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Abstract
Purpose The diagnosis of prosthetic valve (PV) infective
endocarditis (IE) and infection of cardiac implantable elec-
tronic devices (CIEDs) remains challenging. The aim of this
study was to assess the usefulness of 18F-FDG PET/CT in
these patients and analyse the interpretation criteria.
Methods We included 41 patients suspected of having IE by
the Duke criteria who underwent 18F-FDG PET/CT. The
criteria applied for classifying the findings as positive/nega-
tive for IE were: (a) visual analysis of only PET images with
attenuation-correction (AC PET images); (b) visual analysis
of both AC PET images and PET images without AC (NAC
PET images); (c) qualitative analysis of NAC PET images;

and (d) semiquantitative analysis of AC PET images. 18F-
FDG PET/CT was considered positive for IE independently
of the intensity and distribution of FDG uptake. The gold
standard was the Duke pathological criteria (if tissue was
available) or the decision of an endocarditis expert team after
a minimum 4 months follow-up.
Results We studied 62 areas with suspicion of IE, 28 areas (45
%) showing definite IE and 34 (55 %) showing possible IE.
Visual analysis of only AC PET images showed poor diagnostic
accuracy (sensitivity 20 %, specificity 57 %). Visual analysis of
bothACPETandNACPET images showed excellent sensitivity
(100 %) and intermediate specificity (73 %), focal uptake being
more frequently associated with IE. The accuracy of qualitative
analysis of NAC PET images depended on the threshold: the
maximum sensitivity, specificity and accuracy achieved were
88 %, 80 %, 84 %, respectively. In the semiquantitative analysis
of AC PET images, SUVmax was higher in areas of confirmed
IE than in those without IE (ΔSUVmax 2.2, p< 0.001). When
FDGuptakewas twice that in the liver, IEwas always confirmed,
and SUVmax 5.5 was the optimal threshold for IE diagnosis
using ROC curve analysis (area under the curve 0.71).
Conclusion The value of 18F-FDG PET/CT in the diagnosis
of suspected IE of PVs and CIEDs is highly dependent on
patient preparation and the method used for image interpreta-
tion. Based on our results, the best method is to consider a
study positive for IE when FDG uptake is present in both AC
PET and NAC PET images.
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Introduction

The diagnosis of prosthetic valve (PV) infective endocarditis
(IE) and infection of cardiac implantable electronic devices
(CIEDs; pacemakers and implantable cardioverter defibrilla-
tors) remains challenging. Neither incidence nor mortality
have decreased in the last 30 years. Despite advances in diag-
nosis and therapy, it is a severe disease associated with high
mortality, and management decisions are particularly difficult.
Early diagnosis and timely initiation of the correct antimicro-
bial therapy, in addition to early surgery if necessary, improves
prognosis and reduces mortality.

When the endocarditis is located in a PV (PVE) or in a CIED
(CIEDIE) the prognosis is worse and the diagnosis is more com-
plex than when the disease is located in a native valve. The
incidence of PVE and CIEDIE has increased in recent years.
PVE has an estimated incidence of 0.3 – 1.2 % of patients per
year [1], representing 10 – 30 % of patients with IE, and is the
most severe type [2]. On the other hand, in recent years there has
been an increase in the clinical indications for the implantation of
a CIED, with an incidence of infection of 1 – 7 % [3].
Approximately 70 % of patients with a CIED are older than
65 years old and more than 75 % have at least one associated
disease [4], and with increasing comorbidity there is a higher risk
of infection and secondarily of IE [5]. The clinical presentation of
CIEDIE is usually atypical, and blood cultures aremore frequent-
ly negative. Echocardiography, especially transoesophageal
echocardiography, but also transthoracic echocardiography,
shows lower diagnostic efficacy, being negative or inconclusive
in up to 20 % of patients with confirmed PVE.

The modified Duke diagnostic criteria published by Li et
al. [6] are widely used in clinical practice for the diagnosis of
the disease. They use several parameters: clinical, microbio-
logical and echocardiographic, to classify the clinical suspi-
cion of IE as definite, possible or rejected, depending on the
number of criteria each patient has (Tables 1 and 2). However,
they have a lower diagnostic efficacy when IE settles on a PV
or CIED.

In order to improve the accuracy of these diagnostic
criteria, the European Society of Cardiology (ESC) has
included 18F-FDG PET/CT as well as echocardiography in
the diagnostic criteria in the latest version of the guidelines
for the management of IE, published in August 2015 [7].
Thus, the new criteria for the diagnosis of IE proposed by
the ESC in 2015 include the following additional criteria re-
lated to 18F-FDG PET/CT: (a) in PVE an abnormal uptake of
FDG in the location of the implant should be considered a new
major diagnostic criterion (if the PV was implanted at least
3 months before), and (b) the identification by imaging of
recent events related to septic emboli should be considered a
new minor diagnostic criterion. Therefore, PET/CT is now a
new imaging tool providing functional and structural informa-
tion for the diagnosis of PVE and CIEDIE. Its main indication

is in patients with greater diagnostic uncertainty, i.e. those
classified as possible or rejected IE but with a high clinical
suspicion [7].

However, there is still no consensus on the methodol-
ogy that should be followed for a correct interpretation of
the images, and the interpretation criteria have not been
described in detail and are not standardised. As PET/CT is
now considered a new imaging study for the diagnosis of
IE, the aims of this study were to: (a) assess the diagnostic
accuracy of contrast-enhanced PET/CT with 18F-FDG in
these types of patients, and (b) analyse the methodology
that should be followed for a correct interpretation of the
images and the criteria for interpreting 18F-FDG PET/CT
scans.

Table 1 Clinical criteria for the diagnosis of infective endocarditis
(adapted from Li et al. [6])

Clinical criteria for the diagnosis of infective endocarditis

Major Criteria

- Blood cultures positive for IE:

- Evidence of typical microorganisms from two separate blood cultures

- Typical microorganisms from persistently blood cultures

- Echocardiography positive for IE (transoesophageal for prosthetic
valves and CIED)

Minor Criteria

- Predisponent factors: predisposing heart condition, injection drug use

- Fever > 38°

- Vascular phenomena (major arterial emboli, septic pulmonary infarcts,
mycotic aneurysm, intracranial haemorrhages, conjuntival
haemorrhages, Janeway lesions)

- Inmunologic phenomena (glomerulonephritis, Osler’s nodes, Roth’s
spots, rheumatoid factor)

- Microbiological evidence (positive blood culture not major criteria)

Table 2 Infective endocarditis classification according to the modified
Duke criteria (adapted from Li et al. [6])

Infective endocarditis classification according to the modified Duke
criteria

Definitive IE

- 2 major criteria; or

- 1 major criterion and 3 minor criteria; or

- 5 minor criteria

Possible IE

- 1 major criterion and 1 minor criterion; or

- 3 minor criteria

Rejected IE

- Firm alternative diagnosis; or

- Resolution of symptoms suggesting IE with antibiotic theraphy for ≤ 4
days; or

- Does not meet criteria for possible or definitive IE
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Materials and methods

Patients

We included 41 patients in the study, 26 (63 %) men and
15 (37 %) women, with a proportion between the sexes
of 1.7:1 and an average age of 70 ± 14 years (range
23 – 89 years). We evaluated 62 areas of suspected IE,
classified as definite in 28 (45 %) and possible in 34
(55 %), and located in a PV in 42 (68 %) and in a
CIED in 20 (32 %). Of the PVs, 27 were mechanical
and 15 biological, and 24 were located in the aortic
valve, 16 in the mitral valve and 2 in the tricuspid valve.
IE was diagnosed in 52 % of the cohort (32 areas) with
confirmation on the basis of pathological Duke criteria in
20 areas (63 %) and on the basis of a clinical board
decision after a 4 month clinical follow-up with no inva-
sive intervention in 12 areas (37 %). In the remaining
48 % of the cohort (30 areas) the diagnosis of IE was
rejected. 18F-FDG PET/CT imaging in two representative
patients with clinical suspicion of definite IE is shown in
Figs. 1 and 2.

In this prospective study we included all patients re-
ferred to our department from November 2012 to January
2015 with suspected IE, classified as definite or possible
IE, located in a PV or CIED. The clinical suspicion was
based on the modified Duke criteria (Tables 1 and 2). A
multidisciplinary medical and surgical team expert in IE
treated all patients. The study was performed in a tertiary
care hospital with cardiovascular surgery and a centre of
reference for this disease. Patients of both sexes with no
age limit were included. In patients with several areas
with suspected IE, each suspicious area was evaluated
independently, by clinical criteria, imaging criteria (echo-
cardiography and 18F-FDG PET/CT) and in the final
diagnosis. Exclusion criteria were pregnancy and the need
for urgent surgery during the wait for the 18F-FDG PET/
CT scan.

The gold standards used for the final diagnosis were
histopathology and culture of surgical specimens obtain-
ed on cardiac surgery or autopsy. Diagnosis was based
on the Duke pathological criteria (microorganism demon-
strated in the vegetation by culture or histopathology, or
in an intracardiac abscess). If this information was not
available, the final diagnosis was established by an
expert medical team following at least 4 months of
follow-up from the time of the episode. In no case the
information supplied by the 18F-FDG PET/CT altered or
influenced the final diagnosis.

As liver FDG uptake was used as a reference for the
uptake in other areas, we evaluated the hepatic function
of every patient by measurement of hepatic enzymes
(ALT, AST and GGT) in the blood analysis performed

before the FDG PET/CT study. Hepatic function was
considered normal when these values were in their
normal ranges or were slightly elevated to no more than
twice the top value of the normal range. When one or
more enzymes were higher than twice the top value of
the normal range, liver function was considered
abnormal. Only six patients presented altered hepatic
function (due to known hepatic steatosis in two, metas-
tases from an adenocarcinoma in one, in the context of
an acute pancreatitis of biliary origin in one, and
unknown aetiology without previous alteration of the
liver and with normal abdominal ultrasonography in
two). However, all six of these patients showed normal
FDG uptake values in the left hepatic lobe (SUVmax
between 2.9 and 3.7), and therefore they were not ex-
cluded from the study. The remaining patients showed
normal hepatic function and normal FDG uptake values.

18F-FDG PET/CT

The 18F-FDG PET/CT study was performed as far as
possible with high priority in relation to the availability,
and ideally within 72 h of the request. All studies were
performed with the same PET/CT system (Biograph 6
TruePoint; Siemens) with a theoretical spatial resolution
of 3 – 4 mm. This system comprises four rows of
detectors with LSO crystals and a six-row detector CT
component with dose modulation depending on the
topogram (CARE Dose; Siemens). The acquisition mode
was 3D, with a coincidence detection window of 4.1 ns.

Patient preparation and study protocol

In order to reduce physiological uptake of 18F-FDG by the
myocardial cells as much as possible, all patients consumed
a low-carbohydrate high-fat diet during the 48 h before the
procedure, and fasted for the last 12 h. In addition, to further
reduce myocardial uptake of 18F-FDG, an intravenous bolus
of heparin at 50 U/kg body weight was administered 15 min
before administration of 18F-FDG, if there were no
contraindications. Blood glucose levels were always checked
before 18F-FDG administration with an upper limit of 200 mg/
dL. 18F-FDG was administered at a dose of 5 MBq/kg body
weight using an automatic injector (Medrad Intego 200;
Bayer). All patients rested in a quiet room for 45 to 60 min
to allow uptake.

The 18F-FDGPET/CT procedure was performed following
EANM guidelines [8, 9], administering 130 mL of iodinated
contrast agent (with a delay of 45 s and a speed of 2.5 mL/s), if
not contraindicated. First, a thoracic CT scan in deep
inspiration was performed to acquire arterial phase images
(110 kV and 60 mAs, 2.5 mm thickness), followed by a
whole-body CT scan in the portal phase (110 kV and 95
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mAs, 0.5 s tube rotation, pitch 6 and 5 mm thickness) from the
top of the skull to the distal extremity of the thighs. The image
was acquired with a 512 matrix and 1 mm pixel. The PETscan
was then acquired in the caudocranial direction with 3 min per
bed position and 20 % overlap. Iterative reconstruction was
applied. Neither the CT nor the PET protocol included cardiac
gating.

Awhole-body contrast-enhanced 18F-FDGPET/CTscanwas
acquired to analyse both the heart and the rest of the body.
However, analysis of the images was divided into two studies
depending on the region, one focusing on the diagnosis of IE in
the heart and the other focusing on septic emboli in the rest of the
body. Contrast-enhanced CT imageswere used in the differential
diagnosis of lesions located in organs other than the heart. As

Fig. 2 A75-year-old manwith a pacemaker implanted 3 years before with
clinical suspicion of definite IE (transoesophageal echocardiography with
evidence of a vegetation adherent to the electrode localised in the right
cavities and positive blood cultures for Staphylococcus Schleiferi). a, b
18F-FDG PET/CT evidences pathological uptake of 18F-FDG with a linear
pattern in the right atrium corresponding to the intracardiac portion of the

electrode of the pacemaker (aCT, b fused PET/CT) with SUVmax 3.9. c, d
This pathological 18F-FDG uptake is evident on the images both with
attenuation correction (c) and without (d) attenuation correction and is
easily differentiated from the surrounding tissue, and is suggestive of IE.
Antimicrobial therapy was initiated and the pacemaker was removed. IE
was confirmed in the pathology study

Fig. 1 A 66-year-old woman with an aortic prosthetic valve implanted
2 years before (a arrow, PET/CT CT image) referred for clinical
suspicion of definite IE (transoesophageal echocardiography with evidence
of a vegetation in the prosthesis and positive blood cultures for
Streptococcus Sanguis). b Contrast-enhanced 18F-FDG PET/CT shows
pathological 18F-FDG uptake in all the prosthetic valve, with more intense
and focal uptake in the right posterolateral region (SUVmax 9.2 arrow). c,
d This pathological uptake is evident in the PET images both with

attenuation correction (c) and without (d) attenuation correction and is
easily differentiated from the surrounding tissue, and is suggestive of IE.
Additionally, contrast-enhanced PET/CT showed 18F-FDG uptake in the
colon, in liver metastases and in peritoneal implants, all of which were later
confirmed as stage IV colon cancer, that was treated medically. Regarding
the IE, the patient was treated with antimicrobial therapy, as surgery of the
valve was considered inappropriate
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cardiac CT gating was not performed, CT images of the heart
were of low quality and did not allow differential diagnosis of
possible lesions related to IE. Therefore, CT images were not
used in the evaluation or in the final diagnosis of heart lesions.

Interpretation and image analysis

Studies were analysed by two nuclear medicine physicians and
one radiologist, all with experience in the field, using the same
workstation (Syngo software system; Siemens Medical
Imaging). Regarding the analysis of the PET/CT images related
to the clinical suspicion in each patient, all areas with suspicion
of IE in PVs and CIEDs that could present IE were taken into
account based on the available data (clinical history, analysis,
imaging). These areas were analysed independently in the PET/
CTstudy and if they showed increased uptake of 18F-FDG they
were considered suspicious for IE based on the metabolic
information supplied by PET. If tissues surrounding the PV,
the CIED or any other high-density object (i.e. the catheter)
showed areas of increased 18F-FDG uptake, both the
attenuation-corrected (AC) images and the images without
AC (NAC images) were analysed. All AC PET images were
analysed visually and semiquantitatively in terms of SUV,
whereas the NAC images were analysed only qualitatively, as
it is not possible to measure SUV on NAC images. Areas of
increased 18F-FDG uptake were also analysed semiquantita-
tively comparing them with other areas of physiological FDG
uptake. The criteria applied for reading the images and
classifying the findings as positive or negative for IE were:

1. Visual analysis of only the AC PET images: 18F-FDG
uptake was considered pathological when there was an
increased 18F-FDG uptake in the suspicious area,
independently of its intensity, distribution and extent,
and in this case the PET study was considered positive
for IE. If there was no increased uptake in the suspicious
area, the PET study was categorised as negative.

2. Visual analysis of both the AC PET and the NAC PET
images: If increased 18F-FDG uptake on the AC PET
images persisted on the NAC PET images, independently
of its intensity, the PET study was considered positive for
IE. On the contrary, if the increased uptake did not persist
on the NAC PET images, the study was considered
negative. Furthermore, two patterns of uptake, focal and
diffuse, were differentiated depending on the distribution
of the increased 18F-FDG uptake.

3. Qualitative analysis of the NAC PET images: Intensity that
persisted on the NAC PET images was also analysed. The
areas showing suspicious uptake on the AC PET images
were scored on the NAC PET images using a grey scale
from 1 to 3 in relation to the uptake in the surrounding tissue
(myocardial or background uptake adjacent to the generator
or extracardiac electrode), as follows: 1 no difference in

uptake, 2 subtle differentiation, and 3 clear or marked
differentiation. An example is presented in Fig. 3.

4. Semiquantitative analysis of the AC PET images:
SUVmax was measured in the suspicious area (PV and
CIED) and was compared to physiological uptake (as
SUVmax) in two areas: (1) the mediastinal blood pool
(MBP), calculated by measuring a volume of interest
(VOI) of a diameter of 3 mm inside the walls of the
ascending aorta; and (2) the liver, calculated by
measuring a VOI of diameter 3 cm drawn in the right
hepatic lobe excluding any areas of inhomogeneous or
focally increased uptake (physiological, pathological or
due to artefacts). A five-point scale was applied using
these references: 0 no uptake, 1 uptake (SUVmax) lower
than that in the MBP, 2 uptake higher than that in the
MBP but lower than that in the liver, 3 uptake higher than
the liver but less than twice its value; 4 uptake more than
twice that in the liver.

Statistical analysis

Descriptive analysis The qualitative variables analysed are
presented with frequency distributions. The quantitative
variables analysed are presented including the averages and
standard deviation.

Diagnostic efficacy of PET The diagnostic efficacy of 18F-
FDG PET/CT in the final diagnosis of IE was evaluated by
calculating sensitivity (Se), specificity (Sp), positive predictive
value (PPV), negative predictive value (NPV) and accuracy
(Ac) with the 95 % confidence intervals (CI).

Diagnostic efficacy of SUVmax The area under the ROC
curve (AUC) of the quantitative variable SUVmax was
calculated as a measure of the overall performance of the test
in the final diagnosis of IE. The optimal performance can be
determined from the ROC curve, calculating the threshold that
provides the highest accuracy. We compared the average
SUVmax between patients with and without IE using the
nonparametric Mann-Whitney U test.

In all the comparisons, the null hypothesis was rejected with a
type I error or Berror a^ less than 0.05. The statistical program
used was SPSS v15.0 y STATA 9.0.

Results

The time between implantation of the device or PV and the
PET/CT scan was longer than 12 months in 64 % of the areas
studied (40 areas), between 6 weeks and 12months in 10% (6
areas), and less than 6 weeks in 26 % (16 areas). In areas with
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suspicion of late IE (more than 1 year), the diagnosis of
infection was confirmed in 53 % of the areas analysed
(21/40) and the percentage of error of PET/CT was
15 % (6 areas false-positive), whereas in areas with
suspicion of early IE (less than 1 year), the final
diagnosis was of infection in 59 % (11 areas of those
less than 6 weeks, and 2 areas of those between 6 weeks
and 12 months), and PET/CT had a lower false-positive
rate with only 9 % of the areas (two false-positive areas).
In no case did 18F-FDG PET/CT provide an inconclusive
or doubtful result at the time of diagnosis or exclusion
of disease, nor was it necessary to exclude any study
because of suboptimal quality for the evaluation of heart
disease.

Next, we present the results of the PET/CT scans for the
diagnosis of IE obtained in relation to the methods used in
interpreting the images. Additionally, Table 3 shows the
details of the interpretations for each location.

Visual analysis of only AC PET images

Of the suspicious areas, 90% (56) showed increased 18F-FDG
uptake on the AC PET images. This gave Se 100 %
(95 % CI: 89 – 100 %), Sp 20 % (95 % CI: 7.7 – 38.6 %),
NPV 100 % (95 % CI: 54.1 – 100 %), PPV 57.1 % (95 % CI:
43.2 – 70.3 %) and Ac 61.2 % (95 % CI: 48.1 – 73.4 %) in the
diagnosis of IE. Of the 34 suspicious areas in which possible
IE was initially suspected, PET led to reclassification of 29 as
IE and rejection of the diagnosis of IE in 5. In this subgroup,
18F-FDG PET/CT showed a rate of success or accurate diag-
nosis of 29.4 % (95 % CI: 15 – 47 %).

Visual analysis of both AC PETand NAC PET images

Of the 56 clinically suspicious areas with increased 18F-FDG
uptake on the AC PET images, 40 (71 %) showed persistently
increased uptake on the NAC PET images independently of
intensity. Analysing both AC PET and NAC PET images side
by side resulted in Se 100% (95%CI: 89.1 – 100%), Sp 73.3%
(95%CI: 54.1 – 87.7%), NPV 100% (95%CI: 84.6 – 100%),
PPV 80 % (95 % CI: 64.4 – 90.9 %) and Ac 87.1 % (95 % CI:
76.1 – 94.3 %) in the diagnosis of IE. Of the 34 suspicious areas
in which possible IE was initially suspected, PET led to the
reclassification of 13 as IE and rejection of the diagnosis of IE
in 21. In this subgroup 18F-FDG PET/CT showed a rate of
success or accurate diagnosis of 76.5 % (95 % CI:
0.58 – 0.89%). The distribution of the increased 18F-FDGuptake
was focal in 38% and diffuse in 62% of the clinically suspicious
areas, confirming IE in 76 % of the areas with focal uptake and
44 % of the areas with diffuse uptake (p= 0.020).

Qualitative analysis of the NAC PET images

In 16 suspected areas although there was increased 18F-FDG
uptake in the AC PET it did not persist in the NAC PET,
whereas in another 6 suspected areas it was not necessary to
use the NAC PET because the AC PET was negative.
Thus, the qualitative analysis of the NAC PET images was
done in 64 % (40 areas) of the cohort. In 24 of these 40 areas
(60 %) the uptake persisted and could be differentiated
without difficulty from the surrounding background, in 10
areas (25 %) the uptake persisted but was difficult to differen-
tiate from the surrounding background, and in 6 areas (15 %)

Fig. 3 Qualitative analysis of
NAC PET images using a three-
point grey scale: a grade 1 in-
creased 18F-FDG uptake on the
AC PET image persists on the
NAC PET image but it is impos-
sible to differentiate it from up-
take in the surrounding tissue; b
grade 2 increased uptake on the
AC PET image persists on the
NAC PET image with subtle dif-
ferentiation from uptake in the
surrounding tissue; c grade 3 in-
creased uptake on the AC PET
image persists on the NAC PET
image with clear or marked dif-
ferentiation from uptake in the
surrounding tissue
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Table 3 PET/CT image interpretation results

Patient
no.

Suspected focusa SUVmax of
reference regions

NAC PET
image uptake
intensity
scoresb

Infective endocarditis

Suspected
focus
no.

Valve/device and
location

Visual analysis
of AC PET images
with increased FDG
uptake

SUV
max

Mediastinal
blood pool

Liver Initial
classificationc

Final
diagnosis

1 1 Mechanical aortic PV Yes 5.6 2.4 5.3 0 Possible Rejected
2 CIED Yes 7.2 2.4 5.3 3 Possible Rejected

2 3 CIED Yes 4.9 1.8 3.7 0 Possible Rejected
3 4 Mechanical aortic PV No – 1.8 5.4 NA Possible Rejected

5 Mechanical mitral PV No – 1.8 5.4 NA Possible Rejected
4 6 Mechanical mitral PV Yes 4.8 1.7 3.0 3 Definite Definite
5 7 CIED Yes 4.1 2.3 3.7 0 Possible Rejected
6 8 Biological aortic PV Yes 4.9 1.7 3.5 1 Possible Rejected
7 9 CIED Yes 3.8 2.1 3.5 2 Definite Definite
8 10 Mechanical aortic PV Yes 4.0 2.1 3.8 1 Possible Rejected

11 Mechanical mitral PV Yes 4.6 2.1 3.8 1 Definite Definite
9 12 Mechanical aortic PV Yes 4.4 2.2 4.0 3 Possible Definite

13 Mechanical mitral PV Yes 7.4 2.2 4.0 3 Definite Definite
10 14 Biological aortic PV Yes 3.8 2.5 5.2 0 Possible Rejected
11 15 Biological aortic PV Yes 4.5 1.6 3.2 3 Definite Definite

16 CIED Yes 2.6 1.6 3.2 2 Definite Definite
12 17 CIED Yes 8.6 1.8 3.9 3 Possible Definite
13 18 Biological aortic PV Yes 8.6 1.7 3.3 3 Definite Definite
14 19 Mechanical aortic PV Yes 5.6 1.3 2.3 3 Definite Definite

20 Mechanical mitral PV Yes 4.1 1.3 2.3 1 Definite Definite
15 21 CIED Yes 4.2 2.2 3.3 3 Definite Definite
16 22 Mechanical mitral PV No – 1.8 2.7 NA Possible Rejected

23 CIED No – 1.8 2.7 NA Possible Rejected
17 24 Biological aortic PV Yes 6.5 2.1 3.8 3 Definite Definite
18 25 Biological aortic PV Yes 9.2 2.0 2.9 3 Definite Definite
19 26 CIED Yes 7.9 1.6 2.6 3 Possible Definite
20 27 Mechanical mitral PV Yes 4.4 2.5 4.2 0 Possible Rejected
21 23 Mechanical aortic PV Yes 4.0 1.7 2.2 2 Definite Definite
22 29 Biological mitral PV No – 1.8 2.9 NA Possible Rejected
23 30 Mechanical aortic PV No – 1.6 2.3 NA Definite Rejected

31 Mechanical mitral PV Yes 3.1 1.6 2.3 2 Definite Definite
32 CIED Yes 3.8 1.6 2.3 2 Definite Definite

24 33 CIED Yes 5.8 2.0 3.2 0 Possible Rejected
25 34 Biological aortic PV Yes 13.3 2.2 3.6 3 Definite Definite
26 35 Mechanical aortic PV Yes 7.0 1.8 3.1 3 Definite Definite

36 Mechanical mitral PV Yes 9.4 1.8 3.1 3 Definite Definite
27 37 Mechanical aortic PV Yes 7.3 2.9 2.0 3 Definite Definite
28 38 CIED Yes 3.8 1.9 3.9 0 Possible Rejected
29 39 CIED Yes 3.3 2.1 3.2 0 Possible Rejected
30 40 Mechanical aortic PV Yes 6.0 1.9 4.5 2 Definite Definite
31 41 Mechanical aortic PV Yes 3.9 2.2 3.2 3 Definite Definite

42 Mechanical mitral PV Yes 3.7 2.2 3.2 1 Possible Rejected
43 Mechanical tricuspid PV Yes 5.9 2.2 3.2 3 Possible Definite
44 CIED Yes 2.3 2.2 3.2 0 Possible Rejected

32 45 Mechanical tricuspid PV Yes 6.5 2.9 5.1 3 Possible Definite
46 Mechanical mitral PV Yes 4.1 2.9 5.1 0 Possible Rejected
47 Biological aortic PV Yes 4.9 2.9 5.1 2 Possible Definite
48 CIED Yes 5.4 2.9 5.1 0 Possible Rejected

33 49 CIED Yes 6.2 1.8 3.8 3 Possible Definite
34 50 Biological aortic PV Yes 7.0 2.1 4.0 2 Definite Definite
35 51 Biological aortic PV Yes 7.6 2.7 3.7 3 Definite Definite

52 Biological mitral PV Yes 3.9 2.7 3.7 0 Possible Rejected
53 CIED Yes 3.0 2.7 3.7 1 Definite Definite

36 54 Biological aortic PV Yes 2.8 1.8 3.2 0 Possible Rejected
55 Biological mitral PV Yes 3.1 1.8 3.2 0 Possible Rejected

37 56 Mechanical mitral PV Yes 4.9 1.8 3.6 3 Possible Rejected
38 57 Biological aortic PV Yes 9.1 1.7 3.3 3 Definite Definite

58 CIED Yes 3.2 1.7 3.3 2 Definite Definite
39 59 Mechanical mitral PV Yes 6.1 2.2 3.0 3 Possible Rejected

60 Mechanical aortic PV Yes 4.2 2.2 3.0 0 Possible Rejected
40 61 CIED Yes 3.2 1.6 3.1 2 Definite Definite
41 62 CIED Yes 3.1 1.7 2.8 0 Possible Rejected

AC attenuation-corrected, NAC not attenuation-corrected, PV prosthetic valve, CIED cardiac implantable electronic device, NA not applicable (NAC
images not analysed)
a In those patients in whom there were more than one suspected focus, data on all foci are presented
bAreas showing suspicious uptake on the AC PET images were scored on the NAC PET images using a grey scale from 1 to 3 in relation to the uptake in
the surrounding tissue: 1 no difference in uptake, 2 subtle differentiation, 3 clear or marked differentiation. Score 0 indicates no persistent FDG uptake on
the NAC PET images in an area that showed uptake on the AC PET images
c Based on the modified Duke criteria
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the uptake persisted but could not be differentiated from the
surrounding tissue. Diagnostic accuracy depended on the
threshold for positivity:

& Considering PET images positive for IE when 18F-FDG
uptake that persisted in the NAC PET images could be
differentiated from the surrounding tissue (excluding
those uptakes that were indistinguishable from the sur-
rounding background), Se was 87.5 % (95 % CI:
71 – 96.5 %), Sp 80 % (95 % CI: 61.4 – 92.3 %), NPV
85.7 % (95 % CI: 67.3 – 96 %), PPV 82.4 % (95 % CI:
65.5 – 93.2 %) and Ac 83.9 % (95 % CI: 72.3 – 92 %).
Using this threshold Sp and NPV were increased al-
though there was a slight decrease in Se and NPV. Of
the 34 suspicious areas in which possible IE was ini-
tially suspected, analysis of the PET images led to
reclassification of 10 areas as IE and rejection of the
diagnosis in 24 areas. In this subgroup, 18F-FDG PET/
CT showed a rate of success or accurate diagnosis of
79.4 % (95 % CI: 0.62 – 0.91 %).

& On the contrary, considering PET images positive for IE
only when 18F-FDG uptake that persisted in the NAC PET
images could be clearly differentiated from the
surrounding tissue, Se and NPV were significantly lower
at 59.4 % (95 % CI: 40.6 – 76.3 %) and 65.8 % (95 % CI:
48.6 – 80.4 %), respectively, and and Ac 66.1% (95%CI:
53.0 – 77.7 %). Furthermore, these lower Se and NPV
values were not associated with improvements in Sp or
PPV, which were similar to those in the previous group at
83.3 % (95 % CI: 65.3 – 94.4 %) and 79.2 % (95 % CI:
57.8 – 92.9 %), respectively. Of the 34 suspicious areas in
which possible IE was initially suspected, analysis of the
PET images led to reclassification of 9 areas as IE and

rejection of the diagnosis in 25 areas. In this subgroup
18F-FDG PET/CT showed a rate of success or accurate
diagnosis of 82.4 % (95 % CI: 0.65 – 0.93 %).

Quantitative analysis of AC-PET images

The suspicious foci of IE showed an average SUVmax of 4.9
± 2.5 (range 0 – 13.3). The SUVmax values of the suspicious
foci of IE distributed in percentiles were 3.3 at the 25th percen-
tile (p25), 4.4 at the 50th percentile (p50) and 6.3 at the 75th
percentile (p75). TheMBP showed an average SUVmax of 1.9
± 0.3 (range 1.3 – 2.9), and the hepatic parenchyma and
average SUVmax of 3.4 ± 0.8 (range 2.0 – 5.4). In 55 %
of the suspected foci of IE the uptake was higher than but
less than twice that in the liver, whereas in 19 % the uptake
was more than double the hepatic uptake, and only 16 %
showed uptake higher than the MBP and lower than the
liver.

When the final diagnosis was IE, the average SUVmax in
the suspected foci of IE was 5.9 ± 2.4. On the contrary, when
the diagnosis of IE was rejected, the average SUVmax was
3.6 ± 2.1. The difference in SUVmax was 2.23 (95 % CI:
1.04 – 3.42; p = 0.004), with higher values in the areas where
IE was finally confirmed. In the patients with a PVwith a final
diagnosis of IE, those with a biological prosthesis showed a
higher average SUVmax than those with a mechanical pros-
thesis (SUVmax 8.2 ± 2.6 and 5.4 ± 1.8, respectively). In the
patients in whom the diagnosis of IE was finally rejected, the
average SUVmax was similar in those with both types of
prosthesis (SUVmax 3.3 ± 1.7 in those with a biological pros-
thesis and 3.5 ± 2.5 in those with a mechanical prosthesis).
The difference in SUVmax was 4.9 (95 % CI: 2.41 – 7.34;

Fig. 4 Receiver operating
characteristic (ROC) curve analy-
sis of the value of SUVmax for
predicting infective endocarditis
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p = 0.003) in those with a biological prosthesis and 1.9 (95 %
CI: 0.11 – 3.61; p = 0.189) in those with a mechanical pros-
thesis, with higher values in the areas where IE was finally
confirmed.

The ROC curves showed a good diagnostic performance of
18F-FDG PET/CT in IE (Fig. 4). The maximum joint Se and
Sp was achieved with a SUVmax 5.5 to differentiate between
PET positive or PET negative for IE with an AUC of 0.71,
with a Se 50% (95%CI: 31.9 – 68.1), Sp 80% (95%CI: 61.4
– 92.3), NPV 60 % (95 % CI: 43.3 – 75.1), PPV 72.7 %
(95 % CI: 49.8 – 89.3) and Ac 64.5 % (95 % CI: 51.3 – 76.3).

Discussion

Multimodality imaging with 18F-FDG PET/CT has
undoubtedly a great potential for the early diagnosis of PVE
and CIEDIE [10–12]. Recent guidelines such as ESC 2015 [7]
propose its inclusion as a new imaging modality for the
diagnosis of PVE. However, standardisation is still needed
regarding several aspects for a proper assessment of this
disease. Some of the pending issues are: (a) patient
preparation for the 18F-FDG PET/CT procedure with regard
to the use of heparin or not; (b) the acquisition protocol
including timing and extent of the scan; (c) the processing
protocol with regard to the need or not for different types of
images (AC, NAC); and the most important (d) the criteria
used for interpreting the studies [10]. There is currently no
consensus regarding the interpretation criteria for 18F-FDG
PET/CT in IE, and there are no published guidelines with
clear, standardised and uniform criteria for the evaluation of
this disease. The available evidence shows that each group
dedicated to research in this area uses a different patient
preparation, different acquisition protocols and different
interpretation criteria.

In our study we considered necessary an adequate patient
preparation that would minimise physiological uptake of 18F-
FDG by the myocardial cells. Myocardial uptake of 18F-FDG
is very variable among patients and even in the same patient in
different studies. The risk of artefacts increases with increas-
ing physiological uptake, and the presence of artefacts makes
image interpretation very difficult and can mask possibly
pathological 18F-FDG uptake. Several methods have been
proposed to lower physiological uptake, such as the use of
heparin [13], prolonged fasting [14] and a low-carbohydrate
high-fat diet [15]. All these methods seem to lower the levels
of insulin in the blood and increase the levels of free fatty
acids, which induce an inhibition of the myocardial uptake
of 18F-FDG. In our study preparation for the 18F-FDG PET/
CT scan inc luded the fo l lowing : (a ) a spec i a l
low-carbohydrate high-fat diet during the 48 h before the
procedure; (b) a long fasting period of 12 h before the scan;
and (c) administration of heparin when not contraindicated.

This protocol led to interpretable studies in all patients
(100 %), without needing to exclude any due to suboptimal
images in the heart region, and there were no inconclusive or
doubtful studies.

Most groups use protocols that include fasting before the
procedure for a minimum of 6 h [16, 17] to a maximum of
12 h [11], 8 h being the most usual period [18, 19]. We have
also found no consensus in the literature regarding the use of a
specific diet before the study. Some groups recommend a diet
of the indicated characteristics (low-carbohydrate high-fat)
before the fasting period [11, 17], and other groups do not
describe in detail, or even at all, the dietary preparation in
patients included in their studies [18–20]. The absence of ad-
equate preparation before the procedure may be a reason for
the worse performance of 18F-FDG PET/CT in other
studies some of which have shown Se in the range
30 – 40 % [16, 19], in contrast to Se in the range
90 – 100% obtained in our work. Based on our study in which
we were able to obtain sufficiently clear images for adequate
interpretation in the diagnosis of IE, we propose that a
protocol similar to the one used in this study be applied
systematically for the preparation of patients before
18F-FDG PET/CT. However, other patient preparation
protocols could be as effective as the one we used.

All patients were treated empirically with antimicrobial
therapy at the beginning of the suspected IE following the
recommendations of the clinical guidelines. The antimicrobial
therapy was later modified according to the results of the
antibiogram. Although the aim was to perform the 18F-FDG
PET/CT study during the 72 h following initiation of the
antimicrobial therapy, the average time from initiation of ther-
apy to the PET/CT study was 11 days. However, prolonged
antimicrobial therapy before the PET/CT study did not mask
the active foci of infection. Indeed, in our opinion none of our
false-negative results was due to the biological effects of the
antimicrobial therapy. Nevertheless, we cannot exclude the
possibility of a certain bias due to empirical antimicrobial
therapy at the beginning of the suspected IE, as the antimicro-
bial therapy could be considered a reason for having fewer
false-negative results that would have increased the sensitivity
of 18F-FDG PET/CT.

Artefacts due to overcorrection appear on AC PET images
as areas of increased uptake due to the presence of metallic
components [21, 22]. These artefacts must be taken into
account when evaluating suspected foci of IE located next to
metallic elements, such as PV (mechanical and biological,
although the latter to a lesser degree) and CIED. To avoid
the problem of artefacts on AC PET images that can interfere
with reaching a correct diagnosis, we consider essential the
systematic use of the AC PET images as well as the NAC PET
images. An essential criterion for classifying a study as
suggestive of IE is the persistence of uptake on the NAC
PET images. This is evidenced by the results of this study in
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which the use of only the AC PET images led to a very low Sp
(20 %), a value much lower than those obtained by echocar-
diography and the modified Duke criteria [7]. On the contrary,
the systematic use of both the AC PET and the NAC PET
images to evaluate suspected PVE and CIEDIE,
independently of the intensity of 18F-FDG uptake, led to an
Ac of 87 %, Sp of 73 % and PPVof 80 % without a reduction
in Se or NPV. Most authors recommend using the NAC PET
images in this context [11, 16–19].

Based on our results, the most recomended criteria to eval-
uate in the PET study would be in cases of possible IE to
consider a study as positive for infection when the FDG
uptake can be observed both in the AC PET and in the NAC
PET, being able to differentiate in this last one the pathological
uptake from the surrounding tissue. Applying these criteria
PET/CT would show an accuracy of around 80 %. However,
it is generally agreed that NAC PET images present limita-
tions due to their low quality. NAC PET images are difficult to
evaluate as they usually present a very low spatial resolution,
especially in small lesions. Thus, they are usually of limited
use, except when evaluating the presence of artifacts due to
the presence ofmetal components, where they can certainly be
key to a correct interpretation.

In this study, focal FDG uptake was more frequently
associated with the presence of IE than diffuse FDG uptake,
which was associated with IE in about half of the areas
evaluated. To the best of our knowledge, this parameter has
not been analysed in a standard way by other groups.

There is no clear SUVmax threshold that allows precise
differentiation between active IE and its absence. Only the
group of Sarrazin et al. [18] observed a SUVmax of 4.4 ±
1.6 in the patients with clinical suspicion of IE, as compared
to a SUVmax of 1.2 ± 1.4 in asymptomatic patients with a
recent surgery for implantation, concluding that PET/CT is
able to differentiate between inflammatory postsurgical
changes due to a recent surgery from infectious changes
related to IE. SUVmax was similar to the one observed by
our group (4.9 ± 2.5), being slightly higher in our study when
the IE was confirmed where the SUVmax reached an average
of 5.9 ± 2.4. As has been often discussed in oncology, it is
difficult and adventurous to establish a fixed threshold to dis-
criminate between pathological uptake and normal/
physiological uptake, as there are many factors influencing
the uptake. We observed that higher uptakes were more
frequently associated with IE, with a good Sp of 80 % and a
SUVmax cutoff of 5.5, but in contrast the Se was 50 %.
However, it would not be reasonable to use this parameter in
analysing the distribution of SUVmax in the areas evaluated
without also taking into account the rest of the information
supplied by the image in addition to other diagnostic param-
eters (clinical, microbiological and echocardiographic).

To define a quantitative scale of 18F-FDG uptake for
assigning different categories depending on the level of 18F-

FDG uptake in the suspected area of IE as compared to the
standard references (MBP and the liver), we followed the
Deauville criteria (used to evaluate interim response in lympho-
mas) [23, 24]. Such a detailed analysis for the study of IE has
not been reported previously. We observed that up to 75 % of
the suspicious areas showed 18F-FDG uptake higher than that
in the liver and therefore also higher than in the MBP, allowing
easy differentiation from the background and physiological
uptake in the heart. Others including Cautela et al. [19] have
used other reference regions such as the descending thoracic
aorta, hepatic parenchyma and pectoral region, and have ob-
tained promising results in the evaluation of infection in the
pocket of the cardiac device (local infection), but very
unfavourable results in the evaluation of IE in the remaining
components of the CIED. Although this type of analysis helps
the interpretation, we believe it should not replace the use of
NAC PET images. This is because we observed that in 30 % of
areas evaluated with uptake higher than but less than twice that
in the liver, the uptake did not persist in the NAC PET images,
leading to the interpretation as negative for IE and finally to
excluding the diagnosis of IE in all these cases. If the NACPET
images had not been used, there would have been 10 false-
positive findings of IE. However, when the uptake was
doubling that in the liver it always persisted in the NAC PET
images, allowing easy differentiation with only one erroneous
diagnosis with PET/CT. The final diagnosis of IEwas correct in
92 % of the evaluated areas. Furthermore, 18F-FDG uptake of
low to moderate intensity, lower than hepatic uptake, can be
considered of little relevance and, therefore, not suggestive of
infection. In our study, 30 % of the 10 areas with this pattern of
uptake showed persistent uptake in the NAC PET images and a
final diagnosis of IE. In conclusion, when areas suspected of IE
show pathological uptake twice that in the liver, there is no
need to use the NAC PET images. However, in the remaining
areas (uptake less than twice that in the liver) it will be neces-
sary to evaluate the NAC PET images to minimise the likeli-
hood of false-positive findings.

We have underlined the importance of the NAC PET
images in the evaluation of this pathology. The main problem
we have had to face is the imposibility to quantify the uptake
of 18F-FDG in the NAC PET images, in order to be able to
measure in a more objective and reproducible way the grade
of uptake. NAC PET images were only evaluated using visual
qualitative methodology. There is only one previous study in
which the use of semiquantitative analysis of NAC PET
images has been investigated [18], but such an analysis was
not possible on our workstation. To solve this problem and to
provide a reproducible and objective reading method, we
designed a qualitative analysis method using a scale to score
the intensity contrast, that allowed the differentiation of areas
of suspicious uptake from uptake in the surrounding tissue. In
this way, in a study considered positive for IE because patho-
logical uptake on the AC PET image persisted on the NAC
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PET image, the persistent uptake could be differentiated from
uptake in the surrounding tissue, and thus we obtained
excellent diagnostic performance with Se near 90 %, Sp
80 % and Ac 84 %, and the Sp and PPV values were similar
to those found by other groups that have studied PV, for ex-
ample Saby et al. [11] who found Sp 80 % and PPV 85 %. On
the contrary, our Se and NPV values are higher than those
reported previously (around 60 – 70 %), probably because in
our study we used very strict criteria both in patient prepara-
tion and in the interpretation of the AC PET and NAC PET
images.

The two groups that have studied CIED have found
different results. Graziosi et al. [24] found Se 63 % and
Sp 86 %, whereas Cautela et al. [19] found Se 86 % and Sp
100 % for detection of infection of the bag of the generator
and a clearly lower performance for the diagnosis of IE,
with Se 30 % and Sp 62 %. In the detection of CIEDIE we
achieved Sp and PPV 90 % and Ac 95 %, much more
promising than in the detection PVE.

One of the main limitations of our study was that we
included only patients with PVand CIED, who are considered
high-risk patients. In many of these patients, even those with a
high clinical suspicion of IE, the gold standard imaging test is
echocardiography, but the use of this method for the
evaluation of these particular patients is very difficult.
Because of this, we decided to evaluate the use of 18F-FDG
PET/CT in this clinical context. However, this limits the
applicability of the conclusions to this subgroup of patients.
It would be interesting to carry out a further study with more
patients including other clinical scenarios, such as patients
with endocarditis in native valves.

To the best of our knowledge, no previously published
studies have included the two main premises of our study:
(1) an adequate preparation of the patient to minimise the
likelihood of myocardial uptake of 18F-FDG; and (2) a
systematic reading and interpretation method including both
the AC PET and the NAC PET images, as well as a detailed
qualitative and semiquantitative analysis. The favourable
results obtained indicate 18F-FDG PET/CT could be useful
for the evaluation of IE when it is suspected to be localised
in a PV and CIED. 18F-FDG PET/CT has a key role in the
evaluation of high-risk patients in whom clinical suspicion is
not backed up by microbiological or echocardiography
findings and who are therefore classified as having possible
IE. In conclusion, it is in these patients that 18F-FDG PET/CT
can help detect the disease and reclassify those with higher
diagnostic difficulty. However, further studies with more
patients are needed to enable analysis of subgroups of patients
with different types of valve (biological or mechanical).

In our study no cardiac gating protocol was followed,
neither for CT nor for PET. There are already available PET/
CTsystems that allow cardiac gating with CTand PET, which
will very probably allow a much more precise evaluation of

the cardiac structures. Future studies will have to analyse the
performance of these new systems in the evaluation of
suspected IE.

Conclusion

The diagnostic efficacy of 18F-FDG PET/CT in patients with
suspected IE in a PV and CIED is highly dependent on two
factors: an adequate preparation of the patient before the pro-
cedure and the methology used for the interpretation of the
images. Based on our results the best method of interpretation
is to consider an 18F-FDG PET/CT study positive for IE when
the 18F-FDG uptake is present in the AC PETand it persists in
the NAC PET, where it can be differentiated from the
surrounding background independently of its intensity, extent
and distribution. However, NAC PET images are difficult to
evaluate due to their low resolution and are usually of limited
use, except when evaluating the presence of artifacts due to
the presence of metal components.
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