude inci-
dence for the global burden of IE ranges from 1.5 
to 11.6 cases per 100,000 person-years [15]. 
NVIE is a fatal disease unless treated appropri-
ately, with a mortality rate of approximately 25% 
despite standard of care therapy [1]. Early diag-
nosis and management is essential to preventing 
significant morbidity and mortality. In high- 
income countries, the mean age of patients with 
NVIE has significantly increased over the past 
century [1]. This is primarily attributable to the 
changing etiology and predisposing cardiac risk 
factors of patients with NVIE. Rheumatic heart 
disease, primarily affecting the mitral valve, has 
historically been the most frequent underlying 
etiology of NVIE.  However, in the past two 
decades, its proportion has decreased to ≤5% in 
developed countries [1]. Other risk factors includ-
ing increasing age [16] structural heart disease 
[11], poor dentition or dental infection [17], 
injection drug use [18], and healthcare-associated 
NVIE [19] have become prevalent in high- 
income countries and have changed the distribu-
tion of etiologies. At the time that endocarditis 
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develops, approximately 75% of patients have a 
preexisting structural cardiac abnormality [11]. 
In developing countries, rheumatic heart disease 
remains the most common underlying heart con-
dition [20].

 Clinical Presentation and Diagnosis

Historically, the diagnosis of NVIE was made on 
the clinical diagnosis of active valvulitis (such as 
a cardiac murmur or chest pain), embolic sequela, 
and immunological vascular phenomena in con-
currence with positive blood cultures [13]. 
However, the latest advancements in developed 
countries have resulted in a shift toward earlier 
clinical presentations due to healthcare- 
associated NVIE with Staphylococcus aureus 
infection. Accordingly, many of the classic 
pathognomonic signs and symptoms associated 
with NVIE do not manifest, with most patients 
(approximately 90% of cases) presenting with 
fever of unknown origin (FUO) [1, 21]. The 
diverse and nonspecific nature of symptoms, as 
well as the clinical variability in presentations, 
complicates early diagnosis and identification of 
patients who would be optimal candidates for 
early effective antibiotic therapy or surgical inter-

vention. Therefore, the ability to accurately diag-
nose or exclude NVIE in a timely manner is of 
utmost clinical importance in reducing morbidity 
and mortality.

Currently, the diagnosis of NVIE requires a 
combination of clinical manifestations, microbi-
ological analysis, and imaging results. The modi-
fied Duke clinical diagnostic criteria integrate 
these three spheres, weighing findings as either 
major or minor criteria, and allowing clinicians 
and investigators to reach a definite, possible, or 
rejected diagnosis of IE (Table  13.1) [22]. The 
definite diagnosis of IE is established in the pres-
ence of pathologic criteria, two major clinical 
criteria, one major clinical criterion, and three 
minor clinical criteria, or five minor clinical cri-
teria (definite IE). In the presence of one major 
criterion and one minor clinical criterion, three 
minor criteria, IE is considered possible (possible 
IE). IE is rejected if a firm alternate diagnosis is 
made, clinical manifestations resolve with antibi-
otic therapy for less than or equal to 4 days, there 
is no pathologic evidence of IE at surgery or 
autopsy with antibiotic therapy for less than or 
equal to 4 days, or clinical criteria for a definite 
or possible diagnosis are not met (rejected IE). 
While the modified Duke criteria remain the gold 
standard for the diagnosis of IE, they are limited 

Table 13.1 Modified Duke criteria for the diagnosis of IE

Definite IE
Pathological criteria
Pathologic lesions—Vegetation or intracardiac abscess demonstrating active endocarditis on histology, OR
Microorganisms—Demonstrated by culture or histology of a vegetation or intracardiac abscess
Clinical criteria
Using specific definitions listed below:
2 major clinical criteria, OR
1 major and 3 minor clinical criteria, OR
5 minor clinical criteria
Possible IE
Presence of 1 major and 1 minor clinical criteria OR presence of 3 minor clinical criteria
Rejected IE
A firm alternate diagnosis is made

Resolution of clinical manifestations with antibiotic therapy for ≤4 days

No pathologic evidence of IE is found at surgery or autopsy with antibiotic therapy for ≤4 days
Clinical criteria for definite or possible IE not met

(continued)
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Table 13.1 (continued)

Major clinical criteria
Blood culture positivity for either of the following:
    1.  Typical microorganism (viridans group streptococci, Streptococcus gallolyticus, HACEK organisms, 

Staphylococcus aureus, and community- acquired enterococci in the absence of a primary focus) from two 
separate blood cultures.

    2.  Persistent bacteremia (two positive cultures >12 h apart, three positive cultures or a majority of four or more 
culture-positive results >1 h apart).

Evidence of endocardial involvement from either of the following:
    1.  Echocardiographic findings of mobile mass attached to a valve or a valve apparatus, abscess, or new partial 

dehiscence of a prosthetic valve.
    2.  New valvular regurgitation.
Serology:
Single positive blood culture for Coxiella burnetii or an antiphase 1 IgG antibody titer of ≥1/800
Minor clinical criteria
Predisposing condition:
Intravenous drug use
Predisposing cardiac condition
Vascular phenomena:
Arterial embolism
Septic pulmonary embolism
Mycotic aneurysm
Intracranial hemorrhage
Conjunctival hemorrhage
Janeway lesions

Description: Adapted from Li et al. Proposed modifications to the Duke criteria for the diagnosis of infective endocar-
ditis. Clin. Infect. Dis., 2000, 30, 4, 633–638 [22]
HACEK Haemophilus spp., Aggregatibacter spp., Cardiobacterium hominis, Eikenella corrodens, or Kingella spp.; IE 
infective endocarditis, NVIE native- valve infective endocarditis

a b

Fig. 13.1 Representative echocardiographic findings of 
NVIE.  Description: (a) Transthoracic echocardiogram 
still image of a large, pedunculated, and prolapsing vege-
tation on the atrial surface of the noncoronary cusp of the 

aortic valve. (b) Transesophageal echocardiogram still 
image of a rounded, large, echo density on the atrial sur-
face of the tricuspid valve leaflet

by their reliance on the presence of positive 
microbiological criteria and typical echocardio-
graphic findings (Fig.  13.1), which remain the 
cornerstone of an IE diagnosis.

Transthoracic echocardiography (TTE) is only 
moderately sensitive (75%) for the detection of a 

vegetation in native valves [23], and blood cul-
tures can be negative in up to 10% of cases [6]. 
Although the minority of cases (20%), the sensi-
tivity of TTE is highest in right-sided IE due to 
the tricuspid and pulmonic valves’ proximity to 
the chest wall [13]. In patients with clinically 
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suspected IE but equivocal or negative TTE, 
transesophageal echocardiography (TEE) is the 
gold standard and improves sensitivity and speci-
ficity to more than 90% with better detection of 
the main cardiac complications (vegetation, 
abscess, leaflet perforation, and pseudoaneu-
rysm) [6, 23]. However, its invasiveness and fea-
sibility are important considerations, with major 
complication rates ranging between 0.2% and 
0.5% [24–26]. Furthermore, false positives can 
occur with thrombi, fibrous strands on the aortic 
valve, and cardiac tumors. The sequential and 
indeterminate diagnostic evaluations can ulti-
mately lead to delays in diagnosis and initiation 
of treatment, which are in turn related to a poorer 
outcome with increased rates of progressive and 
potentially irreparable structural damage, 
embolic events, surgery, and death [6, 7].

 Management

The management of IE requires a multidisci-
plinary approach, including input from cardiolo-
gists, infectious disease specialists, and 
cardiovascular surgeons [7]. The standard of care 
is for all patients to receive antimicrobial therapy, 
and a subset of patients may benefit from cardio-
vascular surgical intervention [7, 13]. Antibiotics 
can be started on an empirical basis as soon as 
three blood cultures have been collected from 
separate venipuncture sites [7, 13]. The empirical 
antibiotic regimens for native valve endocarditis 
are based on guidelines [27], although they can 
be modified with the assistance of an infectious 
disease consultant, according to blood culture 
results, resistance patterns, and the clinical sever-
ity of infection [7]. In light of the primary pur-
pose of antimicrobial therapy to completely 
eradicate infection within cardiac vegetations, an 
extended course of intravenous therapy is gener-
ally required (extending up to 6 weeks in severe 
cases) [13]. In addition to antimicrobial therapy, 
surgical intervention is required in approximately 
50% of cases [28]. In the only randomized trial 
published to date on the effect of early surgical 
intervention versus conventional treatment for 
NVIE, early surgical intervention was found to 

significantly reduce the primary composite end- 
point of in-hospital mortality and embolic events 
by 90% [29]. The three most common indications 
for surgery are heart failure caused by valvular 
regurgitation or obstruction, uncontrolled or 
complex infection involving valve leaflet and 
paravalvular tissue destruction, and prevention of 
embolism [6, 7, 13].

 FDG-PET/CT Imaging

Fluorodeoxyglucose-positron emission tomog-
raphy/computed tomography (FDG-PET/CT) 
has become extremely useful for infectious dis-
ease imaging such as FUO [30], sternal wound 
infections [31], vascular graft infections [32], 
spondylodiscitis [33], cardiovascular implant-
able electronic device (CIED) infections [34, 
35], and prosthetic valve IE (PVE) [36, 37]. 
Activated granulocytes involved in the infec-
tious and inflammatory response have a high 
expression of glucose transporters (GLUT1 
and GLUT3) and increased hexokinase activity 
[38]. Use of FDG- PET/CT for infection imaging 
compared to SPECT radiotracers yields several 
advantages including excellent image resolu-
tion, lack of blood manipulation, lower radia-
tion exposure, and a shorter procedure for both 
the patient and technical staff, allowing results 
to be available in less than 2  h after injection. 
FDG-PET/CT is especially useful in patients 
with renal failure or those who are allergic to 
contrast media. FDG has, however, several limi-
tations in the evaluation of cardiovascular infec-
tion. Physiological myocardial uptake can mask 
or limit the distinction between physiological 
uptake at the base of the myocardium and patho-
logical valvular activity. Cardiac suppression 
protocols consisting of fasting (12-18 h), high-
fat-low-carbohydrate diet, and in some centers 
IV heparin are recommended prior to imaging 
(see Chap. 4) [39–41]. This preparation delays 
the scheduling of an FDG- PET/CT by 20  h, 
as well as being inconvenient for the patient. 
Despite optimal preparation, partial or complete 
failure of suppression of physiological myocar-
dial activity may be present in 5–15% of scans 
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[42]. Additionally, FDG is not an infection-spe-
cific radiotracer with uptake in inflammation and 
malignancy. The ongoing development of novel 
infection-specific PET radiotracers yield prom-
ise to further improve on IE diagnosis, although 
none are yet clinically available [43]. In the con-
text of PVE, specificity of FDG may be affected 
by uptake in post- operative inflammation and 
foreign body inflammation surrounding pros-
thetic material or surgical adhesives [44]; in 
the setting of suspected NVIE, these confound-
ers are not present which explains the near per-
fect specificity of abnormal valvular uptake in 
NVIE. Given the absence of physiological val-
vular activity in native valves, any focal valvular 
activity above background or blood pool, after 
excluding papillary muscle activity or residual 
physiological myocardial activity at the base of 
the myocardium, is considered positive for NVIE 
on FDG- PET/CT (Fig. 13.2). The added value of 
standardized uptake values (SUV) in this context 
has not yet been demonstrated [45]. In heavily 

calcified native valves, very mild activity can 
rarely be present, and it is also important to ver-
ify non-attenuation corrected images to ensure 
over-correction artifacts.

The role of FDG-PET/CT in suspected PVE 
has been well studied and introduced as a major 
criterion for the diagnosis of PVE in the 2015 
European Society of Cardiology (ESC) guide-
lines [36]. The role of FDG-PET/CT for NVIE is 
less well defined and studied than for PVE, 
mainly because of its higher false-negative rate 
and the excellent diagnostic performance of TEE 
in NVIE yielding less diagnostic dilemmas. 
Initial PET/CT studies included small subgroups 
of NVIE patients within larger subgroups of PVE 
patients and resulted in very poor sensitivity [46, 
47]. In a dedicated retrospective study of 88 
patients with suspected NVIE, 20 patients had 
NVIE according to multidisciplinary consensus. 
Of these 20 patients, nine (45%) had abnormal 
valvular FDG uptake [36]; however, septic 
emboli were detected in 48 (55%) cases [48]. A 

a b c

Fig. 13.2 Representative examples of abnormal native 
valve uptake in patients with IE. Description: (a) Aortic 
valve endocarditis complicate by para-valvular abscess 
and hemorrhagic pericardial effusion on CT. (b) Mitral 
valve endocarditis with intense multifocal uptake in a 
mitral valve with annular calcifications, which can be a 

predisposing factor for IE. (c) Tricuspid valve endocardi-
tis with abnormal mild, focal uptake above background 
(red arrow). Septic lung emboli are also present. FDG 
PET/CT fluorodeoxyglucose (18F)-positron emission 
tomography/computed tomography
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dedicated retrospective study of 75 patients with 
NVIE who underwent FDG-PET/CT demon-
strated a sensitivity of 17.5% and specificity of 
100%. Integration of PET/CT to the ESC in this 
context increased sensitivity to 69.8% from 
63.5% without affecting specificity [49]. In an 
observational prospective study of patients 
referred for suspicion of left-sided NVIE and 
PVE, only 10/46 subjects with final diagnosis of 
NVIE had abnormal FDG uptake on consensus 
interpretation, yielding a sensitivity of 22%, 
while none of the 69 subjects without NVIE had 
a positive FDG-PET/CT study [50]. The largest 
contribution of FDG-PET/CT in this patient pop-
ulation was the appropriate reclassification of 
11/26 (42%) patients from Possible IE to Definite 
IE. Of note, imaging in this study was performed 
with an older generation analog PET system. In 
the European Infective Endocarditis Registry 
(EURO-ENDO), a prospective observational 
cohort including 156 centers from 40 countries, a 
low sensitivity of 28% was observed. Further, 
they reported that FDG-PET/CT is performed in 
less than 10% of suspected NVIE cases [51]. In 
the French registry study, although only 24% of 
NVIE patients had abnormal valvular uptake, 
51% had extracardiac findings such as septic 
emboli or identification of portal of entry. FDG- 
PET/CT in this patient population changed man-
agement in 31% through modification of the 
length of antibiotic therapy or surgery. PET/CT 
modified classification or management mainly in 
patients with non-contributory echocardiogram 
or Possible IE [52]. These registry studies only 
reported pooled sensitivity encompassing numer-
ous centers using a variety of PET/CT scanners 
with different technology. Poor reported sensitiv-
ity for NVIE can be improved through use of 
more recent PET/CT devices. In a retrospective 
study dedicated to NVIE using the best available 
analog PET/CT, abnormal FDG uptake was iden-
tified in 21 of the 31 subjects with NVIE, yield-
ing a sensitivity of 67.7% [5]. However, when 
excluding subjects with suboptimal myocardial 
suppression interfering with study interpretation, 
the sensitivity rose to 77%. Incorporating FDG- 
PET/CT uptake as a new major criterion, eight of 
18 subjects (44.4%) with Possible IE and a final 

diagnosis of IE were appropriately reclassified as 
Definite IE. A meta-analysis, with only four stud-
ies in the NVIE category, demonstrates a near 
perfect specificity of FDG-PET/CT for NVIE at 
98%, but low pooled sensitivity at 31%. However, 
their results suggest that technological advances 
have contributed to higher accuracy for all sub-
types of IE, where pooled sensitivity and speci-
ficity were higher in studies published since 2015 
than those between 2009 and 2014 [40]. In 
another meta-analysis including seven NVIE 
studies, pooled sensitivity was 36.3%, with 
pooled specificity of 99.1%. Pooled positive like-
lihood ratio, negative likelihood ratio, and diag-
nostic odds ratio were 8.3, 0.6, and 15.3, 
respectively [45].

The relatively low sensitivities of FDG-PET/
CT for NVIE can at least partly be accounted for 
by physiological and technical factors. The more 
frequent presence of isolated valve vegetations, 
rare para-valvular involvement, lower predomi-
nance of polymorphonuclear cells, and increased 
fibrosis in NVIE compared to PVE, result in 
reduced inflammatory response and subsequently 
lower FDG uptake [50]. False-negative studies 
have been associated with antibiotic use in some 
studies, although duration of antibiotic therapy 
before uptake normalization is unknown and 
other studies show no diagnostic effect from the 
use of antibiotics on FDG-PET/CT [45]. Poor 
myocardial suppression is associated with a 4.8 
odds ratio of having a false-negative study when 
inadequate myocardial suppression is present [5]. 
Most importantly, the low reported sensitivity for 
NVIE can be partly explained by the technical 
properties of the PET systems used in these stud-
ies, with lower sensitivity and inferior spatial 
resolution, limiting their ability to detect small 
foci of uptake. Technological advances in PET/
CT camera design have considerably enhanced 
resolution and contrast, with the possibility of 
significantly improving the detection of 
NVIE. The development of digital PET/CT sys-
tems with silicon photodiodes, replacing photo-
multiplier tubes used in the analog PET devices 
promises to further improve small lesion detec-
tion, as is present in NVIE, through improved 
sensitivity, contrast, and resolution of these 
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devices [53]. Vegetation size on echocardiogra-
phy is on average smaller in false-negative PET 
cases compared to true-positive cases 
(9.6 ± 5.9 mm vs. 14.4 ± 6.1, p = 0.049) [5], but 
within the resolution of digital PET/CT devices. 
Additionally, new scanner technology allows 
gated acquisition to account for both respiratory 
and cardiac motions. Hence, the blurring of FDG 
uptake related to the motion of the vegetations on 
the valves, which limits the sensitivity of the test, 
could be improved with ECG-gated and 
respiratory- gated acquisitions which “freezes” 
motion and subsequent blurring of uptake in the 
infected valves [54]. The use of dual time point 
imaging in patients with equivocal valvular activ-
ity can increase sensitivity by increased target to 
background ratio on delayed images through 
decreased blood pool activity or through the 
reproduction of equivocal foci of valvular uptake 
on two distinct acquisitions which raises the sus-
picion of true focal valvular uptake rather than 
statistical noise or reconstruction artifacts [5].

The most useful role for FDG-PET/CT in the 
evaluation of patients with suspected NVIE given 
its limited sensitivity but near-perfect specificity 
and the excellent performance of TEE appears to 
be as additional major or minor criteria to the 
modified Duke criteria which may help to 
decrease the number of patients in the subgroup 
classified as possible IE. This indication of FDG- 
PET/CT for possible IE cases is in addition to its 
role in the evaluation for septic emboli in cases 
with definite IE as recommended by the ESC 
guidelines [45, 55]. The ACC/AHA 2020 guide-
lines state that FDG-PET/CT is reasonable as 
adjunct diagnostic imaging in some patients with 
possible IE [7]. FDG-PET/CT may be particu-
larly useful in patients with suspicion of IE who 
cannot undergo the more invasive TEE.

 Extracardiac Manifestations 
of Infective Endocarditis

There has been a paradigm shift in the evaluation 
of IE, with increased awareness of the systemic 
nature of the disease. Identification of extracar-
diac manifestations in patients with IE is critical 
as they can significantly impact patient manage-
ment decisions and outcome. Extracardiac infec-
tious findings are present in 25–50% of patients 
[14] and can include cerebral emboli, spondylo-
discitis, septic arthritis, pneumonia, abscesses, 
and mycotic aneurysm (Figs.  13.3 and 13.4). 
Infectious manifestations can represent septic 
emboli or an initial site of infection which seeded 
the heart valve causing the IE.  Gastrointestinal 
polyps and cancers as well as various other 
malignancies, which may represent the etiology 
of IE in several cases, are detected by FDG-PET/
CT in approximately 10% of patients investi-
gated for IE [56]. Extracardiac manifestations 
identified on FDG-PET/CT are unknown or 
unsuspected in the majority of cases and may 
lead to change in management in about 10% of 
patients [56].

In addition to infection and cancers, other 
reactive changes can be observed on whole-body 
FDG-PET/CT such as increased bone marrow 
and splenic activity. In IE, increased marrow and 
splenic activity, defined as uptake greater than 
liver, has been attributed to hematological diffu-
sion of bacteria and/or cytokines, indicating a 
systemic inflammatory response to the disease. 
Increased marrow and splenic uptake is consid-
ered an indirect sign of IE and is correlated with 
C-reactive protein levels as well as the major cri-
terion of positive blood cultures [57]. Specifically, 
in NVIE, diffuse splenic uptake is present in 
58.7% of NVIE cases and has been proposed as 
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Fig. 13.3 Examples of septic embolic disease in various 
patients with IE. Description: (a) Left main coronary sep-
tic arteritis. (b) Septic splenic infarct. (c) Infected PICC 
line. (d) Cervical spondylodiscitis. (e) Extensive septic 

lung disease in a patient with tricuspid NVIE. FDG-PET/
CT fluorodeoxyglucose (18F)-positron emission tomogra-
phy/computed tomography, PICC = peripherally inserted 
intravenous catheter
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Fig. 13.4 FDG-PET/CT images of a patient referred for 
suspected lymphoma with night sweats and fever, diag-
nosed on FDG-PET/CT with native valve endocarditis and 
extensive embolic disease. Description: Intense uptake is 
present in the aortic valve (b, j). There is evidence of 

embolic disease to the brain (a, arrow), lungs (c, d-arrow), 
kidneys (f, g), prevertebral soft tissues (i) and bone (j). 
FDG-PET/CT fluorodeoxyglucose (18F)-positron emis-
sion tomography/computed tomography
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an additional minor criterion over ESC criteria 
already including PET, to further increase sensi-
tivity to 74.6% of the ESC criteria at 69.8%, 
compared to 63.5% for modified Duke criteria 
[49]. However, this finding is nonspecific and can 
be medication related or present in a variety of 
other inflammatory, infectious, or malignant 
conditions.

 Prognostic Value

Early identification of patients with poorer prog-
nosis is critical as more aggressive management 
may improve their outcome [58, 59]. Several 
well-established patient-related factors have been 
associated with worse prognosis, including older 
age, diabetes mellitus, and heart failure. Other his-
topathological and echocardiographic features, 
including staphylococcus aureus as causative 
organism, vegetation size, peri-annular compli-
cations, and severe valve regurgitation have also 
been associated with worse prognosis [36, 60]. 
In a prospective study of 47 patients with IE who 
underwent FDG-PET/CT imaging, the infectious 
complications and relapse rate were significantly 
lower when compared to a matched control group 
of 94 patients with IE who did not undergo FDG-
PET/CT imaging [61] In a multivariate model, 
applying the best predictive model for major 
adverse cardiac events, the four leading predic-
tors of additional independent prognostic value 
were as follows: C-reactive protein >100 mg/L, 
severe mitral regurgitation, positive FDG-PET/
CT scan, and FDG-PET/CT scan with moderate-
to-intense metabolic uptake. Unlike the PVE 
subgroup in this study, FDG- PET/CT was not 
predictive of a major adverse cardiac event in the 
NVIE subgroup, but moderate- to-intense FDG 
uptake was associated with a hazard ratio of 8.8 
to predict new embolic events [62]. These data 
suggest that FDG-PET/CT provides independent 
prognostic information.

 Conclusion

The role of FDG-PET/CT in NVIE is currently 
evolving with technological advances promis-
ing to improve sensitivity for abnormal uptake 
on native valves, while maintaining near-per-
fect specificity. Clinically, the greatest added 
value of FDG-PET/CT appears to be in patients 
classified as Possible IE, as well as in patients 
with definite IE for the systemic staging of the 
disease with potential prognostic significance.
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14Cardiovascular Implantable 
Electronic Device Infection

Besma Mahida, Jérémie Calais, 
and François Rouzet

 Introduction

 Cardiac Implantable Electronic 
Device (CIED) Infections

Cardiac implantable electronic device (CIED) 
implantations, such as pacemakers, cardiac 
resynchronization therapy devices, and implant-
able cardiac defibrillators, have significantly 
increased in number in the past decades [1] as the 
indications are continuously expanding and 
because of the aging of the population. Despite 
improvements of CIED designs and preventive 
measures, CIED infection incidence, morbidity, 
mortality [2] are still increasing and represent an 
economic burden [3].

CIED infection mainly results from generator 
pocket contamination during implantation [4] 
with a risk of spread to the leads resulting in car-
diac device-related infective endocarditis 
(CDRIE) [2, 5]. Less frequently, CIED infection 

results from hematogenous contamination from a 
distant focal infection [4]. Since CIED infection 
involves most frequently the generator pocket, 
the main infectious agents responsible for CIED 
infections are Gram-positive organisms, predom-
inantly staphylococcal species. The virulence 
factors of the infectious agents are their ability to 
initiate microbial adhesion to the device surface 
and to produce a thick multilayered biofilm con-
curring to resistance to antibiotic therapy [6].

The most frequent clinical signs of CIED 
infection are the consequence of local reaction 
to generator pocket infection that include ery-
thema, pain, swelling, tenderness, discharge, or 
ulceration [7]. However, these local signs can be 
missing and CIED systemic infection or CDRIE 
might have misleading presentation with nonspe-
cific symptoms such as fever, chills, night sweats, 
or distant septic embolic events (pulmonary, 
spondylodiscitis) [8, 9]. The diagnostic work-up 
of CIED infection and/or CDRIE is based on the 
modified Duke-Li criteria that combine clinical 
findings, laboratory tests, bacterial cultures (blood 
and extracted device), and evidence of vegetation 
on lead or valve by transesophageal echocardiog-
raphy (TEE) or other imaging modalities [2]. 
However, the final diagnosis may be challenging, 
given the variety of clinical presentations and the 
artifacts of echocardiography due to prosthetic 
materials [10]. Because therapeutic manage-
ment of CIED infection/CDRIE often results in 
complete system removal and/or prolonged anti-
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biotic therapy [2, 11], an accurate diagnosis is 
necessary. Recently, the European Societies [2] 
included as a class 1 recommendation nuclear 
imaging with both 18F-flurodeoxyglucose (FDG) 
positron emission tomography/computed tomog-
raphy (PET/CT) and radiolabeled white blood 
cell (WBC) single-photon emission  computed 
tomography/computed tomography (SPECT)/CT 
in the diagnostic criteria.

For inflammatory and infectious diseases indi-
cations, FDG PET/CT signal relies on metabolic 
activity at sites with high concentrations of acti-
vated neutrophils and monocyte/macrophages 
with increased glucose transporters (GLUT) and 
hexokinase (HK) expression [12].

 Left Ventricular Assist Device (LVAD) 
Infection

Left ventricular assist device (LVAD) is s a life- 
saving therapy for patients with advanced 
chronic heart failure, as a bridge to heart trans-
plant or as destination therapy. As LVAD 
implantations are increasing due to a shortage in 
organ donations, LVAD infections are rising 
[13]. LVAD infection is associated with higher 
risk of pump thrombosis, longer hospital stay 
duration, requirement for LVAD replacement, 
and failure to transplant [14].

LVAD infection was described by the 
International Society for Heart and Lung 
Transplantation (ISHLT) and classified into (1) 
“VAD-specific infections,” referring to the infec-
tion of the hardware components or the body sur-
faces containing them (including infections of the 
pump, cannula, anastomoses, the pocket infections, 
and the percutaneous driveline or tunnel); (2) 
“VAD-related infections,” referring to IE, blood-
stream infection and mediastinitis with high infec-
tion mortality rating at 70% in VAD- related IE and 
mediastinitis; and (3) “non-VAD infections,” refer-
ring to septic events that are not directly related to 
the presence of the LVAD hardware [15].

The most frequent type of LVAD infec-
tion occurs on the driveline, commonly from 
pathogens of the skin microbiome, including S. 
aureus, coagulase negative staphylococci and 

Corynebacterium spp., while Candida is less fre-
quently found [16].

Currently, there are no standard guidelines 
for LVAD infection diagnosis management; 
therefore, the impact of nuclear medicine 
imaging is not yet well established in LVAD 
infections. However, recent studies reported on 
the usefulness of FDG PET/CT and/or com-
parison with WBC SPECT/CT in  localizing 
and assessing the site of LVAD infection 
[17–21].

 Diagnostic Work-Up of CIED 
and LVAD Infections

 Clinical Signs

Due to the variety and absence of specificity of 
symptoms, the diagnosis of CIED infection is chal-
lenging. Infections involve most frequently the gen-
erator pocket. Localized generator pocket infection 
signs range from pocket wound inflammation to 
external purulent drainage of the device [22].

In the presence of exposed generator or proxi-
mal leads, the CIED should be considered 
infected regardless of microbiology results. 
Therefore, assessing the potential extension of 
CIED infection is important for therapy manage-
ment. Superficial infection of the pocket wound 
does not require total hardware extraction as it 
concerns the cutaneous and subcutaneous tissues, 
allowing a conservative treatment while genera-
tor pocket infection, which can be associated 
with lead infection, CIED systemic sepsis, and/or 
CDRIE [23], requires a more invasive strategy.

In the absence of visible signs of local infec-
tion, CIED systemic infection and CDRIE diagno-
sis are more challenging with predominantly 
nonspecific symptoms such as distant septic 
emboli, mainly pulmonary [24], or vertebral osteo-
myelitis and discitis [9]. Similarly, the diagnosis of 
LVAD infection is challenging because clinical 
presentation may range from nonspecific symp-
toms such as erythema, warmth, to purulent drain-
age around the driveline exit site and the difficulty 
to localize the infection source, involving either 
superficial or deep components of the device [25].
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 Microbiology

Most pathogens responsible for CIED and LVAD 
infections are cutaneous organisms considering 
that infections most frequently originate from the 
generator pocket or the percutaneous driveline. 
However, cultures sampled from blood and from 
any suspected infected site(s) should be system-
atically performed before antibiotics initiation in 
patients with CIED who develop fever without 
typical signs of local infection.

 Imaging

The 2019 European Society of Cardiology (ESC) 
recommendations for CIED infection diagnosis 
management [2] rely on multimodality imaging 
that includes FDG PET/CT and WBC SPECT/
CT along with echography and CT.

 Echocardiography

Transthoracic echocardiography (TTE) and 
transesophageal echocardiography (TEE) are 
recommended for the assessment of lead vegeta-
tion and/or valvular involvement in suspected 
CIED infections with a clear superiority of TEE 
for vegetation detection and size measurement 
[2, 26]. Echocardiography remains the first-line 
diagnostic tool in the assessment of patients with 
CIED infection or CDRIE suspicion. However, 
limitations and inconclusive cases impair the 
Duke-Li classification sensitivity [10].

 Cardiac CT

Cardiac contrast-enhanced (CE) computed 
tomography (CT) provides anatomical informa-
tion to detect the presence of vegetations and 
local complications such as abscesses, pseudoan-
eurysms, fistulas, or septic embolization [27]. 
The 2015 ESC modified criteria for the diagnosis 
of IE included cardiac CT in the assessment of 
paravalvular lesions as a major criterion for IE 
diagnosis, which might allow the diagnosis of 

CDRIE.  However, CE-CT can be limited by 
iodinated contrast agent contraindication and the 
presence of metallic artifacts generated by the 
CIED or LVAD hardware.

 Endocarditis Team

The recent 2019 ESC consensus on CIED infec-
tion highlighted the role of a multidisciplinary 
approach that includes cardiologists, cardiovas-
cular surgeons, infectious diseases specialists, 
clinical microbiologists, echocardiographers, 
radiologists, and nuclear medicine physicians. A 
multidisciplinary approach can significantly 
reduce the 1-year mortality of IE [28].

 Prognosis

The prognosis of patients with infected CIED is 
poor, with a mortality rate of 5%–8% at 30-day 
and 20% at 1 year due to cardiac and extracardiac 
complications [29, 30]. Patients with comorbidi-
ties have a higher mortality rate. CIED infection 
remains a serious, life-threatening condition that 
requires usually the complete removal of the 
hardware, as a delay in device removal might 
worsen prognosis [31].

 FDG PET/CT

 Basic Principles

FDG PET/CT is a nuclear imaging modality 
often used for assessing infectious and inflamma-
tory diseases. Fluorine-18 (18F) is a cyclotron- 
produced radioisotope with a half-life of 
109.7  min that decays by emitting positrons, 
which can be detected with a PET scanner. 18F- 
FDG is a glucose analogue, which enters cells via 
glucose transporter (GLUT), and then undergoes 
phosphorylation by hexokinase (HK). However, 
phosphorylated 18F-FDG is a metabolic dead 
end, which accumulates within cells during the 
1-h delay separating injection from acquisition 
resulting in major signal amplification. 
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Inflammatory cells (activated neutrophils, macro-
phages, monocytes, and lymphocytes) express 
high levels of glucose transporters, especially 
GLUT1 and GLUT3, and have hexokinase activ-
ity, which translate into an increased FDG uptake 
[32]. The European Association of Nuclear 
Medicine and the Society of Nuclear Medicine 
issued guidelines for performing FDG PET/CT 
in patients with suspected infection [33].

 Patient Preparation

The main goal is to inhibit physiological myocar-
dial FDG uptake to enable the visualization of 
increased FDG signal foci. This can be achieved 
by combining a no-carbohydrate high-fat meal 
>12  h before the scan and a fasting period of 
>12 h [34]. As usual with FDG PET, pregnancy, 
diabetes, and serum glucose level should be 
checked before FDG injection [33].

 Tracer Administration

In Europe the recommended administered activ-
ity of FDG ranges between 2.5 and 5.0 MBq/kg. 
In the United States, it ranges between 370 and 
740  MBq. Administered activity should be 
adapted for infants and children according to 
pediatric dosage. In case of suspected CIED 
infection, radiopharmaceuticals should be admin-
istrated in the contralateral arm to avoid the 
potential pitfall of accumulated FDG along the 
leads mimicking septic locations [33].

 Imaging Procedure

The image acquisition should be performed 
60 min after FDG administration, from vertex to 
toes (total-body acquisition) for the detection of 
distant septic emboli, in whole-body mode, using 
steps of 1.5–3 min per bed position. CT acquisi-
tion parameters can be used as detailed in the 
EANM tumor imaging guidelines [35] and 
always adapted to the CT scanner performance 
and to the specific radiologic society guidelines. 
PET images should be reconstructed using cor-

rections for attenuation, dead time, random 
events, and scatter, according to the PET/CT 
scanner performance. Whenever possible, ECG- 
gated acquisitions in the thorax should be per-
formed as it improves EI detection and might be 
helpful with CDRIE diagnosis [36].

 Interpretation Criteria

The analysis of the FDG PET/CT images relies 
on visual criteria. Both attenuation-corrected 
(AC) and non-attenuation-corrected (NAC) 
images centered on the CIED should be analyzed 
carefully by scrolling through each of the axial, 
coronal, and sagittal views of the PET only, CT 
only, fused PET/CT images. The local analysis 
should focus on the signal around the generator- 
pocket site, along the leads and in the valves. 
Increased FDG uptake above the background 
around CIED generator-pocket and leads (extra-
vascular, intravascular, or intracardiac) should be 
considered suspicious. The 3D MIP images and 
the whole-body FDG PET/CT images should be 
carefully analyzed for the detection of other foci 
of infection which could represent the primary 
site of infection or distant secondary septic loca-
tions (lungs, spleen, spine, mycotic aneurysms).

The main cause of false-positive FDG-PET is 
inflammation (acute, sub-acute, chronic) caused 
by the surgery or the presence of foreign body. 
Therefore, the time from CIED implantation to 
imaging is crucial information that must be col-
lected and incorporated in the overall interpreta-
tion of the study.

The final FDG PET/CT diagnosis of CIED 
infection relies on the combination of multiple 
features. Visual analysis is the method of refer-
ence. The semi-quantitative parameters do not 
allow the differentiation of infection vs. inflam-
mation (range values overlap) and should be used 
only as a complement to the visual analysis.

Signs in favor of infection include high- 
intensity uptake, uptake visible on both AC and 
NAC images, focal uptake on the leads, heteroge-
neous and intense signal around the generator, 
continuity of the FDG PET signal to the sur-
rounding tissues (muscle, skin), presence of dis-
tant septic locations (especially in the lungs), and 
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time from CIED implantation to imaging of 
>2  months. Signs that do not suggest infection 
include uptake visible only on the AC or the 
NAC, diffuse and homogeneous moderate uptake, 
presence of metallic artifacts, and time from 
CIED implantation to imaging of <2 months.

Factors that decrease the intensity of the signal 
and thus the sensitivity of the scan include expo-
sure to antibiotic therapy, metallic artifacts, partial 
volume effect, and motion artifacts. Whenever 
possible, the scan should be performed as early as 
possible in the course of the disease before treat-
ment initiation and include ECG- gated acquisi-
tions centered on the thorax. The use of CT 
contrast may enhance the visualization of the ana-
tomic structures and thus be helpful in some cases.

Although FDG PET/CT offers the possibility 
of semi-quantitative analysis, current available 
studies describing the use of values such as a 
maximum standardized uptake value (SUVmax) or 
a semi-quantitative ratio (SQR) to assess areas of 
FDG uptake did not report a significant improve-
ment in discriminating infected from non- 
infected devices [37]. The visual analysis is the 
method of reference, especially for CDRIE 
detection.

 CIED Infections

Recently, the use of nuclear medicine imaging in 
suspected CIED infection and CDRIE has 
increased, especially in cases of suspected CIED 
infections with no local signs of infection at gen-
erator pocket and non-conclusive echocardiogra-
phy. In these challenging situations, the 2019 
ESC guidelines recommend [2] total-body FDG 
PET/CT to assess the extent of disease, with dis-
tant septic emboli being considered as a minor 
criterion for CIED infection diagnosis, and to 
localize the portal of entry.

Two recent meta-analyses by Juneau et  al. 
[38] and Mahmood et al. [37] reported high sen-
sitivity and specificity of FDG PET/CT for the 
diagnosis of CIED infection: pooled sensitivity 
of 87% (95% CI, 82–91%) and 83% (95% CI 
78–86%), and pooled specificity of 94% (95% 
CI, 88–98%) and 89 (95% CI 84–94%), respec-
tively. Mahmood et al. estimated a higher sensi-

tivity of 96% (95% CI 86–99%) and specificity 
of 97% (95% CI 86–99%) for pocket infection 
diagnosis. Although generator pocket infection 
is mainly a clinical diagnosis, FDG PET/CT can 
be useful in situations with uncertain diagnosis 
[39]. The diagnostic accuracy for the detection 
of lead infections or CDRIE is lower with a 
reported sensitivity and specificity of 76% (95% 
CI 65–85%) and 83% (95% CI 72–90%), 
respectively [37]. The main technical limita-
tions are the partial volume effect and cardiac 
motion artifact.

Extracardiac complications occur in 30–80% 
of patients [40, 41] and are known to increase 
mortality and worsen prognosis [42]. The ability 
of FDG PET/CT to detect distant extracardiac 
complications such as septic emboli and meta-
static infection provides incremental diagnostic 
and prognostic information for CIED infection 
and CDRIE [2, 43]. Septic pulmonary emboli 
and spondylodiscitis are the most frequent distant 
infectious sites [9]. Septic pulmonary emboli are 
a common finding in CIED lead infection and 
CDRIE involving tricuspid valve infection. The 
presence of multiple and bilateral foci of FDG 
uptake, often associated with matching paren-
chymal opacities on CT, is highly suggestive of 
septic emboli and accordingly of infection of the 
device [44]. In a prospective study, Amraoui et al. 
evaluated 35 patients with a definite diagnosis of 
CDRIE by Duke-Li criteria, and spondylodiscitis 
was identified on FDG PET/CT in 20% of 
patients, some being completely asymptomatic 
[45]. Vascular septic emboli and mycotic aneu-
rysms are usually asymptomatic but might lead to 
vascular rupture, a life-threatening complication 
(Fig. 14.1). The most common localization is in 
the brain and can be detected by MRI; however, it 
might occur anywhere else [46–48] (Fig. 14.2). 
The other frequent sites of septic emboli are the 
same as encountered in IE and include the spleen 
and bone marrow. Boursier et al. demonstrated, 
in a cohort of 129 patients including 88 subjects 
with a definite diagnosis of IE, that diffuse high 
FDG uptake in the spleen and/or bone marrow 
(defined as superior to liver uptake) can be an 
indirect sign of IE [49].

Although FDG PET/CT has an added value to 
the modified Duke-Li criteria for the diagnosis of 

14 Cardiovascular Implantable Electronic Device Infection



188

a b c

e

g

d

f

Fig. 14.1 An 83-year-old male who underwent cardiac 
electronic device (CIED) implantation 5 years prior. The 
patient had native mitral endocarditis. EI diagnosis was 
based on the visualization of a vegetation on echocardiog-
raphy and positive E. faecalis blood cultures. 
18F-flurodeoxyglucose (FDG) positron emission tomog-
raphy/computed tomography (PET/CT) scan did not show 
significant uptake on the native mitral valve. However, it 
showed intense FDG uptake (yellow arrows) on distant 
sites along the PM lead, L2-L3 vertebrae, and the tibial 
fibular arterial trunk ((a) whole body FDG PET maximum 

intensity projection images). (b) Axial FDG PET. (c) 
Fused axial PET/CT chest images showed intense uptake 
along the PM lead. Extraction of the device confirmed the 
lead infection. (d) Axial FDG PET. (e) Fused axial PET/
CT spine images showed intense FDG uptake on L2-L3 
suspicious for spondylodiscitis that was confirmed on 
MRI—the patient was asymptomatic. (f) Axial FDG PET. 
(g) Fused axial PET/CT of the lower limbs showed focal 
uptake on the tibial fibular arterial trunk suggesting 
mycotic aneurysm

CIED infections [44, 50], it is important to point 
out the limitations of the technique. The main 
limitation is the lack of specificity of FDG uptake 
for infection as FDG also accumulates at sites of 
aseptic inflammation. This can lead to false-posi-
tive cases, especially in the immediate period 
after device implantation, or in patients with 

intense inflammatory reaction to foreign body. 
Another important factor to consider is the delay 
between antibiotics initiation and the scan: sensi-
tivity decreases with duration of the  antimicrobial 
therapy [44, 51]. FDG PET/CT should be per-
formed as early as possible when CIED infection 
is suspected.
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Fig. 14.2 A 75-year-old female with a prior history of 
CIED infection 2  years earlier. The patient underwent 
generator removal but only partial leads extraction. The 
patient had persistent episodes of fever and positive 
MRSA blood cultures. Echocardiography was inconclu-
sive. The FDG PET/CT scan showed no abnormal uptake 
on the remaining lead ((a) fused coronal PET/CT) but sig-

nificant intense focal uptake in the right lung (yellow 
arrows) (PET axial images (c and f)) corresponding to a 
lung parenchymal opacity on fused axial PET/CT images 
(b and e) and axial CT images (d and g). FDG PET/CT 
images of septic lung emboli helped to diagnose the CIED 
infection. The patient was treated with suppressive antibi-
otic therapy

 LVAD Infections

In their case series, systematic review, and meta- 
analysis, Tam et al. analyzed the diagnostic accu-
racy of FDG PET/CT in suspected LVAD 
infections [20]. Despite limited data, they reported 
a high sensitivity of 92% (95%CI: 82–97%) and a 
more variable specificity of 83% (95% CI: 
24–99%). The limitations that impair FDG PET/
CT specificity for the diagnostic of CIED infection 
also apply with LVAD.  Kim et  al. evaluated the 
impact of FDG PET/CT on patient management 
and outcome in LVAD infections [18]. FDG PET/

CT localized infection among 28 of the 35 patients 
analyzed. According to FDG PET/CT findings, 
patients were considered as noninfected, infected 
with peripheral infection limited to the exit wound 
site and/or driveline, or infected with central infec-
tion extending to components of the LVAD (can-
nula and/or pump pocket). During the follow-up, 
the majority of deaths occurred in patients with 
central versus peripheral infection groups, and 
none of the noninfected patients died. FDG PET/
CT should be performed in early stages of sus-
pected LVAD infection to obtain the best impact 
on the patient management (Fig. 14.3).
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Fig. 14.3 A 72-year-old male referred for suspected left 
ventricular assist device (LVAD) infection, 2 months after 
device implantation with fever and Klebsiella pneumonia- 
positive blood culture. The patient underwent FDG PET/
CT and WBC SPECT/CT 2 weeks later: (a) fused coronal 
PET/CT images and (d) FDG PET maximum intensity 
projection images showed multifocal device-related infec-
tion on all components, including a focal intense FDG 
uptake along the driveline (yellow arrows) corresponding 
to a percutaneous exit infection that was proven after sur-

gery. (b) Fused axial PET/CT and (c) axial FDG PET 
showed intense FDG uptake on the inflow cannula (red 
arrows) concordant with WBC SPECT/CT images (e) and 
(f) (yellow arrows) consistent with infection. FDG uptake 
along the LVAD pump (yellow arrows) was not associated 
with corresponding increased uptake on WBC SPECT/ 
CT images obtained 24 h after tracer injection. The device 
was not removed, and the patient was treated with sup-
pressive antibiotic therapy

 Comparison with WBC SPECT/CT

WBC SPECT/CT is the current benchmark radio-
nuclide technique for infection imaging in soft 
tissues [52]. Although there are limited data on 
the role of WBC SPECT/CT in CIED infection, 
the available results show excellent specificity 
and significant sensitivity [44, 53, 54].

FDG PET/CT has a higher sensitivity for the 
detection of CIED infection/CDRIE than WBC 
SPECT/CT because of its greater spatial resolu-
tion and contrast. Total-body FDG PET/CT also 
has the advantage of detecting distant infection 
sites and portal of entry. However, WBC SPECT/
CT has a higher specificity than FDG PET/CT. In 
their retrospective study, Calais et  al. evaluated 
48 consecutive patients with clinically suspected 
CIED infection who had both FDG PET/CT and 

WBC SPECT/CT, reporting a sensitivity of 100% 
for FDG PET/CT and a specificity of 100% for 
WBC SPECT/CT.  Prolonged antibiotherapy 
before imaging had the same consequence on 
both modalities by decreasing their sensitivity 
which emphasizes the importance of performing 
nuclear medicine imaging before or shortly after 
initiating treatment. In this study, more than half 
of patients that were initially considered with 
possible CIED infection based on the modified 
Duke-Li score at admission and were correctly 
reclassified as rejected or definite infection based 
on the results FDG PET/CT or WBC SPECT/CT 
scan. Hence, in the presence of a suspected CIED 
infection, FDG PET/CT should be performed as 
first-line nuclear imaging technique and can be 
followed by WBC SPECT/CT imaging in case of 
an inconclusive result (Fig. 14.4).
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Fig. 14.4 Concordant true-positive 18F-flurodeoxyglucose 
(FDG) positron emission tomography/computed tomogra-
phy (PET/CT) and radiolabeled white blood cell (WBC) 
single photon emission computed tomography/computed 
tomography (SPECT/CT) in a 63-year-old male who 
underwent cardiac electronic device (CIED) implantation 
4  months before FDG PET/CT images. The patient was 
referred for fever, non- conclusive echocardiography and 
negative blood cultures. As per the Duke-Li criteria, CIED 

infection was initially graded as possible. FDG PET/CT 
showed intense 18FDG uptake along the leads in the supe-
rior vena cava and right atrium suspicious of lead infection 
(yellow arrows). The extraction of the device confirmed the 
lead infection: (a) FDG PET fused coronal images; (b) 
fused axial PET/CT images; (c) axial PET images; (d) 
fused coronal WBC SPECT/CT images obtained 24 h after 
tracer injection; (e) fused axial WBC SPECT/CT images; 
(f) axial WBC SPECT images

 Perspectives

FDG PET/CT and WBC SPECT/CT are included 
as complementary tools in the Novel 2019 
International CIED Infection Criteria [2]. 
However, FDG PET/CT lacks specificity, and 
WBC SPECT/CT requires dedicated equipment, 
direct handling of blood products, is time con-
suming and has limited capacity for total body 
scanning. Ideally, the key strengths of both tech-
niques should be combined. The development of 
new radiopharmaceuticals and the technological 
advancements of detection systems may improve 
further the performances of nuclear imaging of 
infection.

 Conclusions

FDG PET/CT is a highly sensitive imaging tech-
nique now established in the management of 
patients with CIED and LVAD infections, particu-
larly in patients with suspected bloodstream infec-

tion and no specific signs of hardware involvement. 
Whole-body FDG PET/CT influences the thera-
peutic decisions and outcomes by improving the 
diagnosis performance of the Duke-Li score, by 
enabling assessment of the extracardiac compo-
nents of the device, and by identifying the portal of 
entry or septic emboli. FDG PET/CT’s lack of 
specificity may be overcome by associating WBC 
SPECT/CT as a second- line imaging technique 
when needed. FDG PET/CT and WBC SPECT/
CT should be performed in early stage of sus-
pected infection to avoid sensitivity loss following 
antibiotics initiation.
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15Vascular Graft Infection

Elite Arnon-Sheleg and Zohar Keidar

 Introduction

Vascular grafts or prostheses are used for the 
treatment of occlusive vascular disease, life- 
threatening aortic aneurysms, and aortic dis-
section. Autologous vascular grafts are made 
with the patient’s vessels (commonly the long 
saphenous vein). Biological grafts can also be 
created from human donor vessels (allografts) 
or bovine vessels (xenografts). Synthetic grafts 
can be made from polyethylene-terephthalate 
(commercially known as Dacron) or polytetra-
fluoroethylene (PTFE, commercially known as 
Gore-Tex). Grafts are divided into extracavitary 
grafts, located in the groin (80% of cases) and 
lower limbs or intracavitary grafts, located in the 
abdomen (70% of cases) and thorax [1]. Grafts 
may be implanted surgically or as endografts. 

Endografts are frequently used for intracavi-
tary locations. In the last two decades, thoracic 
endovascular aortic repair (TEVAR) has been 
gradually replacing open intervention with sur-
gical replacement of the aorta with a synthetic 
graft. Currently, TEVAR is accepted as the treat-
ment of choice for most cases of thoracic aortic 
disease that have anatomic feasibility [2]. Major 
complications related to vascular grafts include 
occlusion (due to thrombosis or intimal hyper-
plasia), distal emboli, periprosthetic seroma 
(fluid collection), pseudoaneurysm, structural 
degeneration, erosion into adjacent structures, 
and infection [3].

Vascular graft infections (VGI) are consid-
ered to be one of the most severe and life-threat-
ening complications of vascular graft insertion, 
are a major cause of morbidity and mortality, 
and are associated with a high economic cost. 
The treatment of an infected graft is based on its 
surgical removal, revascularization, and adjunc-
tive antimicrobial therapy. The removal of an 
infected graft is associated with a mortality rate 
of 18–30%, while leaving the infected graft “in 
situ” can lead to a mortality rate approaching 
100% despite prolonged antimicrobial treatment 
[4, 5]. Early diagnosis can lead to early treat-
ment and improve patient outcome, but the diag-
nosis of VGI is highly complex, as the clinical 
manifestations are nonspecific, and there is no 
“gold standard” diagnostic test.
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 Frequency, Pathogenesis, 
and Clinical Presentation

The incidence of VGI ranges between 0.5% and 
6% and differs according to the graft’s location. 
Intracavitary grafts are less likely to be infected, 
with infection occurring in up to 1% of abdomi-
nal aortic grafts and in 1.5–2% of aorto-femoral 
grafts. The incidence of infection in extracavitary 
grafts is higher and reaches 6% for grafts located 
in the groin [6].

The most common cause of graft infection is 
intraoperative bacterial contamination, followed 
by direct spread of infection from a contiguous site 
such as a surgical wound infection or erosion of a 
vascular graft into adjacent bowel wall. Bacteremia 
is an infrequent cause for VGI, with the highest 
risk for hematogenous infection during the early 
postoperative period (<2 months) [4]. The patho-
genesis of graft infection differs according to the 
graft’s location. Infection of extracavitary grafts 
usually occurs due to surgical wound infection or 
intraoperative contamination, while intracavitary 
graft infections occur due to mechanical erosion, 
bacteremia, or contiguous infection from an adja-
cent site such as spondylodiscitis [7].

The common microorganisms involved in VGI 
have changed over the years. Early published 
studies found Staphylococcus aureus as the most 
common causative pathogen. Later studies show a 
more diverse microbiological spectrum of infec-
tion, with coagulase-negative staphylococci found 
to be the most common causative microorganism. 
In addition, multidrug- resistant strains, polymi-
crobial and fungal infections are becoming more 
frequent. These changes can be explained by the 
use of prophylactic anti- staphylococcal antibiot-
ics, improvement in surgical techniques, the 
growing tendency to perform surgery on patients 
with multiple underlying comorbidities and the 
evolution of hospital flora [1, 4].

The graft material can potentially influence its 
susceptibility to infection. Autologous grafts are 

generally less susceptible to infection due to their 
microcirculation. Dacron grafts were found in in-
vitro studies to be more likely to harbor bacteria 
that can adhere to its surface and are therefore 
coated with collagen and antibiotics to prevent 
infections [1, 8]. In-vivo studies have not found 
actual differences in prevalence of VGI among 
the different graft materials [9].

The clinical manifestations of VGI are highly 
variable and change according to the graft loca-
tion, the causative microorganism, and the dura-
tion of time since surgery.

Early VGI occur within the first 4 months after 
surgery, involve virulent organisms introduced at 
the time of surgery (such as S. aureus), and are 
usually easier to diagnose since the signs and 
symptoms of infection and inflammation are 
more apparent. The patient may present with sys-
temic signs of infection as well as local signs of 
infection, including erythema and tenderness of 
the skin overlying the graft, sinus tract drainage, 
abscess, and limb ischemia. Late VGI occur after 
4 months, are usually indolent, and can present 
with no evidence of systemic sepsis [1]. Intra-
cavitary VGI may have no obvious physical find-
ings. Intra-abdominal VGI may present with 
abdominal pain and signs of sepsis. Aortic grafts 
can erode into the third or fourth portion of  
the duodenum, resulting in intermittent, polymi-
crobial bacteremia of fecal flora or occasionally 
gastrointestinal tract bleeding (Fig. 15.1). Intra-
thoracic VGI that involves the aortic root can 
present with signs and symptoms similar to those 
of infective endocarditis, including fever, chills, 
heart failure, and disruption of the anastomotic 
suture line of the aortic root, which can result in 
sudden massive hemorrhage. Septic emboli can 
occur in the central nervous system or peripher-
ally [4]. While all vascular graft infections are 
associated with high morbidity and mortality, 
those involving the thoracic aorta are the most 
catastrophic, with reported mortality rates rang-
ing from 25% to 75% [10] (Fig. 15.2).
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Fig. 15.1 Graft infection with suspected erosion of 
bowel wall. A 71-year-old man with an aorto-bi-femoral 
graft implanted 20  years ago sent for investigation of a 
new aneurism found at the proximal graft anastomosis. 
Transaxial CT (left), PET (middle), and fused PET/CT 

slice (right) show increased FDG uptake in the anterior 
part of a vascular graft in the abdominal aorta and poste-
rior part of the distal duodenum (arrows), suspicious for 
graft infection with an erosion to adjacent bowel

Fig. 15.2 Infected graft in the ascending aorta A 70-year- 
old man, 5  years after aortic valve and ascending aorta 
replacement presented with fever and S. aureus bactere-
mia. Transaxial CT (left), PET (middle), and fused PET/

CT slice (right) show increased FDG uptake in the cir-
cumference of a vascular graft in the ascending aorta, con-
sistent with graft infection

 Diagnosis of VGI

The gold standard for the diagnosis of VGI is a 
positive bacterial culture obtained from the 
infected graft. Appropriate specimens for bacte-
rial cultures include surgically explanted pros-
thetic materials, intra-operatively obtained tissue 
from the infected area, or at least three samples 
from a perigraft fluid collection. Fluid collections 
can be aspirated percutaneously directed by 
ultrasound or CT [9]. In 2016, the Management 
of Aortic Graft Infection (MAGIC) group of 
experts introduced criteria for the diagnosis of 
aortic graft infection, which included minor and 
major criteria divided into three categories: clini-
cal/surgical, radiology, and laboratory. According 
to the MAGIC criteria, VGI is suspected in a 
patient with any isolated major criterion or minor 
criteria from two of the three categories and is 
diagnosed in the presence of a single major crite-

rion along with any other criterion (major or 
minor) from another category (Table 15.1) [5].

Imaging is essential in diagnosing VGI and its 
accompanying complications, including discon-
tinuation of its structural integrity, perigraft gas 
or fluid collections, anastomotic leak, pseudoan-
eurysms, and graft-enteric erosion or fistula. 
Imaging also contributes to guiding perigraft 
fluid aspiration and to optimal surgical treatment 
planning [7]. The MAGIC classification includes 
major and minor radiological criteria. Major cri-
teria for the diagnosis of VGI are considered to 
be perigraft fluid more than 3 months after inser-
tion, perigraft gas more than 7 weeks after inser-
tion, and increase in perigraft gas volume in serial 
imaging tests. Minor radiological criteria include 
suspicious perigraft gas/fluid, aneurysm expan-
sion, pseudoaneurysm formation and signs of 
infection spreading to adjacent structures such as 
focal bowel wall thickening and discitis/osteo-
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Table 15.1 The magic criteria for the diagnosis of VGI [5]

Clinical/surgical Radiology Laboratory
Major 
criteria

–  Pus around graft
–  Open wound with exposed 

graft or communicating 
sinus

–  Fistula formation 
(aorto-enteric or 
aorto-bronchial)

–  Graft insertion in an 
infected site, mycotic 
aneurysm or 
pseudoaneurysm

–  Perigraft fluid on CT >3 months after 
insertion

–  Perigraft gas >7 weeks after insertion
–  Increase in perigraft gas volume on 

serial imaging

–  Organisms recovered 
from an explanted graft

–  Organisms recovered 
from an intra-operative 
specimen

–  Organisms recovered 
from a percutaneous 
aspirate of perigraft 
fluid

Minor 
criteria

–  Localized clinical features 
of VGI (erythema, warmth, 
purulent discharge)

–  Fever ≥38°C with VGI as 
the most likely cause

–  Suspicious perigraft gas/fluid/soft tissue; 
aneurysm expansion; pseudoaneurysm 
formation; focal bowel thickening; 
discitis/osteomyelitis

–  Suspicious metabolic activity on FDG 
PET/CT; uptake in radiolabeled WBC 
scan

–  Positive blood culture 
with no other apparent 
source

–  Abnormally elevated 
inflammatory markers

myelitis [5]. Imaging methods include radiologi-
cal and nuclear medicine modalities.

 Ultrasonography (US)

US is a noninvasive method with several advan-
tages including repeatability, availability, cost- 
effectiveness, and a high safety-profile, but is 
also operator-dependent and can be hampered by 
the patient’s body habitus. US is considered more 
useful in extra-cavitary graft assessment and can 
help in the evaluation of perigraft fluid collec-
tions, distinguish a fluid collection from a hema-
toma or pseudoaneurysm, and can be used for 
US-guided aspiration of a collection [7, 9].

 Computed Tomography Angiography 
(CTA)

CTA is considered as the first-choice imaging 
modality and was the reference imaging standard 
for diagnosis of VGI for many years, particularly 
for intra-cavitary grafts. CTA can demonstrate 
perigraft fluid, gas or inflammatory tissue, pseu-
doaneurysm, signs of inflammation or infection 
in adjacent structures and fistula formation. 
Although CTA’s diagnostic performance is better 
than that of US, its sensitivity and specificity are 

moderate [9]. Reinders-Folmer’s meta-analyses 
published in 2018 showed an overall pooled sen-
sitivity of 67% and specificity of 63% for detect-
ing VGI.  In addition, the authors demonstrated 
that isolated CTA usually does not provide 
enough information for establishing the diagno-
sis of VGI [11]. CTA has higher false-negative 
rates and a sensitivity of only 55.5% in low-grade 
or early VGI, as the findings are difficult to dif-
ferentiate from postoperative changes. It is more 
accurate, with a sensitivity and specificity of 
about 85–94%, in late VGI or infections accom-
panied by complications such as abscesses in 
adjacent structures or fistula. Radiological fol-
low- up with serial CTA can increase diagnostic 
accuracy by showing persistent or worsening 
findings. Like US, CT can be used for guided 
aspiration of perigraft fluid [7].

 Magnetic Resonance Angiography 
(MRA)

MRA has several advantages over CTA including 
the absence of radiation exposure, the use of non-
iodinated contrast material, and the possible 
application of advanced imaging techniques such 
as functional or dynamic imaging. However, this 
modality has a longer acquisition time, lower 
availability and tolerability, and higher costs. 
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Metallic stents can cause ferromagnetic artifacts 
and may in some cases be MR-incompatible. 
MRA can demonstrate small perigraft fluid col-
lections with a greater resolution than CT but, 
like CT, cannot distinguish a postoperational col-
lection from an infected collection. MRA is more 
accurate than CT in differentiating perigraft fluid 
from inflammation or fibrosis [7].

 Radiolabeled White Blood Cell (WBC) 
Scintigraphy

Labeled WBC scintigraphy is a gamma-camera- 
based nuclear medicine study that is considered 
the imaging modality of choice for the diagnosis 
of several infective diseases [12]. Leukocytes, 
specifically granulocytes, can be labeled with 
111In or 99mTc. The latter has been more com-
monly used in recent years due to preferable 
physical characteristics and less radiation expo-
sure to the patient. The labeled granulocytes 
migrate to the infection site and accumulate 
there over time [7]. The European Society of 
Nuclear Medicine (EANM) guidelines published 
in 2018 recommend several (at least dual) time 
point image acquisitions of the investigated 
regions, with times corrected for isotope decay. 
Early post injection images (30 min to 1 h) and 
delayed images (2–4 h) may be sufficient for the 
diagnosis of VGI, but the addition of late images 
(20–24 h) is strongly recommended in equivocal 
cases, low grade or chronic infections, and in 
follow-up studies. The use of single-photon 
emission computed tomography (SPECT/CT) 
increases the diagnostic accuracy and helps in 
evaluating the infection’s extent and location 
[11, 12]. Interpretation is derived by comparing 
the uptake intensity in the suspected site of 
infection between the early and late images. 
Infection is characterized by increased intensity 
of uptake over time, while in a sterile inflamma-
tion site the labeled WBC uptake will decrease 
or be stable over time. A study by Puges et al. 
published in 2019 found WBC scintigraphy as 
the most accurate method of diagnosing VGI, 
with sensitivity and specificity of 89.5% and 
90.9%, respectively, and a negative predictive 

value of 97.2% [13]. A meta-analysis published 
in 2018 comprising 14 studies supported this 
conclusion with WBC scintigraphy having the 
highest diagnostic performance in the diagnoses 
of VGI [11]. Despite the accuracy of this method, 
the recently published European Society for 
Vascular Surgery 2020 Clinical Practice 
Guidelines on the Management of Vascular Graft 
and Endograft Infections does not recommend 
labeled WBC scintigraphy as the first-choice 
nuclear medicine imaging method due to several 
limitations [9]. The WBC labeling procedure is a 
time- consuming process, requires highly trained 
personal, may expose the staff to infected blood 
products, and has prolonged acquisition times. 
The method’s accuracy is reduced in intracavi-
tary grafts as the tracer is eliminated via the 
intestinal tract and physiologically taken up in 
the bone marrow, leading to a difficult interpre-
tation of the aorta [9].

 FDG PET/CT in VGI

FDG PET/CT has emerged in the last decades as 
a useful imaging method for infectious and 
inflammatory diseases. 18F-FDG, a glucose ana-
log, accumulates in activated inflammatory cells, 
especially neutrophils and monocytes/macro-
phages, and in microorganisms such as bacteria 
or fungi [14]. PET with co-registered CT allows 
a precise localization of FDG uptake with higher 
quality images than gamma camera-produced 
images, and the total procedure time is consider-
ably shorter than labeled WBC scintigraphy 
(2–3 h vs. 20–24 h). FDG PET/CT can contribute 
to the early diagnosis of VGI, before clinical, bio-
logical, or radiological criteria are evident. In a 
study by Puges et  al., three patients who were 
negative for VGI according to clinical criteria 
were correctly diagnosed with infection using 
FDG PET/CT [13]. Like labeled WBC scintigra-
phy, FDG PET/CT has the ability to demonstrate 
additional foci of infection other than the infected 
graft, and aid in the assessment of the extent of 
disease [13]. Several studies that aimed to inves-
tigate the role of FDG PET/CT in the diagnosis 
of VGI have been published since 2005, with evi-
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dence supporting its accuracy. Earlier studies 
conducted with FDG PET (without CT) showed 
high sensitivity but lower specificity. The addi-
tion of a co-registered CT leads to an increase in 
diagnostic accuracy, especially the specificity 
[11, 15]. This can be explained by the additional 
information provided by the CT images which 
aids in accurate localization of the FDG uptake 
and distinguishing between VGI and infection in 
a perigraft collection, and provides information 
on the morphological appearance of the graft’s 
boundaries (Fig.  15.3). Recent meta-analyses 
showed that FDG PET/CT had pooled sensitivity 
and specificity ranging between 94–96% and 
74–80%, respectively, in the diagnosis of VGI 
[11, 16, 17].

Scarce information is available concerning the 
accuracy and performance of FDG PET/CT in 
intra-thoracic VGI, but several studies have 
shown this to be an accurate and effective method 
which can be used to clarify the precise extent 
and location of an infected graft and guide further 

therapy [18–20]. A study by Guether et al. pub-
lished in 2015 included 26 patients after cardiac 
and proximal aortic surgery (including aortic 
valve replacement, aortic root reconstruction or 
replacement, and ascending aortic and arch 
replacement) who underwent FDG PET/CT 
imaging for suspected graft infection. 
Conventional CT was positive for infection in 13 
cases (50%) compared to 22 cases (85%) on 
PET/CT. In almost 30% of the cases, FDG PET/
CT provided substantial additional diagnostic 
information in comparison with CT alone. 
Maximum sensitivity (89%) and specificity 
(100%) in prediction of infection was found 
when using a cutoff for maximum standardized 
uptake value (SUVmax) of 7.25 (see further expla-
nation in “interpretation criteria/methods”) [18]. 
A study by Dong et al. published in 2019 included 
16 infected and eight uninfected thoracic aorta 
grafts. Using a visual grade score, sensitivity, 
specificity, and accuracy of 94%, 50%, and 79%, 
respectively, were found (P < 0.05). Focal FDG 

Fig. 15.3 Infected graft in the ascending aorta accompa-
nied by a collection. A 48-year-old man with a history of 
rheumatic heart disease, 25 years after aortic valve, and 
ascending aorta replacement with a homograft (biologic 
prosthesis). Hospitalized with fever and bacteremia. CT, 
PET, and fused PET/CT slices show increased uptake in 

the circumference of a fluid collection surrounding the 
graft in the ascending aorta (arrows), consistent with 
infected graft. Increased uptake is also seen in a hypodense 
lesion in the spleen, consistent with an infected embolus 
(arrowhead)
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uptake was noted in 25% of the uninfected and 
81% of the infected grafts (P  <  0.05). Delayed 
imaging did not differentiate between infected 
and uninfected grafts but improved the PET 
image quality [19]. A recent study published in 
2020 by Lucinian et al. included 39 subjects fol-
lowing aortic root replacement surgery, 14 with 
confirmed infection, and 25 without infection 
according to gold standard criteria. FDG PET/CT 
studies performed after a myocardial suppression 
protocol (24  h high-fat, low-carbohydrate diet, 
12 h fasting, and intravenous heparin) were retro-
spectively reviewed. Homogeneous uptake pat-
terns were observed more frequently in 
noninfected subjects compared with infected 
subjects (p = 0.0001). The presence of heteroge-
neous uptake (focal or soft tissue extension) at 
the prosthetic valve, aortic root, or ascending 
aorta was observed more frequently in infected 
subjects (85.7% vs. 20.0%; p = 0.0001) and was 
a significant predictor of infection (odds ratio: 
24.0; 95% confidence interval: 4.0–143.6; 
p  =  0.0005). Tissue-to-background ratio (TBR) 
was significantly higher in infected subjects com-
pared with noninfected subjects. Furthermore, 
the presence of heterogeneous uptake combined 
with a TBR >2.0 was observed more frequently 
in the infected group than in the noninfected 
group (85.7% vs. 12.0%; p < 0.0001) [20].

 PET/CT Acquisition Protocol

The EANM/SNMMI Guideline for FDG Use in 
Inflammation and Infection details the recom-
mended acquisition parameters for performing a 
PET/CT study [21]. Other than the usual 4 h fast, 
no specific patient preparation is needed before 
the scan is performed. Suppression of the physi-
ological FDG uptake in the myocardium with a 
lipid-rich diet or other means is not necessary 
unless aortic grafts involving the aortic root/valve 
are being investigated. A low-dose CT can be 
performed for attenuation correction and ana-
tomic localization, but in our experience a diag-
nostic CT with injection of iodinated contrast 
material (unless contraindicated) is preferable for 
localization and interpretation of the findings.

 Interpretation Criteria/Methods

Several interpretation criteria for FDG PET/CT 
in the investigation of VGI have been proposed, 
including visual assessment of the pattern of 
uptake (homogenous vs. focal/heterogeneous), 
tissue-to-background ratio (TBR), calculated 
maximum standardized uptake value (SUVmax), 
and a visual grading scale (VGS) using a 5-point 
scale comparing uptake-to-background tissue 
and urine [7]. The 5-point VGS is graded as fol-
lows: grade 0, FDG uptake similar to that in the 
background; grade I, low FDG uptake, compa-
rable with inactive muscles and fat; grade II, 
moderate FDG uptake, clearly visible, and 
higher than uptake by inactive muscles and fat; 
grade III, strong FDG uptake, but distinctly less 
than the physiologic urine bladder activity; and 
grade IV, very strong FDG uptake, comparable 
with the physiologic urinary activity of the blad-
der [22] (Fig. 15.4). Currently, there is no con-
sensus regarding the SUVmax threshold for 
diagnosis of VGI with values ranging from 3.5 to 
8.0  in the different studies employing this 
method [15].

A meta-analysis by Rojoa et al. published in 
2019 comprising 12 studies with 433 grafts (202 
proven as infected) found a pooled sensitivity 
and specificity of 89% and 61%, respectively, for 
the VGS method, 93% and 78% for a focal pat-
tern of uptake, 98% and 80% for SUVmax, and 
57% and 76% for TBR.  Dual time point PET 
imaging (DTPI) was also investigated but only by 
a single study included in the meta-analysis that 
found a sensitivity and specificity of 100% and 
88%, respectively [15]. A meta-analysis pub-
lished in 2020 by Reinders-Folmer et  al. com-
prising 13 studies found a pooled sensitivity and 
specificity of 90% and 59%, respectively, for 
FDG uptake intensity (assessed with a VGS), 
94% and 81% for uptake pattern (focal vs. homo-
geneous), and 95% and 77% for using SUVmax 
measurements [23]. All of the methods showed a 
pooled sensitivity of 90% or higher but demon-
strated variable specificities. The uptake pattern 
interpretation method demonstrated the best 
diagnostic accuracy and the authors suggested it 
should be implemented as an interpretation crite-
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Fig. 15.4 Infection in the distal part of a femoral- 
popliteal graft. A 75-year-old man with kidney transplant 
and a femoral-popliteal synthetic bypass implanted 
2 years ago. Presented with new onset of pain and swell-
ing in the distal thigh. Sagittal CT, PET, and fused PET/
CT slice (upper row) and MIP image (upper row right) 
and transaxial CT and PET (lower row) show increased 

uptake in the distal part of the vascular graft (white arrow 
and black arrowhead). According to the visual grading 
scale (VGS) analysis method, the uptake is graded as level 
IV (stronger than the uptake in the bladder) and is consis-
tent with graft infection. No uptake is seen in the proximal 
part of the graft (black arrow)

rion in future guidelines on FDG PET/CT assess-
ment of VGI [23].

Another tool suggested by Saleem et  al. for 
quantifying the distribution of FDG in the evalua-
tion of vascular graft is termed textural features 
analysis. This method is based on assessing the 
spatial arrangement of voxels in a predefined vol-
ume of interest. Spatial heterogeneity is indicative 

of VGI.  Using this method, the authors found a 
sensitivity of 80% and a specificity of 100% [24]. 
A recent study by Einspieler et  al. including 50 
suspected aortic VGI demonstrated a diagnostic 
accuracy of 90% utilizing SUVmax as a quantitative 
measure and a modified 5-point VGS as qualitative 
measure (taking into account both 18F-FDG uptake 
pattern around the graft and the 18F-FDG uptake in 
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the liver as reference). The authors suggested that 
a multiparametric assessment could overcome the 
limitations of single-mode evaluation [25]. Further 
prospective, multicenter studies are necessary for 
the validation of these methods.

 Limitations and Pitfalls

There are several causes for false-negative and 
false-positive results of FDG PET/CT in the 
investigation of suspected VGI. Increased FDG 
uptake can be seen in inflammatory changes 
around the vascular graft during the immediate 
postoperative period. FDG uptake reaches its 
peak in the first few weeks after surgery and 
tends to return to normal values after 4 weeks. 
Performing the study soon after surgery may 
result in a false-positive result [15]. FDG uptake 
in an infection localized in the vicinity of a vas-
cular graft, such as an infected hematoma or 
lymphocele, may also cause false-positive 
results [26, 27]. A pattern of linear low-grade 
FDG uptake can be seen in both native and syn-
thetic grafts. A study by Keidar et  al. demon-
strated diffuse FDG uptake in most of the 
noninfected grafts included in their study (92%). 
The uptake pattern differed according to the 
graft material. Dacron grafts were characterized 
by inhomogeneous uptake and Gore-Tex grafts 
by diffuse homogeneous patterns of uptake. 
Native vein grafts showed a significant decrease 
in uptake over time, whereas synthetic grafts 
showed no change in intensity in a follow-up of 
up to 16  years [28]. This phenomenon can be 
explained by a chronic aseptic inflammatory 
reaction to the foreign material in the synthetic 
grafts, mediated by macrophages, fibroblasts, 
and foreign body giant cells [29]. False-positive 
results can also result from an inhomogeneous/
patchy FDG uptake pattern observed in cases 
where surgical adhesives (such as Bioglue) were 
applied during the graft placement. In a study by 
Bowles et al. of 49 patients with suspected VGI, 
seven false- positive cases were found, five of 
them showing a patchy FDG uptake pattern. In 
all these cases, adhesives had been applied dur-
ing surgery [30]. Similar results were found in a 

study by Spacek et al. and in two cases reported 
by Schouten [31, 32].

A possible cause of false-negative results is 
the prolonged use of antibiotics. This may be 
explained by reduced chemotaxis of leukocytes 
to the infection site and lower metabolic activity 
of both inflammatory cells and microorganisms 
in the treated or partially treated infection site [7, 
15]. In a meta-analysis by Rojoa et al., this was 
found as the prevalent reason for false-negative 
cases. However, in another study by Kagna et al. 
investigating the diagnostic performance of FDG 
PET/CT in infective processes during ongoing 
antibiotic treatment, no false-negative cases were 
detected in the group of patients receiving anti-
microbial treatment, thus demonstrating that the 
accuracy of this modality is not influenced by 
antibiotic administration [33]. Einspieler et  al. 
also found that antibiotic treatment did not have a 
substantial impact on the sensitivity of FDG 
PET/CT in their study of 50 suspected aortic VGI 
[25]. Hyperglycemia and uncontrolled diabetes 
may potentially cause false-negative results due 
to their influence on the distribution of 
FDG. However, a study by Rabkin et al. found no 
significant impact of either diabetes or hypergly-
cemia on false- negative rates in FDG PET/CT of 
patients with suspected infection or inflammation 
[34]. This is in contrast with oncological applica-
tions which were found to be significantly 
affected by elevated blood glucose levels at the 
time of FDG administration. The EANM/
SNMMI Guideline for FDG use in inflammation 
and infection recommends that efforts be made to 
decrease blood glucose to the lowest possible 
level but hyperglycemia should not represent an 
absolute contraindication for performing FDG 
PET/CT in the investigation of infectious etiolo-
gies [21].

 Monitoring Therapy

Very little data are available on the performance 
of FDG PET/CT in monitoring response to anti-
biotic therapy in VGI. A study by Husmann et al. 
including 25 patients with proved VGI showed 
that C-reactive protein levels correlated with 
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SUV during follow-up. They also found that the 
results of FDG PET/CT scans had an impact on 
the management of all patients with an increase 
or decrease in SUV measurements in areas of 
focal uptake found at diagnosis. The authors con-
cluded that FDG PET/CT has the potential to dif-
ferentiate between responders and nonresponders. 
Further investigations are necessary for under-
standing the role of FDG PET/CT in this indica-
tion [35].

 Conclusion

Graft infection, is associated with significant 
morbidity and mortality. Prompt and accurate 
diagnosis of the prosthesis involvement by an 
infectious process is mandatory. PET/CT using 
FDG is a useful tool for the noninvasive diagno-
sis of vascular graft infection with high diagnos-
tic accuracy. A negative PET/CT can rule out 
infection, but a positive result should be inter-
preted with caution to avoid possible pitfalls and 
false positive results. Well-controlled studies 
including large numbers of patients need to fur-
ther confirm and validate the role of PET/CT in 
the management of patients with the challenging 
clinical dilemma of vascular graft infections.
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16Left Ventricular Assist Device 
Infection

Chaitanya Madamanchi, Sami El-Dalati, 
Marty Tam, Venkatesh L. Murthy, 
and Richard L. Weinberg

Left ventricular assist devices (LVADs) improve 
survival and quality of life for end-stage heart 
failure patients [1]. Unfortunately, infection is a 
critical and common complication in patients 
with LVADs [2]. Diagnosis of LVAD infection in 
a timely fashion enables the selection and prompt 
initiation of therapy. However, because of the 
multiple internal and external components of 
LVADs, diagnosis and characterization of the 
extent of infection is particularly challenging. 
Furthermore, many patients may have other car-
diac and extracardiac prosthetic devices. In addi-
tion to a comprehensive evaluation including 
history and physical, cultures, and biomarkers, 
imaging tests have an important role in the diag-
nosis of LVAD infections. In particular, FDG- 
PET/CT has emerged as a powerful imaging 
technique with high sensitivity and clinical value 

for diagnosing LVAD infections when added to a 
thorough clinical evaluation [3]. This chapter will 
review the epidemiology, and pathophysiology of 
LVAD infections, present diagnostic strategies, 
and offer a case-based discussion illustrating the 
utility of FDG-PET/CT in diagnosing LVAD 
infections.

 Epidemiology

Over six million adults in the United States suffer 
from heart failure [4]. Individuals with end-stage 
heart failure may be considered for advanced life-
prolonging therapies such as durable left ventricu-
lar assist devices (LVADs). Based on data from a 
national registry of patients who have undergone 
VAD placement (INTERMACS) [5], use of LVAD 
therapy is increasing, with more than 3000 patients 
undergoing implantation in 2019. Although 
improved survival and quality of life is well estab-
lished [1, 6], adverse events related to LVAD 
devices remain common, with major bleeding 
and infection being among the most frequent [7]. 
LVAD-specific infections are categorized based on 
the time since implantation: early (≤90 days, 0.159 
events per patient-year) and late (>90 days, 0.165 
events per patient- year). Infections occur most 
commonly at the driveline site but can also involve 
the pump, pump pocket, inflow cannula, and out-
flow  cannula [8]. LVAD infections have also been 
associated with substantial mortality [9, 10].
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Risk factors for LVAD-related infections iden-
tified for contemporary continuous flow devices 
include patient-related risk factors such as obe-
sity [11–13] and younger age [14, 15]. Additional 
risk factors include prolonged critical illness 
post-LVAD implant (mechanical ventilation 
days, intensive care unit days) [14], total duration 
of LVAD support [11, 14, 16, 17], device revi-
sions for bleeding [14], and trauma at the drive-
line exit site [16]. Standardized driveline care to 
ensure a sterile exit site and reduced site trauma 
has been associated with the reduction of infec-
tions [18, 19]. Specific surgical techniques such 
as double tunneling of the driveline [20–22] and 
internalizing the entire velour-covered portion of 
the driveline [23, 24] have been associated with 
lower rates of infection.

 Pathophysiology

Ventricular assist device (VAD) infection is 
broadly defined by the International Society for 
Heart and Lung Transplantation (ISHLT) as “any 
infection that occurs in the presence of a ventric-
ular assist device” [25]. In 2011 the ISHLT pub-
lished more detailed classifications of LVAD 
infections which were divided into three catego-
ries: VAD-specific infections, VAD-related infec-
tions, and non-VAD infections. VAD-specific 
infections are those unique to patients with 
VADs, are related to the presence of device hard-
ware, and do not occur in patients without VADs. 
VAD-specific infections can be further subclassi-
fied into three categories: percutaneous driveline 
infections, pocket infections, and pump and/or 
cannula infections. VAD-related infections 
include infections that can also occur in patients 
who do not have VADs but may have unique con-
siderations for patients with VADs (e.g., blood-

stream infection). Finally, non-VAD infections 
are infections that are not affected by the pres-
ence of the VAD and are unlikely to be related to 
the device [8]. This chapter will focus on VAD- 
specific and VAD-related infections.

 VAD-Specific Infection: Percutaneous 
Driveline Infections

Left ventricular assist devices (LVADs) connect 
to an external power source through a subcutane-
ously tunneled cable known as a driveline, which 
typically exits the skin overlying the abdomen. 
The exit site is covered by a sterile dressing that 
is changed regularly by the patient [25]. 
Consequently, the driveline has direct exposure 
to the external environment and can serve as a 
nidus for infection. Owing to their external expo-
sure, driveline infections are the most common 
VAD-specific infections, accounting for nearly 
half of all VAD infections. About 12–35% of 
VAD patients experience driveline infections, 
with the risk of infection increasing as the dura-
tion of device support lengthens [8, 17, 25, 26]. 
Driveline infections are further subcategorized 
by the ISHLT into superficial and deep infections 
and are rated as proven, probable, and possible. 
Proven superficial driveline infections are defined 
by purulent discharge from the incision site with 
associated erythema or warmth, positive aseptic 
skin culture, and surgical or histological involve-
ment of tissues superficial to the fascia and mus-
cle layers of the incision [8]. In contrast, proven 
deep driveline infections also involve the deep 
soft tissue and/or the presence of an abscess. 
Probable and possible driveline infections are 
characterized only by clinical and microbiologic 
findings in the absence of surgical debridement 
[8, 27] (see Tables 16.1, 16.2, 16.3, and 16.4).
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Table 16.1 Definition of terms used for the diagnosis of 
ventricular assist device-specific pump and/or cannula 
infectionsa [8]

Major clinical criteria
   •   If the VAD is not removed, then an 

indistinguishable organism (genus, species, and 
antimicrobial susceptibility pattern) recovered 
from 2 or more peripheral blood cultures taken 
>12 h apart with no other focus of infection or

All of 3 or a majority of ≥4 separate positive blood 
cultures (with the first and last sample drawn at least 
1 h apart) with no other focus of infection
   •   When 2 or more positive blood cultures are taken 

from the CVC and peripherally at the same time, 
and defined by criteria in Table 16.3 as either 
BSI-VAD-related or presumed VAD-related

   •   Echocardiogram positive for VAD-related IE 
(TEE recommended for patients with prosthetic 
valves, rated at least “possible IE” by clinical 
criteria, or complicated IE [paravalvular abscess] 
and in any patient in whom VAD-related infection 
is suspected and TTE is nondiagnostic; TTE as 
first test in other patients) defined as follows: 
intracardiac mass suspected to be vegetation 
adjacent to or in the outflow cannula, or in an area 
of turbulent flow such as regurgitant jets, or 
consistent with a vegetation on implanted 
material, or abscess, or new partial dehiscence of 
outflow cannula

Minor clinical criteria
   •  Fever ≥38 °C
   •   Vascular phenomena, major arterial emboli, septic 

pulmonary infarcts, mycotic aneurysm, 
intracerebral or visceral, conjunctival hemorrhage, 
and Janeway’s lesions

   •   Immunologic phenomena: glomerulonephritis, 
Osler’s nodes, Roth spot

   •   Microbiologic evidence: positive blood culture 
that does not meet criteria as noted above 
(excluding single-positive culture for coagulase- 
negative staphylococci excluding Staphylococcus 
lugdunensis)

CVC central venous cannula, BSI blood stream infection, 
IE infective endocarditis, TEE transesophageal echocar-
diogram, TTE transthoracic echocardiogram, VAD ven-
tricular assist device
aAdapted from the Modified Duke’s Criteria [28]. 
Reprinted from The Journal of Heart and Lung 
Transplantation, Vol 30/Number 4, Hannan MM, Husain 
S, Mattner F, Danziger-Isakov L, Drew RJ, Corey GR, 
et al. Working formulation for the standardization of defi-
nitions of infections in patients using ventricular assist 
devices. Page 379. Copyright (2011) [8]

Table 16.2 Definitions of ventricular assist device- 
specific pump infections and/or cannula infection [8]

Proven
   •   Microbiology. Isolation of indistinguishable 

organism (genus, species, antimicrobial 
susceptibility pattern) at explantation or 
intra-operatively from

    –  ≥2 positive internal aspect culture samples 
from pump and/or cannula or

    –  1 positive peripheral blood culture and 1 
positive culture from VAD internal aspect 
aspirate or endovascular brushings (internal 
aspect refers to the inner lumen of the 
cannula) or

    –  In the case of coagulase-negative 
staphylococci excluding Staphylococcus 
lugdunensis; 2 or more positive sets of 
peripheral blood cultures and a positive 
internal aspect culture of pump and/or 
cannula

   •   Histologic features of infection from heart tissue 
samples from around the VAD pump and/or 
cannula at explantation or intra-operatively

   •  Clinical criteria (see Table 16.1)
   •  2 major criteria
Probable
   •  1 major criterion and 3 minor criteria or
   •  4 minor criteria
Possible
   •  1 major and 1 minor or
   •  3 minor
Rejected
   •   Firm alternative diagnosis explaining the clinical 

findings
   •   Resolution of evidence of pump and/or cannula 

infection with antibiotic therapy for ≤4 days or
   •   No pathologic evidence of pump and/or cannula 

infection at surgery or autopsy with antibiotic 
therapy for ≤4 days or

   •   Does not meet criteria for possible pump and/or 
cannula infection

Reprinted from The Journal of Heart and Lung 
Transplantation, Vol 30/Number 4, Hannan MM, Husain 
S, Mattner F, Danziger-Isakov L, Drew RJ, Corey GR, 
et al. Working formulation for the standardization of defi-
nitions of infections in patients using ventricular assist 
devices. Page 379. Copyright (2011) [8]
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 VAD-Specific Infection: Pump Pocket 
and Cannula Infections

The ISHLT has previously defined the LVAD 
pocket as the space that holds the pump inside the 
patient’s body [8]. First-generation LVAD mod-
els utilizing pulsatile flow pumps required forma-
tion of this pocket, typically created within the 
abdominal wall or near the pericardium and dia-
phragm. Second-generation LVADs simplified 
the pump components which allowed for place-
ment of the pump within cavities such as the peri-
cardium or left ventricle. Third-generation 
devices utilize more compact centrifugal pumps 
which obviate the need for a pocket, thereby 
decreasing the amount of implanted prosthetic 
material susceptible to infection. Both the pump 
and pump pockets (in first- and second- generation 
LVADs) may become infected in 2–10% of 
patients [25, 26, 29, 30]. Infections within 
30 days of device implantation are more likely to 

Table 16.3 Definition of terms used for the diagnosis of 
ventricular assist device-specific pocket infection [8]

Major clinical criteria
   •   Microbiologic: aspirated fluid culture positive or 

fluid/pus diagnostic of infectiona

   •   Radiologic: New fluid collection by radiologic 
criteria-CT/US/Indium (enhancement or gas or 
sinus tract or leukocyte migration)

Minor clinical criteria
   •  Fever ≥38 °C with no other recognized cause
   •  New local erythema over the pocket site
   •  Local pain and tenderness
   •  Induration or swelling
   •   Radiologic evidence: lymphangitis seen 

radiologically or
   •   New fluid collection without major criteria (above) 

and without diagnostic culture but not explained 
by other clinical conditions such as failure/
anasarca/seroma

Reprinted from The Journal of Heart and Lung 
Transplantation, Vol 30/Number 4, Hannan MM, Husain 
S, Mattner F, Danziger-Isakov L, Drew RJ, Corey GR, 
et al. Working formulation for the standardization of defi-
nitions of infections in patients using ventricular assist 
devices. Page 380. Copyright (2011) [8]
a Image-guided aspiration

Table 16.4 Definitions of ventricular assist device-specific percutaneous driveline infection [8]

Surgical/histology Microbiology Clinical
General wound 
appearance

A. Superficial VAD-specific percutaneous driveline infection
Proven = Surgical/
histology criteria ± 
other criteria

•  Involvement of tissues 
superficial to the 
fascia and muscle 
layers of the incision 
documented

•  Aseptic skin 
culture positive or 
not cultured

•  Local increase in 
temperature 
around the exit 
site

•  Purulent 
discharge from 
the incision but 
not involving 
fascia or muscle 
layers or

•  Erythema 
spreading 
around the exit 
sitea

Probable = No surgical/
histology criteria with 
purulent discharge ± 
other criteria

•  Surgical debridement 
not performed

•  No histology

•  Aseptic skin 
culture positive or 
negative but 
patient already on 
antibiotic or had 
antiseptic used to 
clean wound

•  Local increase in 
temperature 
around the exit 
site and

•  Treated as 
superficial 
infection with 
clinical response

•  Purulent 
discharge from 
the incision but 
not involving 
fascia or muscle 
layers or

•  Erythema 
spreading 
around the exit 
sitea
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Surgical/histology Microbiology Clinical
General wound 
appearance

Possible = No surgical/
histology or purulent 
discharge ± other 
criteria

•  Surgical debridement 
not performed

•  No histology

•  Aseptic skin 
culture positive or 
negative and 
patient not on 
antibiotics or had 
antiseptic used to 
clean the wound

•  Local increase in 
temperature 
around the exit 
site and.

•  Treated as 
superficial 
infection with 
clinical response

•  No discharge
•  Erythema 

spreading 
around the exit 
sitea

B. Deep VAD-specific percutaneous driveline infection
Proven = Surgical/
histology criteria ± 
other criteria

•  Involves deep soft 
tissue (e.g., fascial and 
muscle layers) on 
direct examination or 
on direct examination 
during reoperation

•  An abscess is found 
on direct examination 
during reoperation

•  Culture positive or 
histology puncture 
positive for 
infection

•  Temperature 
>38 °C

•  Localized pain or 
tenderness

•  A deep incision 
spontaneous 
dehiscence

•  Abscess deep to 
the incision 
around the 
driveline

Probable = No surgical/
histology criteria with 
spontaneous dehiscence 
± other criteria

•  No surgical 
debridement

•  No histology

•  Culture negative 
but patients 
already on 
antibiotics or had 
antiseptic used on 
exit site

•  Temperature 
>38 °C or

•  Localized pain or 
tenderness and

•  Treated as a deep 
infection

•  An incision 
spontaneous 
dehiscence

Possible = No surgical/
histology criteria with 
positive ultrasound ± 
other clinical criteria

•  No surgical 
debridement

•  No histology

•  Cultures not 
reserved

•  Localized pain or 
tenderness and

•  Treated as a deep 
infection with 
clinical response

•  Positive 
ultrasound

VAD ventricular assist device
aErythema excluding stitch abscess (minimal inflammation and discharge confined to the points of suture penetration). 
Reprinted from The Journal of Heart and Lung Transplantation, Vol 30/Number 4, Hannan MM, Husain S, Mattner F, 
Danziger-Isakov L, Drew RJ, Corey GR, et al. Working formulation for the standardization of definitions of infections 
in patients using ventricular assist devices. Page 381. Copyright (2011) [8]

Table 16.4 (continued)

be secondary to direct inoculation at the time of 
surgery, whereas infections acquired >30  days 
postoperatively are typically secondary to exten-
sion from a driveline infection [26].

In addition to infection of the pump and/or 
pocket, the inflow cannula connecting the left 
ventricle to the VAD pump and the outflow can-
nula connecting the pump to the aorta may also 
become infected. This relatively uncommon com-
plication occurs in <1% of LVAD patients but is 
associated with significant morbidity and mortal-

ity. Analogous to driveline infections, pump, 
pump pocket, and cannula infections are subcate-
gorized into proven, probable, and possible. 
Proven infection relies on isolation of organisms 
intra-operatively directly from the pump, the 
pocket, or the cannula or by identifying an abscess 
on imaging. Probable and possible pump, pocket, 
and cannula infections are diagnosed using major 
and minor clinical criteria that were adapted by 
the IHSLT from the Modified Duke Criteria [8, 
28] (see Tables 16.1, 16.2, 16.3, and 16.4).

16 Left Ventricular Assist Device Infection



212

 VAD-Related Infections

VAD-related infections include infective endo-
carditis (in ~1% of patients), blood-stream infec-
tion, mediastinitis, and sternal wound infections 
(in ~2% of patients) [8, 25, 31]. All cases of 
endocarditis are considered VAD-related per the 
ISHLT definitions. Bloodstream infections are 
presumed VAD-related unless a clear alternative 
source of infection can be identified. Similarly, 
mediastinitis and sternal wound infections are 
also considered VAD-related unless they are 
definitively proven to have another cause.

 Microbiology

Skin flora, primarily Gram-positive cocci, are the 
most common microorganisms identified in all 
types of VAD-specific and VAD-related infection 
[25, 26]. Staphylococcus aureus, both methicillin- 
susceptible and methicillin-resistant, and 
coagulase- negative Staphylococci species are 
isolated in 17–75% of driveline infections and 
25–75% of pump pocket infections [25, 26, 32]. 
Additionally, enterococcus species are isolated in 
5–29% of VAD-specific infections, followed by 
Gram-negative rods including Pseudomonas 
aeruginosa, Escherichia coli, and Klebsiella spe-
cies which comprise 7–43% of VAD-specific 
infections. Fungal pathogens, most notably 
Candida species, while less common than bacte-
rial organisms, account for 2–8% of VAD-specific 
infections [25, 26]. Notably, the incidence of 
LVAD infections has decreased in second- and 
third-generation LVADs [33–35].

 Treatment

A detailed review of the treatment of VAD- 
specific and VAD-related infections is beyond the 
scope of this chapter. However, there are certain 
general considerations that are important in this 
patient population. By definition, VAD-specific 
infections involve the device hardware, and the 

most common etiologic pathogens produce bio-
films which make their eradication from pros-
thetic material challenging. Given the potential 
for ascending driveline infection resulting in the 
highly morbid contamination of the pump or can-
nula, most VAD-specific infections as well as 
VAD-related endocarditis or recurrent VAD- 
related bloodstream infections caused by the 
same organism will require some duration of 
intravenous antibiotic treatment in conjunction 
with either definitive surgical debridement or 
device explantation followed by long-term oral 
antibiotic suppression until transplant. The nota-
ble exception to this approach is superficial drive-
line infections caused by non-Staphylococcus, 
non-Pseudomonas, and non-fungal species for 
which a shorter 2-week course of therapy without 
long-term antibiotic suppression can be consid-
ered [25–27].

 Diagnostic Strategies

Drawing from endocarditis literature, major and 
minor criteria have been proposed to help deter-
mine the likelihood of LVAD infection (see 
Tables 16.1 and 16.3). Using these clinical, path-
ological, and imaging criteria, suspected cases 
can be classified as either proven, probable, pos-
sible, or unlikely for LVAD infection (see Tables 
16.2 and 16.4) [36]. Proven infection requires 
definitive microbiology, or histologic confirma-
tion at explants, or two major clinical criteria [36, 
37]. Infection is considered probable in the set-
ting of one major and three minor criteria, or four 
minor criteria [36, 37]. Possible infection requires 
one major and one minor criteria, or three minor 
criteria [36, 37]. Infection is considered unlikely 
in the presence of an alternative diagnosis or res-
olution after less than or equal to 4 days of antibi-
otics, or no pathologic evidence at surgery after 
less than or equal to 4 days of antibiotics, or neg-
ative cultures from fluid during surgery or aspira-
tion, or not meeting the criteria above [36, 37].

LVAD infections are difficult to diagnose as 
there are multiple external and internal compo-
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nents of the LVAD which can become infected. In 
addition, many of these patients have other pros-
thetic devices, including pacemakers, defibrilla-
tors, and valve replacements. These other devices 
can also become infected and should be evalu-
ated in LVAD patients in whom infection is 
suspected.

Evaluation of all patients who are suspected of 
having an LVAD infection should include the fol-
lowing: white blood cell count, C-reactive pro-
tein, erythrocyte sedimentation rate, sterile 
aspirate for Gram stain, KOH preparation, rou-
tine bacterial and fungal culture of driveline at 
exit site if pus is present, echocardiogram includ-
ing TEE if TTE is without findings consistent 
with infection, at least three sets of blood cultures 
drawn at different times over 24 h (two sets from 
peripheral sites), and chest radiograph [8].

Echocardiography is the first-line screening 
imaging modality for cardiac prosthetic device 
infections as it is readily available, provides both 
functional and anatomic information, does not 
require radiation, and can detect valvular vegeta-
tions and other sequelae of infection including 
paravalvular abscesses [38]. Transthoracic echo-
cardiography (TTE) should be pursued first as it 
is noninvasive, and if it reveals findings consis-
tent with endocarditis, then in some instances can 
obviate the need for further imaging. However, 
TTE has limited sensitivity in detecting pros-
thetic valve endocarditis [39]. In cases where 
TTE is inconclusive, then transesophageal echo-
cardiography (TEE) should be pursued as it has 
significantly higher sensitivity in diagnosing 
endocarditis, specifically in patients with pros-
thetic devices. Limitations of echocardiography 
include artifacts related to prosthetic material, 
limited ability to detect perivalvular extension of 
infection in the setting of prosthetic valves, 
inability to detect peripheral complications of 
infection or clinically important extracardiac 
sequelae of infection, and, in some patients, con-
traindications that may make transesophageal 
echocardiography difficult or impossible [38].

In addition, if there is concern for pocket 
infection, then abdominal ultrasound and CT 

with contrast of chest/abdomen may be helpful 
[8]. Nonetheless, serum biomarkers of infection, 
TEE, and CT have been found to be poor predic-
tors of LVAD infection when used in isolation 
[3]. Further, there is currently no gold standard 
for the diagnosis of LVAD infections. Despite 
this, a timely diagnosis is essential in the care of 
LVAD patients who typically have multiple 
comorbidities placing them at increased risk of 
mortality [3].

FDG-PET/CT is useful in the evaluation of 
patients suspected of having prosthetic device 
infection. It has high sensitivity and specificity in 
the evaluation of prosthetic valve endocarditis 
(sensitivity of 86% and specificity of 84%) and 
cardiac implantable electronic device (CIED) 
endocarditis (sensitivity of 72% and specificity 
of 83%) [40]. In addition, FDG-PET/CT can 
detect perivalvular complications of infection 
and characterize regional extent of infection [40]. 
Whole-body FDG-PET/CT imaging can identify 
embolic phenomenon and other etiologies for the 
source of infection [38]. Some of the limitations 
of FDG-PET/CT include the inability to detect 
small vegetations, false positives from post- 
surgical (sterile) inflammation, false positives 
from inflammation induced by certain surgical 
adhesives, and the reduced sensitivity to detect 
infection in patients who have been on long-term 
antimicrobial therapy prior to imaging. 
Furthermore, the performance of FDG-PET/CT 
is predicated on achieving adequate myocardial 
suppression of endogenous glucose uptake with 
metabolic preparation, necessitating a low- 
carbohydrate, high-fat diet [41–43]. Interpretation 
of FDG-PET/CT for cardiac infection requires 
specialized training and knowledge of the afore-
mentioned caveats and the ability to distinguish 
normal versus pathological FDG uptake 
patterns.

There is a nascent but growing body of litera-
ture which supports the use of FDG-PET/CT in 
aiding the diagnosis of LVAD infection. A meta- 
analysis examined the utility of FDG-PET in the 
evaluation of LVAD infections [3]. A total of 119 
scans were included across four centers, and the 
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authors found that when added to a comprehen-
sive evaluation including biomarkers of infec-
tion and other imaging studies, FDG-PET had 
a pooled sensitivity of 92% in the diagnosis of 
LVAD infection [3] (see Fig. 16.1). Specificity, 
on the other hand, was only 83% with wide con-
fidence intervals [3]. Some of the limitations of 
the study included the lack of a gold standard test 
in diagnosing infections in cases where patients 
did not undergo surgery, variations in protocols 
and metabolic preparations for patients across 
the four centers, and selection bias as not all 
patients suspected of having LVAD infections 
are referred to have FDG-PET/CTs [3]. Overall, 
the use of FDG-PET/CT in the evaluation of 
LVAD infections is promising with high sensitiv-
ity, but specificity is lacking and requires further 
investigation.

FDG-PET/CT has been shown to be useful not 
only in the diagnosis of LVAD infection but also 
for prognosis of these patients based on the pres-
ence and site of infection [44]. In one study, FDG-
PET/CTs were obtained in 35 patients with LVAD 
including 24 patients who were suspected of hav-

ing LVAD infections and 11 who were not sus-
pected of being infected [44]. After a mean 
follow-up of 23 months, none of the patients with-
out evidence of infection on FDG-PET died. In 
contrast, 50 % of patients with evidence of infec-
tion on FDG-PET/CT died [44]. Among those, 
86% had evidence of infection involving central 
components of the LVAD, whereas 14% had evi-
dence of infection involving peripheral compo-
nents of the LVAD [44]. This study highlights the 
importance of detecting and treating LVAD infec-
tions early—before the infection spreads to involve 
central components of the LVAD [44].

A diagnostic algorithm for the evaluation of 
patients suspected of having an LVAD infection 
is outlined in Fig.  16.2. Based on the criteria 
listed above, if patients have proven infection, 
they should be treated appropriately. If infection 
is deemed unlikely, then alterative diagnoses can 
be evaluated. In cases where a patient has proba-
ble or possible LVAD infection and is at high risk 
for surgical intervention, then FDG-PET/CT 
should be considered to aid in diagnosis and 
treatment selection [3].

Study Id Study IdSENSITIVITY (95% CI) SENSITIVITY (95% CI)

Tam et al., 2020

Dell’Aquila et al., 2017

Bernhardt et al., 2017

Akin et al., 2017

COMBINED

Tam et al., 2020

Dell’Aquila et al., 2017

Bernhardt et al., 2017

Akin et al., 2017

COMBINED

0.25 [0.03 - 0.65]

0.71 [0.48 - 0.89]

1.00 [0.75 - 1.00]

1.00 [0.16 - 1.00]

0.83 [0.24 - 0.99]

Q = 15.55, df = 3.00, p = 0.00

I2 = 80.71 [62.08 - 99.33]

1.00 [0.72 - 1.00]

0.90 [0.76 - 0.97]

0.88 [0.62 - 0.98]

1.00 [0.63 - 1.00]

0.92 [0.82 - 0.97]

Q = 2.69, df = 3.00, p = 0.44

I2 = 0.00 [0.00 - 100.00]

0.6 1.0

SENSITIVITY

0.0 1.0

SPECIFICITY

Fig. 16.1 Forest Plot. (Reprinted from JACC: 
Cardiovascular Imaging, Vol 13/Number 5, Tam MC, 
Patel VN, Weinberg RL, Hulten EA, Aaronson KD, Pagani 
FD, Corbett JR, Murthy VL.  Diagnostic Accuracy of 
FDG-PET/CT in Suspected LVAD Infections: A Case 
Series, Systematic Review, and Meta-Analysis. Page 1199. 

Copyright (2020)) [3]. The pooled sensitivity and speci-
ficity of individual studies assessing diagnostic accuracy 
of fluorine- 18 fluorodeoxyglucose positron emission 
tomography/computed tomography for left ventricular 
assist device infections with measures of heterogeneity. 
CI confidence interval
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Suspected LVAD Infection

1. History & Physical

2. Lab Tests: WBC, ESR, CRP, 3 sets of Blood Cultures in 24h, Aspirate for gram stain, KOH, bacterial 
& fungal culture of driveline  

3. Initial Imaging Studies: chest x-ray, TTE (TEE if TTE without evidence of infection), if concern for 
pocket infection, abdominal U/S and/or CT Chest/Abdomen with contrast

Proven Probable Possible Unlikely

Proceed with 

appropriate 

treatment

18F-FDG 

PET/CT 
Evaluate for 

other 

etiologies of 

presentation

If positive If negative

Fig. 16.2 Diagnostic approach for the evaluation of patients suspected of having an LVAD infection

 Factors That Affect Image Quality 
and Interpretation

 Preparation and Image Acquisition

One of the most important factors that affects 
image quality and interpretation of FDG-PET/CT 
for cardiac infection is the degree of suppression 
of endogenous myocardial glucose uptake [41–
43]. Prior to undergoing FDG-PET/CT scanning, 
metabolic preparation is necessary to shift the 
energy source of the myocardium to free fatty 
acids (i.e., to minimize the chance that FDG sig-
nal seen in the myocardium is due to normal car-
diac myocytes metabolizing glucose for energy). 
If proper suppression is not achieved, it can be 
very difficult to distinguish between physiologic 
and pathologic FDG uptake. In order to achieve 
adequate myocardial suppression of glucose 
uptake, it is imperative that patients adhere to a 
high fat, no carbohydrate diet for 24 h prior to the 
test followed by fasting for several hours 
 including overnight prior to the day of the test 
(see Chap. 4 for further details).

Whole-body FDG/PET CT imaging obtained 
at the time of the cardiac PET/CT scan can iden-
tify embolic phenomenon that are sequelae of 
infective endocarditis [38, 45]. It can also be use-
ful in determining other causes of inflammation 
(see Case 16.1) including other infections or neo-
plasms [38]. This information is essential in the 
evaluation of infective endocarditis as it can 
modify treatment plans, including prolonging the 
duration of antimicrobial therapy, lead to referral 
for surgical procedures, and prevent unnecessary 
device extraction [45].

CT attenuation correction images are used to 
improve PET image quality and interpretation by 
providing anatomic localization of radiotracer 
uptake and attenuation correction of PET images. 
In select cases, ECG-gated cardiac CTs can iden-
tify anatomic lesions including pseudoaneu-
rysms, fistulas, and thrombosis [46]. Pizzi et al. 
demonstrated that fusing FDG images with ECG- 
gated CTA images reduced the number of doubt-
ful studies on PET/nonenhanced CT from 20 to 
8%, primarily by reclassifying doubtful cases to 
negative cases [46]. However, they did not find 
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significant differences in the sensitivity and spec-
ificity of Duke Criteria + PET/CTA vs. Duke 
Criteria + PET/Nonenhanced CT.  In addition, 
contrast-enhanced CT requires more radiation 
[46]. Furthermore, iodinated contrast can create 
artifacts on the CT attenuation images leading to 
the appearance of false-positive FDG uptake on 
the corrected PET images [47].

 Interpretation and Reporting

The qualitative approach to interpretation relies 
on visual assessment of abnormal FDG activity 
related to various components of the LVAD or 
other prosthetic devices. This approach can be 
bolstered by a semi-quantitative approach in 
which increased FDG uptake involving any com-
ponent of the LVAD is compared to background 
LV blood pool FDG uptake using standardized 
uptake value (SUV) to illustrate the intensity of 
inflammation.

The focality, intensity, and location of FDG 
signal are important factors to report when inter-
preting FDG-PET/CT studies in the evaluation of 
LVAD infection. FDG uptake that is very focal 
and intense suggests significant inflammation, 
more strongly suggesting infection. On the other 
hand, FDG uptake that is diffuse and mild may 
represent low-level inflammation. This low-level 
degree of inflammation can be seen in the post-
surgical state [48]. The location of FDG uptake is 
important to report as it offers information on the 
extent of infection including involvement of 
driveline, inflow cannula, outflow graft, and any 
other intracardiac prosthetic devices (e.g., ICDs).

It is important to recognize that FDG uptake 
is non-specific and can be seen in infectious and 
noninfectious inflammatory conditions includ-
ing sarcoidosis, myocarditis, postoperative state, 
and malignancy [3, 49, 50]. In the postoperative 
state, wound healing occurs via the formation of 
granulation tissue (the action of fibroblasts and 
inflammatory cells) [49]. If FDG- PET imaging 
is performed shortly following surgery, there 
may be residual low-level inflammation which 
can appear as mild, diffuse FDG uptake sur-
rounding the surgical site and any graft material. 

In fact, low-grade FDG signal can be seen for up 
to 1 year following surgery [48]. Further investi-
gation into additional metrics of normality is 
required in these instances. This must be consid-
ered in the interpretation of FDG-PET/CT 
images relative to the time of surgery. In addi-
tion, certain surgical adhesives can lead to false- 
positive FDG scans [51]; thus, it is important to 
take this information into account when inter-
preting studies. Furthermore, it is not uncommon 
for LVAD patients to be treated with long courses 
of antibiotics for various infections. Long-term 
antimicrobial therapy prior to obtaining an FDG-
PET/CT can alter FDG uptake and lead to false-
negative studies, although the rate of false 
negatives is thought to be low at approximately 
5% [3].

Attenuation correction images are used to 
improve PET image quality and interpretation as 
mentioned above. However, CT attenuation cor-
rection in the presence of high-density metallic 
implants can overcorrect for attenuation and lead 
to overestimation of FDG activity in the vicinity 
of an LVAD or other metallic objects [3, 52]. 
Thus, any FDG uptake noted on attenuation cor-
rection images should be compared with the non-
attenuation corrected (uncorrected) images, with 
the thought that FDG signal that is not due to arti-
fact should be present on both the sets of images.

Acknowledgement of common imaging pit-
falls as described above, combined with integra-
tion of the clinical presentation, is of key 
importance when interpreting FDG-PET/CT 
studies for suspected LVAD infection. In addi-
tion, collaborative reading involving nuclear car-
diologists and nuclear medicine specialists is 
beneficial in cases of abnormal peripheral FDG 
uptake. A comprehensive interpretation can accu-
rately characterize LVAD infections and help 
influence treatment decisions.

 Clinical Cases

Case 16.1
A 72-year-old man with ischemic cardiomyopa-
thy, ICD, and HeartMate II Left Ventricular 
Assist Device (LVAD) implantation presented 
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with fevers, leukocytosis, hypotension, chest 
pain, and elevated lactate dehydrogenase. Blood 
cultures remained negative, chest X-ray did not 
reveal any acute abnormalities, and transthoracic 
echocardiogram did not reveal any vegetations. 
FDG-PET/CT was obtained to evaluate for device 
infection. It revealed no evidence of FDG uptake 
in the myocardium, LVAD inflow or outflow can-
nulas (Fig.  16.3, red arrows), driveline, ICD 
leads, or generator. There was no imaging evi-
dence of LVAD infection. However, FDG-PET/
CT identified a rim of FDG uptake surrounding 
the gallbladder (Fig. 16.3, yellow arrows), indi-
cating hypermetabolic activity which was suspi-
cious for cholecystitis.

The patient was treated with antimicrobial 
therapy for acute cholecystitis. This case helps 
illustrate an important role of FDG-PET/CT in 
suspected LVAD infection, namely that the 
modality not only is useful in detecting device- 
related infection but also can reveal other etiolo-
gies for the patient’s presentation, including 
infection or inflammation located elsewhere in 
the body [38, 45].

Case 16.2
A 64-year-old man with atrial fibrillation treated 
with ablation and ultimately left atrial appendage 

exclusion (left atrial appendage clip), nonisch-
emic cardiomyopathy with ICD, and HeartMate 
3 LVAD presented with nausea, vomiting, diar-
rhea, and generalized malaise. Blood cultures 
revealed Streptococcus viridans bacteremia. 
Chest X-ray did not reveal any acute abnormali-
ties, and transthoracic echocardiogram did not 
reveal any vegetations. Transesophageal echocar-
diogram revealed two small linear, mobile ech-
odensities attached to the aortic valve which were 
believed to represent Lambl’s excrescences or 
atypical appearance of vegetations. FDG-PET/
CT was obtained to evaluate for LVAD infection. 
It revealed focal, intense FDG uptake at the site 
of the LVAD inflow cannula (Fig. 16.4a, yellow 
arrows) with SUVmax of 5.0, as well as FDG 
uptake at the insertion of the outflow graft to the 
ascending aorta with SUVmax of 3.3 (Fig. 16.4b, 
orange arrows). In addition, FDG uptake was 
noted on the left atrial appendage clip with 
SUVmax of 4.5 (Fig. 16.4b, yellow arrows), com-
pared to background FDG uptake of LV blood 
pool with SUVmean of 2.0. These findings were 
concerning for infection of the LVAD inflow and 
outflow cannulas, and left atrial appendage clip.

Although no FDG uptake was noted in gener-
ator pocket or ICD leads, the ICD was explanted 
in setting of bacteremia and the patient was 

Fig. 16.3 True-negative scan for LVAD infection. FDG 
PET/CT images demonstrated no significant FDG uptake 
around the device pump, cannula, or driveline (red 
arrows). There was intense uptake along the gallbladder 
(yellow arrows), indicating high metabolic activity and 

possible infection. There was no clinical evidence of 
device infection, and the patient was treated for purulent 
cholecystitis. (Adapted from JACC:Cardiovascular 
Imaging, vol. 13, no. 5, 2020. Page 1195.)

16 Left Ventricular Assist Device Infection



218

a

b

Fig. 16.4 Inflammation of LVAD inflow cannula (a, yellow arrows), outflow graft (b, orange arrows), and left atrial 
appendage clip (b, yellow arrows) 
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treated with an extended course of antimicrobial 
therapy for bacteremia and LVAD infection. This 
case illustrates that FDG-PET/CT can detect 
infection of various components of the LVAD 
including inflow cannulas, outflow grafts, and 
other prosthetic devices in the heart, such as the 
left atrial appendage clip.

Case 16.3
A 73-year-old man with nonischemic cardiomy-
opathy and ventricular tachycardia with ICD and 
Heartware LVAD presented with bilateral flank 
pain, fevers, and rigors. On physical examination, 
there was no drainage at the driveline site, but 
there was mild erythema. Blood cultures revealed 
Staphylococcus aureus bacteremia. Chest X-ray 
and CTA chest/abdomen/pelvis did not reveal 
any acute abnormalities. Transesophageal echo-
cardiogram did not reveal any obvious vegeta-
tions. FDG-PET/CT was obtained to evaluate 
for LVAD infection. It revealed intense FDG 
uptake involving the inflow cannula (Fig. 16.5a, 
yellow arrows) with SUVmax of 3.4 and outflow 
graft (Fig. 16.5b, yellow arrows) with SUVmax of 
3.6, compared to background FDG uptake of LV 
blood pool of 1.7. These findings were concern-
ing for LVAD infection.

The patient was deemed a prohibitive risk for 
reoperation and was treated with long-term anti-
microbial therapy. This case illustrates that FDG- 
PET/CT can help detect the extent of infection as 
nearly the entire outflow graft had intense, focal 
FDG uptake concerning for infection. The 
Standardized Uptake Value (SUV) units are a 
semiquantitative assessment of intensity of FDG 
uptake, which are reported along with a descrip-
tion of the focality and sites of involvement. 
Together, this information can be helpful in clini-
cal decision-making for patients who are at high 
risk of surgical intervention.

Case 16.4
A 59-year-old man with ischemic cardiomyopa-
thy with ICD and HeartMate II LVAD presented 
with generalized fatigue, elevated lactate dehy-
drogenase, and itching and discharge from his 
driveline site. Driveline cultures were positive for 
Staphylococcus aureus. Peripheral blood cultures 
remained negative. Transesophageal echocardio-
gram did not reveal any obvious vegetations. 
FDG-PET/CT was obtained to evaluate for LVAD 
infection. It revealed FDG uptake at the inflow 
cannula with SUVmax of 2.4 compared to LV 
blood pool of 1.1 (Fig. 16.6a, yellow arrows). It 

a b

Fig. 16.5 Inflammation of LVAD inflow cannula (a, yellow arrows) and entire outflow graft (b, yellow arrows)
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b

c

Fig. 16.6 Inflammation of LVAD inflow cannula (a, yellow arrows), outflow graft (a, orange arrows), driveline (b, 
yellow arrows), and pacemaker leads (c, yellow arrows)

also revealed FDG uptake at the outflow graft 
with SUVmax of 2.7 (Fig. 16.6a, orange arrows). 
In addition, there was FDG uptake along the 
driveline just inside the insertion point into the 
skin with SUVmax of 3.1 (Fig.  16.6b, yellow 
arrows). There was also FDG uptake involving 
the pacemaker leads in the right atrium with 

SUVmax of 2.5 (Fig.  16.6c, yellow arrows). 
Overall, these findings are consistent with infec-
tion involving the LVAD inflow cannula, outflow 
graft, driveline, and pacemaker leads.

The patient was treated with long-term antimi-
crobial therapy and underwent pump exchange as 
he also had LVAD pump thrombosis. This case 
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Fig. 16.7 Inflammation of LVAD outflow graft (yellow arrows) and left sternoclavicular joint (orange arrows)

illustrates the utility of FDG-PET/CT in  detecting 
infection of various components of the LVAD 
including the driveline in addition to evaluating 
the inflow and outflow grafts and pacemaker 
leads.

Case 16.5
A 65-year-old man with a history of ischemic 
cardiomyopathy with ICD and HeartMate 3 
LVAD implantation, presented with fever, fatigue, 
and left shoulder pain. Blood cultures revealed 
MSSA bacteremia, and treatment with oxacillin 
was initiated. Chest X-ray revealed no acute 
abnormalities. Transthoracic echocardiogram 
and subsequent transesophageal echocardiogram 
did not reveal any findings suggestive of infec-
tion. FDG-PET/CT was obtained to evaluate for 
LVAD infection. It revealed focal, intense FDG 
uptake involving the LVAD outflow graft with 
SUVmax of 5.6 compared to LV blood pool with 
SUVmean 1.7 (Fig. 16.7, yellow arrows). It also 
revealed focal, intense FDG uptake involving the 
left sternoclavicular joint (Fig.  16.7, orange 
arrows). These findings are consistent with infec-
tion involving the LVAD outflow graft and left 
sternoclavicular joint. The patient underwent sur-

gical exploration with sternoclavicular joint 
resection and was treated with long-term antimi-
crobial therapy. This case illustrates the impor-
tance of whole-body imaging in patients 
suspected of having LVAD infection, as FDG-
PET/CT can detect infection of components of 
the LVAD as well as other sites of infection in the 
body.

 Conclusion

FDG-PET/CT is being used more frequently to 
diagnose and manage patients suspected of hav-
ing LVAD infection. This promising modality has 
high sensitivity for LVAD infection; however, 
specificity varies widely [3]. Proper patient prep-
aration to achieve suppression of endogenous 
myocardial glucose uptake is a key component to 
ensure high-quality images. FDG-PET/CT is 
useful not only for the diagnosis of LVAD infec-
tions but also for the prognosis of these patients 
[44]. Readers should be aware of common pit-
falls for false positives and negatives in FDG 
LVAD imaging as detailed in this review. Finally, 
FDG-PET/CT studies should be interpreted in 
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clinical context and ideally in a multidisciplinary 
endocarditis team with involvement of cardiovas-
cular imagers, heart failure cardiologists, infec-
tious disease specialists, cardiac surgeons, and 
neurologists. A team- based approach may 
improve the ability to select and deliver effective 
healthcare to this population with high burden of 
risk factors and potential for adverse outcomes.
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 Introduction

Heart disease remains the leading cause of death 
in Western countries [1]. Despite advances in 
percutaneous interventions for coronary artery 
disease (CAD) and valvular diseases, cardiac 
surgery remains necessary in a large proportion 
of cases, with approximately 500,000 open-heart 
surgeries performed each year in the United 
States alone [1]. As with all surgical interven-
tions, these surgeries are associated with a degree 
of morbidity and mortality resulting from vari-
ous possible attendant complications. In particu-
lar, sternal wound infection (SWI) is a relatively 
frequent complication of open-heart surgery. 
SWI can constitute a surgical emergency and the 
identification of high-risk patients is essential in 
order to determine those requiring debridement 
surgery. This chapter provides an overview of 
the pathophysiology and epidemiology of SWIs. 
The role of computed tomography (CT), mag-

netic resonance (MR), and fluorodeoxyglucose- 
positron emission tomography (FDG-PET) for 
the diagnosis and follow-up of SWIs will be 
reviewed.

 Epidemiology

SWIs are the leading cause of surgical site infec-
tions following cardiac surgery [2]. SWIs are 
subdivided into two separate categories based on 
the structures involved: superficial SWIs (SSWIs) 
and deep SWIs (DSWIs). SSWIs are limited to 
the skin, subcutaneous tissues, and pectoralis fas-
cia and are relatively common complications of 
cardiac surgery with the reported incidence rang-
ing from 0.5% to 8% [3–5]. Distinct from these 
are DSWIs which involve the sternum, substernal 
space, and/or mediastinum. By definition, both 
mediastinitis and sternal osteitis are considered 
DSWIs. Less frequent than SSWIs, DSWIs have 
a reported incidence ranging between 0.5% and 
2% but are associated with higher morbidity and 
mortality, as well as prolonged hospitalization 
duration and significant costs [2, 3, 5]. In particu-
lar, patients with DSWIs following cardiac sur-
gery have 4 times greater 1-year mortality 
compared to those without infection [6]. 
Treatment of DSWIs involves surgical debride-
ment, with or without chest wall reconstruction, 
and successful surgery necessitates adequate 
debridement of infected areas to avoid the need 
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for repeated surgery. As therapeutic approaches 
and outcomes differ significantly between SSWIs 
and DSWIs, the ability to distinguish between the 
two is critical. In that context, FDG-PET/CT can 
guide surgery by revealing the extent of disease 
since areas of infection can be hidden or missed 
during debridement surgery [7]. In addition to 
providing disease extent, FDG-PET/CT can be 
useful to monitor response to therapy.

 Pathogenesis

SWIs are usually the consequence of wound con-
tamination during the procedure, which can occur 
despite optimal precautions, especially in long 
interventions. The vast majority of SWIs are 
caused by bacteria, with the most frequent organ-
isms being Staphylococcus aureus followed by 
Gram-negative bacilli and streptococci [8, 9]. 
Infections with fungus and mycobacterium are 
rare and represent only a small fraction of SWI 
cases. Mycobacterium chimaera infections have 
been associated with contamination of heater- 
cooler devices [10]. In addition, Candida medi-
astinitis accounts for a very small fraction (<10%) 
of DSWIs but is fatal in nearly half of cases [11]. 
Aspergillus mediastinitis, which can occur in 
both immunosuppressed and immunocompetent 
patients, often results from airborne contamina-
tion by spores, especially in cases of prolonged 
chest opening after surgery [12]. Fungal and 
mycobacterial DSWIs represent a clinical chal-
lenge given their high mortality rates, the diffi-
culty to culture organisms, and their atypical 
presentations, which is often paucisymptomatic.

Several factors, related to the patient or to the 
surgical procedure itself, have been associated 
with an increased risk of SWIs (Table 17.1) [2, 
13]. In particular, factors associated with poor 
wound healing in general, such as diabetes, obe-

sity, and smoking, are all associated with 
increased risks of SWI. Of note, several of these 
factors are also associated with CAD and are 
therefore highly prevalent in the population of 
patients undergoing coronary artery bypass graft 
(CABG) surgery. Procedure-related risk factors 
include elements that may contribute to sub- 
optimal sternal union such as misalignment of 
the sternal edges and asymmetric sternotomy. 
Further, maneuvers which can promote sternal 
ischemia, including bilateral harvesting of the 
mammary arteries and excessive cauterization, 
are associated with increased risk of SWIs [14]. 
The type of procedure also affects the risk of 
SWIs, with heart transplant and CABG (with the 
use of internal mammary artery) being associated 
with higher incidence of both SSWIs and DSWIs 
compared to other procedures such as valve 
replacement surgery [11]. The use of minimally 
invasive methods such as robot-assisted surgeries 
are associated with lower incidences of mediasti-
nitis [15]. Various classification systems for 
SWIs have been proposed but have seen limited 
use in clinical settings and in research. One of the 
most cited is the Jones classification, presented in 
Table  17.2, which classifies SWI based on the 
anatomical extent and disease severity [16].

Table 17.1 Risk factors associated with sternal wound 
infection

Patient-related risk factors
Procedure-related risk 
factors

Diabetes
Obesity
Advanced age
Smoking
Renal Failure
Prior cardiac surgery
Immunosuppression
Coronary artery disease
Abnormal underlying 
sternal bone

Sternal edge not aligned 
properly
Ischemic sternum
Emergency surgery
Reoperation for 
tamponade or bleeding
Intra-aortic balloon 
pump support
Post operative ventilator 
support
Prolonged surgery
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Table 17.2 Jones classification of sternal wound infection

Type Depth Description
1a Superficial Skin and subcutaneous dehiscence
1b Superficial Exposure of sutured deep fascia
2a Deep Bone exposure with stable sternotomy
2b Deep Bone exposure with unstable sternotomy
3a Deep Exposed necrotic or fractured bone, exposed heart
3b Deep Type 2 or 3 with septicemia

Adapted from [16]

 Treatments

SSWI is typically treated with antibiotics. 
Incision and drainage of purulent material, 
wound packing, and negative pressure wound 
therapy may also be used [17]. On the other hand, 
DSWI treatment is more aggressive and relies on 
debridement of necrotic tissue, drainage and irri-
gation of infected spaces, and various sternal clo-
sure techniques [17]. When primary sternal 
wound closure is not possible, sternal wound flap 
closure with muscle or omental flaps may be con-
sidered. When sternal closure is delayed, nega-
tive pressure wound therapy should be considered. 
In cases of extensive sternal osteitis, debridement 
of the sternum and occasionally adjacent  cartilage 
may be required and may also require extensive 
chest wall reconstruction.

 Clinical Presentation

The clinical presentation of SWI varies depend-
ing on the extent and depth of tissue involvement, 
and whether the mediastinum is affected. SSWIs 
may present as local discomfort, cellulitis, and 
wound drainage. Patients may also present with 
fever and tachycardia, although these symptoms 
are more typically seen in cases of DSWIs. The 
most severe form of SWI, mediastinitis, typically 
occurs in the 2  weeks following surgery; how-
ever, presentation can be delayed with symptoms 
appearing several months after surgery [18]. 

Symptoms of mediastinitis include fever, tachy-
cardia, sternal wound dehiscence, chest discom-
fort, sternal instability, wound drainage, and 
cellulitis. Fever preceding the appearance of cel-
lulitis or wound drainage should raise the suspi-
cion of mediastinitis. Nonetheless, drawing a 
distinction between SSWI and DSWI is not 
always straightforward on the basis of symptom-
ology. Given the important differences in man-
agement and prognosis, being able to distinguish 
accurately and rapidly superficial from deep SWI 
is critical. The United States Centers for Disease 
Control and Prevention criteria are often reported 
in the literature to confirm the diagnosis of DSWI 
(Table 17.3) [19]. Although these criteria can be 
useful to confirm infection following interven-
tions and can serve as gold standard in clinical 
trials, they are often met only after debridement 
surgery is performed and are therefore of limited 
use for the initial diagnosis and guiding therapeu-
tic decisions in patients with suspected DSWI.

In addition, serologic biomarkers are of limited 
utility in the investigation of SWIs. Leukocytosis 
is frequent but is nonspecific. Inflammatory 
markers such as C-reactive protein (CRP) and 
erythrocyte sedimentation rate (ESR) are often 
elevated due to the recent surgery. Blood cultures 
may reveal the presence of microorganisms but 
are not specific for SWI and negative blood cul-
tures do not exclude DSWI. Therefore, DSWI is 
primarily a clinical diagnosis, based on physi-
cal examination, vital signs, and symptoms. In 
cases where DSWI is not clinically evident but 
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suspected, further testing, including CT and PET 
imaging may be helpful as it may provide valu-
able information with regard to infection extent 
and severity, and aid in surgical planning [20].

 Computed Tomography

CT is a widely accessible modality to evaluate for 
sternal wound complication. It can also identify 
alternate diagnoses when the clinical presenta-
tion is nonspecific. In the early postoperative 
period, distinguishing normal postsurgical 
changes from sternal wound infection can be 
challenging on CT. In general, changes related to 
recent cardiac surgery including presternal and 
retrosternal soft tissue edema and hemorrhage, 
pneumomediastinum, pleural and pericardial 
effusions, as well as sternal gaps, which may per-
sist for 2–3  weeks [21]. When prior imaging 
studies are available, resolving soft tissue and 
mediastinal findings favor normal postoperative 
changes. However, a new or progressive fluid col-
lection is highly suggestive for DSWI [22] 
(Fig.  17.1). CT has a reported sensitivity and 
specificity of 88% and 91%, respectively, for the 

a b c d

Fig. 17.1 Chest CT images obtained 2  weeks after 
median sternotomy for replacement of the ascending 
aorta. Axial image (a) demonstrates nonfusion of the 
median sternotomy which may represent a normal postop-
erative finding. A CT obtained 24  h later (b) shows 

increased diastasis of the sternotomy and increased pre- 
and retro-sternal soft tissue infiltration, highly suggestive 
of mediastinitis. Corresponding 3D reconstruction of CTs 
performed 24 h apart (c and d) demonstrates progressive 
diastasis of the sternum with intact sternotomy wires

Table 17.3 Centre for Disease Control (CDC) mediasti-
nitis criteria

At least one of the following criteria must be met:
1.  Patient has organisms cultured from mediastinal 

tissue or fluid obtained during a surgical operation 
or needle aspiration

2.  Patient has evidence of mediastinitis seen during a 
surgical operation or histopathologic examination

3.  Patient has at least one of the following signs or 
symptoms with no other recognized cause:

   (a)  Fever
   (b)  Chest pain
   (c)  Sternal instability
and at least one of the following:
   (a)  Purulent discharge from mediastinal area
   (b)  Organisms cultured from blood or discharge 

from mediastinal area
   (c)  Mediastinal widening on X-ray
4.  Patient ≤1 year of age has at least one of the 

following signs or symptoms with no other 
recognized cause:

   (a)  Fever
   (b)  Hypothermia
   (c)  Apnea
   (d)  Bradycardia
   (e)  Sternal instability
and at least one of the following:
   (a)  Purulent discharge from mediastinal area
   (b)  Organisms cultured from blood or discharge 

from mediastinal area
   (c)  Mediastinal widening on X-ray
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a

b

c

Fig. 17.2 Chest CT obtained 3  months post coronary 
artery bypass grafts. Axial images (a and b) shows a mesh 
inserted within a cutaneous dehiscence where purulent 
exudate was noted clinically (yellow arrow). There is pre- 

and retro-sternal soft tissue infiltration and right pleural 
effusion. Bone erosion (white arrow) is noted on the right 
side of the sternotomy, also noted on the coronal recon-
struction (c), consistent with osteomyelitis

diagnosis of mediastinitis in the weeks following 
surgery [23]. In addition, sternal dehiscence can 
precede SWI and is recognized when sternotomy 
wires are displaced, when a side of the sternot-
omy is no longer held by the wires, or when there 
is a widening sternal gap. Sternal osteomyelitis is 
suspected when there is evidence of cortical ero-
sion, for which CT has a sensitivity of 93% and 
specificity of 86–96% [23] (Fig. 17.2).

Deep sternal abscesses are suspected on unen-
hanced studies when there is a well-defined 
encapsulated fluid collection sometimes contain-
ing foci of air produced from gas-forming bacte-
ria [22]. If intravenous contrast is administered, 
the collection can show thick, irregular periph-
eral enhancement [24]. Occasionally, a sinus 
tract is noted from the sternum or the retrosternal 
area leading up to the skin. In rare but serious 

cases, there may be vascular dissection or pseu-
doaneurysm which can also involve a coronary 
artery bypass graft [25].

 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) can identify 
similar findings as CT and faces the same chal-
lenges during the immediate postoperative 
period. Mediastinal edema appears as fat strand-
ing and increased T2 signal, while pneumomedi-
astinum appears as susceptibility artifacts on 
MRI.  Hematoma can have variable appearance 
depending on its age. In a relatively acute setting, 
blood presents as iso- to hyper-intense signal on 
T1-weighted images and hypo- to iso-intense sig-
nal on T2-weighted images. Chronic blood shows 
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hypointense signal on both T1- and T2-weighted 
images [26]. Mediastinal abscesses manifest as 
hyperintense T2-weighted collections showing, 
similar to computed tomography, a thick and 
irregular enhancing wall. Gas bubbles within the 
abscess appears as foci of susceptibility artifact 
on MRI [27].

MRI surpasses CT for the identification of 
early signs of osteomyelitis with its ability to 
demonstrate bone marrow edema [28]. Edema 
appears as hypointense signal on T1-weighted 
images and hyperintense signal on T2-weighted 
images on MRI. Irregularity or loss of the hypoin-
tense cortex on T1- and T2-weighted images cor-
responds to cortical erosion seen on CT. A sinus 
tract appears as a tract with hyperintense 
T2-signal leading to the skin [27]. DSWI can also 
manifest as myositis, which is suspected when 
there is muscle edema on MRI, or pyomyositis if 
abscess develops within the muscle.

 Positron Emission Tomography

FDG-PET imaging is playing an increasing role 
in the evaluation of patients with suspected infec-
tion, with whole-body PET enabling better 
assessment of the disease extent. In the specific 
case of SWI, FDG-PET may be useful for surgi-
cal planning as well as for therapy response mon-
itoring (Table 17.4). However, just like CT and 
MRI, accuracy of FDG-PET may be affected by 
postsurgical changes in the immediate postopera-
tive period.

Zhang et  al. retrospectively analyzed 73 
patients who underwent FDG-PET/CT study for 
suspicion of DSWI 1 month or more following 
surgery [29]. Of the 73 patients, one had superfi-
cial SWI, 64 had sternal osteomyelitis, 54 had 

mediastinitis, and 28 had costal chondritis. In 
addition, 6 out of 6 patients with vascular grafts 
had vascular graft infection. They observed a 
sensitivity and specificity of 98% and 78% for 
sternal osteomyelitis, 100% and 95% for medias-
tinitis, and 82% and 100% for costal chondritis, 
respectively. They used a 4-level visual scale to 
rate tracer uptake in the sternum, the mediasti-
num, the costal cartilage, and the vascular pros-
thesis. The grading system was as follows: Grade 
I, uptake similar to fat; Grade II, uptake greater 
than fat but inferior to vertebra; Grade III, moder-
ate uptake greater than vertebra and below physi-
ological myocardium; and Grade IV, intense 
uptake greater than physiological myocardial 
uptake. Grade IV uptake was only observed in 
infected tissue. Low-grade uptake (I and II) was 
associated with a high negative predictive value 
for mediastinal, sternal, and vascular prosthesis 
infection. Of note, 5/28 (18%) subjects with con-
firmed costal cartilage infection showed low 
grade uptake (I and II) [29]. Despite the good 
performance reported, this grading system is lim-
ited by the fact that myocardial uptake is highly 
variable. In addition, this system does not take 
into account the distribution of uptake, which 
may prove more useful to distinguish between 
sterile postsurgical inflammation and infection 
[30–32].

Yin et  al. retrospectively analyzed the pro-
spectively collected data of 108 patients who 
underwent CT and FDG-PET/CT for suspicion 
of DSWI [33]. They evaluated the diagnostic per-
formance of FDG-PET/CT for DSWI and com-
pared it to that of unenhanced CT for three 
separate sites consisting of the sternum, ribs/cos-
tal cartilage, and mediastinum. Focal or diffuse 
uptake greater than “surrounding structures” was 
considered infected while mild uptake was con-
sidered benign inflammation. They reported a 
100% sensitivity of FDG-PET/CT for the detec-
tion of sternal and mediastinal infection com-
pared to 91% and 17% for unenhanced CT, 
respectively. Specificity of FDG-PET/CT was 
inferior to CT for the detection of mediastinitis 
(62% vs. 94%) but higher than CT for sternal 
osteitis (100% vs. 50%). As for rib and cartilage 
infection, FDG-PET/CT was more sensitive than 

Table 17.4 Potential roles of FDG-PET/CT in sternal 
wound infection (SWI)

Initial diagnosis of SWI
Differentiation between deep and superficial SWI
Evaluation of disease extent
Aid in surgical planning
Assessment of response to antibiotic therapy
Assessment of effect of surgical debridement
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CT (79% vs. 16%), with comparable specificity 
(99% vs. 98%). Evidently, the sensitivity and 
specificity reported in these studies is highly 
dependent on the interpretation criteria used. 
Nonetheless, it appears that identification of car-
tilage infection is more challenging with both CT 
and PET, as infection can be present with mild or 
minimal increased uptake [29, 33].

In a retrospective study of 40 subjects who 
underwent FDG-PET/CT following open-heart sur-
gery, Hariri et al. reported a sensitivity and specific-
ity of 91% and 97%, respectively, for the diagnosis 
of SWI [32]. They showed that uptake patterns 
(e.g., heterogeneous vs. homogeneous) were supe-
rior to uptake intensity (SUVmax) for differentiating 
between SWI and inflammation, especially in the 
first 6 months following surgery (Fig. 17.3).

Interestingly, Liu et  al. reported that utiliza-
tion of FDG-PET/CT was associated with fewer 
recurrences following debridement surgery com-
pared to CT alone (21% vs. 41%, p = 0.03) and 

shorter hospital stays following surgery (18 vs. 
29 days, p < 0.001) [33]. These results highlight 
the ability of FDG-PET/CT to accurately delin-
eate the areas of infection in various tissues, 
which can guide surgeons for optimal debride-
ment. In addition, 10 subjects underwent repeated 
FDG-PET/CT to assess response to therapy. Of 
these, six subjects showed progression of infec-
tion as evidenced by an increase in uptake inten-
sity or more extensive uptake on follow-up scans 
compared to the baseline study, all of which had 
recurrent infection requiring additional surgery 
(excluding one subject who died) while the 
remaining four subjects without evidence of pro-
gression on FDG-PET/CT did not have recur-
rence. These results suggest that FDG-PET/CT 
could be used to assess debridement success. 
However, caution must be taken when interpret-
ing studies following recent debridement as post-
surgical inflammation may mimic infection 
progression.

Fig. 17.3 Sagittal and maximal intensity projection 
FDG-PET/CT images of a 55  year-old female without 
SWI who underwent medial sternotomy for a Ross proce-
dure 6 months prior to the study. Despite the intense linear 

uptake (with an SUVmax of 6.0) along the sternum, the 
activity is relatively homogeneous and compatible with 
sterile postsurgical changes
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 Imaging Protocol

Use of a myocardial suppression protocol is not 
always necessary in cases of suspected SWI, as 
physiological myocardial uptake should not 
interfere with study interpretation. However, a 
suppression protocol should be used whenever 
possible in patients who underwent valve replace-
ment surgery or ascending aorta repair for opti-
mal assessment of these structures. Furthermore, 
for patients with nonspecific presentations (e.g., 
fever of unknown origin) and in whom IE is not 
excluded, suppression protocols should be used. 
Approximately 185–370 MBq of FDG is injected 
intravenously. Whole-body PET/CT images are 
acquired from the base of the skull to the mid-
thigh 60–90 min post tracer injection.

 Image Interpretation

Distinction between benign postoperative 
inflammation and infection can be challenging, 
especially early after surgery. Hariri et  al. 
showed that uptake intensity alone is not suffi-
cient in order to accurately differentiate between 
infection and inflammation [32]. When PET 
imaging was performed within 6 months follow-
ing surgery, sternal SUVmax was not significantly 
different between patients with sternal osteitis 

and those without infection (8.4 vs. 7.8 p = 0.72). 
On the other hand, in subjects with remote sur-
gery (>6  months), sternal SUVmax was signifi-
cantly higher in patients with sternal osteitis 
compared to noninfected subjects (8.5 vs. 1.3, 
p < 0.0001) [32]. In noninfected sterna, uptake 
intensity varied significantly in the first 6 months 
following sternotomy, with SUVmax ranging from 
3.2 to 18.6, highlighting the limited value of this 
metric to distinguish infection from inflamma-
tion [32].

For the evaluation of SWI, FDG-PET inter-
pretation should integrate information on tracer 
uptake pattern, especially in the early postopera-
tive period, similar to evaluation of prosthetic 
valves and vascular graft infections [31, 34, 35]. 
Diffuse uptake limited to the sternotomy site, 
regardless of its intensity, is associated with ster-
ile inflammation in most cases (Fig. 17.4). On the 
other hand, focal uptake, uptake associated with 
sternal wires, and heterogeneous uptake extend-
ing into the adjacent soft tissues is compatible 
with infection (Figs. 17.5, 17.6 and 17.7).

In some cases, focal uptake may be seen even 
in the absence of infection. For instance, utiliza-
tion of biological glue has been associated with 
intense focal uptake which may persist for 
months after surgery [34, 36]. In addition, focal 
uptake may be seen around sternal wires, espe-
cially in the presence of mechanical strain [32].
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Fig. 17.4 Anterior maximal intensity projection (MIP) 
images, sagittal PET, CT, and fused PET/CT images of 
the FDG sternotomy uptake patterns. Diffuse uptake is 

associated with benign postsurgical changes while focal 
uptake and soft tissue uptake are suggestive of infection. 
Reproduced with permission from [32]
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a

b

c

d

Fig. 17.5 A 78-year-old diabetic male, who underwent a 
CABG and aortic valve replacement with medial sternot-
omy 3 weeks prior to imaging, was clinically suspected of 
having mediastinitis. Sagittal (a) and axial (b, c) FDG- 
PET/CT images as well as maximal projection images (d) 

demonstrate intense uptake extending into the anterior 
mediastinum and retro-sternal region, compatible with 
mediastinitis. In addition, a pericardial fluid collection 
with circumferential FDG uptake (arrow) is compatible 
with an abscess
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a

d e

b c

Fig. 17.6 Sternal osteitis can also be seen in patients 
without sternotomy. This 78-year-old male with mitral 
valve endocarditis (a, white arrow) with septic emboli 
causing spondylitis as seen on the sagittal CT (b) and 
fused FDG-PET/CT (c) images (orange arrow). Axial CT 

(d) and fused FDG-PET/CT images (e) also show exten-
sive destruction of the manubrium (yellow arrow) associ-
ated with intense FDG uptake extending in the soft tissues 
anteriorly, consistent with osteomyelitis

Fig. 17.7 Example of a patient with superficial sternal 
wound infection with (left) a sagittal CT image demon-
strating fat infiltration and a soft tissue collection anterior 
to the sternum and (right) a sagittal FDG-PET/CT image 

demonstrating intense uptake limited to the soft tissue. 
Manubrium uptake, although intense, is linear and con-
tained within the sternal body, consistent with postopera-
tive changes
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 Conclusion

SWIs are the most important cause of surgical 
site infections following open-heart surgery. The 
distinction between SSWI and DSWI is critical, 
as the treatment and prognosis of these two enti-
ties differs significantly. The role of FDG-PET 
for the investigation of patients with suspected 
SWI is growing, and this modality may provide 
valuable information for the initial diagnosis of 
SWI, differentiating between deep and superfi-
cial SWI, evaluating disease extent, aiding in sur-
gical planning, as well as assessing response to 
antibiotic therapy and the effects of surgical 
debridement.
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 Introduction

Cardiovascular disease (CVD) is the chief cause 
of mortality worldwide [1]. Though previously 
depicted as a monotonous process of subendothe-
lial accumulation of gruel, atherosclerosis is now 
understood to be a progressive inflammatory pro-
cess [2–4]. Inflammation is the major pathologi-
cal driver of several human maladies, including 
CVD and malignancies. Notably, both acute and 
chronic inflammation play important roles in the 
pathogenesis of numerous CVDs, of which ath-
erosclerosis is of paramount importance [3].

Imaging atherosclerotic inflammation and 
other biological processes related to plaque for-
mation and progression may provide important 
insights that could facilitate the development of 

new strategies to mitigate CVD.  Further, it is 
hoped that molecular imaging may potentially 
improve current tools of risk stratification for ath-
erosclerotic diseases, allowing more personal-
ized disease management. In this chapter, we 
focus on molecular imaging techniques used to 
assess atherosclerotic plaque biology.

 Atherosclerotic Plaque Biology

Atherosclerosis involves several distinct disease 
pathways that collude to initiate and propagate 
biologically active atheromatous plaques. The 
disease is instigated by subendothelial accumula-
tion of oxidized LDL, mostly in areas with dis-
turbed laminar flow, which prompts a chronic 
inflammatory response in the affected arterial 
wall. The local activated endothelial cells express 
leukocyte adhesion molecules which help recruit 
additional inflammatory cells (i.e., monocytes 
and T-lymphocytes). Monocytes then differenti-
ate into resident lipid-laden foam cells. 
Monocyte-derived macrophages, T cells, B cells, 
dendritic cells, mast cells, and smooth muscle 
cells with myofibroblast characteristics consti-
tute the main cellular components of atheroma. 
The subsequent release of inflammatory media-
tors and cytokines perpetuates the inflammatory 
cascade, leading to further accumulation of cel-
lular and lipid material and plaque enlargement. 
The apoptotic death of macrophages and smooth 
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Fig. 18.1 Molecular targets for imaging of athero-
sclerosis using PET.  Macrophages, as critical cellular 
constituents of atherosclerotic plaques, actively utilize 
glucose. Accordingly, 18F-FDG and 18F-FDM, isomers 
of glucose, are also taken up by macrophages. Several 
other receptors are expressed on macrophages and act 
as targets for PET tracers, including somatostatin recep-
tors (68Ga-DOTATATE), translocator protein recep-

tors (11C- PK11195), and macrophage cell membranes 
(18F-FMCH). Additional radiotracers target other hall-
marks of atherosclerotic inflammation, such as micro-
calcification (18F-sodium fluoride), neoangiogenesis 
(68Ga-NOTA- RGD and 18F-Galacto-RGD), and cellular 
hypoxia (18F-FMISO). FDG fluorodeoxyglucose, FDM 
fluoro- deoxymannose, PET positron emission tomogra-
phy. (Reprinted with permission [6])

muscle cells further contribute to necrotic core 
formation within advanced plaques. Subsequently, 
thinning of the atheromatous fibrous cap is then 
induced by the increased matrix metalloprotein-
ases activity secreted by recruited inflammatory 
cells along with microcalcifications (i.e., calcifi-
cations <50 μm in size) in the arterial intima. The 
necrotic lipid core, thinning of the fibrous cap, 
microcalcification, and heightened inflammatory 
state are all factors that predispose high-risk 
 vulnerable plaque to rupture resulting in athero-
thrombotic events [5]. Several of these biological 
processes are attractive targets for molecular 
imaging of atherosclerosis (Fig. 18.1) [6].

 Inflammation in Atherosclerosis

Inflammation is at the crossroads of the path-
ways that promote the progression of athero-
sclerotic CVD. In fact, basic science and human 
autopsy studies of atherosclerotic diseases 

have demonstrated that inflammation plays an 
important role in several phases of atheroscle-
rosis, from plaque initiation to plaque progres-
sion and the potentiation of atherothrombotic 
events [7].

This important role for inflammation in ath-
erosclerotic CVD has long been supported by the 
well-established association between inflamma-
tory biomarkers and subsequent atherothrom-
botic events. Postmortem serum analysis of 
patients with severe coronary artery disease and 
sudden death revealed significant elevation of 
high-sensitivity C-reactive protein (hsCRP). 
There was also a robust association between 
hsCRP levels, superficial foam cells, expanded 
necrotic cores, and thin cap atheromatous plaques 
[8]. Moreover, inflammatory biomarkers (e.g., 
hsCRP) have been independently associated with 
CVD risk, which can be particularly useful for 
refining risk among individuals with intermediate 
risk by traditional criteria [9].
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Additional evidence for an important role of 
inflammation in atherosclerosis comes from 
statin therapeutic studies. Statins efficiently 
reduce cardiovascular risk through lowering low- 
density lipoprotein (LDL). Such trials show that 
statins reduce inflammation (as determined by 
CRP) and that such reductions in inflammation 
associate with improvements in CVD risk [10]. 
Further, statin-induced changes in LDL and 
inflammation vary independently, suggesting that 
LDL and inflammation may represent distinct 
therapeutic targets [11]. Large-scale clinical 
 trials provided further evidence for the impor-
tance of targeting inflammation to prevent ath-
erosclerotic events. The JUPITER (Justification 
for the Use of Statins in Prevention: An 
Intervention Trial Evaluating Rosuvastatin) trial 
enrolled more than 17,000 subjects without 
known CVD who had elevated CRP levels 
(hsCRP >2 mg/L) and what was at the time con-
sidered “lower” LDL concentrations (LDL 
<130  mg/dL). In JUPITER, statin therapy 
resulted in a 47% relative risk reduction in first 
myocardial infarction, stroke, or cardiovascular 
death among individuals with “lower” LDL and 
elevated CRP [10]. PROVE-IT (Pravastatin or 
Atorvastatin Evaluation and Infection Therapy) 
and IMPROVE-IT (Improved Reduction of 
Outcomes: Vytorin Efficacy International) trials 
provided additional data demonstrating the rele-
vance of lowering hsCRP in the context of lipid 
lowering [12, 13]. Together, those studies show 
that individuals who achieved lower values for 
both LDL and hsCRP experienced lower event 
rates compared to those with a reduction in one 
biomarker alone. These observations led to the 
concept of “residual inflammatory risk” to 
describe the CVD risk that remains among indi-
viduals with low LDL values, yet persistently 
elevated inflammatory markers [14]. Based on 
the aforementioned studies, current guidelines 
support the use of hsCRP to refine risk assess-
ment while deliberating on whether to initiate 
statins for primary prevention of CVD [15].

More recently, the CANTOS (Canakinumab 
Anti-inflammatory Thrombosis Outcomes Study), 
Colcot (Colchicine Cardiovascular Outcomes 
Trial), and LoDoCo2 (Low Dose Colchicine for 
secondary prevention of cardiovascular disease) 
trials provided robust novel clinical evidence sup-
porting the inflammatory hypothesis of athero-
sclerosis. CANTOS tested whether a selective 
anti-inflammatory agent (i.e., canakinumab, an 
IL-1β monoclonal antibody that has not been 
FDA-approved) would improve CVD outcomes 
in the absence of cholesterol lowering [16]. In this 
study, Ridker et  al. reported that canakinumab 
resulted in a 15–20% reduction in the rate of 
recurrent CVD events despite no change in lipid 
concentrations [16]. With these results and the 
knowledge that the target of canakinumab, IL-1β, 
induces IL-6 production, a key cytokine of innate 
immunity, IL-6’s role in atherosclerosis was 
placed directly in the spotlight. This interest was 
augmented by the fact that CANTOS participants 
who received canakinumab and achieved on-
treatment IL-6 levels below the study median 
value demonstrated a 36% relative risk reduction 
in CVD events [17]. Considering these findings, it 
was assumed that inhibition of inflammation by 
targeting the innate immunity pathway of IL-1β to 
IL-6 to hsCRP might be the underlying cause of 
canakinumab’s significant CVD reduction inde-
pendent of lipid lowering and identify IL-6 as a 
possible primary focus of atherothrombosis pre-
vention. In addition, Colcot demonstrated that 
daily low-dose colchicine, an effective anti-
inflammatory medication, significantly lowered 
the risk of ischemic cardiovascular events in indi-
viduals post recent myocardial infarction [18]. 
Further, LoDoCo2 also endorsed the benefits of 
colchicine 0.5 mg daily in reducing recurrent cor-
onary events in patients with chronic coronary 
disease [19]. Collectively, the above-mentioned 
trials provide supportive evidence of a causal role 
for inflammation in atherosclerotic CVD.
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 Noninvasive Molecular Imaging 
of Atherosclerosis Inflammation 
with 18F-FDG

18F-Fluorodeoxyglucose (18F-FDG) positron 
emission tomography/computed tomography 
(PET/CT) imaging is a widely employed imaging 
modality to assess inflammation in humans. 
18F-FDG-PET/CT is used to identify and charac-
terize metabolically active tissues such as tumors 
and inflamed or infected tissues. 18F-FDG is an 
FDA-approved radioactive analogue of glucose, 
which accumulates within tissues in proportion to 
their tissue glycolytic rates [6]. Since inflamma-
tory cells, especially pro-inflammatory macro-
phages (e.g., subtype M1), have relatively high 
glycolytic rates, inflamed tissues tend to accumu-
late substantially more 18F-FDG than surrounding 
tissues without inflammation [20].

Indeed, 18F-FDG-PET/CT imaging has been 
used extensively to assess burden of the inflam-
matory atherosclerosis [21]. Several studies 
have shown that 18F-FDG accumulates within 
the arterial wall in proportion to the density of 
atherosclerotic macrophages (Table 18.1) [22]. 
Furthermore, arterial 18F-FDG uptake has been 
shown to increase in proportion to risk scores 
[23–26] and among individuals with CVD 
events [21, 27]. Additionally, arterial locations 
manifesting higher inflammation are more 
likely to subsequently manifest progression of 
the underlying atheroma [28, 29]. Additional 
human studies demonstrated that arterial 18F-
FDG uptake independently predicts subsequent 
incident atherothrombotic events beyond clini-
cal risk score or the extent of coronary calcifica-
tion (Figs. 18.2 and 18.3) [22, 30].

Table 18.1 The list of clinical studies assessing the correlation between 18F-FDG uptake by PET/CT and arterial 
inflammation on histological analysis of the specimens from carotid endarterectomy

(N) number of patients who underwent carotid endarterectomy, CD45 cluster of differentiation 45, CD68 cluster of dif-
ferentiation 68, NA not available, SUV, standardized uptake value, TBR target-to-background ratio. (Reprinted with 
permission [22])
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Fig. 18.2 Arterial inflammation predicts CVD events. 
Aortic 18F-FDG uptake is higher in an individual who 
experienced a subsequent CVD event (right) compared 

with another patient with lower uptake (left). CVD cardio-
vascular disease, FDG fluorodeoxyglucose, TBR tissue- 
to- background ratio. (Adapted with permission [31])
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Fig. 18.3 Significant relationship between heightened 
arterial wall 18F-FDG uptake and decreased cardiovascu-
lar event-free survival has been shown in several studies 

with distinct populations. TBR target-to-background ratio. 
(Reprinted with permission [22, 32])
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 Impact of Therapies 
on Atherosclerosis Inflammation 
Measured with 18F-FDG

18F-FDG-PET/CT imaging of atherosclerosis has 
been repeatedly applied to test therapies target-
ing atherosclerotic inflammation in research 
studies. Five drug classes have been evaluated in 
both 18F-FDG-PET imaging and clinical end-
point trials [33, 34]. For each of those five drugs, 
there was concordance between directional 
changes seen on arterial imaging and clinical 
benefit observed in large clinical trials. The 
imaging and clinical endpoint trials’ findings 
have been concordantly positive for two drug 
classes (i.e., statins and thiazolidinediones) 
where they reduced both plaque inflammation 
and clinical cardiovascular events [35, 36]. On 
the other hand, three drug classes (i.e., LPPLA2, 
CETP, and P38 MAP Kinase inhibitors) resulted 
in no reduction in pre-specified 18F-FDG-PET 
imaging endpoints or in clinical endpoints [37–
41]. Accordingly, relatively small, and brief 
18F-FDG-PET/CT imaging trials (e.g., 100–200 
individuals studied for 3–6  months) have the 
potential to provide insights into the eventual 
clinical efficacy of drugs targeting atheroscle-
rotic inflammation.

 Molecular Imaging of Coronary 
Inflammation

Most 18F-FDG-PET/CT arterial imaging studies 
have focused on larger arteries such as the aorta 
and the carotids. However, 18F-FDG-PET/CT 
imaging of the coronary arteries has also been 

reported. In a retrospective study, Wykrzykowska 
et al. first described coronary 18F-FDG uptake in 
subjects placed on a low-carbohydrate, high-fat 
diet designed to suppress physiologic myocardial 
18F-FDG uptake [42]. Subsequently, Rogers et al. 
[43] and Cheng et al. [34] demonstrated increased 
18F-FDG uptake within coronary culprit lesions 
in individuals with acute coronary syndrome 
(ACS) versus individuals with stable angina. 
Further work has shown that higher coronary 18F- 
FDG uptake associates with high-risk plaque fea-
tures, such as positive remodeling and increased 
lipid content [44]. More recently, Galiuto et  al. 
demonstrated high correlations between coro-
nary 18F-FDG uptake and high-risk morphologi-
cal features on coronary optical coherence 
tomography (OCT) [45].

However, unlike imaging of larger vessels, 
coronary 18F-FDG-PET imaging is much more 
challenging. Despite great efforts to minimize 
background myocardial uptake of tracer, excess 
myocardial tracer uptake often impedes evalua-
tion of coronary 18F-FDG uptake and limits the 
practical utility of this imaging approach. To 
overcome this, new inroads are being made using 
alternative tracers, such as 68Ga-DOTATATE 
(Fig. 18.4), that are more specific for inflamma-
tory cells and are less impacted by adjacent myo-
cardial background uptake [46]. In addition, PET 
imaging of coronary plaques faces other techni-
cal challenges (i.e., the limited spatial resolution 
of PET and motion of coronary arteries) that fur-
ther limit the clinical utility of the approach. As 
such, it is likely that reliable molecular imaging 
of coronary inflammation imaging will require 
combines advances in tracers as well as imaging 
technologies.
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Fig. 18.4 Comparison between gallium-68-labeled 
DOTATATE (68Ga-DOTATATE) and 18F-FDG-PET imag-
ing of coronary inflammation. Images belong to a patient 
with ACS and an electrocardiogram showing deep antero-
lateral T-wave inversions (a). Coronary angiography 
shows the culprit left anterior descending artery stenosis 
noted by dashed oval (b). A stent was placed (c). Coronary 
CT angiography revealed a residual coronary plaque 
(*inset) at the distal end of the stent with high-risk fea-
tures such as low attenuation and spotty calcification (d, 

e). 68Ga-DOTATATE PET (f, h, i) clearly spotted intense 
inflammation at the distal residual plaque (f, arrow) as 
well as the recently infarcted myocardium (i, *). However, 
18F-FDG-PET (g, j) showed intense background myocar-
dial uptake, which entirely obscured uptake within the 
coronary arteries. ACS acute coronary syndrome, CT 
computed tomography, 18F-FDG fluorodeoxyglucose, 
PET positron emission tomography. (Reprinted with per-
mission [46])

 Microcalcification Activity 
and Other Targets for Molecular 
Imaging of Atherosclerotic Plaque

Several additional plaque features besides 
inflammation represent attractive targets for 
molecular imaging (Fig.  18.1). Such features 
include increased oxidative stress, hypoxia, 
hypoxia- induced angiogenesis, dysregulation of 
matrix metalloproteinase activity, and microcal-

cification activity. In an animal study, increased 
18F-fluoromisonidazole (18F-FMISO) uptake has 
been associated with plaque hypoxia [47]. In sep-
arate studies, 68Ga-NOTA-RGD and 18F-Galacto- 
RGD targeted (integrin avb3) expression on 
activated endothelial cells correlated with neoan-
giogenesis in advanced atheromatous lesions [48, 
49] (Fig. 18.1, Table 18.2).

One tracer of note, 18F-sodium fluoride (18F- 
NaF) incorporates into hydroxyapatite during 
osteogenesis and accumulates within areas of 
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Table 18.2 A list of current PET agents targeting atherosclerotic inflammation and their potential mechanisms of 
uptake

Agent Potential mechanism of uptake
18F-Macroflor Has affinity for cardiovascular resident macrophages
18F-Cerezyme Has affinity for mannose receptors on macrophages
18F-FMCH Targets macrophage cell membrane
18F-Galacto- 
RGD

Binds to integrin avb3 expressed by macrophages and activated endothelial cells (associated 
with angiogenesis)

18F-FDM An isomer of 18F-FDG that accumulates within inflamed tissues with possibly greater affinity 
for M2-polarized macrophages

18F-FOL Binds to the folate receptor β (FR-β) that is selectively expressed by macrophages
11C-PK11195 Has affinity for translocator protein, which is upregulated on inflammatory cells
68Ga-CXCR4 Binds to inflammatory cells expressing the CXCR4 receptor
68Ga-DOTA- 
octreotate

Binds to inflammatory cells expressing somatostatin receptors that are highly expressed on 
macrophages

18F-FDG A glucose analogue that accumulates within cells in proportion to glycolysis
18F–NaF Accumulates within areas of active micro-calcification that are indirectly related to 

inflammation
18F-choline Identifies heightened cell wall synthesis within atheroma
64Cu-ATSM Accumulates in hypoxic regions
18F-MISO Accumulates in hypoxic regions
68Ga-NOTA- 
RGD

Binds to integrin avb3 expressed by macrophages and activated endothelial cells that are 
associated with angiogenesis

64Cu-DOTA- 
CANF

Has affinity to natriuretic peptide receptor and is used in imaging neoangiogenesis

18F-A85380 Binds arterial nicotinic acetylcholine receptors that are possibly related to vascular damage
18F-FLT A labeled thymidine analogue that can identify myelopoiesis in the bone marrow and myelocyte 

turnover in the blood vessel wall
11C-PK11195 11C-(2-chlorophenyl)-N-methyl-N-(1- methylpropyl)-3-isoquinolinecarboxamide, A85380 3-([2S]-azetidi-
nyl-methoxy) pyridine dihydrochloride, ATSM diacetyl-bis(N-methyl-thiosemicarbazone, CXCR4 C-X-C chemokine 
receptor type 4, DOTA-CANF 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid atrial natriuretic factor, FDG fluo-
rodeoxyglucose, FDM fluoro-deoxymannose, FLT fluoro-thymidine, MISO fluoro- misonidazole, NaF sodium fluoride, 
NOTA-RGD 1,4,7-triazacyclononane-N,N0,N00-triacetic acid arginine- glycine-aspartate. (Adapted with permission [50])

active calcification. Clinically, 18F-NaF has long 
been used to evaluate bone pathologies. More 
recently, it has been leveraged to identify areas of 
active microcalcification (i.e., calcifications 
<50 μm in size), a feature of biologically active 
high-risk plaques that is beneath the threshold of 
detection by CT imaging (i.e., coronary artery 

calcium [CAC]) [51, 52]. Notably, 18F-NaF activ-
ity can be more readily measured in the coronar-
ies (as compared to 18F-FDG), owing to the 
relatively low background activity and lack of 
myocardial spill-over [51].

Importantly, culprit coronary and carotid 
plaques have shown higher 18F-NaF uptake 
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than asymptomatic atheroma [53] (Fig.  18.5). 
Moreover, in patients with established coronary 
artery disease, 18F-NaF uptake throughout the 
coronary arteries quantified as coronary microcal-
cification activity (CMA) independently predicts 
coronary events beyond traditional risk stratifica-
tion methods [54] (Fig. 18.6). 18F-NaF uptake also 
identifies coronary segments which subsequently 
showed rapid progression of coronary calcifica-

tion [55]. Further, higher 18F-NaF uptake predicts 
peripheral arterial restenosis after percutaneous 
transluminal angioplasty [56]. Additionally, 18F-
NaF has demonstrated promise in the evaluation 
of abdominal aortic aneurysms in which it has 
been shown to independently predict aneurysm 
growth and future clinical events [57].
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Fig. 18.5 Increased 18F-NaF uptake in culprit coronary 
lesions. Individuals with recent myocardial infarction 
(MI) underwent 18F-NaF-PET/CT. Coronary angiograms 
show culprit left anterior descending artery lesions (red 
arrows) in two individuals (a and c) with recent MI. Intense 

radiotracer uptake has been shown in the same locations 
of the same patients (b and d) who underwent 18F-NaF- 
PET/CT. Higher 18F-NaF activity was noted in the culprit 
lesions compared with nonculprit lesions in the same indi-
viduals (e). (Reprinted with permission [58])
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Patients with advanced established
coronary artery disease

(independent of calcium score, coronary artery lumen stenosis,
risk score & co-morbidities)

No Activity

(CMA=0)
NO MI on follow up

Continue medical therapy

Low Activity

(CMA=0.01 to 1.56)
Intermediate risk

Close  Observation

High Activity

(CMA > 1.56)
8-fold risk of future MI

Intensify Therapy

Coronary disease activity on 18F-NaF PET:
the only predictor of fata or non-fatal MI

CMA 0.00 CMA 0.97 CMA 14.76

Fig. 18.6 18F-NaF-PET imaging of coronary calcifica-
tion to assess disease activity. In patients with known 
CAD, the burden of coronary 18F-NaF uptake predicts 
future coronary atherosclerotic events. Coronary micro-
calcification activity (CMA) was assessed by using 
18F-NaF-PET. Based on the amount of tracer uptake, indi-
viduals were categorized into no, low, and high disease 
activity. Those with higher 18F-NaF uptake (i.e., CMA 

>1.56) exhibited an eightfold risk of future MI. Despite 
having advanced CAD, individuals with no 18F-NaF 
uptake (i.e., CMA = 0) had no MI during the study fol-
low- up. CAD coronary artery disease, CMA coronary 
microcalcification activity, CT computed tomography, 
18F-NaF 18F-sodium fluoride, MI myocardial infarction, 
PET positron emission tomography. (Reprinted with per-
mission [54])

 Hybrid PET/Magnetic Resonance 
Imaging (MRI) Systems

PET/MRI is an emerging imaging technology 
that may provide advantages over PET/CT in cer-
tain applications. Potential advantages include 
enhanced soft tissue characterization, improved 
ability to evaluate cardiac structure, better assess-
ment of ventricular function, and reduced expo-
sure to ionizing radiation by omitting CT 
imaging. Further, MRI data are acquired simulta-

neously along PET data, allowing for better reg-
istration of the two datasets.

Several groups have demonstrated the feasi-
bility of PET/MRI for the evaluation of athero-
sclerosis [59]. Robson et al. outlined a specialized 
approach to using PET/MRI to assess inflamma-
tion and microcalcification in the coronary arter-
ies [60]. In an animal study, Calcagno et  al. 
presented an integrated PET dynamic contrast- 
enhanced MRI (PET-DCE/MRI) protocol to 
measure rabbit aortic plaque inflammation, neo-
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angiogenesis, permeability as well as test the effi-
cacy of an experimental drug [61]. In addition, 
Senders et al. employed an integrative PET/MRI 
protocol in rabbits for plaque phenotyping by tar-
geting vascular cell adhesion molecule (VCAM)-
1, lectin-like oxidized low-density lipoprotein 
receptor (LOX)-1, and macrophage mannose 
receptor (MMR). The study was conducted in 
concordance with using other clinically approved 
modalities such as 18F-FDG, 18F-NaF, and MRI 
[62]. PET/MRI has the potential to facilitate mul-
tiparametric analysis of atherosclerosis, includ-
ing plaque stenosis severity, hemodynamic 
markers, plaque composition, and activity along 
with the evaluation of myocardial viability. 
Accordingly, such information derived from this 
unified imaging modality seems to offer a unique 
approach to assess anti-atherosclerotic drug effi-
cacy in the early phases of clinical trials.

 Multimodality Molecular Imaging 
Approaches

Multimodality molecular imaging has been 
developed to obtain detailed structural, func-
tional, and molecular data. Combining the capa-
bility of various imaging modalities (e.g., PET/
CT, PET/MRI) offers the feasibility to derive 
pathobiological insights and potential translation 
into the clinical realm.

Importantly, multimodal, multiorgan imaging 
uniquely allows for the evaluation of disease pro-
cesses that span multiple organ systems. Several 
animal studies show that bone marrow myelopoi-
etic activity accelerates atherosclerosis [63]. For 
instance, Emami et al. leveraged 18F-FDG-PET/
CT to study the role of hematopoietic tissues 
(i.e., bone marrow, spleen) in human atheroscle-
rotic disease [64]. The investigators quantified 
18F-FDG uptake in hematopoietic tissues and 
observed that the signal is: 1) heightened among 
individuals with recent acute coronary syndrome 
and 2) associated with circulating inflamma-
tory biomarkers as well as arterial inflamma-
tion. Moreover, in a complementary study of 
513 individuals without prior CVD, hematopoi-
etic activity independently predicted the risk of 

future CVD events, illuminating the presence 
of a hematopoietic-arterial axis in humans. The 
link between hematopoietic tissues and athero-
sclerosis has been further studied using the PET 
tracer 3′-deoxy-3′-[18F]-fluoro-thymidine (18F-
FLT), a thymidine analogue which accumulates 
in proliferating cells [65]. Using 18F-FLT PET, 
myelopoietic stem and progenitor cell prolifera-
tion were found to be greater among individuals 
with atherosclerosis with increased tracer uptake 
in atherosclerotic plaques within macrophages in 
the above-mentioned cells and lesions. Further, 
multiorgan 18F-FDG-PET/CT imaging has been 
employed to demonstrate a link between chronic 
stress, a known CVD risk factor, and CVD via the 
aforementioned hematopoietic-arterial axis [66, 
67]. A recent study showed that stress-associated 
neural activity involving the amygdala, a crucial 
constituent of the brain’s salience network, inde-
pendently and robustly associated with the risk 
of subsequent CVD events. Moreover, media-
tion analysis suggested that it did so in part via 
the following pathway: ↑amygdalar activity → 
↑bone marrow activity → ↑arterial inflamma-
tion → ↑CVD risk [31]. Hence, molecular imag-
ing can also be leveraged provide unique and 
important insights into multi-system biological 
mechanisms.

 Clinical Applications

Current clinical applications for arterial molecu-
lar imaging are limited. 18F-FDG-PET imaging is 
used clinically to evaluate arterial inflammation 
in the context of known or suspected arteritis, 
where this application is supported by the clinical 
guidelines [68]. Yet, arterial molecular imaging 
to evaluate CVD risk is not widely performed. 
Before broad clinical implementation is possible, 
large prospective trials are needed to define the 
incremental value of the approach to predict 
 subsequent CVD events. One such trial, 
“Prognostic Value of Arterial 18F-FDG PET 
Imaging in Patients with History of Myocardial 
Infarction: PIAF” (funded by the International 
Atomic Energy Agency) is assessing the relation-
ship between arterial 18F-FDG uptake and subse-
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quent CVD events in >1200 individuals. The 
relationship between tracer uptake and CVD risk 
will similarly need to be evaluated for other trac-
ers before they are used broadly. Until those data 
are available, arterial molecular imaging of ath-
erosclerosis will remain largely a research tool.

 Conclusion

Atheromatous plaque biology represents an 
exciting target for molecular imaging of athero-
sclerosis, offering functional information to 
improve our understanding of the underlying 
pathophysiology. Current imaging techniques 
targeting pathobiological processes, such as 
inflammation, improve risk assessment and may 
lead to improved clinical decision making. The 
continued evolution of molecular imaging to 
assess inflammation and other important patho-
biological processes in atherosclerosis has the 
potential to enhance the personalization of thera-
pies and improve outcomes.
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Abbreviations

18F-NaF 18F-Sodium fluoride
18F-FDG 18F-Fluorodeoxyglucose
18F-FLT 18F-Labeled thymidine
ACS Acute coronary syndrome
CAC Coronary artery calcium
CAD Coronary artery disease
cMRI Cardiac magnetic resonance 

imaging
CT Computed tomography
CXCL12 CXC-motif chemokine ligand 12
CXCR4 CXC-motif chemokine receptor 4
HDL High-density lipoprotein
LAD Left anterior descending artery
LCx Left circumflex artery

LDL Low-density lipoprotein
NaF 18F-Sodium fluoride
oxLDL Oxidized low-density lipoprotein
PET Positron emission tomography
RCA Right coronary artery
STEMI ST-Elevation myocardial infarction
SUV Standardized uptake value
TBR Target-to-background ratio

 Introduction

Atherosclerosis is now established as a chronic 
inflammatory disease, with an early response to 
injury triggered by endothelial damage with sub-
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sequent expression of vascular adhesion mole-
cules and transmigration of leukocytes, 
particularly monocyte/macrophages, but also 
T-lymphocytes and dendritic cells, into the tunica 
intima, followed by the release of pro- 
inflammatory cytokines, proteases, and reactive 
oxygen species in response to modified lipids 
such as oxidized low-density lipoprotein choles-
terol (oxLDL) [1–3]. The resulting pro- 
inflammatory cascade results in the formation of 
foam cells with the release of matrix metallopro-
teinases and other proteolytic enzymes such as 
cathepsins, leading to high-risk, rupture-prone 
atherosclerotic plaque development [4]. This 
includes a high macrophage to vascular smooth 
muscle cell ratio, intraplaque neo-angiogenesis, 
growth of a necrotic lipid core, outwards/positive 
remodeling, lesion growth in the shoulder region 
of the plaque, thinning of the fibroatheroma cap, 
and, ultimately, early microcalcification as a part 
of the body’s innate response to stabilize and cal-
cify areas marred by inflammation [5, 6]. All of 
these features ultimately lead to progressive 
inflammatory changes in atherosclerotic lesions 
in the coronary arteries, correlating directly with 
increased risk of plaque rupture and subsequent 
acute coronary syndrome (ACS).

Various modalities exist to characterize car-
diovascular risk and evaluate coronary obstruc-
tion such as coronary computerized tomography 
(CT) angiography and positron emission tomog-
raphy (PET) myocardial blood flow quantitation, 
now routinely used clinically. However, our 
improved understanding of the disease pathobi-
ology has led to the development of molecular 
imaging approaches for improved diagnosis, 
prognosis, and even treatment of coronary artery 
disease (CAD) by the identification of inflamma-
torily active lesions, and thus patient selection 
for optimal medical therapy with or without 
invasive coronary angiography and revascular-
ization. Indeed, to identify disease-specific cel-
lular and molecular features, the last two decades 
have witnessed the development and implemen-
tation of nuclear medicine-based tracers to char-
acterize high-risk CAD features. Here, we 
review the most established molecular tracers 

and present areas of ongoing research for CAD 
imaging- based risk assessment.

 18F-Fluorodeoxyglucose (FDG) 
Imaging of Metabolic Activity

Initial studies in molecular CAD imaging were 
conducted with the glucose analog FDG. FDG is 
a positron-emitting radionuclide that has been 
widely used in molecular imaging for the assess-
ment of inflammatory and neoplastic processes 
utilizing PET. After intravenous injection, FDG is 
absorbed by cells using glucose transporter pro-
teins (primarily GLUT-1) and is phosphorylated 
by hexokinase to its final metabolite form, FDG-
phosphate, which cannot be metabolized and thus 
remains trapped in cells. Thus, FDG serves as a 
marker for glucose metabolism and can label tis-
sues with increased metabolic activity [7]. The 
exact cells responsible for FDG increase in ath-
erosclerosis remain ill-defined. In vitro analyses 
of glucose utilization and metabolism in ather-
oma-bound cell populations showed that direct 
inflammatory activation by cytokines does not 
increase FDG metabolism in local macrophages, 
but rather in vascular smooth muscles and endo-
thelial cells [8]. Moreover, cell studies simulating 
a hypoxic environment increased glucose trans-
port, and thus FDG uptake, in macrophages [8]. 
Further studies are needed to dissect the cell types 
and pathways leading to increased GLUT-1 
expression and FDG uptake in atherosclerotic 
lesions. Despite the incompletely understood 
biology, and due to its correlation with the relative 
increase in  local macrophage metabolic activity, 
FDG-PET imaging quickly gained interest in 
applications for labeling atherosclerotic disease 
with active inflammation. The potential of FDG-
PET to non-invasively detect highly metabolic 
macrophages and (likely) highly glycolytic 
smooth muscles very early in the atherosclerotic 
disease process offered a vital tool for CAD risk 
assessment [4, 9–16]. Additional investigations 
demonstrated FDG uptake in atherosclerotic 
plaques to be directly correlated with macrophage 
density and inflammation [14, 17, 18].
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 FDG Imaging for CAD Detection 
and Risk Prediction

Early work indicated a positive correlation 
between FDG uptake in large arteries and CAD 
[19]. Furthermore, increased FDG uptake is an 
effective proxy for the increased risk of major 
adverse cardiovascular events [20]. Additionally, 
FDG uptake is increased in culprit lesions shortly 
after an acute coronary syndrome (ACS) [16, 
21], demonstrating the utility of this strategy to 
identify subsequent at-risk lesions and likely 
high- yield targets for staged revascularization. 
More recent studies have highlighted the 
 FDG-PET- based prediction of ACS incidence 
compared to patients with no history of known 
CAD [22]. The group was subdivided into ter-
tiles of target-to- background ratio (TBR) levels, 
and after 4 years it was shown that the highest 
TBR group had a more than fourfold increase in 
adverse coronary events [23]. Coronary artery 
calcium (CAC) scoring in the same subset of 
patients also showed high association with car-
diovascular disease with a greater than threefold 
increased risk for calcium score greater than 
100. However, when TBR tertiles were con-
trolled for CAC score, the predictive valve of 
FDG-PET uptake was independent of CAC scor-
ing, highlighting the unique value each approach 
can provide in characterizing atherosclerotic 
lesions [22].

Despite these promising features, the transfor-
mation of FDG-PET from a non-specific marker 
of inflammation to a reliable marker of coronary 
atherosclerosis has been challenged by limita-
tions in resolution, development of standardized 
image processing protocols, and difficulty sup-
pressing background signal from the surrounding 
myocardium. Early attempts to validate FDG- 
PET for the identification of atherosclerosis 
focused on static large arteries, demonstrating a 
direct correlation between tracer uptake in the 
carotid arteries and degree of inflammation and 
macrophage density by histology [24]. Notably, 
however, this study did not find reliable correla-
tions between tracer uptake and plaque size or 
comorbidities such as hypertension, dyslipid-
emia, or diabetes mellitus [24].

Regardless of these challenges, these early 
studies demonstrated that vascular FDG uptake 
was repeatable on serial examinations with high 
interobserver reproducibility [25, 26] and modifi-
able by anti-inflammatory pharmacological 
agents such as statins [27]. By measuring maxi-
mum standardized uptake values (SUV) in four 
regions of the left main coronary artery to create 
an average coronary SUV and normalizing to the 
uptake in the superior vena cava to generate a 
quantitative target-to-background ratio (TBR), 
researchers were able to show a 20% decrease in 
arterial TBR after a 12-week treatment course 
with a high intensity statin [28]. This evaluation 
of the reliability of measuring FDG uptake in the 
proximal left main coronary artery offered prom-
ise that the application to downstream epicardial 
coronary arteries could help evaluate disease pro-
gression and treatment efficacy [29].

Subsequent studies validated FDG imaging in 
the coronary bed against the reference standard 
invasive angiography in patients with ACS. In 
patients that underwent FDG-PET after invasive 
angiography, increased tracer uptake was noted 
at the culprit site as well as in distal segments of 
the left main artery and even the ascending aorta 
[30], demonstrating the utility of FDG-PET in 
detecting local and systemic inflammation that 
can destabilize at-risk lesions and lead to adverse 
cardiovascular events. By highlighting these at- 
risk lesions in the days or weeks following 
infarct, FDG imaging may provide insight into 
patients with increased risk for subsequent ACS 
that could benefit from more aggressive thera-
pies. Increased tracer uptake was also noted in 
atherosclerotic regions of patients with stable 
angina, highlighting the potential predictive 
value of FDG-PET in identifying patients at sub-
sequent risk for major adverse cardiovascular 
events [30] (Fig. 19.1). Additional studies evalu-
ating temporal change in FDG uptake after 
aggressive risk factor modification demonstrated 
up to 65% reduction in FDG-positive sites after a 
17-month period of lifestyle modifications, 
including dietary counseling and physician- 
directed exercise and weight loss, suggesting a 
mechanism for plaque stabilization guided by 
nuclear imaging [4, 28, 31]. This correlated to a 
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Fig. 19.1 Co-registered 18F-FDG-PET/CT images show-
ing FDG uptake in the coronary arteries. (a) Focal uptake 
in the left main artery (dashed arrow) and the stented por-
tion of the LAD (solid arrow) in a patient with ACS. (b) 
Mild FDG uptake in a mixed plaque in the left main artery 
(dashed arrow) and stented portion of the LAD (solid 

arrow) in a patient with stable coronary disease. (c) Mild 
FDG uptake in the LAD stented several months prior to 
imaging. (d) Focal FDG uptake in the left main bifurca-
tion in a patient with ACS. (Reproduced with permission 
from Rogers et al. [30])

significant, albeit small, decrease in total choles-
terol, low-density lipoprotein (LDL) cholesterol, 
diastolic blood pressure, and body mass index, 
with a small increase in high-density lipoprotein 
(HDL) cholesterol [31].

 Limitations of FDG Imaging 
in Coronary Atherosclerosis

FDG-PET evaluation of coronary atherosclerosis 
carries several technological challenges. Most 

notably, PET imaging is limited by a finite reso-
lution of photon detection that achieves ranges 
from 4 to 6  mm [32]. FDG uptake in 
 atherosclerosis is precisely observed and easily 
quantified in large vessels (≥1  cm) such as the 
aorta and carotid arteries [33]. Conversely, epi-
cardial coronary arteries typically measure 
2–4  mm in diameter and progressively taper 
toward the distal vessel, limiting the geographic 
reliability of this technology to identify small or 
distal vessel lesions [4]. Co-registration with 
computed tomography (CT) imaging can help 

J. R. Pinney et al.



259

improve lesion identification and localization; 
however, this can be further challenged by inher-
ent motion artifact in the coronary vasculature. 
Early efforts at integrating PET scanners with 
magnetic resonance imaging have also shown 
promising improvements in resolution [34, 35].

These challenges are particularly relevant in 
imaging the right coronary artery (RCA), which 
is subjected to significant motion during the car-
diac cycle [21]. Studies evaluating ideal ECG- 
gating algorithms demonstrated average RCA 
displacement in-plane of 24.1 mm compared to 
3.6 mm and 15.0 mm in the left anterior descend-
ing (LAD) and left circumflex (LCx) arteries, 
respectively [36]. As a result, lesion identification 
in the RCA has been shown to be less reproduc-
ible with higher signal-to-noise ratio [21]. One 
study sought to co-register FDG-PET with CT 
angiography after percutaneous intervention in 
patients with stable CAD or in the setting of ACS 
to validate the ability of FDG-PET to identify 
coronary artery inflammation. The FDG-PET 
signal was not increased in the culprit lesion of 
half the patients who experienced ACS, raising 
concern about the sensitivity of this non-specific 
marker to reliably detect at-risk atherosclerotic 
lesions [16] (Fig.  19.2). Plaque FDG uptake is 
dependent on the microenvironmental milieu and 
predominant cell types present [15] and is the 
subject of ongoing research to distinguish quies-
cent from metabolically active lesions [37].

While low spatial resolution, motion artifacts, 
and limited tracer specificity interfere with reli-
able coronary plaque detection using FDG-PET 
imaging, a frequent technical challenge that has 
decreased its clinical utility is the intense myo-
cardial uptake of FDG [13, 19, 27, 38]. Dietary 
factors and available energy sources can also 
affect cardiomyocyte metabolism, with lack of 
available blood glucose diverting energy streams 
to the consumption of free fatty acids with a com-
pensatory decrease in oxidative metabolism [39]. 
However, distinguishing physiologic myocardial 
glucose uptake from the pathologic metabolic 
activity of intra-coronary macrophages is chal-
lenging in practice and requires appropriate 
acquisition and patient preparation protocols.

Addressing this requires optimizing the TBR 
of FDG uptake in the arterial wall. Furthermore, 
these protocols must be standardized to allow 
them to be interpretable across different scan-
ners and detectors as well as temporally with 
changes in patient condition, comorbidities, and 
medical treatment. Standardization of imaging 
protocols that includes adequate dietary prepa-
ration to suppress myocardial FDG uptake, 
consistent FDG dose administration, improved 
data acquisition hardware and processing algo-
rithms, and regulated imaging time should sub-
stantially enhance the ability of FDG-PET to 
detect coronary atherosclerosis [13, 19, 27]. This 
necessitates establishing a standardized uptake 
value (SUV) to objectively quantify FDG bind-
ing and signal intensity to generate reproduc-
ible results. The SUV is a mathematical ratio 
of the concentration of tissue radioactivity nor-
malized to injected dose and patient weight 

SUV
Regional Radioactivity Concentration

Injected Dose of FD
=

GG Patient Weight( )× ( )









.

  
From this, the TBR is calculated as a ratio of 
the SUV of a region of interest and the SUV of 
a previously defined background region of inter-
est. The standardization of the determination of 
SUV has been challenged by protocol variability 
across imaging systems and institutions. General 
practice involves choosing a region of maximum 
or mean SUV in the region of interest by aver-
aging pixel counts in a target arterial wall, then 
subsequently normalizing to a blood pool uptake 
by measuring SUV, generally in the venous blood 
pool [40, 41]. This method of systematic quan-
tification is also limited by the natural variabil-
ity of FDG uptake over time, as well as patient 
factors and variabilities in metabolism or tracer 
distribution [19]. Furthermore, due to PET’s sus-
ceptibility to partial volume effects from limited 
detector spatial resolution, FDG uptake in the 
distal coronary arteries becomes difficult to esti-
mate as the artery size approaches the finite pixel 
resolution [42, 43]. This is further exacerbated by 
user-biased factors such as variability in image 
partitioning and identification of the regions of 
interest.
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Fig. 19.2 Co-registered images of a coronary CT angio-
gram and 18F-FDG-PET from a patient with a stented 
proximal RCA STEMI. (a) Top row shows overlayed 
coronary CT angiogram with FDG-PET uptake. Bottom 
row shows overlayed coronary CT angiogram with non- 
contrast cardiac CT.  Arrow denotes RCA stent. 
Arrowheads denote silhouette of heart from FDG-PET or 
non-contrast cardiac CT compared to CT angiogram dem-

onstrating offset of images. (b) Coronary CT angiogram 
and non-contrast cardiac CT are co-registered using the 
stent position as a coordinate marker (arrow) with 
improved overlay (arrowheads). (c) Superimposed FDG- 
PET on this co-registered image now show improved co- 
localization with FDG uptake at the stent site (circle). 
(Reproduced with permission from Cheng et al. [16])
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 Standardizing FDG Protocols 
for Improved Imaging of Coronary 
Atherosclerosis

In an effort to overcome these technical limita-
tions, a variety of coronary FDG-PET protocols 
have been proposed to standardize outputs. These 
including reducing blurring from cardiac and 
respiratory motion by computational motion cor-
rection techniques [44], instituting cardiac and 
respiratory gating [45, 46], and by developing 3D 
and 4D PET imaging protocols [47, 48], which, 
together, have enabled millimeter-level accuracy 
in controlled phantom studies [48]. Of note, 
 however, each of these approaches has tradeoffs 
of artificially introduced signal bias or decrease 
in signal detection limits.

Adequate patient preparation is critical. This 
implicates strict patient preparation with a high- 
fat, low-carbohydrate diet to induce fatty acid 
metabolism and suppress undesirable myocardial 
FDG uptake, thereby enhancing the detection of 
coronary atherosclerotic FDG [49–51]. To obtain 
high signal-to-noise ratios, protocols call for 
complete abstinence from all carbohydrate 
sources including fruits, vegetables, breads and 
starches, and any sweetened foods while favoring 
meals high in protein and fat for 1–3 days prior to 
the exam followed by a temporary fast for up to 
12 h prior [52]. These protocols are challenging 
to monitor in an outpatient setting and can lead to 
variable results that rely on strict patient adher-
ence to complicated protocols. However, one 
group demonstrated a sixfold improvement in 
study quality by providing patients with struc-
tured meal regimens prior to the exam [53].

While many technical challenges such as non- 
specific uptake by the myocardium, smooth mus-
cles, and other inflammatory conditions may 
limit FDG’s utility, it will remain a viable alter-
native to monitor and detect progressive coronary 
atherosclerotic disease in at-risk patient 
populations.

 18F-NaF Imaging 
of Microcalcification

Of particular interest has been the recent work 
studying 18F-sodium fluoride (NaF) as a molecu-
lar PET tracer for coronary atherosclerosis evalu-
ation. Used for decades to diagnose bone turnover 
and osseous metastases, the incidental finding of 
the localization of NaF to calcified intramural 
atherosclerotic lesions in the aorta offered novel 
opportunities, beyond the well-established 
CT-based CAC scoring which has demonstrated 
a clear association with adverse cardiovascular 
outcomes [54].

NaF binds its molecular target by replacing 
hydroxyl groups on hydroxyapatite-calcium salt 
crystals, enabling it to adsorb to the surface of 
calcium deposits [55]. In binding to susceptible 
molecular targets in the arterial tree, NaF may 
offer insight into lesion-specific risk of plaque 
rupture and adverse cardiovascular outcomes, 
thereby helping to identify patients at elevated 
risk of ACS. Indeed, the ability of NaF to identify 
culprit plaques or plaques at risk of destabiliza-
tion and rupture could transform the landscape of 
individual risk assessment and medical and inter-
ventional therapies for patients. Furthermore, it is 
apparent that lesions characterized by NaF imag-
ing are distinct from areas of heightened meta-
bolic activity identified by FDG, demonstrated 
by regional coincident uptake of NaF and FDG in 
only 6.5% of 215 arterial (non-coronary) lesions 
[56], thus suggesting a potentially complemen-
tary role of the two approaches. Further advan-
tages of NaF are a relatively simple production 
process, a favorable 110-min half-life, rapid dis-
tribution and clearance from the blood pool, and, 
most importantly, negligible myocardial uptake, 
which facilitate visualization of target arterial 
binding sites [1].

One study of system-wide arterial calcifica-
tions demonstrated colocalization of CT-based 
calcification with PET-based NaF signal in 88% 
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of 254 arterial lesions with tracer uptake. By con-
trast, however, only 12% of the total sites of cal-
cification demarcated by CT were found to 
uptake NaF, indicating that NaF tracer uptake 
depends on more than just the presence of arterial 
calcium deposits [57]. The demonstration that 
some calcified lesions do not show significant 
NaF uptake and that signal can also be detected 
in regions without visible calcification on tradi-
tional CT imaging modalities suggests that the 
degree of binding of NaF to vascular calcifica-
tions is proportional to the surface area of cal-
cium crystals available for binding. Indeed, 
microcalcifications, defined as plaque-embedded 
deposits ≤60 μm in diameter, have a higher sur-
face area to volume ratio available for binding, as 
compared to macrocalcifications [5, 58]. These 
early microcalcifications are composed of nano-
crystalline nucleations of hydroxyapatite, indica-
tive of metabolically active atherosclerotic 
lesions, and provide a high surface area for NaF 
binding [5]. Over time, coalescence of calcium 
deposits into more stable macrocalcifications in a 
thickened fibrous layer. These mature lesions 
show decreased risk of rupture and, although 
bulky and potentially flow-limiting, are consid-
ered to be lower risk sites for plaque rupture [58]. 
Additionally, bulky macrocalcifications offer less 
surface-available hydroxyapatite for binding of 
NaF molecules, illuminating why these more 
stable, mature lesions are relatively quiescent on 
molecular imaging studies using NaF [58].

This critical qualitative distinction has helped 
spark further studies into the characterization of 
calcified, mature lesions that may be at lower risk 
for adverse cardiovascular events due to the lack 
of active inflammation as opposed to microcalci-
fications that can promote plaque rupture [58, 59] 
(Fig. 19.3). It is the earlier stages of inflammation 
marred by punctate, rigid microcalcifications 
which act as a nidus for local stress concentration 
through this focal gradient in elastic modulus, 
increasing circumferential stress and risk of inti-
mal tear and plaque rupture [60]. The relatively 
increased availability of hydroxyapatite nucle-
ation sites in the nanocrystalline structure pro-
motes NaF binding and suggests the value of NaF 

imaging as a lesion-specific marker of high-risk 
inflammatory plaque growth [61].

 Clinical Utility of NaF in Coronary 
Atherosclerotic Imaging

More recently, several studies have sought to cor-
relate NaF binding with known culprit lesions 
from patients with anginal symptoms or recent 
myocardial infarction. In a study of coronary and 
carotid NaF uptake in 92 patients who underwent 
invasive angiography for stable angina (n = 40), 
acute myocardial infarction (n = 40), or patients 
undergoing carotid endarterectomy for symptom-
atic carotid artery disease (n  =  12), 100% of 
carotid plaque ruptures and 93% of culprit lesions 
causing ACS were found to have increased uptake 
of NaF [1]. When compared to results from intra-
vascular ultrasound assessments, 45% of the 
patients that presented with stable angina had 
focal uptake of NaF that was positively associ-
ated with high-risk features including remodel-
ing, microcalcification, and necrotic core size [1]. 
Furthermore, 72% of these lesions were consid-
ered non-obstructive with <70% angiographic 
stenosis, suggesting a role for NaF in identifying 
high-risk lesions prior to the development of 
hemodynamically significant flow-limiting ste-
nosis [1]. In the same study, FDG imaging was 
performed which highlighted the limitations of 
this traditional molecular tracer, which was 
unable to be interpreted in the vascular territories 
of nearly half of the patients studied, despite ade-
quate suppression of myocardial tissue uptake, 
and only showed focal uptake in 10% of the 
patients post infarction [1] (Fig. 19.4).

Co-registration with invasive intravascular 
ultrasound has also shown strong association of 
NaF uptake with known high-risk features. NaF 
uptake was increased in the border zones of high- 
intensity calcifications where it was associated 
with microcalcifications and calcified fibroather-
oma, as well as increased remodeling and necrotic 
tissue [62]. Further studies have also identified 
complementary imaging features that help iden-
tify high-risk plaques. For example, NaF uptake 
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Fig. 19.3 Co-registered 18F-NaF-PET/CT images show-
ing uptake in the coronary arteries. (a) No uptake seen in 
patient without coronary calcium. (b) Patient with exten-
sive LAD calcification without NaF uptake. (c) Patient 
with extensive LAD calcification with focal NaF uptake. 
(d) Patient with LAD calcification with NaF uptake adja-
cent to the calcified segment suggesting expanding micro-

calcification. (e) Patient with recent ACS in the RCA 
territory with corresponding NaF uptake in the proximal 
RCA. (f) Angiogram of patient from (e) showing ulcer-
ated plaque and thrombus in the proximal RCA corre-
sponding to the area of NaF uptake. (Reproduced with 
permission from Dweck et al. [59])
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Fig. 19.4 Comparison of 18F-NaF and 18F-FDG uptake in 
patients with CAD. (a) Coronary angiogram of patient with 
proximal LAD STEMI. (b) NaF-PET showing intense 
proximal LAD uptake. (c) FDG-PET without significant 
focal uptake at the culprit proximal LAD lesion. Yellow 
arrow denotes myocardial uptake in the LAD distribution. 
Blue arrow denotes esophageal uptake. (d) Coronary angio-
gram of patient with proximal LAD ACS (non-STEMI) 
(red arrow) and bystander non-culprit CAD in the LCx 
(white arrow), both of which were stented. (e) NaF uptake 
shown in the culprit stented LAD without significant uptake 
in the bystander stented LCx. (f) FDG- PET without tracer 

uptake in either the culprit LAD or the bystander LCx in the 
same patient. (g) Coronary angiogram showing non-
obstructive disease in the proximal to mid RCA in a patient 
with stable angina. (h) NaF-PET showing tracer uptake in 
the mid RCA lesions (red) but not in the proximal RCA 
(yellow). (i) Intravascular ultrasound of the NaF-negative 
lesion showing predominantly fibrofatty infiltration (green) 
and confluent macrocalcifications (white) without signifi-
cant necrosis (red). (j) Intravascular ultrasound of the NaF-
positive lesion shows microcalcifications (white) and 
significant necrotic core (red), consistent with high-risk 
features. (Reproduced with permission from Joshi et al. [1])
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colocalizes with peri-coronary adipose tissue as 
recognized by low-attention plaques on coronary 
CT and often identified in proximity to culprit 
lesions of ACS [63]. Although both elevated 
CAC score and presence of high-risk, partially 
calcified or low-attenuation plaques on coronary 
CT are proportional to the uptake of NaF, the 
presence of obstructive disease (>70% stenosis 
or >50% stenosis of the left main or proximal 
left anterior descending (LAD) arteries) was not 
predictive of increased maximum TBR of NaF, 
highlighting its complementary qualitative infor-
mation in personalized risk assessment [55].

 NaF Imaging in Prospective Risk 
Assessment

Additional work has sought to identify the utility 
of NaF imaging in prospective trials to predict 
lesions at impending risk of rupture and subse-
quent myocardial infarction. Initial reports of 
association of age, male sex, and low HDL serum 
concentrations with increased NaF uptake 
 provided evidence of a direct correlation of sig-
nal intensity with risk for adverse cardiovascular 
outcomes [59].

A study evaluated 293 patients who under-
went NaF imaging, coronary CT co-registration, 
and invasive coronary angiography for either 
symptomatic stable angina or recent myocardial 
infarction [64]. By quantifying global NaF uptake 
in the coronary vascular tree, 69% of subjects 
were found to have a non-zero NaF signal. Over 
42 months, 7% of the subjects experienced a fatal 
or non-fatal myocardial infarction, all of whom 
had increased NaF uptake, with zero subjects 
without positive NaF signal experiencing an 
adverse cardiovascular outcome. Although the 
overall event number was low during the period 
of the study, it is notable that neither CAC score 
nor the presence of obstructive lesions on coro-
nary CT was predictive of subsequent myocardial 
infarction. Indeed, in this study only NaF uptake 
emerged as a statistically significant predictor of 
adverse cardiovascular events with several stan-
dard clinical scoring systems failing to demon-
strate a reliable prognostic linkage. Furthermore, 

elevated NaF TBR carried a statistically signifi-
cant hazard ratio of 4.6 for the risk of subsequent 
infarction [64].

A second, smaller study looked at the co- 
registration of NaF-PET imaging with coronary 
CT for the prospective evaluation of adverse cor-
onary events over 2  years of follow-up [65]. 
Coronary events occurred in 11 of the 32 patients 
that completed follow-up, with analysis demon-
strating a significantly increased uptake of NaF 
imaging during the initial evaluation. 
Furthermore, correlation with increased CAC 
score as well as the presence of partially calcified 
or high-risk plaque features on coronary CT 
(defined as low density <30 Hounsfield Units, or 
with a remodeling index of >1.1) were found in 
all patients that had increased NaF uptake. While 
most patients in this study had baseline obstruc-
tive lesions identified on coronary CT, defined as 
a 2 mm segment with ≥50% stenosis, in two of 
the noted coronary events coronary CT did not 
reveal obstructive stenosis of the culprit lesion 
while NaF uptake was increased at the culprit site 
prior to intervention, implicating the potential 
complementary role of molecular NaF imaging 
in high-risk patients [65].

An NaF-based strategy may also help differ-
entiate patients identified as high-risk by modali-
ties such as CAC scoring into patients with stable, 
mature coronary calcifications as opposed to 
those with active inflammation and concomitant 
microcalcification that may benefit from more 
aggressive interventions [59]. However, robust 
prospective clinical studies will need to be per-
formed to establish the proposed ability of NaF to 
identify metabolically active, high-risk coronary 
atherosclerotic lesions.

 Limitations and Future Directions

Although early results and imaging correlations 
with NaF have been promising, other studies 
have shown less significant associations with 
increased tracer uptake. Indeed, a study of 88 
patients with diabetes mellitus imaged prospec-
tively with NaF PET failed to identify a signifi-
cant number of potentially high-risk plaques as 
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would be expected in such an at-risk population. 
Additional studies are underway with improved 
long-term clinical monitoring after imaging to 
identify subjects with cardiac events to better elu-
cidate this potential [66]. Increased radiation 
exposure may also be restrictive in some clinical 
centers with baseline NaF-PET/CT scans associ-
ated with 8–9  mSv of radiation [67]. The PET 
spatial resolution limitation of 3–4 mm may also 
impede the utility of NaF for individualized 
assessment of smaller, focal atherosclerotic 
lesions [68]. Ultimately, longer term prospective 
clinical studies will need to be undertaken to bet-
ter understand the prognostic utility of NaF-PET 
imaging in atherosclerotic disease and the prom-
ising role that NaF-PET may play as a comple-
mentary tool in the screening and serial evaluation 
of high-risk patient populations.

 68Ga-Pentixafor Imaging of CXCR4 
Inflammation

There has been continued progress in identifying 
targeted tracers that provide more specific and 
potentially predictive data in regard to CAD 
activity and risk for adverse clinical outcomes. 
One of the most promising developments from 
this work has been the identification of the CXC- 
motif chemokine receptor 4 (CXCR4) which, 
when bound to the associated ligand CXC-motif 
chemokine ligand 12 (CXCL12), is associated 
with leukocyte-mediated inflammatory processes 
that are seen in models of ischemic injury [69]. 
Histologic evaluation of inflammatory coronary 
plaques has revealed CXCR4-positive leukocyte 
populations, primarily monocyte/macrophages, 
although populations of smooth muscle cells, 
endothelial cells, T-cells, B-cells, and thrombo-
cytes have also shown significant CXCR4 expres-
sion in atherosclerotic zones [69, 70].

 The CXCR4 Signaling Pathway

CXCR4 is a transmembrane G-protein-coupled 
chemokine receptor that has been implicated in a 
variety of inflammatory and autoimmune dis-
eases, as well as in cancer progression where it 
has been studied as a potential therapeutic target 
to interrupt metastasis [70]. Additionally, the 
CXCR4 signaling axis has been implicated in the 
evolution of coronary plaque through its role in 
development and growth of smooth muscle and 
endothelial progenitor cells. The precise path-
ways through which endothelial and smooth 
muscle cells are integrated into the CXCR4 sig-
naling pathway are incompletely characterized, 
but it appears to play a homeostatic role in help-
ing to recruit inflammatory populations to areas 
of vascular microinjury, ultimately leading to 
endothelial proliferation and repair of the vascu-
lar bed [69]. CXCR4 is implicated in the activa-
tion and recruitment of intralesional macrophages 
in atherosclerotic plaques and in the early post 
myocardial infarction period [69, 70] (Fig. 19.5). 
Indeed, this process is cumulative throughout the 
development of atherosclerotic plaques and, as 
such, offers promise as a targeted molecule for 
evaluation of patients with high-risk for cardio-
vascular disease [69]. As the density of macro-
phages increases, the risk of thrombotic events 
increases due to the release of cytokines and 
macrophage-associated proteases such as matrix 
metalloproteases, compromising the thin fibrous 
cap and leading to further local inflammation. By 
targeting one of the key cell types that is integral 
to the progression of advanced atherosclerotic 
plaques, CXCR4 offers increased specificity with 
a narrower bandwidth signal than currently more 
established tracers such as FDG and NaF [69]. 
Even more intriguingly, early animal studies have 
evaluated the therapeutic potential of CXCR4 
blockade with small molecules such as the allo-
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Fig. 19.5 68Ga-Pentixafor uptake in a patient with ACS 
after reperfusion. (a) Coronary angiogram with acute 
LAD occlusion (red arrow). (b) Coronary angiogram 
showing reperfusion of the LAD after stenting. (c) Fused 

Pentixafor-PET/CT scan showing focal tracer uptake at 
the mid-site of the LAD stent (red arrow). (Reproduced 
with permission from Derlin et al. [74])

steric antagonist AMD3100 (Plerixafor) that can 
even lead to improved function and recovery 
after acute myocardial infarction when delivered 
within a narrow therapeutic window of time post 
infarct [71].

 Nuclear Imaging of CXCR4 
in Coronary Atherosclerosis

To take advantage of this promising molecular 
target, the radiotracer 68Ga-pentixafor was devel-
oped as a highly specific ligand of CXCR4. Early 
studies demonstrated the potential clinical utility 
of this targeted radiotracer by comparing the con-

cordance of Pentixafor uptake in patients recently 
diagnosed with ACS with myocardial inflamma-
tion on cardiac magnetic resonance imaging 
(cMRI), suggesting a role for CXCR4 signaling 
to promote inflammatory remodeling. Although 
tracer uptake was not ubiquitous across all sub-
jects in this population, all Pentixafor positive 
segments corresponded to regions of infarct on 
cMRI, and uptake appeared to be proportional to 
the extent of infarct as measured by troponin ele-
vation level, serving as an early proof of concept 
on the clinical utility of Pentixafor imaging [72].

Further efforts were undertaken to study the 
association of Pentixafor uptake with high-risk 
patient demographics. In a retrospective study of 
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38 patients who underwent Pentixafor-PET 
imaging for oncologic purposes, the large arteries 
and branches in the thorax were evaluated and 
showed that arterial uptake from inflammatory 
plaque macrophages may serve to highlight areas 
with coronary vascular disease [73]. In another 
study, patients that surpassed a defined average 
threshold of Pentixafor tracer uptake in pre- 
specified arterial segments, as defined by the 
average TBR of tracer uptake, demonstrated 
markedly higher rates of comorbidities such as 
diabetes, hypertension, hyperlipidemia, and his-
tory of prior known cardiovascular disease, dem-
onstrating the ability to identify at-risk lesions in 
patients at higher risk of cardiovascular disease 
[69]. The prevalence of these risk factors was 
often at least four times greater in the high TBR 
group, and indeed, there was an overall 12% 
increase in tracer uptake in patients with any 
high-risk demographic features for atheroscle-
rotic disease [69]. This type of “dose-dependent” 
relationship between Pentixafor signal intensity 
and high-risk features may also help establish 
relative cut-offs in tracer uptake that can be used 
to identify plaques at highest risk of potential 
rupture.

More specifically than association with clini-
cal syndromes, considerable study has gone into 
the evaluation of the colocalization of Pentixafor 
uptake with arterial neo-intimal calcifications 
[15]. A retrospective analysis of patients that 
underwent Pentixafor-PET/CT imaging showed 
that nearly 34% of sites with Pentixafor uptake 
were also found to have calcifications on CT, 
but conversely, only 7% of the total calcified 
arterial lesions showed Pentixafor uptake [69]. 
This underlines the hypothesis that CXCR4 may 
be more associated with early plaque devel-
opment through its role in the recruitment of 
macrophages and subsequent release of metal-

loproteases and cytokines, which lead to plaque 
destabilization.

 Comparison of 18F-FDG 
and 68Ga-Pentixafor Imaging

When compared to more established tracers such 
as FDG, there are notable similarities and differ-
ences in the Pentixafor tracer uptake profile for 
CAD evaluation. In a retrospective study of 92 
patients who underwent FDG and Pentixafor 
imaging, both tracers showed similar inversely 
proportional uptake to degree of arterial calcifica-
tions with over 30% higher average TBR in non- 
calcified, metabolically active lesions as 
compared to severely calcified lesions (1.4 vs. 1.9 
for Pentixafor and 1.1 vs. 1.5 for FDG) [70]. 
Conversely, 35% of patients demonstrated 
Pentixafor uptake without any FDG uptake, indi-
cating the utility of this tracer to recognize fac-
tors beyond focal macrophage metabolic activity 
[70]. However, due to the inability to biopsy the 
coronary vasculature in clinical evaluations, 
Pentixafor studies to date lack histopathologic 
corroboration of the cell populations responsible 
for uptake of the tracer. Efforts to address this 
have included evaluation of cadaveric heart sam-
ples or explants from carotid endarterectomies 
[74]. These studies have been able to confirm the 
high density of CXCR4-positive cells in areas of 
atherosclerosis without significant CXCR4 
expression in healthy vascular segments (5% 
CXCR4-positive cells vs. negligible number in 
healthy segments). Interestingly, these ex  vivo 
analyses have also identified direct correlations 
between Pentixafor uptake intensity and symp-
tomatic carotid artery disease (15% CXCR4- 
positive cells in symptomatic lesions vs. 2% 
CXCR4-positive cells in asymptomatic lesions), 
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further implicating the ability of CXCR4 target-
ing imaging to identify clinically relevant inflam-
matory regions in diseased arteries [74].

 Clinical Applications of  
CXCR4- Targeted Imaging

In animal models of myocardial infarction 
designed for early testing of CXCR4 antago-
nists, Pentixafor uptake intensity was directly 
related to time after infarct, with highest signal 
intensity 3 days after infarct, consistent with the 
timing of inflammatory recruitment to the 
infarct zone [71]. Most recently, several groups 
have worked to demonstrate the clinical utility 
of CXCR4- targeted nuclear imaging in prospec-
tive studies of patients with known CAD or 
recent ACS. Evaluation of human subjects post 
infarction with Pentixafor imaging co-registered 
with cMRI demonstrated increased uptake in 
culprit arterial segments, with uptake intensity 
related to severity of ischemic burden as charac-
terized by edema and late gadolinium enhance-
ment [71]. However, the generalizability of this 
correlation as a predictor of ACS rather than a 
sequela continues to be studied. In one study of 
37 patients imaged within 1  week of an acute 
ST-elevation myocardial infarction (STEMI) 
after undergoing stent-based reperfusion, 
Pentixafor uptake was quantified in both culprit 
lesions that were stented as well as non-culprit, 
non-stented regions [74] (Fig.  19.6). Although 
both demonstrated significant uptake, maximum 
SUV in the defined regions of interest was over 
30% higher in stented culprit lesions compared 
to stented non-culprit lesions, and over 60% 
higher than non-stented non-culprit calcified 
lesions, suggesting that some CXCR4 activity 

could also be attributed to direct intravascular 
injury from revascularization [74].

A theranostic approach, evaluating the poten-
tial use of CXCR4 pathways for treatment of 
acute infarction, is underway [75]. Pentixafor 
uptake after induced infarction in mice becomes 
measurable in the myocardial infarct zone within 
hours after infarct and peaks within 1–3  days, 
with a subsequent decline to baseline levels by 
1  week [75]. Interestingly, subjects with cata-
strophic post-infarct complications such as ven-
tricular rupture showed a 30% higher tracer 
uptake in the infarcted myocardium at 3  days 
post infarct as compared to surviving subjects, 
suggesting a pathologic consequence to sustained 
CXCR4 activation [75]. Indeed, the use of the 
competitive inhibitor of CXCR4 receptor bind-
ing, AMD3100, at day 3 after infarct demon-
strated a threefold reduction (8% vs. 23%) in the 
incidence of ventricular rupture and improved 
long-term ventricular function as compared to 
untreated subjects [75]. Additionally, there was a 
15% improvement in left ventricular ejection 
fraction without affecting infarct size [75]. 
However, as a testament to the dynamic and mul-
tifaceted role of the CXCR4 signaling cascade, 
subjects not treated until 7 days after infarction 
actually experience an increased risk of left ven-
tricular rupture (31% vs. 8%) without the benefit 
of improved ventricular function seen in subjects 
treated at the day 3 inflammation peak [75]. 
These observations indicate CXCR4 can be used 
to identify subjects with sustained or severe 
inflammation that may benefit from more 
advanced therapies due to increased risk of 
delayed complications. In fact, retrospective 
evaluation of 50 patients after acute myocardial 
infarction demonstrated that the intensity of 
Pentixafor uptake 3–5  days after infarct was 
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Fig. 19.6 68Ga-Pentixafor uptake in various coronary 
lesions (top row = CT scan, bottom row = Pentixafor- PET, 
middle row = fused image). (a) Calcified LAD plaque with-
out Pentixafor uptake. (b) Partially calcified lesion with 
Pentixafor uptake in the proximal LAD (yellow arrow). (c) 
Pentixafor uptake in the stented portion of a non-culprit 

LCx lesion. (d) Scatter plot of Pentixafor uptake intensity 
in control calcified plaques versus Pentixafor-positive 
plaques showing highest uptake in culprit stented lesions 
with modest uptake in non-culprit stented lesions and low-
est uptake in stable calcified plaques. (Reproduced with 
permission from Derlin et al. [74])

inversely proportional to resultant ventricular 
function several months later (correlation coeffi-
cient of -0.41 comparing ejection fraction versus 
maximum CXCR4 SUV) [75].

Although the specificity of the CXCR4 sig-
naling pathway has shown promise in targeted 
identification of at-risk atherosclerotic lesions, 
the incompletely understood and diverse func-
tions that CXCR4 plays in other local cell types 
merit further studies. CXCR4 expression in 
mature endothelial and smooth muscle cells has 
been associated with maintenance of arterial wall 
integrity and endothelial barrier function in ani-
mal models, highlighting the importance of eval-
uating clinical context and complementary data 
when interpreting Pentixafor-based imaging in 
the evaluation of CAD [69].

 Emerging Tracers

Continued understanding of the disease pathobi-
ology, identification of novel molecular tracers, 
as well as improvement in imaging techniques 
will continue to advance the utility of PET imag-
ing of atherosclerosis using targeted molecular 
tracers. Additionally, this may allow the develop-
ment of predictive algorithms determining risk of 
adverse events in a lesion-specific manner, and 
surveillance methods for plaque stabilization. 
Several additional PET radiotracers are being 
studied that target atherosclerosis through meta-
bolic pathways such as biosynthesis of nucleo-
tides [76] and phospholipids [77, 78], and 
markers of endothelium activation and immune 
cell recruitment [79].
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In response to atherosclerotic immune acti-
vation, cells entering the proliferative stage 
require nucleotides as building blocks [80]. One 
study in mice, rabbits, and humans demon-
strated significantly higher uptake of 18F-labeled 
thymidine (18F-FLT) in subjects with atheroscle-
rosis compared to controls [76]. Similarly, tak-
ing advantage of cholesterol, fatty acid, and 
phospholipid biosynthesis in proliferating mac-
rophages, 11C- and 18F-labeled choline, a phos-
pholipid precursor, has shown increased 
atherosclerotic plaque uptake in mice [77] and 
humans [78]. In addition to probes targeting 
metabolic pathways, investigators are also 
exploring cell surface molecules that are upreg-
ulated during atherosclerosis for molecular PET 
imaging. Evaluation of 68Ga-DOTATATE, a 
derivative of the somatostatin analog octreotide 
that targets somatostatin receptor subtype-2, 
which is upregulated in macrophages, has 
shown excellent specificity and superior coro-
nary lesion discriminating features compared to 
18F-FDG in mice [81] and humans [82]. 
Additional studies with 64Cu-DOTATATE have 
also shown promising results in human studies 
[83]. Moreover, another tracer targeting upregu-
lated translocator protein expression in macro-
phages, 11C-PK11195, has also shown higher 
uptake in symptomatic carotid plaques of 
humans [84]. Finally, in an effort to further 
improve target specificity, smaller antibody 
fragment- based radiotracers or nano-tracers are 
being developed and investigated in atheroscle-
rosis [85–87]. While prospective trials are 
required to firmly establish the clinical utility of 
these agents, molecular PET imaging holds the 
promise of providing a targeted approach to 
assist practitioners in the diagnosis and treat-
ment of inflammatorily active coronary athero-
sclerotic lesions.
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 Introduction

Ischemic cardiomyopathy is a leading cause of 
morbidity and mortality worldwide [1]. It is a 
far- reaching condition, with incidence and 
prevalence that continue to rise. There were 
over 6.2 million American adults living with 
heart failure (HF) between the years of 2013 
and 2016, compared with only 5.7 million 
between 2009 and 2012 [1]. Based on these 
data, projections show that there could be over 
eight million people living with heart failure by 
the year 2030 [1].

While medical advances continue to improve 
the survival of those with a diagnosis of HF, it 
unfortunately remains a disease with an extremely 
poor prognosis. Data suggest that the associated 
5-year mortality approaches 50% for patients 
with this condition [2]. Thus, given the impact 

that ischemic HF places on patients and the 
health-care system, management strategies aimed 
at improving outcomes have been a prominent 
focus of research for many years. Specifically, 
the role that revascularization can play to improve 
patient outcomes has been widely investigated. In 
this regard, research on the utility of viability 
imaging to indicate which patients may benefit 
most from revascularization has demonstrated 
great potential in some studies, but not in others. 
As such, data is not uniformly consistent toward 
definitive conclusions on the role of viability 
detection.

This chapter will discuss the concept of myo-
cardial viability, the multimodality imaging tools 
available to assess viable myocardium, the new 
advances through research in this field, the clini-
cal applications of viability assessment, and 
future directions in the area.
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 Viability: Back to Basics: 
Understanding the Terminology

The concept of myocardial viability and the 
terms surrounding its use are often misused and 
misunderstood. Thus, a discussion of viability 
imaging modalities would not be complete with-
out a brief discussion of the correct definitions 
and understanding of these fundamental terms.

Myocardial ischemia is the result of an imbal-
ance between myocardial oxygen supply and 
demand; this can result either from an acute coro-
nary syndrome, or alternatively, from chronic 
ischemic heart disease. In patients with chronic 
ischemic heart disease, persistent ventricular 
dysfunction can result from repeated stress- 
induced ischemia—this dysfunction can either be 
due to stunning of the myocardium, hibernating 
myocardium, or scar. Prolonged ischemia-related 
myocardial injury results in cell death whereby 
scar replaces healthy myocardial tissue. To distill 
it to its simplest form, the term “viable myocar-
dium” encompasses all tissue that is not scarred 
[3]. If the ischemia-related injury is not severe or 
prolonged enough to cause cell death, the myo-
cardial tissue is considered viable. Dysfunctional 
myocardium that is viable has the potential to 
recover from injury, if myocardial flow is either 
maintained or restored [4–6]. However, there are 
several subcategories of viable myocardium that 
require clarification.

Stunned myocardium refers to left ventricle 
(LV) dysfunction that occurs after either one 
acute episode or multiple repetitive episodes of 
ischemia [3]. While the coronary blood flow was 
reduced and restored so that it is preserved at rest, 
the myocardial function remains impaired; with 
the capacity to recover with time (assuming reso-
lution of the ongoing ischemic insult).

Repetitive ischemic insult that is ongoing 
over time can cause the myocardial tissue that 
has been repeatedly “stunned” to adapt by 
reducing its perfusion and contractile function 
to preserve cellular integrity; this adaptation of 
downregulation of flow and function is the so-
called state of hibernating myocardium [3, 6]. If 
blood flow can be adequately restored before 
irreversible injury occurs, then LV function is 
potentially recoverable (either in whole or in 
part) [3]. This concept is central in the field of 
viability imaging and is illustrated in Table 20.1 
[4–6].

There are several imaging modalities that are 
available to assess viability including cardiac 
PET, single-photon emission computed tomogra-
phy (SPECT), dobutamine echocardiography 
(ECHO), dobutamine CMR, late gadolinium 
enhancement CMR (LGE-CMR), late iodine 
enhancement CT (LIE-CT) [4] and myocardial 
contrast ECHO [17, 18]. The nuclear methods 
and LGE-CMR techniques that are used clini-
cally are summarized in more depth below.
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 Clinical Applications for Viability

While it may be straightforward to understand the 
potential clinical importance of viability as a general 
concept, it can be less clear when viability imaging 
should be applied in specific clinical scenarios. 
Viability assessment is most useful when the deci-
sion to revascularize a patient is not “clear-cut”, and 
where the treatment strategy is more nuanced. We 
consider imaging for viability to offer the biggest 
incremental value in patients with the following:

 1. IHD (or where it is very strongly suspected).
 2. Symptomatic heart failure (≥NYHA II).
 3. Moderate to severe LV dysfunction (LVEF 

<40%).
 4. Moderate to large persistent perfusion defects 

on stress perfusion imaging.

Of note, patients with LV dysfunction, should not 
already have significant ischemia identified, as 
this would indicate that myocardium is viable and 
they would likely benefit from revascularization, 
thus obviating the need for viability testing

There are certainly other factors that would mod-
ify the decision-making to pursue (or not) revas-
cularization (and would thereby modify the 
utility of viability imaging). Factors such as the 
following will alter the incremental utility of via-
bility assessment (Table 20.2):

 (a) Extensive patient comorbidities.
 (b) Suitability of target vessels for coronary 

artery bypass surgery (CABG).
 (c) Presence of CCS II or greater anginal symp-

toms (which would thereby strongly point 
toward the need for revascularization given 
the proven symptom and outcome benefit in 
such patients).

Once it has been decided that a viability 
assessment is the right test for the patient, the 
next step is to decide on the correct means to 
assess viability. Ultimately, several techniques 
(18FDG PET, dobutamine echocardiography, 
201Tl-SPECT, 99mTc-SPECT, and CMR) can 
be used for viability assessment, and each 
modality carries its own strengths and limita-
tions (Table 20.3). Key factors that should be 
weighed in selecting a modality include patient 
contraindications to specific modalities (i.e., 
severe renal failure, pacemakers and implant-
able cardiac defibrillators for CMR), local 
center expertise, as well as availability of the 
modality.

Table 20.2 Characteristics to consider in decision 
regarding which patients will benefit from viability 
imaging

Viability testing not 
needed/unlikely to 
add useful 
information

Viability testing may add 
useful information

Younger patients Older patients
HFrEF with > class II 
angina

HFrEF without angina

Proven moderate-to- 
severe ischemia on 
other testing

No evidence of ischemia; 
moderate to large persistent 
perfusion defects suggesting 
scar (but may be hibernating)

Higher LVEF (>40%) Lower LVEF (<40%)
Left main coronary 
artery disease

Chronic total occlusion

No or limited 
comorbidities

Severe/multiple comorbidities 
(renal insufficiency, COPD, 
previous CABG)

Reproduced with permission from Kandolin et  al., CJC 
2019 [3]. Data obtained from multiple sources [16, 
19–21]
CABG coronary artery bypass graft, CAD coronary artery 
disease, COPD chronic obstructive pulmonary disease, 
HFrEF heart failure with reduced ejection fraction, LVEF 
left ventricular ejection fraction
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Table 20.3 Imaging methods for assessing viability

Modality Mechanism Findings indicative of viability Advantages/disadvantages
Dobutamine 
echocardiography/CMR

Contractile reservea Improvement by visual or 
strain rate imaging (echo)

A: Specific, widely 
available, without 
radiation, can detect 
ischemia, assess valvular 
disease
D: interobserver 
variability, risk related to 
dobutamineb

SPECT Thallium-201 Perfusion: 
Sarcolemma 
membrane integrity 
(K+ analogue)

Tracer uptake: >50% 
maximum

A: Widely available, 
moderate cost
D: radiation dose, 
moderate sensitivity with 
low specificity

SPECT 
Technetium-99 m-labelled 
tracers

Mitochondrial 
membrane integrity

Tracer uptake: >50–65% of 
maximum

A: Widely available, 
moderate cost
D: moderate accuracy

PET Perfusion/metabolism Perfusion: 13NH3, 
82Rb, 15O-water
Myocyte glucose 
utilization: FDG

Flow-metabolism 
mismatch = hibernation, 
(Match = nonviable)

A: Highly sensitive
D: Limited availability, 
high cost, need for glucose 
load or insulin clamp in 
patients with diabetes

CMR LGE
Wall thickness

Scarring (LGE) <50% wall 
thickness
Systolic thickening of a 
dyskinetic segment

A: Highly sensitive, 
without radiation, assess 
valvular disease
D: Limited availability, 
high cost, risks in renal 
failure, cannot use with 
certain devices

Reproduced with permission from Kandolin et al., CJC 2019 [3]
aBiphasic response. Dobutamine low dose 5–10 mg/kg/min leads to improved contractility in hibernating myocardium. 
Dobutamine high dose up to 40 mg/kg/min (+ atropine) leads to increased oxygen consumption, induced ischemia, and 
decreased contractility
bRisk of potentially life-threatening complications 0.2% [22]

 Nuclear Methods for Assessing 
Viability

 SPECT

SPECT is a widely available imaging modality 
and has been well validated from a clinical per-
spective [23]. Both Thallium-201 (201Tl) and 
Technetium-99 m-labelled agents (99mTc) can be 
used to assess myocardial viability [24].

 99mTc-labelled agents
The 99mTc-labelled agents, 99mTc-sestamibi and 
99mTc-tetrofosmin, have lipophilic properties that 
enable them to enter cells passively [25]. Despite 
this, their ability to remain within the cardiomyo-
cyte is an active process that is reliant on the 

integrity of the mitochondrial membrane; it is 
this property which enables them to be utilized 
for viability imaging.

With a stress–rest protocol, if there is a revers-
ible defect present, it indicates ischemia, which if 
moderate or severe, automatically negates the 
need for further viability testing (as the tissue 
must be viable and the patient may benefit from 
revascularization) [3]. However, the presence of a 
persistent (“fixed”) defect cannot distinguish scar 
from hibernating myocardium—it is in this situa-
tion that viability imaging is sometimes 
warranted.

While it is technically possible to utilize rest- 
only 99mTc-based perfusion imaging for viability, 
it has been shown that the use of nitrates can 
improve detection [26–31]. Additionally, adding 
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nitrates to 99mTc-based perfusion imaging better 
correlates with recovery of left ventricular func-
tion following revascularization [26–31]. The 
administration of nitrates prior to an additional 
rest imaging has the capacity to increase blood 
flow in the dilated epicardial and collateral ves-
sels which can thereby increase the sensitivity to 
detect viable myocardium. A protocol that com-
bines rest perfusion imaging and rest perfusion 
post-nitrate administration imaging (usually 
10 mg of oral isosorbide nitrate given 10–15 min 
before the image acquisition) can be used. While 
dysfunctional myocardium that has normal per-
fusion is indicative of stunned myocardium (that 
is likely to recover with time), segments with 
reduced perfusion at rest that improve post- 
nitrate administration suggest hibernating myo-
cardium and thus viability. When persistent 
defects with absence of tracer uptake are noted 
on both rest and post-nitrate images, it suggests a 
lack of viability; this is tissue that is unlikely to 
recover with revascularization.

 Thallium-201
201Tl is the oldest radiopharmaceutical available 
that is used to assess viability. 201Tl is a potassium 
analogue, and as such, its uptake is dependent on 
membrane integrity. This is because it uses the 
Na+/K+ ATPase pump to penetrate the cell. The 
high first-pass extraction and capacity to redis-
tribute in the myocardium with time makes this 
tracer suitable to assess both the presence of isch-
emia as well as the presence of hibernating 
myocardium.

There are different protocols available for via-
bility assessment with 201Tl. The most common 
protocol, similar to 99mTc-labelled agents, begins 
with performing stress/rest imaging. In this case, 
the protocol begins by giving one single injection 
of 2.5–3.5 mCi of 201Tl during peak stress. Prompt 
image acquisition, up to 15 min post-stress will 
demonstrate the first distribution of the tracer, 
proportional to blood flow. After 30  min the 
redistribution phase starts, with a progressive 
washout from the myocardium; this is due to a 
concentration gradient between the myocyte and 
the blood. The first redistribution (rest) images 
are then acquired 2.5–4 h afterward. This allows 

one to determine if there is a reversible or persis-
tent defect. If rest perfusion thallium imaging 
shows a persistent defect, the defect may indicate 
scar or may still be viable. The options for distin-
guishing between these two include late redistri-
bution or reinjection. In regions that initially had 
low Tl-201 uptake, the redistribution of Tl-201 
into the blood over time leads to gradient reversal 
in tissues that initially had low Tl-201 uptake. If 
this tissue is viable, then it will take up Tl-201 
over time and will appear reversible.

If the defect is persistent (or fixed) on both ini-
tial stress (or rest) and redistribution rest images, 
then late redistribution images at 18–24 h should 
be acquired and interpreted [32]. If the defect 
remains persistent on the late redistribution 
images, this suggests the myocardium is nonvia-
ble scar and unlikely to recover after revascular-
ization. However, if the defect is reversible on the 
late redistribution images (or alternatively, on the 
delayed images of a rest-redistribution protocol), 
it indicates the presence of viable hibernating 
myocardium which could potentially benefit 
from revascularization.

A reversible defect is described as an increase 
in >10% of the maximum regional uptake, above 
50–60% [33]. Viable hibernating cells have a 
slower washout, and will therefore have a greater 
relative uptake in delayed images when com-
pared with viable nonischemic cells. 201Tl redis-
tribution is an ongoing, continuous process that 
requires blood supply to the viable tissue. Thus, 
its uptake is related both to perfusion as well as 
the degree of coronary artery narrowing in the 
vascular territory of interest [34]. Evidence has 
shown that in viability imaging with 201Tl, viable 
myocardial tissue will show thallium redistribu-
tion (i.e., a reversible defect) on reinjection imag-
ing after the 4  h redistribution images or late 
imaging (8–72  h), while nonviable tissue will 
appear as a persistent, or fixed, defect with no 
thallium uptake [34–37].

A rest-only viability assessment can also be 
performed with the injection of 2.5–3.5 mCi of 
201Tl injected at rest, followed by redistribution 
imaging either 3–4 h later or 18–24 h later; this 
eliminates the stress-imaging component alto-
gether. An alternative to the late redistribution 
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Thallium-201 Rest

Thallium-201 Reinjection

Thallium-201 Rest

HLA

Short axis

Thallium-201 Reinjection

Fig. 20.1 Example of rest and reinjection short-axis and 
horizontal long-axis thallium tomogram images in a 
patient with known coronary artery disease. An apparently 

irreversible distal anterior defect on rest images improves 
after reinjection indicating viable myocardium

image is a reinjection of 1 mCi of 201Tl after the 
rest redistribution at 4  h, followed by prompt 
image reacquisition (Figs. 20.1, 20.2, and 20.3).

 PET

Fluorine-18-fluorodeoxyglucose (18FDG) is a glu-
cose analogue and is used clinically to assess and 
quantify myocardial glucose utilization [3]. The 
use of 18FDG PET for viability assessment relies 
on the underlying principles of myocardial meta-
bolic function. Cardiomyocytes can utilize many 
different substrates for energy metabolism includ-
ing free fatty acids (FFA), glucose, lactate, pyru-
vate, and ketones; however, FFA and glucose form 
the primary energy substrates of choice of cardio-
myocytes [39–41]. Adrenergic stimulation, isch-
emia and insulin can all shift the body’s myocardial 
energy substrate-use toward the preferential utili-
zation of glucose, whereas fasting shifts energy 
metabolite use toward FFA utilization [42–45].

During periods of ischemia or states with 
increased plasma insulin levels, glucose trans-
porters 1 and 4 (GLUT 1 and 4) are transported 

from intracellular storage to the plasma mem-
brane, and lead to increased glucose uptake (and 
the preferential utilization of glucose as an energy 
substrate) by the cardiomyocyte [46, 47]. 
Furthermore, conditions of adrenergic stimula-
tion or myocardial ischemia cause the process of 
FFA oxidation to decrease or even stop; hence, 
under these states, anaerobic glycolysis facili-
tates the use of glucose as the main substrate of 
myocardial energy [42, 44]. Thus, in hibernating 
myocardium, glucose is preferentially used as the 
primary energy substrate of choice, and forms the 
basis of our ability to utilize 18FDG PET for via-
bility assessment.

While 18FDG PET is often thought of as an 
assessment of myocardial glucose metabolism, 
more accurately, it is a surrogate marker for 
exogenous glucose uptake [48]. Once 18FDG is 
transported into the cardiomyocyte, it is con-
verted into 18FDG-6-phosphate as part of the cel-
lular metabolic pathway [49]. After this step 
occurs, the metabolite is then trapped and cannot 
continue further down the metabolic pathway, 
and the tracer thereby remains trapped within the 
cardiomyocyte [49].
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Day 1 Day 2
Inject TI-201

Rest

Inject TI-201
Rest

15 min.

Time

ReviewRest
Imaging

24 hour
Redistribution

Imaging

Review

Optional, Depending on Physician’s
 Interpretation of the Images

15 min.

Time

ReviewRest
Imaging

3-4 hour
Delay

3-4 hour
Redistribution

Imaging

Review

Optional, Depending on Physician’s
 Interpretation of the Images

Fig. 20.2 201Tl rest-redistribution protocol for viability assessment, with permission from Henzlova et al. [38]. Tl-201 
Thallium-201

 FDG PET Imaging Protocols
The imaging protocols to assess myocardial via-
bility using PET are normally composed of two 
distinct and important components: (1) rest per-
fusion imaging performed with either nitrogen- 

13- ammonia (13NH3) or rubidium-82 (82Rb) in 
North America; (oxygen-15-water is also used in 
Europe and Asia) and (2) metabolic imaging with 
18FDG [3]. Notably, if PET perfusion tracers are 
not available, then SPECT rest perfusion images 
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Day 1 Day 2

Day 1 Day 2

Day 1 Day 2

Inject TI-201
Stress

Stress

Time Optional, Depending on Physician’s
Interpretation of the Images

15 min. ReviewStress
Imaging

2.5–4 hour
Delay

24 hour
Redistribution Imaging

Rest
Imaging

Revie eview

Inject TI-201
Stress

Inject TI-201
Stress

Stress

Time

Time

Time

Optional, Depending on Physician’s
Interpretation of the Images

Optional, Depending on Physician’s
Interpretation of the Images

Optional, Depending on Physician’s
Interpretation of the Images

15 min. 15 min.ReviewStress
Imaging

2.5–4 hour
Delay

Reinjection
Imaging

Reinject TI-201

Reinject TI-201

Inject TI-201
Stress Reinject TI-201

Rest
Imaging

Review

Stress 15 min. ReviewStress
Imaging

2.5–4 hour
Delay

Rest
Imaging

Revie eview24 hour
Imaging

Review

Stress 15 min. 15 min.ReviewStress
Imaging

24 hour
Imaging

2.5–4 hour
Delay

Reinjection
Imaging

Rest
Imaging

Revie eview

w R

w R

w R

Fig. 20.3 201Tl stress–rest imaging protocols, with permission from Henzlova et al. [38]. Tl-201 Thallium-201
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(preferably with CT attenuation correction) can 
be used in their stead to compare with metabolic 
18FDG PET images [50].

Ensuring adequate and meticulous patient 
preparation for 18FDG PET viability imaging is 
of the utmost importance to insure high-quality 
images for viability interpretation. Patient prepa-
ration aims to optimize myocyte metabolism 
with exogenous glucose. There are several 
options to achieve this:

Fasting Of the methods available to optimize 
the cardiomyocyte shift to glucose metabolism, 
fasting is the easiest from a technical-perspective. 
Under fasting conditions, normal myocardium 
consumes FFAs, while ischemic myocardium 
will preferentially use 18FDG and will thereby 
appear as an area of increased uptake on imaging. 
However, using fasting in isolation of other tech-
niques is generally not recommended, as it can 
lead to inferior image quality overall since nor-
mal myocardium will not take up FDG [51]. 
Rather, it is commonly used as part of a com-
bined strategy to optimize glucose metabolism, 
with fasting being completed prior to either a glu-
cose +/− insulin load, as outlined below [32, 52].

Glucose Loading Higher levels of plasma glu-
cose stimulate insulin release, which thereby 
decreases plasma FFA levels and shifts myocyte 
metabolism toward glucose (and therefore 
18FDG) utilization. Thus, glucose loading can be 
used as a means to prepare patients for 18FDG 
viability imaging. Following a fasting period of 
6–12  h, an intravenous or oral glucose load is 
given [52]. 18FDG is administered approximately 
1 h after the initial glucose load [53]. A limitation 
with preparation protocols involving glucose 
loading can also relate to image quality; it has 
been shown that upward of one quarter of patients 
with CAD may have poor image quality with this 
approach [32]. This is especially the case in 
patients with diabetes or patients with impaired 

glucose tolerance. Thus, in these cases, intrave-
nous (IV) insulin may need to be coadministered 
with the glucose load according to a sliding scale. 
Generally, the IV insulin is given 45–60 min fol-
lowing glucose administration and these correc-
tive boluses are repeated every 15  min until a 
serum glucose level between 100 and 140 mg/dL 
(5.5–8 mmol/L) is achieved [52].

Hyperinsulinemic/Euglycemic Clamp A proto-
col using the hyperinsulinemic/euglycemic 
clamp strategy involves the simultaneous IV 
administration of both glucose and insulin. 
During the protocol, blood glucose levels must be 
closely monitored, and the infusions of glucose 
and insulin are adjusted and tailored to each 
patient to maintain tight blood glucose control to 
optimize viability imaging quality [32, 52]. 
While this strategy is more time and resource 
intensive, the image quality obtained is generally 
superior to the standard glucose loading protocol 
[53, 54]. Thus, while some centers use this proto-
col routinely, others reserve it solely for patients 
with diabetes.

Acipimox Acipimox is a nicotinic acid deriva-
tive that acts by inhibiting peripheral lipolysis 
which thereby reduces FFA availability and 
increases the relative availability of glucose [55]. 
This has the effect of priming myocardial tissue 
to preferentially use glucose as its energy sub-
strate [56]. Literature has shown that Acipimox 
utilization provides image quality that is compa-
rable to the hyperinsulinemic/euglycemic clamp 
strategy [54, 57]. In comparison, administration 
of nicotinic acid itself, or Niacin, can improve 
upon oral loading with supplemental insulin 
alone, but has demonstrated lower image quality 
than the hyperinsulinemic/euglycemic clamp 
[53, 58].

Following patient preparation, 18FDG 
(3–5 MBq/kg) is injected, and image acquisition 
then undertaken 40–60  min later. The actual 
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image acquisition period typically lasts 
10–30 min in static (ungated), ECG-gated, or list- 
mode. Attenuation correction is used and images 
are reconstructed using an iterative statistical 
method [32, 59].

It is extremely important to compare the CT 
and PET images to ensure they are properly 
aligned, as misalignment of these images will 
create artifacts which could cause misinterpreta-
tion of the study. Similar to SPECT imaging, the 
18FDG images are reoriented and displayed in 
short-axis (SA), horizontal long axis (HLA) and 
vertical long axis (VLA). The 18FDG metabolism 
images are normalized according to rest perfu-
sion images. When interpretating the image sets, 
18FDG metabolism images are compared with 
rest perfusion images, in an analogous manner to 
how SPECT rest and stress images are compared 
[52] (Fig. 20.4).

 Image Interpretation of FDG
When interpreting a PET viability imaging study, 
the metabolism images with 18FDG are concur-
rently compared with the rest PET perfusion 
images that used either 13N or 82Rb. Of note, 
18FDG PET images can also be compared with 
resting images that are acquired from SPECT 
MPI [61]. However, this must be done cautiously, 
as error can be introduced when a non–

attenuation- corrected SPECT myocardial perfu-
sion image is being compared with an 
attenuation-corrected 18FDG PET image.

There are four specific patterns of flow/metab-
olism that are described (Table 20.4) [62]:

 1. Normal myocardial perfusion at rest and nor-
mal glucose metabolism—indicates viable, 
nonischemic myocardium at rest (if it is also 
dysfunctional this could be stunned or remod-
elled myocardium but is still viable).

 2. Reduced rest perfusion with preserved (or 
partly preserved) metabolism (perfusion/
metabolism mismatch)—indicates hibernat-
ing/viable myocardium.

 3. Reduced rest perfusion and reduced metabo-
lism (perfusion/metabolism match)—indi-
cates nonviable myocardium or scar.

 4. Normal myocardial perfusion with reduced 
metabolism (reverse mismatch)—this sce-
nario can be seen in several different clinical 
scenarios such as patients with left bundle 
branch block with altered septal metabolism, 
patients with diabetes where glucose uptake is 
impaired in nonischemic tissue [63], in repeti-
tive stunning [62], and also in patients who 
are early postrevascularization after an acute 
myocardial infarction [64–66] (Figs. 20.5 and 
20.6).

1h
40-60
min

18FDG
injection
(3-5 mCi)

Image
acquisition

Glucose load
+

Insulin
+

Blood glucose
management

Rest perfusion
imaging (SPECT

or PET)

Fig. 20.4 PET viability protocol, with permission from Wiefels et al. [60]. 18FDG 18F-fluorodeoxyglucose, PET posi-
tron emission tomography, SPECT single-photon emission computed tomography
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Fig. 20.6 (a) 82Rb PET perfusion PET and 18FDG metab-
olism PET in short axis (SAO), horizontal long axis 
(HLA) and vertical long axis (VLA) showing no signifi-
cant mismatch (scar) in anterior wall and apex—24% of 

scar and <2% of hibernated myocardium. (b) Polar map 
with quantitative analysis of the amount of scar (match 
defect) (top) and hibernating myocardium (mismatch) 
(bottom)
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Fig. 20.5 (a) 13N PET perfusion PET and 18FDG metabo-
lism PET in short axis, horizontal long axis and vertical 
long axis showing extensive area of mismatch in the mid 
to apical anteroseptal wall, inferoseptal wall and apex (red 

arrows). (b) Polar map with quantitative analysis of the 
amount of scar (match defect) (top) and hibernating myo-
cardium (mismatch) (bottom). The patient was referred 
for revascularization
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Table 20.4 Imaging interpretation of FDG PET study

Perfusion FDG uptake Category Clinical relevance
Preserved Preserved Normal—viable Normal

Stunning
Ischemia (normal perfusion at rest and abnormal 
during stress—may benefit from 
revascularization)

Reduced Preserved Mismatch perfusion 
metabolism (hibernation 
myocardium)—viable

Likely to recover with adequate 
revascularization [4]; may be observed early 
post-MI or post-MI revascularization [67]

Reduced Reduced Scar (match)—nonviable Unlikely to recover even with adequate 
revascularization [4]

Preserved Reduced Reverse mismatch LBBB with altered septal metabolism in 
ischemic or nonischemic cardiomyopathy (may 
respond to CRT) [68], insulin resistance [69], 
repetitive stunning, may be observed post-MI 
revascularization [65]

Patterns of flow-glucose metabolism and clinical relevance
Adapted with permission from Erthal et al. [62]
CRT cardiac resynchronization therapy, FDG 18F-fluorodeoxyglucose, LBBB left bundle branch block, MI myocardial 
infarction

 Cardiovascular Magnetic Resonance 
Imaging Methods for Assessing 
Viability

Cardiac magnetic resonance (CMR) imaging rep-
resents an emerging alternative tool to assess 
viability. CMR has the ability to assess a variety 
of markers that reflect myocardial viability 
including myocardial scar burden [70], coronary 
perfusion [71], and contractile reserve [72]. 
Assessment of coronary flow reserve, coronary 
anatomy and myocardial metabolism continue to 
be areas of active development [73].

CMR determines suspected hibernating myo-
cardium by a combination of techniques includ-
ing determining left ventricular end-diastolic 
thickness (LV EDWT), measuring the inotropic 
reserve of segmental contractile function, and 
using late-gadolinium enhancement agent to 
determine the extent of fibrosis [74].

 End Diastolic Wall Thickness 
To Predict Functional Recovery

In the early days of CMR, neither perfusion nor 
late gadolinium enhancement (LGE) imaging 

were available. Viability assessments were neces-
sarily crude and based on simple parameters such 
as wall motion and wall thickness, although nei-
ther were terribly reliable [75]. For example, the 
optimum sensitivity and specificity for a wall 
thickness of 8 mm or less to predict absence of 
metabolic activity on akinetic regions were 74% 
and 79% respectively. Other studies argued for a 
lower threshold of 5.4 mm, which had a 94% sen-
sitivity but only 52% specificity for predicting 
segmental functional recovery after revascular-
ization [76, 77].

Once LGE imaging became available at the 
start of the twenty-first century, investigators 
tried to refine the prediction rule by comparing 
total wall thickness and the extent of the unen-
hanced epicardial rim in infarct zones [78]. Doing 
so, Kuhl et al. were able to demonstrate that with 
a cutoff of wall thickness of 5.4  mm or below, 
sensitivity and specificity to exclude viability 
were 74% and 85%, respectively. However, pre-
diction was improved further when looking at the 
extent of unenhanced epicardial rim, where a 
threshold of greater than 3 mm had a sensitivity 
and specificity to identify viability of 87% and 
94%, respectively. In patients in whom there 
were divergent results at the segmental level 
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between the two metrics, the unenhanced epicar-
dial rim was the stronger predictor of viability, 
against a reference standard of FDG-PET.

 Dobutamine CMR for Assessment 
of Contractile Reserve to Predict 
Functional Recovery

Low dose dobutamine (LDD) echo has already 
been mentioned. Similar attempts were made to 
employ LDD-CMR to establish contractile 
reserve in dysfunctional segments and hence fur-
ther improve viability prediction. One early study 
from the mid 90s yielded diagnostic concordance 
of 89% for the presence of viability between 
dobutamine-induced contractile reserve (thresh-
old >1  mm improvement) and FDG PET [77]. 
Again, dobutamine-induced wall thickening was 
a better predictor of residual metabolic activity 
(sensitivity, 81%; specificity, 95%; positive pre-
dictive accuracy, 96%) than was end-diastolic 
wall thickness (sensitivity, 72%; specificity, 89%; 
positive predictive accuracy, 91%).

 Transmural Extent of Scar by LGE 
Imaging to Predict Functional 
Recovery

The development of gadolinium-based contrast 
agents, together with the inversion recovery 
imaging sequence for identifying scar, trans-
formed the CMR world and redefined it from a 
niche academic pursuit to a clinical contender. 
Gadolinium is taken up into the extracellular 
space and washes out promptly under normal 
conditions. However, where the extracellular 
space is expanded due to edema or fibrosis from 
prior cell death, (or where contrast gains access 
to the intracellular space in the setting of cell 
death and ruptured cell membranes), then the 
usual temporal wash in/wash out dynamics are 
altered in these regions compared to healthy 
myocardium. The technique is therefore based 
upon administration of an IV gadolinium dose 

followed by a wait period of around 10 min prior 
to commencement of imaging. This allows for 
greater wash-out of gadolinium from healthy tis-
sue, while injured myocardium retains relatively 
greater quantities due to both delayed wash-in 
and slower wash-out. An inversion recovery 
preparation pulse is then used to suppress the 
signal from healthy myocardium (often referred 
to as ‘nulling’) which appears dark/black. In 
comparison, irreversibly injured myocardium 
will be apparent as segmental regions of 
increased signal (white) which starts at the sub-
endocardium with variable transmural extent 
toward the epicardium. Myocardium which is 
dysfunctional but does not show such increased 
signal (remains black) is therefore either stunned 
or hibernating. The transmural extent of scar 
from endo- to epicardium has been demonstrated 
to predict the likelihood of functional recovery 
of that segment following revascularization in a 
landmark paper by Judd and Kim in 2000. In 
essence, segments with little or minimal (<25%) 
transmural extent of scar have >90% chance of 
recovery if the subtending coronary artery is suc-
cessfully grafted. Those dysfunctional segments 
with >50% transmural scar, on the other hand, 
have a <10% chance of recovery postrevascular-
ization. Segments with 25–74% transmural scar 
are the most difficult to predict on an individual 
patient basis. Adding in LDD-CMR here may be 
useful, with a dobutamine contractile reserve of 
1 grade improvement having a higher specificity 
to predict segmental recovery than transmural 
extent alone [79]. This seems to be a specific 
finding, but is less sensitive because even low 
dose dobutamine may induce ischemia and 
worsen wall motion, thereby confusing the over-
all picture. It may therefore be more reliable to 
use lower doses of dobutamine (2.5–5  μg/kg/
min) over longer infusion periods to evoke 
recruitability without provoking ischemia. When 
comparing CMR techniques for overall accuracy 
in viability assessment, meta-analysis indicates 
that LGE transmural extent provides the highest 
sensitivity at 95%, whereas LDD is the most spe-
cific at 91% [80].
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 Future Prospects for Metabolic 
and Hybrid CMR to Predict Functional 
Recovery

There are ongoing attempts to further the field of 
viability imaging by CMR and these include 
imaging the resonance signal from nuclei other 
than hydrogen, including Na23. At higher field 
strengths, sodium imaging may represent an 
option for assessing cellular metabolites and has 
been shown to be able to differentiate viable 
myocardium from infarcted muscle [81–83]. The 
primary limitations currently for the use of this 
technique is low signal-to-noise ratio, low spatial 
resolution, and exceedingly long time for acqui-
sition [84]. Other areas under active exploration 
include metabolic imaging using hyperpolariza-
tion CMR, CMR spectroscopy and chemical 
exchange saturation transfer (CEST) CMR, often 
in combination with deep learning techniques to 
enhance the relatively limited signal inherent to 
these techniques [85]. As always, these tech-
niques are more difficult to apply to the heart 
than to stationary tissues where most work has 
been focussed.

The success of PET/CT has also raised inter-
est in the combination of CMR with PET imag-
ing; this allows for the use of the metabolic 
information from PET associated with the supe-
rior soft tissue resolution and lower radiation 
from CMR [86]. Although it offers several theo-
retical advantages, accurate attenuation correc-
tion can prove challenging and the overall scan 
times are long, since most CMR sequences 
require breath-holding and therefore can not be 
run during the free breathing PET acquisition. 
More data is needed to evaluate this modality 
directly against PET-CT and to determine the 
clinical and economic impacts of its potential 
use [86].

 Evidence for the Role of Viability 
Imaging

There is now robust data that has individually 
evaluated the ability of all different modalities of 
viability imaging to determine LV functional 

recovery. Observational data has shown that 
nuclear imaging, dobutamine echo, and MRI via-
bility have all demonstrated the ability to predict 
LV functional recovery and outcome benefit. To 
this end, in a systematic review and meta- analysis 
that compared the various viability modalities 
that are commonly available, 18FDG PET 
emerged as the most sensitive modality to predict 
functional recovery following revascularization 
when it was compared against 201Tl and 99mTc 
scintigraphy, dobutamine echocardiography, and 
CMR [4]. The pooled analysis of 24 studies of 
756 patients demonstrated a mean sensitivity of 
92%, specificity of 63%, positive predictive value 
of 74%, and negative predictive value of 87% 
with 18FDG PET [4]. Conversely, dobutamine 
echocardiography emerged as the most specific 
test for prediction of LV functional recovery [4]. 
Notably, CMR was underrepresented in this early 
systematic review, and more recent repeat studies 
have shown that DE-MRI is also highly sensitive, 
while low-dose dobutamine CMR retains greater 
specificity [80].

There is unfortunately a paucity of available 
prospective literature for the assessment of via-
bility, as only a select handful of trials have been 
completed. However, we will cover the landmark 
trials and prospective literature that is available.

The PARR-2 trial (Positron emission tomog-
raphy and recovery following revascularization 
Phase 2) is one of the largest prospective trials to 
date that evaluated a viability assessment modal-
ity in the ability to predict functional recovery 
postrevascularization. PARR-2 randomized 430 
patients from 9 centers to undergo 18FDG PET or 
standard of care before revascularization deci-
sions [7]. Patients were followed for cardiac 
death, myocardial infarction (MI), and cardiac 
hospitalization at 1 year. While no statistically 
significant difference between the two groups 
was observed for the primary outcome (RR 0.82; 
p = 0.16, and HR 0.78; p = 0.15), a prespecified 
secondary analysis showed that patients who had 
not had recent angiography had a mortality ben-
efit with therapy directed by FDG PET. In addi-
tion, for the primary outcome it was noted that 
recommendations from the viability imaging 
results were not used consistently in revascular-
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ization decisions in approximately 25% of 
patients [7]. Thus, the study results were reana-
lyzed in a post hoc analysis that evaluated the 
subgroup of patients where the revascularization 
decisions were indeed guided on the imaging 
results. In this analysis, it was discovered that 
there was a significant reduction in adverse out-
comes in the 18FDG arm (HR 0.62; p = 0.019) [7]. 
Another post hoc examination of the PARR-2 
data showed that among 182 patients who under-
went 18FDG PET, patients with a larger burden of 
viable tissue derived greater benefit from revas-
cularization. This finding was mirrored by Ling 
et al., who also found that an increasing size of 
hibernating myocardium territory was associated 
with increasing benefit of revascularization [12]. 
In the 5-year follow-up of PARR-2, data again 
demonstrated that when PET recommendations 
regarding revascularization decisions were fol-
lowed, the primary outcome of cardiac death, 
myocardial infarction, or cardiac hospitalization 
was reduced, with an HR of 0.73 (95% CI 0.54–
0.99; p = 0.042) (Figs. 20.7 and 20.8) [11].

The Ottawa-FIVE substudy was a further 
evaluation of the PARR2 data that examined 
111 patients from a single recruiting center 
(Ottawa) which had a particular expertise in 
viability assessment, readily available access 
to 18FDG PET viability imaging, and integra-
tion between the imaging, heart failure and 
revascularization teams [13]. In this substudy, 
it was shown that the proportion of events in 
the PET-assisted management group was 
greatly reduced compared to the standard care 
group (19% vs. 41% events, respectively) sug-
gesting that outcome benefit can be achieved in 
an experienced center with a team-based 
approach [13, 87].

While a large body of literature does support 
the utility of viability imaging to guide revascu-
larization decisions [7, 8, 13, 24, 88–90], there 
has also been evidence to the contrary. Siebelink 
et  al. compared the ability of viability imaging 
with 13N-ammonia/18FDG PET against 99mTc- 
sestamibi SPECT viability imaging to guide ther-
apy in a small randomized trial of 112 patients 
[91]. They observed no difference in cardiac 
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event-free survival (cardiac death, MI, and revas-
cularization) between the PET and SPECT arms 
[91]. Importantly, it should be noted that only 
35% of their trial population had severe LV dys-
function, and the study was also likely underpow-
ered to detect any meaningful difference between 
the groups, given the low overall event rates [92].

The STICH trial randomized 1212 patients to 
either optimal medical therapy (OMT) or OMT 
plus revascularization [93]. Of these patients, 
roughly half underwent myocardial viability 
assessment with either SPECT or dobutamine 
echocardiography, but viability imaging was 
actually not part of randomization [93]. Although 
the unadjusted hazard ratio (HR) for mortality in 
the viable myocardial group was 0.64 (p = 0.003), 
after adjusting for the baseline characteristics of 
the participants, the association lost significance 
(p = 0.21), thereby suggesting a lack of benefit of 
myocardial viability assessment [93]. In the 
STICH Extension Study (STICHES), after 
10  years, outcome benefit was demonstrated in 
the CABG arm [94]. As well, better outcomes 
were observed in patients who had myocardium 
viability on imaging if they had CABG [95]. The 
authors were not able to show that there was an 
interaction between revascularization and viabil-
ity detection.

If one takes a cursory look at the “one-line 
conclusion” from PARR-2 and STICH, the 
results appear to yield conflicting results. 
However, care and nuance must be taken into 

consideration when properly interpreting the data 
in light of the methodologies of the studies. 
Firstly, the trial design and baseline study popu-
lations differed between these two trials. The 
PARR-2 trial was designed to randomize patients 
with uncertain revascularization strategies to 
either standard of care or viability assessment 
[7]. Thus, an assessment of myocardial viability 
was clinically used in these patients to assist in 
revascularization decision-making in the FDG 
arm. Conversely, while the STICH trial random-
ized to CABG versus medical therapy, viability 
imaging was not randomized per se; patients 
were already considered acceptable candidates 
for revascularization (and therefore had known 
suitable anatomy for revascularization). 
Therefore, these participants had no clinical need 
for viability imaging. Furthermore, the PARR-2 
trial participants were more comorbid—specifi-
cally with a higher proportion of patients with 
renal dysfunction and a higher number of patients 
with previous CABG [93, 96]. One last addi-
tional, and major, limitation of the STICH trial 
was the fact that viability assessment did not 
include either PET or CMR—two methods that 
are considered to have the highest sensitivity in 
the detection of viable myocardium.

Both PARR2 and STICH(ES) point to the fact 
that viability imaging should not be used in most 
patients with ischemic cardiomyopathy. However, 
an argument can be made that viability imaging 
may be an additional factor to weigh in the clini-
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cal context of benefit and risk in patients where 
therapy decisions are most challenging. While 
current guidelines do support the use of viability 
imaging to assist in guiding decision-making 
with respect to revascularization in patients with 
CAD and LV dysfunction [97–99], further ques-
tions remain in the field. Both a multicenter trial 
[100] as well as a registry [101] may help answer 
some of these questions. The Alternative Imaging 
Modalities Ischemic Heart Failure (AIMI-HF) 
IMAGE HF trial includes centers from North 
America, Europe and Latin America and is com-
paring the use of SPECT imaging versus 
advanced imaging modalities (including PET and 
CMR) to guide HF therapy [100]. While a com-
mon scenario is for centers to rely on local exper-
tise to guide therapy, it is clear that this process is 
subject to the bias and personal experience of the 
local imaging physician, cardiologist and cardiac 
surgeon. Thus, while many questions remain in 
the field, hopefully these current trials will help 
to shed light on the role that viability imaging can 
and should play in the revascularization decision-
making algorithm for patients with ischemic 
heart disease.

 Future Directions

The combination of PET with CMR imaging 
may allow for the utilization of the strength of 
each of these modalities in viability assessment. 
While CMR evaluates fibrotic tissue and/or myo-
cardial contractile reserve, PET assessment 
focuses on metabolic markers and evaluates 
myocardial perfusion. Thus, by fusing PET/MRI, 
this information can be integrated together. 
However, the additional benefit of this strategy is 
not yet known. Early data suggests that this 
approach is feasible, and parameters can predict 
regional recovery, although the FDG uptake por-
tion may be a better predictor early after MI 
[102]. However, for CTO, the combination of 
FDG PET and MRI appears better than either 
alone [103].

Research has demonstrated that hibernating 
myocardium may increase a patient’s risk for 
sudden cardiac death [104], and this may be 

mediated through heterogeneity in sympathetic 
innervation (which can be measured by 
11C-hydroxyexphendrine (HED) PET or Tc-99 m 
MIBG SPECT–(tracers that are specific for sym-
pathetic presynaptic nerve function) [105]. In the 
PAREPET study, it was demonstrated that HED 
PET done in conjunction with FDG PET for via-
bility could successfully assess myocardial 
denervation and predict risk of sudden cardiac 
death [106]. However, future studies are needed 
in order to shed further light on the potential role 
that neurohormonal imaging could play in assist-
ing revascularization-based decision-making. 
PAREPET II (clincialtrials.gov NCT03493516) 
evaluates F-18 flubrobenguane, another false 
neurotransmitter tracer that identifies sympa-
thetic nerve function similar to HED [107] that 
could be more widely distributed as an F-18 
tracer due to its longer half-life.

Viability imaging may play a role in optimiz-
ing patient selection for CTO revascularization 
[108]. However, the exact role of the testing and 
selection of patients who would benefit from a 
viability assessment as well as how the results 
could be best utilized is not clear at present. Two 
ongoing trials, NOBLE-CTO (The Nordic-Baltic 
Randomized Registry Study for the Evaluation 
of PCI in Chronic Total Coronary Occlusion; 
NCT03392415) and ISCHEMIA-CTO 
(Revascularization or Optimal Medical Therapy 
of CTO; NCT03564317 will help answer these 
questions. Also, a recent PET/MRI study sug-
gests that the hybrid approach is more accurate 
to predict recovery than either approach alone 
[103].

 Conclusion

Ischemic cardiomyopathy is a leading cause of 
morbidity and mortality worldwide [1]. Decision- 
making regarding revascularization for patients 
with ischemic cardiomyopathy is fraught with 
difficulties and nuances; patients with ischemic 
heart failure often have multiple comorbidities 
and have high risks associated with revascular-
ization. Viability assessment with nuclear imag-
ing can enable clinicians to individually tailor 
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Fig. 20.9 Proposed algorithm for the integration of isch-
emia/viability testing in guiding revascularization deci-
sions in ischemic cardiomyopathy. (Reproduced with 
permission from Kandolin et al., CJC 2019 [3]). Based on 
Neumann et  al. [109] and the clinical evidence from 
observational data and guidelines discussed in this article. 
*including chronic total occlusions. ** >50% left main/

proximal left anterior descending (LAD) coronary artery 
stenosis. ***ischemia/viability testing may be considered 
depending on patient, anatomy, targets, and revasculariza-
tion risk. ****For eligible candidates. EF ejection frac-
tion, CAD coronary artery disease, (+) presence of, (−) 
absence of

recommendations for their patients and help 
guide choices between pursuing revasculariza-
tion versus pursuing medical therapy alone. A 
suggested algorithm regarding patient selection 
for viability imaging is shown in Fig. 20.9.
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 Introduction

18F-FDG PET/CT is well established in the pedi-
atric population for both oncologic and nononco-
logic indications. Among them, cardiac 18F-FDG 
PET/CT represents a very polyvalent and specific 
niche, with particular considerations in children. 
The aim of this chapter is to review the features, 
particularities, and applications of pediatric car-
diac 18F-FDG PET/CT imaging, including proto-
col optimization and its role in the investigation 
of Kawasaki disease and anomalous coronaries, 
infection, congenital heart disease, and pericar-
dial disease.

 Minimization of Radiation Exposure

Cardiac 18F-FDG PET/CT, although uncom-
monly performed in children, can be helpful in 
various clinical contexts. It can, however, repre-
sent an additional source of ionizing radiation 
and must therefore be used responsibly [1]. The 
typical effective dose of an 18F-FDG PET/CT 
study is 3.5–8.6 mSv (0.10–0.14 mCi/kg) for the 
PET component. For the CT component, the 
effective dose is 0.3–2.2  mSv for a low-dose 

attenuation correction CT and 2–10  mSv for 
diagnostic CT. Absorbed dose (mGy) and effec-
tive dose (mSv/mCi) are typically higher for 
small children and infants compared to teenagers 
and adults [2]. This is mainly due to a more com-
pact anatomical disposition of organs and a 
higher radiosensitivity of tissues. Some strategies 
for dose optimization of 18F-FDG PET/CT 
include the following [2–5]:

 Eliminating Unnecessary 
Examinations

When imaging is considered necessary, the order-
ing physician should choose the best modality to 
appropriately answer the underlying clinical 
question. Important factors include availability, 
cost, diagnostic accuracy, radiation exposure, and 
feasibility in children while minimizing risks and 
discomfort. Referring physicians should be aware 
of the limitations and diagnostic yield of the cho-
sen imaging modality. In cases where 18F-FDG 
PET/CT is considered appropriate, it should fol-
low the best technical standards in order to opti-
mize the diagnostic yield of the test.

 Reducing Radiotracer Dose

Harmonized consensus guidelines have been 
developed by the European Association of 
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Nuclear Medicine (EANM) and the Society of 
Nuclear Medicine and Molecular Imaging 
(SNMMI) regarding optimal 18F-FDG dosing in 
children. The 2021 guidelines recommend doses 
of 0.10–0.14  mCi/kg (3.7–5.2  MBq/kg) of 18F- 
FDG for whole-body PET/CT imaging, with a 
minimum of 0.7 mCi (26 MBq) and a maximum 
of 10  mCi (370  MBq). The purpose of this 
weight-based dosing is to minimize radiation 
exposure without compromising diagnostic per-
formance. A good overall strategy is to determine 
the longest reasonably achievable scan time per 
bed position and to adjust administered radio-
tracer activity accordingly [6, 7].

 Optimizing CT Imaging Parameters 
and Reducing Scan Range

Diagnostic CT in pediatrics is considered more 
challenging than in adults mainly because of lower 
intrinsic soft tissue contrast in children. The CT 
component of an 18F-FDG PET/CT study is used 
for attenuation correction purposes and anatomi-
cal localization and can provide additional tissue 
characterization when iodinated contrast agents 
are used. Factors affecting radiation dose delivered 
during a CT include tube current time product 
(mAs), beam energy (kVp), helical pitch, and axial 
collimation. Child- specific CT protocols reduce 
CT radiation exposure by decreasing mAs, reduc-
ing kVp, and increasing pitch. One suggested 
approach is to categorized CT acquisition param-
eters by weight range. Attention must be focused 
on optimal patient positioning, as off-center posi-
tioning increases peripheral and surface CT dose 
indexes (CTDI) by as much as 10–50% [8, 9]. In 
addition, CT parameters should be tailored to the 
area of the body imaged.

 18F-FDG PET/CT Protocols

 Typical 18F-FDG PET/CT Imaging 
Session

For a typical 18F-FDG PET/CT session, the 
patient is installed in a dark, quiet room, with 

a warm blanket, with or without premedica-
tion, to avoid activation of brown fat metabo-
lism. Patient weight, height, and blood sugar 
level are measured. A fasting period of 4–6 h 
is typically required, and dextrose infusions 
can be stopped 90  min before injection. The 
use of short-acting insulin should also be 
avoided at least 4  h before radiotracer injec-
tion. The uptake period following radiotracer 
injection varies depending on indication but is 
usually between 30 and 90  min. Before the 
acquisition, the patient is asked to void and/or 
the diaper is changed. Acquisitions usually 
last between 10 and 50  min. After imaging, 
hydration is recommended to minimize blad-
der radiation dose [10].

 Myocardial Viability

The main goal of a viability protocol is to max-
imize heart glucose consumption. The corol-
lary being that viable cardiomyocytes, 
including hibernating myocardium, maintain 
the ability to metabolize glucose. Bringing the 
patient into a hyperglycemic state stimulates 
insulin production and release, which promotes 
entry of glucose into cardiomyocytes. As 
opposed to adult myocardial viability prepara-
tion, pediatric patients do not need to fast prior 
to imaging and no insulin injection is required. 
After measurement of blood sugar level, an 
oral glucose solution (1.5  g/kg up to a maxi-
mum of 50  g) is given. After 45  min, blood 
sugar level is reassessed and 18F-FDG is 
injected. Imaging takes place approximately 
45 min following radiotracer injection. Should 
oral intake be impossible, an intravenous glu-
cose (25% or 50%, 0.3 g/kg, over a period of 
15 min) can be employed [11].

 Myocardial Suppression

The main goal of a suppression protocol is to 
minimize physiological heart glucose con-
sumption by favoring fatty acid metabolism. 
When appropriately suppressed, myocardial 
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glucose uptake should reflect inflammation or 
infection rather than physiological metabolism. 
Various suppression protocols emulating those 
used in adults have been proposed. These 
include a 24-h low-carbohydrate diet (including 
avoidance of dextrose infusion), a prolonged 
fast of 12 h or more, and administration of low-
dose IV heparin 45 min (5 UI/kg IV) and 15 min 
(10  UI/kg IV) before 18F-FDG injection. In 
breastfed or formula- fed infants, it is often not 
possible to perform a myocardial suppression 
study [12].

 18F-FDG PET/CT and Pediatric 
Sedation

Sedation is not a substitution for adequate child 
and parent preparation, as multiple nonpharma-
cologic strategies exist to help children coopera-
tion. Optimization of the PET/CT or PET/MR 
environment is key. In neonates and infants, 
darker rooms, noise-reduction techniques, as 
well as feed-and-wrap techniques have been 
proven successful. In older children, the main 
goal is to decrease anxiety and to promote dis-
traction using movies and music to reduce motion 
artifacts. Using these strategies, most 18F-FDG 
PET/CT examinations can be performed without 
the use of sedation. However, in some cases, 
sedation remains necessary for reduction of 
patient motion, cooperation, and discomfort min-
imization considerations [13].

Sedation can be divided into conscious seda-
tion, deep sedation, and general anesthesia, with 
some overlap between these levels of sedation. 
Patients who require more than conscious seda-
tion necessitate appropriate monitoring. Risks 
associated with sedation include hypoventilation 
and apnea, airway obstruction, and sometimes 
morbidity related to gastrointestinal adverse 
effects, reactive airway disease, and risk of sei-
zure [14].

Selecting the level of sedation should be made 
on a case-by-case basis. Guidelines recommend a 

minimum of 2  h of clear fluid fasting prior to 
elective procedures. However, prolonged fasting 
may be deleterious especially in infants. 
Therefore, ingestion of clear fluids up to 1  h 
before elective anesthesia or sedation is accept-
able. Breastfeeding and milk preparations should 
be stopped 4 h, and solids minimally 6 h before 
procedure [15].

The choice of drugs and route of administra-
tion depends on multiple factors, including age, 
underlying comorbidities, institutional proto-
cols, length and type of procedure, availability of 
reversal drugs, monitoring equipment and ade-
quately trained practitioners to manage all levels 
of sedation [16]. The most frequently used seda-
tive agents include chloral hydrate, phenobarbi-
tal sodium (Nembutal), midazolam, ketamine, 
dexmedetomidine, propofol, and nitrous oxide 
[17, 18].

 Pediatric 18F-FDG PET/MR 
Cardiovascular Imaging

Hybrid PET/MR systems offer several advan-
tages in the pediatric population, allowing for the 
combination of PET functional information with 
the precise anatomical information and high- 
contrast structural resolution of MRI [19]. PET/
MR does not require additional CT to perform 
attenuation correction or spatial coregistration, 
resulting in a more favorable dosimetry. However, 
whole-body PET/MR acquisitions are longer 
compared to a whole-body PET/CT and require 
optimal registration, which usually necessitates 
patient sedation. Furthermore, several devices 
such as pacemakers or mechanical heart valves, 
frequently present in children with congenital 
heart disease, are not MRI compatible or may 
lead to significant artifact. Finally, PET/MR is 
susceptible to artifacts related to field-of-view 
truncation, attenuation-correction, and motion 
[20, 21].

Cardiac MRI is technically challenging in 
children. Proper acquisition requires the use of 
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ECG gating, which may be technically challeng-
ing in infants with rapid heart rate or in patients 
with pacemakers. Sequences have to be adapted 
depending on the patient’s ability to breathe hold 
and their size for proper contrast enhanced MRI 
angiography [22, 23]. When combined with MRI, 
respiratory gating of the PET component is pos-
sible, but the use of a respiratory belt remains 
more efficient than gating with MR-based navi-
gators [24, 25].

In pediatric cardiology, potential applications 
of hybrid PET/MR include the evaluation of car-
diac tumors and myopathies, where both modali-
ties are complementary. In children for whom 
both PET and MRI are required, hybrid PET/MR 
allows imaging within a single session, 
 minimizing discomfort and potentially avoiding 
additional sedation. Children could benefit from 
18F-FDG PET/MR for the evaluation of rare pri-
mary cardiac tumors or secondary invasion by 
either adjacent or metastatic neoplasms, with 
superior soft tissue characterization. PET/MR 
also provides anatomical precision for the evalu-
ation of congenital cardiac abnormalities before 
surgery, as well as improved evaluation of soft 
tissue infection. PET/MR has the potential to 
assess flow, metabolism, and cardiac function in 
conditions such as Kawasaki disease, aberrant 
coronary arteries, and for the differentiation of 
ischemic and nonischemic cardiomyopathies. It 
can also be combined with 18F-FDG for viability 
assessment, delineation of scar tissue by late gad-
olinium enhancement (LGE) imaging, identifica-
tion of fat content, tissue edema and inflammation, 
as well as infiltrative diseases such as myocardi-
tis [26, 27].

 Kawasaki Disease

Kawasaki disease (KD) is an acute systemic vas-
culitis of unknown etiology. It affects mainly 
small and medium-sized arteries including the 
coronary arteries. When coronary arteries are 
involved, KD can lead to major complications 
such as acute myocardial infarction (AMI). It is 
one of the most frequent acquired heart diseases 
in children, especially in North America and 
Japan [28]. Classic KD presentation includes 
ongoing fever for 5 days or more, and at least 4 of 
the 5 following clinical features: mucosal 
changes, polymorphous exanthema, nonexuda-
tive conjunctivitis, skin alteration of the extremi-
ties, and lymphadenopathy.

Even with optimal treatment, which includes 
aspirin and intravenous immunoglobulins, coro-
nary artery aneurysms and stenosis are relatively 
frequent in KD.  While half to two-thirds of 
KD-induced coronary aneurysms regress sponta-
neously, some, mainly giant aneurysms (>8 mm), 
tend to persist and are associated with an 
increased risk of complications. Regression of 
lesions is more frequent in younger children, 
females, and in more distally located aneurysms. 
Approximately one-third of moderate-size 
lesions persist beyond 3 years after onset. Overall, 
coronary artery sequelae occur in approximately 
20–25% of cases [29]. Since KD sequelae often 
present as multivessel disease, coronary revascu-
larization is often necessary. A combination of a 
perfusion study, using 99mTc SPECT agents or 
PET tracers (e.g. NH3 and 82Rb), along with a 18F- 
FDG PET viability study can be performed to 
evaluate viable myocardium (Fig. 21.1) [30].
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Fig. 21.1 18F-FDG PET/CT of a 5-year-old girl with a 
previous history of Kawasaki disease complicated by cor-
onary aneurysm admitted with acute myocardial infarct. 
Tc99m myocardial rest perfusion study demonstrated 
extensive defects involving the anterior, anterolateral, and 
apical regions both on vertical short axis (a) and horizon-

tal long axis (c). Post procedure evaluation of residual 
viable myocardium with 18F-FDG PET/CT after glucose 
loading demonstrated myocardial hibernation and thus 
viability in the anterior, anterolateral, and apical regions 
both on vertical short axis (b) and horizontal long axis (d)
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 Anomalous Coronaries

Anomalous coronaries can be isolated or found 
in association with other cardiac malformations. 
Several classifications have been proposed based 
on the affected coronary, location of the anoma-
lous origin, as well as its course in relation to the 
aorta and main pulmonary artery [31–33]. Native 
coronary anomalies are found in approximately 
0.2–1.2% of the population [34, 35].

Anomalous origin of the left coronary artery 
from the pulmonary artery (ALCAPA) is a rela-
tively prevalent congenital anomaly, usually seen 
as an isolated lesion and affecting 0.25–0.5% of 
the population. It is a well-known cause of myo-
cardial ischemia and infarction in children and, if 
left untreated, can result in a mortality rate of up 
to 80–90% within the first year of life [36]. The 
typical clinical presentation, known as Bland–
White–Garland syndrome, includes pallor, fail-
ure to thrive, sweating, and atypical chest pain 
while eating or crying. Neonatal pulmonary vas-
cular resistance is high and pulmonary artery 
(PA) pressure ensure antegrade flow from the PA 
into the anomalous left coronary. With time, as 
pulmonary vascular resistance decreases, there is 
a consequent decrease in left coronary artery 
antegrade flow, with eventual reversal resulting in 
left-to-right shunting into the PA, causing the so- 
called coronary steal [37]. Infants have essen-
tially no collateral circulation, leading to the 
rapid onset of severe myocardial ischemia, left 
ventricular dysfunction, and possible mitral valve 
regurgitation from papillary muscle ischemia. 
ALCAPA must be suspected in any infant or 
child presenting with myocardial dysfunction. 
Surgical correction is usually performed as soon 
as possible, regardless of age and degree of 
collateralization.

Imaging of coronary anomalies relies mainly 
on coronary computed tomographic angiography 
(CCTA), transthoracic echocardiography, and 
MRI [38, 39]. Perfusion and myocardial viability 
studies using PET can be used to assess for the 
presence of hibernating myocardium, which may 
influence surgical management in patients with 
massive infarction or aneurysm. Absence of via-

ble tissue may indicate the need to consider heart 
transplant over revascularization. Resection of 
nonviable aneurysms may prevent malignant 
arrhythmias from developing and help prevent 
myocardial remodeling. Children with hibernat-
ing myocardium often show a significant recov-
ery of function following revascularization. As 
well, mitral insufficiency frequently regresses 
after revascularization. Quantifying the amount 
of viable myocardium can also help predict surgi-
cal outcomes and the need for mechanical sup-
port bridging, as well as orienting postoperative 
follow-up [30].

 Congenital Heart Disease

Congenital heart disease (CHD) is one of the 
most frequent congenital disorders and a leading 
cause of mortality associated with birth defects. 
Global prevalence of CHD is estimated to be 8 
per 1000 live births. With improvement of surgi-
cal and medical management, survival is now 
possible for most patients, even with serious 
anomalies, although many patients have signifi-
cant complications during adulthood. 
Approximately two third of adults with CHD 
eventually die from a cardiac cause, mainly heart 
failure and sudden death. Predictors of unfavor-
able prognosis are CHD severity, endocarditis, 
arrhythmias, myocardial infarction, and pulmo-
nary hypertension [40]. As surgical techniques 
and patient survival continue to improve, more 
patients with repaired CHD may present with 
complications in adulthood. Thus, knowledge of 
the basic anatomy and physiology of CHD is 
critical for all cardiovascular imagers. The fol-
lowing sections provides a brief overview of the 
most frequent CHD and procedures.

 Transposition of the Great Arteries

In transposition of the great arteries (TGA), the 
aorta and pulmonary artery connect to the inap-
propriate ventricles. In the majority of cases, this 
is an isolated anomaly, leading to profound cya-
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nosis shortly after birth. The anatomy of the coro-
naries with regard to origin, proximal course, and 
branching is variable. One-year life expectancy 
without surgery is lower than 20%. Primary arte-
rial switch operation is currently the treatment of 
choice. This intervention needs to be performed 
early in life, while the left ventricle is still 
exposed to high pressures and involves transloca-
tion of the coronary arteries to the neoaorta.

 Single Ventricle and Hypoplastic Left 
Heart Syndrome

Univentricular CHD malformations are charac-
terized by hypoplasia or absence of one of the 
ventricles or cardiac valves, leading to the impos-
sibility of establishing normal serial circulation. 
The most severe form is hypoplastic left heart 
syndrome (HLHS), characterized by multiple 
levels of stenosis/hypoplasia of the structures of 
the left heart, and associated with aortic and 
mitral stenosis or atresia. As a consequence, the 
ascending aorta and aortic arch are hypoplastic, 
and systemic circulation is dependent on a patent 
ductus arteriosus. Other univentricular CHDs 
include double outlet right ventricle in which 
both the aorta and pulmonary artery arise from 
the right ventricle; hypoplastic right heart, the 
most severe form being secondary to tricuspid 
atresia; and the rare double inlet ventricle in 
which both atria are connected to a single ventri-
cle. Univentricular CHD requires multiple staged 
surgical interventions to achieve serial circula-
tion with one ventricle pumping the systemic cir-
culation, while the pulmonary circulation 
depends on venous pressure, without any active 
pump (i.e. Fontan physiology).

 Modified Blalock–Taussig Shunt

The modified Blalock–Taussig (BT) shunt is a 
palliative technique which uses a prosthetic graft 
to connect a subclavian artery to the ipsilateral 

pulmonary artery. It is commonly used in the 
neonatal period to augment pulmonary flow and 
relieve cyanosis, allowing the pulmonary arteries 
to grow and pulmonary resistances to drop, 
before corrective surgery or further palliation.

 Bidirectional Glenn 
(Cavobipulmonary) Shunt

Bidirectional Glenn shunt is a palliative proce-
dure which creates a shunt from the superior vena 
cava to the pulmonary arteries, in order to supply 
blood flow after neonatal pulmonary pressures 
have normalized. It is frequently used as a stag-
ing procedure in children with single-ventricle 
morphology who will eventually get a Fontan 
procedure. It results in one-half (from superior 
vena cava) of the systemic venous return going 
directly to the lungs, while the other half from the 
inferior vena cava returns directly to the heart.

 Norwood Staged Procedures

The Norwood staged palliation for HLHS consists 
of three interventions. The first stage, performed 
shortly after birth, reestablishes an unobstructed 
systemic circulation using the right ventricle. To 
achieve this, the main pulmonary artery is tran-
sected and used to enlarge the hypoplastic aortic 
arch (the Damus–Kaye–Stansel procedure) 
(Fig.  21.2). The interatrial septum is excised to 
allow unobstructed pulmonary venous return to 
the systemic (right) ventricle. Since the pulmonary 
arteries are not connected to the right ventricle, an 
alternative source of pulmonary blood flow must 
be created, either by a modified BT shunt or a 
small conduit between the right ventricle and pul-
monary arteries (Sano conduit) (Fig.  21.3). The 
second stage of the Norwood palliation consists of 
a bidirectional Glenn and is performed typically 
around 6 months of age, when pulmonary resis-
tances have decreased. The third stage consist of a 
Fontan procedure, where the inferior vena cava is 
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Fig. 21.2 18F-FDG PET/CT of a 1-month-old patient 
with left ventricle hypoplasia (*). 18F-FDG CTAC images 
were fused with cardiac CT with contrast (a) and three- 
dimensional cardiac CT reconstructions (b). Norwood 
procedure with a Blalock–Taussig (BT) shunt (long thin 

arrow) between the right subclavian artery and right pul-
monary artery (short thin arrow). Damus–Kaye–Stansel 
(DKS) procedure for creation of the neoaorta, with anas-
tomosis of the main pulmonary artery (open arrow) and 
hypoplastic native aorta (arrow head)
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Fig. 21.3 18F-FDG PET/CT performed in a 2-year-old 
girl with left ventricular and aortic hypoplasia, status post 
Norwood–Sano procedure. 18F-FDG CT AC images fused 
with: cardiac CT with contrast (a), cardiac catheterization 
image (b) and sagittal FDG CTAC PET/CT (c). Visible 

reconstructed aortic arch (long thin arrow), Sano shunt 
(open arrow) and hypoplastic left ventricle (arrowhead). 
When interpreting 18F-FDG PET/CT, specifically in chil-
dren with congenital heart disease, correlation with other 
modalities is paramount
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connected to the pulmonary artery. Following this 
last stage, all deoxygenated blood from the venous 
system flows through the lungs. This last step is 
typically executed around 4 years of age, when the 
pulmonary arteries are mature enough to accom-
modate a large conduit [41].

 Jatene Arterial Switch Procedure

This is the anatomical repair of transposition of 
great arteries performed to establish the left ven-
tricle as the systemic arterial ventricle. If not pos-
sible in the neonatal period, it can sometimes be 
preceded by pulmonary artery banding, which 
places prosthetic material encircling the main 
pulmonary artery to “train” the left ventricle for 
systemic pressures.

 Right Ventricle–Pulmonary Artery 
(RV-PA) Conduit

This technique uses, among different options, a 
valved prosthetic homograft material to create an 
artificial conduit between the right ventricle and 
pulmonary artery. Different surgical corrections 
can use this technique as a reconstruction of the 
right ventricular outflow tract (Fig. 21.4).

 Tetralogy of Fallot

Although tetralogy of Fallot (ToF) and truncus 
arteriosus are distinct cyanotic congenital heart 
defects, they share some common characteris-
tics. Both are a consequence of abnormal embry-
onic conotruncal development. They include a 
large septal defect at the ventricular outlet, with 
characteristic abnormalities of semilunar valves 
and great arteries. To be classified as ToF, CHD 
must fulfill specific requirements, including pul-
monic stenosis, ventricular septal defect, over-
riding aorta, and right ventricular hypertrophy 
which represents a consequence of long-stand-
ing right ventricular pressure overload.

ToF are usually repaired using infundibulec-
tomy and a patch repair of the RV outflow steno-
sis, which may involve the pulmonary valve. In 
cases where the pulmonary valve must be excised, 
a free pulmonary insufficiency is created, which 
may require future revalvulation. ToF repair fre-
quently involves patch enlargement of the small 
pulmonary arteries, and even unifocalization, 
when the arteries are not in continuity (in this 
case, the pulmonary flow may come from aorto-
pulmonary collaterals) or an RV-PA conduit. 
Complete ToF repair also involves closure of the 
ventricular septal defect using a patch allowing 
for septal realignment (Fig. 21.5).
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Fig. 21.4 18F-FDG PET/CT performed after a cardiac 
suppression protocol to assess extension of infection in a 
15-year-old patient with truncus arteriosus status post 
RV-PA conduit (thin arrow), RPA (curvilinear arrow) and 
LPA (open arrow) stent placement. Clinically, the patient 
presented with Staphylococcus aureus septic shock fol-
lowing a toe infection. 18F-FDG PET/CT demonstrating an 
active infectious process at the level of the RV-PA conduit, 
RPA and LPA stents, with lung septic emboli (arrow head) 
(a). Following 3 weeks of antibiotics, some improvement 
was noted (b), but during the following 2 weeks, despite 

aggressive antimicrobial treatment, the patient remained 
afebrile with increased inflammatory markers. A follow-up 
18F-FDG PET/CT study showed no further improvement at 
the levels of the LPA and RPA stents and progression of 
uptake surrounding the RV-PA conduit. Only resolution of 
the lung lesions was demonstrated (c). Shortly after, 
RV-PA conduit and both stents were surgically removed. 
Multiple vegetations, abscesses and Staphylococcus 
aureus were found on the material. A new RV-PA conduit 
was installed, the antibiotic treatment completed and 
patient’s subsequent evolution was favorable
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Fig. 21.5 18F-FDG PET/CT performed after cardiac sup-
pression protocol to assess the extent of infection in a 
16-year-old patient status post Fallot tetralogy repair. 
Status post stent placement Main Pulmonary Artery with 
Melody valve; status post Fortify Assura cardioverter defi-
brillator device (CDD) implantation. Follow-up echocar-
diogram showing vegetations at the level of the 
intracavitary apical defibrillation lead. No FDG uptake 
around was seen at the casing (long thin arrow) (a) but 
there was visible FDG uptake at the level of the defibrilla-

tion lead (short thick arrow) (b). Mild uptake at the level 
of the Melody valve (arrow head) but otherwise no FDG 
uptake at the level of the stent (c, d). The CDD was 
removed and cultures were positive for Staphylococcus 
hominis. Following antibiotic therapy, a second 18F-FDG 
PET/CT showed resolution of uptake in the left ventricle 
(e) and unchanged appearance of the Melody valve (arrow 
head) (f). No evidence of persistent infection during fol-
low-up. New subcutaneous implantable defibrillator 
(EMBLEM MRI S-ICD) (short thin arrow)
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 Cardiovascular Infections

In 2013, a joint European Association of Nuclear 
Medicine (EANM)/Society of Nuclear Medicine 
and Molecular Imaging (SNMMI) guideline rec-
ommended the use of 18F-FDG PET/CT in 
inflammation and infection indications such as 
sarcoidosis, peripheral bone osteomyelitis, sus-
pected spinal infection, fever of unknown origin 
(FUO), metastatic infection of high-risk patients 
with bacteremia, and primary evaluation of vas-
culitis [42]. The latest joint collaboration of the 
EANM and European Association of 
Cardiovascular Imaging (EACVI) published in 
2020 now includes interpretation and reporting 
criteria of prosthetic valve endocarditis, cardiac 
implantable electronic devices, left ventricular 
assist device, and vascular graft infections [43]. 
However, these guidelines mainly apply to the 
adult population and pediatric-specific literature 
and recommendations remain scarce.

 Infections Related to Sternotomy

Delayed sternal closure after cardiac surgery is a 
common technique in pediatric cardiac surgery, 
when sternal closure can negatively affect cardiac 
and respiratory function in the immediate postop-
erative period. Factors associated with increased 
infection risks are prolonged skin barrier disrup-
tion, prolonged mechanical ventilation/sedation/
neuromuscular blockade, complex surgical inter-
vention, younger age, and repeated surgery. 
Although antibiotic prophylaxis and wound 
dressing care reduces infection rates, infections 
including mediastinitis have been reported in 
between 4 and 10% of patients and 18F-FDG 
PET/CT can be useful for the evaluation of sus-
pected infection [44–46].

 Congenital Heart Disease Repair

Surgical repair of CHD also often requires pros-
thetic material, which can be a predisposing factor 
for infection. In addition to the sternotomy site, 
multiple sites of infection are possible, including 
prosthetic conduits, native or prosthetic valves, 
and cardiac implantable devices. Infectious 
endocarditis (IE) prevalence is higher in patients 
with CHD. The reliability of the modified Duke 
criteria, including echocardiography findings, is 
limited due to artifacts and complex anatomy. 
Imaging is critical, not only for diagnosis, but 
also for the evaluation of response to therapy. 
The latest guidelines have incorporated 18F-FDG 
PET/CT findings as a major criterion in the diag-
nostic algorithms for IE. 18F-FDG PET/CT is also 
useful for the demonstration of extracardiac com-
plications of endocarditis. Specifically, it allows 
for the detection of concomitant or alternative 
infective thoracic foci, such as pericardial col-
lections, mediastinitis, and pulmonary infections 
(Fig. 21.6). Endocarditis can be associated with 
septic emboli, with extracardiac foci of infection 
reported in 15–60% [47–51].

 Fever of Unknown Origin

Fever is one of the chief complaints of children 
presenting at the hospital, estimated to account for 
16–30% of cases. FUO refers to a prolonged 
febrile condition without an established etiology 
despite complete evaluation, and no definite cause 
is found in 10–20% of cases. Although no wide-
spread consensus exists, most current definitions 
of FUO in children include: temperature ≥ 38.3°C 
for >1 week, no history of immunosuppression in 
the preceding 3 months, with no clear cause identi-
fied despite complete physical examination, labo-
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Fig. 21.6 18F-FDG PET/CT of a 10-year-old patient with 
indwelling central catheter for intravenous hyperalimen-
tation admitted for septic shock. Tricuspid valve endocar-
ditis and lung septic emboli were demonstrated on 
echocardiogram and chest CT. 18F-FDG PET/CT was 
requested for the evaluation of left hip pain and performed 
with myocardial suppression protocol. Selected axial 

images (a) and Maximum Intensity Projections (b). FDG 
uptake was noted at the level of the tricuspid valve (long 
thin arrow). Lung septic emboli were present, some with 
cavitation (open arrow). Residual activity is seen at the 
FDG injection site (arrow head). No hip anomaly or other 
focus of infection was detected. The patient was known 
for splenomegaly
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ratory and imaging workup. Causes of FUO 
include infection, malignancy, inflammatory dis-
ease, and other miscellaneous causes. 18F-FDG 
PET/CT was found to have high sensitivity for 
several causes such as tumor (>90%), infection 
(89%), arthritis and vasculitis (65%), and is gener-
ally considered helpful in almost half of cases 
(25–75%), including chronic low-grade infections. 
18F-FDG PET/CT has good diagnostic accuracy in 
FUO, with reported sensitivity of ~85%, specific-
ity of ~80%, PPV of ~70–85% and NPV of ~80–
90%. 18F-FDG PET/CT leads to modification of 
treatment in approximately half of cases, and has 
also proven useful in immunosuppressed children 
[52–54].

 Ventricular Assist Devices

Infection affects nearly 15–20% of patients within 
a year of ventricular assist device (VAD) implanta-
tion, with infection at the driveline exit site seen 
most frequently. If isolated, the driveline can be 
debrided and revised, and the infection treated 
with antibiotics. Infection extending to internal 
components is associated with a high mortality 
rate and needs to be treated more aggressively. 18F-
FDG PET/CT has been shown useful in detecting 
infection of VADs in the adult population, with a 
pooled sensitivity of 92% and specificity of 83%, 
resulting in management changes in as much as 
80% of patients [55–58] (Fig. 21.7).

 Cardiac Implantable Electronic 
Devices

Cardiac Implantable Electronic Device (CIED) 
infections can present with superficial inci-
sional infection, pocket infection, infection of 
thoracic leads, and endocarditis. Although less 
than 1% of all CIED are implanted in children, 
there are unique characteristics of the devices 
used in children. For instance, pacemaker stim-
ulation is epicardial in smaller patients or 
patients with cavopulmonary connections, and 
the implantation chamber is often tunneled to 
the left upper abdominal quadrant (Fig. 21.8). 
Device dependence is more frequent with cer-
tain CHD (e.g., atrioventricular discordance), 
after open heart surgeries performed near the 
atrioventricular or the sinus node, and after 
complex heart surgeries, cardiomyopathies, or 
malignant ventricular arrhythmias. 18F-FDG 
PET/CT enables diagnosis of infection, assess-
ment of the extracardiac portion of leads, and 
localization of septic emboli foci. 18F-FDG 
PET/CT is particularly effective in differentiat-
ing superficial tissue infection from deep pocket 
CIED infections requiring surgical excision 
(Fig.  21.9). A recent meta-analysis revealed a 
pooled sensitivity of 96% and pooled specific-
ity of 97% for local pocket infection. Accuracy 
was slightly lower for lead infection, with a 
pooled sensitivity of 76% and specificity of 
83% [59, 60].
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Fig. 21.7 18F-FDG PET/CT was performed in a 1.5-year-
old girl with a history of recurrent fever and known Berlin 
Heart, a left ventricular assist device (LVAD). There was 
evidence of pneumonia in the left lung base (open arrow). 

There was physiologic radiotracer distribution associated 
with arterial cannula in the ascending aorta (long arrow) 
and atrial cannula in the left ventricle (short arrow), with-
out evidence of material infection
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Fig. 21.8 18F-FDG PET/CT of a 9-year-old patient hos-
pitalized for low-grade fever and induration in the epigas-
tric region. The patient had multiple cardiac surgeries for 
congenital heart disease (double outlet right ventricle) 
including an epicardial dual chamber pacemaker implan-
tation with implantable pulse generator in the left upper 
abdominal quadrant for third-degree atrioventricular 
block. After an inconclusive ultrasound of the latter 
region, 18F-FDG PET/CT was performed: Maximum 
Intensity Projections (a) and selected axial images (b). 

Increased activity was found on both the non–attenuation-
corrected (NAC) and CT attenuation-corrected (CTAC) 
images around the pacemaker casing (open arrow) and 
along the tunneled wires (long thin arrow). However, 
there was no supradiaphragmatic extension to the wires 
(thin short arrow) or to the epicardial leads (arrowhead). 
The pacemaker was removed and infection was con-
firmed. After a course of antibiotics with the patient under 
external pacing, a new pacemaker was installed, with no 
further complications
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Fig. 21.9 18F-FDG PET/CT of a 15-year-old patient sta-
tus post atrioventricular defect and coarctation of the aorta 
repair, post epicardial dual chamber pacemaker (ICD) 
implantation, and artificial mitral valve insertion. ICD 
replacement with three endovascular leads and one epi-
cardial lead. There was a known superficial infection 
around the casing in the left hemithorax secondary to 
Staphylococcus hominis. As leads could not be properly 
visualized on echocardiogram, 18F-FDG PET/CT with 

myocardial suppression protocol was performed. An 
active infectious process was demonstrated around the 
ICD casing (short thin arrow) and superficial wires (open 
arrow). No abnormal uptake was found at the level of the 
mitral valve (arrow head), endocardial leads (curvilinear 
arrows) or epicardial lead (long thin arrow). The patient 
underwent pacemaker extraction. After a course of antibi-
otics under external pacing, a new pacemaker was 
installed, without further complication

 Pericardial Disease

Pericardial disease can be categorized as infec-
tious versus noninfectious, and malignant versus 
nonmalignant. Etiologies include infectious, neo-
plastic, autoimmune, metabolic, iatrogenic, and 
traumatic causes. More often than not, the cause 
remains elusive [61]. The standard workup for 
pericarditis includes a thorough history, physical 
examination and additional investigations such as 

electrocardiogram, transthoracic echocardiogra-
phy, and dosage or serum inflammatory biomark-
ers. 18F-FDG PET/CT can play a role by assessing 
the activity of the pericardium and/or pericardial 
effusion (Fig.  21.10). In addition, whole body 
18F-FDG PET/CT can identify patterns of uptake 
suggestive of either infection, collagen vascular 
disease or neoplasm [62, 63]. Optimal imaging 
using myocardial suppression protocols should 
always be used.
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a

b

Fig. 21.10 18F-FDG PET/CT of a 5-year-old patient with 
a history of Kawasaki disease who presented with acute 
chest pain and heart palpitations. An echocardiogram 
demonstrated a pericardial effusion. 18F-FDG PET/CT 
was requested to rule out collagen vascular disease as a 

clinical cause. Axial (a) and sagittal (b) images show sig-
nificant pericardial effusion (arrow) with mild and diffuse 
uptake. The remaining study was normal. Biomarkers 
were negative. The final diagnosis was idiopathic pericar-
ditis, which responded well to steroids
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In neoplastic pericardial disease, 18F-FDG 
PET/CT can help differentiate primary involve-
ment of the pericardium from a paraneoplastic 
syndrome. Whereas direct involvement can origi-
nate from primary or metastatic malignancy, the 
most common underlying causes are different in 
children compared to adults. Hodgkin’s lym-
phoma, especially bulky mediastinal disease, 
remains a frequent cause [63, 64]. Less fre-
quently, other primary pericardial neoplasms 
such as sarcomas can be encountered [63]. 
Pericardial disease, especially when effusion is 
present, justifies investigation for an underlying 
malignancy.

Infectious pericardial disease etiologies 
include viral, bacterial, fungal, and rarely para-
sitic, with viral pericarditis being most frequent 
and often isolated. Apart from a viral prodrome, 
it resembles idiopathic pericarditis. It is usually 
not severe and has a good prognosis, although 
can be associated with a higher risk of myocar-
dial damage [65]. 18F-FDG PET/CT remains 
helpful for local evaluation of disease, along with 
cardiac MRI for the assessment of myocardial 
inflammation. It can also help detect septic 
emboli related to disseminated infection, which 
can change clinical management.

18F-FDG PET/CT can be especially helpful for 
the investigation of tuberculous pericarditis. If 
left untreated, this condition can be associated 
with high morbidity and mortality. 18F-FDG PET/
CT can be helpful for the identification of pulmo-
nary, bone, or colic foci, which can suggest the 
presence of underlying tuberculous infection and 
provide guidance for biopsy sampling [66, 67]. 
18F-FDG PET/CT can also help characterize con-
strictive pericarditis, associated with irreversible 
chronic inflammation and fibrosis of pericar-
dium. Underlying causes can be idiopathic, post-
surgical, postinfectious, or related to connective 
tissue diseases. Documenting active pericardial 
inflammation is helpful in the management of 
transient constrictive pericarditis [68].

 Conclusion

Cardiac 18F-FDG PET/CT in children has 
emerged as a useful tool allowing investigation of 
different pathologies affecting specific pediatric 
populations, such as those with congenital heart 
disease. Adapting nuclear medicine imaging and 
tailoring existing protocols to pediatric needs and 
adequate patient preparation depending on spe-
cific clinical indications ensures efficient and 
safe use of 18F-FDG PET/CT in children, with 
minimization of adverse effects.
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22FDG-PET/CT in Heart Transplant

Johan Van Cleemput, Daan Dierickx, 
and Olivier Gheysens

 Introduction

Since the first heart transplantation was per-
formed more than 50 years ago in Cape Town, 
South Africa, more than 200,000 patients have 
received a donor heart almost exclusively pro-
vided by donation after brain death. Currently 
more than 6000 heart transplantations are regis-
tered annually to the International Society of 
Heart and Lung Transplantation (ISHLT) [1]. 
This number is estimated to reflect about 80% of 
the actual heart transplant activity performed 
worldwide. Despite good outcome results, 
improved preservation techniques of the donor 
hearts and the recent use of donor hearts after 

circulatory death, it is unlikely that the number 
of heart transplantations will increase in the near 
future. In Europe, a decrease in the number of 
heart transplantations has been observed during 
the last decade, resulting in acceptance of older 
and so-called marginal donor hearts. North 
America seems to escape from this evolution, 
probably due to a higher incidence of young peo-
ple dying accidentally and due to the opiate cri-
sis [1]. The imbalance between candidate 
recipients and donor hearts has led to an increase 
in the average waiting time which in turn has 
resulted in a growing number of patients that 
need to be bridged by mechanical circulatory 
support (MCS) devices until a donor heart 
becomes available. Initially, these devices were 
temporary such as venoarterial extracorporeal 
membrane oxygenation (VA-ECMO) and extra-
corporeal life support (ECLS) devices, allowing 
to bridge for a couple of weeks in the intensive 
care unit. Nowadays, due to continuous improve-
ments in intracorporeal left ventricular assist 
devices (LVAD), patients can be bridged and 
remain ambulatory for years and currently 
almost half of the candidates on the waiting list 
have a LVAD [1].

Once a daring experimental therapy, heart 
transplantation has evolved into a feasible treat-
ment option in highly selected patients with end- 
stage heart failure in whom all other therapies 
have failed. Survival has gradually increased over 
the last decades with a median survival of 
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8.6  years in the 1980s over 10.5  years in the 
1990s and an overall median survival of 
12.5 years for patients transplanted between 2002 
and 2009 according to the latest ISHLT report 
[1]. Single centers have even reported 1, 5, 10, 
and 15-years survival rates of 92, 87, 76, and 
58%, resulting in a median survival of more than 
18  years [2]. Unfortunately, heart transplant is 
not a definite cure and patients are at risk to 
develop mild to potentially fatal complications. 
The 5% 30-day mortality rate is mainly driven by 
primary graft failure (PGF) and multiple organ 
failure. The former mostly due to technical rea-
sons often related to preservation difficulties and 
rarely as a consequence of hyperacute rejection. 
During the rest of the first postoperative year, the 
main causes of death are infection (<6 months) 
and graft failure due to acute cellular (ACR) or 
antibody-mediated rejection (AMR). Therefore, 
endomyocardial biopsies (EMB) are performed 
per protocol in the first postoperative year aiming 
at early diagnosis and treatment of rejection, 
before serious graft damage occurs. During long- 
term follow-up, late graft failure (LGF) and 
malignancies with increasing incidence after 
transplantation become the main threats for heart 
recipients.

This chapter summarizes the current evidence 
of FDG-PET/CT imaging in heart transplant can-
didates focusing on LVAD infections and its role 
in posttransplant complications such as infec-
tions, graft rejection, and malignancies.

 Pretransplant Screening

Patients with ischemic cardiomyopathy consti-
tute almost 30% of transplant candidates and, due 
to the scarcity of donor hearts, all other therapies 
must have been exhausted before considering 
heart transplantation [1]. Ischemic heart disease 
remains the only cause of left ventricular dys-
function that is amenable to the benefit of coro-
nary artery bypass grafting (CABG). The 
assessment of myocardial viability, with an 
improvement in systolic function as reference 
standard, to identify patients who will most likely 
benefit from surgical revascularization remains a 

topic of debate. The formerly accepted concept, 
based on retrospective studies, that assessing 
myocardial viability using, for example, FDG 
PET is important to identify patients who might 
benefit from revascularization has been chal-
lenged by the myocardial viability substudy of 
the STICH trial and the PARR-2 trial [3, 4]. The 
initial report of this prospective myocardial via-
bility substudy of the STICH trial did not show 
an association between the presence of myocar-
dial viability and survival benefit from CABG 
after a median follow-up of 5.1  years [5]. The 
recent results after a median follow-up of 
10.4 years showed an association between viable 
myocardium and improvement of LV systolic 
function irrespective of treatment but did not con-
firm a reduction in mortality by revascularizing 
patients with myocardial viability assessed with 
single-photon-emission computed tomography 
(SPECT) and/or stress echocardiography [6]. 
However, viability assessment was not performed 
with FDG-PET or cardiac magnetic resonance 
imaging considered as reference test to evaluate 
myocardial scarring. The role of FDG-PET/CT to 
assess myocardial viability and guide revascular-
ization in patients with ischemic cardiomyopathy 
is discussed in detail in Chap. 20.

Probably one of the most important indica-
tions for FDG-PET/CT in the pretransplant set-
ting, lies in the diagnosis of LVAD infections [7]. 
Owing to the shortage of donor hearts and 
increased waiting times, more patients need a 
LVAD as a bridge to transplantation or even as 
destination therapy [1, 8]. Recent improvements 
in assist device technology have resulted in better 
survival and less complications. The initial large 
pulsatile devices have been replaced by smaller 
nonpulsatile axial flow pumps still residing in the 
abdominal cavity. There is nowadays a shift 
toward fully magnetically levitated centrifugal 
continuous flow (CF) pumps, implanted within 
the pericardial sac. One and 2-year survival rates 
of 82% and 73% in patients with these CF devices 
are slowly approaching the results of heart trans-
plantation [9]. Complications such as stroke and 
bleeding have significantly decreased, but infec-
tions of the LVAD remain a problem with increas-
ing incidence over time and are associated with a 

J. Van Cleemput et al.



327

high rate of hospitalization [10]. This is unlikely 
to change as long as the pump depends on energy 
transferred by a driveline that connects the 
implanted LVAD with the batteries outside the 
patient. The MOMENTUM-3 trial did not show 
any difference in infectious complications 
between axial flow and centrifugal flow devices: 
22% developed a driveline infection, 14% had at 
least one episode of sepsis and 18% of the mor-
tality in the first 2 years after implantation was 
related to infection [11, 12]. These prospective 
trial data largely confirm recent INTERMACS 
registry results [13]. In this registry, standardized 
definitions of VAD infections (VAD-specific, 
VAD-related, and non–VAD-related infections) 
have been used as proposed by the International 
Society of Heart and Lung Transplantation 
(ISHLT [14]. VAD-specific infections can affect 
the superficial or the deeper portion of the drive-
line, the pump, and/or the inflow and outflow 
cannulas or the pocket. VAD-related infections 
include infective endocarditis, blood stream 
infections, mediastinitis and sternal wound infec-
tions [14]. In the registry, 18% of the patients 
with a CF LVAD developed a VAD-specific 
infection, more than 19% suffered a VAD-related 
infection and 6% of the mortality was related to 
major infections [13]. Therefore, early and accu-
rate diagnosis of LVAD infections is of the utmost 
importance.

Establishing the presence, extent, and severity 
of LVAD infections, especially deep and central 
infections, can be challenging since conventional 
imaging techniques such as echocardiography 
and CT are hampered by device-related artefacts. 
Aspiration of suspected fluid collections is not 
without risk and obtaining samples from tissue 
surrounding the driveline, pump, or cannulas 
requires major surgery. Therefore, several studies 
assessed the diagnostic performance of FDG-
PET/CT for diagnosing VAD-specific infections 
and two recent meta-analyses reported a good 
diagnostic accuracy with overall high sensitivity 
but variable specificity [15, 16]. In the analysis 
by Ten Hove et  al., visual analysis yielded a 
pooled sensitivity of 0.95 (95% confidence inter-
val (CI) 0.89–0.97) and pooled specificity of 0.91 
(95% CI 0.54–0.99) [16]. These results were 

quite similar when focusing on either pump/
pocket infections or driveline infections. The 
wide CIs for specificity reflected the heterogene-
ity across different included studies that was 
attributed to differences in patient selection, scan 
procedures and interpretation, suboptimal dietary 
preparation or concurrent blood stream infection. 
Nevertheless, FDG-PET/CT is a powerful tool to 
exclude VAD-specific infections given the con-
sistently high sensitivity and high negative pre-
dictive value [17]. On top of helping the clinician 
to diagnose VAD infections, FDG-PET/CT pro-
vides information on the exact location and extent 
of the infectious process that might influence the 
therapeutic strategy as was shown in different 
studies [18–21]. Representative FDG-PET/CT 
images of a VAD infection are shown in Fig 22.1. 
A localized infection at the exit or distal site of 
the driveline can be treated with antibiotics, while 
prolonged antibiotic therapy is needed once the 
infection extends along the tract toward the prox-
imal portion. As a pump infection may upgrade 
the status on the waiting list of a transplant candi-
date in many allocation systems, an undisputable 
diagnosis is mandatory. Semi- quantitative mea-
sures such as standard uptake volume and meta-
bolic volume might be helpful in estimating the 
severity of the infection and the effect of antibi-
otic therapy [21–24]. Since FDG-PET/CT is a 
whole-body imaging modality, it also allows 
detecting extracardiac infections and septic 
embolisms with high accuracy as was shown in 
several studies [23, 25, 26]. The diagnostic value 
of FDG-PET/CT for detecting VAD infections 
outperforms the yield of white blood cell scintig-
raphy and CT. In the only study comparing FDG-
PET/CT with 99mTc-labeled white blood cell 
scintigraphy in 22 patients, a significantly lower 
sensitivity was observed for the latter [26]. 
Similarly, CT-scan only identified 4 of the 28 
patients with a peripheral or central VAD-
infection as detected by FDG-PET/CT [20]. A 
further improvement in diagnostic accuracy 
could be obtained by performing a baseline FDG-
PET/CT scan to which the results of a subsequent 
scan could be compared. This strategy resulted in 
100% sensitivity and 100% specificity to detect 
driveline infections [24]. Finally, one study 
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Fig. 22.1 VAD-specific infection. FDG maximum inten-
sity projection (MIP) image, coronal and transaxial fused 
PET-CT images show heterogeneous uptake around the 
outflow tract corresponding to an infection. Note the reac-
tive diffuse homogeneous driveline uptake shortly after 
LVAD implantation (~1  month) (a). FDG MIP image, 

coronal, transaxial and sagittal fused PET-CT images 
show intense FDG uptake around the driveline with a sub-
cutaneous abscess without pathological FDG uptake at the 
pump or cannulas compatible with an isolated driveline 
infection. (b). (Image courtesy of D. ten Hove, 
UMCGroningen)

reported unexpectedly 3 peripheral and 3 central 
positive FDG-PET/CT scans among 11 patients 
without any clinical evidence of infection. 
Because of a similar increase in all-cause mortal-
ity in FDG-PET/CT positive patients irrespective 
of clinical evidence of infection, the authors sug-
gest that these positive scans should be consid-
ered as markers of early infection where antibiotic 
treatment might prevent spreading the infection 
toward the pump and the cannulas [20].

Even though there is increasing evidence to 
perform FDG-PET/CT in patients with suspected 
VAD-specific infections as outlined above, the 
2019 European Association of Cardio Thoracic 
Surgeons (EACTS) Expert Consensus on long-
term Mechanical Circulatory Support paper, does 
not mention FDG-PET/CT, but states that white 
blood cell scintigraphy should be considered for 

the detection and location of infection and 
infected emboli (class IIA with level of evidence 
C). It is noteworthy to mention that both refer-
ences supporting this recommendation refer to 
FDG-PET/CT [27]. VAD infections are discussed 
in greater details in Chap. 16.

 Posttransplantation Graft-Related 
Complications

Similar to other solid-organ transplantations, 
acute rejection (AR) remains a feared complica-
tion after heart transplantation. Especially in the 
first postoperative year(s), AR still remains an 
important potential cause of mortality even 
though the incidence and impact on graft sur-
vival have decreased over the years due to 
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improved immunosuppressive regimens [1]. The 
pathogenesis of rejection is linked to various 
pathways and two distinct mechanisms respon-
sible for graft injury during acute rejection are 
nowadays recognized: acute cellular rejection 
(ACR) and antibody- mediated rejection (AMR). 
Initially the focus was on ACR, characterized by 
activation of T-lymphocytes infiltrating the inter-
stitial space and finally leading to T-cell medi-
ated damage of cardiomyocytes. This process 
has been defined and classified according to the 
amount and location of the inflammatory infil-
trate and myocardial cell death, as described in 
the revision of the 1990 working formulation for 
the standardization of nomenclature in the diag-
nosis of heart rejection [28, 29]. Together with 
improvements in immunosuppressive therapy, 
the incidence of ACR has decreased and atten-
tion has shifted from ACR toward antibody-
mediated rejection. This form of AR is driven by 
circulating human leucocyte antigen (HLA) and 
non-HLA antibodies directed against antigens 
expressed on endothelial cells which subse-
quently affects the vascular tree from the coro-
nary arteries along the microvasculature to the 
venous structures of the entire donor heart [30–
32]. As EMB is the gold standard for the diagno-
sis, AMR is primarily defined by pathological 
changes in the microvasculature [30]. Depending 
on the presence of intravascular activated mono-
nuclear cells (mainly CD68 positive macro-
phages), capillary endothelial cell changes, 
deposition of fibrin, immunoglobulins and com-
plement factors (mainly C4d) and interstitial 
edema, different grades of AMR have been 
defined [33, 34]. AMR can result in acute heart 
failure with reduced ejection fraction, but can 
also remain asymptomatic. Cardiac allograft 
vasculopathy (CAV) is one of the main long-
term complications after heart transplantation. 
CAV is the arterial equivalent of AMR in the 
microvasculature and mainly affects the epicar-
dial and intramyocardial muscular arteries and is 
characterized by a diffuse intimal proliferation 
of smooth muscle cells of the epicardial and 
intramyocardial arteries, hereby narrowing and 

eventually completely occluding the arterial 
lumen [35]. The assessment of CAV is challeng-
ing due to the typical diffuse coronary epicardial 
and microvascular involvement [36]. Invasive 
angiography and intracoronary imaging are rec-
ommended for CAV surveillance but these tech-
niques do not allow a detailed evaluation of 
distal vessels and microvasculature [37]. 
Moreover, surveillance by invasive strategies is 
not very practical and is associated with proce-
dural risks. Therefore, evidence is accumulating 
to utilize noninvasive strategies for CAV surveil-
lance and cardiac perfusion assessed by PET 
perfusion imaging is now included in imaging 
and transplantation guidelines [37, 38]. Although 
FDG-PET/CT does not play a role in detection 
of CAV, PET perfusion imaging may overcome 
the limitations of other techniques by providing 
absolute quantitative global and regional myo-
cardial perfusion values and flow reserve, lead-
ing to increased sensitivity to detect diffuse 
epicardial and microvascular disease.

Chronic rejection (CR) remains ill-defined 
and late graft failure (LGF) is probably a more 
appropriate term, as CR is an endpoint rather 
than an active process. Clinically it presents as 
heart failure, often with preserved ejection frac-
tion, developing insidiously many years after 
transplantation. It is characterized by diffuse 
interstitial fibrosis, with microinfarcts and a 
severely damaged vascular tree with narrowed 
arteries and a substantial reduction in the capil-
lary density, the so-called capillary rarefaction on 
histology [33, 34]. The exact pathogenesis of 
LGF is incompletely understood, but it is likely 
the result of a combination of perioperative isch-
emic damage to the coronary arteries and the 
microvasculature with several episodes of post-
operative clinical or subclinical ACR and 
AMR. Heart failure treatment is reinitiated, but to 
date retransplantation is the only curative therapy 
for LGF [32].

As both ACR and AMR are inflammatory 
processes, FDG-PET/CT might play a role to 
diagnose or even more importantly to monitor 
acute rejection, but few groups have investi-

22 FDG-PET/CT in Heart Transplant



330

gated the role of FDG-PET/CT in this setting. 
Two animal experiments shed some light on the 
potential role of FDG-PET/CT in the diagnosis 
of AR [39, 40]. Both used heterotopic trans-
plant rodent models with the heart implanted in 
the abdominal cavity and compared metabo-
lism and perfusion, assessed by respectively 
FDG- and NH3-PET, between the native hearts, 
the isografts and the allografts. In isograft 
models, donors and recipients are genetically 
identical, resulting in surgical insult without 
rejection. In allograft models the presence of 
major histocompatibility complex (MHC) mis-
matches, inevitably induces rejection on top of 
the surgical insult. The first report was pub-
lished in 1992 by Hoff et al. using a heterotopic 
rat transplant model without immunosuppres-
sive treatment in which FDG uptake and histol-
ogy was analyzed at a single time point either 4 
or 8  days postoperatively [39]. Histology 
showed mild ACR (inflammatory cell infiltra-
tion) at day 4 and severe ACR (myocyte necro-
sis) at day 8 in the allografts with a significantly 
increased FDG uptake both during mild and 
severe ACR compared to nonrejected isografts. 
There was no significant difference in FDG 
uptake between the mild and severe rejection 
groups. In addition to FDG uptake, NH3 uptake 
tended to be higher in allografts than in iso-
grafts during mild ACR, but NH3 uptake was 
significantly reduced during severe ACR sug-
gesting the latter could be attributed to micro-
vascular destruction and/or graft vasculopathy. 
Another preclinical study, more relevant from a 
clinical perspective given the longitudinal 
assessment, was performed by the group of 
Daly [40]. Between day 7 and day 42 after 
transplantation, FDG- and NH3-PET imaging 
and histology were performed weekly in iso- 
and allografted mice. Some mice received no 
immunosuppressive therapy, some were treated 
with the costimulatory antagonist anti-CD40L 
and some received rapamycin. The FDG uptake 
in the isografts was not different from the 
uptake in the native hearts at day 7 but 

decreased significantly thereafter. The reduc-
tion in metabolism was attributed to the fact 
that heterotopically implanted hearts do not 
actually work as the left ventricle remains 
empty. In the allografts implanted in mice 
without immunosuppression, the FDG uptake 
increased from day 7 onward and became sig-
nificantly higher than the uptake in isografts at 
day 21 and day 28. This difference coincided 
with increasing degrees of rejection. Treatment 
with anti-CD40L completely abolished both 
the increase in FDG uptake over time and the 
histology of rejection in allografted mice. In 
mice treated with rapamycin, FDG uptake was 
lower than in mice not receiving immunosup-
pression but the difference was not significant 
and histology showed incomplete inhibition. 
Finally on day 28 the ratio of NH3 uptake in the 
allograft to the uptake in the native heart was 
significantly reduced in the untreated allograft 
recipients. On histology, the former had signifi-
cantly more CAV (expressed as average % ves-
sel occlusion) and fewer vessels per area in 
biopsy sections, suggesting that the reduction 
in perfusion was due to micro- and macrovas-
cular destruction. Although the authors con-
clude that their work might pave the way for 
PET/CT imaging into the clinical arena of heart 
transplantation, no follow-up studies are avail-
able. Cost, radiation exposure and limited 
availability should not be major concerns, con-
sidering the fact that most heart recipients are 
followed in tertiary centers and that the alterna-
tive of regular EMB biopsies is expensive as 
well and does also expose patients and personal 
to radiation. Probably the dietary preparation 
protocols, limited experience and lack of stan-
dardization and interpretation criteria form the 
major obstacles before utilization of FDG-
PET/CT in this clinical scenario. To date, no 
FDG data are available to evaluate transplant 
rejection but two studies have investigated 
FDG uptake in heart transplant patients. The 
first publication by the group of London and 
Harefield compared myocardial FDG uptake in 

J. Van Cleemput et al.



331

10 heart recipients versus 9 healthy controls 
[41]. The recipients were 34 months after trans-
plantation, had normal coronary angiographic 
findings and no clinical or histological evi-
dence of graft rejection. The main finding of 
the study was a 2.5-fold increase in regional 
cardiac FDG uptake in the recipients compared 
to controls, a statistically significant difference 
that could not be explained by the increased 
regional myocardial blood flow, measured by 
15O-labeled water, or the increased rate pres-
sure product. It was hypothesized that trans-
planted hearts shift their metabolism from free 
fatty acids to glucose and probably suffer a 
chronic imbalance between limited supply and 
increased demand. As none of the recipients 
was rejecting at the moment of the study, no 
conclusions could be drawn about a potential 
role of FDG-PET/CT in rejection. Another 
publication was entirely focused on patient 
preparation protocols to suppress physiological 
FDG uptake in the heart [42, 43]. Felix and col-
leagues compared 3 different protocols in 
patients that were scheduled for per protocol 
EMB in their first postoperative year. Images 
were analyzed visually and by measuring the 
relative ratio of cardiac uptake in regions of 
interest (RRCU) as compared to the uptake in 
the liver and the mediastinum. FDG uptake was 
considered adequately suppressed in 55 to 62% 
of the examinations. There was no significant 
difference between the 3 dietary protocols. 
None of the patients had an ACR necessitating 
therapy at the time of the FDG PET/CT scan. 
In 66% of the EMBs there was no abnormal 
infiltration of lymphocytes (grade 0R) whereas 
a minimal interstitial lymphocyte infiltration 
(grade 1R) was present in 34%. No significant 
difference was found in FDG uptake between 
patients with 0R of 1R biopsies, but the lack of 
microscopically significant rejection does not 
allow to make any conclusions on FDG imag-
ing to identify patients with significant rejec-
tion. This clinical study might fuel new 
initiatives in this clinical setting.

 Posttransplantation Non–Graft- 
Related Complications

 Infections

Infectious complications remain a major hazard 
after heart transplant and are associated with sig-
nificant morbidity and mortality. Due to altera-
tions in their cellular and humoral immune 
system, solid-organ transplant patients are prone 
to opportunistic and complicated infections [44, 
45]. The initial postoperative phase is the most 
critical period because of high immunosuppres-
sion and frailty of transplant recipients. The like-
lihood for a particular pathogen changes during 
the postoperative course with wound, fungal, and 
opportunistic infections being most prevalent in 
the early phase while community-based patho-
gens are more prevalent after the first year. In 
contrast to immunocompetent patients, infections 
in immunocompromised patients often have a 
clinically silent course or can be associated with 
atypical signs and symptoms making timely 
diagnosis very challenging. It is well known that 
FDG PET/CT is a powerful noninvasive tech-
nique to early detect various types of infectious 
processes wit high diagnostic accuracy [46]. 
Several studies assessing the diagnostic value of 
FDG PET/CT to detect infections after solid-
organ transplantation reported excellent perfor-
mance with overall high sensitivity and negative 
predictive value [47–50]. Fever of unknown ori-
gin (FUO), especially in immunocompromised 
patients, remains a diagnostic challenge and FDG 
PET/CT has been shown clinically useful in the 
majority of the cases with high negative predic-
tive value [51, 52] (Fig. 22.2). The study by 
Wareham et  al. confirmed that similar results 
were obtained in patients after solid-organ trans-
plantation [47]. Several studies have demon-
strated that FDG-PET/CT performed early during 
onset of symptoms in patients suspected for bac-
teremia can ensure timely diagnosis and treat-
ment, minimize hospital admission time, and 
improve survival [53, 54]. These findings can 
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Fig. 22.2 A 59-year-old male who had undergone a heart 
transplantation for hyperthrophic cardiomyopathy 5 years 
ago presented with fever for 3 weeks and liver function 
abnormalities. MRI of the liver was suspicious for liver 
abscesses and a FDG-PET/CT was performed. The maxi-
mum intensity projection (MIP) image shows hypermeta-
bolic axillary lymph nodes (black arrow), focal intense 
uptake in the liver (blue arrow) and multiple intensely 
FDG-avid gastrohepatic lymph nodes (orange arrow) (a). 

Transverse PET and fused images show the hypermeta-
bolic lesion in the liver, compatible with an abscess (b and 
c) and the hypermetabolic lymph nodes (d and e). An 
excision biopsy of the axillary lymph node demonstrated 
focal necrotizing granulomatous lymphadenitis. Serology 
results and clinical presentation were compatible with a 
Bartonella henselae infection, complicated with liver 
abscesses and reactive lymph nodes

most likely be extrapolated to solid-organ trans-
plant recipients.

 Malignancies

Due to improved survival of both allograft and 
patient, development of posttransplant malignan-
cies has emerged as important long-term compli-
cations together with cardiovascular disorders. 
The 10-year incidence of malignancies in patients 
treated with chronic immunosuppressive therapy 
after solid-organ transplant (SOT) is estimated to 
be as high as 20–30% [55, 56]. Although skin can-
cer is the most frequent malignancy, incidence of 
several other neoplasms has been shown to be 
increased compared to the nontransplant popula-
tion [57]. In most cases, posttransplant malignan-

cies occur de novo, but they can also be due to an 
underlying condition or, rarely, transmitted by the 
donor [58]. In this way, screening, early detection 
and adequate staging have gained much interest 
during follow-up of SOT patients [59].

Large population-based cohort studies have 
shown that standardized incidence ratios (SIR), 
which reflect the ratio between observed and 
expected cases, are increased for many can-
cers following SOT in general and heart trans-
plantation in particular. A striking observation 
derived from these data is the substantial pro-
portion of cases associated with a well known 
or suspected relation with infectious agents [60]. 
Nonmelanoma skin cancer, Kaposi sarcoma, and 
posttransplant lymphoproliferative disorders 
(PTLD) have the highest SIRs, exceeding up 
to 50-fold [61]. The overall risk for developing 
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a malignancy after heart transplantation is esti-
mated to be increased by two to fourfold in com-
parison with the general population [62, 63].

The pathogenesis of cancer following heart 
transplantation is multifactorial and complex, 
and a detailed description is beyond the scope of 
this chapter. Similar to the nontransplant popula-
tion, environmental factors play an important 
role in the development of cancer. In particular, 
sun exposure and smoking largely contribute to 
the increased risk observed for skin and lung can-
cer respectively. These observations have led to 
intensive prevention and screening programs in 
transplant recipients. Chronic immunosuppres-
sive therapy also plays a major role in carcino-
genesis, not only by directly reducing the 
surveillance capacities of the immune system but 
also through direct oncogenic effects. Examples 
include (a) calcineurin inhibitor- induced 
enhanced production of transforming growth fac-
tor β1 (TGFβ-1) and impaired DNA repair and 
(b) synergism between azathioprine and ultravio-
let radiation in carcinogenesis, resulting in 
increased skin cancer risk [58]. A third major 
mechanism is viral-induced oncogenesis, as 
exemplified by the role of Epstein–Barr virus 
(EBV) in up to 65% of the PTLD cases. Immune 
suppressive therapy leads to a deficient EBV- 
specific cellular immune response, not able any-
more to control expansion and proliferation of 
EBV-infected B cells. As most EBV-latent anti-
gens have oncogenic potential, this will lead to 
the development of EBV-related PTLD [64].

For symptomatic SOT recipients with a strong 
clinical suspicion for malignancy or infection, 
FDG PET/CT or FDG PET/MRI has shown 
excellent accuracy for diagnosing cancer or 
infection, as recently illustrated by a German 
analysis of 79 cases [49]. However, similar to the 
general population, it is of utmost importance to 
stress that suspicion of cancer in heart transplant 
recipients should always be confirmed by cytol-
ogy and/or histopathology, allowing for subtyp-
ing according to the World Health Organization 
(WHO) classification.

 Role of FDG-PET/CT in Detection, 
Staging, and Response Assessment 
of PTLD

All available literature on the use of FDG-PET/
CT in PTLD include SOT recipients, with only 
one recent study exclusively including PTLD 
after heart transplantation [65]. The role of FDG- 
PET/CT in other cancer subtypes is not different 
from identical malignancies in immunocompe-
tent patients.

 Role of FDG-PET/CT in Detection 
and Staging of PTLD

FDG-PET/CT has emerged as an important diag-
nostic tool to detect several (in particular aggres-
sive) lymphoma subtypes, including PTLD [66]. 
Hybrid FDG-PET/CT or MRI has several advan-
tages compared to CT only, especially in this 
context. In contrast to other lymphomas, PTLD is 
associated with a high incidence of extranodal 
involvement, making CT scan alone not an appro-
priate imaging tool for detection and staging of 
PTLD [64]. A representative exemple with extra-
nodal involvement is shown in Fig. 22.3. This has 
also been demonstrated in a small monocentric 
study in which 83% of patients had extranodal 
involvement and FDG-PET/CT detected occult 
lesions not identified on other imaging modalities 
in 57% of cases [67]. In addition, FDG-PET/CT 
has a significantly higher sensitivity to detect 
bone marrow involvement compared to bone 
marrow biopsy (100% vs. 17%), the latter being 
prone to sampling errors in cases with limited 
marrow involvement [68]. Finally, frequent 
administration of intravenous contrast agents is a 
major hurdle in transplant recipients due to the 
occurrence of (calcineurin inhibitor-induced) 
renal impairment. Even though FDG-PET/CT 
has an excellent performance, no single imaging 
modality reaches a sensitivity and specificity of 
100%. Allograft and central nervous system 
involvement are observed in a substantial number 
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Fig. 22.3 PTLD staging and treatment follow-up. A 
50-year-old male presented with reduced kidney function 
7 1/2 years after heart transplantation for ischemic cardio-
myopathy. CT showed abdominal lymphadenopathies and 
a FDG-PET/CT was performed. Maximum-intensity pro-
jection (MIP) image shows multiple foci with intense 
FDG avidity in the abdomen (a). Fused images show con-
centric hypermetabolism in a jejunal loop, with intralumi-
nal iodinated oral CT contrast agent and air (b). Intensely 

hypermetabolic lymphadenopathies in the retroperito-
neum (c). Native PET images (d) and fused images (e) 
show 4 liver lesions (arrows on d); with only the most 
intense lesion clearly visible on contrast-enhanced 
CT. Pathological analysis of a retroperitoneal lymph node 
revealed a monomorphic PTLD, diffuse large B-cell lym-
phoma type. PET images are displayed in standardized 
uptake values ranging from 0 to 7

of cases, increasing the risk for false-negative 
results with FDG-PET/CT due to high physiolog-
ical background activity in central nervous sys-
tem and urinary tracer elimination. On the other 
hand, false positive scans can be observed due to 
a variety of infectious or inflammatory condi-
tions or other malignancies, hence underscoring 
the importance to obtain histological confirma-
tion of the underlying pathology [69, 70].

The largest monocentric retrospective study 
by Dierickx et al. analyzing 125 FDG PET scans 
reported a sensitivity, specificity, positive predic-
tive value and negative predictive value of 90%, 
89%, 85%, and 93%, respectively [71]. Three 
recent meta-analyses including more than 300 
patients who underwent FDG-PET/CT for suspi-
cion of PTLD after SOT reported a pooled sensi-
tivity, specificity, positive predictive value, and 
negative predictive value of 85–93%, 86–94%, 
85–91%, and 87–93%, respectively [69, 72, 73]. 
In patients already diagnosed with PTLD (biopsy 
proven) before staging, FDG PET yielded a sen-

sitivity of 89% [71]. One of the major drawbacks 
of all these retrospective studies is the huge het-
erogeneity in population size and methodology.

Whether quantitative FDG PET derived 
parameters can improve diagnostic accuracy for 
patients with suspected PTLD remains a matter 
of debate. In immunocompetent patients, maxi-
mum standardized uptake value (SUVmax)  >  10 
has been shown to predict an aggressive lym-
phoma subtype in immune competent patients 
[74]. Smaller retrospective studies have sug-
gested an association between higher SUVmax and 
more aggressive PTLD subtypes [67, 75]. A 
recently published retrospective two-center study 
including 96 patients with biopsy-proven PTLD 
confirmed these findings, with significantly 
higher median SUVpeak at the biopsy site in cases 
with monomorphic PTLD compared to nonde-
structive and polymorphic subtypes. However, it 
was concluded that SUV-based parameters can-
not be used as a noninvasive tool for PTLD sub-
typing, hence replacing histological classification, 
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given the significant overlap in SUV values 
between the subtypes [76].

 Role of FDG-PET/CT in Response 
Assessment of PTLD

Treatment response assessment using end-of- 
treatment PET (EOT) or interim PET (iPET) has 
been proven highly predictive for disease remis-
sion in both Hodgkin lymphoma (EOT-PET and 
iPET) and non-Hodgkin lymphoma (EOT-PET) 
[77, 78]. Despite the fact that evidence for FDG-
PET/CT to assess treatment response in PTLD is 
less well established with only few studies 
reported so far, the clinical importance is high. 
Indeed, early identification of patients who are at 
high or low risk for recurrence would allow to 
adapt treatment early or to avoid unnecessary 
toxic treatment, respectively. Zimmermann et al. 
performed a retrospective study including 37 
patients diagnosed with CD20-positive SOT- 
related PTLD treated with uniform rituximab- 
based protocols. Most importantly, negative 
predictive value of EOT-PET for disease relapse 
was 92%, identifying a group with low risk of 
recurrence and with excellent prognosis. On the 
other hand, the low positive predictive value of 
only 38% emphasizes the importance of addi-
tional diagnostic investigations before proceed-
ing to new treatment [79]. Similar findings were 
observed in a retrospective study by Van 
Keerberghen et  al., including 41 patients with 
CD20-positive PTLD following SOT, treated 
also with a uniform risk-stratified sequential 
treatment protocol (according to the Phase II 
PTLD-1 trial) [80, 81]. Positive and negative pre-
dictive values for EOT-PET were 33% and 87% 
respectively, confirming the identification of a 
subgroup of patients with low risk of disease 
recurrence. In addition, negative iPET scan 
yielded a negative predictive value of 85%, but a 
poor positive predictive value was observed 
(13%) [80]. In a small retrospective study in 
pediatric patients with SOT-related PTLD, the 
role of PET in response assessment seemed less 
clear due to the higher incidence of false positive 
cases both at interim and EOT PET; however, 

these results should be interpreted with caution 
given the small sample size (n  =  15) [82]. The 
value of FDG-PET/CT for treatment response 
assessment in pediatric PTLD warrants further 
investigation.

 Prognostic Role of Baseline FDG  
PET/CT in PTLD

Although several PTLD-specific prognostic 
scores have been proposed, none of these have 
been confirmed or validated. In contrast, the 
International Prognostic Index (IPI)—consist-
ing of 5 clinical/biochemical parameters: age, 
lactate dehydrogenase (LDH) level, Eastern 
Cooperative Oncology Group (ECOG) perfor-
mance state, Ann Arbor stage and number of 
extranodal sites involved—which has been 
developed for aggressive lymphomas, seems to 
have prognostic relevance in PTLD patients 
[83–85]. In addition, the type of organ trans-
plantation and the response to rituximab were 
additional prognostic markers in the prospective 
PTLD-1 trial [83]. In a recently published two-
center trial including 88 patients, Montes de 
Jesus et al. explored the prognostic role of volu-
metric FDG-PET derived parameters, in partic-
ular metabolic tumor volume (MTV) and total 
lesion glycolysis (TLG) in patients diagnosed 
with PTLD [86]. In contrast to prognostic value 
of MTV/TLG in other lymphomas and com-
pared to the IPI score, these volumetric quanti-
tative parameters were not predictive of overall 
survival in their PTLD cohort [87, 88].

Several retrospective studies have shown that 
FDG-PET/CT is a valuable technique with high 
sensitivity and specificity to diagnose, stage and 
assess treatment response in PTLD patients. 
However, since large prospective studies are 
lacking, the level of evidence remains rather low. 
This is illustrated by several guidelines and rec-
ommendations, in which classical CT scans are 
recommended with FDG-PET/CT being consid-
ered a useful addition [70]. Prospective and mul-
ticenter trials including larger patient populations 
and well-designed methodologies are urgently 
needed to establish the exact role of FDG-PET/
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CT in PTLD at baseline as well as during and 
after treatment. New hybrid imaging techniques 
such as FDG-PET/MRI may help reduce radia-
tion exposure, which is extremely important in 
the pediatric transplant population.

 Conclusion

All heart transplant recipients will suffer some form 
of complication and FDG-PET/CT has been proven 
a valuable tool to detect infectious complications as 
well as to stage and assess treatment response in 
PTLD patients. Even though the role of FDG-PET/
CT to detect rejection of cardiac allografts has not 
been well investigated, preclinical data suggest its 
potential usefulness in this setting.
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Ingrid Bloise, Matthieu Pelletier-Galarneau, 
and Patrick Martineau

 Introduction

Positron emission tomography (PET) is emerg-
ing as an increasingly valuable tool for assessing 
cardiovascular pathology. Increases in camera 
and radiotracer availability, as well as its techni-
cal superiority over single photon emission com-
puted tomography (SPECT), have resulted in an 
increased use of PET for cardiac imaging [1]. 
Over the last few decades, cardiac PET imaging 
has evolved from a specialized research tool con-
tributing to the understanding of cardiac patho-
physiology, to being firmly established in clinical 
practice for the diagnosis and prognostication of 
various cardiac pathologies [2].

Even though the last few years have seen a 
push in the development and use of novel radio-
tracers, 18F-fluorodeoxyglucose (FDG) remains 
the workhorse of PET imaging, including for car-
diovascular PET imaging. This can be accounted 
for by several factors. First, FDG benefits from 
being well established due to widespread use in 

oncological imaging. Second, a growing body of 
literature supports the use of FDG PET in several 
cardiovascular indications, such as for the evalu-
ation of cardiovascular infection and inflamma-
tion. Third, the physical properties of 18F, 
including its relatively long half life of 110 min 
and short positron range makes it ideal for the 
purposes of cardiovascular imaging.

As previously discussed in Chap. 3, the myo-
cardium is a metabolic omnivore which can use 
multiple different sources of energy, but prefer-
entially uses free fatty acids and carbohydrates; 
however, subject to availability and hormonal 
conditions, cardiomyocytes can alter their pre-
ferred substrate. For example, in the fasted state, 
fatty acids constitute the preferred source of 
energy. Following a meal, blood insulin levels 
increase and carbohydrates again become the 
dominant source of adenosine triphosphate (ATP) 
[3, 4]. The variability in the use of glucose (and 
by extension, FDG) results in the variable pat-
terns of normal FDG uptake in the heart encoun-
tered in clinical practice. Despite the variability, 
the patterns of uptake seen in normal myocar-
dium are finite and can easily be recognized by 
the trained physician.

In this chapter, we review the normal patterns 
of myocardial FDG uptake. We also discuss com-
monly seen variants which can occasionally be 
associated with pathology, as well as review poten-
tial pitfalls which are occasionally encountered.
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 Patterns of Myocardial Uptake

 Left Ventricular Uptake

It is well established that, even after careful 
patient preparation with fasting for at least 4–6 h 
prior to imaging, physiological cardiac FDG 
uptake may occur inhomogeneously in the left 
ventricle. Furthermore, cardiac segments in the 
same subjects may have significant variations 
when compared in serial studies [5], with either 
an increase or decrease in tracer accumulation in 
specific segments, or demonstrating an altogether 
different pattern of uptake (Fig. 23.1). In cases in 
which the patient has not been prepared using a 
specific myocardial suppression protocol, myo-
cardial uptake is usually considered nonspecific 
regardless of the uptake distribution.

The most commonly described patterns of 
physiologic myocardial FDG uptake are (a) none 
when the activity in the myocardium is the same 
or less than in the blood pool in the ventricular 
cavity, (b) diffuse with intense uptake seeing dif-
fusely throughout all walls of the left ventricle, 
and (c) lateral free wall when there is diffusely 
increased FDG uptake in the lateral free wall of 

the left ventricle. Also described is regional FDG 
uptake in the basal segments of all four walls 
assuming a ring figure, known as a basal-ring pat-
tern (Fig. 23.2).

In 1990, Gropler et  al. evaluated healthy 
patients with no history of cardiovascular disease 
and no significant risk factors for coronary artery 
disease, and were able to show that the mean 
activity in the septum and anterior walls was 20% 
less than the mean activity in the inferior and lat-
eral walls [6]. This was later confirmed by other 
authors [5, 7, 8]. Reduced septal uptake has been 
reported in patients with complete left bundle 
branch block with this finding unrelated to 
changes in perfusion [9, 10]. The mechanism 
responsible for this is unclear but may be related 
to mechanical dysynchrony. Finally, Gropler 
et al. also demonstrated that there was no signifi-
cant difference in activity between the inferior 
and lateral walls [6].

A focal area of increased metabolic activity 
has been reported as the least common pattern of 
uptake following myocardial suppression prepa-
ration [11]. When this pattern is present, uptake is 
considered pathological unless it is related to 
FDG accumulation in the papillary muscles, nor-

a b c

Fig. 23.1 Sequential MIP images of a 63-year-old man 
following 6-h fasting shows variations in both the pattern 
and intensity of myocardial uptake: on the earliest scan (a) 
there is mild FDG uptake in a basal-ring pattern, which 

increases in intensity on the following study (b), but 
which shows no myocardial activity on the subsequent 
study (c)
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Fig. 23.2 Examples of the various patterns of normal 
myocardial distribution encountered in clinical practice. 
The column on the left demonstrates maximum intensity 
projection images viewed anteriorly while the column on 

the right shows transaxial fused PET-CT images through 
the left ventricle. The various patterns are (a) absent 
uptake, (b) diffuse left ventricular uptake, (c) basal ring, 
and (d) lateral free wall uptake

a

b

c
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d

Fig. 23.2 (continued)

a cb

Fig. 23.3 Focal uptake within the papillary muscles. In 
this patient with diffuse left ventricular activity, focal 
activity is clearly seen to localize within the left anterolat-

eral papillary muscle (arrow) on (a) contrast-enhanced 
CT, (b) axial PET, and (c) Fused PET/CT images

Fig. 23.4 Less commonly seen is intense papillary mus-
cle activity in the absence of significant left ventricular 
uptake such as in this case

mally located in the anterolateral and inferopos-
terior regions, either within the left ventricular 
cavity or in the endocardial region (Figs.  23.3 
and 23.4).

Various drugs have been reported to impact 
the degree of LV uptake including bezafibrate 
and levothyroxine, both of which are reported to 
decrease uptake, while benzodiazepines and car-
diotoxic chemotherapeutic agents are reported to 
increase the degree of uptake [12]. It is unclear if 
the use of these drugs alters the pattern or just the 
degree of uptake.
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 Right Ventricular Uptake

Abnormal myocardial glucose metabolism in 
the right ventricle (RV) in the form of diffuse 
tracer uptake within the ventricular wall has 
been reported in multiple previous studies and is 
often related to a shift in metabolism related to 
increased RV pressures and/or hypertrophy 
caused by pulmonary artery hypertension, either 
idiopathic or secondary to underlying pulmo-
nary disease [13, 14]. Compared to the LV, FDG 
uptake in the RV walls is usually much less con-
spicuous [8] (Figs. 23.5 and 23.6).

Some studies have shown a causal relationship 
between FDG uptake in the RV and RV dysfunc-
tion, with increased RV uptake correlating with 
a decrease in systolic function [15–17]. Mehmet 
et al. confirmed that patients with higher RV glu-
cose metabolic rate tend to have higher RV loads 
and worse function [13]. Mielniczuk et al. have 
shown a significant relation between increased 
uptake in the RV and a decrease in RV ejection 
fraction, even after applying partial-volume cor-
rection owing to differences in wall thickness 
[18]. In patients with idiopathic pulmonary artery 
hypertension, the degree of RV uptake has been 
shown to be elevated at baseline and decreased 
after treatment [13, 19]. Studies have also shown 
that the degree of FDG uptake within the RV wall 
correlates with serum levels of N-terminal pro-
brain natriuretic peptide (NT-proBNP) in patients 
with idiopathic pulmonary arterial hypertension 
[20, 21]. Furthermore, in a study examining 

patients with coronary artery disease and isch-
emic cardiomyopathy, the degree of FDG uptake 
in the RV was associated with RV pressure over-
load, with higher ventricular uptake (both left 
and right) associated with poor outcomes [22]. 
Additional studies have confirmed the prognostic 
significance of increased RV uptake in patients 
with pulmonary hypertension [23–25]. As such, 
the presence of diffuse RV wall uptake should be 
considered a “not-so-normal” variant; however, 
the degree of clinical significance of this finding 
and its interpretation in routine clinical practice 
requires additional study.

a b

Fig. 23.5 Axial PET images of the chest of a 54-year-old 
woman with pulmonary hypertension demonstrating rela-
tively intense but diffuse uptake through the right ven-

tricular wall (a, arrow). Note the dilation of the pulmonary 
trunk (b, arrow), in keeping with elevated pulmonary arte-
rial pressure

Fig. 23.6 Axial PET image of the chest of a 79-year-old 
female patient with interstitial lung disease (arrows). 
There is physiological FDG uptake in the right ventricular 
wall (arrowhead), well above the blood pool activity. 
There is also intense diffuse accumulation of the radio-
tracer in the left ventricular walls and papillary muscle
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 Atrial Uptake

In the majority of patients, atria are devoid of 
significant FDG activity. Atrial activity has been 
studied since the late 1990s when Fujii et  al. 
reported FDG uptake in the walls of the right 
atrium in 10 of 2367 (0.4%) patients being 
assessed for oncological indications [26]. These 
authors found that patients with atrial uptake suf-
fered from cardiac disorders, with atrial fibrilla-
tion particularly prevalent in their subjects. They 
also noted that right atrial activity was much 
more conspicuous than left atrial uptake. A 
recent study showed that 30% of patients with 
atrial fibrillation (AF) presented with diffuse 
atrial FDG uptake involving at least the right 
atrial wall (Fig.  23.7) and, of these, approxi-
mately one third also had activity in the left atrial 
wall [27].

A predilection for right atrial uptake (when 
compared to the left) in patients with AF was 
also confirmed in the study by Xie et  al. [28]. 
Interestingly, these authors compared the atrial 
uptake to the activity seen in epicardial adipose 
tissue (EAT). They found that atrial and atrial 
appendage uptake was linearly correlated with 
activity in the EAT. In a subsequent prospective 

study, the same group demonstrated an associa-
tion between atrial uptake and levels of 
NT-proBNP, in addition to an association 
between increased right atrial levels and suc-
cessful termination of AF by radiofrequency 
catheter ablation [29]. These findings, together 
with the known association between EAT activ-
ity and inflammation, suggest that FDG PET 
may provide a new lens by which to observe the 
known relationship between inflammation and 
atrial fibrillation [30, 31].

A recent study by Sinigaglia et al. further con-
firmed the association between atrial uptake and 
atrial fibrillation, while also finding an associa-
tion with an increased risk of cardioembolic 
stroke [27]. In fact, the authors report that, on 
multivariate analysis, right atrial uptake had a 
greater odds ratio for stroke than conventional 
risk factors (including current smoking, hyper-
tension, diabetes, and dyslipidemia).

In summary, atrial activity should be con-
sidered “not-so-normal” as it most likely 
reflects an element of underlying cardiovascu-
lar pathology; however, further research is 
required before the implications of incidental 
atrial activity on FDG PET translate to routine 
clinical practice.

a b

Fig. 23.7 PET images showing intense diffuse right atrial uptake in this patient with atrial fibrillation on MIP (a) and 
axial images (b). Left ventricular basal lateral uptake is nonspecific and represents incomplete myocardial suppression
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 Pitfalls

Knowledge of the physiological FDG distribu-
tion and glucose metabolism in every cardiac 
chamber, as well as the normal variants, is imper-
ative in order to avoid misinterpretation and mis-
diagnoses. Most pitfalls take the form of focal, 
occasionally intense, uptake localizing within the 
various cardiac chambers or walls. Such findings 
can be highly suggestive of pathology,  particularly 
masses, but frequently correspond to benign pro-
cesses; however, with knowledge of the imaging 
and clinical features, physiological distribution, 
and a careful eye, these can be recognized and 
misdiagnosis avoided.

Focal uptake in the left ventricular wall is a 
common pattern of physiologic FDG uptake and 
typically attributable to physiological uptake in 
papillary muscles, although rarely displayed in iso-
lation [32]. When not related to the papillary mus-
cles (Figs. 23.3 and 23.4), the patient history should 
be carefully evaluated as focal uptake can also be 
related to hibernating myocardium [2, 33–35], car-
diac sarcoidosis, and increase stress on papillary 

muscles (dilated cardiomyopathy, valvular insuffi-
ciency, valvular stenosis, chordal failure, etc.).

A relatively common finding is increased 
FDG accumulation associated with fatty deposi-
tion within the interatrial septum—a condition 
typically referred to as lipomatous hypertrophy 
of the interatrial septum (LHIAS)—seen in 
approximately 3% of patients [36, 37]. In these 
cases, image reconstruction with proper CT 
fusion to ensure anatomical correlation is of 
utmost importance. The CT findings in LHIAS 
typically consist of a “dumbbell” shape fat den-
sity lesion localizing to the interatrial septum—
this is due to fat accumulation cephalad and 
caudal to the fossa ovalis, with the fossa itself 
typically spared. While the mechanism of uptake 
is generally considered to be the same as that of 
brown fat, some authors have suggested that the 
FDG uptake in LHIAS may represent inflamma-
tion [38]. Irrespective of the mechanism of 
uptake, LHIAS can be easily recognized due to a 
pathognomonic appearance on CT (Fig.  23.8). 
The presence of hypermetabolic brown adipose 
tissue in the mediastinum, although uncommon, 

ba

c

Fig. 23.8 Lipomatous hypertrophy of the interatrial sep-
tum (LHIAS) is a potential pitfall in cardiac imaging but 
can be easily recognized by correlating with the CT images. 
In this 52-year-old man, unusually avid focal cardiac uptake 

can be seen on the MIP images (a, arrow), localizing to the 
interatrial septum on axial fused images (b, arrow). 
Comparison to the unenhanced CT images (c, arrow) 
reveals corresponding fat density, diagnostic of LHIAS
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Fig. 23.9 Diffuse uptake can occasionally be seen in the 
atrial appendage. The significance of this finding remains 
uncertain

is another potential pitfall, especially in patients 
that do not present it in other usual regions such 
as in the cervical and paravertebral soft tissues 
[39].

Focal activity can also be seen within the atrial 
appendages. Although often associated with car-
diac disease, this finding can also be present in 
patients without cardiac pathology [40, 41]. In 
addition, focal activity has been reported within 
the crista terminalis, which is the muscular band 
at the junction of the right atrium and appendage, 
and which contains the sinoatrial node [42]. The 
reason for uptake in these structures remains 
uncertain (Fig. 23.9).

 Conclusion

In order to confidently identify pathological pat-
terns of FDG uptake in the heart, one must first 
be cognizant of the normal patterns of myocar-
dial activity, as well as of the potential pitfalls 
that are frequently seen during cardiac imaging.
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Acronyms

AF Atrial fibrillation
AFB Acid-fast bacillus
AV block Atrioventricular block
CAD Coronary artery disease
CCTA  Coronary computed tomography 

angiography
CIED  Cardiac implantable electronic 

device
CIED-LI  Cardiac implantable electronic device 

lead infection
COPD Chronic obstructive pulmonary
CRP C-reactive protein
CS Cardiac sarcoidosis
CT Computed tomography
CTA Computed tomography angiography
CTPA  Computed tomography pulmonary 

angiography
DES Drug-eluting stent
DSWI Deep sternal wound infection
ECMO  Extracorporeal membrane 

oxygenation

ER Emergency room
FDG 18F-fluorodeoxyglucose
GCA Giant-cell arteritis
GPI Generator pocket infection
HRS Heart and Rhythm Society
hs-cTnT High-sensitivity cardiac troponin T
ICD  Implantable cardioverter-defibrillator
IE Infective endocarditis
JCS Japan Circulation Society
LAD  Left anterior descending coronary 

artery
LDCT Low-dose CT scan
LVEF Left ventricular ejection fraction
LVV Large-vessel
MPA Main pulmonary artery
MPI Myocardial perfusion imaging
MRI Magnetic resonance imaging
MSSA  Methicillin-susceptible 

Staphylococcus aureus
NVE Native valve infective endocarditis
PAS Pulmonary artery sarcoma
PE Pulmonary emboli
PET Positron emission tomography
PICC Peripherally inserted central catheter
PVE  Prosthetic valve infective 

endocarditis
82Rb Rubidium-82
RCA Right coronary artery
RHS Right heart strain
RUL Right upper lobe
SSWI Superficial sternal wound infection
STEMI ST-elevation myocardial infarction
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SUV Standardized uptake value
SWI Sternal wound infection
TAK Takayasu arteritis
TAVR  Transcatheter aortic valve 

replacement
TEE Transoesophageal echocardiogram
TTE Transthoracic echocardiogram
VG Vascular graft
VGI Vascular graft infection
VSD Ventricular septal defect
WBC White blood cell

 Case 1

 Initial Evaluation

An 85-year-old male had a history of type 2 dia-
betes mellitus, polycystic kidney disease, hyper-
tension, atrial fibrillation (AF), and nonischemic 

cardiomyopathy with a left ventricular ejection 
fraction (LVEF) of 25% and a biventricular pace-
maker (CRT-D) presented to the ER in septic 
shock with an infection of unknown origin. He 
reported coughing with worsening dyspnea and 
new-onset back pain in the preceding weeks. 
Blood cultures were positive for Salmonella 
group D. Chest radiographs showed a left peri-
hilar infiltration. Transoesophageal echocar-
diogram (TEE) demonstrated thickening of the 
right atrium lead with a mobile millimetric mass, 
suggesting either a thrombus or a vegetation 
(Fig. 24.1).

 Follow-Up

Despite clinical improvement under antibiotics, 
bacteremia persisted. A chest radiograph was 
repeated, showing regression of the previously 
noted left lung opacities. A pacemaker lead infec-

a b

c

d

e

Fig. 24.1 PET 1 Interpretation. Whole-body FDG-PET/
CT (a) was performed following a myocardial suppres-
sion protocol consisting of a low-carbohydrate diet, 12 h 
fasting, and intravenous heparin in order to exclude endo-
carditis or pacemaker lead infection. Of note, the patient 
had already undergone 7  days of treatment with large 
spectrum antibiotics. Myocardial suppression was subop-

timal with diffuse left ventricular myocardial uptake (b). 
No abnormal uptake was seen at the levels of the pace-
maker generator pocket and leads, including the right 
atrium lead (c, d). Slightly heterogeneous FDG distribu-
tion was noted at the thoracolumbar spine, but without 
evidence of spondylodiscitis (e)
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Fig. 24.2 PET 2 Interpretation. A second whole-body 
FDG-PET/CT (a) was performed 17 days following the 
initial evaluation. Myocardial suppression was again sub-
optimal despite adherence to the preparation protocol, 
limiting evaluation of valvular areas. However, there was 
still no evidence of pacemaker-related infection. At the 
level of the infrarenal aorta, a new intense hypermetabolic 

lesion was noted on the left posterolateral side (b) 
(SUVmax = 9.5). A probable saccular dilatation was dem-
onstrated on concomitant unenhanced CT (c). A diagnosis 
of mycotic aneurysm was made. In retrospect, on the ini-
tial FDG-PET, a nonspecific slight increase in uptake (d) 
(SUVmax = 2.9) was seen at approximately the same level 
with an otherwise normal appearing aorta on CT (e)

tion was again suspected, prompting consider-
ation of device removal (Fig. 24.2).

 Teaching Point

The patient’s initial clinical evaluation was 
ambiguous, as no clear source of bacteremia was 
evident. Both initial and follow-up FDG-PET/CT 
accurately excluded a pacemaker-related infec-
tious process, minimizing unnecessary interven-
tions. The abdominal aorta appeared grossly 
normal on initial FDG-PET/CT other than non-
specific FDG uptake, most likely a result of an 
early disease process combined with ongoing 
antibiotic treatment. A follow-up FDG-PET/CT 
performed because of persistent bacteremia evi-
denced an aortic mycotic aneurysm, possibly 
causing the patient’s back pain. As the great 
majority of aortic mycotic aneurysms are meta-
bolically active, the sensitivity of FDG-PET in 
the detection of infected aortic aneurysms is very 
high (>90%), while its specificity is lowered by 

similar imaging findings in inflammatory aneu-
rysms [1–3]. Contrast enhanced CT remains the 
most commonly employed imaging modality to 
assess aortic infections [4]. However, FDG-PET 
has been shown to have higher diagnostic accu-
racy while also providing supplemental useful 
information for reaching a conclusive diagnosis 
in patients without infection [1].

 Case 2

 Initial Evaluation

An 81-year-old-male, known for AF, a per-
manent pacemaker (implanted 5  years prior) 
and severe aortic stenosis, presented to the ER 
6 weeks after transcatheter aortic valve replace-
ment (TAVR) with fever and chills. Multiple 
blood cultures were positive for Staphylococcus 
epidermidis. No clear source of infection was 
evident. Gallium-67 scintigraphy was normal. 
Both initial and repeat transoesophageal echocar-
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a b

c

Fig. 24.3 PET Interpretation. Whole-body FDG-PET/
CT (a) was performed following a myocardial suppres-
sion protocol consisting of a low-carbohydrate diet, 12 h 
fasting, and intravenous heparin. Myocardial suppression 
was adequate. No abnormal uptake was seen at the levels 
of the pacemaker generator pocket and leads. Intense, het-

erogeneous, and asymmetric uptake (SUVmax  =  10.8) 
extending inferiorly was noted at the level of the TAVR 
prosthesis (b, c, red arrows). Increased uptake was also 
seen at the level of a left ventricle papillary muscle, a non-
specific finding (b, c, gray arrows). The remainder of the 
study was unremarkable

diogram (TEE) were negative for endocarditis, 
with a reported transprosthetic pressure gradient 
of 10  mmHg. Pacemaker- related infection was 
strongly suspected (Fig. 24.3).

 Teaching Point

The patient’s clinical presentation was strongly 
suggestive of infective endocarditis after TAVR 
(TAVR-IE). Because TEE was inconclusive, a 
pacemaker-related infection was initially sus-
pected. FDG-PET correctly identified TAVR-IE 
and was crucial in guiding subsequent manage-

ment. FDG-PET’s usefulness in imaging pros-
thetic valve infective endocarditis (PVE) is well 
established, making it a major criterion in the 
European Society of Cardiology diagnostic cri-
teria for PVE [5, 6]. FDG-PET/CT also offers 
the possibility of treatment response monitoring 
[7]. However, data about the diagnostic perfor-
mance of FDG-PET in TAVR-IE remains limited 
[8–10]. A recent retrospective analysis by 
Wahadat et  al. involving 30 patients showed 
promising results, as FDG-PET/CT helped 
reclassify 8 patients from the initial possible 
TAVR-IE group to either the definite or the 
rejected TAVR-IE groups [11].
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 Case 3

 Initial Evaluation

A 66-year-old woman, known for type 2 diabetes 
and AF, underwent cardiac transplantation 
7  years prior for hypertrophic cardiomyopathy. 
She presented with worsening dyspnea over the 
course of several months. Transplant rejection 
was suspected. CT pulmonary angiography 
(CTPA) was remarkable for a right atrial filling 
defect measuring 24 × 18 × 29 mm. Transthoracic 
echocardiogram (TTE) showed a normal left ven-
tricle with a systolic ejection fraction of 60%. 
However, a mobile, lobulated mass measuring 
25 × 22 mm was reported alongside the anterior 
wall of the dilated right atrium. The differential 
diagnosis included a thrombus, myxoma, or 
metastasis (Fig. 24.4).

 Follow-Up

The patient underwent surgery for mass resec-
tion. Histopathologic analysis confirmed the 
diagnosis of myxoma. Follow-up TTE showed no 
residual mass.

 Teaching Point

Right atrial location of cardiac masses increases 
the likelihood of malignancy [12]. In this case, 
however, the associated low intensity uptake seen 
on FDG-PET accurately predicted a benign 
lesion. There is a broad differential for cardiac 
masses, from pseudotumors (e.g., thrombus, veg-
etation, abscess, aneurysm) to neoplasms [4, 13]. 
Most cardiac lesions are benign, while primary 
malignant tumors of the heart are mainly sarco-

a b
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Fig. 24.4 PET Interpretation. Whole-body FDG-PET/
CT (a) was performed following a myocardial suppres-
sion protocol consisting of a low-carbohydrate diet, 12 h 
fasting, and intravenous heparin in order to further charac-
terize the right atrial mass. Myocardial suppression was 
excellent. A low intensity (SUVmax  =  3.5) and homoge-
neous focus of uptake was visualized within the right 
atrium (b, transaxial plane) (c, coronal plane). The corre-

sponding right atrium filling defect seen on CTPA and 
mass visualized on TTE are shown in images (d) and (e), 
respectively. No pericardial or pleural effusions were 
seen. Diffuse low grade uptake at the site of the previous 
sternotomy was seen, without evidence of infection. A 
diagnosis of myxoma was favored. No extracardiac hyper-
metabolic lesions were seen on whole-body FDG-PET 
images
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matous [4, 13, 14]. Although echocardiography is 
frequently employed, magnetic resonance imag-
ing (MRI) is usually considered the gold standard 
for the characterization of cardiac masses [12, 
13, 15]. FDG-PET’s role in the diagnostic work 
up of cardiac masses continues to develop. 
However, many studies suggest its potential use-
fulness and high diagnostic accuracy for distin-
guishing malignant from benign lesions [16].

 Case 4

 Initial Evaluation

An 89-year-old woman, known for type 2 diabe-
tes, hypertension and end stage chronic kidney 
disease (CKD), presented with acute pleuritic 
chest pain and shortness of breath. Review of 
systems revealed hematochezia accompanied by 
weight loss and night sweats in the preceding 
months. Both white blood cell count (WBC) and 
C-reactive protein (CRP) levels were elevated. 

High-sensitivity cardiac troponin T (hs-cTnT) 
levels were slightly elevated at 39 ng/L (normal 
<14  ng/L), without significant change on serial 
measurements. d-dimer levels were highly ele-
vated at 3952 ng/mL (normal <250 ng/mL). ECG 
showed a sinus rhythm with widespread concave 
up ST elevation. Ventilation/perfusion lung scan 
with 99mTc-technegas and 99mTc-MAA performed 
to exclude pulmonary embolism was normal. 
Transthoracic echocardiogram (TTE) showed a 
small (2 mm thick) anterior pericardial effusion 
that was not present on TTE performed a year 
prior. A diagnosis of acute pericarditis was 
strongly suspected (Fig. 24.5).

 Follow-Up

Pericardiocentesis was not performed. A diagno-
sis of idiopathic/viral pericarditis was retained. 
The patient underwent a 3  months treatment 
course with oral prednisone. Her symptoms 
quickly resolved, with follow-up TTE showing 
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e

Fig. 24.5 PET Interpretation. Whole-body FDG-PET/
CT (a) was performed in order to help determine an etiol-
ogy for pericardial effusion. The pericardial effusion asso-
ciated with circumferential, low intensity uptake 
(SUVmax = 2.5), compatible with the diagnosis of pericar-
ditis (b, c). No signs suggestive of pericardial malignancy 

were seen. A hypermetabolic lesion (SUVmax = 14.2) mea-
suring approximately 30 × 20 × 20 mm at the level of the 
rectosigmoid colon was visualized (d, e). No hypermeta-
bolic lymph nodes or lesions suggestive of a metastatic 
process were seen
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no residual pericardial effusion. Colonoscopy 
discovered 2 polyps, a 5 mm sessile polyp and a 
30 mm subpedunculated polyp, both localized in 
the rectum.

 Teaching Point

Although most pericarditis cases are considered 
benign and attributed to viral infection, a nonneg-
ligible proportion have an underlying neoplastic 
process (5–23%), especially in the presence of 
pericardial effusion [17]. As primary malignant 
tumors of the heart are rare, most cases of cancer- 
related pericarditis are caused by metastatic or 
locally infiltrating tumors [17–20]. However, 
other mechanisms have been described, including 
radiotherapy, chemotherapy, and paraneoplastic 
syndrome [17–20]. In this context, FDG-PET/
CT may be clinically helpful in the diagnostic 
workup of pericarditis, especially when malig-
nancy is suspected and  pericardiocentesis is non-
diagnostic or technically difficult to perform [21]. 

Other potential roles of FDG- PET/CT include 
determining the extent of tuberculous pericarditis 
and predicting treatment response in constrictive 
pericarditis [21, 22].

 Case 5

 Initial Evaluation

A 55-year-old male, known for type 2 diabetes 
mellitus, hypertension, AF, ischemic cardiomy-
opathy with a LVEF of 25% and a dual chamber 
implantable cardioverter- defibrillator (ICD), pre-
sented with fatigue and fever. Blood cultures 
were positive for methicillin- susceptible 
Staphylococcus aureus (MSSA). Multiple pul-
monary opacities were seen on chest radiograph. 
TEE demonstrated thickening of the right atrium 
ICD lead with partial mobility, suspicious for 
vegetation. An indeterminate filament- like struc-
ture attached to the aortic valve was also visual-
ized (Fig. 24.6).

a b
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Fig. 24.6 PET 1 interpretation. Whole-body FDG-PET/
CT (a) was performed following a myocardial suppression 
protocol (low-carbohydrate diet, 12 h fasting, and intrave-
nous heparin) in order to further characterize TEE findings. 
Of note, the patient had undergone 4  days of antibiotic 
treatment. Myocardial suppression was adequate. Focal 
increased uptake (SUVmax = 3.7) was visualized on the ICD 

lead (b, c, white arrows) at the cavoatrial junction. Uptake 
was also present on non–attenuation-correction images (not 
shown). Increased uptake within bilateral lung consolida-
tions was seen (b, c, d, yellow arrows). No abnormal uptake 
was seen within the generator pocket (d, gray arrow) and 
valvular areas. An incidental focus of uptake (SUVmax = 6.0) 
was noted within the prostate (e, red arrow)

24 Cardiovascular FDG-PET Atlas of Cases



360

 Follow-Up

A diagnosis of ICD lead infection with septic 
pulmonary emboli (PE) was made on the basis of 
the PET findings. The aortic valve findings on 
initial TEE were considered possibly degenera-
tive due to the lack of FDG uptake, although 
absence of uptake does not exclude endocarditis 
of native valve. The ICD was removed. 
Microbiological analysis of the lead samples was 
positive for MSSA (Fig. 24.7).

 Teaching Point

On the initial PET, FDG-PET/CT accurately 
identified ICD lead infection with septic PE. The 

absence of abnormal uptake within the tricuspid 
valve area is reassuring, but FDG-PET has sub-
optimal sensitivity for the detection of ICD-IE 
[23]. Cardiac implantable electronic device 
(CIED) infection can arise at any level, from the 
generator pocket to the intracardiac leads. 
Echocardiographic evaluation of CIED lead 
infection (LI) can be challenging due to consider-
able artifacts. The accuracy of the Modified 
Duke’s Criteria has also been shown to be reduced 
in this context [24, 25]. FDG-PET/CT can be 
especially useful when CIED-LI is clinically sus-
pected in the presence of indeterminate diagnos-
tic findings [26, 27]. Moreover, extracardiac 
findings such as septic emboli can provide crucial 
information for diagnosis and optimal manage-
ment [28, 29].

a b
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Fig. 24.7 PET 2 interpretation.  A second whole-body 
FDG- PET/CT (a) was performed 14 days following the 
initial evaluation. The quality of myocardial suppression 
was slightly suboptimal as there was low-intensity diffuse 
uptake within the left ventricular walls (b, white arrows). 
Again, no abnormal uptake was seen at the levels of the 

valves (c). A PICC line had been placed in the interval (d, 
gray arrow). The previously visualized lung consolida-
tions had partly resolved. The hypermetabolic focus of 
uptake within the prostate had resolved in the interval (e, 
red arrow)
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 Case 6

 Initial Evaluation

A 73-year-old man was known for obstructive 
sleep apnea and hypertension. On a routine chest 
radiograph, a right apical opacity was noted. 
Review of systems was unremarkable other than 
nonspecific fatigue. Noncontrast chest CT scan 
revealed a possible right apical centimetric nod-
ule within fibrotic changes (Fig. 24.8).

 Follow-Up (1)

Large-vessel vasculitis (LVV) was strongly sus-
pected, presumed to be giant-cell arteritis (GCA) 
given the patient’s age. Rest ECG was unremark-
able. Computed tomography angiography (CTA) 
performed from the carotids down to the lower 

extremities showed arterial wall thickening at the 
levels of the distal ascending aorta, the brachioce-
phalic trunk, the circumflex artery, the abdominal 
aorta, and both common iliac arteries, but no steno-
sis or dilation. In the absence of symptoms, a multi-
disciplinary team opted for a wait-and-see approach 
rather than initiating pharmacologic treatment. 
Temporal artery biopsy was not pursued (Fig. 24.9).

 Follow-Up (2)

As the patient remained asymptomatic, treatment 
was not initiated. Five months later, the patient 
started experiencing increased fatigue and dys-
pnea on exertion. During exercise ECG stress 
testing, the patient’s dyspnea was elicited along-
side inferolateral horizontal ST depressions. 
Flare-up of LVV was suspected (Fig. 24.10).

a b
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Fig. 24.8 PET 1 interpretation. Whole-body FDG-PET/
CT (a) was performed for further assessment. Slight 
hypermetabolism was seen within the lung nodule and 
fibrotic changes in the right lung apex (b, white arrow, 
SUVmax = 3.5). Multiple vascular abnormalities were visu-
alized. Intense uptake was seen at the origin of the bra-

chiocephalic trunk and the distal ascending aorta (c, 
yellow arrow, SUVmax  =  9.2), the circumflex coronary 
artery (d, gray arrow, SUVmax = 6.3) and the abdominal 
aorta (e, red arrow, SUVmax = 12.9) with extension to the 
right common iliac artery (e, orange arrow, SUVmax = 6.8)
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Fig. 24.9 PET 2 interpretation. Whole-body FDG-PET/
CT (a) following a myocardial suppression protocol was 
performed 10 months later. Myocardial suppression was 
excellent. No significant change was seen within the right 
lung apex. Uptake within the origin of the brachiocephalic 
trunk and the distal ascending aorta (b, white arrow, 
SUVmax  =  4.9), the circumflex coronary artery (c, gray 

arrow, SUVmax  =  2.5) and the abdominal aorta (d, gray 
arrow, SUVmax = 7.2) showed partial interval regression. 
Uptake within the right common iliac artery was stable (d, 
orange arrow, SUVmax = 6.4). Arterial wall thickening at 
the level of the abdominal aorta is seen (e, red arrow, 
6.7  mm) without significant progression compared to 
CTA performed 4 months prior (6.4 mm)
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Fig. 24.10 PET 3 interpretation. Whole-body FDG-
PET/CT (a) following a myocardial suppression protocol 
was performed. Myocardial suppression was excellent. 
Uptake within the origin of the brachiocephalic trunk (b, 
white arrow) and the distal ascending aorta (c, yellow 
arrows) was slightly decreased from prior (SUVmax = 3.9). 

Uptake at the level of the circumflex coronary artery was 
stable (d, gray arrow, SUVmax = 2.4). Uptake at the level of 
the abdominal aorta (e, red arrow, SUVmax = 6.2) and the 
right common iliac artery (e, orange arrow, SUVmax = 4.8) 
was also partially regressed. Uptake in the iliac arteries 
corresponded to residual blood pool activity
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 Follow-Up (3)

Coronary CT angiography (CCTA) was remark-
able for proximal circumflex artery mural thick-
ening alongside atherosclerotic plaque luminal 
narrowing of 70%. Coronary angiogram showed 
luminal narrowing of 70% at the level of the sec-
ond left marginal artery which was successfully 
stented. Minimal/nonobstructive coronary artery 
disease (CAD) was seen within the right coro-
nary artery (RCA) and the left anterior descend-
ing coronary artery (LAD).

 Teaching Point

The two major categories of LVV are GCA and 
Takayasu arteritis (TAK) [30]. Although large 
vessel involvement is grossly similar in both enti-
ties, coronary arteries are more frequently 
affected in TAK [31]. Serious complications of 
coronary arteritis include stenosis, aneurysm and 
thrombosis, but may also manifest as accelerated 
atherosclerosis [31–34]. When interpreting LVV 
on FDG-PET/CT, a standardized approach using 
a 4 point-scale system (comparing vascular 
uptake to liver uptake) is recommended [35]. 
FDG-PET/CT is also useful for treatment moni-
toring, as uptake is typically decreased within 
4–12  weeks following effective treatment 
 initiation [35]. Of note, faint uptake can persist 
for several months despite successful therapy 
[35–37]. This case illustrates the unique ability of 
FDG-PET/CT to detect LVV in the early phase of 
the disease before significant morphological 
changes have occurred. The regression of FDG 
uptake between initial and subsequent PETs pos-
sibly represents a transition from an acute inflam-
matory phase to a chronic phase in which 
morphological changes predominate [35].

 Case 7

 Initial Evaluation

A 45-year-old male, known for type 2 diabetes 
mellitus and active smoking, presented to the 

emergency department with new-onset epigastric 
pain. ECG demonstrated ST-elevation myocar-
dial infarction (STEMI) in the anterolateral terri-
tories. Cardiac catheterization showed a 
proximally occluded LAD and a severely dis-
eased RCA while the circumflex artery had mini-
mal/nonobstructive CAD.  Two drug-eluting 
stents (DES) were successfully deployed within 
the LAD. Shortly after the procedure, the patient 
progressed to cardiogenic shock and required 
extracorporeal membrane oxygenation (ECMO) 
for the subsequent 4 days. TTE showed a severely 
reduced LVEF (25%) with apical akinesia 
(Fig. 24.11).

 Follow-Up

Standard heart failure treatment was initiated. 
Medical treatment was chosen for the RCA 
instead of revascularization. Follow-up TTE per-
formed 6  months later showed slight improve-
ment in LVEF (35%), but severe hypokinesis 
within the LAD myocardial territories persisted.

 Teaching Point

FDG-PET combined with MPI has been consid-
ered the gold standard for determining myocar-
dial viability. Myocardial viability as determined 
by FDG-PET predicts improvement in regional 
function after revascularization with a pooled 
sensitivity of 88–93% and specificity of 58–73% 
[38–41]. In this case, the presence of hibernating 
myocardium in the RCA territory may suggest a 
benefit for revascularization of this territory, 
especially in the presence of reduced LVEF. On 
the other hand, the presence of a resting perfu-
sion defect with preserved FDG uptake in the 
LAD territory, despite successful revasculariza-
tion, could be due to inflammation in the recent 
post infarct period. It has been reported that PET 
performed up to 1 week in the post infarct period 
can overestimate the potential for recovery [41–
44]. As well, in the days following successful 
revascularization, fixed perfusion defects may 
persist despite preserved viability.
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Fig. 24.11 PET Interpretation. Dipyridamole stress 
rubidium-82 positron emission tomography myocardial 
perfusion imaging (82Rb PET-MPI) (a) was performed 
alongside an FDG-PET myocardial viability study (b). 
Imaging was performed 5 days post-infarct. A large and 
severe fixed perfusion defect was seen in the anterior wall 
with extension to anterolateral and septal territories. A 
moderate fixed perfusion defect was seen in the inferior 
wall. The lateral wall was free of perfusion defects. On 

FDG-PET, significant FDG uptake was seen within the 
majority of the anterior, septal, anterolateral, and inferior 
territories. The mismatched perfusion defect with pre-
served metabolism in the LAD territory could be related 
to inflammation or stunned myocardium in the setting of 
recent STEMI and revascularization. Viability within the 
myocardial territory supplied by the chronically diseased 
RCA was compatible with hibernating myocardium

 Case 8

 Initial Evaluation

An 85-year-old man, known for AF, ischemic 
cardiomyopathy and ICD implantation for sec-
ondary prevention, presented with fever and gen-
eralized malaise 5  weeks after undergoing 
generator replacement. No obvious signs of gen-
erator pocket infection were present. Blood cul-

tures were positive for MSSA.  TEE did not 
evidence any signs of lead infection (Fig. 24.12).

 Follow-Up

On the basis of these findings, a diagnosis of 
CIED generator pocket infection (CIED-GPI) 
was made. A procedure to completely remove the 
ICD was performed. Microbiological analysis of 
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Fig. 24.12 PET Interpretation. Whole-body FDG-PET/
CT (a) was performed following a myocardial suppres-
sion protocol for further assessment of ICD infection. The 
patient had undergone 2 days of antibiotic treatment prior 
to imaging. Myocardial suppression was adequate. Intense 
and heterogeneous uptake was visualized posterior to the 
generator pocket (b, yellow arrow, SUVmax = 7.9), extend-
ing along the lead up to the origin of the superior vena 
cava (b, c, white arrows, SUVmax = 5.1). There was no evi-

dence of infection at the level of the intracardiac lead (d, 
red arrow). A hypermetabolic pulmonary nodule near the 
left hilar region was incidentally found (e, gray arrow, 
SUVmax = 4.5). These findings are compatible with deep 
generator pocket infection and lead infection. Lung uptake 
could represent a septic embolus in this context but should 
be followed on imaging as malignancy cannot be entirely 
excluded

generator pocket and lead sample were both posi-
tive for MSSA.

 Teaching Point

In this case, FDG-PET/CT accurately identified 
CIED-GPI with extension into the intravascular 
portion of the lead. FDG-PET/CT has the ability 
of being able to evaluate the presence of CIED 
infection, from the generator pocket up to the 
intracardiac leads [45]. The diagnostic accuracy 
of FDG-PET/CT in evaluating CIED-GPI is very 
high with a sensitivity of 96% and a specificity of 
97% [26, 27, 45–47]. It can also detect GPI 
before obvious clinical signs such as purulent 
discharge are present [45].

 Case 9

 Initial Evaluation

A 55-year-old woman, known for type 2 diabetes 
mellitus and hypertension, presented with dyspnea 
and peripheral edema a month after experiencing an 
episode of profuse diaphoresis and weakness. 
Typical features of recent anterolateral STEMI were 
seen on ECG. TTE showed severe left ventricular 
dysfunction with a LVEF of 23%. Cardiac catheter-
ization demonstrated chronic total occlusion of the 
proximal LAD. Both the RCA and circumflex artery 
had minimal/nonobstructive epicardial lesions. 
Revascularization was not performed and aggressive 
medical treatment was initiated instead (Fig. 24.13).
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Fig. 24.13 PET Interpretation. Dipyridamole stress 82Rb 
PET-MPI was performed alongside FDG-PET myocardial 
viability study (a, b) approximately 2 months post-infarct. 
An extensive and severe fixed perfusion defect was seen in 
the anterior, anteroseptal, septal and apical territories (a). 

On FDG-PET, FDG uptake was preserved within those 
territories (mismatched), compatible with the presence of 
hibernating myocardium (b). As such, the myocardial ter-
ritory supplied by the LAD was deemed viable

 Follow-Up

Despite optimization of medical therapy, the 
patient remained severely symptomatic. Six 
months later, the patient underwent successful 
revascularization following the placement of 3 
DES within the LAD.

 Teaching Point

In this case, significant improvement in left ven-
tricular function should be expected during fol-
low- up. Multiple studies have shown that the 
extent of perfusion–metabolic mismatch corre-
lates linearly with the improvement of both 
LVEF and functional status following revascu-
larization [48–50]. For instance, Di Carli et al. 
reported that patients with mismatches totaling 
≥18% of myocardium achieved significantly 

higher functional status compared to those with 
minimal mismatch [48].

 Case 10

 Initial Evaluation

A 56 year-old man, known for hypertension and 
chronic obstructive pulmonary disease (COPD), 
presented with shortness of breath, chest pain and 
syncope. ECG was remarkable for sinus tachy-
cardia, right axis deviation and T-wave inversions 
in leads V1, V2 and V3. TTE showed a dilated 
right ventricle with signs of pressure overload. 
CTPA showed multiple bilateral segmental and 
subsegmental pulmonary embolisms (PE) 
accompanied by a focal opacity of 11 mm within 
the right upper lobe (RUL) attributed to probable 
alveolar hemorrhage (Fig. 24.14).
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Fig. 24.14 PET 1 Interpretation. Whole-body FDG- 
PET/CT (a) was performed in order to exclude an under-
lying neoplastic process given the important extent of 
PE.  The RUL opacity seen on CTPA (b, yellow arrow) 
was associated with slightly increased uptake (c, orange 
arrow, SUVmax = 3.4). Alveolar hemorrhage remained the 
most probable diagnosis. Diffuse increased uptake is seen 
within the right atrium (d, red arrow, SUVmax = 6.2) and 

right ventricle (d, gray arrow, SUVmax = 7.5), compatible 
with right heart strain (RHS). Isolated uptake in the pos-
terolateral papillary muscle of the left ventricle is seen (d, 
green arrow, SUVmax = 4.7), a nonspecific finding. Diffuse 
increased uptake is visualized at the level of the stomach 
(e, white arrow), suggestive of gastritis. No clear underly-
ing neoplastic process was evidenced

 Follow-Up

Oral anticoagulation was initiated, with indeter-
minate duration of therapy. A follow-up TTE 
 performed 4 months later showed improvement 
of the right ventricle dilation and pressure over-
load (Fig. 24.15).

 Teaching Point

As FDG-PET/CT scans are often performed 
without contrast, a diagnosis of PE is mostly 
suggested by the presence of indirect signs [51]. 
The “rim sign” (slight FDG uptake around the 
area of subpleural consolidation) is strongly 

suggestive of pulmonary infarction which can 
be secondary to PE or tumoral arterial obstruc-
tion [51]. An additional secondary sign is the 
presence of increased FDG uptake within the 
right heart chambers, suggestive of RHS [52–
54]. However, RHS is not specific to PE as there 
exists multiple causes of increased pulmonary 
arterial pressure [52]. In this case, intense 
uptake was seen within both the right atrium and 
right ventricle, while the left heart chambers 
were spared. Multiple patterns of RHS second-
ary to PE have been reported, including four-
chamber increase in cardiac uptake, isolated 
right ventricular uptake, and moderate right 
atrial uptake with very subtle right ventricular 
uptake [52–54].
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Fig. 24.15 PET 2 Interpretation. Follow-up whole-body 
FDG-PET/CT (a) performed 6 months following the ini-
tiation of anticoagulant therapy showed resolution of the 

hypermetabolic RUL opacity (b). Increased uptake was 
not seen within the right atrium and right ventricle (c), 
suggesting resolution of the RHS

 Case 11

 Initial Evaluation

A 59-year-old, known for hypertension, pre-
sented with frequent palpitations and a feeling of 
chest “heaviness.” Physical examination revealed 
a systolic ejection murmur best heard in the left 
upper sternal border, which increased with inspi-
ration. Holter monitoring showed frequent pre-
mature ventricular contractions. CTPA performed 
to exclude PE showed a multilobulated anterior 
mediastinal mass measuring 3.9 × 6.2 cm invad-
ing the main pulmonary artery (MPA). Proximal 
MPA thrombosis could not be excluded. On TTE, 

the mass was shown to cause severe supravalvu-
lar pulmonary stenosis (Fig. 24.16).

 Follow-Up

As thrombosis within the MPA was strongly sus-
pected, low molecular weight heparin was initi-
ated in order to prevent embolism. The patient 
subsequently underwent surgery for mass resec-
tion with pulmonary homograft implantation. 
Histopathologic analysis confirmed the diagnosis 
of undifferentiated sarcoma with central necrosis. 
The surgeon described a mass originating from 
within the anterolateral wall of the MPA. The final 
diagnosis was pulmonary artery sarcoma (PAS).

Y. A. Lucinian et al.



369

a b

c

d

e

Fig. 24.16 PET Interpretation. Whole-body FDG- PET/
CT (a) was performed to further characterize the medias-
tinal mass and assess the extent of disease involvement. 
Intense FDG uptake (SUVmax = 8.0) within the mass of 
interest was visualized (b, transaxial view, red arrow) (c, 
sagittal view, red arrow). Hypometabolism within the cen-
ter of the mass was seen (b, blue arrow) consistent with 
central necrosis. A focus of hypometabolism was also 

noted posterolaterally to the mass (b, c, yellow arrows), 
corresponding to a filling defect on CTPA (d, e, yellow 
arrows) and most likely representing an associated throm-
bus in the MPA. No hypermetabolic pulmonary nodules or 
lymphadenopathy were seen. In the absence of other asso-
ciated lesions and given the lesion uptake intensity, the 
diagnosis of a primary malignant tumor such as a sarcoma 
was strongly favored

 Teaching Point

In this case, FDG-PET complemented CTPA 
findings by identifying thrombosis within the 
MPA.  Indeed, hypometabolic filling defects in 
the pulmonary arteries can be suggestive of PE 
[51, 55]. Intense FDG uptake confirmed the 
malignant nature of the mass. PET also played 
an integral role in the preoperative workup by 
excluding metastases and another primary neo-
plastic lesion. The value of FDG-PET in the 
detection of soft tissue and bone sarcomas is 
well documented, with a reported pooled sensi-
tivity of 91% and specificity of 85% [56]. 
However, as PAS are excessively rare, only a 
few cases have been reported in the literature 
[57–59]. Tueller et  al. described a series of 
patients with PAS in which FDG-PET played an 
integral role in the preoperative workup, includ-
ing tumor staging [59].

 Case 12

 Initial Evaluation

A 45-year-old man, known for COPD, hyperten-
sion, repaired ventricular septal defect (VSD) 
and thoracic aortic aneurysmal dilatation with 
dissection, underwent vascular graft replacement 
of both ascending and descending aorta, as well 
as endovascular stent placement within the trans-
verse and descending aorta. At the time of pre-
sentation, he had not undergone any invasive 
procedure in the preceding 2 years. A week after 
being treated for pneumonia, the patient pre-
sented with fatigue, fever, chills and diaphoresis. 
Blood cultures were positive for Haemophilus 
influenzae. TTE showed a mobile structure within 
the left ventricle that was suggestive of either 
vegetation or surgical material from his VSD 
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Fig. 24.17 PET 1 Interpretation. Whole-body FDG- 
PET/CT (a) was performed following a myocardial sup-
pression protocol. Myocardial suppression was adequate. 
Intense and heterogeneous FDG uptake (SUVmax = 10.7) 
was seen within the endovascular stent (b, c, red arrows). 
The areas involved extended from the mid-portion of the 

aortic arch to the beginning of the descending thoracic 
aorta. Adjacent hypermetabolic lymph nodes were noted 
(b, gray arrows, SUVmax = 5.3). Valvular areas were free 
of abnormal FDG uptake. These findings were compatible 
with vascular graft infection (VGI)

repair. CTPA showed a very small perigraft air 
bubble at the level of the aortic arch (Fig. 24.17).

 Follow-Up

As the patient had already undergone multiple 
cardiovascular interventions, conservative medi-
cal treatment with antibiotics was chosen 
(Fig. 24.18).

 Teaching Point

In this case, FDG-PET was helpful in confirming 
the diagnosis of VGI in light of nondefinitive TTE 
and CTPA findings, as well as assessing treatment 
efficacy. VGI is associated with significant morbid-
ity and mortality, with early and accurate diagnosis 
critical for optimal management. However, diagno-
sis remains challenging despite the introduction of 
standardized diagnostic criteria [60, 61]. FDG-
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Fig. 24.18 PET 2 Interpretation. Follow-up whole-body 
FDG-PET/CT (a) was performed following 5  weeks of 
antibiotic treatment. A significant decrease in FDG uptake 
within the aortic endovascular stent was noted (b, c, red 
arrows), and SUVmax reduced from 10.7 to 6.5. Adjacent 
lymphadenopathy persisted on CT, but their associated 

uptake was significantly decreased (b, gray arrows, 
SUVmax = 3.7) from the prior study. Myocardial suppres-
sion was inadequate, with relatively intense uptake seen 
within both the left and right ventricular walls (c, orange 
arrow)

PET/CT is increasingly used for both imaging and 
treatment monitoring of VGI [7, 62–64]. Reported 
diagnostic accuracy is excellent, with pooled sensi-
tivity of 93–96% and specificity of 74–80% [62, 
65, 66]. Specificity of FDG-PET/CT in this setting 
is mainly hampered by postoperative inflamma-
tion, which can be observed several months follow-
ing intervention. In the meta-analysis by Folmer 
et al., FDG- PET/CT was shown to outperform CT 
angiography (CTA) which had a reported pooled 
sensitivity of 67% and specificity of 63% [66].

 Case 13

 Initial Evaluation

A 40-year-old man noticed discharge at the level 
of his sternotomy wound. He underwent heart 
transplantation 2 years ago for restrictive cardio-
myopathy. Discharge culture was positive for 
Staphylococcus epidermidis, but there was doubt 
about skin contamination. Blood cultures were 
negative (Fig. 24.19).
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Fig. 24.19 PET 1 Interpretation. Whole-body FDG- 
PET/CT (a) was performed following a myocardial sup-
pression protocol in order to evaluate for the presence of a 
sternal wound infection (SWI). Myocardial suppression 
was sub-optimal. A small retrosternal collection associ-
ated with intense FDG uptake (SUVmax = 11.7) affecting 

the anterior portion of the superior mediastinum was seen 
(b), extending superiorly above the manubrium and reach-
ing the skin. On the low-dose CT scan (LDCT), no bone 
abnormalities at the level of the sternum were noted (c). 
These findings were compatible with deep SWI (DSWI)

 Follow-Up (1)

A diagnosis of DSWI with sternocutaneous fistula 
was made. A 3 week course of antibiotic treatment 
was initiated. Despite initial improvement, supra-
sternal discharge relapsed 3 months later (Fig. 24.20).

 Follow-Up (2)

In light of the FDG-PET/CT results compat-
ible with progression of the infectious process, 

a second course of antibiotic treatment was ini-
tiated alongside surgical debridement. Clinical 
improvement occurred rapidly and was sustained 
(Fig. 24.21).

 Follow-Up (3)

Residual FDG uptake was deemed secondary to a 
chronic quiescent infection. As the patient was 
clinically stable and no discharge was apparent, 
further treatment was not pursued.
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Fig. 24.20 PET 2 Interpretation. A second whole-body 
FDG-PET/CT (a) was performed. Myocardial suppres-
sion failed despite adherence to the preparation protocol. 
Marked progression of the retrosternal collection was 
noted, now extending from the manubrium to the xiphoid 

process. The FDG uptake intensity slightly increased 
from an SUVmax value of 11.7 to 13.6 (b). Hypermetabolic 
lymph nodes were noted in the anterior mediastinum. 
Again, no obvious bone abnormalities were seen on 
LDCT (c)

 Teaching Point

In this case, FDG-PET was helpful in confirming 
diagnosis of DSWI, assessing its extent, and 
monitoring treatment efficacy. SWIs represent a 
rare but dangerous complication following car-
diac surgery [67, 68]. Management depends on 
the depth of the infection [67]. CT is usually the 
initial imaging modality employed to evaluate 
SWI [68]. Its reported sensitivity is very high, but 
its specificity is hampered by postsurgical 

changes which can be indistinguishable from 
infection. Although literature on FDG-PET 
assessment of SWI is limited, published case 
reports and retrospective studies suggest its util-
ity in this setting [69–71]. Hariri et al. reported an 
excellent diagnostic accuracy of 94%, with a sen-
sitivity of 91% and a specificity of 97%, with 
qualitative analysis employing uptake patterns 
(diffuse low-grade, diffuse high-grade, focal, 
sternal wire, soft-tissue extension) outperforming 
quantitative analysis [69].
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Fig. 24.21 PET 3 Interpretation. Follow-up whole-body 
FDG-PET/CT (a) was performed a year later. Overall, the 
extent of the retrosternal hypermetabolic activity regressed 
significantly (b); however, two residual foci of FDG 
uptake persisted, one involving the mediastinum anterior 
to the aortic arch with extension to the skin above the 

manubrium (b, yellow arrow) and the other involving the 
lower portion of the retrosternal region (b, red arrow). 
FDG uptake intensity did not vary significantly 
(SUVmax = 14.5). No musculoskeletal abnormalities were 
noted on LDCT (c)

 Case 14

 Initial Evaluation

A 61-year-old woman, known for liver hemangi-
oma and colorectal polyps, presented with palpi-
tations and fatigue. Blood cultures were negative. 
CTPA showed a nodular lesion with lobulated 
contours attached to the leaflets of the pulmonary 
valve. TEE showed a lobulated mass of 
18  ×  10  mm alongside the anterior wall of the 
MPA superior to the pulmonary valve accompa-
nied by a filament-like structure of 3  ×  12  mm 
attached to the pulmonary valve. Suspected diag-
noses included marantic endocarditis, thrombosis 
at the level of the pulmonary valve, and a neoplas-
tic process (Fig. 24.22).

 Follow-Up

The patient underwent surgical resection of the 
mass. Histopathologic analysis confirmed the diag-
nosis of fibroelastoma. Follow-up TTE showed no 
residual mass.

 Teaching Point

Multiple studies have suggested FDG-PET’s util-
ity in distinguishing malignant from benign car-
diac lesions, primarily using semiquantitative 
analysis [16]. In this case, the absence of signifi-
cant FDG uptake within the lesion was compatible 
with a benign process. Although papillary fibro-
elastomas represent the second most common pri-
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Fig. 24.22 PET Interpretation. Whole-body FDG- PET/
CT (a) was performed following a myocardial suppres-
sion protocol. Myocardial suppression was excellent. No 
abnormal uptake was seen at the level of the myocardium, 
valvular areas (including the pulmonary valve) and the 

MPA (b, transaxial view) (c, sagittal view), suggestive of 
a benign etiology. There were no hypermetabolic lesions 
on whole-body FDG-PET/CT images. The lesion seen on 
CTPA is shown in images (d) (transaxial view, red arrow) 
and (e) (sagittal view, red arrow)

mary cardiac tumor in adults, reports of associated 
FDG-PET findings are very scarce [72, 73]. Nensa 
et  al. reported the case of a patient with aortic 
valve fibroelastoma associated with low FDG 
uptake (SUVmax  =  2.1) [72]. Similarly, Ibrahim 
et al. reported the case of a pulmonary valve fibro-
elastoma without associated focal uptake [74].

 Case 15

 Initial Evaluation

A 57-year-old man, with no relevant medical history, 
presented with shortness of breath and generalized 
weakness. Physical exam only revealed bradycardia. 
High-sensitivity cardiac troponin T (hs-cTnT) levels 
were normal. ECG showed third degree (complete) 
atrioventricular (AV) block. A chest radiograph was 
normal. TTE was normal, with a reported LVEF of 
65%. As the patient was relatively young with a 
seemingly unexplained AV block, cardiac sarcoid-
osis (CS) was suspected (Fig. 24.23).

 Follow-Up (1)

The patient underwent dual chamber permanent 
pacemaker implantation as well as endobron-
chial ultrasound guided biopsy of the hilar 
lymph nodes. Histopathologic analysis showed 
the presence of noncaseating granulomas, com-
patible with a diagnosis of sarcoidosis. As such, 
the patient was diagnosed with CS according to 
both the Heart and Rhythm Society (HRS) and 
Japan Circulation Society (JCS) proposed diag-
nostic criteria [82, 83]. Oral prednisone treat-
ment was initiated at a dose of 60 mg per day 
(Fig. 24.24).

 Follow-Up (2)

Tapering of prednisone was pursued. Pacemaker 
interrogation revealed that ventricular pacing 
dropped from 100% to <1%, suggesting improve-
ment of complete heart block.

24 Cardiovascular FDG-PET Atlas of Cases



376

a b

c

f

d

e

Fig. 24.23 PET 1 Interpretation. Whole-body FDG- 
PET/CT was performed following a myocardial suppres-
sion protocol consisting of low-carbohydrate diet, 12  h 
fasting, and intravenous heparin in order to exclude car-
diac sarcoidosis (a). Myocardial suppression was excel-
lent. Focal myocardial uptake was visualized at the level 
of the right ventricle free wall (b, red arrow, SUVmax = 5.3) 
and the basal inferoseptal wall (c, gray arrow, 
SUVmax = 5.2). Hypermetabolic bilateral hilar lymphade-
nopathy was seen (d, white arrows, SUVmax  =  4.8). No 

other abnormal uptake was noted at the thoracic level. 
Multiple hypermetabolic foci were visualized within the 
liver (e, yellow arrows, SUVmax = 5.5) and spleen (e, blue 
arrows, SUVmax  =  5.4). Rest 82Rb PET-MPI performed 
concomitantly showed homogeneous perfusion through-
out the left ventricle (f). In light of PET findings, sarcoid-
osis with hilar, myocardial, splenic and hepatic 
involvement was strongly suspected, although a lymphop-
roliferative disorder was not completely excluded

 Teaching Point

In this case, FDG-PET/CT was crucial for the ini-
tial diagnosis of CS, identifying extra-cardiac 
involvement, guiding biopsy, and monitoring 
treatment efficacy. As focal FDG uptake was 
present in the absence of perfusion defects, early- 
stage CS was most likely [75]. FDG-PET also 
showed good anatomic correlation between the 
suspected cause of the ECG abnormality (i.e., 
involvement of the bundle of His in the basal 

interventricular septum) and the location of FDG 
uptake. As reported by Manabe et al., interven-
tricular septum FDG uptake is associated with 
AV block [76]. Multiple studies have shown 
FDG-PET to be an accurate and useful imaging 
modality in the evaluation of CS [77]. As such, 
the two main consensus guidelines to propose 
diagnostic criteria for CS, the 2014 HRS expert 
consensus statement and the 2016 JCS guidelines 
for the diagnosis and treatment of cardiac sar-
coidosis, include PET imaging [78–79]. 
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Fig. 24.24 PET 2 Interpretation. A second whole-body 
FDG-PET/CT (a) was performed 3 months following ini-
tiation of corticosteroids. Prednisone dosage had been 
tapered down to 40  mg. Myocardial suppression was 
again excellent. There was complete resolution of the pre-

viously seen FDG uptake at the level of the myocardium 
(b) (c), hila (d), liver (e), and spleen (e). Rest 82Rb PET- 
MPI still showed no perfusion defect throughout the left 
ventricle (not shown)

Moreover, multiple suggested treatment algo-
rithms for CS include PET imaging to guide 
immunosuppressive therapy [78, 80–85].

 Case 16

 Initial Evaluation

A 72-year-old woman, known for hypertension, 
type 2 diabetes mellitus and rheumatoid arthritis, 
presented to the ER with sinus tachycardia, fever, 
and lower back pain. Blood cultures were posi-
tive for MSSA. TEE showed the presence of two 
vegetations (9 mm and 5 mm) at the level of the 
mitral valve (Fig. 24.25).

 Follow-Up

A coronary CT angiogram was subsequently per-
formed. Although assessment was limited due to 
the presence of diffuse calcifications, occlusion 
of the middle RCA was seen, corresponding to 

the zone of hypermetabolism visualized on the 
FDG-PET. A diagnosis of an RCA mycotic aneu-
rysm complicated by thrombosis was suggested, 
but the presence of an abscess could not be 
excluded. The patient underwent standard medi-
cal treatment with antibiotics.

 Teaching Point

Although FDG-PET’s role in imaging PVE is well 
established, the literature for native valve infective 
endocarditis (NVE) is limited but suggests a lower 
sensitivity than for PVE [5, 6]. Adequate myocar-
dial suppression, initiation of antibiotic treatment 
prior to imaging, and vegetation size all represent 
important factors to consider when evaluating 
NVE on FDG-PET [23, 86]. In this case, FDG-
PET helped confirm the presence of spondylodis-
citis while also identifying the presence of 
unsuspected RCA aneurysm. Antibiotic treatment 
prior to PET imaging and smaller vegetation size 
on TEE may have contributed to the lower FDG 
uptake observed within the mitral valve area.
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Fig. 24.25 PET Interpretation. Whole-body FDG- PET/
CT (a) was performed following a myocardial suppres-
sion protocol to further characterize TEE findings and 
assess for possible spondylodiscitis. At the time of imag-
ing, the patient had undergone 5 days of antibiotic treat-
ment. Myocardial suppression was excellent. Faint FDG 
uptake was seen within the mitral valve area (b, gray 

arrow). Increased uptake was also seen within a hypoden-
sity at the level of the atrioventricular sulcus (b, white 
arrow, SUVmax = 9.2). The differential diagnosis included 
a RCA mycotic aneurysm or an abscess. Findings consis-
tent with spondylodiscitis at the level of the L4-L5 verte-
bral bodies was seen (c, yellow arrow, SUVmax = 9.7)

 Case 17

 Initial Evaluation

A 73-year-old woman originally from Cambodia 
presented with shortness of breath and coughing. 
She had no relevant medical history. A CTPA per-
formed to exclude PE instead revealed pericardial 

and pleural effusions, in addition to mediastinal 
and hilar lymphadenopathy which were deemed 
reactive. An organized fibrous pericardial effusion 
was visualized on TTE. Differential considerations 
included a chronic infectious process as well as a 
neoplastic origin. Early microbiological and histo-
pathological analysis of both pleural and pericar-
dial effusions were inconclusive (Fig. 24.26).
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Fig. 24.26 PET Interpretation. Whole-body FDG- PET/
CT (a) was performed in order to exclude a neoplastic 
process. Circumferential pericardial effusion associated 
with high intensity uptake (SUVmax = 14.4) was seen (b, 
gray arrows). The bilateral pleural effusions previously 
noted on CTPA were not associated with increased uptake 

(b, red arrows). Markedly hypermetabolic mediastinal 
and hilar lymphadenopathy (up to an SUVmax of 11.4) 
were present (c, yellow arrows). No other abnormalities 
were noted. On the basis of these findings, the differential 
diagnosis remained broad, and included lymphoprolifera-
tive and infectious processes

 Follow-Up

Pericardial biopsy culture subsequently showed 
the presence of Mycobacterium tuberculosis, 
confirming the diagnosis of tuberculous pericar-
ditis, and appropriate medical treatment was 
initiated.

 Teaching Point

The diagnosis of tuberculous pericarditis can be 
challenging as the diagnostic yield of both peri-

cardial biopsy and AFB staining are poor [87, 
88]. Lung and lymph node involvement are com-
mon in the presence of tuberculous pericarditis 
and can be accurately identified by FDG-PET/CT 
[21, 89–92]. Moreover, FDG uptake intensity in 
both the pericardium and lymph nodes is typi-
cally much higher in tuberculous pericarditis 
when compared to idiopathic pericarditis [21, 
89–91, 93–95]. The number of hypermetabolic 
lymph nodes was also shown to be higher in 
patients with tuberculous pericarditis [89]. FDG- 
PET/CT has also been reported to be useful in 
assessing treatment response [90].
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