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Abstract 
Hybrid imaging consists of a combination of two or more imaging modalities, which equally contribute to image information. 
To date, hybrid cardiovascular imaging can be performed by either merging images acquired on different scanners, or with 
truly hybrid PET/CT and PET/MR scanners. The European Association of Nuclear Medicine (EANM), and the European 
Association of Cardiovascular Imaging (EACVI) of the European Society of Cardiology (ESC) aim to review clinical situ-
ations that may benefit from the use of hybrid cardiac imaging and provide advice on acquisition protocols providing the 
most relevant information to reach diagnosis in various clinical situations.
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Preamble

The European Association of Cardiovascular Imaging 
(EACVI) of the European Society of Cardiology (ESC) rep-
resents the world-leading network of cardiovascular imaging 
experts, providing a unified community gathering four imaging 
modalities under one entity (echocardiography, cardiovascular 
magnetic resonance, nuclear cardiology and cardiac computed 
tomography).

The European Association of Nuclear Medicine (EANM) 
is a professional non-profit medical association that facilitates 
communication worldwide between individuals pursuing clini-
cal and research excellence in nuclear medicine. The EANM 
was founded in 1985. EACVI and EANM members are physi-
cians, technologists, and scientists specializing in the research 
and practice of cardiovascular imaging.

Each consensus paper, representing a clinical consensus state-
ment by the EACVI/EANM, has undergone a thorough consen-
sus process in which it has been subjected to extensive review. 
The EACVI and EANM recognize that the safe and effective use 
of diagnostic nuclear medicine imaging requires specific training, 

skills, and techniques, as described in each document. Reproduc-
tion or modification of the published consensus paper by those 
entities not providing these services is not authorized.

The clinical consensus statement is an educational tool 
designed to assist practitioners in providing appropriate care 
for patients. They are not inflexible rules or requirements 
of practice and are not intended, nor should they be used, 
to establish a legal standard of care. For these reasons and 
those set forth below, both the EACVI and the EANM caution 
against the use of these consensus papers in litigation in which 
the clinical decisions of a practitioner are called into question.

The ultimate judgment regarding the propriety of any spe-
cific procedure or course of action must be made by the phy-
sician or medical physicist in light of all the circumstances 
presented. Thus, there is no implication that an approach 
differing from the consensus papers, standing alone, is below 
the standard of care. To the contrary, a conscientious prac-
titioner may responsibly adopt a course of action different 
from that set forth in the consensus paper when, in the rea-
sonable judgment of the practitioner, such course of action 
is indicated by the condition of the patient, limitations of 
available resources, or advances in knowledge or technology 
subsequent to publication of the consensus paper.
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The practice of medicine includes both the art and the sci-
ence of the prevention, diagnosis, alleviation, and treatment 
of disease. The variety and complexity of human conditions 
make it impossible to always reach the most appropriate 
diagnosis or to predict with certainty a particular response 
to treatment.

Therefore, it should be recognized that adherence to these 
consensus papers will not ensure an accurate diagnosis or a 
successful outcome. All that should be expected is that the 
practitioner will follow a reasonable course of action based 
on current knowledge, available resources, and the needs of 
the patient to deliver effective and safe medical care. The 
sole purpose of these consensus papers is to assist practition-
ers in achieving this objective.

Introduction

Hybrid imaging consists of a combination of two or more 
imaging modalities, which equally contribute to image infor-
mation [1]. In recent years, the use of hybrid cardiovascular 
imaging has increased in parallel with the development of 
integrated systems that combine morphological and ana-
tomic imaging from computed tomography (CT) or mag-
netic resonance (MR) with molecular/functional imaging 
provided by nuclear medicine modalities such as positron 
emission tomography (PET) or single-photon emission com-
puted tomography(SPECT) [2–5].

To date, hybrid cardiovascular imaging can be performed 
by either merging images acquired on different scanners, or 
with truly hybrid PET/CT and PET/MR scanners. Of note, 
the image quality provided by CT or MRI scanners inte-
grated within hybrid imaging systems has now become close 
to that offered by stand-alone scanners [6].

Cardiac hybrid imaging has the advantage of providing 
as a one-stop shop non-invasive imaging procedures with 
reduced acquisition time. Furthermore, the combination of 
both morphological and functional/molecular information 
can improve overall diagnostic accuracy and risk stratifi-
cation e.g. in patients with suspected coronary artery dis-
ease (CAD) [7–11] and cardiac inflammatory or infectious 
diseases [5]. Hybrid imaging is, however associated with 
increased radiation exposure and should only be used if there 
is a clear medical benefit for patients and radiation dose 
minimization. In this document, experts from the European 
Association of Nuclear Medicine (EANM), and the Euro-
pean Association of Cardiovascular Imaging (EACVI) of 
the ESC have reviewed clinical indications that may benefit 
from the use of hybrid cardiac imaging and provided optimal 
acquisition protocols for each situation.

Hybrid imaging with CT

CT protocols

In the context of hybrid imaging, there are three main cat-
egories of CT protocols, all typically being acquired dur-
ing a single breath-hold and with possible integration of 
the electrocardiogram (ECG) signal in order to minimize 
cardiac-motion artifacts during the scan. Coronary Artery 
Calcium Scoring (CACS) CT is a non-contrast, ECG-gated 
CT scan that is used to measure the amount of calcium in 
the coronary arteries. By contrast, CT coronary angiogra-
phy (CCTA) is acquired during the arterial phase of a bolus 
injection of iodinated contrast media (around 100  ml). 
Acquisition of the coronary vessels in held-inspiration 
allows assessment of luminal stenoses and coronary plaque 
with minimum artifacts attributed to coronary artery motion. 
Furthermore, CT angiography is also commonly used (with 
a very similar protocol, i.e. contrast-enhanced ECG-gated 
non-coronary CT angiography) to image the aorta, cardiac 
implants and pulmonary veins and to evaluate valvular 
anatomy prior to Transcatheter Aortic Valve Implantation 
(TAVI) [12] or in the assessment of infective endocarditis. 
In addition, low-dose CT without breathing instruction and 
without ECG-gating are commonly performed to correct for 
attenuation of tomographic emission acquisitions either from 
SPECT or PET (Table 1).

CACS can be obtained with a 16-slice CT scanner, but a 
64-slice scanner or more advanced is required to performe  
CCTA. It should be noted that the CT components included 
in hybrid devices may be technically less advanced than 
stand–alone systems due to the system’s size in addition to 
financial considerations.

Contraindications for CCTA include known severe aller-
gic reactions or anaphylaxis to iodinated contrast material, 
inability to co-operate with scan acquisition/breath-hold 
instructions, and an unstable clinical condition [13]. Iodi-
nated contrast material is associated with a risk of worsening 
of renal insufficiency that needs to be considered in patients 
with impaired renal function according to local protocols 
[13]. Pregnancy is often a contraindication to modalities 
involving radiation exposure, due to potential effects of 
radiation to fetus [13, 14]. In addition to the above con-
traindications, there are patient-related variables that affect 
the diagnostic accuracy of CCTA and CACS especially 
if performed on a hybrid system, wherein the CT compo-
nent may be less efficient than stand-alone, fast CT scan-
ners. Specifically, an irregular heart rate (atrial fibrillation 
or frequent ectopic beats), a fast heart beat that cannot be 
rate-controlled, severe obesity and the inability to perform 
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breath-holding are associated with increased likelihood of 
non-diagnostic image quality due to motion artifacts [13]. 
An overview of the different CT protocols is displayed in 
Fig. 1. Since the CT component in hybrid systems can be  
less advanced than stand-alone, new generation CT scanners,  
advice may partly differ to those published for stand-alone 
CT modalities [15, 16].

Radiation exposure

In PET/CT and SPECT/CT systems, both nuclear imaging 
and CT components contribute to ionizing radiation expo-
sure. Special attention should be taken to minimize radia-
tion burden. As mentioned, the image quality and the radia-
tion dose are a function of the used CT and PET/SPECT 
system, but patient-specific factors such as chest diameter 
and scan range may contribute as well. Although the range 

of exposures is not as large as in early studies investigat-
ing radiation doses from different CT scanner generations 
[17], the individual radiation exposure can vary substan-
tially with the CT system, its age being a relevant indicator 
[18]. For example, using commonly available single-source 
64-slice CT scanners with a prospectively ECG-triggered 
step-and-shoot acquisition protocol, it is possible to con-
sistently perform a CCTA with an absorbed radiation dose 
of 2 to 10 mSv [19]. CT scan for CACS evaluation adds 
less radiation (0.5–2 mSv) to the patient than CCTA [20]. 
Dedicated stand-alone cardiac CT systems for coronary and 
structural diseases might have more optimal radiation pro-
file and imaging protocols for young individuals if available 
at the local hospital setting. Radiation exposure of patients 
depends not only from the type of scanner used, but also 
from other factors including patient geometry and cardiac 
rhythm. A detailed review on doses from ionizing radiation 

Fig. 1  Different CT protocols commonly used in cardiovascular 
imaging. A: non-enhanced CT for the anatomical localization; B: 
non-enhanced CT for attenuation correction (AC); C: non-enhanced, 

ECG-gated CT for the assessment of coronary artery calcium score 
(CACS); D: CT-based angiography with contrast medium (CTA); E: 
CT-based, ECG-gated coronary angiography (CCTA)

Table 1  Technical parameters of different CT protocols

CT for attenua-
tion correction

Nonenhanced CT for 
anatomical localization

ECG-gated nonen-
hanced CT (CACS)

CT angiography ECG-gated CT angiography

mAs 20 to 40 20 20 to 40 150 to 350 150 to 350
kVp 80 to 100 80 100 to 120 80 to 120 80 to 120
Slice thickness 5 mm 5 mm 2 mm 1–2 mm 0.75 mm
Matrix size 512 × 512 128 × 128 512 × 512 512 × 512 512 × 512
Contrast medium no no no Yes, 4–5 ml/min Yes, 4–5 ml/min
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in cardiovascular CT summarizing data from large interna-
tional cohorts was recently published by Kędzierski et al. 
[21]. In summary, image quality and patient radiation dose 
are influenced by a variety of factors some of which are 
hardware dependent whilst others can and should be opti-
mized: the latter include decreasing the X-ray voltage, regu-
lating the tube current with ECG, employing iterative and 
potentially deep learning reconstruction methods, limiting 
the scan range (avoiding the “safety margin”), utilizing pro-
spective gating, implementing automatic exposure control, 
and finally managing heart rate [17, 21, 22].

Artifacts

There are several challenges associated with cardiac hybrid 
imaging. The merging of two distinct data sets, such as 
PET or SPECT and CT, into a single cohesive data set, 
which is referred to as image registration, can be challeng-
ing. The task requires accurate alignment of the two images 
in three-dimensions prior to clinical reading, which can 
be complicated by discrepancies in patient placement and 
movement, as well as disparities in the timing and duration 
of the imaging protocols. In the setting of hybrid imaging, 
this is further complicated by the fact that the PET or SPECT 
scatter and attenuation relies on accurate alignment between 
the two modalities [23–25]. Thus, strict quality control prior 
to clinical reading and, if necessary, motion correction and 
re-reconstruction are mandatory [26, 27]. In the latest years, 
several attempts have been done to minimize the possibility 
of incorrect data due to misregistration, especially if such 
misregistration was caused by patient’s movement [28, 29].

The introduction of digital “SPECT-only” systems using 
CZT detectors and employing a “dentist-chair” approach 
can reduce the presence of attenuation artifacts to some 
degree, and adding CT data, also acquired on other devices, 
increases readers’ confidence and diagnostic accuracy [30]. 
Differences in patient's position between the two scans can 
result in new “positional” artefacts, which need to be con-
sidered. There is evidence that the incidence of positional 
artifacts in females, individuals with higher BMI, and adeno-
sine stress subsets is higher when the examination is per-
formed in a semi-reclining position [31].

An additional factor in hybrid cardiac imaging is the 
propagation of modality-specific artifacts into the other 
modality, in particular metal artifact associated with CT. 
With the increasing presence of implantable devices, this is 
becoming a more important problem [32–34]. While recent 
studies confirm the reliability of metal artefact reduction 
(MAR) algorithms on CT images to increase the image 
interpretability [35], it is worth noting that improvements 
in CT acquisition always take some time before they are 
migrated to hybrid systems.

Myocardial perfusion imaging

To date, there are several indications for the use of CT in 
combination with myocardial perfusion imaging (MPI). The 
most widespread indication relies on the implementation of 
a low-dose CT for the correction of tissue attenuation (AC). 
While AC CT is currently mandatory for PET MPI, its use in 
SPECT MPI is to date not fully embedded in clinical proto-
cols at all institutions. However, it was demonstrated in sev-
eral papers that AC improves diagnostic accuracy in SPECT 
MPI, especially in obese patients [30, 36, 37].

The second indication is the assessment of CACS. The 
latter allows for the detection of coronary calcium burden 
with the potential to predict the presence of obstructive CAD 
in patients without known coronary stenosis, and to provide 
outcome data regarding future coronary events [38]. Beyond 
the key role of CACS in the primary CAD prevention, infor-
mation derived from its evaluation are complementary to 
MPI [39]. Very high CACS may prompt invasive coronary 
evaluation in cases of unclear MPI, and high CACS associ-
ated with direct or indirect signs of left ventricular (LV) 
dysfunction after stress on ECG-gated images may increase 
suspicion of balanced myocardial ischemia, as seen in three-
vessel CAD [40]. While a calculated CACS of 0 is consist-
ent with a < 1% risk of having a significant coronary steno-
sis in the general population [41] and there is a significant 
association between increasing CACS and the prevalence 
of ischemia on MPI SPECT [42], a CACS score of 0 does 
not necessarily exclude obstructive disease in symptomatic 
patients. However, CACS helps to indicate the presence of 
non-obstructive coronary plaques without hemodynamic sig-
nificance on MPI and may also identify a group of patients at 
increased risk during long-term follow-up, who may benefit 
from preventive treatment. An observational study indicates 
that in patients with moderate or high CACS (> 100), the use 
of statin therapy is associated with lower rate of cardiovascu-
lar events, whereas a CACS of 0 is linked to lower event risk 
and, possibly, little or no benefit from statins [43]. It should 
also be noted that CACS showed an additive role to perfu-
sion PET for patient risk stratification [44, 45]. As such, the 
additional acquisition of a dedicated CT to calculate CACS 
should be advised in patients without known CAD in view 
of the diagnostic and prognostic value of CACS [41, 46–48].

Finally, as third indication, CCTA can complement infor-
mation from MPI, in particular in patients with unclear find-
ings on their perfusion scan, thereby informing on the need 
for invasive coronary angiography (ICA).

As hybrid PET/CT imaging will increase the radiation 
dose to the patient, since both techniques utilize ionizing 
radiation, additional exposure to radiation caused by the use 
of two instead of one imaging modality needs to be weighed 
against potential benefits, especially in young individuals.
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Integration of the PET and CT information and image 
fusion enable effective combination of myocardial perfusion 
imaging with anatomical coronary plaque assessments. Sev-
eral studies support the complementary role of the diagnos-
tic and prognostic information provided by CCTA and PET 
perfusion imaging in the evaluation of CAD. For example, 
the capability of PET perfusion imaging to detect myocar-
dial ischemia [49, 50] can be useful in further assessment 
of intermediate angiographic stenoses detected by CCTA 
[51]. Assessment of ischemia by perfusion imaging can be 
also helpful in further evaluation of coronary segments with 
image artefacts on CCTA [51]. The use of hybrid imaging 
may be particularly helpful in evaluation of patients with 
previous revascularization in whom there may be artefacts 
from metal objects such as coronary stents [52] or after 
coronary artery bypass graft surgery (CABG). The Bypass 
CTCA Trial showed that CCTA before invasive coronary 
angiography (ICA) leads to reductions in procedure time 
[53]. Coupled with MPI, this imaging modality would pro-
vide important information on location, extent, morphologi-
cal characteristics and hemodynamic significance of coro-
nary lesions, thus allowing for a more streamlined decision 
on the most adequate therapeutic options. Furthermore, a 
hybrid approach can have important advantages in selected 
patients, e.g. those with unclear MPI or those with a need 
to correctly assign an ischemic area to the correct subtend-
ing territory. In fact, regional perfusion defects within the 
myocardium are usually assigned to the relevant vascular 
territories by applying a mental co-registration between MPI 
and standardized LV segmentation models [54] but coro-
nary anatomy can vary considerably among individuals [55], 
and the correct assignment can be challenging in case of 
ischemia e.g. in the standard right coronary artery (RCA) 
and left circumflex artery (LCX) territories [56]. As such, 
the use of hybrid MPI/CCTA imaging may be advised in 
order to assess the hemodynamic significance of residual 
stenoses in patients who had undergone PCI in another ves-
sel, and in those patients with multiple potentially obstruc-
tive stenoses on a previously performed CCTA [57]. Finally, 
with regard to myocardial flow quantification, hybrid imag-
ing can help to differentiate reduced myocardial flow reserve 
due to multi-vessel CAD from coronary microvascular dys-
function in the absence of obstructive CAD [58].

Consistent with these advantages over stand-alone modal-
ities, several studies have shown that combination of CCTA 
with the detection of myocardial ischemia by PET perfusion 
imaging is feasible and provides high diagnostic accuracy 
for the detection of obstructive CAD [10, 59–62].

Furthermore, a meta-analysis compared hybrid CCTA 
and perfusion imaging with either SPECT, PET or MRI with 
CCTA alone (12 diagnostic studies and 951 patients in total) 
for the detection of obstructive CAD defined as luminal 

diameter reduction of at least 50% by invasive angiography 
[63]. This meta-analysis found that whilst the pooled sen-
sitivity of hybrid imaging was comparable to that of CCTA 
on per-patient (91% vs. 90%) and per-vessel (84% vs. 89%) 
basis, the specificity was markedly improved at both the per-
patient (93% vs. 66%) and per-vessel (95% vs. 83%) levels. 
The overall diagnostic performance was also improved on a 
per-vessel basis (area under the curve 0.97 vs. 0.92).

A more recent single-center prospective study compared 
hybrid imaging with stand-alone imaging in 208 patients 
who underwent CCTA,  [15O]-Water PET perfusion imag-
ing and ICA combined with measurement of fractional flow 
reserve (FFR) in all arteries [64]. In this study, the addition 
of functional imaging to CCTA improved specificity for the 
detection of obstructive coronary artery disease, at expenses 
of reduced sensitivity. Another recent study also found that 
in patients with suspected obstructive stenosis at CCTA, 
 [82Rb]Chloride PET increased specificity up to 89%, which 
renders  [82Rb]Chloride PET an important second-line imag-
ing technique after CCTA. It should be noted that the loss 
in sensitivity may be due to the use of 0.80 as a threshold 
for FFR, given that a clear threshold for FFR is challenging 
to determine [65].

More importantly, emerging evidence indicates that 
combined anatomic and functional information can play a 
complementary role by further refining cardiovascular risk 
prediction. In patients with obstructive lesions on CCTA, 
additional evidence of ischemia on hybrid imaging is associ-
ated with a high event risk [52].

The association of SPECT and CCTA results in improved 
diagnostic accuracy over each imaging modality as stand-
alone [7, 9, 10]. In this regard, the addition of CT also allows 
the detection of non-obstructive CAD, also providing with 
prognostic information. However, routine acquisition of 
combined SPECT/CCTA imaging is currently not advised 
owing to the higher radiation exposure compared to MPI 
alone. Conversely, a more important role may be secured 
for hybrid PET/CCTA. The clinical indications may be simi-
lar to those of perfusion PET scans [14, 66, 67], but in the 
abovementioned clinical scenarios a gain in diagnostic and 
prognostic values is expected.

The evidence regarding the use of SPECT/CT and PET/
CT systems in Equilibrium Radionuclide Angiocardiography 
(ERNA) is scarce. Recently, Carsuzaa et al. investigated the 
use of a 3D-ring CZT (SPECT-CT) general purpose sys-
tem for left ventricular ejection fraction (LVEF) and cardiac 
function evaluation [68]. Based on their preliminary results, 
there was no significant difference in LV volumes, LVEF 
and right ventricular ejection fraction (RVEF) between this 
system and a cardiac-dedicated CZT camera. Moreover, 
Ben Bouallègue et al. showed that gated first-pass  [18F]FDG 
PET/CT of the cardiac cavities may represent an alternative 
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technique for LV function evaluation [69]. It should be noted 
that the clinical use of ERNA is now declining and often 
used as second line imaging test after echocardiography 
techniques and CMR, which are not associated with radia-
tion exposure.

Pitfalls and artefacts

AC is intrinsically more accurate for PET than for SPECT 
acquisitions owing to emission of simultaneous dual vs. sin-
gle gamma rays, the higher energy of the emitted photons 
and the more efficient detection of signal. The attenuation 
map is typically based on a transmission scan like CT, and 
more often relies on measured transmission data acquired 

before (preinjection), during (simultaneous), or after (postin-
jection) the emission scan. This approach is used both for 
PET and SPECT, taking into consideration the different con-
tribution of photon attenuation in the two modalities. Due to 
the different physical principles, the magnitude of the correc-
tion factors required for PET is far greater than for SPECT 
[70]. Consequently, precise co-registration between MPI and 
CT is required to yield accurate generation of the attenuation 
map. Conversely, incorrect co-registration between MPI and 
CT can result in apparent perfusion defects due to errors 
in the generation of the attenuation map (Fig. 2) [71]. For 
the same reason, some perfusion abnormalities may falsely 
disappear on AC-images, thus reducing the sensitivity of the 
examination [25, 72, 73].

Fig. 2  False-positive nuclear 
scan due to the CT registration 
error resolved by the automatic 
correction in a 44-year-old 
male presenting with short-
ness of breath. PET and CTAC 
images fused before alignment 
(A) and after rigid alignment 
(B). Misalignment is indicated 
by the white arrow head (A). 
Stress perfusion PET images 
before alignment (C) and after 
alignment (D) and polar maps 
are shown with the white arrow 
indicating the perfusion artifact 
due to misalignment. Quantita-
tive total perfusion defect (TPD) 
was 11% (C right), when no 
correction for alignment was 
performed (ITPD after manual 
verification was also 11%) 
compared to a normal scan 
(TPD 1.8%) after automatic 
registration (D right). Invasive 
coronary angiography did not 
show significant coronary artery 
disease (Reprinted with Permis-
sion of Springer from [71], no 
changes were made)
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The use of CT for tissue AC in MPI therefore requires 
accurate analysis of the images acquired with the two tech-
niques to verify the correct superposition of the images and 
training in the interpretation of the corrected SPECT images 
to identify the presence of artefacts induced by the attenu-
ation correction.

Inflammation and infection imaging

The number of patients referred for  [18F]FDG PET/CT imag-
ing to depict cardiovascular inflammation or infection has 
continuously increased over the past 20 years. For these 
clinical indications, CT protocols allow for accurate AC of 
PET acquisitions, but can also provide anatomical informa-
tion to aid in the diagnosis.

Endocarditis

[18F]FDG PET/CT has a recognised role in the diagnosis of 
infective endocarditis (IE), mainly in patients with prosthetic 
heart valves (PHV) or cardiac implantable electronic devices 
(CIED). The European Society of Cardiology (ESC) guide-
lines for the management of IE, published in 2023, recom-
mend the use of additional imaging modalities when echocar-
diography and blood cultures result in a “possible” diagnosis 
of IE or a “rejected” diagnosis with persisting high suspicion 
[74]. Hence, CT and PET scans now have a central role (as 
does echo) in diagnosing valvular, perivalvular/periprosthetic 
and foreign material anatomic and metabolic lesions [75, 76]. 
The international consensus document on CIED Infection 
criteria [34] as well the European Heart Rhythm Associa-
tion (EHRA) of the ESC international consensus document 
on cardiac implantable electronic device infections [77] also 
introduced nuclear imaging for the diagnosis of CIED-related 
infections and complications. In this clinical scenario, CT is 
used for AC and for anatomical localization of both cardiac 
and extracardiac foci of  [18F]FDG uptake and to evaluate their 
association with the implanted material. The combined acqui-
sition of  [18F]FDG PET with CCTA within one single imag-
ing session yields more accurate localisation of the  [18F]FDG 
PET signal in relation to cardiac structures and, in the case 
of prosthetic valve endocarditis, also aids in the detection of 
paravalvular abscesses and pseudoaneurysms. Hence, hybrid 
PET/CCTA allows to combine  the high sensitivity of  [18F]
FDG PET to detect infectious foci with the high spatial reso-
lution of CCTA to detect structural lesions associated with 
IE. As such,  [18F]FDG PET/CCTA may allow simultaneous 
assessment of two major Duke criteria (abnormal activity 
around the site of prosthetic valve implantation by  [18F]FDG 
PET/CT and definite paravalvular lesions by CCTA, [78] in 
a single study. Additionally, minor Duke criteria (vascular 
phenomena such as major arterial emboli, septic pulmo-
nary infarcts, infectious aneurysm) can be confirmed with 

whole-body acquisitions. Finally, the simultaneous acquisition 
of CCTA can also assess the coronary arteries and thoracic 
aorta in candidates for invasive procedures, thereby guiding 
decision-making.

Studies exploring the additional value of combining 
CCTA with  [18F]FDG PET in IE are scarce, but there is a 
clear tendency toward the demonstration of an improvement 
in diagnostic accuracy if the two techniques are combined 
(Fig. 3) [79]. PET/CCTA allows for reducing the rate of 
equivocal examinations compared to PET with standard 
contrast-enhanced CT, mainly due to the correct attribu-
tion of focal  [18F]FDG uptakes to the prosthetic material 
especially in cases of incomplete myocardial suppression. 
Furthermore, the more accurate co-registration between PET 
and CCTA and the detection of a significantly higher num-
ber of structural lesions associated with IE compared with 
echocardiography or standard  [18F]FDG PET/CT allows for 
improved diagnostic accuracy. In a study by Pizzi MN et al. 
[80], the addition of CCTA to the standard  [18F]FDG PET/
CT protocol reduced the number of equivocal IE cases from 
20 to 8%, mainly by reclassifying doubtful cases into nega-
tive ones. This translated into higher diagnostic accuracy 
for  [18F]FDG PET/CCTA than standard  [18F]FDG PET/CT 
with a sensitivity, specificity, PPV, and NPV of 91%, 901%, 
93%, and 88%, vs. 86%, 88%, 90%, and 83%, respectively.

The presence of these structural lesions as well as infor-
mation on the size, anatomy and calcification of the aortic 
valve, root, and ascending aorta in patients with aortic IE 
and the presence of coronary artery disease may be rel-
evant for subsequent clinical and surgical decision-making. 
Recent studies demonstrated that  [18F]FDG PET/CT com-
bined with CCTA can be useful  after transcatheter aortic 
valve replacement (TAVR). Salaun E et al. reported that a 
multimodality imaging approach, according to the 2015 
ESC modified criteria, has an excellent diagnostic value in 
patients with suspected IE after TAVR (sensitivity = 100% 
for definite-IE diagnosis) compared to the modified Duke 
criteria (sensitivity = 50%) [81]. Similar advances have 
been reported in post-operative patients after TAVR [82] 
as well as in patients with congenital heart disease and 
intravascular or intracardiac prosthetic material [83]. In 
CIED infections, the addition of CCTA may have limited 
additional value, but further studies are needed to evaluate 
its role in this setting.

White-blood-cell (WBC) scintigraphy has demonstrated 
its value for the diagnosis of IE [84]. WBC scintigraphy pro-
vides high specificity for the detection of prosthetic or CIED 
infection and may help to discriminate inflammation from 
infection in the presence of doubtful  [18F]FDG PET images 
[85]. For WBC scintigraphy, planar acquisitions are fol-
lowed by SPECT acquisitions to increase the sensitivity of 
detecting the accumulation of radiolabelled leukocytes in the 
cardiac region. SPECT acquisitions are usually associated 
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with non-ECG-gated low-dose CT acquisitions for attenua-
tion correction and for a more precise localisation of the sig-
nal to the heart. Considering the strengths and weaknesses 
of  [18F]FDG PET (higher sensitivity, lower specificity) and 
WBC SPECT/CT (lower sensitivity, higher specificity) [86], 
it is advised that  [18F]FDG PET is performed first with WBC 
scintigraphy used as second line test in case of unclear find-
ing of  [18F]FDG PET imaging.

Pitfalls and artifacts

Similar to perfusion imaging, spatial mismatch may exist 
between PET or SPECT and CT images, as PET or SPECT 
acquisitions are averaged over few minutes, whereas CT 
acquisitions last only few seconds. Integration of the all the 
clinical data plays a crucial role to avoid misinterpretation, 
this includes the details of the surgical technique, the type 
of material implanted (e.g. use of surgical glue which may 
cause false positive  [18F]FDG uptake) as well as the presence/
absence of associated anatomical lesions on CT and the accu-
rate localization of  [18F]FDG uptake to prosthetic material.

Typical pitfalls of hybrid PET/CCTA imaging in the diag-
nostic workup of endocarditis are:

– inadequate suppression of physiological myocardial 
[18F]FDG uptake. Fusion with CCTA may improve the 
delineation of the prosthetic valve and allow for better 
differentiation of pathological periprosthetic  [18F]FDG 
uptake from residual myocardial FDG uptake. However, 
a specific patient’s preparation is also mandatory (car-
bohydrate-free diet for 24–72 h prior to the examination 
and/or administration of heparin [87].

– patient movement. It may result in emission-transmission 
misregistration, but many software programs now allow 
proper realignment and co-registration of the images.

– CT artefacts. For example, metallic structures and highly 
dense calcium have high attenuation coefficients, which 
lead to local overestimation of  [18F]FDG activity or 
WBC signal and may result in false-positive findings. 
For the interpretation of  [18F]FDG PET/CT and WBC-
SPECT acquisitions in patients with a suspicion of 
infected prosthetic material, current recommendations 
have therefore underscored the importance of confirming 
the presence of an abnormal  [18F]FDG or WBC signal 
on the non-attenuation corrected PET or SPECT images 
which increases the likelihood of pathological vs. arte-
factual findings.

Fig. 3  A Large aortic veg-
etation (arrow) in late (3 years 
post-implantation) prosthetic 
aortic valve endocarditis, blood 
culture–positive for Staphy-
lococcus epidermidis. (B) 
Paravalvular fistula (arrows) 
in late (15 years post-implan-
tation) prosthetic aortic valve 
endocarditis, culture-positive 
for Streptococcus bovis. (C) 
Poorly delimited perivalvular 
soft tissue mass (asterisks) cor-
responding to a periprosthetic 
abscess in a patient with infec-
tive endocarditis (9 years post-
implantation), culture-positive 
for Enterococcus faecalis. (D) 
Multilobulated periprosthetic 
pseudoaneurysm (asterisks) 
in a patient with relapsing 
endocarditis (11 months post-
implantation), culture-positive 
for Mycobacterium avium 
intracellulare. CTA = computed 
tomography angiography. 
Reprinted with permission of 
Elsevier from [79]
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– Biologic and foreign material commonly results in posi-
tive  [18F]FDG uptake. Especially the aortic prostheses may 
have persistent, high signal at the anastomosis sites. CT 
allows the assessment of periannular aortic epicardial fat 
density, which may help demonstrating true infectious foci.

– Antibiotic therapy.  [18F]FDG PET imaging once patients 
have been established on antibiotic therapy may lead to 
false negative results particularly in patients in whom 
the C-reactive protein levels have been effectively sup-
pressed.

– Postoperative assessment. The assessment of IE 
affecting prosthetic valves in the postoperative period 
is more challenging due to high heterogeneous signal 
persistent in uncorrected images, sometimes associated 
with morphological lesions on CT scan, which are para-
physiological but may mimic an IE.

Vasculitis

Large vessel vasculitis (LVV) is the most common form 
of primary vasculitis and encompasses giant cell arteri-
tis (GCA) and Takayasu’s arteritis (TA) [88, 89]. Typical 
aspects in favor of active LVV on CTA or contrast-enhanced 
MRI are the presence of diffuse, non-calcified circumferen-
tial thickening (> 2 mm) of the vascular wall with adventitial 
enhancement. CTA can identify stenotic lesions, especially 
in TA [90] and allows for the evaluation of both the loca-
tion and extent of the lesions with excellent spatial reso-
lution [91]. Moreover, CTA helps to detect morphological 
alterations, such as vascular stenosis, occlusion, or ectasia, 
as well as surrounding edema or tissue reactions. In chronic 
disease stages, CTA is an alternative to MRI for detecting 
late complications such as aneurysm formation, which may 
affect 1/3 of patients after long-term follow-up [92] and is 
helpful in planning percutaneous and surgical treatment 
[93]. In addition to morphological imaging,  [18F]FDG PET 
provides high sensitivity for the detection of inflammation 
affecting large arterial walls [94, 95]. Concerning specific-
ity, CTA has a reported value of 85%, while  [18F]FDG PET 
as high as 100% for the detection of GCA-related aortitis 
[96]. As such, a hybrid PET/CTA approach is useful to 
combine detection of the morphologic and metabolic fea-
tures that characterize LVV. On CTA, wall thickening may 
be mistaken for atherosclerotic plaques and focal  [18F]FDG 
uptake may be detected in inflamed atherosclerotic plaques 
on PET [97]. Combined analysis of morphological aspects 
of the vessel wall with CTA and the  [18F]FDG signal on 
PET may help define whether the vascular  [18F]FDG signal 
originates from active vasculitis or from inflammatory activ-
ity in atherosclerotic plaques. Again, LVV is usually associ-
ated with a circumferential pattern of increased  [18F]FDG 
PET activity and wall thickening that can be differentiated 
from the more patchy distribution of plaque and  [18F]FDG 

uptake associated with atheroma. Evidence is limited for 
the role of MRI in GCA, but MRI is widely used to assess 
cranial involvement in GCA and to image the morphological 
vascular changes observed in TAs. Patients’ younger age at 
diagnosis and need for lifelong surveillance imaging may 
favor the use of MRI in combination with PET, in order to 
reduce radiation burden in patients with Takayasu’s arteritis, 
although there is currently limited evidence to support the 
use of hybrid imaging in this context.

Pitfalls and artifacts

CTA :

– motion artefacts in proximal segments of the thoracic 
aorta on non-gated CT acquisitions. This can be easily 
overcome by performing ECG-gated acquisitions of the 
thoracic aorta.

– The use of contrast agent may reduce the accuracy of 
attenuation correction, unless CT data are collected in the 
equilibrium or venous phase (i.e. delayed acquisition), 
with the advantage of radiation dose reduction.

[18F]FDG PET:

– Patient movement occurring between PET and CT acqui-
sitions, in particular for the imaging of supra-aortic 
trunks. To minimize this consider using a head-neck 
holder and attempt to shorten the delay between CT and 
PET acquisitions (dedicated PET/CT step).

– lower sensitivity of  [18F]FDG PET for active vasculitis in 
presence of residual blood activity; consider later acquisi-
tion time points after acquisitions for vascular imaging [98].

– Impact of glucocorticoids (GC) treatment on the intensity 
of the  [18F]FDG signal. Imaging should be performed as 
early as possible, but should not delay, the initiation of 
GC treatment. [99]. It should be noted that a recent study 
showed that the impact on diagnostic accuracy is negligible 
for patients with up to 3 days of ongoing GC therapy, and 
is significantly affected only after 10 days of therapy [99].

Sarcoidosis

Sarcoidosis is a multisystemic granulomatous disease of 
unknown etiology, with cardiac involvement in an estimated 
20–30% of patients [100, 101]. While whole-body  [18F]FDG 
PET imaging allows identification of active sarcoid granu-
loma across the body with high sensitivity, histopathologi-
cal confirmation is needed. Extra-cardiac biopsy should be 
preferred to confirm the diagnosis because endomyocardial 
biopsy is associated with a low diagnostic yield and a peri-
procedural risk. In this context,  [18F]FDG PET imaging is 
useful to identify the most accessible lesion showing an 
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inflammatory suspicious pattern that has the highest prob-
ability of confirming the diagnosis on histology [102]. PET/
CT is the first-line hybrid imaging approach in patients with 
a suspicion of cardiac sarcoid as PET/CT systems are more 
accessible than PET/MRI and more suitable for whole-body 
imaging. Patients referred with a suspicion of sarcoidosis 
should be prepared with a low-carb high-fat diet 24 h prior 
to imaging to suppress the physiological  [18F]FDG uptake in 
the myocardium as previously reported [87]. Patient prepa-
ration is crucial to avoid misinterpretation of imaging find-
ings related to inaccurate suppression protocol rather than to 
pathological tracer accumulation [103, 104]. This allows for 
the detection of active granulomas in the heart in addition 
to extracardiac disease. CT acquisitions associated to PET/
CT usually consist of a non-gated low-dose CT to correct 
PET images from attenuation and identify the anatomical 
structures with high degree of  [18F]FDG uptake. In the car-
diac region, care should be taken to discriminate  [18F]FDG 
uptake localized in the heart from adjacent mediastinal lymph 
nodes or lung parenchyma. In patients with high suspicion 
of cardiac sarcoidosis, the addition of rest MPI (if available) 
to cardiac  [18F]FDG PET acquisitions is advised to increase 
the specificity of image analysis and improve risk stratifica-
tion and to predict the likelihood of recovery from atrioven-
tricular block in advanced disease stages [105, 106]. To note, 
CAD can also mimic a similar perfusion/metabolism pattern, 

and this condition should be ruled out. Alternatively, com-
parison can be made with CMR late gadolinium enhance-
ment (LGE) images to ensure areas of increased  [18F]FDG 
activity line up with regions of myocardial injury on the 
CMR. The acquisition of ECG-gated or contrast-enhanced 
CT acquisitions is not advised in this clinical indication. 
Reduction of radiation burden due to CT is particularly 
important given the predominantly young age of patients who 
often undergo repeated  [18F]FDG PET acquisitions to moni-
tor the efficacy of immunosuppressive treatments.

Cardiac amyloidosis (SPECT‑CT) 

Cardiac scintigraphy with bone-avid tracers plays an impor-
tant role in the diagnosis of transthyretin-related (ATTR) 
cardiac amyloidosis (CA) [107]. The binding of bone-avid 
tracers can be detected on planar acquisitions. However, 
SPECT acquisitions centered on the heart, with additional 
low-dose CT, are advised after planar acquisitions, par-
ticularly in cases of weak or doubtful cardiac uptake of 
the bone tracer to differentiate between myocardial uptake 
and blood pool activity preventing potential false positive 
examinations [108, 109] (Fig. 4). Furthermore, AC SPECT 
acquisitions may prove useful for signal quantification of 
cardiac uptake of bone tracers and to monitor the impact of 
new treatments on amyloid load [110].

Fig. 4  False-positive cardiac 
uptake using bone scintigra-
phy with blood pool residual 
activity. Planar acquisition was 
scored with grade 1 accord-
ing to Perugini classification. 
SPECT acquisition fused with 
low-dose CT shows that the 
signal is located in left ventricu-
lar cavity, without bone tracer 
uptake within the myocardium
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Summary of clinical scenarios. Clinical consensus 
statement by EANM and EACVI

Different clinical scenarios are summarized in Table 2, along 
with suggested PET/CT protocols for each indication. A 
low-dose CT for anatomical localization and AC should be 
routinely used for all the indications listed. In the assess-
ment of myocardial perfusion, a dedicated CT acquisition 
for CACS in patients without previous stenting or CABG is 
useful to improve risk stratification of patients in associa-
tion to the results of MPI. Finally, the use of hybrid PET/
CCTA may provide additional information for the myocar-
dial perfusion imaging and the evaluation of patients with a 
suspicion of endocarditis.

Hybrid imaging with MR

MR protocols

While hybrid PET/MR scanners are currently not widely 
deployed in radiologic centers, this approach still holds 
potential for the assessment of various cardiac diseases 
[111]. PET/MR combines the high sensitivity of PET 
imaging for the detection of tracers with the precise 
assessment of cardiac function and tissue characteriza-
tion offered by multiparametric MR. This hybrid modality 
therefore holds particular value when assessing cardio-
vascular structures such as the myocardium or the vascu-
lar wall, for which potential advantages over CT can be 
envisioned [112–114].

Standard cardiac MR sequences used to image these 
structures can be acquired simultaneously with the 
PET acquisition. Another key advantage of PET/MR 
is the lack of radiation associated with MRI, which is 

particularly relevant when imaging young patients or 
if repeated imaging is required for monitoring disease 
activity [115].

An important consideration in PET/MR imaging is AC. 
AC is relatively simple when performed using CT acquisi-
tions as both imaging techniques are based on the diffusion 
of high-energy photons through tissues. However, AC of 
PET images with MR is less straight forward, and requires 
extrapolation of tissue attenuation maps after identification 
of keys attenuating structures on dedicated MR sequences. 
Recently, some important limitations with vendor-specific 
attenuation correction PET/MR sequences have however 
been emphasized when applied to cardiovascular disease 
states. In particular, breath-held AC sequences lead to the 
generation of artifacts in the PET data (which by contrast is 
acquired throughout the respiratory cycle) at the lung-heart 
and lung-diaphragm borders. Moreover, high signal artifact 
is often generated within the trachea and bronchi which 
are not well segmented with these sequences. Both these 
forms of artifact can make interpretation of PET data in 
and around cardiac or vascular structures challenging [116]. 
Bespoke free breathing radial vibe AC sequences have been 
developed for cardiovascular applications that overcome 
these limitations [116]. In particular, these sequences do 
not generate the artifacts described here-above and therefore 
allow for a more reliable interpretation of cardiovascular 
PET data.

Moreover, it should be noted that misalignment of MR 
and PET datasets may occur during stress MPI on a hybrid 
PET/MR scanner and myocardial creep may substantially 
account for this [117]. Methods have been developed, 
which yield higher accuracy in the PET/MR coregistration 
in cardiovascular imaging [118], but to-date a post-process-
ing adjustment of PET and MR data should be taken into 
account.

Table 2  Summary of the proposed CT protocols for combined PET/CT imaging across different clinical indications

Imaging modality Clinical indication CT for attenu-
ation correc-
tion

Nonenhanced CT for 
anatomical localiza-
tion

ECG-gated 
nonenhanced CT 
(CACS)

CT angiography ECG-gated CT angi-
ography

SPECT-CT MPI required required required non-appropriate possible
Amyloidosis adequate required non-appropriate non-appropriate non-appropriate
Endocarditis required required non-appropriate non-appropriate possible

PET-CT MPI required required required non-appropriate adequate
Viability required required adequate non-appropriate adequate
Endocarditis required required non-appropriate adequate adequate
Sarcoidosis required required non-appropriate non-appropriate non-appropriate
Vasculitis required required non-appropriate adequate possible
Atherosclerosis required required adequate adequate possible
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Further work is still required to explore machine learning 
approaches that may generate CT-like AC maps from the 
MRI data [119].

Cardiac imaging

Viability

Repetitive stunning or chronic hypoperfusion may affect 
the myocardium and result in wall motion abnormalities, 
a state called “hibernating myocardium”. In this state, the 
affected myocardium is still vital, and may recover its func-
tion following revascularization [120, 121]. Hypoxia and 
ischemia cause a shift in myocardial substrate metabolism 
from free fatty acid oxidation toward glucose consumption, 
which can be identified by the preserved or even increased 
glucose metabolism in hibernating myocardium. Of the vari-
ous viability imaging modalities,  [18F]FDG PET and  LGE 
MR imaging are the most commonly used.

While a hybrid PET/MR imaging approach is expected 
to increase diagnostic accuracy by combining the strengths 
of both modalities, its real impact in clinical practice still 
needs to be established. Most of the few existing studies 
to date, describe substantial agreement between the two 

approaches [122, 123]. Further, a small study of patients 
with chronic total coronary occlusions demonstrated that 
a combined approach may allow better prediction of left 
ventricular wall motion recovery after revascularization 
[124]. Figure 5 shows one example of integrated PET/MRI 
viability imaging.

Inflammation and infection

MR has limited value in endocarditis or CIED. However, 
it does provide useful information in myocarditis [125]. 
Myocardial inflammation and fibrosis can be assessed 
using LGE or T1/T2 mapping techniques (ECV) and MRI 
is also the modality of choice to identify pericardial effu-
sions and wall motion abnormalities. On the other side, 
 [18F]FDG PET offers high sensitivity for the detection of 
active myocardial inflammation, and differentiation from 
chronic burnt out disease states, thereby providing com-
plementary information to cardiac MRI. Taken together, 
there is a clear rationale to support consideration of hybrid 
PET/MR imaging in the assessment of myocarditis, in view 
of its potential to increase in diagnostic accuracy for the 
detection of active myocardial inflammation [126]. After 
initial positive case reports on the use of hybrid  [18F]FDG 

Fig. 5  Viability imaging using 
FDG PET and LGE MRI in 
a patient with a scar of the 
anterior wall. Reduced glucose 
metabolism and late gadolinium 
enhancement is present in the 
area of scarring in the anterior 
wall (reprinted with permission 
from [161])
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PET/MR imaging for the diagnosis, grading, and monitor-
ing of myocarditis using  [18F]FDG PET/MRI [127–129], a 
first prospective study of 65 patients on this topic was pub-
lished [130]. Compared with a variant of the 'Lake Louise 
Criteria' as the reference standard,  [18F]FDG PET had a 
sensitivity of 74% and a specificity of 97%. However, the 
most significant observation was that patients with biopsy-
proven myocarditis may demonstrate pathologic myocar-
dial  [18F]FDG uptake without abnormalities on MRI, pos-
sibly representing an early stage of the disease when no 
morphologically detectable cardiac changes are yet present. 
Figure 6 demonstrates a case example of  [18F]FDG PET/
MR in myocarditis.

Finally, some reports show that hybrid PET/MR imaging 
may identify inflammation and microcalcification activity in 
the carotid and coronary arteries [116]. However, technical 
improvements are needed before a wide clinical application 
is feasible.

Myocardial masses

Cardiac masses are a diagnostic challenge requiring not 
only morphological identification and classification but 
also distinction between benign and malignant lesions 
[131, 132]. To date, cardiac MR imaging represents the 

most accurate imaging approach for cardiac mass assess-
ment owing to its excellent spatial resolution and ability in 
tissue characterization [133–135],  [18F]FDG PET may pro-
vide complementary information, helping to discriminate 
malignant from benign lesions and allowing the staging of 
malignant tumours.

[18F]FDG maximum standardized uptake (SUVmax) is 
higher in malignant vs. benign cardiac masses [136, 137]. 
The prevalence of malignant tumors is high among cardiac 
masses with SUV max > 5.0 on  [18F]FDG PET, but the inter-
pretation of PET acquisitions should be combined with other 
imaging modalities and the clinical context as false-positive 
benign lesions may occur [132, 138]. The incremental value 
of PET/MR hybrid imaging has been investigated by Nensa 
et al., who demonstrated an important role for this technique 
in differentiating between scar tissue and cardiac tumour 
relapse after surgery [139]. Aghayev et al. [140] showed 
that CMR has higher sensitivity (98%), while  [18F]FDG PET 
yields high specificity (84%) in differentiating benign from 
malignant masses, and the integration of the information 
coming from both modalities yields 85% sensitivity and 88% 
specificity in diagnosing malignant masses. These data sug-
gest that  [18F]FDG PET/MR provides improved characteri-
zation of cardiac masses compared to stand-alone PET and 
MR modalities [141].

Fig. 6  PET/MRI of a 30-year-old male patient with myocarditis. 
Despite LGE images (A, B) show no abnormality, PET images (C, F) 
demonstrate focal FDG uptake in the lateral wall. T2-weighted imag-
ing (E) show mild myocardial edema. Diagnosis of borderline myo-

carditis was confirmed by histopathological assessment after endomy-
ocardial biopsy demonstrating sparse inflammatory infiltrates but no 
myocardial necrosis (D). Reused with permission from [130]
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Cardiac amyloidosis

Several papers investigated the potential role of hybrid PET/
MR imaging in the evaluation of cardiac amyloidosis (CA). In 
view of its similarity to the already validated diphosphonate 
scintigraphy,  [18F]fluoride was investigated in a pilot study in 
2016, which demonstrated increased  [18F]fluoride activity in 
subjects with ATTR CA compared to both healthy individu-
als and those with AL amyloidosis [112]. Interestingly, the 
increased uptake correlated well with areas of LGE in MR 
imaging. A recent multicenter study also confirmed  [18F]fluo-
ride PET/MR’s ability to differentiate between AL and ATTR 
subtypes of CA. (Fig. 7) [142]. The multicentre I-CARE study 
is investigating whether the improved quantification offered 
by PET can be used to track changes in ATTR disease bur-
den with time and in response to therapy (NCT05776212). 
However, some important limitations should be kept on mind. 
Due to the low uptake of  [18F]fluoride in the normal myocar-
dium (which is usually lower than uptake in the blood pool 
with TBR values of 0.5–0.7) even quite marked increases in 
myocardial tracer uptake can be quite hard to visualize. For 
example, even a 100% increase in myocardial tracer uptake 
might look similar in uptake to blood pool and requires quan-
tification to be appreciated fully [143, 144].

Several other radiopharmaceuticals for PET imaging have 
been developed for the detection of amyloid protein accu-
mulation in the brain in Alzheimer's disease. Even though 
amyloid proteins accumulating in the brain and in the heart 

differ (amyloid-beta precursor protein vs. TTR or light chains, 
respectively), they have in common the presence of beta-sheet 
structures. Hence, several radiopharmaceuticals initially 
dedicated to the detection of Alzheimer's disease have been 
evaluated for the diagnosis of CAs. Baratto et al. showed that 
 [18F]Florbetaben PET/MRI can effectively localize systemic 
amyloid deposition [145]. Similar results were reported using 
 [11C]PIB PET/MR by Bi et al., wherein 23 Patients were 
investigated (13 diagnosed with CA and 10 negative controls). 
In their cohort, the lesion-to-background ratio as determined 
on  [11C]PIB PET/MR showed 92.3% sensitivity and 100% 
specificity [146]. Of note, in their paper both MR- and PET-
derived parameters were different between patients with and 
without CA. Conversely, in a single instance the use of  [18F]
Flutemetamol was associated with a very poor diagnostic per-
formance for cardiac amyloidosis. Even though the number 
of patients with CA are very limited, PET/MRI opens the 
perspective of more accurate quantification of amyloid load 
in the heart.

Cardiac sarcoidosis

Integrated PET/MR evaluation using  [18F]FDG holds poten-
tial in improving accuracy in the diagnosis of active cardiac 
sarcoidosis compared to stand-alone modalities. The two 
modalities provide different complementary information: 
MR LGE informs about areas of myocardial injury which 
may be active or burnt out, whilst  [18F]FDG PET informs 

Fig. 7  Patterns of  [18F]fluoride uptake among different patients’ 
cohorts. A: delayed enhanced image of a control subject with nor-
mal myocardial mass and no LGE. The corresponding fused PET/
MR image (E) shows uptake only in the blood pool. B: patient with 
aortic stenosis and elevated LV mass. Similar to healthy controls, no 
 [18F]fluoride uptake is evident (F). Uptake is greater in the blood pool 

than myocardium. C: patient with AL amyloidosis displaying the 
characteristic myocardial nulling difficulties with LGE found in car-
diac amyloidosis. G: patchy lateral wall uptake greater than the blood 
pool. D: similar LGE findings, but this time in ATTR CA. H: inten-
sive biventricular uptake in a patient with ATTR CA. Reprinted with 
permission of Springer Verlag from [142]. No changes were made
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about ongoing disease activity although it can also reflect 
false positive physiological uptake in cases where dietary 
restrictions fail to suppress myocardial glucose utilization. 
This different information explains why stand-alone PET 
and MR studies are often affected by inconsistent findings 
if sequentially performed [147–149] (Fig. 8).

In a recent study, Wicks et al. reported for  [18F]FDG PET 
alone sensitivity and specificity of 85% and 56%, respec-
tively (AUC 0.7), while for MR alone sensitivity was 82% 
and specificity 78% (AUC 0.8). Combining PET and MR, 
sensitivity increased to 94%, at expenses of a lower speci-
ficity (44%), resulting in AUC 0.7. There was poor inter-
modality agreement for the location of cardiac abnormalities 
(k = 0.02). Importantly, PET/MR allowed better prediction 
of major adverse cardiac events (MACE), with patients dem-
onstrating both PET and MR abnormalities more likely to 
experience events after 2.2 years follow-up [150].

Another prospective study described  4 patterns of 
disease that can be identified if hybrid  [18F]FDG PET/MR 
is performed: (1) MR + PET + (co-localization of LGE 
and  [18F]FDG uptake) provides strong consistent evidence 
of active cardiac sarcoidosis with ongoing myocardial 
inflammation and injury; (2) MR-PET- (neither LGE or  [18F]
FDG uptake), provides consistent dual modality evidence 
that sarcoid is not affecting the heart; (3) MR-PET + (no 
LGE but  [18F]FDG uptake), consistent with either false 
positive myocardial [18F]FDG activity or potentially 
positive if  [18F]FDG uptake is localized as can be observed 
in the early phase; and (4) MR + PET- (LGE with no  [18F]
FDG uptake), consistent with chronic myocardial injury 
but without ongoing active inflammation [113]. With 
this approach, hybrid PET/MR provides two important 
advantages: 1) it yields improved diagnostic accuracy over 

stand-alone modalities and 2) it provides information on the 
disease status, which can guide the need for therapy and 
evaluate subsequent treatment responses [151].

The MR-PET + pattern is often most difficult to interpret. 
Diffuse  [18F]FDG uptake in the absence of any LGE is very 
likely to represent false positive physiological PET uptake, 
due to failure in suppressing adequately the physiologi-
cal myocardial  [18F]FDG uptake [87]. Regional  [18F]FDG 
uptake may reflect pathological activity reflecting the higher 
sensitivity of  [18F]FDG PET compared to T2-weighted 
or LGE for imaging the very early stages of the disease, 
although it can also be observed with physiological false 
positive  [18F]FDG uptake if myocardial glucose utilization 
is only partially suppressed.

Vascular imaging

High-resolution MRI of the vascular wall relies on the 
same fundamental principles as other MRI techniques and 
provides characterisation of the vascular wall on the basis 
of biophysical and biochemical properties such as chemi-
cal composition, water content, physical state, molecular 
motion, and diffusion. The use of preparatory pulses that 
specifically null the signal from blood (“black-blood “ 
sequences) improves contrast between the arterial wall and 
lumen and helps to delineate the contours of the vascular 
wall. In addition, multi-contrast MRI consisting of suc-
cessive MR sequences allows for reasonable differentia-
tion of the different components of atherosclerotic plaques. 
Furthermore, increased vascularization or inflammation 
may be identified in the vascular wall on early and delayed 
T1-weighted images after injection of gadolinium che-
lates. Complementary to MRI, molecular expression and 

Fig. 8  Representative images 
of hybrid 18F-FDG PET/MR 
(above) and 18F-FDG PET/
CT (under) in a patient with 
cardiac sarcoidosis. There is no 
evidence of signal enhancement 
on the delayed enhancement 
MR image (A). However, there 
is a marked increase in FDG 
uptake, essentially transmural 
in the lateral wall and ante-
rior septum (B, C). There is 
somewhat greater definition 
as to the extent of this uptake 
seen on the PET/MR images 
vs the PET/CT images (E, F). 
Reprinted under the terms of the 
Creative Commons Attribution 
4.0 International License (http:// 
creat iveco mmons. org/ licen ses/ 
by/4. 0/) from [147]. No changes 
were made

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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biological activities inside the vascular wall can be analysed 
precisely based on the degree of accumulation of various 
radiopharmaceuticals on PET. The most validated radiophar-
maceutical for vascular imaging is  [18F]FDG. In plaques, the 
intensity of  [18F]FDG uptake on PET correlates well with 
the degree of macrophage infiltration, an important marker 
of plaque instability [152], but other tracers such as  [18F]
Fluoride targeting microcalcifications [153],  [68 Ga]DOTA-
TATE [154] binding to somatostatin receptors and  [68 Ga]
Pentixafor on chemochin receptor 4 (CXCR4) [155, 156] 
expressed on activated macrophages have been proposed for 
the detection of high-risk atherosclerotic plaques.

Combined PET/MRI presents several advantages for vas-
cular imaging. The ability to perform both MRI and PET 
on the same gantry improves co-registration by avoiding 
changes in position, in particular of the neck for carotid 
imaging, that exist when acquisitions are performed on sepa-
rate PET and MRI scanners. Consequently, the localisation 
of tracer uptake in the arterial wall is more accurate and 
can be better delineated from adjacent soft tissue structures. 
Clinical studies using PET/MRI for the imaging of athero-
sclerotic plaques are increasing, however, remain rare likely 
due the limited access to this imaging technology.

The results of whole-body  [18F]FDG PET/MRI in 755 
individuals with subclinical atherosclerosis showed that 
both plaque number and the number of plaques with high 
 [18F]FDG uptake increased with the number of cardiovas-
cular risk factors. Individuals with increased arterial  [18F]
FDG uptake had higher plaque burden (both number and 
volume) than individuals without arterial inflammation. 
Patients presenting with embolic stroke of undetermined 
source, complicated atherosclerotic plaques on MRI were 
more prevalent in the ipsilateral carotid compared to the con-
tralateral carotid (39 vs 0%), and showed higher  [18F]FDG 
uptake than uncomplicated plaque [157]. In view of these 
promising results, clinical studies specifically investigating 
the incremental value of combined PET/MR approach over 
PET/CT are highly warranted.

MR angiography and  [18F]FDG PET are increasingly used 
for the noninvasive evaluation of patients with suspected LVV, 
capitalizing on the ability of MR angiography to depict intra-
mural vessel wall edema and wall thickening, and on the high 
sensitivity of  [18F]FDG PET to detect vascular inflammation 
[158]. In a first paper on a small patients’ sample,  [18F]FDG 
PET/MR proved superior to standard inflammatory mark-
ers to characterize severe or non-severe LVV [159]. Subse-
quent evidence confirmed a possible role for  [18F]FDG PET/
MR in the assessment of LVV especially in young patients, 
owing to reduced radiation exposure compared to standard 
PET fused with ceCT [160]. Also, a recent study investigated 
the accuracy of somatostatin receptor PET fused with MR 
[114], showing that the findings on  [68 Ga]DOTA-TATE PET/
MRI are consistent with those of  [18F]FDG PET/CT, but with 
easier visualization of coronary, myocardial, and intracranial 
artery involvement due to very low background signal in the 
brain and heart. These first clinical studies suggest at least 
a non-inferiority of PET/MR compared to PET/CT, which 
should be confirmed in trials focused on clinical outcome.

Summary of clinical scenarios. Clinical consensus 
statement by EANM and EACVI

Different clinical scenarios are summarized in Table 3, along 
with suggested MR sequences for each indication. Whenever 
available, hybrid PET/MR should be preferred over stand-
alone modalities in the assessment of myocardial viability, 
cardiac masses, cardiac sarcoidosis, myocarditis and car-
diac amyloidosis. Dixon sequences for attenuation correc-
tion, cine images and LGE should be included in all MR 
protocols; stress perfusion and T2-weighted images may be 
added for the evaluation of myocardial viability and cardiac 
masses. For cardiac sarcoidosis or myocarditis, T2-weighted 
images are mandatory, and native T1-mapping and post-con-
trast T1 mapping for the assessment of ECV may be sug-
gested. Finally, for cardiac amyloidosis, native T1-mapping, 
LGE and post-contrast T1-mapping are advised.

Table 3  Summary of the proposed MR-sequences for combined PET/MR imaging across different clinical indications

Clinical Indication 
for PET/MR

Dixon 
sequence for 
attenuation 
corection

Cine Images Perfusion 
sequence

T2- weighted 
images

Native T1 
mapping

Late Gadolinium 
Enhancement

Post contrast 
T1 mapping for 
ECV

Myocardial 
Viability

required required adequate adequate nonappropriate required nonappropriate

Cardiac masses required required required adequate nonappropriate required nonappropriate
Cardiac sarcoidosis/ 

myocarditis
required required nonappropriate required adequate required adequate

Cardiac amyloidosis required required nonappropriate nonappropriate required required required
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Perspectives and future agenda

Hybrid imaging has several advantages compared to stand-
alone modalities. Besides an improvement in the diagnostic 
accuracy in diverse cardiovascular diseases, the possibility to 
simultaneously obtain functional and morphologic information 
allows investigation of different but complementary aspects of 
a particular pathologic condition, thereby potentially provid-
ing improved, tailored diagnostic and prognostic assessments.

However, hybrid imaging does not represent the “Holy 
Grail” yet. As a matter of fact, two major issues have to be taken 
into account when a hybrid approach is considered: higher costs 
and higher radiation burden if a CT-component is associated.

In view of higher costs for hybrid systems, advances in 
terms of diagnostic accuracy and/or prognostic assessment 
should be proven to be cost-effective. To date, there is a lack 
of studies investigating the economic sustainability of hybrid 
systems, especially in the case of PET/MR. On the other side, 
hybrid PET/CT systems are being increasingly embedded in 
clinical practice, hence suggesting their use in most situa-
tions. As increasing evidence in the literature shows advan-
tages for PET/MR systems over stand-alone modalities in 
specific categories of patients, future studies are now required 
to determine whether the added benefit of hybrid PET/MRI 
is worth the associated economic cost. It should be noted 
that the hybrid PET/MR approach results in significant radia-
tion dose reduction (https:// www- pub. iaea. org/ MTCD/ Publi 
catio ns/ PDF/ PUB19 76_ web. pdf), with evident advantages 
in young patients requiring repeated imaging. Also impor-
tantly, department workloads can be optimized and patients 
can undergo the two modalities in a single instance, without 
the need for coming again to the radiology department. This 
latter aspect represents an important improvement in the 
patient care pathway and patients' quality of life.

Given their high cost, the deployment of PET/MR scanners 
remains limited. While this aspect limits the wide applicabil-
ity of our PET/MR recommendations, still in centers wherein 
such technology is available, clinicians should not refrain 
from performing hybrid PET/MR imaging. In this context, 
there is a debate as to whether images should be jointly inter-
preted by a nuclear medicine physician and a radiologist. A 
joint interpretation should be at first suggested, capitalizing 
of the experience and background of specialists in diverse 
disciplines. This is also consistent with the tendency toward 
a comprehensive discussion of complex conditions in clinical 
boards featuring clinical and imaging experts.

Regarding radiation exposure, it is important to select the 
most appropriate CT protocol and optimize the CT acquisi-
tion parameters to limit the radiation exposure of patients 
As Low As Reasonably Achievable (ALARA). As a mat-
ter of fact, the advantage of performing combined imaging 
should be well balanced with the increase in radiation burden 

due to possibly less efficient CT technologies on hybrid vs. 
stand-alone systems. In this context, a trade-off between dose 
reduction and adequate image quality should be pursued. 
While unnecessary radiation exposure should be avoided, an 
additional radiation dose can be accepted if hybrid images are 
of sufficient quality to yield improved diagnostic accuracy or 
prognostic value. Of note, the possibility of risk-stratifying 
patients bears great importance in the choice of the most 
appropriate therapy, which results in improved outcome.

From this point of view, it can be maintained that com-
bined nuclear and CT acquisitions allow for faster imaging 
protocols and improved image fusion. This aspect should not 
be underestimated, as incorrect co-registration between func-
tional and anatomical imaging is prone to error in the visual 
and semiquantitative assessment of cardiac imaging [24].

Conclusion

In summary, the use of hybrid PET/CT and PET/MR should 
be encouraged in selected patients who may benefit from 
improved diagnostic or prognostic accuracy, by choosing 
the most appropriate protocol. Furthermore, new applica-
tions for e.g. PET/MR may be envisioned, as in the detec-
tion of chronic low-grade inflammation disease, wherein 
stand-alone modalities are not expected to prove useful. By 
increasing the deployment of hybrid systems, it is also to 
expect that costs can be reduced, thus enhancing the benefit 
of hybrid imaging. Finally, the development of new tracers 
may enhance the need for a hybrid approach. While many 
clinical applications still need a validation, especially about 
cost-effectiveness analysis, times are already ripe to use this 
approach in many clinical conditions, capitalizing on the 
possibility to see a disease from multiple point of views with 
the largest amount of information.

Liability statement

This clinical consensus statement summarizes the views of 
the EANM Cardiovascular Committee and the specialists 
for the nuclear-CT section of EACVI. It reflects advices for 
which the EANM and EACVI cannot be held responsible. 
The advices should be taken into context of good practice 
of nuclear medicine and do not substitute for national and 
international legal or regulatory provisions.
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