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Abstract
Purpose of Review Cardiovascular infections are serious disease associated with high morbidity and mortality. Their diagno-
sis is challenging, requiring a proper management for a prompt recognition of the clinical manifestations, and a multidiscipli-
nary approach involving cardiologists, cardiothoracic surgeons, infectious diseases specialist, imagers, and microbiologists. 
Imaging plays a central role in the diagnostic workout, including molecular imaging techniques. In this setting, two different 
strategies might be used to image infections: the first is based on the use of agents targeting the microorganism responsible 
for the infection. Alternatively, we can target the components of the pathophysiological changes of the inflammatory process 
and/or the host response to the infectious pathogen can be considered. Understanding the strength and limitations of each 
strategy is crucial to select the most appropriate imaging tool.
Recent Findings Currently, multislice computed tomography (MSCT) and nuclear imaging (18F-fluorodeoxyglucose positron 
emission tomography/computed tomography, and leucocyte scintigraphy) are part of the diagnostic strategies. The main role 
of nuclear medicine imaging (PET/CT and SPECT/CT) is the confirmation of valve/CIED involvement and/or associated 
perivalvular infection and the detection of distant septic embolism. Proper patients’ preparation, imaging acquisition, and 
reconstruction as well as imaging reading are crucial to maximize the diagnostic information.
Summary In this manuscript, we described the use of molecular imaging techniques, in particular WBC imaging, in patients 
with infective endocarditis, cardiovascular implantable electronic device infections, and infections of composite aortic graft, 
underlying the strength and limitations of such approached as compared to the other imaging modalities.
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Introduction

Infective endocarditis (IE) is a complex and deadly disease 
with an incidence of IE varying from one country to another, 
within a range of 3–10 episodes/100000 people per year [1]. 
Infections of prosthetic valve and electronic implantable car-
diac device (CIED) represent the majority of healthcare-
associated infection.

Prosthetic valve IE (PVIE), cardiovascular implantable 
electronic device IE (CDRIE), nosocomial, staphylococcal, 
and enterococcal IE are currently the more frequent IE vari-
ants [2•]. IE is associated with an unacceptably poor prog-
nosis with a mortality of about 17.1% as recently showed 
by data from the EURO-ENDO registry [2•] as a conse-
quence of the increasing proportion of older patients with 
more severe disease, changing epidemiological profiles, 
and greater numbers of patients with prosthetic valve or 
device-related infection [1, 3]. Interestingly, mortality was 
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particularly high in EURO-ENDO, when surgery was indi-
cated but not performed, emphasizing the role of an aggres-
sive surgical strategy in these patients.

Infection is also one of the most serious complications of 
CIED implantation being associated with significant mor-
bidity, mortality, and healthcare costs [4]. Staphylococcal 
species, both Staphylococcus aureus and coagulase-negative 
staphylococci, account for about 60–70% of CIED infec-
tions [5]. In-hospital mortality is estimated around 5–10% 
[6–8] while 1-year all-cause mortality ranges between 16 
and 36% [9, 10] although both appear to be reducing over 
time [10, 11].

A particular rare case of IE is the one arising after the cor-
rections of aorta defects with the Bentall procedure [12]. It is 
reported in about 3% of the cases. Staphylococcus aureus is 
the predominant cause (35%) of infection after Bentall proce-
dure with a recent 20% increase in methicillin-resistant Staph-
ylococcus aureus infections [13] associated with VPI (Vas-
cular Prosthetic Infection) [14]. Despite their low incidence, 
such infections are severe and hard to treat, with high mortal-
ity associated with the replacement of the graft, especially 
in cases of long-lasting infections or severe co-morbidities.

Overall, IE and CIED infections are challenging and their 
management requires a prompt recognition of the clinical 
manifestations, which can vary significantly, and a multi-
disciplinary approach involving cardiologists, cardiotho-
racic surgeons, infectious diseases specialist, imagers, and 
microbiologists.

Microbiological tests for germ characterization along 
with imaging (mainly echocardiography) are necessary 
for the diagnosis of cardiovascular infection, according to 

established criteria such as the modified Duke criteria [15, 
16•]. However, a number of patients are misclassified as 
“possible” IE in about 25% of the cases of pathologically 
proven endocarditis [16•] having negative blood culture 
[17–19] or negative/inconclusive echocardiography. There-
fore, over time refinements of the diagnostic criteria have 
been implemented to improve diagnosis—and consequently 
prognosis—of IE and CIED infections. The ESC Guidelines 
on the management of IE were published in 2015 which 
integrated other non-invasive imaging techniques in the 
diagnostic algorithm of IE [20••]. Accordingly, although 
echocardiography remains the pillar in the diagnostic work-
flow of IE, multislice computed tomography (MSCT) and 
nuclear imaging (18F-fluorodeoxyglucose positron emission 
tomography/computed tomography, and leucocyte scintigra-
phy) [21••, 22, 23••, 24••, 25•] were introduced in clinical 
practice, after being proved to positively impact on early and 
accurate diagnosis [2•]. More recently, also the American 
Heart Association (AHA)/American College of Cardiol-
ogy (ACC) recommended PET/CT in the management of 
patients with IE (class 2a) as part of the 2020 Guideline for 
the Management of Patients with Valvular Heart Disease 
[26]. Similarly, the crucial role of imaging has been also 
recognized for pocket or CIED infections. Indeed, the Novel 
2019 International CIED infection criteria have moved to 
include both clinical data and imaging findings in patient 
workout [27••].

The main role of nuclear medicine imaging (PET/CT and 
SPECT/CT) is the confirmation of valve/CIED involvement 
and/or associated perivalvular infection and the detection of 
distant septic embolism (Fig. 1).

Fig. 1  Schematic representation 
of the IE pathogenesis from the 
microorganism entrance and 
subsequent heart native valve/
prosthetic valve adhesion to 
local and systemic manifesta-
tion of the disease. In the lower 
panel, the type of radiophar-
maceutical agents to be used in 
relation to the different disease 
phase: bacterial specific agents 
potentially leading to early 
diagnosis or agents identifying 
the host immune response to 
infections such as WBC imag-
ing and  [18F]FDG. The blue 
curve indicates the intensity of 
the local infection burden while 
the red curve the intensity of 
systemic infection
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Two different strategies might be used to image infec-
tions: the first is based on the use of agents targeting the 
microorganism responsible for the infection. Alternatively, 
we can target the components of the pathophysiologi-
cal changes of the inflammatory process and/or the host 
response to the infectious pathogen can be considered.

Biochemical differences in metabolism, proteins, and cell 
wall components between bacteria and mammalian cells pro-
vide opportunities for developing bacteria-specific imaging 
agents. They consist of antibiotics, antimicrobial peptides, 
or small molecules selectively metabolized by pathways 
expressed only in bacteria [28] (Table 1). Although promis-
ing, many radiolabeled antibiotics or antimicrobial peptides 
have failed in reliably differentiating infection from sterile 
inflammatory processes [29–31]. The most recent discovery 
in this field is a PET agent based on the broad-spectrum 
antibiotic trimethoprim (TMP),  [18F]FPTMP, which has over 
30,000-fold selectivity for bacterial target over the human 
homolog. Encouraging results have been demonstrated in 
animal models [32].

An alternative approach is the development bacteria-
specific radiolabeled molecular imaging agents based on 
prokaryotic metabolism [28]. These molecules have the 
advantage of being selectively metabolized by pathways 
expressed only in bacteria. Further, it is also possible to 
identify pathways present only in a specific class/species 
of microorganisms. Metabolized substrates presented the 
advantage of amplification via enzymatic turnover and 

specific retention in the cell wall or within other mac-
romolecules resulting in significant accumulation within 
bacteria as compared to the background host tissues. 
Several molecules such as  [11C]-para-aminobenzoic acid 
(PABA) and 2-[18F]-PABA, which target the bacterial 
folate pathway [33–35];  [18F]-labeled maltohexaose and 
6-[18F]-fluoromaltotriose, specifically transported via 
the maltodextrin transporter in bacteria [36, 37] deriva-
tives of d-amino acids that are incorporated into the bac-
terial cell wall [38]; DOTA-Biotin derivatives [39]; and 
2-[18F]-fluorodeoxysorbitol  ([18F]-FDS) for Gram-negative 
Enterobacteriaceae [40] have shown uptake across differ-
ent strains, maintained selectivity for infection over sterile 
inflammation in murine infection models. In addition, they 
can eventually provide information about the causative 
bacterial class/species and open the possibility of in vivo 
phenotypization of microorganisms, including the specific 
antimicrobial susceptibility or resistance, thus resulting 
in decreasing the inappropriate use of antimicrobials that 
contributes to the rise of multi-drug-resistant bacteria.

However, the direct visualization of bacteria to diag-
nose infection requires a 100 to 2000 times higher selec-
tivity of the agent for bacterial accumulation than the 
background signal [41]. Further, to achieve an adequate 
sensitivity, a sufficient number of live, replicating micro-
organisms at the infection site is necessary, to guarantee 
a signal that is within the spatial resolution of the cur-
rent clinical imaging system. Therefore, despite excellent 

Table 1  Summary of the main antibiotics, antimicrobial peptides, or small molecules selectively metabolized by pathways expressed only in 
bacteria

Class Examples of radiolabeled molecules References

Bacterial cell wall synthesis d-Amino acids analogues
99mTc-fluoroquinolones
99mTc-cephalosporins

[38]

Bacterial folate pathway [11C]-para-aminobenzoic acid (PABA) and 2-[18F]-PABA [33, 35]
Bacteriophage 99mTc-labeled bacteriophages [68]
Cytoplasmic membrane 123I-amphotericin-B

99mTc-UBI 29–41, 68 Ga-NOTA-UBI 29–41
[69, 70]

DNA gyrase 99mTc/18F-ciprofloxacin
DNA synthesis [18F]-trimethoprim  [18F]FPTMP
Gram-negative Enterobacteriaceae 2-[18F]-fluorodeoxysorbitol  ([18F]-FDS)

18F-fluoromaltohexaose (FMH)
18F-fluoromaltotriose
18F-fluoroacetamido-d-glucopyranose (FAG)
99mTc-polymyxin B

[40]

Iron metabolism Siderophore-derived agents [71]
Maltodextrin transporter [18F]-labeled maltohexaose and 6-[18F]-fluoromaltotriose [36, 37]
Nucleoside analogues 124I-Fialuridine (FIAU)
Protein synthesis (16S, 30, and 50S inhibitors) 99mTc-erythromicycin

99mTc-MORF
99mTc-kanamycin

Vitamins Biotin
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pre-clinical studies, radiopharmaceuticals for imaging 
bacteria in humans are still under development in excit-
ing pre-clinical research.

One of the most widely used strategies in clinical prac-
tice is targeting the cell components of the inflammatory 
host response to infection, such as leukocytes, lymphocytes, 
or macrophages. This can be achieved by indirect cell tar-
geting using antibodies against NCA-90 (Leukoscan) [42] 
and NCA-95 (Scintimun) [43] or via the direct radiolabeling 
of cell subpopulations, such as neutrophils.

In the direct radiolabeling, WBC can be radiolabeled 
either with 99mTc-hexamethylpropyleneamine oxime 
 ([99mTc]HMPAO, 370–555 MBq) or with  [111In]oxine 
(10–18.5 MBq), as detailed in the specific guidelines 
from the European Association of Nuclear Medicine 
(EANM) [44] and the Society of Nuclear Medicine and 
Molecular Imaging [45, 46].  [99mTc]HMPAO radiolabe-
ling is preferred since it allows to perform high-quality 
SPECT/CT images which are fundamental for the imaging 
reading also at 24 h, if needed. The standard procedures 
for patient’s preparation are followed. It is important to 
be aware if patient is under antibiotic treatment and con-
sider its’ possible effect on WBC uptake when reading 
the images, but there is no evidence for discontinuation 
of treatment before the imaging session.

WBC SPECT/CT

Patient Preparation

In patients with IE or other cardiovascular infections, 
the standard WBC imaging procedure in terms of patient 
preparation and WBC radiolabeling preparation is applied 
[47]. Figure 2 schematically describes the procedure. Gen-
erally, the case is discussed within the multidisciplinary 
Endocarditis Team, as currently recommended by both 
ESC and AHA guidelines [20••, 48]. A very crucial aspect 
of WBC imaging in IE and CIED infection is the image 
acquisition protocol. This should include planar images at 
30 min (early), 4–6 h (delayed), and 20–24 h (late) after 
the reinjection of  [99mTc]HMPAO/111In-oxine WBC. Early 
images should include whole body images in addition to 
chest planar images. SPECT/CT is mandatory to properly 
identify the site and the extension of infection [23••, 24••]. 
Specifically, in cardiovascular infections, delayed and late 
SPECT/CT images are required to increase the diagnostic 
accuracy of the technique [23••], in addition to confirm 
and localize findings consistent with infection visualized 
at planar images (i.e., signal kinetics between 4–6 h and 
20–24 h acquisitions stable or increased in uptake intensity 
or size over time).

Fig. 2  Schematic representation of the flow in radiolabeled WBC 
scintigraphy. First in the left panel (azul), the radiopharmaceuti-
cal preparation starting with blood sampling and the WBC isola-
tion. After the administration of the radiolabeled cells, the patient 
is scanned at different time points (middle panel, orange). Early 
images (30 min) consists of total-body and spot of the thorax. Late 
images (4–6 h) and delayed images (20 h) includes spot images and 

SPECT/CT of the thorax, eventually followed by additional SPECT/
CT based on the specific clinical condition. Finally, the images are 
reconstructed, reoriented, and assessed for the presence of uptake at 
valve/devices and extracardiac disease involvement as in case of sep-
tic embolisms, metastatic sites of infection, and the portal of entry or 
alternative source of infections (right panel, green)
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The interpretation of WBC scintigraphy begins with a 
visual quality control of images to check (i) absence of high 
blood pool activity (suggesting the labeling of a substantial 
amount of erythrocytes) hampering interpretation even on 
delayed and late acquisitions; (ii) liver uptake superior to 
spleen uptake; or (iii) persistent pulmonary uptake, both sug-
gestive of WBC damage prior to reinjection.

Then, SPECT/CT images are visually inspected to diag-
nose sites of increased WBC uptake, taking into considera-
tion the pattern (focal, linear, diffuse), the intensity, and the 
relationship to areas of physiologic distribution. Multipla-
nar reformations (MPR) of the cardiac SPECT/CT images 
are necessary for proper valve assessment. In case of aor-
tic valve prothesis, images should be reviewed and recon-
structed in three different views: left sagittal oblique, left 
coronal oblique, and cross-sectional oblique views of the 
valve. For mitral valve prosthesis imaging, reconstruction 
of 4-chamber, 3-chamber, and 2-chamber views as well as 
short-axis views of the mitral valve is recommended.

Both CT attenuation corrected and non-corrected SPECT 
images have to be evaluated in the coronal, transaxial, and 
sagittal planes, as well as in tridimensional maximum inten-
sity projection (MIP) cine mode. Misalignment between 
emission and transmission data may generate erroneous 
correction and thus data misinterpretation. Careful atten-
tion should be paid to quality control to avoid reconstruction 
artifacts. Non-corrected SPECT images become significantly 
important in the presence of PVs, generators, and electro-
catheters due to possible overcorrection artifacts on SPECT/
CT images.

Abnormalities detected on WBC imaging should be local-
ized as precisely as possible since at SPECT/CT images, 
(i) their co-localization with a structural abnormality con-
sidered as doubtful on echocardiography will support the 
hypothesis of infection and (ii) the localization and extent 
of the disease, on prosthetic material particularly, may con-
tribute to guide surgical procedure.

Figure 3 represent an example of normal WBC SPECT/
CT imaging in patients with cardiac prosthetic valve while 
Figs.  4  and 5  represent two clinical examples of WBC 
SPECT/CT imaging in patients with PVE.

When reading WBC imaging, especially in cardiovascu-
lar infections, some important issues should be taken into 
consideration. Rarely, false positive findings have been 
described for WBC imaging in IE and CIED infections, even 
in case of very early infections (Fig. 3, [49••, 50]). On the 
other hand, false negative scans have been observed in the 
presence of IE caused by some specific strains [23••].

Following the assessment of the cardiac region, whole 
body images should be always carefully assessed to search 
for embolisms as well as for alternative diagnosis and possi-
ble sites of uptake which might represent the portal of entry 
(POE) of the infection (Fig. 2C). Embolic localization may 
appear at WBC imaging as area of increased uptake over 
time when located in the brain, lung, and soft tissue. How-
ever, when emboli localizations are affecting organs with 
intense background activity as for normal biodistribution 
such as the spleen and the bone marrow, they can appear as 
cold spot (Fig. 7). Since vertebral cold spot might be pre-
sent in other benign or malignant conditions, such as in the 

Fig. 3  Example of a normal pattern of WBC uptake (99mTc-HMPAO 
WBC) in a non-infected aortic valve as shown by the re-oriented SPECT/
CT images acquired 24  h after the radiopharmaceutical injection (left 

panel superimposed SPET/CT and right panel top-down emission, 
CT, and superimposed SPECT/CT respectively) on Discovery-670, GE 
Healthcare
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case of vertebral crush or metastasis they are non-specific 
for infectious embolisms and requires diagnostic confirma-
tion by additional imaging tests. Due to the limited spatial 
resolution, reduced sensitivity has been described in case of 
small embolism [51].

Role of WBC Imaging in the Main Clinical Scenarios

Left‑Sided IE

Sensitivity of WBC SPECT/CT has been reported overall 
64–90% with 36–100% specificity, and 85–100% positive 
and 47–81% negative predictive values [23••, 52•]. In case 
of abscess formation, WBC SPECT/CT presented 83–100% 

sensitivity, 78–87% specificity, and 43–71% positive and 
93–100% negative predictive values [53], even in the early 
post-intervention phase [23••, 53]. Figures 4 and 5 represent 
two examples.

The first large cohort of patients with IE assessed by 
99mTc-HMPAO-SPECT/CT was reported by our group in 
2012. We described results of 99mTc-HMPAO-SPECT/CT 
in 131 patients imaged between October 2005 and Decem-
ber 2010. 99mTc-HMPAO-WBC SPECT/CT was true posi-
tive and false negative for IE diagnosis in 46/51 and 5/51 
of cases, respectively. False negative results were observed 
in patients receiving high-dose antimicrobial therapy at 
the time of scintigraphy presenting small valve vegeta-
tions (< 6 mm), and infections sustained by Enterococcus 
or Candida. We did not observe false positive scans. Septic 

Fig. 4  Radiolabeled leukocyte (99mTc-HMPAO WBC) in a patient 
with suspected IE bearing aortic and mitral prosthetic valve and 
CIED. Planar images (right panel top-down at 30 min, 6 h, and 20 h) 
after the injection of the radiopharmaceutical and SPECT/CT (mid-
dle column coronal CT and superimposed SPECT/CT, left column 

transaxial superimposed SPECT/CT at different levels) showing 
pathological uptake on the lateral and medial sides of the mitral valve 
prosthesis (images were acquired on Discovery-670, GE Healthcare). 
No signs of infection are present along the CIED
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embolism was detected in 41% of patients. Three cases inter-
preted as septic embolism at 99mTc-HMPAOWBC scintig-
raphy were instead false positive because of active vasculi-
tis of the aortic arch, an isolated vertebral metastasis from 
prostate cancer, and an osteoporotic vertebral crush. Eight 
scans resulted false negative for extracardiac infection due 
to kidney or cerebral septic embolism, all detected by CT 
or MRI [23••].

These data have been later confirmed in a more recent 
series in which 99mTc-HMPAO-SPECT/CT yields signifi-
cantly higher diagnostic accuracy, specificity, and PPV than 
TTE. It helps to differentiate IE infectious and sterile echo-
cardiographic lesions and reduces by 27% the number of 
misdiagnosed IE classified in the “possible IE” category by 
modified Duke criteria [54].

Simultaneous 111In-WBC/99mTc perfusion imaging 
was performed using a dedicated cardiac CZT camera in 
34 patients with suspected infection of native valves or 
implants and compared to standard 111In-WBC planar scin-
tigraphy and SPECT/CT. Image quality was found superior 
for CZT imaging vs. conventional SPECT/CT and planar 

scintigraphy (P < 0.01) improving reader confidence for 
detection of inflammatory foci [52•].

WBC SPECT/CT has an excellent positive predictive 
value for the detection of IE complications such as peri-
valvular infection and abscesses in case of PVE. In addi-
tion, the intensity of WBC accumulation in the perivalvular 
area represents a marker of local infectious activity: patients 
with a mild activity on a baseline scan disappearing on a 
follow-up scan seem to have a favorable outcome [53]. This 
open the very interesting perspective of the use of molecular 
multimodality imaging for the assessment of antimicrobial 
treatment response.

Rouzet et al. compared the respective performance of 
WBC scan and  [18F]FDG PET for the diagnosis of PVE 
in 39 patients within 14 days. In this study, WBC sensi-
tivity, specificity, positive predictive value, negative pre-
dictive value, and accuracy were 64%, 100%, 100%, 81%, 
and 86%, while  [18F]FDG PET/CT sensitivity, specificity, 
positive predictive value, negative predictive value, and 
accuracy were 93%, 71%, 68%, 94%, and 80%. Discrepant 
results occurred in 12 patients (31%). True positive PET/CT 

Fig. 5  Radiolabeled leukocyte scintigraphy (99mTc-HMPAO WBC) 
in a patient with suspected prosthetic aortic valve IE. Planar images 
(right panel top-down at 30 min, 6 h, and 20 h) after the injection of 
the radiopharmaceutical and SPECT/CT (upper panel, transaxial CT 

and superimposed SPECT/CT, lower panel transaxial superimposed 
SPECT/CT at different levels) showing selective uptake on the ante-
rior aspect of the aortic valve prosthesis (images were acquired on 
Discovery-670, GE Healthcare)
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and false negative WBC occurred in cases of non-pyogenic 
microorganism IE (Coxiella or Candida), and false positive 
PET/CT and true negative WBC scans were all imaged in 
the first 2 months after the last cardiac surgery [52•].

The most recent hybrid equipment allows to perform 
WBC SPECT/CTA scan. However, this potential further 
development has not been yet evaluated.

Right‑Sided IE

WBC SPECT/CT might be used in all the cases when  
right-sided IE (particularly PVE) is suspected. Ventilation-
perfusion scintigraphy may be an alternative to CT in order 
to screen septic pulmonary embolism [55]. WBC SPECT/
CT and  [18F]FDG PET/CT(A) have largely substituted ven-
tilation-perfusion scintigraphy allowing the contemporary 
assessment of right and left side valves, and sites of distant 
embolisms and POE [25•].

Embolic Burden

Extracardiac manifestations in IE (both NVE and PVE) 
are reported in 30 to 80% of patients. Most frequent are 
embolic stroke or septic embolization to bone, spleen, or 
kidneys (84), although only some of these are symptomatic 

[3, 56]. The majority of embolisms take place within the 
first 14 days after treatment initiation [57] and they might 
appear as the initial symptom leading to the diagnosis, and 
frequently are recurrent [57].

The search for asymptomatic embolic events through sys-
tematic extracardiac imaging has become a very important 
topic, due to the fact that their detection is now considered a 
minor Duke criterion in the 2015 ESC criteria [20••].

In this setting, a noticeable advantage of WBC SPECT/
CT is the possibility to perform the extracardiac work-up 
within a single imaging procedure, to reveal the concomitant 
presence of extracardiac infection sites as the consequence 
of both septic embolism and primary infective processes. 
However, it should be remembered that in case of embolic 
events affecting the spleen and the spine, which are charac-
terized by high background activity due to the physiological 
biodistribution of WBC, embolism might appear as pho-
topenic area, thus requiring further imaging for their final 
confirmation (Fig. 6).

CIED Infections

The objective of the clinical workout in CIED infections is 
the differential diagnosis among superficial incisional infec-
tion, infection involving the skin/subcutaneous tissue versus 
pocket infection. A further distinction between an infection 

Fig. 6  Comparison of WBC and  [18F]FDG pattern of uptake in embo-
lisms localized in the lung in a patient with right-sided IE appearing. 
In both cases, there is an area of increase radiopharmaceutical uptake 
(right panel WBC SPECT/CT in the upper panel in the emission 
and superimposed coronal, sagittal, and transaxial views, respectively, 
and in the lower panel  [18F]FDG PET/CT in the transaxial CT and 
superimposed images at different levels). In the spine, a different pat-
tern is seen at WBC imaging where typical cold spot is evident due 
to the normal high uptake of radiolabeled WBC in the normal bone 
marrow. On the contrary,  [18F]FDG PET/CT finding shows increased 
uptake with linear pattern involving the intravertebral space, the 

lower aspect of the upper vertebral body, and the upper aspect of 
the lower vertebral body (middle panel, from right to left coronal 
view of WBC upper panel emission and lower panel superimposed 
SPECT/CT; emission and superimposed coronal  [18F]FDG PET/CT). 
Embolism at spleen also presents a different uptake pattern in WBC 
images where photopenic area of triangular shape is often evident and 
 [18F]FDG PET/CT, which can present either uptake or large cold spot 
(abscess) with a rim of increased uptake (left panel from top-down 
transaxial CT, emission and superimposed SPECT/CT of WBC, 
superimposed  [18F]FDG PET/CT and CT)
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limited to the generator pocket and infections that extend to 
the lead and/or CIED systemic infections with eventually IE 
is also possible. Such differentiation is critical since it is the 
base to decide the proper adaptive treatment.

The status of the pocket at inspection is extremely impor-
tant to guide the subsequent imaging management. Indeed, 
the presence of a clinically positive pocket indicates echo-
cardiograph, which often remains the only imaging tests 
needed. In all suspected CIED infection, even if only 
pocket infection is suspected, blood cultures and echocar-
diographic should be performed. When negative in patients 
without evidence of pocket infection, no additional imag-
ing is needed. However, in patients with positive blood cul-
tures and negative echocardiographic WBC imaging and 
PET have proved significant impact for the final diagnosis 
and they were incorporated in the Novel 2019 International 
CIED infection criteria [27••]. In case of local infection, 
the diagnosis is quite straightforward for PET/CT pooled 
specificity and sensitivity of 93% (95% CI 84–98%) and 
98% (95% CI 88–100%), respectively, and AUC of 0.98 at 
ROC analysis [58•]. The presence of WBC (and  [18F]FDG) 
uptake is highly specific for infection (for  [18F]FDG, there 
are some limitations very early after implantation), although 
a negative result does not completely exclude the presence of 
small vegetations with low metabolic activity (i.e., limited 

sensitivity and negative predictive value). Therefore, the 
diagnostic accuracy for lead infections is lower, with overall 
pooled sensitivity of 65% (95% CI 53–76%), specificity of 
88% (95% CI 77–94%), and AUC of 0.861 [58•].

In the largest study on WBC scan in CIED infections which 
included 63 patients, sensitivity of 94% and a specificity of 
100% were reported [49••]. The main advantage of WBC 
imaging in this setting was the possibility to differentiate 
between superficial and deep pocket infection, thus guiding 
proper patients’ management by medical treatment versus 
removal of the generator. Further by adding WBC imaging 
findings with the Duke criteria, it was possible to reclassify 
most of cases with a “possible” diagnosis, distinguishing 
infection limited to the pocket or leads from a more severe 
infection affecting the whole device [49••] and identifying 
patients requiring device extraction [59]. Figure 7 represents 
an example.

Also in the case of CIED infections, the possibility to 
accurately assess the whole body through imaging allows 
the detection of septic embolisms and the identification of 
potential infection portal of entry, impacting the subsequent 
therapeutic management and reducing the risk of relapse 
[60]. Indeed, detecting lung embolisms in patients with 
CIED infection, which is a major criterion of the Duke score, 
has shown to increase the diagnostic sensitivity [61].

Fig. 7  Radiolabeled leukocyte scintigraphy (99mTc-HMPAO WBC) in 
a patient with suspected CIED infection. Planar images (A, top-down 
at 30 min, 6 h, and 20 h) after the injection of the radiopharmaceu-
tical show an area of pathological leukocyte accumulation that at 
SPECT/CT (B, transaxial CT and superimposed SPECT/CT and D, 

MIP images) is localized at the level of the ICD pocket in the deep 
posterior portion. In addition, an area of radiopharmaceutical uptake 
is also evident at the level of the electro-catheter in the right intravas-
cular and interatrial tract (C, superimposed SPECT/CT in transaxial, 
coronal, and sagittal views, respectively)
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Composite Aortic Graft

The scope of diagnostic imaging in case of suspected infec-
tion of composite aortic grafts to differentiate the presence 
of infection affecting aortic valve (AV)-root from infection 
localized to the vascular aortic graft (TG). These two condi-
tions might also coexist and involve the surrounding struc-
tures such as the mediastinal soft tissue and the sternum. 
Defining the location and extent of infection and the status 
of surrounding tissue is crucial for the subsequent treatment 
planning. In particular, proper diagnosis of infection limited 
to the vascular portion of the thoracic aortic grafts (VPI, 
about 2%) [62] is critical due to the high mortality associ-
ated with replacement of the graft, especially in patients with 
long-lasting infections or severe co-morbidities. Alternative 
options such as graft salvage through aggressive debridement 
and irrigation or non-surgical management with antibiotics 
alone [63] can be considered. Currently, there is a lack of 
specific guidelines for the management of aortic valve-root-
vascular prosthesis infections, and the standard recommenda-
tions for diagnosis of IE and VPI, including echocardiogra-
phy and contrast-enhanced CT and/or MRI in short interval, 
are generally used. TEE is key in the assessment of IE, but 
the numerous artifacts related to the presence of the prosthe-
sis can result in reduced sensitivity. Accordingly, the majority 
of the published series underline the need of a diagnostic 
strategy combining TTE, TEE, CT, and PET/CT to define 
the final diagnosis [64, 65]. A recent work from our group 

[66•] demonstrated a sensitivity of 86%, specificity of 92%, 
and accuracy of 88%, with a slightly higher sensitivity for 
the detection of TGI as compared to isolated AV and com-
bined AVTG when WBC are used. On the contrary, when 
specific interpretation criteria are used (focal uptake of inten-
sity > surrounding tissue that persists at both AC and NAC 
images),  [18F]FDG PET/CT overall sensitivity, specificity, 
and accuracy were 97%, 73%, and 90%, respectively. In this 
series, the specificity of PET/CT increased when considering 
only patients with non-very early/early infection (< 1 month 
from surgery). Three out of 22 patients with very early 
infection had negative WBC SPECT/CT and positive  [18F]
FDG PET/CT, supporting that WBC imaging results are not 
affected by time from surgery, and reinforced the evidence 
that WBC SPECT/CT should be preferred early after surgery. 
This result is also supported by the finding that patients with 
uncomplicated composite aortic graft implantation prospec-
tively included and studied with  [18F]FDG PET/CT at either 
3 weeks or 1 year after procedure showed no significant dif-
ferences between PET/CT findings at the two time points, 
warranting caution in interpretation of PET/CT in the first 
year after implantation [67]. Figure 8 presents an example of 
a  [18F]FDG SPECT/CT in a patient with suspected infection 
of an aortic valve and ascending aorta prosthesis.

When the diagnosis of infection after Bentall procedure is 
defined, prompt extracardiac workout is necessary, eventu-
ally resulting in the identification of both embolic events or 
concomitant source of infection/inflammation.

Fig. 8  Example of WBC scan in patients with composite aortic valve-
ascending aorta prosthesis. At WBC SPECT/CT is possible to dif-
ferentiate infection involving the aortic valve (upper panel), the tube 
graft (middle panel) as shown by the SPECT/CT images of the tho-
rax (from left to right, superimposed sagittal and coronal and transax-

ial emission, CT and superimposed SPECT/CT images at both the  
TG and the AI levels). The left panel of the figure shows a sche-
matic representation of the final diagnostic category.  (Modified from  
Sollini et al. [63])
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Conclusions

WBC imaging has significant impact on the ability to 
promptly diagnose IE and CIED infections providing infor-
mation about the infection burden, and the location and 
extent of disease. Further, by extending the sight from the 
sole heart to the whole body, the technique has contributed 
to the wider recognition of IE as a systemic disease with the 
major and more vulnerable location of disease at the heart, 
but extending outside the heart, resulting in recognition 
of the importance of accurate infection phenotype for the 
identification of high-risk patients, a major advance toward 
developing precision medicine for infectious diseases to 
optimize individualized therapeutic approaches.

Funding Open access funding provided by Università di Pisa within 
the CRUI-CARE Agreement.

Compliance with Ethical Standards 

Conflict of Interest Dr. Bartoli reports grants, personal fees, and non-
financial support from gammaservizi, and grants from Philogen SpA, 
outside the submitted work. Dr. Lazzeri reports personal fees from 
Springer, outside the submitted work. Dr. Erba reports grants and non-
financial support from gammaservizi, personal fees from GE Health-
care, grants and personal fees from Philogen SpA, other from AAA, 
and personal fees from Springer, outside the submitted work. The other 
authors declare that they have no conflict of interest.

Human and Animal Rights and Informed Consent This article does not 
contain any studies with human or animal subjects performed by any 
of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Papers of particular interest, published recently, have 
been highlighted as:  
• Of importance  
•• Of major importance

 1. Hoen B, Alla F, Selton-Suty C, Béguinot I, Bouvet A, Briançon 
S, et al. Changing profile of infective endocarditis: results of a 
1-year survey in France. JAMA. 2002;288(1):75–81.

 2.• Habib G, Erba PA, Iung B, Donal E, Cosyns B, Laroche C, et al. 
Clinical presentation, aetiology and outcome of infective endo-
carditis. Results of the ESC-EORP EURO-ENDO (European 
infective endocarditis) registry: a prospective cohort study. Eur 
Heart J. 2019. This prospective observational study provides 
the most up to date on the epidemiological and clinical profile 
as well as the management and outcomes of patients with 
infective endocarditis.

 3. Berisha B, Ragnarsson S, Olaison L, Rasmussen M. Microbio-
logical aetiology in prosthetic valve endocarditis: a nationwide 
registry study. J Intern Med. 2022.

 4. Clémenty N, Carion PL, Léotoing L, Lamarsalle L, Wilquin-
Bequet F, Brown B, et al. Infections and associated costs follow-
ing cardiovascular implantable electronic device implantations: 
a nationwide cohort study. Europace. 2018;20(12):1974–80.

 5. Urien JM, Camus C, Leclercq C, Dejoies L, et al. The emergence 
of Staphylococcus aureus as the primary cause of cardiac device-
related infective endocarditis. Infection. 2021;49(5):999–1006.

 6. Greenspon AJ, Patel JD, Lau E, Ochoa JA, Frisch DR, Ho RT, 
et al. 16-year trends in the infection burden for pacemakers and 
implantable cardioverter-defibrillators in the United States 1993 
to 2008. J Am Coll Cardiol. 2011;58(10):1001–6.

 7. Sohail MR, Henrikson CA, Braid-Forbes MJ, Forbes KF, 
Lerner DJ. Mortality and cost associated with cardiovascular 
implantable electronic device infections. Arch Intern Med. 
2011;171(20):1821–8.

 8. Lee DH, Gracely EJ, Aleem SY, Kutalek SP, Vielemeyer O. 
Differences of mortality rates between pocket and nonpocket 
cardiovascular implantable electronic device infections. Pacing 
Clin Electrophysiol. 2015;38(12):1456–63.

 9. Wilkoff BL, Boriani G, Mittal S, Poole JE, et al. Impact of 
cardiac implantable electronic device infection: a clinical and 
economic analysis of the WRAP-IT Trial. Circ Arrhythm Elec-
trophysiol. 2020;13(5):e008280.

 10. Wilkoff BL, Boriani G, Mittal S, Poole JE, Kennergren C, Corey 
GR, et al. Impact of cardiac implantable electronic device infec-
tion: a clinical and economic analysis of the WRAP-IT Trial. 
Circ Arrhythm Electrophysiol. 2020;13(5):e008280.

 11. Chesdachai S, Baddour LM, Sohail MR, Palraj BR, et  al. 
Evaluation of European Heart Rhythm Association consen-
sus in patients with cardiovascular implantable electronic 
devices and Staphylococcus aureus bacteremia. Heart Rhythm. 
2022;19(4):570–7.

 12. Cherry C, DeBord S, Hickey C. The modified Bentall procedure 
for aortic root replacement. AORN J. 2006;84(1):51–70.

 13. Lauri C, Signore A, Glaudemans AWJM, Treglia G, et al. 
Evidence-based guideline of the European Association of 
Nuclear Medicine (EANM) on imaging infection in vascular 
grafts. Eur J Nucl Med Mol Imaging. 2022.

 14. Tossios P, Karatzopoulos A, Tsagakis K, Sapalidis K, Triantafillopoulou  
K, Kalogera A, et al. Successful surgical in situ treatment of prosthetic 
graft infection by staged procedure after Bentall operation and total 
aortic arch replacement. Springerplus. 2014;3:172.

 15. Fournier PE, Casalta JP, Habib G, Messana T, Raoult D. Modi-
fication of the diagnostic criteria proposed by the Duke Endo-
carditis Service to permit improved diagnosis of Q fever endo-
carditis. Am J Med. 1996;100(6):629–33.

 16.• Habib G, Derumeaux G, Avierinos JF, Casalta JP, Jamal F, 
Volot F, et al. Value and limitations of the Duke criteria for 
the diagnosis of infective endocarditis. J Am Coll Cardiol. 
1999;33(7):2023–9. Results from this study provided a sum-
mary of the value and limitations of Duke criteria for the 
diagnosis of infective endocarditis.

 17. Delahaye F, Rial MO, de Gevigney G, Ecochard R, Delaye J. A 
critical appraisal of the quality of the management of infective 
endocarditis. J Am Coll Cardiol. 1999;33(3):788–93.

http://creativecommons.org/licenses/by/4.0/


890 Current Cardiology Reports (2022) 24:879–891

1 3

 18. Prudent E, Raoult D. Fluorescence in situ hybridization, a com-
plementary molecular tool for the clinical diagnosis of infectious 
diseases by intracellular and fastidious bacteria. FEMS Micro-
biol Rev. 2019;43(1):88–107.

 19. Abdelghani M, Nassif M, Blom NA, Van Mourik MS, et al. 
Infective endocarditis after melody valve implantation in the 
pulmonary position: a systematic review. J Am Heart Assoc. 
2018;7(13):e008163.

 20.•• Habib G, Lancellotti P, Antunes MJ, Bongiorni MG, Casalta JP, 
Del Zotti F, et al. 2015 ESC Guidelines for the management of 
infective endocarditis: the Task Force for the Management of 
Infective Endocarditis of the European Society of Cardiology 
(ESC). Endorsed by: European Association for Cardio-Thoracic 
Surgery (EACTS), the European Association of Nuclear Medicine 
(EANM). Eur Heart J. 2015;36(44):3075–128. This guideline 
provides clear and simple recommendations for the diagno-
sis and management of patients with IE, assisting healthcare 
providers in their clinical decision-making.

 21.•• Saby L, Laas O, Habib G, Cammilleri S, Mancini J, Tessonnier 
L, et al. Positron emission tomography/computed tomography 
for diagnosis of prosthetic valve endocarditis: increased valvu-
lar 18F-fluorodeoxyglucose uptake as a novel major criterion. 
J Am Coll Cardiol. 2013;61(23):2374–82. This study deter-
mined that adding abnormal [18F]FDG uptake around the 
prosthetic valve as a major criterion significantly increased 
the sensitivity of the modified Duke criteria at admission, 
significantly reducing the number of possible PVE cases.

 22. Bruun NE, Habib G, Thuny F, Sogaard P. Cardiac imaging in 
infectious endocarditis. Eur Heart J. 2014;35(10):624–32.

 23.•• Erba PA, Conti U, Lazzeri E, Sollini M, Doria R, De Tommasi 
SM, et al. Added value of 99mTc-HMPAO-labeled leukocyte 
SPECT/CT in the characterization and management of patients 
with infectious endocarditis. J Nucl Med. 2012;53(8):1235–
43. This study demonstrates the performances of [99mTc]-
HMPAO-WBC scintigraphy and the main clinical benefit of 
their application to reduce the rate of misdiagnosed cases of 
IE when combined with standard diagnostic tests.

 24.•• Erba PA, Lancellotti P, Vilacosta I, Gaemperli O, Rouzet F, 
Hacker M, et al. Recommendations on nuclear and multimodal-
ity imaging in IE and CIED infections. Eur J Nucl Med Mol 
Imaging. 2018;45(10):1795–815. This guideline provides rec-
ommendations on how to perform and interpret [18F]FDG 
PET/CT and WBC imaging for the diagnosis and manage-
ment of patients with IE.

 25.• Sollini M, Berchiolli R, Delgado Bolton RC, Rossi A, Kirienko 
M, Boni R, et al. The “3M” approach to cardiovascular infec-
tions: Multimodality, Multitracers, and Multidisciplinary. Semin 
Nucl Med. 2018;48(3):199–224. This review summarizes the 
use of a Multimodality, Multitracer, and Multidisciplinary 
approach (the 3M approach) to cardiovascular infections, 
with particular reference to the role of WBC SPECT/CT and 
[18F]FDG PET/CT and the importance of a Cardiovascular 
Multidisciplinary Team Approach to select the best test or 
combination of tests for each specific clinical situation.

 26. Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin 
JP, Gentile F, et al. 2020 ACC/AHA guideline for the manage-
ment of patients with valvular heart disease: a report of the 
American College of Cardiology/American Heart Association 
Joint Committee on Clinical Practice Guidelines. Circulation. 
2021;143(5):e72–227.

 27.•• Blomström-Lundqvist C, Traykov V, Erba PA, Burri H, Nielsen JC, 
Bongiorni MG, et al. European Heart Rhythm Association (EHRA) 
international consensus document on how to prevent, diagnose, and 
treat cardiac implantable electronic device infections-endorsed by 
the Heart Rhythm Society (HRS), the Asia Pacific Heart Rhythm 
Society (APHRS), the Latin American Heart Rhythm Society 

(LAHRS), International Society for Cardiovascular Infectious 
Diseases (ISCVID) and the European Society of Clinical Micro-
biology and Infectious Diseases (ESCMID) in collaboration with 
the European Association for Cardio-Thoracic Surgery (EACTS). 
Europace. 2020;22(4):515–49. This consensus document pro-
vides clear and simple recommendations for the diagnosis and 
management of CIED infections, assisting healthcare providers 
in their clinical decision-making.

 28. Ordonez AA, Weinstein EA, Bambarger LE, Saini V, Chang YS, 
DeMarco VP, et al. A systematic approach for developing bacte-
ria-specific imaging tracers. J Nucl Med. 2017;58(1):144–50.

 29. Mota F, Ordonez AA, Firth G, Ruiz-Bedoya CA, et al. Radi-
otracer development for bacterial imaging. J Med Chem. 
2020;63(5):1964–77.

 30. Sarda L, Crémieux AC, Lebellec Y, Meulemans A, Lebtahi R, 
Hayem G, et al. Inability of 99mTc-ciprofloxacin scintigraphy 
to discriminate between septic and sterile osteoarticular dis-
eases. J Nucl Med. 2003;44(6):920–6.

 31. Vinjamuri S, Hall AV, Solanki KK, Bomanji J, Siraj Q, 
O’Shaughnessy E, et al. Comparison of 99mTc infecton imag-
ing with radiolabelled white-cell imaging in the evaluation of 
bacterial infection. Lancet. 1996;347(8996):233–5.

 32. Sellmyer MA, Lee I, Hou C, Weng CC, Li S, Lieberman BP, et al. 
Bacterial infection imaging with  [18F]fluoropropyl-trimethoprim. 
Proc Natl Acad Sci U S A. 2017;114(31):8372–7.

 33. Mutch CA, Ordonez AA, Qin H, Parker M, Bambarger LE, 
Villanueva-Meyer JE, et al.  [11C]Para-aminobenzoic acid: a 
positron emission tomography tracer targeting bacteria-specific 
metabolism. ACS Infect Dis. 2018;4(7):1067–72.

 34. Li Y, Daryaee F, Yoon GE, Noh D, Smith-Jones PM, Si Y, 
et al. Positron emission tomography imaging of Staphylococ-
cus aureus infection using a nitro-prodrug analogue of 2-[18F] 
F-p-aminobenzoic acid. ACS Infect Dis. 2020;6(8):2249–59.

 35. Zhang Z, Ordonez AA, Wang H, Li Y, Gogarty KR, Weinstein 
EA, et al. Positron emission tomography imaging with 2-[18F]
F- p-aminobenzoic acid detects Staphylococcus aureus infections 
and monitors drug response. ACS Infect Dis. 2018;4(11):1635–44.

 36. Gowrishankar G, Namavari M, Jouannot EB, Hoehne A, Reeves 
R, Hardy J, et al. Investigation of 6-[18F]-fluoromaltose as a 
novel PET tracer for imaging bacterial infection. PLoS ONE. 
2014;9(9):e107951.

 37. Ning X, Seo W, Lee S, Takemiya K, Rafi M, Feng X, et al. PET 
imaging of bacterial infections with fluorine-18-labeled maltohex-
aose. Angew Chem Int Ed Engl. 2014;53(51):14096–101.

 38. Neumann KD, Villanueva-Meyer JE, Mutch CA, Flavell RR, 
Blecha JE, Kwak T, et al. Imaging active infection in vivo using 
D-amino acid derived PET radiotracers. Sci Rep. 2017;7(1):7903.

 39. Erba PA, Cataldi AG, Tascini C, Leonildi A, Manfredi C, 
Mariani G, et al. 111In-DTPA-Biotin uptake by Staphylococ-
cus aureus. Nucl Med Commun. 2010;31(11):994–7.

 40. Weinstein EA, Ordonez AA, DeMarco VP, Murawski AM, 
Pokkali S, MacDonald EM, et al. Imaging Enterobacteriaceae 
infection in vivo with 18F-fluorodeoxysorbitol positron emis-
sion tomography. Sci Transl Med. 2014;6(259):259ra146.

 41. Ordonez AA, Sellmyer MA, Gowrishankar G, Ruiz-Bedoya 
CA, Tucker EW, Palestro CJ, et al. Molecular imaging of bac-
terial infections: overcoming the barriers to clinical transla-
tion. Sci Transl Med. 2019;11(508).

 42. Vicente AG, Almoguera M, Alonso JC, Heffernan AJ, Gomez A, 
Contreras PI, et al. Diagnosis of orthopedic infection in clinical 
practice using 99mTc- sulesomab (antigranulocyte monoclonal 
antibody fragment Fab′2). Clin Nucl Med. 2004;29(12):781–5.

 43. Meller J, Liersch T, Oezerden MM, Sahlmann CO, Meller B. 
Targeting NCA-95 and other granulocyte antigens and receptors 
with radiolabeled monoclonal antibodies (Mabs). Q J Nucl Med 
Mol Imaging. 2010;54(6):582–98.



891Current Cardiology Reports (2022) 24:879–891 

1 3

 44. Roca M, de Vries EF, Jamar F, Israel O, Signore A. Guidelines 
for the labelling of leucocytes with 111In-oxine. Inflammation/
Infection Taskgroup of the European Association of Nuclear 
Medicine. Eur J Nucl Med Mol Imaging. 2010;37(4):835–41.

 45. SNMMI Procedure Standard for 99mTc Exametazime (HMPAO)-
Labeled Leukocyte Scintigraphy for Suspected Infection/Inflamma-
tion 3.0 http:// s3. amazo naws. com/ rdcms- snmmi/ files/ produ ction/ 
public/ docs/ HMPAO_ v3. pdf. Accessed on 24 May 2022

 46. SNMMI Procedure Standard for 111In-Leukocyte Scintigraphy 
for Suspected Infection/Inflammation 3.0 http://www.snmmi.org/
ClinicalPractice/content.aspx?ItemNumber=6414#InfecInflamm. 
Accessed on 24 May 2022

 47. de Vries EF, Roca M, Jamar F, Israel O, Signore A. Guidelines 
for the labelling of leucocytes with 99mTc-HMPAO. Inflamma-
tion/Infection Taskgroup of the European Association of Nuclear 
Medicine. Eur J Nucl Med Mol Imaging. 2010;37(4):842–8.

 48. Otto C, Nishimura R, Bonow R, Carabello B, Erwin J, Gentile 
F, et al. ACC/AHA guideline for the management of patients 
with valvular heart disease: a report of the American College 
of Cardiology/American Heart Association Joint Committee on 
Clinical Practice Guidelines. Circulation. 2020;2020:143.

 49.•• Erba PA, Sollini M, Conti U, Bandera F, Tascini C, De Tommasi 
SM, et al. Radiolabeled WBC scintigraphy in the diagnostic workup 
of patients with suspected device-related infections. JACC Cardio-
vasc Imaging. 2013;6(10):1075–86. This study reported the diag-
nostic performances of [99mTc]-HMPAO-WBC scintigraphy in 
the largest series of patients with suspected infections associated 
with cardiovascular implantable electronic devices (CIEDs) cur-
rently published in the literature.

 50. Erba PA, et al. Nonorthopedic or cardiovascular implantable 
device infection. In: Lazzeri E, Signore A, Erba PA, Prandini N, 
Versari A, D’Errico G, et al., editors. Radionuclide imaging of 
infection and inflammation: a pictorial case-based atlas. Milano: 
Springer Milan; 2020. p. 123–66.

 51. Erba PA, Leo G, Sollini M, Tascini C, Boni R, Berchiolli RN, 
et al. Radiolabelled leucocyte scintigraphy versus conventional 
radiological imaging for the management of late, low-grade 
vascular prosthesis infections. Eur J Nucl Med Mol Imaging. 
2014;41(2):357–68.

 52.• Rouzet F, Chequer R, Benali K, Lepage L, Ghodbane W, Duval 
X, et al. Respective performance of 18F-FDG PET and radi-
olabeled leukocyte scintigraphy for the diagnosis of prosthetic 
valve endocarditis. J Nucl Med. 2014;55(12):1980–5. This study 
showed results from the direct comparison of [18F]FDG PET/
CT and 99mTc-HMPAO-WBC scintigraphy in patients with 
IE.

 53. Kooshki N, Grambow-Velilla J, Mahida B, Benali K, et al. Diag-
nostic performance of white blood cell SPECT imaging against 
intra-operative findings in patients with a suspicion of prosthetic 
valve endocarditis. J Nucl Cardiol. 2022;29(2):528–34.

 54. Holcman K, Szot W, Rubiś P, Leśniak-Sobelga A, Hlawaty M, 
Wiśniowska-Śmiałek S, et al.  [99mTc]-HMPAO-labeled leukocyte 
SPECT/CT and transthoracic echocardiography diagnostic value in 
infective endocarditis. Int J Cardiovasc Imaging. 2019;35(4):749–58.

 55. Sohail MR, Uslan DZ, Khan AH, Friedman PA, Hayes DL, Wilson 
WR, et al. Infective endocarditis complicating permanent pace-
maker and implantable cardioverter-defibrillator infection. Mayo 
Clin Proc. 2008;83(1):46–53.

 56. Duval X, Delahaye F, Alla F, Tattevin P, Obadia JF, Le Moing V, 
et al. Temporal trends in infective endocarditis in the context of 
prophylaxis guideline modifications: three successive population-
based surveys. J Am Coll Cardiol. 2012;59(22):1968–76.

 57. Vilacosta I, Graupner C, San Román JA, Sarriá C, Ronderos 
R, Fernández C, et al. Risk of embolization after institution of 
antibiotic therapy for infective endocarditis. J Am Coll Cardiol. 
2002;39(9):1489–95.

 58.• Juneau D, Golfam M, Hazra S, Zuckier LS, Garas S, Redpath 
C, et al. Positron emission tomography and single-photon emis-
sion Computed tomography imaging in the diagnosis of cardiac 
implantable electronic device infection: a Systematic Review 
and Meta-Analysis. Circ Cardiovasc Imaging. 2017;10(4). This 
is a systematic review of the literature and meta-analysis on 
the use of [18F]FDG PET/CT, [99mTc]-HMPAO-WBC, and 
[67Ga]- citrate in CIED infection.

 59. Ahmed FZ, James J, Cunnington C, Motwani M, Fullwood C, 
Hooper J, et al. Early diagnosis of cardiac implantable electronic 
device generator pocket infection using  [18F]FDG-PET/CT. Eur 
Heart J Cardiovasc Imaging. 2015;16(5):521–30.

 60. Amraoui S, Tlili G, Sohal M, Berte B, Hindié E, Ritter P, et al. 
Contribution of PET imaging to the diagnosis of septic embo-
lism in patients with pacing lead endocarditis. JACC Cardiovasc 
Imaging. 2016;9(3):283–90.

 61. Klug D, Lacroix D, Savoye C, Goullard L, Grandmougin D, 
Hennequin JL, et al. Systemic infection related to endocarditis 
on pacemaker leads: clinical presentation and management. Cir-
culation. 1997;95(8):2098–107.

 62. Rustum S, Beckmann E, Martens A, Krüger H, et al. Native and 
prosthetic graft infections of the thoracic aorta: surgical manage-
ment. Eur J Cardiothorac Surg. 2021;60(3):633–41.

 63. Umminger J, Krueger H, Beckmann E, Kaufeld T, et al. Manage-
ment of early graft infections in the ascending aorta and aortic 
arch: a comparison between graft replacement and graft preser-
vation techniques. Eur J Cardiothorac Surg. 2016;50(4):660–7.

 64. Machelart I, Greib C, Wirth G, Camou F, Issa N, Viallard JF, 
et al. Graft infection after a Bentall procedure: a case series and 
systematic review of the literature. Diagn Microbiol Infect Dis. 
2017;88(2):158–62.

 65. Brandão M, Gonçalves-Teixeira P, Queirós PR, Ferreira ND, 
Oliveira M. Prosthetic aortic valve endocarditis by neisseria 
elongata after bentall procedure: when multimodality imaging 
is key to diagnosis. Arq Bras Cardiol. 2021;116(5):1023–6.

 66.• Sollini M, Bartoli F, Boni R, Zanca R, Colli A, Levantino M, 
et al. Role of multimodal imaging in patients with suspected 
infections after the Bentall procedure. Front Cardiovasc Med. 
2021;8:745556. This study assessed the diagnostic perfor-
mances of multimodal imaging, [18F]FDG PET/CT, 99mTc-
HMPAO-WBC, in patients with suspected infection after the 
Bentall procedure, proposing new specific diagnostic criteria 
for the diagnosis.

 67. Wahadat AR, Tanis W, Mulders TA, Graven LH, Bekker MWA, 
Bekkers JA, et al. Normal imaging findings after ascending aorta 
prosthesis implantation on  [18F]-fluorodeoxyglucose positron 
emission tomography with computed tomography. J Nucl Car-
diol. 2021.

 68. Rusckowski M, Gupta S, Liu G, Dou S, Hnatowich DJ. Inves-
tigation of four (99m)Tc-labeled bacteriophages for infection-
specific imaging. Nucl Med Biol. 2008;35(4):433–40.

 69. Sathekge M, Garcia-Perez O, Paez D, El-Haj N, Kain-Godoy 
T, Lawal I, et al. Molecular imaging in musculoskeletal infec-
tions with 99mTc-UBI 29–41 SPECT/CT. Ann Nucl Med. 
2018;32(1):54–9.

 70. Bhatt J, Mukherjee A, Shinto A, KoramadaiKaruppusamy K, 
Korde A, Kumar M, et  al. Gallium-68 labeled Ubiquicidin 
derived octapeptide as a potential infection imaging agent. Nucl 
Med Biol. 2018;62–63:47–53.

 71. Petrik M, Umlaufova E, Raclavsky V, Palyzova A, Havlicek V, 
Haas H, et al. Imaging of Pseudomonas aeruginosa infection 
with Ga-68 labelled pyoverdine for positron emission tomogra-
phy. Sci Rep. 2018;8(1):15698.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

http://s3.amazonaws.com/rdcms-snmmi/files/production/public/docs/HMPAO_v3.pdf
http://s3.amazonaws.com/rdcms-snmmi/files/production/public/docs/HMPAO_v3.pdf

	Alternative Nuclear Imaging Tools for Infection Imaging
	Abstract
	Purpose of Review 
	Recent Findings 
	Summary 

	Introduction
	WBC SPECTCT
	Patient Preparation
	Role of WBC Imaging in the Main Clinical Scenarios
	Left-Sided IE
	Right-Sided IE
	Embolic Burden
	CIED Infections
	Composite Aortic Graft


	Conclusions
	References


