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A B S T R A C T

Introduction and objectives: The role of [18F]FDG-PET/CT in cardiac implantable electronic device (CIED)

infections requires better evaluation, especially in the diagnosis of systemic infections. We aimed to

determine the following: a) the diagnostic accuracy of [18F]FDG-PET/CT in each CIED topographical

region, b) the added value of [18F]FDG-PET/CT over transesophageal echocardiography (TEE) in

diagnosing systemic infections, c) spleen and bone marrow uptake in differentiating isolated

local infections from systemic infections, and d) the potential application of [18F]FDG-PET/CT in

follow-up.

Methods: Retrospective single-center study including 54 cases and 54 controls from 2014 to 2021. The

Primary endpoint was the diagnostic yield of [18F]FDG-PET/CT in each topographical CIED region.

Secondary analyses described the performance of [18F]FDG-PET/CT compared with that of TEE in

systemic infections, bone marrow and spleen uptake in systemic and isolated local infections, and the

potential application of [18F]FDG-PET/CT in guiding cessation of chronic antibiotic suppression when

completed device removal is not performed.

Results: We analyzed 13 (24%) isolated local infections and 41 (76%) systemic infections. Overall, the

specificity of [18F]FDG-PET/CT was 100% and sensitivity 85% (79% pocket, 57% subcutaneous lead, 22%

endovascular lead, 10% intracardiac lead). When combined with TEE, [18F]FDG-PET/CT increased

definite diagnosis o fsystemic infections from 34% to 56% (P = .04). Systemic infections with bacteremia

showed higher spleen (P = .05) and bone marrow metabolism (P = .04) than local infections. Thirteen

patients without complete device removal underwent a follow-up [18F]FDG-PET/CT, with no relapses

after discontinuation of chronic antibiotic suppression in 6 cases with negative follow-up [18F]FDG-PET/

CT.

Conclusions: The sensitivity of [18F]FDG-PET/CT for evaluating CIED infections was high in local

infections but much lower in systemic infections. However, accuracy increased when [18F]FDG-PET/CT

was combined with TEE in endovascular lead bacteremic infection. Spleen and bone marrow

hypermetabolism could differentiate bacteremic systemic infection from local infection. Although

further prospective studies are needed, follow-up [18F]FDG-PET/CT could play a potential role in

the management of chronic antibiotic suppression therapy when complete device removal is

unachievable.
�C 2023 Sociedad Española de Cardiologı́a. Published by Elsevier España, S.L.U. All rights reserved.
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INTRODUCTION

Q2 Cardiac implantable electronic devices (CIED) figure in a broad
clinical spectrum of infections, such as local CIED infections, which
can appear as isolated local infections (LI) or associated with
systemic lead infections (SI). SI involve endovascular lead and
intracardiac lead infections, including infective endocarditis (IE).
General diagnosis is challenging and is based on microbiological
data and cardiac imaging techniques such as transesophageal
echocardiography (TEE).1–3,5 18F-fluorodeoxyglucose-positron
emission tomography/computed tomography ([18F]FDG-PET/CT)
has improved the diagnostic evaluation of prosthetic valve
endocarditis and has been incorporated as a major diagnostic
criterion in guidelines.1 In addition, it has been recently shown that
hypermetabolism of the spleen and bone marrow (BM) as detected
by [18F]FDG-PET/CT can be considered an indirect sign of IE in
native or prosthetic valves.4,6

Despite the latest evidence, the overall usefulness of [18F]FDG-
PET/CT in CIED infections requires further characterization. Several
cohort studies have been published,3,5 showing high diagnostic
yield for generator pocket infections but much lower performance
in lead-associated infection (SI).7 TEE is also unable to detect lead
vegetations in many patients with bacteremia, who probably have
an endovascular lead infection (SI).2 [18F]FDG-PET/CT could help
to improve the diagnosis in all topographical regions of CIEDs,
including in endovascular leads, which cannot be accessed by TEE.

The primary endpoint of this study was to determine the
diagnostic yield of [18F]FDG-PET/CT in each of the different CIED
topographical regions: pocket, subcutaneous, endovascular, and
intracardiac leads. Secondary endpoints were to analyze the
performance of [18F]FDG-PET/CT compared with that of TEE in
diagnosing SI, to define the diagnostic value of spleen and BM
hypermetabolism as an indirect sign of SI, and to assess the
potential usefulness of [18F]FDG-PET/CT in the follow-up of CIED
infections without complete device removal and suppressed with
chronic antibiotics to avoid relapses, guiding physicians on when
to stop chronic oral suppression (CAS) therapy.

METHODS

Study design

A retrospective case-control study was conducted at Hospital

Clı́nic de Barcelona, a referral center for IE and cardiovascular
infections, assessed by the members of the Hospital Clı́nic de

Barcelona Infective Endocarditis Team Investigators (see supple-
mentary data for a list of the investigators) to evaluate the
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Reevaluación del diagnóstico y el tratamiento de las infecciones de dispositivos de
electroestimulación cardiaca mediante [18F]FDG-PET/CT
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Diagnóstico

Infecciones de DEC sistémicas

Infecciones de DEC localizadas

Endocarditis de DEC

R E S U M E N

Introducción y objetivos: El papel de la tomografı́a por emisión de positrones/tomografı́a computarizada

con 18F-fluorodesoxiglucosa ([18F]FDG-PET/CT) en las infecciones de los dispositivos de electro-

estimulación cardiaca (DEC) requiere una evaluación más precisa. El objetivo del trabajo es determinar

su rendimiento en cada región topográfica del DEC, su capacidad en la diferenciación de infecciones

locales aisladas y sistémicas, la utilidad de la captación de bazo y médula ósea (MO) para diferenciar

entre infecciones locales y sistémicas y su potencial utilidad en el seguimiento de las infecciones de los

DEC.

Métodos: Estudio retrospectivo unicéntrico de 54 casos de infección de DEC y 54 controles durante 2014-

2021. Se estudió el rendimiento diagnóstico en cada región topográfica del DEC. Se evaluó la

combinación de la [18F]FDG-PET/CT con el ecocardiograma transesofágico (ETE) para diagnosticar

infecciones sistémicas, el papel de la actividad en MO y bazo y su posible utilidad para guiar la duración

de la antibioterapia crónica cuando no se retira el DEC.

Resultados: Se incluyeron 13 (24%) infecciones locales aisladas y 41 (76%) infecciones sistémicas. En

general, la [18F]FDG-PET/CT mostró un 100% de especificidad y el 85% de sensibilidad, que fue del 79% en

el bolsillo, el 57% en el cable subcutáneo, el 22% en el cable endovascular y del 10% en el cable

intracardiaco. En las infecciones sistémicas, la [18F]FDG-PET/CT en combinación con ETE aumentó el

diagnóstico definitivo del 34 al 56% (p = 0,04). Los casos con bacteriemia mostraron hipermetabolismo

del bazo (p = 0,05) y la MO (p = 0,04). Se obtuvo una [18F]FDG-PET/CT de seguimiento de 13 pacientes sin

extracción del DEC. No hubo recaı́das al suspender la antibioterapia crónica en 6 casos con [18F]FDG-

PET/CT negativa.

Conclusiones: La sensibilidad de la [18F]FDG-PET/CT para evaluar infecciones locales es mayor que en

infecciones sistémicas y aumenta en las sistémicas en combinación con ETE. En presencia de bacteriemia,

el hipermetabolismo del bazo y la MO podrı́a diferenciar entre infecciones locales y sistémicas. Son

necesarios estudios prospectivos para determinar la posible utilidad de la [18F]FDG-PET/CT de

seguimiento para el ajuste de la antibioterapia crónica en casos de retirada incompleta de DEC.
�C 2023 Sociedad Española de Cardiologı́a. Publicado por Elsevier España, S.L.U. Todos los derechos reservados.

Abbreviations

[18F]FDG-PET/CT: 18F-fluorodeoxyglucose-positron

emission tomography/computed tomography

CIED: cardiac-implantable-electronic-device

LI: isolated local device infections

SI: systemic infections

SUVmax: maximum standardized uptake value

TEE: transesophageal echocardiography
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usefulness of [18F]FDG-PET/CT in the diagnosis of CIED infections.
All suspected cases of CIED infection have been discussed during
weekly IE team meetings since 1986.8 The final diagnosis of each
case was reached through the application of the modified Duke
criteria9 and international guidelines2 by consensus. We included
all consecutive patients with definite CIED infection who met the
inclusion criteria from January 2014 to January 2021. Information
was gathered from the electronic medical clinical data. Consecu-
tive cases were matched with controls by age (� 5 years), sex, CIED
type, and calendar year. All patients were followed up for at least
1 year until December 2021.

Inclusion criteria

Cases (true positives)

Local and systemic infections were classified following
European Heart Rhythm Association (EHRA) diagnosis criteria
recommendations.2 For suspected cases of CIED-IE, the modified
Duke criteria were applied.9 In all cases, LI and SI were evaluated by
performing blood cultures, swab, pocket (device and leads when
extracted) cultures and 16SrRNA-PCR, and echocardiography. For
the primary objective of this study, ie, evaluating the diagnostic
accuracy of [18F]FDG-PET/CT (sensitivity, specificity, positive and
negative predictive value), [18F]FDG-PET/CT results were excluded
as a major diagnostic criterion in cases. All CIED infections were
surveyed using this imaging modality.

The final diagnosis was achieved by consensus of the weekly IE
team meetings for each case. Only patients with a definite
diagnosis of CIED infection were included.

Types of CIED infection

Isolated local device infections. Local signs of infection were those
involving the pocket generator with or without subcutaneous lead,
and/or positive cultures of pocket swab, device, subcutaneous lead
(and positive 16SrRNA-PCR when performed). This group included
definitions of CIED-related infection as specified in the EHRA
consensus: isolated generator pocket infection, isolated pocket
erosion, pocket site infection without bacteremia/systemic signs of
infection.2

We defined isolated LI as those not associated with systemic
signs of infection. Patients with suspicion of SI or positive
endovascular/intracardiac lead culture were systematically ex-
cluded from this group.

Systemic infections

SI were those occurring in patients with or without associated
local CIED infection who also had endovascular/intracardiac lead
infection (including IE) determined by systemic signs of infection,
eg, fever, elevated C-reactive protein, leukocytosis, and positive
blood cultures or endovascular/intracardiac lead cultures (and
positive 16SrRNA-PCR when performed), and/or the presence of
vegetations on leads or the tricuspid valve, diagnosed by TEE. This
group included definitions of CIED-related infection as clarified in
the EHRA consensus: lead infection, pocket site infection with lead/
valvular endocarditis, CIED endocarditis without pocket infection,
positive blood cultures, and lead or valvular vegetations.2 Patients
classified as having possible or probable SI were excluded, because
they were not considered as definite true positives.

Controls: true negatives

Patients with CIED and studied by [18F]FDG-PET/CT due to solid
or hematologic neoplasms were included as controls without
indication of CIED FDG uptake status. All the topographical regions
of the control CIEDs were evaluated, except the intracardiac lead
segment, as none of the controls underwent myocardial uptake
suppression.10

Matching criteria

All cases and controls were paired by age, sex, type of device,
and similar time interval between CIED implant/replacement and
[18F]FDG-PET/CT performance.

Exclusion criteria

Cases

We excluded patients with no definite criteria of CIED infection.
As mentioned above, all cases were considered as true positive;
there were no false positives.

Controls

We excluded patients with previous CIED infections or any
clinical or laboratory sign of local or systemic infection within the
6 months before or after the moment of [18F]FDG-PET/CT
acquisition. We also excluded patients with central intravenous
lines and/or mediastinal hypermetabolic lesions that could
interfere with the assessment.

[18F]FDG-PET/CT considerations

Whole-body [18F]FDG-PET/CT scans were acquired 60 minutes
after [18]F-FDG injection (4.0 MBq/kg) in a hybrid scanner
(Biograph mCT 64S; Siemens, Germany) with a myocardial uptake
suppression protocol consisting of a 12-hour fasting period and
intravenous administration of 50 IU/kg of unfractionated heparin
15 minutes before [18]F-FDG injection. Diabetic patients were
managed as indicated by EANM/SNMMI guidelines for [18]F-FDG
use in inflammation and infection.6,10 Consuming a high-fat, low-
carbohydrate diet before [18F]FDG-PET/CT scanning was not
systematically introduced in all patients, given that this protocol
was implemented after we designed the study.

Visual analysis

All patients underwent whole-body [18F]FDG-PET/CT as a part
of the study protocol. The primary endpoint was the [18F]FDG-
PET/CT result, which was assessed qualitatively by 2 blinded,
independent nuclear medicine specialists. All images were
interpreted separately by the 2 independent nuclear medicine
specialists, and disagreements were settled by consensus with a
third nuclear medicine reader. The positivity criterion was the
presence of any focal or heterogeneous uptake related to each
topographical region identified in both attenuation-corrected and
uncorrected images to avoid attenuation-correction artifacts. The
results of [18F]FDG-PET/CT visual analysis were also compared
with those of TEE in SI.
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Semiquantitative analysis

Semiquantitative analysis, supervised by both readers, was
performed in all [18F]FDG-PET/CT scans by measuring the
maximum standardized uptake value (SUVmax) of a volume of
interest sphere including the totality of the pocket and a volume of
interest sphere placed on the most active part of each segment of
the lead (subcutaneous, endovascular, and intracardiac).

No semiquantitative analysis was performed in the intracardiac
lead regions of control participants as they did not undergo the
myocardial inhibition protocol. Hence, specificity analysis for
intracardiac lead was excluded from the statistical analysis.

Spleen and bone marrow metabolism

Values of SUVmean were obtained for spleen and BM to assess
indirect signs of infection/inflammation as described by Boursier
et al.6 by placing a spherical volume of interest at the center of the
spleen and in 1 lumbar vertebra, carefully avoiding the inclusion of
any abnormal area secondary to possible lesions. For reference,
descending thoracic aorta blood pool-SUVmean was calculated as
was liver SUVmean. SUV ratios were calculated by dividing the
SUVmax of the area of interest by the blood pool and liver-SUVmean

with the aim of overcoming any bias related to individual
physiological fluctuations of [18]F-FDG distribution.

Follow-up [18F]FDG-PET/CT

At least 1 [18F]FDG-PET/CT scan within the first 6 months after
discharge was achieved in all patients with incomplete device
removal. At least 1 [18F]FDG-PET/CT scan was scheduled every 4 to
6 months; more than 1 [18F]FDG-PET/CT scan may have been
performed depending on the length of follow-up completed during
the study. Data on chronic antibiotic suppression (CAS) therapy
and its duration, as well as type of infection, were also analyzed.
Further details regarding [18F]FDG-PET/CT methodology can be
found in the supplementary data.

Transesophageal echocardiography

Echocardiographic assessment was achieved by TEE in all cases
using a GE VIVID E95 system. Any mass seen on a lead in

echocardiography in the context of bacteremia was assumed to be
vegetation. All echocardiography exams were validated by a
second investigator, and further discrepancies by a third member
of the team.

Statistical analysis

Continuous variables are presented as median [interquartile
range] and were compared using the Mann-Whitney U-test.
Categorical variables are presented as frequencies (percentages)
and were compared using the chi-square or Fisher test. For all tests,
statistical significance was set at P < .05. Validity calculations of
sensitivity, specificity, and positive and negative predictive values
were obtained using contingency tables according to the true
positive and true negative, false positive and false negative results
obtained from [18F]FDG-PET/CT results. Receiver operating
characteristics (ROC) curves were also performed from the
different SUVmax/mean values to obtain a more accurate cutoff
point for diagnosis of infection. Statistical analyses were conducted
with STATA 14.0.

Ethical considerations

The implementation of this study was approved by the Ethics
Review Board of Hospital Clı́nic de Barcelona (Ethics Review Board
number HCB/2020/1489). The requirement for written informed
consent was waived given the retrospective nature of the study.
Patient identification was encoded, complying with the require-
ments of the Organic Law on Data Protection 15/1999.

RESULTS

We included 54 cases and 54 controls; the characteristics of the
2 groups are presented in table 1. In 25% of cases, less than 152 days
elapsed between the implant or device change procedure and the
clinical infection.

Comparison between cases with isolated local infection and
those with systemic infection or both types of infection

Cases were divided into those with isolated LI (n = 13) and those
with SI with or without local infection (n = 41). Baseline
characteristics were similar between the w2 groups (table 2).
Local signs of device infection were present in 87% (47/54) of cases:
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Table 1
Baseline characteristics of cases (CIED infections) and controls

Cases

n = 54

Controls

n = 54

P

Variables

Age, y 78

[69.0-85.0]

83

[77.0-88.0]

-

Female sex 16

(29.6)

10

(18.5)

Days between CIED implantation/replacement and [18F] FDG PET/CT 768.5 [152.0-2443.0] 1389.0 [707.0-3131.0] < .01

CIED type

Pacemaker 41 (75.9) 44 (81.5) -

ICD 12 (22.2) 10 (18.5) -

CRT 1 (1.9) 0 -

[18F] FDG PET/CT results

Positive [18F] FDG PET/CT 46 (85.2) 0 -

[18F]FDG-PET/CT, 18F-fluorodeoxyglucose-positron emission tomography/computed tomography; CIED, cardiac implantable electronic device; CRT, cardiac resynchroniza-

tion therapy; ICD, implantable cardiac defibrillator.

The data are expressed as No. (%) or median [interquartile range].
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100% (13/13) with isolated LI and in 82.9% (34/41) of those in the SI
group (P < .01). Of the patients with SI, 34.1% (14/41) had a positive
echocardiography result. Microbiological positivity and etiology
were distributed homogeneously in the 2 groups, with a
predominance of Staphylococcus aureus and coagulase-negative
staphylococci (CNS) (table 1 of the supplementary data). The
specific classification of SI in terms of the diagnostic criteria is
summarized in table 2 of the supplementary data. Patients with SI
underwent significantly more removal surgery (70.7% vs 38.4%;
P = .04); those with isolated LI received more CAS (61.5% vs 24.4%;
P < .01). There were no statistically significant differences between
patients with isolated LI and SI regarding reimplant surgery, in-
hospital mortality, or relapse. There were no differences in
[18F]FDG-PET/CT results globally or for any topographical segment

during the interval between CIED implant/replacement and
[18F]FDG-PET/CT (< 3 months vs > 3 months). All characteristics
comparing groups and [18F]FDG-PET/CT results are summarized in
table 3 of the supplementary data.

[18F]FDG-PET/CT accuracy results

The main results can be found in table 3. The overall sensitivity
of [18F]FDG-PET/CT for confirmed CIED infection was 85% (46/54).
Pocket sensitivity was 79% (37/47), subcutaneous lead 57% (27/47),
endovascular lead 22% (9/41), and 10% (4/41) intracardiac lead.
However, intracardiac lead sensitivity might be underestimated
because 31.5% (17/54) of cases showed unsuccessful myocardial

236
237
238
239
240
241
242
243
244
245
246
247
248
249

250
251
252
253

254

255
256
257
258
259
260

250
251
252
253

254

255
256
257
258
259
260

Table 2
Comparison of patients with CIED infection by isolated local or systemic infections

Total Isolated local infections

n = 13

Systemic infections

n = 41

P

Baseline and matching characteristics

Age, y 78

[69.0-85.0]

83.0

[75.0-87.0]

77.0

[69.0-85.0]

.35

Female sex 16

(29.6)

4

(30.7)

12

(29.2)

.91

CIED type

Pacemaker 41

(75.9)

9

(69.2)

32

(78)

.54

ICD 12

(22.2)

4

(30.7)

8

(19.5)

.42

CRT 1

(1.9)

0 1

(2.4)

.31

Local infection signs 47

(87)

13

(100)

34

(82.9)

< .01

Echocardiography

Echo vegetation (TTE/TEE) * 14

(25.9)

0 14

(34.1)

NA

Lead vegetation 14

(25.9)

0 14

(34.1)

NA

Tricuspid valve vegetation 2

(3.7)

0 2

(4.8)

NA

Mitral valve vegetation 1

(1.8)

0 1

(2.4)

NA

[18]FDG-PET/CT

Positive [18F]FDG-PET/CT 46

(85.2)

11

(84.6)

35

(85.3)

.94

Pocket 37 8 29 .54

Subcutaneous lead 27 7 20 .75

Endovascular Lead 9 0 9 NA

Intracardiac lead 4 0 4 NA

Systemic emboli 1

(1.8)

0 1

(2.4)

NA

Pulmonary emboli 1

(1.8)

0 1

(2.4)

NA

Interval between CAS initiation and [18F]FDG-PET/CT, d 6.0

[0.0-14.0]

6.0

[0-15.0]

8.0

[4.0-13.0]

.38

Interval between in-hospital admission and device removal, d 8.5

[1.5-14.0]

5.5

[1.0-14.0]

12.5

[6.0-14.0]

.25

[18F]FDG-PET/CT, 18F-fluorodeoxyglucose-positron emission tomography/computed tomography; CAS, chronic antibiotic suppression, CIED, cardiac implantable electronic

device; CRT, cardiac resynchronization therapy; ICD, implantable cardiac defibrillator; NA, not available.

The data are expressed as No. (%) or median [interquartile range].
* TEE: 13 (92.8%) and TTE: 1 (7.2%).
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inhibition. The negative predictive value was 15% (8/54). Median
time on antibiotic treatment before [18F]FDG-PET/CT acquisition
was 5 [0-14] days in cases with positive results and 13 [5–16] days
in cases with negative results (P = .19). Despite the existence of a
trend, there were no significant differences were found regarding
the period between antibiotic was initiated and [18F]FDG-PET/CT
performance; 12 (22.2%) cases had been on antibiotic therapy prior
to [18F]FDG-PET/CT acquisition with a median duration of 6 [0.0–
14.0] days.

Figure 1 shows positive [18F]FDG uptake examples and
sensitivity values of FDG-PET/CT in a visual 3-dimensional
representation of each CIED topographical region.

Table 4 compares diagnostic performance between TEE and
[18F]FDG-PET/CT in patients with systemic infection showing
fever, leukocytosis and elevated C-reactive protein with positive
blood cultures or positive lead cultures/16SrRNA-PCR and/or
positive echo. In those patients, when [18F]FDG-PET/CT was
combined with TEE, the definite diagnosis rate of infection
significantly increased from 34% (14/41) to 56% (23/41) (P = .04)
due to detection of endovascular involvement, with rates higher in

the bacteremic (from 38.8% ([7/18] to 66.7% [12/18]) than in the
nonbacteremic form (from 30.4% ([7/23] to 47.8% [11/23]) of
systemic infections (P = .37).

ROC curves were analyzed for the median SUVmax of all
4 CIED topographical regions and the ratio between each
SUVmax/liver SUVmean and blood pool-SUVmean. Clinically
significant values were only found in pocket uptake for SUVmax
and SUVmax/SUVmean liver values, it is shown in figure 2. The
remaining ROC curves can be found in Figures 1 to 5 of the
supplementary data.

Spleen and bone marrow FDG uptake

There were no differences among any of the semiquantitative
variables in cases and controls regarding spleen or BM uptake,
including between LI and SI (table 4 of the supplementary data).
However, in the SI bacteremia subgroup, the SUVmean spleen
(P = .05) and BM (P = .04) were significantly higher than in LI. These
data are summarized in table 5.
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Figure 1. Central illustration. The figure shows examples of positive FDG uptake and sensitivity values of [18F]FDG-PET/CT in a 3D visual representation of each
CIED topographical region: pocket (blue), subcutaneous (green), endovascular (yellow), and intravascular (red). 3D, three-dimensional; [18F]FDG-PET/CT, 18F-
fluorodeoxyglucose-positron emission tomography/computed tomography. CIED, cardiac implantable electronic-device.

Table 3
Overall diagnostic accuracy of [18F]FDG-PET/CT according to the 4 topographical regions of CIED infection

CIED infection

n = 54

Pocket infection

N = 47*

Subcutaneous lead

N = 47*

Endovascular

lead

N = 41

Intracardiac lead

N = 41

Sensitivity 85%

(75.5, 94.5)

79%

(66.7, 90.7)

57%

(43.0, 71.8)

22%

(9.9, 34.9)

10%

(0.5, 18.2)

Specificity 100%

(93.4, 100.0)

100%

(92.4, 100.0)

100%

(92.4, 100.0)

100%

(91.3, 100.0)

NA

Positive predictive value 100%

(93.4, 100.0)

100%

(92.4, 100.0)

100%

(92.4, 100.0)

100%

(91.3, 100.0)

100%

(91.3, 100.0)

Negative predictive value 87%

(77.9, 96.3)

84.4%

(74.3, 94.5)

73%

(60.6, 85.4)

62.8%

(48.4, 77.2)

59.3%

(45.7, 72.9)

CIED, cardiac implantable electronic device; NA, not available; LI, isolated local infection.
* 13 isolated LI cases + 34 SI with LI.
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Follow-up [18F]FDG-PET/CT in patients with chronic suppres-
sive antibiotic therapy

The overall cohort flowchart focused on patients with incom-
plete device removal who received CAS and underwent follow-up
[18F]FDG-PET/CT is shown in Figure 6 of the supplementary data.
Complete system removal was performed in 66.7% (36/54) of cases
and was significantly higher (P = .03) in patients with SI (73.1% [30/
41]) than in those with isolated LI (46.2% [6/13]) (table 1 of the

supplementary data). Eighteen cases were classified as non-
removal or incomplete device removal (9/18 and 9/18, respective-
ly). The main reasons for not removing devices were advanced age,
severe comorbidities, patient frailty, and high surgical risk. Device
removal was achieved in 45/54 (83.3%) of patients. Among patients
who underwent device removal, the procedure was incomplete in
9/45 (20%). Most cases underwent manual traction (40/45 [88.9%]),
whereas only 5/45 (11.1%) cases required open surgery. After
hospital discharge, follow-up lasted for at least 6 months in all
patients and a follow-up [18F]FDG-PET/CT was performed
13 patients (13/18) (65%). Two patients, who did not undergo
follow-up [18F]FDG-PET/CT, died during hospital admission. The
remaining 3 patients were followed up in other hospitals without
[18F]FDG-PET/CT. Except the 2 patients who died before discharge,
all patients (n = 13) received CAS. The characteristics of the
18 patients without device removal can be found in table 5 of the
supplementary data. All patients underwent at least 1 [18F]FDG-
PET/CT study; 4/13 patients underwent more than 3 [18F]FDG-
PET/CTs during follow-up. The number of scans performed in each
patient varied during follow-up, as they were indicated by the IE
team on an individual basis for each case. Six patients switched
from positive to negative FDG uptake during the follow-up, and
4 of them (66.7%) stopped CAS with IE Team agreement. Four
patients with a previous negative [18F]FDG-PET/CT remained
negative during the follow-up; 2 of them (50%) stopped CAS with IE
Team decision. To date, there have been no signs of relapse in any
of these 6 cases. The median time to a negative [18F]FDG-PET/CT
result was 2 [1-5] months. The median follow-up time was
38 months; patients who interrupted CAS are shown in table 6.
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Figure 2. A: ROC curve for CIED pocket SUVmax cutoff point 2.35 [sensitivity: 79.63%; 92.59%]. B: ROC curve for CIED pocket SUVmax/SUVmean liver, cutoff point 1.28
[sensitivity: 75.56%; specificity: 88.89%]. CIED, cardiac-implantable-electronic-device; ROC, SUV, standardized uptake value, SUVmax, maximum standardized
uptake value.

Table 4
Diagnostic performance of [18F]FDG-PET/CT

Type of systemic infection Transesophageal echocardiography

Positive Negative Total

With bacteremia (N = 18)

Endovascular [18F]FDG-PET/CT

Positive 2a 5 7 (38.9)

Negative 5a 6 11

Total 7 (38.8) 11 18

Intracardiac [18F]FDG-PET/CT

Positive 2 0 2 (11.1)

Negative 5 11 16

Total 7 (38.8) 11 18

Without bacteremia (N = 23)

Endovascular [18F]FDG-PET/CT

Positive 0 2b 2 (8.7)

Negative 7a 14 21

Total 7 (30.4) 16 23

Intracardiac [18F]FDG-PET/CT

Positive 0 2b 2 (8.7)

Negative 7 14 21

Total 7 (30.4) 16 23

[18F]FDG-PET/CT, 18F-fluorodeoxyglucose-positron emission tomography/comput-

ed tomography.

Values are expressed as absolute numbers or No. (%).

Diagnostic performance of [18F]FDG-PET/CT compared to transesophageal

echocardiography in 41 patients with systemic infection with (18 patients) or

without (23 patients) bacteremia.
a Patients simultaneously have vegetations on the leads and/or tricuspid valve.
b These were different patients.

Table 5
Comparison of spleen and bone marrow SUVmean in cases of bacteremia

SUVmean

spleen

SUVmean bone marrow

lumbar column

Bacteremia SI vs LI vs controls

Bacteremia 2.00 [1.7-2.3] 1.75 [.6-1.9]

P value vs LI .05 .04

P value vs controls .43 .71

SI, systemic infection; LI: isolated local infection.

Unless otherwise indicated, the values are expressed as median [interquartile

range].
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DISCUSSION

Several cohort studies of CIED infections have been published in
recent years,7,11,12 reporting high sensitivity and specificity values
for [18F]FDG-PET/CT in pocket infections but lower diagnostic
performance in lead-associated infections. However, to date there
is no gold standard for assessing the subcutaneous and endovas-
cular lead portion in CIED infections. In addition, differentiation
between LI and SI may be problematic, as intraoperative lead
contamination in patients with LI might occur during device
extraction.2–4,11.

In our study, [18F]FDG-PET/CT demonstrated an overall
sensitivity for CIED infections of 85%: 79% for pocket infections,
and 57% for subcutaneous lead infections. In contrast, in line with
previous studies,7,12 our results showed low sensitivity on
endovascular (22%) and intracardiac leads (10%). The specificity
of [18F]FDG-PET/CT was 100% for all segments except intracardiac
lead, which could not be evaluated, as there were no true negative
intracardiac lead controls because none of the control patients
underwent myocardial uptake suppression protocol.

Spread of the infection from a contaminated generator pocket
through the subcutaneous lead into the endovascular space has
been hypothesized to be the main pathogenic mechanism in CIED
infections.4 This mechanism may explain 83% (34/41) of our SI
cases. In addition, in our data, the [18F]FDG-PET/CT CIED pocket
was the most frequent area of positive uptake, followed by
subcutaneous lead. Nonetheless, Rizwan et al.10 suggests that CIED
lead infection can also originate from a distant source, possibly
explaining the remaining 7 cases (17%) with SI but without LI.

Compared with previous studies, our work shows equivalent
sensitivity and specificity values with a larger sample of patients.
In our cohort, the ROC curve for pocket SUVmax had a cutoff point of
2.4 with sensitivity of 79.6% and specificity of 92.6% (figure 2A).
Other studies have reported similar results for diagnostic yield in
pocket CIED infections.12–15 In contrast, Mahmood et al.7 showed
higher sensitivity and specificity values for SI, probably due to a
meta-analysis based on several heterogeneous studies with a small

number of patients, divergent designs, and the inclusion of other
prosthetic infections.

Eight out of 47 cases with LI showed normal [18F]FDG-PET/CT
results considered as false negatives. In all but 1 false negative
result, the patients had undergone antibiotic therapy for more than
20 days before [18F]FDG-PET/CT acquisition. Several studies have
suggested that antibiotic therapy for more than 7 days before
[18F]FDG-PET/CT acquisition can reduce its diagnostic perfor-
mance.11,12,16 However, no significant differences were found in
our cohort in the period between antibiotic initiation and
[18F]FDG-PET/CT performance (a median of 13 days for false
negatives and 5 days for true positives, P = .19). Nonetheless,
significance could be masked by the small number of cases. The
absence of false positive results in our cohort can be partially
explained by the longer period between device implantation and
[18F]FDG-PET/CT acquisition in controls, which was a median of
6.1 [0.05-24.31] years. In the study by Jeronimo et al.,12 the median
time between device implantation and [18F]FDG-PET/CT was 2.3
[0.6-6.4] years. That study, as well other published works,14,15 state
that false positive results are caused by postoperative inflamma-
tory activity.

Although TEE plays an essential role in the diagnosis of lead
infection, it may be hard to differentiate vegetations from lead
strands or small adhered thrombi.16 It is commonly accepted that
TEE is initially performed in patients with suspected SI, whereas
[18]FDG-PET/TC should be the primary technique to confirm LI due
to the lower sensitivity of [18F]FDG-PET/CT for endovascular and
intracardiac lead infections. Concordantly, in our cohort, TEE
showed higher accuracy in diagnosing intracardiac lead infections.
However, it is worth noting that the performance of [18F]FDG-PET/
CT was better in subcutaneous and endovascular lead infections in
SI cases with bacteremia. A negative TEE result does not rule out SI
12 and, considering that Pizzi et al. demonstrated an increased
sensitivity of [18F]FDG-PET/CT in combination with TEE,17 our
results suggest that [18F]FDG-PET/CT may not be the only the test
of choice to confirm an active local infection15 but may also be
complementary to TEE in SI cases. Our data showed that [18F]FDG-
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Table 6
Patients with incomplete device removal.

Sex/

Age

Clinical

data

Micro-

organism

Baseline

[18F]FDG PET/CT

CAS

therapy

Follow-up

[18F]FDG PET/CT

AB

Duration

Outcome

treatment, mo

1 Male

93

Pocket and

lead CIED-IE

MSSA Positive pocket-

subcutaneous

lead

Levofloxacin+

TMP-SMX

Negative 4-mo No relapses

after

43 mo off CAS

2 Male

60

Pocket CIED

infection

CoNS Positive pocket Linezolid Negative 8 mo No relapses

after

44 mo off CAS

3 Male

89

EV-Lead

CIED

infection

MSSA Negative Levofloxacin+

rifampicin

Negative 6 mo No relapses

after

38 mo off CAS

4 Female 75 Pocket CIED

infection

C. acnes Positive pocket-

subcutaneous

lead

Linezolid Negative 2 mo No relapses

after

38 mo off CAS

5 Female

85

Pocket and

lead CIED

infection

MSSA Positive pocket-

subcutaneous

lead

Levofloxacin+

rifampicin

Negative 3 mo No relapses

after

17 mo off CAS

6 Female

80

Pocket and

lead CIED

infection

MRSA Negative Linezolid Negative 1 mo No relapses

after

36 mo off CAS

C. acnes, Cutibacterium acnes; CAS, chronic antibiotic suppression, CIED-IE, cardiac implantable electronic device infective endocarditis; CoNS, coagulase negative

staphylococci; EV, endovascular; MSSA, methicillin-susceptible Staphylococcus aureus; MRSA, methicillin-resistant Staphylococcus aureus, subcutaneous lead; TMP-SMX,

trimethoprim-sulfamethoxazole.

Patients with incomplete device removal on CAS therapy whose treatment was stopped according to the follow-up [18F]FDG-PET/CT result. The overall incomplete device

removal in patients on CAS therapy is summarized in table 2 of the supplementary data.
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PET/CT used in combination with TEE significantly increased the
rate of definite diagnosis of infection from 30.4% to 56.1% (P = .04)
due to the detection of endovascular lead [18]FDG uptake.
Furthermore, [18F]FDG-PET/CT has the additional value of being
able to detect septic embolisms,14,18–20 as occurred in 2 of our SI
cases. This datum seems to be consistent with that published by
Rodrı́guez-Alfonso et al.,21 who showed that [18F]FDG-PET/CT
correctly reclassified 57% of patients with initial suspicion of
generator pocket infection by detecting lead infection with high
diagnostic performance, especially in patients with initial suspi-
cion of LI.

Some authors suggest that an increase in the metabolic rate of
the spleen and BM could be used as an indirect sign of infection.4

Our study could not corroborate this hypothesis, as SUVmean spleen
and SUVmean BM were similar in cases and controls and between LI
and SI. However, most control cases were patients with cancer, in
whom spleen and/or BM uptake could have been increased due to
their neoplastic disease, chemotherapy, or other hematological
alterations. Nonetheless, we found significative differences in
spleen and BM metabolism between those patients with SI and
confirmed bacteremia compared with LI cases. These results may be
explained by the expected hyperactivation of the phagocytic
mononuclear system in cases of bacteremia, which could be helpful
in distinguishing bacteremic lead infections from isolated LI.

Complete device removal in CIED-IE is mandatory to cure
infection4,22; however, in the last few decades a higher number of
patients cannot undergo complete CIED extraction surgery,5 even
if indicated, due to the growth in comorbidities, older age, and
more complex infections. In these cases, CAS has been proposed as
a helpful strategy. In our cohort, patients with incomplete device
removal received undefined CAS, usually lifelong, which repre-
sented a heavy burden for patients and led to adverse effects,
multidrug-resistant infections, and a high cost for the health
system. To date there is no tool to guide clinicians on when to stop
CAS. We studied 6 cases in which [18F]FDG-PET/CT, in combina-
tion with the clinical course and laboratory and microbiological
findings usefully guided physicians in discontinuing CAS in the
absence of relapse for more than 2 years of follow-up. Despite the
limited number of cases in our cohort, this study supports the idea
that further prospective studies could validate [18F]FDG-PET/CT as
a reliable tool for discontinuing CAS safely during the follow-up of
cases with incomplete device removal.23,24

Limitations

This study has some limitations. First, it is a retrospective study
with limitations on data interpretation; therefore, data on previous
antibiotic therapy was not achieved for each case. Second, we were
unable to evaluate intracardiac leads in the [18F]FDG-PET/CT scans
of control participants, as they did not undergo a myocardial
inhibition protocol. Therefore, we excluded the specificity analysis
for the intracardiac lead. In addition, a high-fat, low-carbohydrate
diet before [18F]FDG-PET/CT scanning was not systematically
applied to all patients. Third, comparisons between BM and spleen
uptake were based on small subgroups of patients with low
statistical power. Fourth, device implantation was more long-
standing in controls than in cases and therefore we were unable to
assess the accuracy of [18F]FDG-PET/CT in recently implanted
CIEDs. Finally, the number of cases in which CAS therapy was
discontinued based on negative [18F]FDG-PET/CT scans was small
and these preliminary results should be confirmed in further
studies with a larger set of patients.

The key findings of this study are the high sensitivity and
specificity of [18F]FDG-PET/CT for identifying LI and its unique role
in the assessment of subcutaneous and endovascular lead

infection, which cannot be evaluated by any other diagnostic
techniques. This work is the first to compare spleen and BM
metabolism and their potential usefulness in stratifying CIED
infections, showing their potential role in detecting bacteremia. In
addition, our cohort is the largest published case-control series and
the only study evaluating [18F]FDG-PET/CT in the management of
CAS therapy in patients with incomplete device removal.

CONCLUSIONS

The diagnostic performance of [18F]FDG-PET/CT is high in local
CIED infections but lower in endovascular and intracardiac lead
infections. However, [18F]FDG-PET/CT is the only available
technique for assessing subcutaneous and endovascular lead
infection and may be complementary to TEE in cases of bacteremia,
increasing the definite diagnosis of lead infections. Moreover,
spleen and BM metabolism may help to distinguish between
bacteremic lead infections and isolated LI. Although further
prospective studies are needed, follow-up [18F]FDG-PET/CT could
potentially play a role in the management of CAS therapy when
complete device removal is unachievable.

WHAT IS KNOWN ABOUT THE TOPIC?

– [18F]FDG-PET/CT has improved the diagnosis of CIED

infections and has been incorporated as a major

diagnostic criterion in guidelines on prosthetic valve

endocarditis.

– Although the diagnostic yield of [18F]FDG-PET/CT is

high for the pocket, its accuracy in other CIED

topographical regions requires better characterization.

– TEE is the gold standard for diagnosis but does not

differentiate well between thrombus and vegetation.

Many patients with bacteremia probably have endo-

vascular lead infection, which TEE cannot detect.

– Hypermetabolism of the spleen and bone marrow

detected by [18F]FDG-PET/CT has recently been shown

to be an indirect sign of infective endocarditis in native

or prosthetic valves.

– There are no data on the usefulness of [18F]FDG-PET/CT

in guiding the duration of chronic oral antimicrobial

therapy in patients with CIED infections without

complete device removal.

WHAT DOES THIS STUDY ADD?

– [18F]FDG-PET/CT has high overall specificity and

sensitivity for local infections of the generator pocket

but lower sensitivity in systemic infections and other

topographical sections of the CIED lead.

– We demonstrate that [18F]FDG-PET/CT combined with

TEE can significantly increase the rate of definite diagnosis

in endovascular and intracardiac lead infections.

– Spleen and bone marrow hypermetabolism may help

distinguish systemic bacteremia from isolated local

CIED infections.

– When complete device removal is unachievable, a

follow-up negative [18F]FDG-PET/CT might guide phy-

sicians in discontinuing suppressive oral antimicrobial

therapy.
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