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Abstract Cardiac positron emission tomography is a power-
ful, quantitative, non-invasive imaging modality, which adds
valuable diagnostic and prognostic information to the clinical
work-up. Myocardial perfusion and viability imaging are, as a
result of continuously growing evidence, established clinical
indications that may be cost-effective, due to the high diag-
nostic accuracy of cardiac positron emission tomography, de-
spite high single-test costs. In the field of inflammation imag-
ing, new indications are entering the clinical arena, which may
contribute to a better diagnosis and overall patient care, as for
instance in patients with cardiac sarcoidosis, prosthetic valve
endocarditis and cardiac device infections. This review will
discuss the individual strengths and weaknesses of cardiac
positron emission tomography and, hence, the resulting

clinical usefulness based on the current evidence for an indi-
vidualized, patient-centered imaging approach.
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Introduction

Cardiac positron emission tomography (PET) is a powerful
quantitative imaging modality, which enables an in-depth
analysis of cardiovascular biology and physiology in health
and disease. Since many years, the method has been consid-
ered as Bgold standard^ for perfusion and viability imaging
and has, therefore, functioned as a reference standard for many
other imaging modalities [1–8]. Despite its undisputed role as
a high-end diagnostic and well-established research tool, car-
diac PET plays still to a large extent a minor role in clinical
practice. This is mainly owed to the complexity of the tech-
nique, its high costs and poorer accessibility. Nonetheless,
cardiac PET is a useful and eventually even cost-effective
clinical tool when used appropriately, adding valuable diag-
nostic and prognostic information to the diagnostic work-up
[9]. In clinical practice, it is often challenging to choose from a
large portfolio of competing imaging modalities, which pro-
vide frequently equivalent but sometimes also complementary
information concerning a particular clinical question, as for
instance in the diagnosis of stable coronary artery disease
(CAD) or myocardial viability. As a sole imaging modality
cannot answer every clinical question in every single patient
(one-test/one-protocol approach), the final choice of imaging
strategy in an individual patient should be made after a thor-
ough consideration of the individual strengths and
weaknesses/contraindications of each available, depending
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on local expertise, and in the particular case useful imaging
modality, with the goal to avoid layered or serial studies as
well as unnecessary radiation and contrast agent exposure.

Accordingly, the aim of the current review is to provide an
overview of the individual strengths and weaknesses of cardi-
ac PET and, hence, the resulting clinical usefulness based on
the current evidence for an individualized, patient-centered
imaging approach.

Methodological Principles

The Physical Basis

Positron emission tomography, as the name suggests, is a tomo-
graphic imaging technique, which uses radionuclides, as for in-
stance carbon (11C), nitrogen (13N), oxygen (15O), rubidium
(82Rb), and fluorine (18F), that decay by positron emission to
generate an image. These radionuclides, produced in a cyclotron
or an elution generator, are used to label compounds of biological
interest, as for instance glucose, resulting in a so-called radionu-
clide-labeled tracer. Introduced in small quantities into the human
body (typically 1013–1015 molecules), the tracer is distributed
throughout the body according to its biochemical properties.
The subsequent beta (+) decay of the radioactive nucleus of the
particularly labeledmolecule results in the emission of a positron,
which annihilates after a short distance (positron range) with an
electron, giving rise to two annihilation 511-keV photons that
travel in almost opposite directions (180° from each other)
through the body until both reach the detectors surrounding the
body. Importantly, only incidences of two photons arriving in
opposite direction at the detector within a narrow time window
of a few nano-seconds (coincidence detection) lead to an elec-
tronic signal that contributes to the final image. In the end, the
image is generated after complex processing ofmultiple electron-
ic signals through the application of image reconstruction and
correction algorithms (correcting amongst others for attenuation,
scatter, random coincidence, and dead time). In this final image,
the signal from each voxel is a direct measure of the radionuclide
and, hence, the labeledmolecule concentrationwithin the respec-
tive voxel, typically given in Becquerel per milliliter.
Consequently, PET allows the absolute quantitative mapping of
radionuclide-labeled tracers in the living human body and with
the help of dynamic image sequences and compartmental model-
ing plus the application of operational equations even the study
of tracer kinetics as well as the quantification of biological and
physiological processes, as for instance myocardial blood flow
(MBF) [10–12]. In recent years, several technical innovations
have led to a clear improvement of image quality (improvement
of image resolution and contrast as well as reduction in image
noise) and reduction in radiation exposure [13–15]. Furthermore,
modern PET systems usually constitute of a hybrid PET/
computed tomography (CT) configuration, which use a low-

dose CT scan for fast attenuation correction in contrast to the
traditional transmission source-based method [16, 17].

Strengths and Weaknesses of PET in Comparison
with Other Imaging Modalities

The clear strengths of cardiac PET lie, in comparison with
other imaging modalities, in its high image quality, diagnostic
accuracy, interpretative certainty, and ability to visualize and
quantify specific biological and physiological processes. In
comparison with single-photon emission computed tomogra-
phy (SPECT), PET shows a superior diagnostic performance
due to several reasons [18, 19]. First, PET has a better image
uniformity due to well-established attenuation correction al-
gorithms, which leads to a decrease in the number of false-
positive studies and, thus, an increase in specificity. This be-
comes of special clinical relevance in women with large
breasts and obese patients. Second, PET has a higher spatial
resolution and contrast, which enables the detection of smaller
defects and leads to a decrease in the number of false-negative
studies and, thus, an increase in sensitivity. Third, PET has a
higher temporal resolution with full and isotropic left ventric-
ular (LV) coverage, which enables a dynamic image acquisi-
tion and thereby the assessment of LV function at peak stress,
quantification of tracer kinetics, as well as the absolute quan-
tification of regional MBF and coronary flow reserve (CFR).
This is clinically of special use in patients with microvascular
disease and advanced CAD with Bbalanced ischemia.^
Fourth, PET has a higher detection sensitivity, which enables
the detection of labeled molecules in extremely small quanti-
ties, namely in nano- and picomolar concentrations. In com-
bination with the shorter half-lives of PET tracers, which en-
able briefer scan protocol durations and repeated studies, this
leads to a reduction in the overall radiation exposure. Finally,
it should be mentioned that PET tracers exhibit in general
better biological and physiological characteristics than
SPECT tracers. In comparison with echocardiography, cardiac
CT and cardiac magnetic resonance (CMR), PET has a clear
image contrast due to a high tracer versus low background
signal (Bhotspot imaging^), nonetheless, not in the sense of a
classic soft tissue contrast, as well as a lower spatial and tem-
poral resolution.

On the other hand, the clear weaknesses of cardiac PET lie,
in comparison with other imaging modalities, in its overall
poorer accessibility, methodological complexity, high costs,
and radiation exposure (as SPECT and cardiac CT).

Radiopharmaceuticals for Cardiac Imaging

An overview of the currently applicable cardiac PET tracers
for clinical practice and their characteristics is given in
Table 1.
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Perfusion Tracers Three PET perfusion tracers are cur-
rently available for clinical use, namely nitrogen-13 am-
monia (13N-ammonia), rubidium-82 (82Rb), and oxygen-
15 water (15O-water).

Nitrogen-13 ammonia is generated in a cyclotron by
bombarding 16O-water with protons via the 16O (p, α) 13N
reaction. In vivo, 13N-ammonia is passively taken up into
myocytes by diffusion, equilibrates intracellularly with its
charged form ammonium (NH4), and is finally trapped into
the amino acid glutamine by the enzyme glutamine synthe-
tase, resulting in 13N-glutamine [20–23]. The first-pass trap-
ping is high at rest, despite back diffusion, but decreases suc-
cessively at higher coronary blood flow rates [24, 25].
Importantly, the overall trapping of 13N-ammonia is depen-
dant on an intact cardiac metabolism, which can be im-
paired during ischemia or high cardiac workload. 13N-
ammonia generates high-quality perfusion images with a
high resolution and enables due to its short half-life a
brief imaging protocol (Fig. 1).

Rubidium-82, produced in commercially available genera-
tors by the decay of strontium-82 (half-life 25.3 days, high
energy cyclotron product) that is attached to an eluting col-
umn, is a monovalent cationic analog to potassium, which is
taken up into myocytes by the Na/K-ATPase. The extraction
fraction decreases in a non-linear manner with the increasing
coronary blood flow [26–28], which is more pronounced
compared with 13N-ammonia, but still superior compared to
technetium-99m-labeled SPECT tracers. Overall, the uptake
of 82Rb is a function of coronary blood flow, myocardial me-
tabolism, and cell integrity, which can be altered by severe
acidosis, hypoxia, and ischemia [29, 30]. Unfortunately,
82Rb is not able to take full advantage of the superior image
quality of PET due to the overall low count rates, a result of
the short half-life of 76 s, and the emission of a high-energy
positron, which leads to a poorer spatial resolution as it travels
a longer distance before annihilation.

Oxygen-15 water is partially generated in a cyclotron by
the 15N (p, n) 15O reaction resulting in 15O-oxygen, which is
subsequently transferred to a 15O-water generator. In vivo,
15O-water is metabolically inert, diffuses freely across mem-
branes until it reaches equilibrium between compartments and
has a very high linear myocardial extraction over a wide range

of coronary blood flow rates. Importantly, cardiac uptake and
release of 15O-water is solely dependant on myocardial perfu-
sion [12]. These properties make 15O-water to an excellent
quantification method for the MBF and CFR, but also results
in a poor contrast betweenmyocardium and blood pool, which
requires complex subtraction algorithms of the blood pool
activity prior to image reconstruction [12, 31, 32].

Myocardial perfusion imaging (MPI) is usually performed
with the help of pharmacological stress, as for instance
dipyridamole, adenosine, or regadenoson. Alternatively, exer-
cise stress testing is in principle possible with 13N-ammonia,
and satisfactory results are even achievable with 82Rb and
15O-water [33–35], although very rarely performed in clinical
practice.

Table 1 Characteristics of clinically available cardiac PET tracers

Tracer Indication Half-life Positron range Myocardial uptake mechanism First-pass extraction

13N-ammonia Perfusion 9.96 min 0.7 mm Diffusion/glutamine synthetase 80 %
82Rb Perfusion 76 s 2.6 mm Na/K-ATPase 50–60 %
15O-water Perfusion 2.07 min 1.1 mm Diffusion Diffusible
18F-FDG Viability and inflammation 109.7 min 0.2 mm Glucose transporter/hexokinase 1–3 %

PET positron emission tomography, 13 N-ammonia nitrogen-13 ammonia, 82 Rb rubidium-82, 15O-water oxygen-15 water, 18 F-FDG fluorine-18
fluorodeoxyglucose

Fig. 1 PET perfusion imaging for the assessment of stable coronary
artery disease. Large stress-induced myocardial perfusion defects, as
indicated by white arrows, are shown in this patient who underwent a
PET myocardial perfusion imaging study, using 13N-ammonia as tracer,
for the further diagnostic work-up of suspected coronary artery disease.
HLA horizontal long-axis, PET positron emission tomography, SA short-
axis, VLA vertical long-axis
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Viability and Inflammation Tracer Fluorine-18
fluorodeoxyglucose (18F-FDG), an analog of glucose, is the
clinically available and well-established viability and inflam-
mation tracer. The tracer is produced by labeling 2-
deoxyglucose with fluorine-18, which is generated in a cyclo-
tron by bombarding 18O-enriched water with a proton beam.
In vivo, 18F-FDG is transported into cells by facilitated diffu-
sion using specific glucose transporters (GLUT-1 and GLUT-
4) and is subsequently phosphorylated by the enzyme hexo-
kinase, which factually traps the tracer in the cell as the levels
of the enzyme glucose-6-phosphatase, catalyzing the reverse
reaction, are low [36]. FDG-6-phosphate is subsequently not
metabolized any further. Additionally, it has been shown that
the cellular uptake of 18F-FDG can be used as a surrogate
marker of the myocardial uptake and utilization of exogenous
glucose [37].

The rational behind 18F-FDG as a viability and inflamma-
tion tracer are the following observations: First, glucose up-
take and metabolism are increased during states of hypoxia
and mild-to-moderate ischemia, reduced in cases of severe
ischemia, and absent in areas with scar tissue [38, 39].
Second, glucose uptake and metabolism are increased in in-
flammatory cells, through the overexpression of glucose trans-
porters and glycolytic enzymes, which infiltrate tissue in dif-
ferent states of inflammatory disease [40–42].

In general, 18F-FDG enables high-quality images, but only
after thorough patient preparation to achieve homogenous glu-
cose uptake for viability (using oral glucose loading, nicotinic
acid derivatives, or an insulin and glucose infusion [43, 44])
and effective myocardial suppression for inflammation imag-
ing (using prolonged fasting, high-fat and/or low-
carbohydrate diet, or a heparin load [45–49]).

Issue of Radiation Exposure

In recent years, the number of cardiac imaging studies has
increased considerably [50], which contributes to an overall
substantial radiation exposure [51–53]. The potential for harm
of low-dose ionizing radiation, as occurring during medical
imaging, is still a matter of debate, but it is generally acknowl-
edged that it might be harmful and that it should be kept at the
lowest possible level, as doses can accumulate over a person’s
lifetime and result in a higher likelihood for developing ma-
lignancies (Blinear no-threshold concept^) [54]. This is of spe-
cial importance in women and younger patients, especially
children. Furthermore, this implies that PET should only be
used when appropriate, optimized study protocols are applied
to minimize radiation exposure, and other imaging modalities
with comparable diagnostic accuracy have been considered
but deemed inferior or not suitable [55]. From an individual-
ized, patient-centered imaging perspective, the overall goal
should be to reach a comprehensive diagnosis with as few
investigations and the lowest radiation exposure as possible.

Established Clinical Applications

Myocardial Perfusion Imaging

Evaluation of Stable Coronary Artery DiseaseMyocardial
perfusion imaging is performed in patients with suspected or
known stable CAD with the aim to evaluate the presence and
extent or absence of myocardial ischemia, as these findings
should guide the further clinical decision-making process and
overall choice of therapy. Importantly, non-invasive imaging
should only be performed in patients with an intermediate pre-
test probability for stable CAD, as it is clinically most useful
and appropriate to use in this patient population [56, 57]. The
assessment of the pre-test probability, which is mainly deter-
mined by the patients age, gender, and nature of symptoms,
but also by the prevalence of CAD and presence of cardiovas-
cular risk factors [58, 59], should be an integral part of the
clinical decision-making process, as the interpretation of non-
invasive imaging tests is based on the Bayesian approach to
diagnosis. Hereby, it should be kept in mind that patients with
an intermediate pre-test probability constitute clinically a quite
heterogeneous group, which makes the choice of imaging
strategy challenging and not solvable by using a one-test/
one-protocol strategy for all patients.

Myocardial perfusion imaging using PET has, in compar-
ison with other clinically available tests for the diagnosis of
CAD, an extremely high diagnostic accuracy. Mc Ardle et al.
[60] showed in a meta-analysis, which used invasive coronary
angiography as reference, that 82Rb PET has a superior diag-
nostic accuracy even compared with contemporary SPECT
technology, with a sensitivity of 90 % (95 % confidence in-
terval (CI) 0.88–0.92) and a specificity of 88 % (95 % CI
0.85–0.91). In a further recent meta-analysis, which compared
MPI obtained by SPECT, CMR, and PET, using invasive cor-
onary angiography as reference, PET achieved the highest
diagnostic performance with a sensitivity of 84 % (95 % CI
0.81–0.87)/77 % (95 % CI 0.73–0.81) and specificity of 81 %
(95 % CI 0.74–0.87)/88 % (95 % CI 0.84–0.90) on the patient
and vessel level, respectively [61]. Finally, in a second recent
meta-analysis, which comparedMPI by SPECT, echocardiog-
raphy, cardiac CT, CMR, and PET, using invasive coronary
angiography with fractional flow reserve as reference, PET
could successfully demonstrate hemodynamically significant
CAD with a sensitivity of 84 % (95 % CI 0.75–0.91)/83 %
(95%CI 0.77–0.88), specificity of 87% (95%CI 0.80–0.92)/
89 % (95 % CI 0.86–0.91), and negative likelihood ratio of
0.14 (95 % CI 0.02–0.87)/0.15 (95 % CI 0.05–0.44) on the
patient and vessel level, respectively [62•]. CMR and cardiac
CT showed a similar ability, in contrast to SPECT and echo-
cardiography that were less suited for this purpose.

Flow Quantification Visual and semi-quantitative assess-
ment of myocardial perfusion defects, as regularly performed
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in SPECT and PET MPI, is based on the relative regional
distribution of the perfusion tracer in the myocardium, using
the region with the highest tracer uptake as Bnormal reference
region,^ which is in case of a semi-quantitative analysis often
further compared towards a database (Fig. 1). However, it has
to be taken into account that the so-called Bnormal reference
region^ itself can be abnormal due to underlying multivessel
disease, or the tracer uptake can be homogenously reduced in
the entire LV myocardium, as in multivessel disease with
Bbalanced ischemia.^ Under these circumstances, MPI can
underestimate the true extent of ischemia or even miss the
diagnosis of Bbalanced ischemia^ [63–66]. In this context, it
should be mentioned that a false-negative SPECT MPI is,
despite all that, more frequently due to single-vessel disease
than multivessel disease [67, 68]. Absolute quantification of
regional MBF in milliliters per gram per minute, which can be
routinely performed in clinical practice, overcomes these ob-
stacles. In general, MBF is obtained during rest and under
maximum stress, from which the CFR can be calculated as
the ratio of the maximum (hyperemic) MBF to restingMBF. It
has to be kept in mind that several factors, amongst others age,
influence the obtained MBF during rest and stress and, there-
by, the calculated CFR [69, 70]. In the presence of epicardial
CAD, CFR can be used to assess the functional significance of
a stenosis, as CFR decreases in proportion to the degree of the
luminal narrowing [71, 72]. However, high individual flow
variability can be observed in stenoses of intermediate sever-
ity. In contrast, in the absence of epicardial CAD, a reduced
CFR reflects microvascular disease/dysfunct ion.
Consequently, information concerning the status of the epicar-
dial coronary arteries is necessary for a conclusive CFR inter-
pretation, which can either be obtained by cardiac CT (for
instance elegantly using hybrid imaging) or invasive coronary
angiography.

Prognostic Value The greatest value of PET MPI, besides its
high diagnostic accuracy, is its ability to predict adverse car-
diac events. Dorbala et al. [73] demonstrated that patients with
a normal 82Rb MPI scan have a low annual cardiac mortality
rate of 0.2 %, in contrast to a severely ischemic scan with a
high annual cardiac mortality rate of 4.3 %. Furthermore, the
results from a multicenter observational registry showed that
the risk-adjusted hazard ratio of cardiac death increases suc-
cessively for every 10 % raise in ischemic myocardium,
namely from 2.3 (95 % CI 1.4–3.8) in mild to 4.9 (95 % CI
2.5–9.6) in severe ischemia [74]. Based on the current evi-
dence, one can state that patients with a normal scan have a
low annual cardiac event rate of <1%, while an abnormal scan
indicates worse prognosis with a continuous increase in risk in
relation to the degree of ischemic burden [19, 73–75].
Furthermore, it has been shown that this outcome information
is useful as a gatekeeper for invasive procedures as well as for
the overall guidance of therapy based on the individual patient

risk. Based on the extent of the determined perfusion deficit,
PET MPI scans can be categorized into low (<5 % ischemic
myocardium), intermediate (5–10 % ischemic myocardium),
and high risk scans (>10 % ischemic myocardium). Further
high-risk imaging features are as follows: transient LV cavity
dilatation (sign for extensive LV dysfunction or ischemic bur-
den) [76], increased tracer uptake in the lung (sign for severe
LV dysfunction or ischemic burden), reduced LV rest/stress
ejection fraction, and ejection fraction reserve (incremental
prognostic value over perfusion deficit; sign for severe ische-
mia due to left main or three-vessel disease) [73, 77, 78],
transient increased right ventricular tracer uptake (sign for
severe ischemia due to left main or three-vessel disease)
[79], and reduced CFR (incremental prognostic value over
perfusion deficit; and marker of normal vascular reactivity)
[80–83]. Observational evidence indicates that patients with
<10 % ischemic myocardium experience a reduced risk of
death receiving medical therapy alone as compared with cor-
onary revascularization, while patients with ≥10 % ischemic
myocardium encounter a reduced risk of death when under-
going coronary revascularization as compared with medical
therapy [84–86, 87•]. Consequently, patients with a high risk
PET MPI have, according to current guidelines, an indication
for coronary revascularization [56, 57, 88••, 89].

Potential Clinical Applications The final choice of imaging
modality and diagnostic algorithm is usually based on the
respective local expertise, availability of the different imaging
techniques, and overall economical resources. Table 2 sum-
marizes potential clinical applications of PET MPI in the di-
agnosis of stable CAD, which are based on the techniques
strengths and currently available evidence.

Myocardial Viability Imaging

Viability imaging is performed in patients with chronic ische-
mic cardiomyopathy, with the aim to identifying those pa-
tients, which might benefit from revascularization therapy, as
the general procedure-related risk is high in this patient
population.

Cardiac PET uses a combination of rest perfusion imaging
and glucose metabolism imaging for the assessment of myo-
cardial viability [90–93]. The subsequent comparison of the
perfusion versus the metabolism images can identify one of
four distinctive diagnostic patterns (Table 3). The first pattern,
with both normal perfusion and glucose metabolism, is char-
acteristic for healthy myocardium (Fig. 2). The second, the so-
called Bperfusion-metabolism mismatch^ pattern, distin-
guished by a reduced perfusion but a preserved or enhanced
glucose metabolism, indicates viable myocardium (Fig. 2).
The presence of this mismatch pattern has been shown to be
associated with an outcome benefit after revascularization [90,
94–96]. According to a meta-analysis by Inaba et al. [97], the
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optimal amount of viable myocardium required for a survival
benefit from revascularization was estimated to be 25.8 %
(95 % CI 16.6–35 %). The third, the so-called Bperfusion-
metabolism match^ pattern, with both reduced perfusion as
well as glucose metabolism, signifies non-viable myocardium/
scar (Fig. 2), which is a further independent predictor of LV
function recovery after revascularization [91]. The fourth, the
so-called Bperfusion-metabolism reverse mismatch^ pattern is
characterized by a preserved perfusion but a reduced glucose
metabolism (Fig. 2). The clinical significance of this region-
ally altered glucose metabolism is unknown, but it has been
observed in patients with non-ischemic cardiomyopathy, left
bundle branch block, repetitive stunning, diabetes mellitus, as
well as early after revascularization in myocardial infarction.
Furthermore, it has been suggested that reverse mismatch in
the septum might be a predictor of response to cardiac
resynchronization therapy [98].

Several imaging techniques are available for the assess-
ment of myocardial viability, all looking at different patho-
physiological aspects, which explains the occurrence of incon-
gruent results. PET, based on the assessment of cellular integ-
rity/metabolism, has in comparison with all other imaging
modalities the highest sensitivity in predicting regional func-
tion recovery after revascularization, in contrast to dobuta-
mine stress echocardiography, which has the highest specific-
ity by assessing the contractile reserve [99]. PET viability
imaging is, according to current evidence and expert-opinion,
preferred over SPECT, especially in patients with severe LV
dysfunction [9, 100].

Predictive and Prognostic Value PET viability imaging can
accurately predict improvement of regional wall motion, global
LV ejection fraction, heart failure symptoms, and exercise ca-
pacity following revascularization. The highest predictive value
can be obtained when perfusion is reduced >50 % and glucose
uptake is simultaneously relative high. According to a meta-
analysis by Schinkel et al. [99], PET can predict the regional
function recovery with a weightedmean sensitivity of 92% and
a specificity of 63 %, as well as the global contractile function
recovery with a weighted mean sensitivity of 83 % and a spec-
ificity of 64 %. Furthermore, it has been shown that patients
with PET-defined viable myocardium should undergo revascu-
larization as soon as possible, as every delay in interventionwill
make an improvement less likely [101, 102]. Additionally, PET
can provide prognostic information in patients with ischemic
cardiomyopathy in relation to their PET findings and their cho-
sen treatment strategy. In patients with viable myocardium, a
meta-analysis determined an annualized mortality rate of 4 %
when undergoing revascularization versus 17 % when receiv-
ing medical treatment, and in patients with non-viable myocar-
dium, the reported annualized mortality rate was 6 % when
undergoing revascularization versus 8 % when receiving med-
ical treatment [99]. Finally, assessment of myocardial viability
by PET has been explored in the randomized PARR-2 trial,
which investigated the effectiveness of PET-assisted manage-
ment in patients with severe LV dysfunction and suspected
CAD. The study demonstrated overall no significant reduction
in cardiac events for PET-assisted management versus standard

Table 2 Potential clinical applications of cardiac PET

Myocardial perfusion imaging (quantitative analysis)

• Evaluation of functional significance of known coronary artery
stenosis (as for instance diagnosed by prior CTA)

• Evaluation of complex stable coronary artery disease with or without
suspected Bbalanced ischemia^

• Evaluation of suspected microvascular disease/dysfunction

• Challenging body habitus (obese patients, women with large breasts)

• Contraindications for other imaging modalities (as for instance due to
metallic implants)

• Second-line test after other non-diagnostic imaging study

Myocardial viability imaging

• Advanced ischemic cardiomyopathy with severe left ventricular
dysfunction (EF <35 %)

• Second-line test in cases where therapeutic decision is still uncertain
after first imaging study

Inflammation imaging

• Evaluation of disease activity and response to treatment in cardiac
sarcoidosis

• Evaluation of difficult cases of prosthetic valve endocarditis and
cardiac device infections

CTA computed tomography angiography, EF ejection fraction; otherwise,
abbreviations as in Table 1

Table 3 Simplified rest
perfusion-metabolism (18F-FDG)
patterns in PET viability imaging

Myocardial state Perfusion Metabolism

Healthy Normal Normal

Viable

BPerfusion-metabolism mismatch^

Reduced Preserved/enhanced

Non-viable/scar

BPerfusion-metabolism match^

Reduced Reduced

Altered regional glucose metabolism

BPerfusion-metabolism reverse mismatch^

Preserved Reduced

Abbreviations as in Tables 1 and 2
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care. Hereby should be kept in mind that non-adherence to
PET-based recommendations was found in 25 % of the includ-
ed patients. However, in a post hoc subgroup analysis
(ADHERE arm) adherence to PET-based recommendations re-
garding therapy resulted in a significant survival benefit [92]. In
a further post hoc subgroup analysis, PET-guided management
resulted, in the setting of an experienced imaging center, also in
a significant reduction in cardiac events [103]. Taken together,
PET viability imaging has the clinical ability to identify high-
risk patients with severe LV dysfunction (ejection fraction
<35 %) who may benefit from revascularization, although fur-
ther evidence is needed.

Potential Clinical Applications The final choice of imaging
modality and diagnostic algorithm is, similar to those for the
diagnosis of stable CAD, based on several local conditions.
Table 2 summarizes potential clinical applications of PET

viability imaging, which are based on the techniques strengths
and currently available evidence.

Evolving Clinical Applications

Inflammation Imaging

Cardiac PET is a rapidly evolving imaging technique with
many promising applications, like myocardial innervation im-
aging [104, 105], aiming at the identification of patients at
high risk for sudden cardiac death or ventricular arrhythmia,
or vulnerable plaque imaging [106, 107], which more or less
all still search for their practical clinical role. In contrast, im-
aging of inflammatory cardiovascular disease has come a step
further and stands for certain indications, as highlighted be-
low, on the verge of routine clinical implementation, as more
and more evidence of its usefulness accumulates. An in-depth
review of this topic is beyond the scope of this article and the
interested reader is referred to dedicated literature [108–110,
111•, 112, 113•].

Cardiac Sarcoidosis 18F-FDG PET is, according to continu-
ously growing evidence, a valuable tool in the difficult diag-
nosis of cardiac sarcoidosis, as it is currently the only imaging
modality that can evaluate disease activity, monitor treatment
response, and evaluate the overall degree of dissemination in
the body (Table 2) [46, 114]. Although cardiac PET is not
included as diagnostic criteria for cardiac sarcoidosis by the
Japanese Ministry of Health and Welfare, it is considered part
of the current state of the art work-up according to expert
consensus [115, 116••]. This is partly due to promising results
from a meta-analysis concerning the diagnostic accuracy of
18F-FDG PET, which determined a pooled sensitivity of 89 %
(95 % CI 0.79–0.96) and specificity of 78 % (95 % CI 0.68–
0.86) [117]. Usually, 18F-FDG PET studies describe the char-
acteristic uptake pattern as focal (Fig. 3), diffuse or focal on
diffuse, but the combination with rest MPI allows an even
more detailed classification, namely in stages as early (inflam-
mation without scar), progressive (combined inflammation
and scar), and fibrotic (scar without inflammation) [114,
118]. Furthermore, it has been shown that the combination
of a focal perfusion deficit and 18F-FDG uptake identifies
patients at higher risk for death or ventricular tachycardia
[119•]. In the future, the method might reach its full potential
in combination with CMR, which already has an established
role in the diagnosis of cardiac sarcoidosis, by using a PET/
CMR approach.

Infective Endocarditis and Cardiac Device Infections 18F-
FDG PET has shown promising results in patients with pros-
thetic valve endocarditis and cardiac device infections [110,
120–124]. Adding an abnormal 18F-FDG uptake around a

Fig. 2 PET perfusion-metabolism imaging for the assessment of
myocardial viability. This study of a patient with chronic ischemic
cardiomyopathy, which utilized a combination of single-photon
emission computed tomography for myocardial rest perfusion imaging
and PET for metabolism imaging, illustrates typical rest perfusion-
metabolism patterns as encountered in viability imaging. Healthy
myocardium can be found in the lateral wall segments. Viable
myocardium, as indicated by a Bperfusion-metabolism mismatch,^ is for
instance present in the septal and anterior wall segments, as indicated by
white arrows. Non-viable myocardium, as indicated by a Bperfusion-
metabolism match,^ can for instance be found in the inferior wall, as
indicated by white stars. Finally, an altered regional glucose
metabolism, as indicated by a Bperfusion-metabolism reverse
mismatch,^ can be suspected in the inferolateral wall (yellow arrows).
18F-FDG fluorine-18 fluorodeoxyglucose, 99mTc-MIBI technetium
sestamibi; otherwise, abbreviations as in Fig. 1
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prosthetic valve as a new major criterion at admission in-
creased, according to Saby et al. [125], the sensitivity of the
modified Duke criteria from 70 % (95 % CI 0.52–0.83) to
97% (95%CI 0.83–0.99) for the diagnosis of prosthetic valve
endocarditis (Fig. 4). Furthermore, the reported diagnostic ac-
curacy in cardiac device infections is promising, with a sensi-
tivity of 89 % (95 % CI 0.72–0.96) and a specificity of 86 %
(95 % CI 0.42–0.99) [123]. In contrast, in native valve endo-
carditis, PETmay only have limited usefulness, apart from the
visualization of potential complications such as abscess for-
mation, perivascular extension, or embolic infection events.
Taken together, further evidence is needed before general rec-
ommendations can be made, but it seems that 18F-FDG PET
may be useful in difficult cases of infectious endocarditis and
cardiac device infections (Table 2).

Cost-Effectiveness Considerations

Cost-effectiveness plays in every health system a more and
more important role, due to overall limited resources in con-
tinuously aging populations. This is of special importance in
the field of cardiac imaging with its extensive but also redun-
dant possibilities. A comprehensive analysis of cost-
effectiveness is a rather complex issue, as not only the cost
of a single test, but also the indirect and induced costs of a
management algorithm have to be taken into account. By this
means, the high diagnostic accuracy of cardiac PET comes
into play, as it can contribute to a reduction in additional costs
caused by either unnecessary subsequent diagnostic/
therapeutic procedures due to false positive tests or eventual
complications due to false negative tests, despite its high costs
of a single test. This aspect has been shown in a mathematical
model by Patterson et al. [126], who compared the cost-
effectiveness of exercise ECG, SPECT, PET, and invasive

coronary angiography in the diagnosis of CAD. According
to their model, PET showed the lowest cost per effect or cost
per utility unit in patients with a pre-test probability <70 % for
CAD. Similar results have also been found by Gould et al.
[127]. These theoretical assumptions were confirmed in a pro-
spective clinical study by Merhige et al. [128], which demon-
strated that a PET-based algorithm in patients with intermedi-
ate pre-test probability for CAD could reduce the downstream
use of invasive coronary angiography and thereby enable cost
savings. Additionally, further aspects can contribute to cost
savings, namely a high patient throughput in combination
with the relatively short duration of PET imaging protocols,
which also improves the overall patient comfort. Similar as-
pects have to be considered concerning the cost-effectiveness
of PET viability imaging, which has a proven influence on
clinical decision-making [129]. Furthermore, it has been
shown that a PET-based selection of patients with poor LV
function for coronary artery bypass grafting might be cost-

Fig. 3 18F-FDG PET for the assessment of cardiac sarcoidosis. In this
patient with known sarcoidosis of the lungs, new-onset syncope and
intermittent third-degree atrioventricular block, a cardiac PET study
revealed an increased focal 18F-FDG uptake in the septal and inferior
wall segments, which is a finding consistent with an active cardiac

engagement (a). Furthermore, extensive delayed enhancement (white
arrow) was demonstrated in the same wall segments in a prior
cardiovascular magnetic resonance (CMR) study (b). Permanent
pacemaker electrode indicated by white star. CT computed tomography;
otherwise, abbreviations as in Figs. 1 and 2

Fig. 4 18F-FDG PET for the assessment of prosthetic valve endocarditis.
Abnormal 18F-FDG uptake (arrow) is shown around a prosthetic aortic
valve (white star), which suggests the presence of prosthetic valve
endocarditis. Abbreviations as in Figs. 1, 2, and 3
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effective [130]. Altogether, additional studies are needed to
shed further light on this important but rather complex issue.

Conclusions

Cardiac PET is a valuable, quantitative, non-invasive imaging
modality, which can be useful in the setting of an individual-
ized, patient-centered imaging approach. Myocardial perfu-
sion and viability imaging are, as a result of growing evidence
for their diagnostic and prognostic usefulness, established
clinical indications that may be cost-effective, due to the high
diagnostic accuracy of cardiac PET, despite high single-test
costs. Even new, promising clinical indications, as in the field
of inflammation imaging, are entering the clinical arena and
may contribute to a better diagnosis and overall patient care.
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