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Abstract
Cardiac implantable electronic devices (CIED) are increasingly used worldwide, and infection of these devices remains one 
of the most feared complications.
CIED infections (CDIs) represent a challenge for physicians and the healthcare system in general as they require prolonged 
hospitalization and antibiotic treatment and are burdened by high mortality and high costs, so management of CDIs must 
be multidisciplinary.
The exact incidence of CDIs is difficult to define, considering that it is influenced by various factors mainly represented by 
the implanted device and the type of procedure. Risk factors for CDIs could be divided into three categories: device related, 
patient related, and procedural related and the etiology is mainly sustained by Gram-positive bacteria; however, other eti-
ologies cannot be underestimated. As a matter of fact, the two cornerstones in the treatment of these infections are device 
removal and antimicrobial treatment. Finally, therapeutic drug monitoring and PK/PD correlations should be encouraged in 
all patients with CDIs receiving antibiotic therapy and may result in a better clinical outcome and a reduction in antibiotic 
resistance and economic costs.
In this narrative review, we look at what is new in the management of these difficult-to-treat infections.
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Introduction

The use of cardiac implantable electronic devices (CIED), 
including pacemakers (PPMs), implantable cardioverter-
defibrillators (ICDs), and cardiac resynchronization ther-
apy (CRT) devices with or without defibrillation capacity 
(CRT-D or CRT-P, respectively), has increased in recent 
years worldwide with a concomitant increase of CIED-
associated infections [1].

CIED infections (CDIs) present with different clinical 
scenarios, from pocket infection (PI) to infective endocar-
ditis (IE) and are considered challenging physicians, also 
considering prolonged hospitalization, prolonged antibiotic 
therapy, and need of device removal.

Moreover, CIDs are associated with high morbidity and 
mortality rates as well as a major economic burden on the 
health care systems [2–4]. Therefore, the management of 
CDIs must be multidisciplinary by involving different spe-
cialists [5].

Aim of this narrative review is to report new advances 
in management and treatment of CDIs, also exploring the 
role of new licensed antibiotics and discussing an algorithm 
about therapeutic management of infections.

Epidemiology

The exact incidence of CDIs is difficult to define, consider-
ing that it is influenced by various factors mainly represented 
by the implanted device and the type of procedure. As a 
matter of fact, the incidence of CDIs has certainly changed 
over time. Data collected and analyzed from Danish nation-
wide registries including 84,429 patients undergoing CIED 
surgery from 1996 to 2018 and 1,08,494 CIED operations 
showed that the CDIs incidence during the device lifetime 
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was considerably higher for ICD and cardiac CRT systems 
in comparison with PMs; and the risk of reoperations was 
several folds higher than de novo implantation [6].

A 2018 retrospective analysis of 78,267 French CIED 
patients followed from 2012 to 2015 reports an infection 
rate for de novo device implant of 0.5–1.6%. Infection rates 
were lower for PM (0.5%) and for ICD implants (1.0%) 
while it was higher for CRT-D and CRT-P (1.6%). Genera-
tor replacement procedure, on the other hand, was associated 
with a higher rate of infection (1.3–3.9%) [7].

Similarly, in a 2019 prospective, multicenter study per-
formed from 2012 to 2016, on 19,599 patients having a 
CIED procedure, the 12-month infection rate for de novo 
device implant was 0.3–1.1% compared to an infection rate 
of 0.5–2.5% for other generator procedures [8]. In addition, 
some studies showed that new devices without transvenous 
leads had lower infection rates [9–11]. Specifically, data 
available suggest that leadless pacemakers have a very low 
incidence of device-related infection, even when implanted 
in the presence of active infection. Moreover, as has long 
been known, the infection rate is highest in the initial period 
after CIED procedures. [11].

Of importance, several studies indicate that the incidence 
of CDIs has increased over time. A retrospective analysis on 
2,163 US patients from 1988 to 2015 described a trend of 
increasing incidence of CDIs over the last 2 decades [12]. 
Similarly in a retrospective single cardiovascular surgery 
center cohort study of definite CIED infective endocarditis 
(CIED-IE) episodes between 1981 and 2020, two periods 
(1981–2000 vs 2001–2020) were compared and CIED- IE 
was 4.5 times more frequent in the second period, especially 
in implantable cardiac defibrillators [13]. By contrast, a very 
recent retrospective analysis on 27,830 Canadian patients 

(followed for 1 year from 2011 to 2019) showed that patients 
with implants after 2014 had a decreasing trend in burden 
of infection, which the authors considered mainly related to 
enhanced infection prevention and control efforts in Alberta, 
Canada. [14].

Recently, results from a worldwide survey under the aus-
pices of the European Heart Rhythm Association (EHRA) 
showed that clinical practices for prevention and manage-
ment of CIED did not fully comply with current recommen-
dations and demonstrated considerable regional disparities 
[15]. Finally, there is evidence that reports a seasonal trend 
in CDIs. Pocket infection incidence (with or without endo-
carditis) was positively associated with elevated temperature 
and increased precipitation periods [16].

Then the incidence of CDIs is influenced by several fac-
tors, specifically by the type of device with a lower infection 
rate for PMs and particularly in leadless ones, the type of 
CIED procedures with a lower infection rate for de novo 
implants. In addition, several studies showed an increasing 
trend of CDIs likely due to an increase in the implant of 
these devices, an increase in age and comorbidities although 
certainly with a regional disparity. The incidence has also 
shown a seasonality, but with the advancement of risk rec-
ognition and mitigation strategies, an overall CDIs rate of 
1% is desirable and achievable [17].

Risk factors for CDIs

A recent study summarized key information about risk 
factors for CDIs by analyzing 35 studies. These factors 
were divided into three categories: device related, patient 
related, and procedural related, summarized in Table 1 

Table 1   CDIs risk factors

ICD implantable cardioverter-defibrillator; CRT​ cardiac resynchronization therapy; COPD chronic obstruc-
tive pulmonary disease

Device Leads and generator Additional interventions Operative approach
Two or more leads Generator replacement Epicardial
ICD/CRT​ System upgrade Abdominal device

Reintervention
Patient Underling Transient

Younger age Recent fever
Male Temporary pacing
Renal dysfunction Anticoagulation
Heart disease
COPD
Immunosuppression
Atrial fibrillation

Procedural Perioperative Postoperative
Absence of antibiotics Hematoma
Operator inexperience
Procedure duration
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[17]. In the recent analysis of data collected from Dan-
ish nationwide registries, risk factors for PI and those for 
systemic infection were identified.

The main risk factors for PI were CIED reoperation 
(HR 4.66) CRT device (CRT-P HR 1.55 CRT-D HR 2. 
12), young age (0–20 HR 2.26), male sex, and prior val-
vular surgery (HR 1.55, HR 1.62). The main risk factors 
for systemic infection were conditions that predispose to 
bacteremia (such as dermatitis), CRT device (CRT-P HR 
1.63 CRT-D HR 2.11), young age, CIED reoperations (HR 
1.61), male sex, and prior valvular surgery (HR 1.63, HR 
2.09). These data also showed that the risk rate is highest 
in the early post-operative period, especially after CIED 
reoperations, and hereafter rapidly declining during the 
first 12 months, until stabilizing at a lower incidence rate 
[6].

A recent, large cluster crossover trial of conventional 
vs intensive antimicrobial prophylaxis (PADIT) performed 
in 19,603 patients identified 5 non-modifiable risk fac-
tors for CDIs (younger age; procedure type; renal dys-
function; an immunocompromised state; and prior CIED 
procedures) [18]. In Post hoc analysis of 2,803 control 
patients from the CDI envelope prophylaxis study WRAP-
IT trial, 17 risk factors were identified, of which 5 were 
non-modifiable: previous procedures (HR 1.03), history of 
atrial arrhythmia (HR 1.08), device type (CRT-D vs pace-
maker/ICD) (HR 1.09), geography (not North America or 
Europe) (HR 1.30), device type (CRT-P vs pacemaker/
ICD) (HR 1.21). Eight risk factors were procedures related 
(potentially modifiable), length of procedure time, hours 
(HR 1.09), anticoagulant use at time of procedure (HR 
1.08), anticoagulant use (not warfarin or apixaban) (HR 
1.17), device implant location (non-left pectoral subcu-
taneous) (HR 1.10), antiplatelet use at time of procedure 
(HR 1.15), antiplatelet + anticoagulant use at time of pro-
cedure (HR 1.05), complete capsulectomy vs partial or 
none (HR 1.22), periprocedural use of glycopeptide (van-
comycin) vs alternative (primarily cephalosporin) (HR 
1.15).

On the other hand, three factors associated with a 
decrease of the risk of infection were identified: increase 
in one body mass index unit (HR 0.99), anticoagulant use 
(apixaban) (HR 0.71), chlorhexidine skin preparation vs 
alternative (primarily povidone-iodine) (HR 0.87), anti-
biotic pocket wash vs non-antibiotic pocket wash or no 
wash (HR 0.94) [19].

The risk for CIED infection after a device procedure 
in both PADIT and WRAP-IT was lower than expected 
and interestingly almost identical; this lower rate of CIED 
infection, in two of the largest studies conducted in the 
field to date, underlines that adhering to proper surgical 
techniques and the use of perioperative antibiotic therapy 

according to modern era guidelines result in an important 
reduction in the risk of infection [18, 19].

Etiology

International consensus document of the EHRA on “how 
to prevent, diagnose, and treat CDIs” identifies, based on 
three large patient cohorts in North America, Asia, and 
Europe, the most frequent etiologies: Gram-positive bacte-
ria (70–80%) especially coagulase-negative staphylococci 
(CoNS) (37.6% of the isolates) and Staphylococcus aureus 
(30.8%), which is the most common cause of bacteremia. 
Gram-negative bacteria (GNB) were isolated in 8.9%. Enter-
obacterales, other Gram- negative rods and fungi were rare 
[20].

Similarly, a retrospective Spanish single-center cohort 
study on definite CIED-IE episodes (between 1981 and 
2020) identified CoNS as the most frequent etiology of 
CDIs with an increase in the second period (2001–2020) of 
methicillin-resistant strain. This etiology was significantly 
associated with pocket infections and patients with CoNS 
CDIs showed larger valve vegetation size with significantly 
more likely removal of the cardiac device system and conse-
quently an increased rate of devices reimplantation. Moreo-
ver, an increase of Enterococcus spp infections in the second 
period was identified, probably due to aging and more fre-
quent comorbidities [13].

A single-center, retrospective study analyzed CDIs of 
199 French patients from 1992 to 2017 and the major find-
ings were the decline of CoNS, representing 30/50 (60%) of 
pathogens responsible for CDIs in 1992–1999, 39/86 (45%) 
in 2000–2008, and 17/63 (27%), in 2009–2017, along with 
the emergence of S. aureus as the primary cause of CDIs 
during the most recent period (24/63, 38%) [21]. In a recent 
post hoc analysis of data from PADIT trial, Gram-posi-
tive bacteria represented 90% of all reported microorgan-
isms. The most common types of microorganisms were S. 
aureus (35.9%) and CoNS (39.2%) with a low incidence of 
methicillin-resistant S. aureus (MRSA) in patients enrolled 
mainly from Canadian and Dutch centers. By contrast, a 
2016 large single-center US study that included 816 con-
secutive patients undergoing device removal for confirmed 
infection showed that patients with CDIs due to MRSA were 
about 15% [22].

Finally, CDIs caused by atypical pathogens (infection due 
pathogens rarely or previously not associated with CDIs in 
humans) were rare but when isolated from blood, tissue, or 
hardware in patients with CDIs, these pathogens should be 
considered as etiology of infection and not contaminants 
considering the crucial role of early diagnosis and targeted 
treatment. A recent US single-center retrospective analysis 
of CDIs episodes between 2010 and 2020 found atypical 
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pathogens (i.e., Corynebacterium striatum and Stenotropho-
monas maltophilia) in 5.4% of all CDIs [23].

What is new in 2023 Duke‑ISCVID criteria 
and in ESC guidelines for infective 
endocarditis

2023 Duke‑ISCVID criteria

The Duke Criteria for diagnosis of IE were originally 
published in 1994 [24] and modified in 2000 [25]. In the 
very recent consensus document, the International Soci-
ety for Cardiovascular Infectious Diseases (ISCVID) has 
modified the latest Duke criteria, and the most important 
changes relate to CIEDs [26]. First, in the definition of typi-
cal organism of the major clinical criteria, the organisms to 
be considered “typical” pathogens of IE in the presence of 

intracardiac prosthetic material are also: coagulase-negative 
staphylococci, Corynebacterium striatum; C. jeikeium, Ser-
ratia marcescens, Pseudomonas aeruginosa, Cutibacterium 
acnes, non-tuberculous mycobacteria, and Candida spp. 
Second, a Major Criterion regarding imaging and specifi-
cally [18F] FDG PET/CT was added and findings for native 
valve, cardiac device, or prosthetic valve > 3 months after 
cardiac surgery were considered equivalent to echocardiog-
raphy. Finally, in the minor criteria, CIEDs implantation was 
included among the predisposing factors. The main updates 
are summarized in Table 2.

2023 ESC guidelines for the management 
of endocarditis

Very recently, new guidelines were developed by the task 
force on the management of endocarditis of the European 
Society of Cardiology (ESC). These replace the previous 

Table 2   Updates to modified Duke criteria proposed by 2023 Duke-ISCVID IE Criteria

PCR polymerase chain reaction; IFA indirect immunofluorescence assays; [18F]FDG PET/CT positron emission computed tomography with 
18F-fluorodeoxyglucose; CIED cardiac implantable electronic device; IE infective endocarditis

Pathologic criteria
 Microorganism identification Microorganisms identified in appropriate sample by PCR, amplicon or meta-genomic sequencing, or 

in situ hybridization
Major clinical criteria
 Blood cultures Removed requirements for timing and separate venipunctures for blood cultures
 Definition of typical organisms Added typical pathogens:

1) Staphylococcus lugdunensis; Enterococcus faecalis; all streptococci (S.) except S. pneumoniae and S. 
pyogenes; Granulicatella spp.;

Abiotrophia spp.; and Gemella spp.
2) Organisms to be considered “typical” IE pathogens in the setting of intracardiac prosthetic material: 

coagulase-negative staphylococci, Corynebacterium striatum; Corynebacterium jeikeium, Serratia 
marcescens, Pseudomonas aeruginosa, Cutibacterium acnes, non-tuberculous mycobacteria, and Can-
dida spp.

 Other microbiologic tests Added new major criteria for fastidious pathogens:
1) PCR or amplicon/meta-genomic sequencing identifies Coxiella burnetii, Bartonella spp., or Troph-

eryma whipplei from blood; or
2) IFA > 1:800 for IgG antibodies identifies Bartonella henselae or Bartonella quintana

 Cardiac computerized tomography Added new Major Criterion. Findings equivalent to echocardiography
 [18F] FDG PET/CT Added new Major Criterion

Findings for native valve, cardiac device, or prosthetic valve > 3 months after cardiac surgery are equiva-
lent to echocardiography

 Surgical Added new Major Criterion
Intraoperative inspection constitutes Major Criterion in absence of Major Criterion by cardiac imaging or 

histopathology
Minor clinical criteria
 Predisposition Added transcatheter valve implant/ repair, endovascular CIED, and prior diagnosis of IE
 Vascular phenomena Added splenic and cerebral abscess
 Immunologic phenomena Added definition for immune complex mediated glomerulonephritis
 Microbiological Added PCR or amplicon/meta-genomic sequencing evidence of typical pathogen
 Imaging Added PET/CT evidence < 3 months of cardiac surgery
 Physical examination New auscultation of regurgitant murmur when echocardiography is unavailable
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2015 guidelines by introducing some new features in the 
management of CDIs [27].

First, following the results of the POET trial, the antibi-
otic treatment of IE can be divided into two phases. The first 
phase can last up to 2 weeks of hospital intravenous treat-
ment with combinations of rapidly bactericidal antibiotics. 
In this initial phase, the device must be removed. After this 
period, patients who are clinically stable and self-resilient, 
with a stable home environment, preferably with a cohab-
itant caregiver self-reliant, may finish antibiotic treatment 
at home with intravenous (outpatient parenteral antibiotic 
treatment) or oral antibiotic regimens for up to 6 weeks to 
eliminate resting bacteria and prevent recurrences. Timing 
and indications in various clinical scenarios are summarized 
in Table 3. 

Another novelty concerns the duration of therapy: in non-
S. aureus CDIs without valve involvement or lead vegeta-
tions, and if follow-up blood cultures are negative without 
septic emboli, only 2 weeks of antibiotic treatment after 
device extraction may be considered, while the extension 
of antibiotic treatment of CDIs to (4–)6 weeks after device 
extraction should be considered in the presence of septic 
emboli or prosthetic valves.

Data about new antibiotics for treatment 
of CDIS

Dalbavancin, oritavancin, and telavancin

In a small cohort of 11 early-discharged patients with IE, due 
to various Gram-positive microorganism, dalbavancin (1.5 g 

single or twice 1-week apart IV) was shown to be curative 
in all the cases [28].

In another multicentre, observational, and retrospective 
study, 83 hospitalized patients with IE and/or bloodstream 
infection caused by Gram-positive microorganism (34 with 
IE of whom 23.5% were CIED related) received at least one 
dose of dalbavancin. The rate of dalbavancin effectiveness 
to treat IE was 96.7% in a 12-month follow-up period [29].

A good clinical response (92.6%) was observed in another 
case series of patients with proven IE, of which there were 
five cardiac device-related IE. However, most of the patients 
(24 of 27) received also other antibiotics, then it was not 
clear whether the clinical success was attributable to dal-
bavancin [30].

In a case report, a patient with recurrent prosthetic valve 
IE with bacteremia due to vancomycin-resistant E. faecium 
was successfully treated with a prolonged course of orita-
vancin (10 weeks) in combination with valve replacement 
surgery [31].

Finally, in an observational study, 151 patients with bac-
teremia (13 with IE) were treated with telavancin with a 
positive clinical outcome reported for 74.2% of patients with 
bacteremia or IE caused by MRSA or other staphylococcus 
species. [31].

Ceftaroline and ceftobiprole

Ceftaroline demonstrated potent in vitro activity against a 
large collection of 23,833 Staphylococcus aureus isolates 
consecutively collected worldwide from patients with BSI, 
including IE (396) from 2010 to 2019. Ceftaroline was 
active against 95.2% of IE isolates (MIC50/90, 0.25/1 mg/L), 
with rates of ceftaroline susceptibility higher in North 

Table 3   Timing and indications in various clinical scenarios to consider outpatient parenteral or outpatient oral antibiotic therapy for infective 
endocarditis

CIED cardiac implantable electronic device; IE infective endocarditis; i.v. intravenous; NVE native valve endocarditis; PVE prosthetic valve 
endocarditis

Critical phase (rapid shift to outpatient parenteral or oral step-down treat-
ment)

Continuation phase (postponed shift to outpatient parenteral or oral 
step-down treatment)

 > 7 days of i.v. antibiotic treatment after non-complicated early lead 
extraction (< 1 week from admission)

 > 2 weeks of i.v. antibiotic treatment after device removal/reimplan-
tation

IE by any causative agent except highly difficult-to-treat microorganisms Associated right-sided IE with vegetations > 2 cm
No signs of pocket infection Associated with left-sided IE (apply then criteria for NVE/PVE)
Negative blood cultures at 72 h after reimplantation of  CIED Late or complicated lead extraction
Normal echocardiography IE by any causative agent except highly difficult-to-treat microorgan-

isms
No signs of pocket infection
Negative blood cultures at 72 h after reimplantation of CIED
Normal echocardiography
No severe sequelae or clinical complications
No need for daily and/or complex cures
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America (99.2%) and Latin America/Asia–Pacific region 
(LATAM-APAC) (98.3%) than in Europe (92.0%). Among 
MRSA isolates from IE (n = 115; MIC50/90, 1/2 mg/L), cef-
taroline susceptibility was 98.0% in North America, 90.9% 
in LATAM-APAC, and 68.5% in Europe [32].

In a retrospective study data, 55 US patients with IE, of 
which 43.6% were CIED related, caused by Gram-positive 
bacteria (77.3% caused by MRSA) treated with ceftaroline 
were analyzed. Clinical success was notably observed in 
19 of 23 (82.6%) patients treated with ceftaroline as mono-
therapy [33].

In a small Italian case series, 12 patients with IE caused 
by Gram-positive bacteria (including MRSA, methicillin-
resistant Staphylococcus epidermidis, and methicillin-
resistant Staphylococcus haemolyticus) were treated with 
ceftobiprole, 11/12 in combination with daptomycin and 
1/12 as monotherapy. In 9/12 (75%) cases, patients were 
switched to ceftobiprole following failure of previous anti-
microbial regimen. In 3/3 patients in which ceftobiprole was 
administered because of persistently positive blood culture, 
bacteremia clearance was rapidly achieved. Cure rate was 
83.3% (10/12) [34].

Linezolid and tedizolid

The few data in the literature suggest good efficacy of lin-
ezolid in treating IE as monotherapy or in combination with 
other antimicrobial agents, and treatment of IE with line-
zolid (LNZ) was not associated with higher mortality rates 
[35–37]. However, in a recent retrospective study of 292 IE 
Spanish patients (of whom 57 CDIs), LNZ as definitive 
treatment of IE was associated with higher in-hospital mor-
tality. Patients were divided into 3 groups based on the thera-
peutic impact of LNZ: 99 (33.9%) patients in LNZ < 7 days, 
11 (3.7%) in LNZ high impact (≥ 7 days, > 50% of the total 
treatment, and > 50% of the LNZ doses prescribed in the 
first weeks of treatment), and 178 (61%) in LNZ non-high 
impact. In-hospital mortality was 51.5%, 54.4%, and 19.1%, 
respectively. LNZ high-impact patients’ group was charac-
terized by a larger number of comorbidities, more IE com-
plications, and higher frequency of nosocomial acquisition 
with respect to controls [38].

There are no clinical studies on the use of tedizolid in 
IE treatment. Some animal models studies showed modest 
bactericidal activity in vivo and overall lower activity than 
either vancomycin or daptomycin, while suggesting a pos-
sible role for tedizolid in step-down therapy [39, 40].

New antibiotics for the treatment 
of multidrug‑resistant gram‑negative bacteria

No studies have been conducted on the use of the new anti-
biotics against MDR Gram-negative bacteria for treatment of 

IEs. A recent case report documented an elderly patient with 
P. aeruginosa XDR (susceptible to only colistin in vitro) 
who was successfully managed with the addition of cefi-
derocol (for 4 weeks) to control bacteremia and allow aortic 
valve replacement [41].

Although Gram-negative bacteria are not a frequent cause 
of CIED infections and IE in general, the emergence of 
MDR and extremely resistant Gram-negative pathogens pre-
sents a global health challenge and underscores the urgent 
need for new antibiotics and clinical study to assess their 
effectiveness [42–44].

In conclusion, studies of new antibiotics especially 
against Gram-positive bacteria have provided promising data 
on their efficacy in treating CDIs and IE in general. How-
ever, these new antibiotics should not be used as first-line 
therapy because clinical data are limited. It is necessary to 
conduct robust clinical trials to provide further information 
on the pharmacokinetic/pharmacodynamic profile, spectra, 
in vivo efficacy, and safety of the new drugs before making 
them available in the clinical practice also for the treatment 
of CDIs.

The main features and points of interest of the new anti-
biotics in the treatment of CDIs are summarized in Table 4. 

Therapeutic management of CDIs

It is now known that the management of IEs and particu-
larly CDIs requires a multidisciplinary approach through the 
collaboration of multiple specialists, and this reduces the 
mortality rate of these infections.

The two cornerstones in the treatment of these infections 
are device removal and antimicrobial treatment. In patients 
with definite CDIs (systemic and local), complete device 
removal is recommended (including abandoned leads, epi-
cardial leads, and lead fragments). After diagnosis, the 
device removal procedure should be performed without 
unnecessary delay (ideally within 3 days). Antibiotic treat-
ment recommendations as listed in the 2020 EHRA interna-
tional consensus document and in the 2023 ESC guidelines 
are summarized in Table 5 and Table 6.

A very important key point in the management of CDIs 
is the reimplantation of the device for which the indica-
tion for reimplantation must always be carefully evaluated. 
Currently, there are insufficient data regarding the timing 
of reimplantation which according to the 2023 ESC guide-
lines should be performed at a site distant from the pre-
vious generator site and should be delayed until signs and 
symptoms of local and systemic infection have resolved and 
blood cultures are negative for at least 72 h after extraction 
in the absence of vegetations or fibrous remnants or after 
2 weeks of negative blood cultures if vegetations have been 
visualized.
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For patients at high risk of sudden cardiac death and for 
pacemaker-dependent patients, it seems reasonable to use 
temporary devices until symptoms and signs of systemic 
infection have resolved before implanting a permanent 

device. Alternative devices, such as leadless pacemakers or 
subcutaneous ICDs, which available data suggest have a low 
infection rate, may be implanted in selected patients if the 
risk of new infections is considered high [9, 10, 27].

Table 5   EHRA 2020 recommended empirical antibiotic therapy regimens according to the clinical scenario

CIED cardiac implantable electronic device; MRSA methicillin-resistant S. aureus; P.O. per os; i.v.: intravenous

Clinical scenario Recommended empirical antibiotic therapy regimens

Superficial incisional infection Flucloxacillin P.O. 1 g every 6–8 h
If high MRSA prevalence or penicillin allergy:
clindamycin P.O. 450 mg every 6 h, doxycycline P.O. 100 mg every 12 h, and linezolid P.O. 

600 mg every 12 h
Isolated CIED pocket infection Vancomycin i.v. 30–60 mg/kg/day in 2–3 doses

Alternative: daptomycin i.v. 8–10 mg/kg every 24 h
If systemic symptoms: add ceftriaxone i.v. 2 g every 24 h (or a broader beta-lactam antibiotic) 

OR gentamycin i.v. 5–7 mg/kg every 24 h
CIED systemic infection (including suspicious 

positive blood cultures in a patient with a 
CIED)

Vancomycin i.v. 30–60 mg/kg/day in 2–3 doses
Alternative: daptomycin i.v. 8–10 mg/kg every 24 h + 
Ceftriaxone i.v. 2 g every 24 h (or a broader beta-lactam antibiotic) OR gentamycin i.v. 

5–7 mg/kg every 24 h
If staphylococcal prosthetic valve infection: add rifampicin P.O. or
i.v. 900–1200 mg/day in 2 doses after 5–7 days

Table 6   2023 ESC guidelines 
recommendations for antibiotic 
treatment of CIED infective 
endocarditis due to MSSA, 
MRSA, Enterococcus spp., and 
VRE

MSSA methicillin-sensible S. aureus; MRSA methicillin-resistant S. aureus; VRE vancomycin-resistant 
enterococci; i.v. intravenous

Pathogen Recommended antibiotic therapy regimens

MSSA (Flu)cloxacillin 12 g/day i.v. in 4–6 doses
Cefazolin 6 g/day i.v. in 3 doses
(only in patients with non–immediate-type hypersensitivity 

reactions to penicillin)
Allergy to beta-lactam
Cefazolin 6 g/day i.v. in 3 doses
Daptomycin 10 mg/kg/day i.v. in 1 dose (may be considered)
 + 
Ceftaroline 1800 mg/day i.v. in 3 doses
OR
Fosfomycin 8–12 g/day i.v. in 4 doses

MRSA Vancomycin 30–60 mg/kg/day i.v. in 2–3 doses
Daptomycin 10 mg/kg/day i.v. in 1 dose (may be considered)
 + 
Cloxacillin 2 g/day i.v. in 6 doses
OR
Ceftaroline 1800 mg/day i.v. in 3 doses
OR
Fosfomycin 8–12 g/day i.v. in 4 doses

Enterococcus spp. Amoxicillin 200 mg/kg/day i.v. in 4–6 doses
Ampicillin 12 g/day i.v. in 4–6 doses
Ceftriaxone 4 g/day i.v. in 2 doses
Gentamicin 3 mg/kg/day i.v. or i.m. in 1 dose

Beta-lactam resistant Enterococcus spp.
(E. faecium)

Vancomycin 30 mg/kg/day i.v. in 2 doses
Gentamicin 3 mg/kg/day i.v. or i.m. in 1 dose

VRE Daptomycin 10–12 mg/kg/day i.v. in 1 dose
Ampicillin 300 mg/kg/day i.v. in 4–6 equally divided doses
Fosfomycin 12 g/day i.v. in 4 doses
Ceftaroline 1800 mg/day i.v. in 3 doses
Ertapenem 2 g/day i.v. or i.m. in 1 dose
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In Fig. 1, we report the proposed algorithm to improve 
microbiological diagnosis and to manage empiric therapy 
of CDIs with vegetation on leads and/or valves, with or 
without embolism, and with or without pocket infection.

As a matter of fact, vancomycin has been long rec-
ommended as the treatment of choice for staphylococ-
cal isolates, especially methicillin-resistant strains [46]. 
Many studies demonstrated that mortality associated with 
Staphylococcus aureus bacteremia (SAB) was significantly 
higher when the empirical antibiotic is inappropriate and 
when vancomycin is empirically used for treatment of 
infection with strains with a vancomycin MIC > 1 μg/
mL [47]. Of interest, meta-analyses found a correlation 
between higher vancomycin MICs and unfavorable out-
come [48–50]; conversely, another meta-analysis did not 
find statistically significant differences about mortality 
when comparing patients with S aureus strains with a 
vancomycin MIC ≥ 1.5 μg/ml to those with low-vanco-
mycin MIC (< 1.5 μg/ml) [51]. Of importance, outcomes 
of patients with SAB are also related to various clinical 
confounding factors such as source control (e.g., removal 
of infected vascular catheters, drainage of abscesses) and 
underlying diseases, which may bias the results of these 
studies. Thus, although a definite conclusion cannot be 
reached, vancomycin should be considered a second-
choice drug in patients with infecting MRSA strains hav-
ing MIC > 1 μg/ml.

Teicoplanin resulted to be clearly less efficacious than 
antistaphylococcal penicillins and vancomycin in cases of 
intravascular staphylococcal infections [52, 53]. In addition, 
many reports have demonstrated the emergence of coagu-
lase-negative staphylococcal species, especially Staphylo-
coccus haemolyticus, expressing heteroresistance or full 
resistance to this drug [54].

Of importance, during the last years, new drugs active 
against MRSA have been introduced. Out of these, the role 
of daptomycin is increasing also considering that it in a ran-
domized trial was compared with vancomycin for patients 
with SAB and was not inferior to standard therapy [55].

Daptomycin may be considered as a first-line therapy in 
intravascular infection caused by staphylococcal strains [56]. 
High-dose daptomycin (8–10 mg/kg once daily) in combi-
nation with other antibiotics has been recommended for 
persistent MRSA bacteremia when isolates are susceptible 
to daptomycin or when organisms have a high vancomycin 
MIC (e.g., > 1 µg/mL) [57–59]. In a prospective cohort study 
of patients with left-sided IE, high-dose daptomycin was not 
significantly associated with any difference for in-hospital 
mortality compared with standard of care [60], and these 
data were confirmed also in other studies [61]

Some recent articles have evaluated the efficacy of 
daptomycin combined with other β-lactams for the treat-
ments of patients with staphylococcal infections, including 
biofilm-associated infections. Daptomycin plus β-lactams 

Fig. 1   Therapeutic management 
of empiric therapy of CDIs 
with vegetation on leads and/
or valves
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(including nafcillin, cefotaxime, amoxicillin clavulanate, 
and imipenem) showed to be highly synergistic against both 
heterogeneous and homogeneous clinical MRSA strains. 
As a matter of fact, β-lactams induced a reduction in the 
cell net positive surface charge, an effect that may favor the 
binding of daptomycin to the cell surface; importantly, the 
combination of daptomycin and a β-lactam prevented the 
selection of daptomycin-resistant variants [62]. Clinical 
experiences showed efficacy of combination of daptomycin 
and β-lactams in treating persistent MRSA bacteremia [63], 
and a multicentre study confirmed that the overall treatment 
efficacy of daptomycin was enhanced after the addition of 
a β-lactam in patients with MRSA bacteremia associated 
with IE or bacteremia from an unknown source [64]. An 
important additive effect has been demonstrated for cef-
taroline [65]: daptomycin plus ceftaroline was used in 26 
cases of persisting staphylococcal bacteremia (20 MRSA, 2 
VISA, 2 MSSA, 2 methicillin-resistant S epidermidis); after 
daptomycin plus ceftaroline was started, the median time 
to bacteremia clearance was 2 days (range, 1–6 days) with 
recovery of patients [66].

Of interest, a progressive increase in enterococcal CDIs 
has been described over the last 3 decades [67], and it is of 
special interest owing to its severity and therapeutic difficul-
ties due to an increasing rate of antimicrobial resistance. As 
reported above, Enterococcus faecalis is the leading spe-
cies causing BSI or IE, and accounts for about the 65–70% 
of the cases while E. faecium for about the 25%. In USA, 
approximately 12% of the hospital-acquired infections are 
Enterococcus species.

Enterococci are relatively resistant to the killing effects of 
cell wall–active agents (penicillin, ampicillin, and vancomy-
cin) and are impermeable to aminoglycosides. Therefore, a 
combination regimen of two agents, a cell wall–active agent 
with a synergistically active aminoglycoside is required for 
optimal cure rates of invasive infections, such as BSI or IE. 
Combination of ampicillin plus gentamicin has been long 
considered the regimen of choice, but during last 2 dec-
ades, further combinations have been tested. Combination 
of ampicillin and ceftriaxone may saturate low-molecular-
weight penicillin-binding proteins (PBPs) 2, 3, 4 and 5, 
producing the bactericidal synergistic effect [68, 69]. Since 
enterococcal endocarditis appears generally in older patients, 
and age is associated with a higher risk of nephrotoxicity, 
less-toxic regimens like ampicillin plus ceftriaxone may be 
preferred. Important data were recently published about 
the role of ampicillin and ceftriaxone combination in the 
treatment of Enterococcus faecalis infective endocarditis 
(EFIE). In an observational, nonrandomized, comparative 
multicenter cohort study, the ampicillin–ceftriaxone com-
bination was as effective as ampicillin plus gentamicin for 
treating E. faecalis infective endocarditis [70]. Ampicil-
lin–ceftriaxone combination was effective in both high‐level 

aminoglycoside resistance and non-high‐level aminoglyco-
side resistance EFIE.

VRE infections have been associated with adverse out-
comes. The magnitude of this effect was illustrated in a 
meta-analysis of 9 studies of 1614 enterococcal bloodstream 
infections, 42 percent of which were due to VRE [71]. The 
mortality rate was significantly higher in patients with VRE 
compared with vancomycin-susceptible enterococcal iso-
lates; however, it is difficult to ascertain the exact role of 
VRE infection to determine death because these organisms 
frequently colonize or infect compromised patients with 
severe underlying diseases. An antimicrobial therapy is rec-
ommended in patients with at least two or more positive 
blood cultures associated, or a single positive blood culture 
accompanied by signs of sepsis. Daptomycin and linezolid 
are feasible options in cases of VRE infections. A recent 
meta-analysis shows that linezolid treatment for VRE bac-
teremia was associated with a lower mortality than dapto-
mycin treatment [72].

Pharmacokinetic/pharmacodynamic (PK/PD) 
considerations in the management of CDIs

Critically ill patients with CDIs and a concomitant BSI can 
show several dysfunctions related to the septic syndrome 
which, together with drug interactions and other therapeutic 
interventions (e.g., inotropes and continuous renal replace-
ment therapies), may affect drug pharmacokinetics [73]. 
Variations in the extracellular fluid content and/or in renal 
or liver function are the most relevant and frequent patho-
physiological mechanisms possibly affecting drug disposi-
tion in critically ill patients; hydrophilic antimicrobials (e.g., 
β-lactams, aminoglycosides, and glycopeptides) and renally 
excreted, moderately lipophilic, antimicrobials (e.g., cipro-
floxacin, gatifloxacin, and levofloxacin) have to be consid-
ered at high risk of presenting substantial daily fluctuations 
in plasma concentration during.

Under these circumstances, higher dosages for most 
hydrophilic antimicrobials (either aminoglycosides or 
β-lactams) should, therefore, be considered to ensure thera-
peutic concentrations are maintained, and therapeutic drug 
monitoring (TDM) may be of great value in the clinical con-
ditions described above.

Pharmacokinetics of vancomycin shows broad variabil-
ity in critically ill patients due to a significant change in 
both clearance and the Vd [74]. Higher doses of vancomy-
cin seem to be necessary in critical patients, even when the 
pathogens have MIC values typical of susceptible microor-
ganisms, and TDM is strongly recommended. According to 
a PK/PD analysis, vancomycin standard dosages lead to a 
33% risk of not achieving the recommended AUC​0–24/MIC 
breakpoint for S. aureus in ICU patients, possibly leading 
to an unfavorable clinical outcome [75]. The results of 
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Monte Carlo simulation revealed that doses of 3000 mg or 
even 4000 mg daily may be necessary to reach the highest 
probability of efficacy when susceptible S. aureus strains 
are involved in critically ill patients, and similar results 
were found for other staphylococcal isolates. With the aim 
of improving the results of vancomycin therapy, a variety 
of strategies such as higher doses, combination therapy, 
and continuous infusion have been proposed. Continuous 
infusion might make treatment monitoring and adjustment 
easier and cheaper because vancomycin concentrations in 
serum are less variable and more sustained [76]. In a pro-
spective multicentre randomized trial comparing critically 
ill patients with severe methicillin-resistant staphylococcal 
infections, continuous infusion of vancomycin resulted in 
therapeutic concentrations being achieved more quickly, 
less AUC variability between patients, fewer samples 
required to monitor treatment, and reduced 10-day anti-
biotic cost; clinical efficacy and safety were comparable 
to the intermittent infusion schedule [77]. In an important 
study, authors observed more favorable clinical outcomes 
in patients with continuous infusion of vancomycin in 
terms of improved organ function and leukocyte response 
[78]. The evidence suggests a strict monitoring of vanco-
mycin serum concentrations in critically ill patients and 
the preference for continuous infusion at least in strains 
fully susceptible (MIC < 1 μg/ml).

With regard to daptomycin, Safdar et al. demonstrated 
that both the AUC/MIC0–24 ratio and the Cmax/MIC ratio 
were strong predictors of in vivo efficacy [79, 80] of the 
drug. Using an in vitro pharmacodynamic model with simu-
lated endocardial vegetations, Cha et al. compared daptomy-
cin at 6 and 8 mg/kg/day vs vancomycin at 1 g every 12 h 
against MRSA, methicillin-resistant Staphylococcus epider-
midis, glycopeptide-intermediate S. epidermidis, and VRE 
[81]. Both daptomycin regimens achieved greater killing 
(more than 99.9% kill by 8 h) and greater bacterial reduc-
tion than vancomycin against all tested isolates at 24, 48, and 
72 h. A further clinical experience showed that patients with 
MRSA BSI and severe sepsis or septic shock may experience 
a significant reduction of daptomycin serum levels, lead-
ing to lower exposure and poor clinical outcome [82]. The 
underexposure of daptomycin was related to an increased 
clearance of the drug and was independent from weight and 
from the dosage used since it was detected also in patients 
receiving 8 mg/kg/day. Monte Carlo simulations showed that 
a fixed dosage of 750 mg/die might be the best choice to 
optimize the drug exposure and to minimize side effects in 
septic patients [83]. A simple method to calculate daptomy-
cin AUC may also be used to adjust dosages in the clinical 
practice [84]. These findings suggest that higher daptomycin 
doses are likely necessary at the onset of therapy in critically 
ill patients, and that future interventional randomized studies 
are needed to clarify the best daptomycin dosing [85, 86].

TDM and PK/PD correlations should be encouraged in 
all patients with BSI or IE receiving antibiotic therapy and 
may result in a better clinical outcome and a reduction in 
antibiotic resistance and economic costs.

Conclusion

In conclusion, CDIs represent a major problem burdened by 
high morbidity and mortality and a major expense for health-
care systems. The management of these infections is very 
complex and must be handled by experienced personnel. 
Over the last 20 years, new antibiotics have shown prom-
ising results, but given the limited clinical data, their use 
should be limited to specific cases, pending further clinical 
studies providing more information on the PK/PD profile, 
in vivo efficacy, and safety of these new drugs. However, 
the increasing prevalence of multidrug-resistant pathogens 
makes this necessary as a matter of urgency.

Author contributions  Conceptualization, AR and RS; writing—origi-
nal draft preparation, AR, RS and FS; writing—review and editing, 
EMT and CT. All authors have read and agreed to the published version 
of the manuscript.

Funding  Open access funding provided by Università degli studi 
"Magna Graecia" di Catanzaro within the CRUI-CARE Agree-
ment. Magna Graecia University of Catanzaro, Italy, CRUI-CARE 
Agreement.

Availability of data and materials  Not applicable.

Declarations 

Conflict of interest  The authors declare no competing interests.

Ethical approval  Not applicable.

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

References

	 1.	 Greenspon AJ, Patel JD, Lau E, et al. 16-year trends in the infec-
tion burden for pacemakers and implantable cardioverter-defi-
brillators in the United States 1993 to 2008. J Am Coll Cardiol. 
2011;58(10):1001–6. https://​doi.​org/​10.​1016/j.​jacc.​2011.​04.​033.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jacc.2011.04.033


334	 A. Russo et al.

1 3

	 2.	 Wilkoff BL, Boriani G, Mittal S, et al. Impact of cardiac implant-
able electronic device infection: a clinical and economic analysis 
of the WRAP-IT trial. Circ Arrhythm Electrophysiol. 2020;13(5): 
e008280. https://​doi.​org/​10.​1161/​CIRCEP.​119.​008280.

	 3.	 Daneman N, Homenauth E, Saskin R, Ng R, Ha A, Wijeysundera 
HC. The predictors and economic burden of early-, mid- and late-
onset cardiac implantable electronic device infections: a retro-
spective cohort study in Ontario, Canada. Clin Microbiol Infect. 
2020;26(2):255.e1-255.e6. https://​doi.​org/​10.​1016/j.​cmi.​2019.​02.​
009.

	 4.	 Gitenay E, Molin F, Blais S, et al. Cardiac implantable electronic 
device infection: detailed analysis of cost implications. Can J 
Cardiol. 2018;34:1026–32. https://​doi.​org/​10.​1016/j.​cjca.​2018.​
05.​001.

	 5.	 Botelho-Nevers E, Thuny F, Casalta JP, et al. Dramatic reduction 
in infective endocarditis-related mortality with a management-
based approach. Arch Intern Med. 2009;169:1290–8. https://​doi.​
org/​10.​1001/​archi​ntern​med.​2009.​192.

	 6.	 Olsen T, Jørgensen OD, Nielsen JC, et al. Risk factors for cardiac 
implantable electronic device infections: a nationwide Danish 
study. Eur Heart J. 2022;43:4946–56. https://​doi.​org/​10.​1093/​
eurhe​artj/​ehac5​76.

	 7.	 Clémenty N, Carion PL, Léotoing L, et al. Infections and asso-
ciated costs following cardiovascular implantable electronic 
device implantations: a nationwide cohort study. Europace. 
2018;20(12):1974–80. https://​doi.​org/​10.​1093/​europ​ace/​eux387.

	 8.	 Birnie DH, Wang J, Alings M, et al. Risk factors for infections 
involving cardiac implanted electronic devices. J Am Coll Cardiol. 
2019;74:2845–54. https://​doi.​org/​10.​1016/j.​jacc.​2019.​09.​060.

	 9.	 Knops RE, Olde Nordkamp LRA, Delnoy PHM, et al. Subcu-
taneous or transvenous defibrillator therapy. N Engl J Med. 
2020;383:526–36. https://​doi.​org/​10.​1056/​NEJMo​a1915​932.

	10.	 El-Chami MF, Bockstedt L, Longacre C, et al. Leadless vs. trans-
venous single-chamber ventricular pacing in the micra CED study: 
2-year follow-up. Eur Heart J. 2022;43:1207–15. https://​doi.​org/​
10.​1093/​eurhe​artj/​ehab7​67.

	11.	 El-Chami MF, Bonner M, Holbrook R, et al. Leadless pacemak-
ers reduce risk of device-related infection: review of the potential 
mechanisms. Heart Rhythm. 2020;17:1393–7. https://​doi.​org/​10.​
1016/j.​hrthm.​2020.​03.​019.

	12.	 Dai M, Cai C, Vaibhav V, et al. Trends of cardiovascular implant-
able electronic device infection in 3 decades: a population-based 
study. JACC Clin Electrophysiol. 2019;5:1071–80. https://​doi.​org/​
10.​1016/j.​jacep.​2019.​06.​016.

	13.	 Hernández-Meneses M, Llopis J, Sandoval E, et al. Forty-year 
trends in cardiac implantable electronic device infective endocar-
ditis. Open Forum Infect Dis. 2022;9:ofac547. https://​doi.​org/​10.​
1093/​ofid/​ofac5​47.

	14.	 King TL, Chew DS, Leal J, et al. Complex cardiac implantable 
electronic device infections in Alberta, Canada: an epidemiologic 
cohort study of validated administrative data. Infect Control Hosp 
Epidemiol. 2023. https://​doi.​org/​10.​1017/​ice.​2023.​48.

	15.	 Traykov V, Bongiorni MG, Boriani G, et al. Clinical practice and 
implementation of guidelines for the prevention, diagnosis and 
management of cardiac implantable electronic device infections: 
results of a worldwide survey under the auspices of the European 
heart rhythm association. Europace. 2019;21:1270–9. https://​doi.​
org/​10.​1093/​europ​ace/​euz137.

	16.	 Maille B, Koutbi L, Resseguier N, et al. Seasonal variations in 
cardiac implantable electronic device infections. Heart Vessels. 
2019;34(5):824–31. https://​doi.​org/​10.​1007/​s00380-​018-​1292-4.

	17.	 Han HC, Hawkins NM, Pearman CM, Birnie DH, Krahn AD. 
Epidemiology of cardiac implantable electronic device infections: 
incidence and risk factors. Europace. 2021;23:iv3–10. https://​doi.​
org/​10.​1093/​europ​ace/​euab0​42.

	18.	 Krahn AD, Longtin Y, Philippon F, et al. Prevention of arrhyth-
mia device infection trial: the PADIT trial. J Am Coll Cardiol. 
2018;72:3098–109. https://​doi.​org/​10.​1016/j.​jacc.​2018.​09.​068.

	19.	 Tarakji KG, Krahn AD, Poole JE, et al. Risk factors for CIED 
infection after secondary procedures: insights from the WRAP-IT 
trial. JACC Clin Electrophysiol. 2022;8:101–11. https://​doi.​org/​
10.​1016/j.​jacep.​2021.​08.​009.

	20.	 Blomström-Lundqvist C, Traykov V, Erba PA, et al. European 
heart rhythm association (EHRA) international consensus docu-
ment 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 microbiology and infectious diseases (ESC-
MID) in collaboration with the European association for cardio-
thoracic surgery (EACTS). Europace. 2020;22:515–49. https://​
doi.​org/​10.​1093/​europ​ace/​euz246.

	21.	 Urien JM, Camus C, Leclercq C, et al. The emergence of Staphy-
lococcus aureus as the primary cause of cardiac device-related 
infective endocarditis. Infection. 2021;49:999–1006. https://​doi.​
org/​10.​1007/​s15010-​021-​01634-5.

	22.	 Longtin Y, Gervais P, Birnie DH, et  al. Impact of choice of 
prophylaxis on the microbiology of cardiac implantable elec-
tronic device infections: insights from the prevention of arrhyth-
mia device infection trial (PADIT). Open Forum Infect Dis. 
2021;8:ofab513. https://​doi.​org/​10.​1093/​ofid/​ofab5​13.

	23.	 Kohli U, Hazra A, Shahab A, et al. Atypical pathogens associated 
with cardiac implantable electronic device infections. Pacing Clin 
Electrophysiol. 2021;44:1549–61. https://​doi.​org/​10.​1111/​pace.​
14311.

	24.	 Durack DT, Lukes AS, Bright DK. New criteria for diagnosis of 
infective endocarditis: utilization of specific echocardiographic 
findings duke endocarditis service. Am J Med. 1994;96:200–9. 
https://​doi.​org/​10.​1016/​0002-​9343(94)​90143-0.

	25.	 Li JS, Sexton DJ, Mick N, et al. Proposed modifications to the 
duke criteria for the diagnosis of infective endocarditis. Clin Infect 
Dis. 2000;30:633–8. https://​doi.​org/​10.​1086/​313753.

	26.	 Fowler VG, Durack DT, Selton-Suty C, et al. Duke-ISCVID crite-
ria for infective endocarditis: updating the modified duke criteria. 
Clin Infect Dis. 2023;2023:ciad271. https://​doi.​org/​10.​1093/​cid/​
ciad2​71.

	27.	 Guleri A, More R, Sharma R, Wong M, Abdelrahman A. Use of 
dalbavancin in infective endocarditis: a case series. JAC Antimi-
crob Resist. 2021;3:dlab099. https://​doi.​org/​10.​1093/​jacamr/​dlab0​
99.

	28.	 Delgado V, Ajmone Marsan N, de Waha S, et  al. 2023 ESC 
guidelines for the management of endocarditis. Eur Heart J. 
2023;44:3948–4042. https://​doi.​org/​10.​1093/​eurhe​artj/​ehad1​93.

	29.	 Hidalgo-Tenorio C, Vinuesa D, Plata A, et  al. DALBACEN 
cohort: dalbavancin as consolidation therapy in patients with 
endocarditis and/or bloodstream infection produced by gram-pos-
itive cocci. Ann Clin Microbiol Antimicrob. 2019;18:30. https://​
doi.​org/​10.​1186/​s12941-​019-​0329-6.

	30.	 Tobudic S, Forstner C, Burgmann H, et al. Dalbavancin as primary 
and sequential treatment for gram-positive infective endocarditis: 
2-year experience at the general hospital of Vienna. Clin Infect 
Dis. 2018;67:795–8. https://​doi.​org/​10.​1093/​cid/​ciy279.

	31.	 Johnson JA, Feeney ER, Kubiak DW, Corey GR. Prolonged use of 
oritavancin for vancomycin-resistant enterococcus faecium pros-
thetic valve endocarditis. Open Forum Infect Dis. 2015;2:ofv156. 
https://​doi.​org/​10.​1093/​ofid/​ofv156.

	32.	 Sader HS, Carvalhaes CG, Mendes RE. Ceftaroline activ-
ity against Staphylococcus aureus isolated from patients with 

https://doi.org/10.1161/CIRCEP.119.008280
https://doi.org/10.1016/j.cmi.2019.02.009
https://doi.org/10.1016/j.cmi.2019.02.009
https://doi.org/10.1016/j.cjca.2018.05.001
https://doi.org/10.1016/j.cjca.2018.05.001
https://doi.org/10.1001/archinternmed.2009.192
https://doi.org/10.1001/archinternmed.2009.192
https://doi.org/10.1093/eurheartj/ehac576
https://doi.org/10.1093/eurheartj/ehac576
https://doi.org/10.1093/europace/eux387
https://doi.org/10.1016/j.jacc.2019.09.060
https://doi.org/10.1056/NEJMoa1915932
https://doi.org/10.1093/eurheartj/ehab767
https://doi.org/10.1093/eurheartj/ehab767
https://doi.org/10.1016/j.hrthm.2020.03.019
https://doi.org/10.1016/j.hrthm.2020.03.019
https://doi.org/10.1016/j.jacep.2019.06.016
https://doi.org/10.1016/j.jacep.2019.06.016
https://doi.org/10.1093/ofid/ofac547
https://doi.org/10.1093/ofid/ofac547
https://doi.org/10.1017/ice.2023.48
https://doi.org/10.1093/europace/euz137
https://doi.org/10.1093/europace/euz137
https://doi.org/10.1007/s00380-018-1292-4
https://doi.org/10.1093/europace/euab042
https://doi.org/10.1093/europace/euab042
https://doi.org/10.1016/j.jacc.2018.09.068
https://doi.org/10.1016/j.jacep.2021.08.009
https://doi.org/10.1016/j.jacep.2021.08.009
https://doi.org/10.1093/europace/euz246
https://doi.org/10.1093/europace/euz246
https://doi.org/10.1007/s15010-021-01634-5
https://doi.org/10.1007/s15010-021-01634-5
https://doi.org/10.1093/ofid/ofab513
https://doi.org/10.1111/pace.14311
https://doi.org/10.1111/pace.14311
https://doi.org/10.1016/0002-9343(94)90143-0
https://doi.org/10.1086/313753
https://doi.org/10.1093/cid/ciad271
https://doi.org/10.1093/cid/ciad271
https://doi.org/10.1093/jacamr/dlab099
https://doi.org/10.1093/jacamr/dlab099
https://doi.org/10.1093/eurheartj/ehad193
https://doi.org/10.1186/s12941-019-0329-6
https://doi.org/10.1186/s12941-019-0329-6
https://doi.org/10.1093/cid/ciy279
https://doi.org/10.1093/ofid/ofv156


335New advances in management and treatment of cardiac implantable electronic devices infections﻿	

1 3

infective endocarditis, worldwide (2010–2019). Int J Infect Dis. 
2021;102:524–8. https://​doi.​org/​10.​1016/j.​ijid.​2020.​11.​130.

	33.	 Destache CJ, Guervil DJ, Kaye KS. Ceftaroline fosamil for the 
treatment of Gram-positive endocarditis: CAPTURE study experi-
ence. Int J Antimicrob Agents. 2019;53(5):644–9. https://​doi.​org/​
10.​1016/j.​ijant​imicag.​2019.​01.​014.

	34.	 Tascini C, Attanasio V, Ripa M, et al. Ceftobiprole for the treat-
ment of infective endocarditis: a case series. J Glob Antimicrob 
Resist. 2020;20:56–9. https://​doi.​org/​10.​1016/j.​jgar.​2019.​07.​020.

	35.	 Falagas ME, Manta KG, Ntziora F, Vardakas KZ. Linezolid for the 
treatment of patients with endocarditis: a systematic review of the 
published evidence. J Antimicrob Chemother. 2006;58:273–80. 
https://​doi.​org/​10.​1093/​jac/​dkl219.

	36.	 Muñoz P, Rodríguez-Creixéms M, Moreno M, et  al. Line-
zolid therapy for infective endocarditis. Clin Microbiol Infect. 
2007;13:211–5. https://​doi.​org/​10.​1111/j.​1469-​0691.​2006.​
01585.x.

	37.	 Amiyangoda CGK, Wimalaratna H, Bowatte S. A compli-
cated prosthetic valve endocarditis due to methicillin resistant 
Staphylococci treated with linezolid and ciprofloxacin: a case 
report. BMC Res Notes. 2017;10:580. https://​doi.​org/​10.​1186/​
s13104-​017-​2907-z.

	38.	 Muñoz P, De la Villa S, Martínez-Sellés M, et al. Linezolid for 
infective endocarditis: a structured approach based on a national 
database experience. Medicine. 2021;100: e27597. https://​doi.​org/​
10.​1097/​MD.​00000​00000​027597.

	39.	 Chan LC, Basuino L, Dip EC, Chambers HF. Comparative effi-
cacies of tedizolid phosphate, vancomycin, and daptomycin in a 
rabbit model of methicillin-resistant Staphylococcus aureus endo-
carditis. Antimicrob Agents Chemother. 2015;59:3252–6. https://​
doi.​org/​10.​1128/​AAC.​04376-​14.

	40.	 Singh KV, Arias CA, Murray BE. Tedizolid as Step-down therapy 
following daptomycin versus continuation of daptomycin against 
enterococci and methicillin- and vancomycin-resistant Staphylo-
coccus aureus in a rat endocarditis model. Antimicrob Agents 
Chemother. 2020;64:e02303-e2319. https://​doi.​org/​10.​1128/​AAC.​
02303-​19.

	41.	 Edgeworth JD, Merante D, Patel S, et al. Compassionate use of 
cefiderocol as adjunctive treatment of native aortic valve endocar-
ditis due to extremely drug-resistant Pseudomonas aeruginosa. 
Clin Infect Dis. 2019;68:1932–4. https://​doi.​org/​10.​1093/​cid/​
ciy963.

	42.	 Jean SS, Gould IM, Lee WS, Hsueh PR, International Society of 
Antimicrobial Chemotherapy (ISAC). New drugs for multidrug-
resistant gram-negative organisms: time for stewardship. Drugs. 
2013;79:705–14. https://​doi.​org/​10.​1007/​s40265-​019-​01112-1.

	43.	 Jean SS, Lee YL, Liu PY, Lu MC, Ko WC, Hsueh PR. Multi-
center surveillance of antimicrobial susceptibilities and resistance 
mechanisms among Enterobacterales species and non-fermenting 
gram-negative bacteria from different infection sources in Taiwan 
from 2016 to 2018. J Microbiol Immunol Infect. 2022;55:463–73. 
https://​doi.​org/​10.​1016/j.​jmii.​2021.​07.​015.

	44.	 Jean SS, Lee WS, Lam C, Hsu CW, Chen RJ, Hsueh PR. Carbap-
enemase-producing gram-negative bacteria: current epidemics, 
antimicrobial susceptibility and treatment options. Futur Micro-
biol. 2015;10:407–25. https://​doi.​org/​10.​2217/​fmb.​14.​135.

	45.	 Sakoulas G, Rose W, Nonejuie P, et al. Ceftaroline restores dap-
tomycin activity against daptomycin-nonsusceptible vancomycin-
resistant Enterococcus faecium. Antimicrob Agents Chemother. 
2014;58:1494–500. https://​doi.​org/​10.​1128/​AAC.​02274-​13.

	46.	 Liu C, Bayer A, Cosgrove SE, Daum RS, Fridkin SK, Gorwitz RJ, 
et al. Clinical practice guidelines by the infectious diseases society 
of America for the treatment of methicillin-resistant Staphylo-
coccus aureus infections in adults and children. Clin Infect Dis. 
2011;52:e18–55.

	47.	 Soriano A, Marco F, Martinez JA, Pisos E, Almela M, Dimova 
VP, et al. Influence of vancomycin minimum inhibitory concen-
tration on the treatment of methicillin-resistant Staphylococcus 
aureus bacteremia. Clin Infect Dis. 2008;46:193–200.

	48.	 van Hal SJ, Lodise TP, Paterson DL. The clinical significance of 
vancomycin minimum inhibitory concentration in Staphylococcus 
aureus infections. Clin Infect Dis. 2012;54:755–71.

	49.	 Mavros MN, Tansarli GS, Vardakas KZ, Rafailidis PI, Kara-
georgopoulos DE, Falagas ME. Impact of vancomycin minimum 
inhibitory concentration on clinical outcomes of patients with 
vancomycin-susceptible Staphylococcus aureus infections. Int J 
Antimicrob Agents. 2012;40:496–509.

	50.	 Jacob JT, DiazGranados CA. High vancomycin minimum inhibi-
tory concentration and clinical outcomes in adults with methicil-
lin-resistant Staphylococcus aureus infections. Int J Infect Dis. 
2013;17:e93–100.

	51.	 Kalil AC, Van Schooneveld TC, Fey PD, Rupp ME. Associa-
tion between vancomycin minimum inhibitory concentration and 
mortality among patients with Staphylococcus aureus blood-
stream infections: a systematic review and meta-analysis. JAMA. 
2014;312:1552–64.

	52.	 Gilbert DN, Wood CA, Kimbrough RC. Failure of treatment 
with teicoplanin at 6 milligrams/kilogram/day in patients with 
Staphylococcus aureus intravascular infection. The infectious 
diseases consortium of oregon. Antimicrob Agents Chemother. 
1991;35:79–87.

	53.	 Calain P, Krause KH, Vaudaux P, Auckenthaler R, Lew D, Wald-
vogel F, et al. Early termination of a prospective, randomized 
trial comparing teicoplanin and flucloxacillin for treating severe 
staphylococcal infections. J Infect Dis. 1987;155:187–91.

	54.	 Campanile F, Bongiorno D, Borbone S, Falcone M, Giannella 
M, Venditti M, Stefani S. In vitro activity of daptomycin against 
methicillin- and multi-resistant Staphylococcus haemolyticus 
invasive isolates carrying different mec complexes. Diagn Micro-
biol Infect Dis. 2008;61:227–31.

	55.	 Fowler VG Jr, Boucher HW, Corey GR, Abrutyn E, Karchmer 
AW, Rupp ME, et al. Daptomycin versus standard therapy for 
bacteremia and endocarditis caused by Staphylococcus aureus. N 
Engl J Med. 2006;355:653–65.

	56.	 Falcone M, Russo A, Pompeo ME, Vena A, Marruncheddu L, Cic-
caglioni A, et al. Retrospective case-control analysis of patients 
with staphylococcal infections receiving daptomycin or glycopep-
tide therapy. Int J Antimicrob Agents. 2012;39:64–8.

	57.	 Gould IM, David MZ, Esposito S, Garau J, Lina G, Mazzei T, 
et  al. New insights into methicillin-resistant Staphylococcus 
aureus pathogenesis, treatment and resistance. Int J Antimicrob 
Agents. 2012;39:96–104.

	58.	 Murray KP, Zhao JJ, Davis SL, Kullar R, Kaye KS, Lephart P, 
et al. Early use of daptomycin versus vancomycin for methicillin-
resistant Staphylococcus aureus bacteremia with vancomycin 
minimum inhibitory concentration >1mg/L. Clin Infect Dis. 
2013;56:1562–9.

	59.	 Cheng CW, Hsu PC, Yang CC, Cheng CW, Lee MH. Influence of 
early daptomycin therapy on treatment outcome of methicillin-
resistant Staphylococcus aureus bacteraemia with high vancomy-
cin minimum inhibitory concentrations. Int J Antimicrob Agents. 
2013;41:293–4.

	60.	 Carugati M, Bayer AS, Miró JM, Park LP, Guimarães AC, Skoute-
lis A, et al. High-dose daptomycin therapy for left-sided infective 
endocarditis. Antimicrob Agents Chemother. 2013;57:6213–22.

	61.	 Russo A, Peghin M, Givone F, Ingani M, Graziano E, Bassetti M. 
Daptomycin-containing regimens for treatment of gram-positive 
endocarditis. Int J Antimicrob Agents. 2019;54:423–34. https://​
doi.​org/​10.​1016/j.​ijant​imicag.​2019.​08.​011.

	62.	 Mehta S, Singh C, Plata KB, Chanda PK, Paul A, Riosa S, et al. 
β-Lactams increase the antibacterial activity of daptomycin 

https://doi.org/10.1016/j.ijid.2020.11.130
https://doi.org/10.1016/j.ijantimicag.2019.01.014
https://doi.org/10.1016/j.ijantimicag.2019.01.014
https://doi.org/10.1016/j.jgar.2019.07.020
https://doi.org/10.1093/jac/dkl219
https://doi.org/10.1111/j.1469-0691.2006.01585.x
https://doi.org/10.1111/j.1469-0691.2006.01585.x
https://doi.org/10.1186/s13104-017-2907-z
https://doi.org/10.1186/s13104-017-2907-z
https://doi.org/10.1097/MD.0000000000027597
https://doi.org/10.1097/MD.0000000000027597
https://doi.org/10.1128/AAC.04376-14
https://doi.org/10.1128/AAC.04376-14
https://doi.org/10.1128/AAC.02303-19
https://doi.org/10.1128/AAC.02303-19
https://doi.org/10.1093/cid/ciy963
https://doi.org/10.1093/cid/ciy963
https://doi.org/10.1007/s40265-019-01112-1
https://doi.org/10.1016/j.jmii.2021.07.015
https://doi.org/10.2217/fmb.14.135
https://doi.org/10.1128/AAC.02274-13
https://doi.org/10.1016/j.ijantimicag.2019.08.011
https://doi.org/10.1016/j.ijantimicag.2019.08.011


336	 A. Russo et al.

1 3

against clinical methicillin-resistant Staphylococcus aureus strains 
and prevent selection of daptomycin-resistant derivatives. Anti-
microb Agents Chemother. 2012;56:6192–200.

	63.	 Dhand A, Bayer AS, Pogliano J, Yang SJ, Bolaris M, Nizet V, 
et al. Use of antistaphylococcal beta-lactams to increase daptomy-
cin activity in eradicating persistent bacteremia due to methicillin-
resistant Staphylococcus aureus: role of enhanced daptomycin 
binding. Clin Infect Dis. 2011;53:158–63.

	64.	 Moise PA, Amodio-Groton M, Rashid M, Lamp KC, Hoffman-
Roberts HL, Sakoulas G, et al. Multicenter evaluation of the 
clinical outcomes of daptomycin with and without concomitant 
β-lactams in patients with Staphylococcus aureus bacteremia and 
mild to moderate renal impairment. Antimicrob Agents Chem-
other. 2013;57:1192–200.

	65.	 Barber KE, Werth BJ, Ireland CE, Stone NE, Nonejuie P, Sakoulas 
G, et al. Potent synergy of ceftobiprole plus daptomycin against 
multiple strains of Staphylococcus aureus with various resistance 
phenotypes. J Antimicrob Chemother. 2014;69:3006–10.

	66.	 Sakoulas G, Moise PA, Casapao AM, Nonejuie P, Olson J, Oku-
mura CY, et  al. Antimicrobial salvage therapy for persistent 
staphylococcal bacteremia using daptomycin plus ceftaroline. 
Clin Ther. 2014;36:1317–33.

	67.	 Hoen B. Non-staphylococcal gram-positive bacteraemia without 
a known source. Int J Antimicrob Agents. 2008;32:S15–7.

	68.	 Gavaldà J, Torres C, Tenorio C, López P, Zaragoza M, Capdevila 
JA, et al. Efficacy of ampicillin plus ceftriaxone in treatment of 
experimental endocarditis due to Enterococcus faecalis strains 
highly resistant to aminoglycosides. Antimicrob Agents Chem-
other. 1999;4:639–46.

	69.	 Gavaldà J, Len O, Miró JM, Muñoz P, Montejo M, Alarcón A, 
et al. Brief communication: treatment of enterococcus faecalis 
endocarditis with ampicillin plus ceftriaxone. Ann Intern Med. 
2007;146:574–9.

	70.	 Fernández-Hidalgo N, Almirante B, Gavaldà J, Gurgui M, Peña 
C, de Alarcón A, et al. Ampicillin plus ceftriaxone is as effective 
as ampicillin plus gentamicin for treating enterococcus faecalis 
infective endocarditis. Clin Infect Dis. 2013;56:1261–8.

	71.	 Diaz Granados CA, Zimmer SM, Klein M, Jernigan JA. Com-
parison of mortality associated with vancomycin-resistant and 
vancomycin-susceptible enterococcal bloodstream infections: a 
meta-analysis. Clin Infect Dis. 2005;41:327.

	72.	 Chuang YC, Wang JT, Lin HY, Chang SC. Daptomycin versus 
linezolid for treatment of vancomycin-resistant enterococcal bac-
teremia: systematic review and meta-analysis. BMC Infect Dis. 
2014;14:687.

	73.	 Scaglione F. Pharmacokinetic/pharmacodynamic (PK/PD) con-
siderations in the management of gram-positive bacteraemia. Int 
J Antimicrob Agents. 2010;36:S33–9.

	74.	 Polard E, Le Bouquin V, Le Corre P, Kérebel C, Trout H, 
Feuillu A, et al. Non steady state and steady state PKS Bayesian 

forecasting and vancomycin pharmacokinetics in ICU adult 
patients. Ther Drug Monit. 1999;21:395–403.

	75.	 Fernández DM, de Gatta GM, Revilla N, Calvo MV, Domínguez-
Gil A, Sánchez NA. Pharmacokinetic/pharmacodynamic analysis 
of vancomycin in ICU patients. Intens Care Med. 2007;33:279–85.

	76.	 Byl B, Clevenbergh P, Jacobs F, Struelens MJ, Zech F, Kentos A, 
et al. Impact of infectious diseases specialists and microbiological 
data on the appropriateness of antimicrobial therapy for bactere-
mia. Clin Infect Dis. 1999;29:60–6.

	77.	 Wysocki M, Delatour F, Faurisson F, Rauss A, Pean Y, Misset B, 
et al. Continuous versus intermittent infusion of vancomycin in 
severe staphylococcal infections: prospective multicenter rand-
omized study. Antimicrob Agents Chemother. 2001;45:2460–7.

	78.	 Di Filippo A, De Gaudio AR, Novelli A, Paternostro E, Pelagatti 
C, Livi P, et al. Continuous infusion of vancomycin in methicillin-
resistant staphylococcus infection. Chemotherapy. 1998;44:63–8.

	79.	 Safdar N, Andes D, Craig WA. In vivo pharmacodynamic activity 
of daptomycin. Antimicrob Agents Chemother. 2004;48:63–8.

	80.	 Falcone M, Russo A, Cassetta MI, Lappa A, Tritapepe L, d’Ettorre 
G, et al. Variability of pharmacokinetic parameters in patients 
receiving different dosages of daptomycin: is therapeutic drug 
monitoring necessary? J Infect Chemother. 2013;19:732–9.

	81.	 Cha R, Rybak MJ. Daptomycin against multiple drug-resistant 
staphylococcus and enterococcus isolates in an in vitro pharma-
codynamic model with simulated endocardial vegetations. Diagn 
Microbiol Infect Dis. 2003;47:539–46.

	82.	 Falcone M, Russo A, Venditti M, Novelli A, Pai MP. Consid-
erations for higher doses of daptomycin in critically ill patients 
with methicillin-resistant Staphylococcus aureus bacteremia. Clin 
Infect Dis. 2013;57:1568–76.

	83.	 Falcone M, Russo A, Venditti M, Novelli A, Pai MP, et al. Reply 
to Di Paolo. Clin Infect Dis. 2014;58:1789–90.

	84.	 Pai MP, Russo A, Novelli A, Venditti M, Falcone M. Simplified 
equations using two concentrations to calculate area under the 
curve for antimicrobials with concentration-dependent pharma-
codynamics: daptomycin as a motivating example. Antimicrob 
Agents Chemother. 2014;58:3162–7.

	85.	 Balice G, Passino C, Bongiorni MG, Segreti L, Russo A, Last-
ella M, Luci G, Falcone M, Di Paolo A. Daptomycin population 
pharmacokinetics in patients affected by severe gram-positive 
infections: an update. Antibiotics. 2022;11:914. https://​doi.​org/​
10.​3390/​antib​iotic​s1107​0914.

	86.	 Falcone M, Russo A, Cassetta MI, Lappa A, Tritapepe L, Fal-
lani S, Vullo V, Venditti M, Novelli A. Daptomycin serum lev-
els in critical patients undergoing continuous renal replacement. 
J Chemother. 2012;24:253–6. https://​doi.​org/​10.​1179/​19739​
47812Y.​00000​00033.

https://doi.org/10.3390/antibiotics11070914
https://doi.org/10.3390/antibiotics11070914
https://doi.org/10.1179/1973947812Y.0000000033
https://doi.org/10.1179/1973947812Y.0000000033

	New advances in management and treatment of cardiac implantable electronic devices infections
	Abstract
	Introduction
	Epidemiology
	Risk factors for CDIs
	Etiology
	What is new in 2023 Duke-ISCVID criteria and in ESC guidelines for infective endocarditis
	2023 Duke-ISCVID criteria
	2023 ESC guidelines for the management of endocarditis

	Data about new antibiotics for treatment of CDIS
	Dalbavancin, oritavancin, and telavancin
	Ceftaroline and ceftobiprole
	Linezolid and tedizolid
	New antibiotics for the treatment of multidrug-resistant gram-negative bacteria

	Therapeutic management of CDIs
	Pharmacokineticpharmacodynamic (PKPD) considerations in the management of CDIs

	Conclusion
	References




