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Abstract: In recent decades there has been a relevant increase in the implantation rate of cardiac
implantable electronic devices (CIEDs), albeit with relevant geographical inhomogeneities. Despite
the positive impact on clinical outcomes, the possibility of major complications is not negligible,
particularly with respect to CIED infections. CIED infections significantly affect morbidity and
mortality, especially in instances of delayed diagnosis and appropriate treatment. In the present
review, we will start to depict the factors underlying the development of CIED infection as well
as the difficulties related to its diagnosis and treatment. We will explain the reasons underlying
the need to focus on prophylaxis rather than treatment, in view of the poor outcomes despite
improvements in lead extraction procedures. This will lead to the consideration of management
of this complication in a hub-spoke manner, and to our analysis of the several technological and
procedural improvements developed to minimize this complication. These include prolongation
of CIED longevity, the development of leadless devices, and integrated prophylactic approaches.
We will conclude with a discussion regarding new devices and strategies under development. This
complete excursus will provide the reader with a new perspective on how a major complication can
drive technological improvements.

Keywords: cardiac implantable electronic device infections; management; prevention; clinical impli-
cations

1. The Issue of Cardiac Implantable Electronic Device Infection: Implantation Rates
and Socio-Economic Burden

We are experiencing a dramatic increase in the implantation rates of cardiac im-
plantable electronic devices (CIEDs), which include permanent pacemakers (PMs), im-
plantable cardioverter defibrillators (ICDs), and devices for cardiac resynchronization
therapy (CRT) [1,2]. Considering an estimate from 61 countries across Europe, Asia, the
Pacific region, and Africa, over 1,000,000 PM and 300,000 ICD implantations have been
performed. Greenspon et al. reported a rise in the CIED implantation rate in the United
States of 96% between 1993 and 2008, which was mainly due to an increase in ICD im-
plantations [3]. However, there are several geographical inhomogeneities among different
countries, as evidenced by a systematic review [1] that consider the European scenario.
The range for PM implantations per center varied between less than 50 and more than
1000 per million inhabitants. Similarly, ICD implantation rates ranged between less than
10 to more than 500 per million inhabitants. Moreover, the authors reported significant
intra-country variability (ranging between a factor of 2 for PMs and over 20 for ICDs).
Notably, there were several factors accounting for this variability, ranging from the types
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of health care systems and economics to demographic patterns and cultural influences on
demographic outcomes [1,4]. However, in the literature there are few systematic analyses
aimed at providing a complete picture of the relationship between the CIED implantation
rate and these variables. It is also possible that national, regional, provincial, and hospital
variables have been inconsistently reported by the available studies, providing only a
patchwork of pacing and ICD practice [1].

Therapy based on CIED implantation constitutes a very peculiar model in medicine,
differing from other treatments in several aspects. Costs for pharmacological therapy are
spread over the time of patient follow-up, whereas for CIED and surgical/interventional
therapy the costs are apparent upfront. However, pharmacological treatments do not have
a predefined termination date, whereas CIEDs inevitably experience battery depletion.
Moreover, surgical or interventional treatments do not require device tailoring, and when
the intervention requires the implantation of a device, this cannot (realistically) be upgraded
but at most repaired (e.g., the coronary angioplasty of a previous coronary bypass or
transcatheter prosthetic valve implantation). In addition, unlike all other treatments,
CIED replacement, which carries a low risk of serious complications, is mandatory to
ensure continued therapy delivery when the battery is drained. These factors demonstrate
the increased complexity associated with long-term CIED therapy, as well as the risk
of developing CIED-related complications. Several registries were designed to explore
the incidence and predisposing factors associated with these complications [5]. Notably,
there is a huge variability in terms of incidence of major complications, ranging from
0.5% to 36.5% [5] depending on the type of implanted CIED (PM vs. ICD vs. CRT),
type of procedures (first implant, upgrade, or device replacement), temporal window,
and classification of the various events. Two recent papers highlight the importance
of these factors. Ezzat et al. provided a systematic review [6] of ICD complications,
comparing figures provided by randomized control trials and registries. The pooled
complication rate from the trials was 9.1% (including lead displacement (3.1%), infections
(1.5%), pneumothorax (1.1%), and hematoma (1.2%)). On the contrary, data from the largest
ICD registry™ (United States National Cardiovascular Data Registry (NCDR®)) reported a
statistically significant three-fold lower total major complication rate of 3.08% (including
lead displacement (1.02%), hematoma (0.86%), and pneumothorax (0.44%)). These findings
call for the standardization of the international classification of CIED-related complications
as well as methods to reduce/eliminate underreporting. The second paper from Palmisano
et al. [7] reported the results of a prospective, multicenter (six high-volume centers), Italian
registry specifically designed to collect data on complications within three years after de
novo CIED implantation. A complication was defined as any CIED-related adverse event
requiring surgical revision. They compared patients with complications to those without,
and used unadjusted rates. The authors observed 283 complications in 2811 enrolled
patients. In particular, early complications (occurring within 30 days after implantation)
were associated with an increase in cardiovascular and all-cause mortality (1.7-fold and 2.8-
fold increase, respectively). The association between complications and all-cause mortality
was already known; however, the authors highlighted that the impact of early complications
on cardiovascular and all-cause mortality could extend up to 96 months. Moreover, they
underlined the relevance of CIED infection as the most important complication in relation
to cardiovascular mortality, mainly associated with heart failure and sudden death due to
non-reimplantation after CIED extraction. However, another more plausible explanation
is the development of multi-organ-failure secondary to unsolved systemic infections in
these patients, especially considering the absence of a correlation between re-implantation
and post-extraction survival [8]. It is interesting to note that CIED infections can occur
both early on and several years after CIED procedures, probably due to different factors,
especially in patients with more complex devices (Figure 1) [9,10].

The relevance of CIED infections has increased in recent years, particularly in view of
the growing awareness of the associated financial burden. Treatment of CIED infections
requires prolonged hospitalization, high-cost antimicrobial therapy, the need for device
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extraction, and frequently the need for device reimplantation. An analysis from the Medi-
care database revealed that admission for CIED infection was associated with significant
increased length of hospital stay and adjusted in-hospital and long-term mortality. The
standardized adjusted incremental and total admission costs with infection were $14,360
to $16,498 and $28,676 to $53,349, according to the device type. The largest incremental
cost caused by CIED infection was intensive care, accounting for more than 40% of the
difference [11]. Elevated costs have also been provided by European countries: in the
United Kingdom it was shown that the cost of infection ranged from £5139 ($7013.75)
for PPM to £24,318 ($33,198.28) for CRT-D [12]; similarly, in Germany an analysis was
performed based on health insurance claims that the CIED infection prevalence was 3.4%
overall (2.9% for de novo procedures, 4.4% for replacement procedures), causing a 3-year
incremental expenditure of €31,493 ($37,856.47) for de-novo implanted patients and €33,777
($40,601.97) for replacement patients [13].
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2. Risk Factors for CIED Infections

The relevance of CIED infections has progressively increased from the beginning of
the 2000s, as pointed out by an alarming report [2] that showed a rise in these complica-
tions that was much higher than the increase in device implantations during the same
period. The authors underlined that in the period between 1996 and 2003, which was
characterized by no significant changes in the demographic profile of patients receiving
CIED implantation, hospitalizations for CIED infections increased 3.1-fold (2.8-fold for
PMs and 6-fold for ICDs). Notably, the only factor that changed during the same period
was the type of implanted CIED, with an increase of ICDs vs. PMs (from 14% to 27%,
p < 0.001) (Figure 2) [14]. A possible explanation for this phenomenon can be provided by
the disproportion between survival of ICD and PM recipients vs. implanted devices. In
fact, as later underlined [15], the three to five-fold longer survival of PM generators (in that
period) dramatically increased the rate of multiple re-interventions in ICD recipients (vs.
PM-implanted patients). In fact, looking at Figure 2 it is impressive to see that the steep
increase in CIED infections occurred just four years after the MADIT trial, which led to
adoption of ICDs for the primary prevention of sudden cardiac death. This time window
was exactly the same as the longevity of ICD batteries at that particular moment. Moreover,
the slope preceded the publication of the MADIT II trial by two years.
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Figure 2. Relationship between the publication date of three leading randomized trials on implantable
defibrillators for the primary prevention of sudden cardiac death and the disproportionate increase
in the number of CIED infections with respect to implantation rate. Modified from “Infections of
Cardiac Implantable Devices” by Diemberger, I.; Boriani, G., 2020, Infections of Cardiac Implantable
Devices, VI, 229, Copyright [2020] by the Springer International Publishing. CMRD: cardiac rhythm
management devices.

Similar evidence, coupled with data underlying the association of CIED infections
with re-do procedures [5], encouraged the development of devices with extended longevity,
aimed not only at reducing the costs related to device replacement but also at reducing the
occurrence of CIED infections. A relevant issue related to device infections is the number
of implanted leads; in fact, more leads can drive a higher incidence of infections, especially
in more complex CIED systems like CRT-D. Two factors hindered the benefit of extending
CIED longevity: comorbidities and lead failures. One possible explanation for the dispro-
portionate rise in CIED infections is the increased prevalence of comorbidities. We are
currently experiencing an imbalance between fertility rates and life expectancy, leading to
an increase in median age of the general population. In particular, patients aged ≥65 years
represent 8.5% of the worldwide population, and this proportion is estimated to increase
up to 17% in the upcoming years. The aging of the general population correlates with
the development of chronic diseases like kidney disease, diabetes mellitus, and chronic
obstructive pulmonary disease. As reported by Greenspon et al., the incidence of the
four major comorbidities (heart failure, diabetes, renal disease, and respiratory disease) in
patients with CIED infections remained relatively constant from 1993 through 2004, when
a noticeable increase was seen, with a similar trend observed in infection rate during the
same period [3].

The second factor promoting the increase in CIED infections, which became evident
after the improvement in CIED longevity, was the malfunction (or potential malfunction) of
CIED leads. Since 2007, two major recalled ICD leads (the Sprint Fidelis (Medtronic Corp,
Dublin, Ireland) and Riata (St. Jude Medical Inc, Saint Paul, MN, USA)) have revealed
this problem [16], leading to different responses from clinicians. These ranged from those
that were more conservative to extract-all approaches [17]. These issues promoted the
development and spread of two great advancements in current CIED technology: remote
CIED monitoring (to reveal early signs of lead malfunction before clinical manifestations)
and leadless technology. However, the leadless revolution was not only driven by recalled
leads, but also by the presence of several reports regarding the suboptimal performance
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of ICD leads [18]. These reports highlighted a huge gap between the longevity of CIED
leads purported by manufacturers and real service life. This could be due to the fact that
survival of CIED leads can also be affected by several other factors beyond manufacturing:
the implantation approach (in particular, cephalic vs. subclavian access), patient behavior,
modifications of the lead–heart interface, lead dislodgment, and the necessity for CIED
upgrade. However, cephalic vein access is more secure for lead integrity in the long term;
nowadays, direct puncture of the subclavian vein is still the preferred approach for most
implanting centers. Despite case-specific reasons for suboptimal lead performance, in
the last decade intravascular leads were signaled as the Achilles’ heel of conventional
CIED [17].

3. The Complexity of the Treatment of CIED Infection

Early after the development of the first PM, it became necessary to develop an ap-
proach for extracting pacing leads in case of CIED infections, since the simple removal
of the generator or other conservative approaches were associated with failure to resolve
the infection [15]. The first approach that was adopted was a simple and direct traction of
the lead after disconnection from the generator. This approach was frequently associated
with lead fracture, especially with the development of thinner leads to limit vascular en-
cumbrance, and of systems to limit lead displacement. In a short time, several tools were
developed for mechanical lead extraction, including polypropylene sheaths and snares,
increasing extraction rates to above 80%. More recently, with the development of internal
jugular approach by the school of Pisa [19] and the availability of powered sheaths (ei-
ther mechanical-rotational or laser), a dramatic increase in the number of lead extraction
procedures has occurred.

While in the early lead extraction era this was considered the highest-risk procedure in
the field of CIED, current figures provided by international registries confirm the safety and
efficacy of this procedure. The results of the European Lead Extraction ConTRolled Registry
(ELECTRa) [20], a large multicenter prospective registry of consecutive patient candidates
for transvenous lead extraction, showed that the efficacy of current approach is very high,
with clinical and complete radiological success in more than 95% of cases. The primary
endpoint was a safety endpoint, showing that procedure-related major complications
(including death) occurred in 1.7% patients, with an incidence of 0.5% procedure-related
deaths. Notably, clinical outcomes were heavily affected by center volumes, with a dou-
bled rate of overall major complications and intra-hospital death in low-volume centers.
However, it has to be noted that despite few procedure-related complications (mortality
0.5%, 95% CI 0.3–0.8%), the in-hospital overall mortality was not negligible (1.4%, 95% CI
1.1–1.9%%), with systemic CIED infections being the strongest independent risk factor (OR
4.93, 95% CI 2.72–8.93; p < 0.001). In a recently published German registry on laser lead
extraction the authors reported similar procedure-related outcomes, with a complete proce-
dural success rate in 97.8% of the patients, and an incidence of major procedure-related
complications of 2.05% [21]; the procedure-related mortality was 0.55%. Notably, the in-
hospital mortality was 3.55%, with a significantly higher mortality rate in patients with
systemic infection compared with patients with local infection or non-infectious indications
for lead extraction (11.08 vs. 0.55%, p < 0.0001). Taken together, these data highlight the
importance of CIED infections (especially when associated with systemic involvement)
as a major promoter of adverse events despite effective and safe lead extraction. Data on
long-term survival after lead extraction for CIED infections are limited, but the available
information suggest that reimplantation is not a major determinant of survival; on the
contrary, renal failure, systemic infection, and the presence of vegetations, especially in-
volving cardiac valves or in case of post-extraction remnants (i.e., ghosts) [8], are associated
with poorer survival. In regard to these findings, it is interesting to review the results of a
multicenter study we organized to explore if the predictors of development of CIED infec-
tions were at the same time effective in predicting post-extraction survival in the long term.
We followed 169 patients for an average follow-up of 20 ± 12 months after transvenous
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lead extraction for CIED infection (48.5% systemic) with complete radiological success
in 96.4%, and for each patient we calculated the Shariff score at the last CIED procedure
(i.e., before developing CIED infection). This score, elaborated by Shariff et al. in a previous
paper [22], presents good accuracy in predicting the risk of developing CIED infection
before any procedure. In our population a score ≥3 was present in 60.3% of the patients,
and proved to be an extremely good predictor of mortality after lead extraction at three
years (HR 10.833, 95% CI 2.544–46.129; p = 0.001), together with presence of vegetations
(HR 3.324, 95% CI 1.530–7.221; p = 0.002). These data, beyond confirming the poor survival
of patients with CIED infections despite effective lead extraction, confirmed the hypothesis
that the struggle against this complication must focus on primary prevention. Two trials
addressed this issue by improving antibiotic prophylaxis: the Prevention of Arrhythmia
Device Infection Trial (PADIT) [23], and the Worldwide Randomized Antibiotic EnveloPe
Infection PrevenTion Trial (WRAP-IT) [24]. The first was based on a prolonged antibiotic
prophylaxis scheme adopting treatment with multiple conventional antibiotics, while the
second assessed the efficacy of a new device, an antibacterial polypropylene mesh sleeve
(TYRX™ Absorbable Antibacterial Envelope, Medtronic, Minneapolis, MN, USA) that
releases minocycline and rifampicin into the generator pocket within approximately seven
days. Both intervention arms performed better than the control groups, but only the WRAP-
IT trial reached significance in terms of reduction of CIED infections, albeit with a number
needed to treat (NNT) score of 200. Importantly, both studies were characterized by an
incidence of CIED infections in the control arm that was significantly lower than expected,
similar to more recent observational data [25], evidencing that, despite the usefulness of
prolonged antibiotic prophylaxis to reduce CIED infections, it should be remembered that
preventive strategies should consider all the various aspects of CIED therapy, from patient
selection to implanting procedure and follow-up [14,26]. In this regard, the management
of CIED infections should be considered a complex issue, from diagnosis to the decisions
for device extraction and re-implantation. It requires a multidisciplinary and tailored
approach, with relevant economic implications [13]. Each patient should be managed with
an “hub-and-spoke” organization, with referral centers that have at their disposal a team
of expert operators from the beginning of the diagnostic process [27] (Figure 3). Despite
some available recommendations supporting antibiotic therapy and device extraction,
there are still issues regarding the need for re-implantation, optimal timing, technique,
and device selection. Furthermore, the diagnostic process requires experienced clinicians,
especially in case of possible systemic infection without overt CIED pocket involvement.
In this case, it is relevant to perform appropriate culturing and integrate imaging data.
Trans-esophageal echocardiography (TEE) is mandatory, but there is a relevant number
of patients presenting with lead masses not related to CIED infection; in fact, incidental
masses attached to CIED leads were reported in up to 22% of the patients [28–31]. In a
large retrospective study considering about 2000 TEE scans to identify patients with visible
leads, 15/125 TTE scans with explorable CIED leads presented a mass, and 9/15 patients
with a lead mass presented with clinical suspicion of CIED infection; 6 patients with in-
cidental mass were only treated with medical therapy without sequelae [30]. Recently,
the availability of positron emission tomography (PET) with fluorodeoxyglucose marked
by fluorine-18 (18F-FDG) has dramatically improved the diagnostic accuracy for these
cases; in fact, this method provides functional data on organs and tissue [32,33]. PET scans
reveal the intensity of glucose uptake among body’s tissues, giving information about the
presence of increased metabolic activity in a particular body region; it usually correlates
with neoplastic, inflammatory, or regenerative processes. Moreover, in our experience
18F-FDG PET can reclassify one quarter of patients in terms of Duke score [32], and help
predict long-term survival with higher accuracy; in particular, we found that patients with
lead infection without CIED pocket involvement (the so-called “cold closed pocket”) have
significantly poorer long-term survival, with mortality of about 60% at 1 year (Figure 4).
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4. Current Prevention of CIED Infections and Future Perspectives

As previously discussed, the battle against CIED infections has driven the develop-
ment of several improvements both in terms of new technologies and clinical management.
Current preventive strategies should be based on tailoring CIED procedures to patient
requirements, and the utilization of all strategies to reduce surgical site infections [34,35].
This was highlighted by Ahsan et al., who reported the results of a retrospective study
analyzing the impact of a specifically designed infection-control protocol (that includes
antibiotic prophylaxis chosen by risk stratification, improved glycemic control, specific
skin preparation, electrocautery setting, and closure techniques) on the incidence of CIED
infections in a tertiary referral center [36]. They found a 54% reduction in CIED infec-
tions (from 1.3 to 0.6%, p < 0.03) associated with consequent relevant cost savings (about
£70,000 per year), while patient costs varied between £85 and £115 according to infection
risk and drug intolerance. Notably, despite not being fully confirmed, the available data
suggest that from a fifth to one quarter of CIED infections are not the result of CIED pocket
manipulation, but are seeded by bacteria from distant sites, as occurs with infections of
native cardiac valves [26,28,32]. This concept clearly emphasizes the need for the develop-
ment of leadless technologies to avoid or at least limit intravascular hardware associated
with CIED therapy.

In the field of cardiac pacing, Medtronic Micra systems, which allow cardiac pacing
without the necessity for transvenous leads, are now available [37]. Their newest device
makes it possible to achieve (with some limitations) atrioventricular synchrony with a
leadless system [38,39] (Figure 5). Although there is considerable enthusiasm about leadless
systems, some issues have to be mentioned about these devices; in fact, there are some
reports of infections of leadless devices [40]. Furthermore, long-term results are lacking.
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Figure 5. Heart activity monitoring with leadless devices. (1) A magnet placed in the right atrium,
through which movements are revealed during the cardiac cycle using an external subcutaneous
Hall effect sensor (HES) (2). The distance between magnet and HES decreases with atrial diastole
(A), with a consequent increase in the magnetic field that reaches a maximum when the distance
is minimal ((B), atrial systole). Once atrial activity is revealed, the external device (4) can drive a
ventricular leadless pacemaker (PM) (3). To avoid the necessity for external subcutaneous devices, an
HES could be probably inserted directly in the leadless PM (5). Modified from “Infections of Cardiac
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The availability of subcutaneous defibrillators should limit the complications related to
high voltage transvenous lead systems in a specific subgroup of patients [41,42]. However,
a recent recall of EMBLEM S-ICD Subcutaneous Electrodes (Boston Scientific) took place
because of the increased risk of fractures at a specific point (distal to the proximal sense
ring). The most recent technology innovation relates to the availability of an investigational
extravascular system (EV ICD Medtronic, Minneapolis, MN, USA), implanted behind the
sternum, that can treat fatal ventricular arrhythmias [43,44].
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