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Abstract: Chronic kidney disease patients appear to be predisposed to heart rhythm disorders, includ-
ing atrial fibrillation/atrial flutter, ventricular arrhythmias, and supraventricular tachycardias, which
increase the risk of sudden cardiac death. The pathophysiological factors underlying arrhythmia and
sudden cardiac death in patients with end-stage renal disease are unique and include timing and
frequency of dialysis and dialysate composition, vulnerable myocardium, and acute proarrhythmic
factors triggering asystole. The high incidence of sudden cardiac deaths suggests that this population
could benefit from implantable cardioverter-defibrillator therapy. The introduction of implantable
cardioverter-defibrillators significantly decreased the rate of all-cause mortality; however, the benefits
of this therapy among patients with chronic kidney disease remain controversial since the studies
provide conflicting results. Electrolyte imbalances in haemodialysis patients may result in ineffective
shock therapy or the appearance of non-shockable underlying arrhythmic sudden cardiac death.
Moreover, the implantation of such devices is associated with a risk of infections and central venous
stenosis. Therefore, in the population of patients with heart failure and severe renal impairment,
periprocedural risk and life expectancy must be considered when deciding on potential device im-
plantation. Harmonised management of rhythm disorders and renal disease can potentially minimise
risks and improve patients’ outcomes and prognosis.
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1. Introduction

Patients with impaired renal function are more susceptible to heart failure (HF) de-
velopment due to sodium and fluid retention [1]. Likewise, the presence of HF increases
the risk of the development of chronic kidney disease (CKD) and progression to end-stage
renal disease (ESRD) as a result of impaired renal haemodynamics [2–4]. The presence of
advanced CKD accompanied by HF, especially HF with reduced ejection fraction (HFrEF),
increases the risk of mortality [5]. Cardiovascular diseases (CADs) are diagnosed in about
50% of dialysis patients, and relative cardiovascular mortality in this population is 20 times
higher compared with the general population [6]. Moreover, approximately 25% of all-cause
deaths in the population of dialysis patients are due to sudden cardiac death (SCD) [7].
The risk of SCD is four- to twenty-fold higher in CKD patients compared with the gen-
eral population [8–10]. The pathophysiological factors underlying arrhythmia and SCD
in patients with ESRD are unique and include, among others, timing and frequency of
dialysis and dialysate composition [11]. Fluid overload can also trigger arrhythmias, ag-
gravating the risk of SCD. Dialysis-related risk of SCD could be associated with excessive
accumulation followed by aggressive removal of potassium and fluid on the first day of
dialysis in the week [12,13]. Moreover, metabolic alkalosis related to exposure to high
bicarbonate dialysate may result in hypokalaemia, haemodynamic instability, and QT
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prolongation [7,14,15]. Therefore, the occurrence of SCD has been reported to be more
common on haemodialysis days, particularly on Mondays and Tuesdays after the long
dialysis-free period [16,17].

Apart from dialysis-related factors, the occurrence of SCD may be associated with
vulnerable myocardium (coronary artery and heart structure pathology) as well as the
presence of acute proarrhythmic factors triggering asystole [7]. CKD patients appear to
be predisposed to heart rhythm disorders, including atrial fibrillation (AF)/atrial flutter,
ventricular arrhythmias (VAs), and supraventricular tachycardias [18]. This group of
patients was found to show diminished heart rate response to subcutaneous nerve activity
and conduction system diseases. In CKD, rapid worsening of sympathetic tone precedes
atrioventricular block, VA, and sudden death [19,20]. Left ventricular hypertrophy (LVH),
which is a common finding in patients on dialysis, also enhances the risk of SCD [21]. In
general, ventricular fibrillation (VF) or ventricular tachycardia (VT) are the most common
causes of patients’ SCDs.

Indeed, a retrospective study including haemodialysis patients with wearable
cardioverter-defibrillators demonstrated that 79% of sudden cardiac arrests were associated
with VT or VF [22]. However, the results of another study suggested that in ESRD patients,
asystole, not tachyarrhythmias, may be the more frequent type of fatal arrhythmia [23].
Another study of haemodialysis patients with cardiac arrest demonstrated the following
causes of cardiac arrest: VT and VF (in 31.6% of patients), bradycardia (26.3%), and asys-
tole (15.8%) [24]. Therefore, the identification of the most frequent terminal arrhythmia in
haemodialysis patients is highly required since non-ventricular arrhythmias do not respond
to defibrillation [25].

In contrast to the general population, reduced ejection fraction is not so frequently
observed in haemodialysis patients experiencing SCD; however, they often suffer from
diastolic dysfunction associated with LVH [26]. Despite the high risk of mortality, guideline-
directed medical therapy in this group of patients is not so frequently utilised [27]. The high
incidence of SCD suggests that this population could benefit from implantable cardioverter-
defibrillator (ICD) therapy. However, the benefits of this therapy among patients with CKD
remain controversial since the results of studies provide conflicting results. In the analysis
of data of patients participating in the Multicenter Automatic Defibrillator Implantation
Trial–Cardiac Resynchronization Therapy (MADIT–CRT), patients with moderate GFR
were demonstrated not only to be less likely to experience VT/VF but also to receive an
appropriate shock from the device when compared with the higher GFR group (for VT/VF
95% CI 0.48–0.88, p = 0.005) [28]. According to the authors, this finding may be explained
by the presence of arrhythmias in CKD patients that are refractory to ICD therapy and thus
are more likely to be fatal. At the same time, in the MADIT-CRT analysis, the risk of death
without experiencing VT/VF was higher in patients with moderate CKD (95% CI 2.38–5.12,
p < 0.001). Patients with moderate CKD and implanted with an ICD or CRT-D device were
reported to have fewer nonfatal ventricular tachyarrhythmia events. Thus, these results
suggest diminished benefit of the ICD even in patients with moderate CKD, as well as a
lower rate of appropriate therapies in patients with moderate CKD [28].

The paragraphs below summarise the benefits and risks of ICD implantation in pri-
mary or secondary prevention in CKD patients.

2. Implantable Cardioverter-Defibrillators (ICDs) in CKD/ESRD in Primary and
Secondary Prevention

Implantable cardioverter-defibrillators (ICDs) represent a recognised therapy whose
purpose is to prevent sudden cardiac death [29]. Their introduction has significantly de-
creased the rate of all-cause mortality, including SCD, in populations [30–33]. ICDs are
indicated for cardiac arrest survivors, patients with severe left ventricular dysfunction
resulting from ischaemic or non-ischaemic cardiomyopathy, and individuals with both sus-
tained VAs and structural heart disease [34,35]. According to the guidelines of the European
Society of Cardiology (ESC) and ACC/AHA/HFSA, ICDs for primary prevention are rec-
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ommended for patients meeting all the following criteria: ischaemic HF aetiology, NYHA
class II–III symptoms, LVEF ≤ 35%, ≥3 months of guideline-directed medical therapy (ESC)
or chronic optimal medical therapy (ACC/AHA/HFSA), more than 40 days from a myocar-
dial infarction (MI), and with expected survival > 1 year [36,37] The ACC/AHA/HFSA
guidelines also recommend ICDs for patients with non-ischaemic aetiology, while in the
ESC guidelines device implantation in such patients is a IIa A recommendation. ICDs for
secondary prevention are recommended in individuals with documented VF or haemo-
dynamically not tolerated VT in the absence of reversible causes [35,38]. Moreover, the
ESC guidelines ascribe a class IIb recommendation for wearable cardioverter-defibrillators
for selected HF patients who are at high risk for sudden death but in whom ICDs are not
suitable or ICDs or wearable devices would serve as a bridge to an implanted device [36].

2.1. Primary Prevention

Currently available data concerning the advantages of ICDs in primary prevention in
patients with LVEF ≤ 35% and advanced CKD are not encouraging, as a result of the high
risk of complications, morbidity, and mortality [18,39]. The results of sparse observational
studies have confirmed that ICD implantation as a primary prevention measure could have
no or even adverse impact on mortality in ESRD patients, especially dialysis-dependent
ones [40–42]. The comparative study using propensity score techniques to decrease con-
founding factors failed to show significant survival advantage associated with ICDs [HR
0.87, 95% confidence interval (CI) 0.66–1.13, log-rank p = 0.29] in 303 haemodialysis patients
with HF who received ICDs for primary prevention compared with matched controls
without ICDs [43]. One-year (three-year) mortality was 42.2% (68.8%) in the dialysis ICD
recipients compared with 38.1% (75.7%) in the control group [43]. Also, a prospective ran-
domised study of dialysis patients with LVEF ≥35% and without a class I ICD indication
demonstrated that ICD implantation did not diminish SCD rate or all-cause mortality [44].
In this study, the observed cumulative incidence of SCD was 9.7% in the group implanted
with ICDs versus 7.9% in the control group [hazard ratio (HR) 1.32 (95% CI 0.53–3.29,
p = 0.55)], and the 5-year mortality was high in both groups (50.6% vs. 54.5%). According to
the authors, the failure to decrease patients’ mortality with ICD implantation was associated
among others with ineffective termination of shocks or immediate reinitiation after shock
delivery stemming either from the occurrence of non-shockable rhythms or arrhythmia
triggered in a state of hyperkalaemia and/or severe acid–base balance disorders [17,45].
Another study demonstrated that in-hospital mortality after ICD placement in HD patients
was nearly five-fold higher compared with non-dialysis patients [46]. Decreased survival of
ESRD patients may be associated with the lack or inappropriate treatment of HF following
ICD implantation. According to reports, ESRD patients frequently do not receive or receive
inadequate guideline-directed medical therapy with beta-blockers, angiotensin-receptor
blockers, and angiotensin-converting-enzyme inhibitors accompanying ICD placement
due to the presence of many comorbidities, including diabetes mellitus, ischaemic cardiac
disease, and chronic HF [47,48]. Moreover, CKD was suggested to be the strongest predic-
tor of all-cause mortality in patients implanted with ICD for primary prevention of SCD
(multivariate adjusted HR of 2.08, p = 0.001) [49]. However, Hage et al. [49] suggested that
in primary prevention, CKD patients displayed a higher probability of appropriate ICD
therapy (multivariate adjusted HR 3.53, p < 0.0001); therefore, they implied that individuals
with CKD may benefit from ICD implantation to a greater extent than non-CKD patients.
The results of recent studies have demonstrated a high rate of asystole-related deaths in
HD patients, but it seems that ICDs with backup pacing should also be beneficial in these
patients [48,50]. Therefore, it appears that the lack of effectiveness of ICDs in primary
prevention in HD patients may be associated with different problems.

However, there are also studies which demonstrated the benefits of ICD implantation
for primary prevention in CKD patients. The DEFINITE (Defibrillators in Non-Ischemic
Cardiomyopathy Treatment Evaluation) trial evaluated the effects of ICD in primary preven-
tion in patients with non-ischaemic heart disease, LVEF ≤ 35%, and premature ventricular
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complexes or nonsustained ventricular tachycardia (NSVT). A statistically significant de-
crease in the SCD rate, but no improvement in the all-cause mortality rate, was observed
after a mean follow-up of 29 months [31]. Furthermore, the results of the analysis of data
from the multicentre registry demonstrated that in ESRD patients with ventricular dys-
function (LVEF < 35%), the implantation of ICDs for primary prevention was associated
with a higher overall survival rate [HR 0.40 (95% CI 0.19–0.82)] compared with individuals
without ICDs [51]. The differences in outcomes may be associated with the choice of control
group. In the analysis of the multicentre registry, patients with normal renal function were
included in the control group.

Moreover, some studies suggested that benefits related to the primary prevention of
SCD in CKD patients may depend on the patient’s age and stage of kidney disease. A meta-
analysis of 2867 subjects enrolled in primary prevention ICD trials and controls demon-
strated that the reduction in mortality following ICD therapy strongly depended on baseline
kidney function [8]. The survival benefit of ICDs is much more visible in non-dialysis
patients compared with dialysis patients [52]. In the large Multicenter Automatic Defibril-
lator Implantation Trial (MADIT-II), ICDs were associated with greater survival in patients
with mild to moderate or no renal disease; however, in patients with more advanced
renal disease there were no significant benefits from this treatment [53]. The implantation
of ICDs translated into a survival benefit in each eGFR category ≥ 35 mL/min/1.73 m2.
The overall risk was reduced by 32% for all-cause mortality (p = 0.01) and by 66% for
SCD (p < 0.001). In contrast, no ICD-related benefit was observed in a group of patients
with eGFR < 35 mL/min/1.73 m2 (all-cause mortality HR 1.09, p = 0.84; SCD HR 0.95,
p = 0.95) in this trial [53]. In turn, the results of a meta-analysis including three trials
demonstrated that ICD implantation was associated with a significant decrease in arrhyth-
mic death only among patients with eGFR ≥ 60 mL/min/1.73 m2, but not in those with
eGFR < 60 mL/min/1.73 m2, who did not significantly benefit from ICD use with primary
prevention ICDs [8]. Also, Hess et al. [40] demonstrated that mortality risk following ICD
placement as primary prevention was proportional to CKD severity. However, it is not
possible to define any “threshold” eGFR at which the mortality benefit of ICD implantation
compared with usual care is lost, due to the small number of patients with advanced
CKD in the aforementioned trials. Amin et al. [54] observed that the beneficial effects of
ICD implantation for primary prevention of SCD in patients with more advanced renal
impairment are less visible and become age-dependent. According to the authors, ICD
implantation is advantageous at ages < 80 in patients with stage 3, ages < 75 for stage 4,
and ages < 65 for stage 5 [54]. In turn, the analysis of patient-level datasets from MADIT
I and II, DEFINITE, and SCD-HeFT (the Sudden Cardiac Death in Heart Failure Trial)
revealed that ICD implantation translated into a significant improvement in survival of
patients with a low number of comorbidities (<2) (unadjusted HR: 0.59; 95% confidence
interval [CI]: 0.40 to 0.87) [55]. However, the benefit was less pronounced in patients with
a high number of comorbid illnesses (≥2) (unadjusted HR: 0.71; 95% CI: 0.61 to 0.84).
Observed comorbid diseases included chronic kidney disease, ischaemic heart disease,
atrial fibrillation, diabetes, peripheral vascular disease, and pulmonary disease [55].

Current guidelines do not offer any recommendations concerning the implantation
of ICDs as a primary prevention in patients with various eGFR or kidney impairment
levels [56]. Therefore, there is an urgent need to identify patients who can with high
probability benefit from an ICD [57]. Due to conflicting data on the benefits of such
treatment, only a small percentage of ESRD patients are receiving ICDs.

2.2. Secondary Prevention

More convincing results favouring ICD implantation in patients with CKD including
ESRD/HD come from the studies in which ICDs were used as secondary prevention. Data
collected from participants included in the NCDR ICD Registry who received an ICD
revealed that a vast majority of them had a documented guideline-defined secondary
prevention indication, especially documented SCD or sustained VT (78%) [58]. Mortality of
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patients implanted with ICDs as secondary prevention amounted approximately to 10%
at 1 year [50,59,60]. The retrospective analysis of a large population of dialysis patients
(460 patients with ICDs and 5582 patients without ICDs) with VF/cardiac arrest revealed
an independent association between ICD implantation and a 42% reduction in death
risk [relative risk (RR) 0.58 (95% CI 0.50, 0.66)] [61]. However, the percentage of ICDs
implanted in this study was very low (8%). Since only 10% of the entire cohort was
subjected to diagnostic electrophysiologic tests, the authors suggested that the reason for
not implanting an ICD was not associated with a negative finding on such diagnostic
tests. The authors observed that women and the Black population were less likely to
receive ICD therapy. Also, Charytan et al. [62] observed lower overall mortality risk in
patients implanted with ICDs as secondary prevention (14%, 95% CI, 9–19%) compared
with propensity-matched controls; however, this benefit appeared to be limited to the
early period post-implantation. According to the authors, this finding could be ascribed to
the fact that ICD implantation may delay arrhythmia-related mortality; however, death
eventually occurs, which eliminates the putative benefits of ICD implantation in this
high-risk population.

The possible benefits of ICD implantation in patients with advanced kidney disease
are difficult to assess since the majority of randomised trials usually excluded this group [8].
Dialysis-related factors may increase the probability of heart blocks, bradycardias, and
primary pulseless electrical activity that is defibrillation-resistant. Due to the high risk
of nonarrhythmic causes in dialysis patients, the implantation of ICDs may not reduce
mortality in some patients [62]. The risk of nonarrhythmic death in the SOLVD study was
found to be proportional to worsening CKD, and it was especially high in patients with
advanced heart failure [63]. A higher prevalence of nonarrhythmic mortality in patients
with GFR < 35 compared with the group with GFR > 35 was also observed in the MADIT-II
study [53].

Many studies analysed the effects of ICD implantation for both primary and secondary
prevention settings. A study based on Danish nationwide registries (2000–2017) which
assessed risk factors associated with increased 1-year mortality in 14,516 patients undergo-
ing first-time ICD implantation for primary or secondary prevention demonstrated that
dialysis [odds ratio (OR): 3.26, confidence interval (CI): 2.37–4.49], chronic renal disease
(OR: 2.14, CI: 1.66–2.76), cancer (OR: 1.51, CI: 1.15–1.99), age of 70–79 years (OR: 1.65, CI:
1.36–2.01), and age ≥ 80 years (OR: 2.84, CI: 2.15–3.77) were the most important ones [57].
In a study of 696 patients who were implanted with ICDs for clinical reasons (59% primary,
41% secondary prevention), the presence of CKD was associated with higher mortality
compared with patients with no CKD in both the primary (43% vs. 15%, p < 0.001) and
the secondary prevention (37% vs. 23%, p = 0.003) groups [49]. In this study, the adjust-
ment for age, gender, and multiple risk factors in the analysis revealed that CKD was
independently associated with ICD therapy in the primary prevention group (HR 3.53
[1.75–7.10], p < 0.0001) but not in the secondary prevention group (HR 0.63 [0.35–1.13],
0.2). Since in secondary prevention the risk of death and appropriate ICD therapy did not
differ between patients with and without CKD, it therefore seems that CKD should not be a
factor taken into account when deciding about ICD implantation in patients with a history
of SCD. Following the adjustment for age and various covariates, the link between CKD
and overall mortality disappeared, which implies that patients with a history of VT/VF
are at high risk and CKD status does not further increase the risk [49]. Based on data from
11 studies and 20,196 CKD patients, Fu et al. [19] demonstrated that implantation of ICDs
for primary (7 studies) and secondary (4 studies) prevention decreased all-cause mortality
in stage 3 CKD patients compared with patients without an ICD device (aHR = 0.71; 95%
CI, 0.61 to 0.82). Such a survival benefit was not observed in stage 4 or stage 5 CKD
patients. According to the authors, the obtained results may be partly explained by the
fact that stage 4 CKD patients are less responsive to ICD implantation as a result of a rise
in defibrillation thresholds in patients with worsening renal failure. Higher defibrillation
thresholds in most patients implanted with ICDs may be the cause of a higher rate of
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mortality due to arrhythmias [64]. This finding may provide the explanation for a high
incidence of arrhythmic deaths in ESRD patients who underwent ICD implantation [65].
Wase et al. [66] observed the following growing defibrillation thresholds in patients with
aggravating kidney function: 11.96 ± 4.56 J in patients with 1–2 CKD, 14.51 ± 5.16 J in
stages 3–4 CKD, and 16.33 ± 5.3 J in those with stage 5 CKD/ESRD. In turn, Cheema
et al. [65] suggested that numerous factors, including age, diabetes mellitus, ICD type, and
concomitant guideline-directed medical treatment may negatively or positively affect the
effects of ICD implantation (for primary and secondary prevention) in ESRD patients. ICD
insertion for primary prevention was more effective in averting fatal events than insertion
for secondary prevention in this nonrandomised study. In the opinion of Fu et al. [19],
a high rate of post-implantation complications, including device-related infections and
non-cardiac-related deaths, may negatively impact the survival benefit associated with ICD
implantation [19]. In turn, the data from the National Inpatient Sample (NIS) collected in
the years 2016–2019 demonstrated that the risk of mortality was not increased in dialysis
patients following the implantation of ICDs [67]. The risk of postprocedural complications,
such as bleeding or infections, did not rise either. Therefore, the authors suggested the un-
derutilisation of ICD device implantation as means of secondary prevention in HD patients
with end-stage heart failure and accompanying ESRD. However, other studies suggested
that the beneficial impact of ICDs on patients could be compromised by competing causes
of death, such as infections, nonarrhythmic cardiac death, and cancers. This may outweigh
the benefits of ICDs related to the prevention of arrhythmic mortality. Moreover, ICD
recipients with CKD were found to have decreased survival compared with their non-CKD
counterparts, which translated into shortened ICD exposure time and subsequently into
diminished opportunity for ICDs to prevent arrhythmic death [8,47,68,69].

The impact of the type of ICD on patients’ outcomes has also been assessed. Katz
et al. [58] demonstrated that ICD type (single-chamber vs. dual-chamber vs. biventricular)
was not related to differences in mortality rate at 3 months or at 1 year; however, at 2 years,
the implantation of dual-chamber ICDs was found to be associated with a lower risk of
mortality (HR: 0.89; 95% CI: 0.84 to 0.94) compared with implantation of a single-chamber
device. During 11 years of follow-up, Cheema et al. [65] observed that the implantation of
dual-chamber and biventricular ICDs compared with single-chamber ICDs translated into
improved survival, which could be associated with the beneficial impact of dual pacing
on chronic atrial fibrillation (thus probably increasing survival of such patients compared
with those with single-chamber ICDs) as well as with the harmful effect of chronic right
ventricle (RV) pacing that is usually avoided or limited with a dual-chamber ICD compared
with a single-chamber ICD [70]. Biventricular ICDs were found to be a stronger predictor
of improved survival in comparison with dual-chamber ICDs [70]. Cheema et al. [65]
demonstrated that the correction of ventricular dyssynchrony in patients with HF via either
biventricular pacing or cardiac resynchronisation therapy ameliorated patient survival
rates and other clinical outcomes [71]. Moreover, they reported a higher mortality rate in
patients with ICDs implanted for secondary prevention compared with those with primary
prevention ICDs. This finding may suggest that an earlier procedure performed at the stage
of cardiomyopathy in a patient already on the continuum of CKD (primary prevention) is
more effective than ICD implantation due to cardiac arrhythmia or arrest. The authors also
underlined that apart from the risks related to the ICD implantation itself, the presence of
CKD and unique risk factors for this group (especially patients with moderate to severe
CKD), including the presence of uraemic toxins, increased inflammation–malnutrition
state, anaemia, hyperhomocysteinaemia, higher calcium intake, and abnormalities in bone
mineral metabolism, may contribute to greater total and arrhythmic mortality in CKD
patients [72]. Moreover, CKD is a risk factor for cardiovascular disease [73]. Furthermore,
other traditional cardiovascular risk factors, such as diabetes mellitus, metabolic syndrome,
dyslipidaemia, and advanced age, are highly prevailing in this group of patients [74,75].
CKD patients show a tendency towards enhanced sympathetic activity and arrhythmias,
and following ICD implantation, higher defibrillation thresholds are reported in this
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group [76]. All these factors contribute to higher mortality of CKD patients, despite the
presence of ICDs. However, Tompkins et al. [77] demonstrated that the exclusion of
very sick patients and those with major diseases which required treatment from their
randomised study did not change the mortality in patients implanted with an ICD. The
observed differences in patients’ mortality in various studies could be related to the choice
of various cohorts and comparators, as well as different uses of propensity scores.

3. Complications Related to Transvenous ICDs

The high rate of deaths following ICD implantation (as aforementioned) could be
partly attributed to infections, followed by SCD. Observational studies have reported a
higher rate of complications among CKD (especially ESRD) recipients of ICDs for primary
and secondary prevention compared with patients with preserved renal function [47,48,68].
The prospective randomised study of dialysis patients revealed that the frequency of
implantable device-related adverse events was as high as 27.5% and included procedure-
related events (such as infections and haematomas) and lead dysfunction [44]. The fre-
quency of bacteraemia in dialysis patients following ICD implantation was high (7.5% of
cases) and led to the necessity of ICD explantation [44]. Uraemic state, impaired func-
tioning of the immune system, and coagulopathy were suggested to underlie increased
vulnerability to device-related complications in CKD/ESRD patients [78].

3.1. Infections

The presence of venous HD catheters and ICDs is associated with a higher risk of
endovascular infections and symptomatic central venous stenosis [79]. In the case of ICD
infection, the removal of the implanted system is necessary, which is associated with
additional risk and possible complications [80]. Infections can stem from the contamination
of pocket tissues, device generators during implantation, or blood-related seeding of
device leads or cardiac valves from a distant infection site [81]. Susceptibility of dialysis
patients to ICD infections can be due to frequent bloodstream access and the use of dialysis
catheters [82]. In such patients, strategies to shorten the duration of venous catheter access
and to decrease risks for infectious complications should be introduced. The increased
occurrence of post-implantation infectious complications in ESRD has been demonstrated
in a systematic review and meta-analysis of sixty studies [83]. Infections prolong hospital
stays and increase in-hospital mortality [84]. The majority of infections from cardiovascular
implantable electronic devices (CIEDs) are related to gram-positive bacteria, including
coagulase-negative Staphylococci species and Staphylococcus aureus [81]. The occurrence
of infections after implantation was found to be particularly high in the first year and
was also greater in those with diabetes and recent infection [62]. El-Chami et al. [85]
observed that apart from dialysis and diabetes mellitus, younger age, valvular disease,
anaemia, drug abuse, and depression also considerably enhanced the risk of infection in
the multivariable model. However, when they analysed this risk in patients who had
ICDs implanted for over a year, only age < 70 years, ESRD with dialysis, and anaemia
were found to play the most important roles. In general, the odds for device infection
were 25% in dialysis patients, but the risk increased to 125% when only late infections
were included in the analysis. This finding may imply that apart from infections related
to the surgical procedure (a complication of ICD implantation), ESRD patients on dialysis
also face the risk of late infections. The authors suggested that repetitive use of arterial–
venous fistula access during dialysis sessions may infuse blood-borne pathogens which
may travel within the vasculature and grow on distal devices including ICDs. The rate
of infection-related mortality of dialysis patients was assessed in a retrospective study. In
this analysis, it was found that approximately 11.3% of dialysis patients die from infection
after a mean of 1.4 years from device placement [62]. Another large study including over
9500 haemodialysis patients with ICDs demonstrated that bacteraemia occurred in 52% of
patients annually, while device infections occurred in 4.2% [62]. ESRD patients also suffer
from pocket infections. In an analysis of a cohort of patients implanted with ICDs, the
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rate of pocket infections in ESRD patients (7.3%) was higher compared with the non-ESRD
group; however, the difference was not statistically significant (p = 0.1) [86]. The observed
trend could be associated with uraemia-related immune dysfunction as well as transient
bacteraemia due to frequent venous access during dialysis [87]. Usually, ICD infections
require the removal of the whole system and the introduction of intravenous antibiotics [88].
In the case of lead-associated endocarditis, not only the ICD but frequently also vascular
access require extraction [89]. The removal of transvenous leads significantly enhances
complication rates, morbidity, and mortality [90,91].

The risk of infections can be decreased by implementing preventive measures, such
as the use of epicardial leads which are not exposed to the bloodstream, or the choice
of subcutaneous or wearable defibrillators [92,93]. Since the subcutaneous ICDs evade
vascular exposure, their use appears to decrease the risk of distant, vascular pathogen
exposure-related complications. To limit the number of surgical site infections, novel
devices, such as antimicrobial pouches, have been introduced. Moreover, preoperative
prophylactic intravenous antibiotics were demonstrated to reduce the occurrence of infec-
tions; however, no long-term solutions have been approved in this group of patients [94].
The use of prophylactic systemic antibiotics was found to be associated with a 40–95%
relative risk reduction [83]. Administered antibiotics should at least target S. aureus species,
but not necessarily methicillin-resistant S. aureus (MRSA) [95]. The decision on the us-
age of antibiotics covering the latter species should be made based on the prevalence of
this strain in implanting institutions as well as patient risk. Frequently used antibiotics
include flucloxacillin (1–2 g) (iv), first-generation cephalosporins such as cefazolin (1–2 g),
and vancomycin (15 mg/kg) in case of allergy to cephalosporins [95]. The administra-
tion of these drugs must be completed within 1 h of incision to ensure optimal tissue
levels. Periprocedural procedures may include an antibacterial mesh envelope that locally
releases, e.g., minocycline and rifampin for a minimum of 7 days to protect against infec-
tion development. However, in the opinion of the European Heart Rhythm Association
(EHRA), “envelopes” (bio-scaffold or pericardium patches), antibiotic-soaked gauze, and
similar products have not been thoroughly studied therefore, and their use is not recom-
mended [95]. Also, the standard use of post-implant antibiotics is not recommended since
the results of studies failed to confirm the effectiveness of such an approach. Apart from
antibiotic administration, other preventive measures for CIED infections should also be
implemented. The protocols for infection control require the confirmation of ICD indication
and patient’s health (absence of infections), avoidance of temporary transvenous pacing
and central venous lines, prevention of pocket haematomas, avoidance of heparin products
perioperatively, continued warfarin treatment at the time of ICD surgery, ensuring the
sterility of the operating room, preprocedural disinfection of patients’ skin, hair removal,
periprocedural use of adhesive iodophor-impregnated incise drapes, etc. [95,96].

3.2. Haematoma

Site haematoma is a frequent complication of ICD implantation in ESRD patients
that probably results from inappropriate venous access, platelet dysfunction, or coagu-
lopathy related to uraemic state. The risk of such complications can be decreased by the
use of absorbable collagen haemostats, gelatine foams, thrombin patches, and pressure
dressings [97]. Many patients are on chronic warfarin therapy before the implantation of
a pacemaker or ICD to minimise the thromboembolic risk, while those with underlying
coronary artery disease receive aspirin, clopidogrel therapy, or both [98]. Intravenous
heparin and the combination of aspirin and clopidogrel therapies have been found to raise
the risk of pocket haematoma formation in some studies [99–101]. Also, in the BRUISE
CONTROL study, patients who remained on warfarin had reduced incidence of clinically
significant device–pocket haematoma in comparison with those who were administered
bridging therapy with heparin (3.5% vs. 16.0%; relative risk (RR), 0.19; 95% Cl, 0.10 to
0.36; p < 0.001) [96]. The bridging with heparin is associated with a short period of normal
coagulability or hypercoagulability during which the risk of thromboembolism is increased.
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3.3. Bleeding and Venous Thrombosis

ESRD patients implanted with ICDs also experience bleeding and venous thrombo-
sis [44,77,86]. Venous stenosis and thrombosis may occur in patients in whom the ICD
was implanted ipsilaterally to the dialysis catheter [102]. Leads of ICDs may not only
cause central vein stenosis but also induce tricuspid regurgitation [103]. A retrospective
analysis of 495 patients with transvenous pacemakers revealed that central venous stenosis
occurred in 70% of HD patients with an ipsilateral transvenous pacemaker [102]. Compared
with non-dialysis patients, the majority of ESRD individuals are symptomatic, which is
related to the intense flow in the arteriovenous access [104]. Haemodialysis was shown to
aggravate the stenosis. Percutaneous balloon angioplasty and stent placement are standard
therapeutic options; however, the extraction of lead is recommended before stent implanta-
tion [105]. Moreover, percutaneous balloon angioplasty has a low primary patency [89].
As a preventive measure, in dialysis patients, an arteriovenous fistula formation on the
contralateral upper limb for cardiac ICD placement or evading the central vein catheter by
using subcutaneous ICDs, epicardial and leadless pacemakers are recommended to limit
the rate of complications [103].

3.4. Other Complications

ICD recipients may also face lead dislodgement or dysfunction requiring lead adjust-
ment or removal [44,77,86]. Lead dislodgement is another complication observed in ESRD,
which involves a change in lead tip position accompanied by the modification of electrical
lead parameters. One small study demonstrated the occurrence of such a complication
solely in ESRD patients, but not in the control group [86]. Pocket reopening and lead
repositioning is the solution in case of early dislodgment, while in late displacements, it is
recommended to extract the lead and reimplement it in the appropriate chamber [86].

Also, venous hypertension has been reported in patients with arteriovenous haemodialy-
sis access and ipsilateral ICD leads as a result of a high rate of venous blood return [92,106,107].
It has been suggested that the ligation of the arteriovenous access and flow reduction appear
to effectively control this complication.

The complications of ICD implantation as a secondary prevention may include death
during in-hospital stay after the procedure [29]. Risk factors in patients with high mortality
included advanced age (1.9% vs. 0.5% in patients < 80 years old, p < 0.001), female gender
(0.95% vs. 0.54% in men, p = 0.004), higher NYHA class (0.3% for NYHA II, 0.7% for
NYHA III, 3.4% for NYHA IV, p < 0.001 for all comparisons), and the need for dialysis [29].
Many patients’ deaths are associated with infections; this was described in detail earlier in
this text.

Nephrologists and cardiologists should be aware of risks and thus search for more
safe alternatives. Leadless pacemakers may prove beneficial in patients with rapidly
progressive chronic kidney disease and high odds for renal failure and patients with
glomerular filtration rate < 20 mL/min/1.73 m2 to decrease the risk of future complications
in case of dialysis [103]. However, such devices should be used in addition to S-ICDs in
these patients.

4. Identification of Patients Benefiting from ICDs

Due to the fact that the effectiveness of ICD implantation in some groups of patients
appears unclear, algorithms should be used for the identification of individuals in whom
the benefits will outweigh the risks associated with ICD implantation. Buxton et al. [108]
have suggested that the induction of sustained ventricular tachyarrhythmias during pro-
grammed ventricular stimulation (PVS) may enable the identification of patients at risk of
post-MI SCD who may benefit from ICD placement in the population of individuals with
nonsustained VT and LVEF between 35% and 40%. The two-step stratification algorithm
proposed in the PRESERVE EF study was found to be characterised by 100% sensitivity,
93.8% specificity, 22% positive predictive value, and 100% negative predictive value [109].
The first step involved ambulatory 24 h and signal-averaged electrocardiogram recordings
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assessed for the presence of specific non-invasive risk factors, including >30 premature
ventricular complexes/hour (24 h electrocardiography; 24 h-ECG), the presence of non-
sustained VT (24 h-ECG), QTc derived from 24 h-ECG > 440 ms (men) or >450 ms (women),
2/3 positive criteria for late potentials from a signal recorded in three pseudo-orthogonal
leads, ambulatory T-wave alternans ≥65 µV in two Holter channels, standard deviation
of normal RR intervals ≤ 75 ms (24 h-ECG), deceleration capacity ≤ 4.5 ms, heart rate
turbulence onset ≥ 0%, and heart rate turbulence slope ≤ 2.5 ms. In patients with at
least one specific non-invasive risk factor, invasive programmed ventricular stimulation
(PVS) was performed. Then, patients were stratified into three groups: Group 1 comprised
patients without any non-invasive risk factors, Group 2 comprised patients with at least one
risk factor who are non-inducible upon PVS, and Group 3 comprised patients with at least
one risk factor who are inducible upon PVS. ICD implantation was performed only in the
third group. Another study suggested that left ventricle global longitudinal strain (LV GLS)
could improve the identification of predialysis and dialysis patients at risk for VAs and
SCD [110]. Moreover, the AUC area was larger than that for LVEF, which implies that LV
GLS may be a superior marker of arrhythmogenic risk due to the fact that it often reveals
LV myocardial damage that LVEF may not be able to detect. Furthermore, the presence of
scars or fibrous tissue within viable myocardium was found to increase the nonuniform
anisotropy degree and enhance the risk of electric uncoupling and also to be associated
with the occurrence of areas of conduction block and slow conduction [111]. These phe-
nomena can be detected with two-dimensional speckle-tracking and the measurement of
LV mechanical dispersion. Hensen et al. [110] demonstrated that LV mechanical dispersion
was significantly longer in patients with VA or SCD compared with patients without.

5. Subcutaneous ICDs

The use of traditional transvenous ICDs has been found to be associated with a
high risk of infection and vascular injury (as described above). Therefore, subcutaneous
ICDs that are fully extrathoracic and require neither intravascular defibrillator leads nor
vascular access have been developed to overcome such problems [34]. This type of ICD
was approved by the Food and Drug Administration in 2012 for patients who require ICDs
for primary and secondary prevention of sudden cardiac death [90]. However, this device
is not intended for patients with indications for permanent pacing, treatment of ventricular
tachycardia (antitachycardiac pacing), or bradycardia and pre-existing unipolar pacemaker
leads [34,89,112]. The American College of Cardiology (ACC)/American Heart Association
(AHA) Task Force on Clinical Practice Guidelines (2017) and the Heart Rhythm Society
(HRS) guidelines for the management of patients with ventricular arrhythmias and the
prevention of sudden cardiac death [35] suggest the implantation of subcutaneous ICDs
(S-ICDs) in patients at high risk of SCD and high risk of infection; however, the definition
of patients at high risk of infection has not been provided there.

Patients undergoing HD have problems with vascular access and face a high risk
of bacteraemia; therefore, it appears that S-ICDs which circumvent vascular access may
be more advantageous for these patients [113]. Due to the fact that S-ICDs do not trans-
verse central veins, the risk of central vein stenosis is also diminished [48]. Both catheter
and cardiac leads of subcutaneous ICDs are placed in separate compartments, not in the
bloodstream [62]. Moreover, the implantation of S-ICDs is not complicated and does not
require intravascular manipulation or fluoroscopy, which translates into lower risk of
complications, including cardiac tamponade, pneumothorax, and haemothorax [34].

In 2018, 20% of all ICD implants in the US were subcutaneous, while their use in
patients on dialysis amounted to 70%, even though large-scale studies assessing S-ICDs
have not been performed and no definitive data supporting the safety of these devices in
patients on dialysis were available [34]. Currently, S-ICDs are used in patients in whom
the standard solutions failed, e.g., in those with prior device infection, in patients with
complicated venous access, and in individuals who can outlive the transvenous ICD
leads [112]. El-Chami et al. [113] compared the effectiveness of subcutaneous ICDs in
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patients (n = 220) on HD at the time of implantation with a group of non-HD individuals
(n = 1437). At the time of S-ICD implantation, patients in the HD group had a lower
ejection fraction compared with the non-HD group (28.6% ± 11.3% vs. 32.6% ± 14.9%;
p < 0.0001), they had more comorbidities, and they displayed higher mortality (17.4% vs.
3.7%). However, the occurrence of post-implantation complications was similar in the two
groups (7.9% and 7.7% during the first year), which suggests the safety of this procedure.
Also, in another study including 79 patients with S-ICDs, these devices did not increase
the risk of complications in dialysis and non-dialysis patients [114]. In a population of
HD patients, the use of subcutaneous ICDs was also not related to excessive inappropriate
shocks in comparison with non-dialysis patients [115]. However, some studies have
reported that S-ICDs may be associated with a higher rate of in-hospital (perioperative)
cardiac arrest [116]. At the time of implantation, S-ICDs require defibrillation threshold
testing since these devices need higher energy to effectively convert ventricular fibrillation
to normal sinus rhythm [117]. In order for such tests to be performed, patients receive
deeper sedation, which could predispose them to haemodynamic compromise and cardiac
arrest even if the VF conversion is successful. Indeed, Pun et al. [34] demonstrated that
in-hospital cardiac arrest was more frequent in patients with an S-ICD when compared
with those with a transvenous ICD (OR 4.72; 95% Cl 1.71 to 11.17, p = 0.002). Moreover,
58% of patients with S-ICDs who had in-hospital cardiac arrest underwent defibrillation
threshold testing compared with 20% of patients with transvenous ICDs. Whether S-ICD
implantation increases the risks of periprocedural cardiac arrest in patients on dialysis
due to defibrillation threshold testing requires closer monitoring and further research.
An analysis of the FDA’s Manufacturer and User Facility Device Experience (MAUDE)
database concerning S-ICDs revealed that out of 23 nonfatal cardiac arrest events, 10 were
associated with defibrillation threshold testing at the time of implantation [118].

The most frequent complications reported in the study of S-ICDs included infections
(resulting in system removal) and inappropriate shocks which were primarily attributed to
oversensing. Transient ECG waveforms predisposed to T-wave oversensing and inappro-
priate shocks may be triggered by electrolyte and volume fluctuations [119]. Inappropriate
shocks can be managed by system reprogramming, removal, or revision. In order to
decrease the risk of T-wave oversensing and inappropriate shocks, HD patients should
be monitored both shortly before dialysis and after dialysis [119]. Such control enables
the assessment of the impact of ECG tracing on fraction (≥35%) shifts in electrolytes,
volume status, and autonomic tone. Another study demonstrated that the incidence of
inappropriate shocks in HD and non-HD patients with S-ICDs was similar and amounted
to 7–13%, which is in agreement with the available data in the literature [90,120,121]. In
this study, S-ICDs cardioverted all VTs and VFs in HD patients. In turn, Pun et al. [34] did
not report any intravascular complications (including cardiac perforation, haemothorax,
and cardiac tamponade) associated with S-ICD use in a study of over 1500 patients. Lower
occurrence of complications while using S-ICDs may translate into a decreased risk of
distant complications and counterbalance the costs of S-ICD implantation [90,113].

6. Conclusions

SCD poses a serious problem in HD patients [7]. Further large studies are necessary
to clarify the pathophysiology of this disease, to determine risk factors, and to enable the
development of more effective prevention strategies. The implantation of ICDs is one of
the measures to decrease dialysis-related arrhythmic risk. Based on available knowledge,
defibrillator therapy appears to be associated with a significant survival benefit among
patients with mild to moderate or no renal disease; however, no or little benefit was shown
in the population of patients with more advanced renal dysfunction. Patients with CKD
should therefore be treated according to the same recommendations that apply to the
general population; however, when renal function is significantly reduced, there are no
clear data to indicate whether these patients will certainly benefit from ICD therapy. The
benefits of such therapy in CKD patients depend on various factors, including eGFR,
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age, diabetes mellitus, other comorbidities, ICD type, and concomitant guideline-directed
medical treatment. Therefore, in the population of patients with HF and severe renal
impairment, periprocedural risk and life expectancy must be taken into consideration when
deciding on potential ICD implantation [2]. The decision concerning the implantation
of ICDs in ESRD patients should be made on the basis of individual evaluation of the
risk–benefit ratio performed by both a nephrologist and cardiologist [80]. High mortality of
ESRD patients despite implantation of ICDs could be related to ineffective shock therapy or
the appearance of non-shockable rhythms (asystole/pulseless electrical activity) underlying
arrhythmic SCD [23]. Harmonised management of rhythm disorders and renal disease can
potentially minimise risks and improve patients’ outcomes and prognosis [79]. Also, the
addition of subcutaneous defibrillators has been suggested to reduce the risk of vascular
access complications and infections among haemodialysis patients [7].

Take-Home Message

• CKD patients appear to be predisposed to heart rhythm disorders, including AF/atrial
flutter, VAs, and supraventricular tachycardias;

• The risk of SCD is four- to twenty-fold higher in CKD patients compared with the
general population;

• ICDs for primary prevention (according to ESC and ACC/AHA/HFSA) are recom-
mended for patients meeting all the following criteria:

✓ Ischemic HF etiology;
✓ NYHA class II–III symptoms;
✓ LVEF ≤ 35%;
✓ ≥3 months of guideline-directed medical therapy (ESC) or chronic optimal medi-

cal therapy (ACC/AHA/HFSA);
✓ More than 40 days from an MI, and with expected survival > 1 year.

• ICD for secondary prevention is recommended in individuals with documented VF or
haemodynamically not tolerated VT in the absence of reversible causes (ESC);

• Current guidelines do not offer any recommendations concerning the implantation of
ICDs as primary prevention in patients with various eGFRs or kidney impairments
due to conflicting results of studies;

• Defibrillator therapy is associated with a survival benefit among patients with mild to
moderate or no renal disease; however, no or little benefit was shown in a population
of patients with more advanced renal dysfunction;

• Benefits of such therapy in CKD patients were found to depend on various factors, in-
cluding eGFR, age, diabetes mellitus, other comorbidities, ICD type, and concomitant
guideline-directed medical treatment;

• Beneficial impact of ICD on patients could be compromised by competing causes of
death, such as infections, nonarrhythmic cardiac death, and cancers;

• The high rate of deaths following ICD implantation could be partly attributed to
infections (especially prevalent in HD patients), followed by SCD, site hematoma, lead
dislodgement or dysfunction requiring lead adjustment or its removal, bleedings, and
venous thrombosis;

• Implementation of pre- and postoperative measures to control infections contributes to
a decrease in infection-related mortality in patients who underwent ICD implantation.
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O. 2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: Developed by the Task Force for
the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC) with the special
contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2021, 42, 3599–3726. [PubMed]

37. Heidenreich, P.A.; Bozkurt, B.; Aguilar, D.; Allen, L.A.; Byun, J.J.; Colvin, M.M.; Deswal, A.; Drazner, M.H.; Dunlay, S.M.;
Evers, L.R. 2022 AHA/ACC/HFSA guideline for the management of heart failure: A report of the American College of
Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. J. Am. Coll. Cardiol. 2022, 79, e263–e421.
[CrossRef] [PubMed]

38. Priori, S.G.; Blomström-Lundqvist, C.; Mazzanti, A.; Blom, N.; Borggrefe, M.; Camm, J.; Elliott, P.M.; Fitzsimons, D.; Hatala,
R.; Hindricks, G.; et al. 2015 ESC Guidelines for the management of patients with ventricular arrhythmias and the prevention
of sudden cardiac death: The Task Force for the Management of Patients with Ventricular Arrhythmias and the Prevention
of Sudden Cardiac Death of the European Society of Cardiology (ESC)Endorsed by: Association for European Paediatric and
Congenital Cardiology (AEPC). Europace 2015, 17, 1601–1687. [CrossRef] [PubMed]

39. Nakhoul, G.N.; Schold, J.D.; Arrigain, S.; Harb, S.C.; Jolly, S.; Wilkoff, B.L.; Nally, J.V., Jr.; Navaneethan, S.D. Implantable
cardioverter-defibrillators in patients with CKD: A propensity-matched mortality analysis. Clin. J. Am. Soc. Nephrol. 2015,
10, 1119–1127. [CrossRef] [PubMed]

40. Hess, P.L.; Hellkamp, A.S.; Peterson, E.D.; Sanders, G.D.; Al-Khalidi, H.R.; Curtis, L.H.; Hammill, B.G.; Pun, P.H.; Curtis, J.P.;
Anstrom, K.J.; et al. Survival after primary prevention implantable cardioverter-defibrillator placement among patients with
chronic kidney disease. Circ. Arrhythm. Electrophysiol. 2014, 7, 793–799. [CrossRef] [PubMed]

41. Turakhia, M.P.; Varosy, P.D.; Lee, K.; Tseng, Z.H.; Lee, R.; Badhwar, N.; Scheinman, M.; Lee, B.K.; Olgin, J.E. Impact of renal
function on survival in patients with implantable cardioverter-defibrillators. Pacing Clin. Electrophysiol. 2007, 30, 377–384.
[CrossRef]

42. Khan, F.; Adelstein, E.; Saba, S. Implantable cardioverter defibrillators confer survival benefit in patients with renal insufficiency
but not in dialysis-dependent patients. J. Interv. Card. Electrophysiol. 2010, 28, 117–123. [CrossRef]

43. Pun, P.H.; Hellkamp, A.S.; Sanders, G.D.; Middleton, J.P.; Hammill, S.C.; Al-Khalidi, H.R.; Curtis, L.H.; Fonarow, G.C.; Al-Khatib,
S.M. Primary prevention implantable cardioverter defibrillators in end-stage kidney disease patients on dialysis: A matched
cohort study. Nephrol. Dial. Transpl. 2015, 30, 829–835. [CrossRef]

https://doi.org/10.1007/s11936-015-0392-z
https://doi.org/10.1093/ndt/gfp104
https://doi.org/10.1016/j.amjcard.2009.12.016
https://www.ncbi.nlm.nih.gov/pubmed/20381667
https://doi.org/10.1093/europace/euaa146
https://www.ncbi.nlm.nih.gov/pubmed/32875313
https://doi.org/10.1007/s00059-021-05033-2
https://www.ncbi.nlm.nih.gov/pubmed/33860805
https://doi.org/10.1056/NEJMoa043399
https://www.ncbi.nlm.nih.gov/pubmed/15659722
https://doi.org/10.1056/NEJMoa033088
https://doi.org/10.1056/NEJMoa013474
https://doi.org/10.1002/ejhf.821
https://doi.org/10.2215/CJN.07920520
https://doi.org/10.1016/j.hrthm.2017.10.035
https://www.ncbi.nlm.nih.gov/pubmed/34447992
https://doi.org/10.1016/j.jacc.2021.12.012
https://www.ncbi.nlm.nih.gov/pubmed/35379503
https://doi.org/10.1093/europace/euv319
https://www.ncbi.nlm.nih.gov/pubmed/26318695
https://doi.org/10.2215/CJN.11121114
https://www.ncbi.nlm.nih.gov/pubmed/26111859
https://doi.org/10.1161/CIRCEP.114.001455
https://www.ncbi.nlm.nih.gov/pubmed/25038119
https://doi.org/10.1111/j.1540-8159.2007.00678.x
https://doi.org/10.1007/s10840-010-9484-6
https://doi.org/10.1093/ndt/gfu274


J. Clin. Med. 2024, 13, 1176 15 of 18

44. Jukema, J.W.; Timal, R.J.; Rotmans, J.I.; Hensen, L.C.R.; Buiten, M.S.; de Bie, M.K.; Putter, H.; Zwinderman, A.H.; van Erven, L.;
Krol-van Straaten, M.J.; et al. Prophylactic Use of Implantable Cardioverter-Defibrillators in the Prevention of Sudden Cardiac
Death in Dialysis Patients. Circulation 2019, 139, 2628–2638. [CrossRef]

45. Hsu, J.C.; Marcus, G.M.; Al-Khatib, S.M.; Wang, Y.; Curtis, J.P.; Sood, N.; Parker, M.W.; Kluger, J.; Lampert, R.; Russo, A.M.
Predictors of an inadequate defibrillation safety margin at ICD implantation: Insights from the National Cardiovascular Data
Registry. J. Am. Coll. Cardiol. 2014, 64, 256–264. [CrossRef]

46. Aggarwal, A.; Wang, Y.; Rumsfeld, J.S.; Curtis, J.P.; Heidenreich, P.A. Clinical characteristics and in-hospital outcome of patients
with end-stage renal disease on dialysis referred for implantable cardioverter-defibrillator implantation. Heart Rhythm 2009,
6, 1565–1571. [CrossRef] [PubMed]

47. Cuculich, P.S.; Sánchez, J.M.; Kerzner, R.; Greenberg, S.L.; Sengupta, J.; Chen, J.; Faddis, M.N.; Gleva, M.J.; Smith, T.W.; Lindsay,
B.D. Poor prognosis for patients with chronic kidney disease despite ICD therapy for the primary prevention of sudden death.
Pacing Clin. Electrophysiol. 2007, 30, 207–213. [CrossRef] [PubMed]

48. Mehdi, B.; Kaveh, H.; Ali, V.F. Implantable Cardioverter-Defibrillators in Patients with ESRD: Complications, Management, and
Literature Review. Curr. Cardiol. Rev. 2019, 15, 161–166. [CrossRef] [PubMed]

49. Hage, F.G.; AlJaroudi, W.; Aggarwal, H.; Bhatia, V.; Miller, J.; Doppalapudi, H.; Wazni, O.; Iskandrian, A.E. Outcomes of patients
with chronic kidney disease and implantable cardiac defibrillator: Primary versus secondary prevention. Int. J. Cardiol. 2013,
165, 113–116. [CrossRef]

50. Defibrillators, A.V.I. Investigators. A comparison of antiarrhythmic-drug therapy with implantable defibrillators in patients
resuscitated from near-fatal ventricular arrhythmias. N. Engl. J. Med. 1997, 337, 1576–1583.

51. Hiremath, S.; Punnam, S.R.; Brar, S.S.; Goyal, S.K.; Gardiner, J.C.; Shah, A.J.; Thakur, R.K. Implantable defibrillators improve
survival in end-stage renal disease: Results from a multi-center registry. Am. J. Nephrol. 2010, 32, 305–310. [CrossRef]

52. Roberts, P.R.; Green, D. Republished article: Arrhythmias in chronic kidney disease. Postgrad. Med. J. 2012, 88, 97–104. [CrossRef]
[PubMed]

53. Goldenberg, I.; Moss, A.J.; McNitt, S.; Zareba, W.; Andrews, M.L.; Hall, W.J.; Greenberg, H.; Case, R.B.; Multicenter Automatic
Defibrillator Implantation Trial-II Investigators. Relations among renal function, risk of sudden cardiac death, and benefit of the
implanted cardiac defibrillator in patients with ischemic left ventricular dysfunction. Am. J. Cardiol. 2006, 98, 485–490. [CrossRef]
[PubMed]

54. Amin, M.S.; Fox, A.D.; Kalahasty, G.; Shepard, R.K.; Wood, M.A.; Ellenbogen, K.A. Benefit of primary prevention implantable
cardioverter-defibrillators in the setting of chronic kidney disease: A decision model analysis. J. Cardiovasc. Electrophysiol. 2008,
19, 1275–1280. [CrossRef]

55. Steinberg, B.A.; Al-Khatib, S.M.; Edwards, R.; Han, J.; Bardy, G.H.; Bigger, J.T.; Buxton, A.E.; Moss, A.J.; Lee, K.L.; Steinman, R.;
et al. Outcomes of implantable cardioverter-defibrillator use in patients with comorbidities: Results from a combined analysis of
4 randomized clinical trials. JACC Heart Fail. 2014, 2, 623–629. [CrossRef] [PubMed]

56. Russo, A.M.; Stainback, R.F.; Bailey, S.R.; Epstein, A.E.; Heidenreich, P.A.; Jessup, M.; Kapa, S.; Kremers, M.S.; Lindsay, B.D.;
Stevenson, L.W. Accf/hrs/aha/ase/hfsa/scai/scct/scmr 2013 appropriate use criteria for implantable cardioverter-defibrillators
and cardiac resynchronization therapy: A report of the american college of cardiology foundation appropriate use criteria task
force, heart rhythm society, american heart association, american society of echocardiography, heart failure society of america,
society for cardiovascular angiography and interventions, society of cardiovascular computed tomography, and society for
cardiovascular magnetic resonance. J. Am. Coll. Cardiol. 2013, 61, 1318–1368.

57. Alhakak, A.; Østergaard, L.; Butt, J.H.; Vinther, M.; Philbert, B.T.; Jacobsen, P.K.; Yafasova, A.; Torp-Pedersen, C.; Køber, L.; Fosbøl,
E.L.; et al. Cause-specific death and risk factors of 1-year mortality after implantable cardioverter-defibrillator implantation: A
nationwide study. Eur. Heart J. Qual. Care Clin. Outcomes 2022, 8, 39–49. [CrossRef]

58. Katz, D.F.; Peterson, P.; Borne, R.T.; Betz, J.; Al-Khatib, S.M.; Varosy, P.D.; Wang, Y.; Hsu, J.C.; Hoffmayer, K.S.; Kipp, R.T.; et al.
Survival After Secondary Prevention Implantable Cardioverter-Defibrillator Placement. JACC Clin. Electrophysiol. 2017, 3, 20–28.
[CrossRef]

59. Connolly, S.J.; Gent, M.; Roberts, R.S.; Dorian, P.; Roy, D.; Sheldon, R.S.; Mitchell, L.B.; Green, M.S.; Klein, G.J.; O’Brien,
B. Canadian implantable defibrillator study (CIDS): A randomized trial of the implantable cardioverter defibrillator against
amiodarone. Circulation 2000, 101, 1297–1302. [CrossRef]

60. Kuck, K.-H.; Cappato, R.; Siebels, J.R.; Rüppel, R. Randomized comparison of antiarrhythmic drug therapy with implantable
defibrillators in patients resuscitated from cardiac arrest: The Cardiac Arrest Study Hamburg (CASH). Circulation 2000, 102, 748–754.
[CrossRef]

61. Herzog, C.A.; Li, S.; Weinhandl, E.D.; Strief, J.W.; Collins, A.J.; Gilbertson, D.T. Survival of dialysis patients after cardiac arrest
and the impact of implantable cardioverter defibrillators. Kidney Int. 2005, 68, 818–825. [CrossRef] [PubMed]

62. Charytan, D.M.; Patrick, A.R.; Liu, J.; Setoguchi, S.; Herzog, C.A.; Brookhart, M.A.; Winkelmayer, W.C. Trends in the use and
outcomes of implantable cardioverter-defibrillators in patients undergoing dialysis in the United States. Am. J. Kidney Dis. 2011,
58, 409–417. [CrossRef] [PubMed]

63. Alsheikh-Ali, A.A.; Trikalinos, T.A.; Ruthazer, R.; Terrin, N.; Wong, J.B.; Sarnak, M.J.; Estes, N.M., III; Kent, D.M. Risk of arrhythmic
and nonarrhythmic death in patients with heart failure and chronic kidney disease. Am. Heart J. 2011, 161, 204–209.e201. [CrossRef]
[PubMed]

https://doi.org/10.1161/CIRCULATIONAHA.119.039818
https://doi.org/10.1016/j.jacc.2014.01.085
https://doi.org/10.1016/j.hrthm.2009.08.006
https://www.ncbi.nlm.nih.gov/pubmed/19879533
https://doi.org/10.1111/j.1540-8159.2007.00651.x
https://www.ncbi.nlm.nih.gov/pubmed/17338717
https://doi.org/10.2174/1573403X15666190118123754
https://www.ncbi.nlm.nih.gov/pubmed/30657044
https://doi.org/10.1016/j.ijcard.2011.07.087
https://doi.org/10.1159/000319461
https://doi.org/10.1136/pgmj.2010.208587rep
https://www.ncbi.nlm.nih.gov/pubmed/22262781
https://doi.org/10.1016/j.amjcard.2006.03.025
https://www.ncbi.nlm.nih.gov/pubmed/16893702
https://doi.org/10.1111/j.1540-8167.2008.01258.x
https://doi.org/10.1016/j.jchf.2014.06.007
https://www.ncbi.nlm.nih.gov/pubmed/25306452
https://doi.org/10.1093/ehjqcco/qcaa074
https://doi.org/10.1016/j.jacep.2016.06.001
https://doi.org/10.1161/01.CIR.101.11.1297
https://doi.org/10.1161/01.CIR.102.7.748
https://doi.org/10.1016/S0085-2538(15)50904-6
https://www.ncbi.nlm.nih.gov/pubmed/16014061
https://doi.org/10.1053/j.ajkd.2011.03.026
https://www.ncbi.nlm.nih.gov/pubmed/21664735
https://doi.org/10.1016/j.ahj.2010.09.020
https://www.ncbi.nlm.nih.gov/pubmed/21167355


J. Clin. Med. 2024, 13, 1176 16 of 18

64. Epstein, A.E.; Ellenbogen, K.A.; Kirk, K.A.; Kay, G.N.; Dailey, S.M.; Plumb, V.J. Clinical characteristics and outcome of patients
with high defibrillation thresholds. A multicenter study. Circulation 1992, 86, 1206–1216. [CrossRef]

65. Cheema, A.; Singh, T.; Kanwar, M.; Chilukuri, K.; Maria, V.; Saleem, F.; Johnson, K.; Frank, J.; Pires, L.; Hassan, S. Chronic kidney
disease and mortality in implantable cardioverter-defibrillator recipients. Cardiol. Res. Pract. 2010, 2010, 989261. [CrossRef]
[PubMed]

66. Wase, A.; Basit, A.; Nazir, R.; Jamal, A.; Shah, S.; Khan, T.; Mohiuddin, I.; White, C.; Saklayen, M.; McCullough, P.A. Impact of
chronic kidney disease upon survival among implantable cardioverter-defibrillator recipients. J. Interv. Card. Electrophysiol. 2004,
11, 199–204. [CrossRef] [PubMed]

67. Jain, H.; Benz, M. Patients on dialysis receiving icd implantation at no increased risk of mortality: A nationwide study. Chest 2023,
164, A324. [CrossRef]

68. Sakhuja, R.; Keebler, M.; Lai, T.-S.; Gavin, C.M.; Thakur, R.; Bhatt, D.L. Meta-analysis of mortality in dialysis patients with an
implantable cardioverter defibrillator. Am. J. Cardiol. 2009, 103, 735–741. [CrossRef]

69. Eckart, R.E.; Gula, L.J.; Reynolds, M.R.; Shry, E.A.; Maisel, W.H. Mortality following defibrillator implantation in patients with
renal insufficiency. J. Cardiovasc. Electrophysiol. 2006, 17, 940–943. [CrossRef]

70. Sweeney, M.O.; Prinzen, F.W. A new paradigm for physiologic ventricular pacing. J. Am. Coll. Cardiol. 2006, 47, 282–288.
[CrossRef]

71. McAlister, F.A.; Ezekowitz, J.A.; Wiebe, N.; Rowe, B.; Spooner, C.; Crumley, E.; Hartling, L.; Klassen, T.; Abraham, W. Systematic
review: Cardiac resynchronization in patients with symptomatic heart failure. Ann. Intern. Med. 2004, 141, 381–390. [CrossRef]

72. Kaysen, G.A.; Eiserich, J.P. The role of oxidative stress–altered lipoprotein structure and function and microinflammation on
cardiovascular risk in patients with minor renal dysfunction. J. Am. Soc. Nephrol. 2004, 15, 538–548. [CrossRef]

73. Weiner, D.E.; Tighiouart, H.; Amin, M.G.; Stark, P.C.; MacLeod, B.; Griffith, J.L.; Salem, D.N.; Levey, A.S.; Sarnak, M.J. Chronic
kidney disease as a risk factor for cardiovascular disease and all-cause mortality: A pooled analysis of community-based studies.
J. Am. Soc. Nephrol. 2004, 15, 1307–1315. [CrossRef] [PubMed]

74. Sarnak, M.J.; Levey, A.S.; Schoolwerth, A.C.; Coresh, J.; Culleton, B.; Hamm, L.L.; McCullough, P.A.; Kasiske, B.L.; Kelepouris,
E.; Klag, M.J. Kidney disease as a risk factor for development of cardiovascular disease: A statement from the American Heart
Association Councils on Kidney in Cardiovascular Disease, High Blood Pressure Research, Clinical Cardiology, and Epidemiology
and Prevention. Circulation 2003, 108, 2154–2169. [CrossRef] [PubMed]

75. Foley, R.N.; Wang, C.; Collins, A.J. Cardiovascular risk factor profiles and kidney function stage in the US general population:
The NHANES III study. In Mayo Clinic Proceedings; Elsevier: Amsterdam, The Netherlands, 2005; pp. 1270–1277.

76. Converse, R.L., Jr.; Jacobsen, T.N.; Toto, R.D.; Jost, C.M.; Cosentino, F.; Fouad-Tarazi, F.; Victor, R.G. Sympathetic overactivity in
patients with chronic renal failure. N. Engl. J. Med. 1992, 327, 1912–1918. [CrossRef] [PubMed]

77. Tompkins, C.; McLean, R.; Cheng, A.; Brinker, J.A.; Marine, J.E.; Nazarian, S.; Spragg, D.D.; Sinha, S.; Halperin, H.; Tomaselli,
G.F.; et al. End-stage renal disease predicts complications in pacemaker and ICD implants. J. Cardiovasc. Electrophysiol. 2011,
22, 1099–1104. [CrossRef] [PubMed]

78. Coca, S.G.; Krumholz, H.M.; Garg, A.X.; Parikh, C.R. Underrepresentation of renal disease in randomized controlled trials of
cardiovascular disease. JAMA 2006, 296, 1377–1384. [CrossRef] [PubMed]

79. Saad, T.F.; Weiner, H.L. Venous Hemodialysis Catheters and Cardiac Implantable Electronic Devices: Avoiding a High-Risk
Combination. Semin. Dial. 2017, 30, 187–192. [CrossRef] [PubMed]

80. Boriani, G.; Savelieva, I.; Dan, G.A.; Deharo, J.C.; Ferro, C.; Israel, C.W.; Lane, D.A.; La Manna, G.; Morton, J.; Mitjans, A.M.; et al.
Chronic kidney disease in patients with cardiac rhythm disturbances or implantable electrical devices: Clinical significance and
implications for decision making-a position paper of the European Heart Rhythm Association endorsed by the Heart Rhythm
Society and the Asia Pacific Heart Rhythm Society. Europace 2015, 17, 1169–1196. [CrossRef] [PubMed]

81. Mahtani, K.; Maclean, E.; Schilling, R.J. Prevention and Management of Cardiac Implantable Electronic Device Infections:
State-of-the-Art and Future Directions. Heart Lung Circ. 2022, 31, 1482–1492. [CrossRef]

82. Tokars, J.I.; Light, P.; Anderson, J.; Miller, E.R.; Parrish, J.; Armistead, N.; Jarvis, W.R.; Gehr, T. A prospective study of vascular
access infections at seven outpatient hemodialysis centers. Am. J. Kidney Dis. 2001, 37, 1232–1240. [CrossRef]

83. Polyzos, K.A.; Konstantelias, A.A.; Falagas, M.E. Risk factors for cardiac implantable electronic device infection: A systematic
review and meta-analysis. EP Eur. 2015, 17, 767–777. [CrossRef]

84. Opelami, O.; Sakhuja, A.; Liu, X.; Tang, W.H.; Schold, J.D.; Navaneethan, S.D. Outcomes of infected cardiovascular implantable
devices in dialysis patients. Am. J. Nephrol. 2014, 40, 280–287. [CrossRef]

85. El-Chami, M.F.; Jacobsen, C.M.; Griffiths, R.I.; Hansen, L.K.; Wold, N.; Amorosi, S.L.; Stivland, T.M.; Knight, B.P.; Weiss, R.;
Mark, G.E.; et al. Device-related infection in de novo transvenous implantable cardioverter-defibrillator Medicare patients. Heart
Rhythm 2021, 18, 1301–1309. [CrossRef]

86. Dasgupta, A.; Montalvo, J.; Medendorp, S.; Lloyd-Jones, D.M.; Ghossein, C.; Goldberger, J.; Passman, R. Increased Complication
Rates of Cardiac Rhythm Management Devices in ESRD Patients. Am. J. Kidney Dis. 2007, 49, 656–663. [CrossRef]

87. Haag-Weber, M.; Hörl, W.H. Uremia and infection: Mechanisms of impaired cellular host defense. Nephron 1993, 63, 125–131.
[CrossRef] [PubMed]

88. Kennergren, C. Management of Cardiovascular Implantable Electronic Devices Infections in High-Risk Patients. Arrhythm.
Electrophysiol. Rev. 2015, 4, 53–57. [CrossRef] [PubMed]

https://doi.org/10.1161/01.CIR.86.4.1206
https://doi.org/10.4061/2010/989261
https://www.ncbi.nlm.nih.gov/pubmed/20811610
https://doi.org/10.1023/B:JICE.0000048570.43706.34
https://www.ncbi.nlm.nih.gov/pubmed/15548886
https://doi.org/10.1016/j.chest.2023.07.268
https://doi.org/10.1016/j.amjcard.2008.11.014
https://doi.org/10.1111/j.1540-8167.2006.00550.x
https://doi.org/10.1016/j.jacc.2005.09.029
https://doi.org/10.7326/0003-4819-141-5-200409070-00101
https://doi.org/10.1097/01.ASN.0000111744.00916.E6
https://doi.org/10.1097/01.ASN.0000123691.46138.E2
https://www.ncbi.nlm.nih.gov/pubmed/15100371
https://doi.org/10.1161/01.CIR.0000095676.90936.80
https://www.ncbi.nlm.nih.gov/pubmed/14581387
https://doi.org/10.1056/NEJM199212313272704
https://www.ncbi.nlm.nih.gov/pubmed/1454086
https://doi.org/10.1111/j.1540-8167.2011.02066.x
https://www.ncbi.nlm.nih.gov/pubmed/21489029
https://doi.org/10.1001/jama.296.11.1377
https://www.ncbi.nlm.nih.gov/pubmed/16985230
https://doi.org/10.1111/sdi.12581
https://www.ncbi.nlm.nih.gov/pubmed/28229483
https://doi.org/10.1093/europace/euv202
https://www.ncbi.nlm.nih.gov/pubmed/26108808
https://doi.org/10.1016/j.hlc.2022.06.690
https://doi.org/10.1053/ajkd.2001.24527
https://doi.org/10.1093/europace/euv053
https://doi.org/10.1159/000366453
https://doi.org/10.1016/j.hrthm.2021.04.014
https://doi.org/10.1053/j.ajkd.2007.02.272
https://doi.org/10.1159/000187170
https://www.ncbi.nlm.nih.gov/pubmed/8450902
https://doi.org/10.15420/aer.2015.4.1.53
https://www.ncbi.nlm.nih.gov/pubmed/26835101


J. Clin. Med. 2024, 13, 1176 17 of 18

89. Dhamija, R.K.; Tan, H.; Philbin, E.; Mathew, R.O.; Sidhu, M.S.; Wang, J.; Saour, B.; Haqqie, S.S.; Beathard, G.; Yevzlin, A.S.; et al.
Subcutaneous implantable cardioverter defibrillator for dialysis patients: A strategy to reduce central vein stenoses and infections.
Am. J. Kidney Dis. 2015, 66, 154–158. [CrossRef] [PubMed]

90. Koman, E.; Gupta, A.; Subzposh, F.; Saltzman, H.; Kutalek, S.P. Outcomes of subcutaneous implantable cardioverter-defibrillator
implantation in patients on hemodialysis. J. Interv. Card. Electrophysiol. 2016, 45, 219–223. [CrossRef] [PubMed]

91. Guha, A.; Maddox, W.R.; Colombo, R.; Nahman, N.S., Jr.; Kintziger, K.W.; Waller, J.L.; Diamond, M.; Murphy, M.; Kheda, M.;
Litwin, S.E.; et al. Cardiac implantable electronic device infection in patients with end-stage renal disease. Heart Rhythm 2015,
12, 2395–2401. [CrossRef] [PubMed]

92. Asif, A.; Carrillo, R.; Garisto, J.D.; Lopera, G.; Ladino, M.; Barakat, U.; Eid, N.; Salman, L. Epicardial cardiac rhythm devices for
dialysis patients: Minimizing the risk of infection and preserving central veins. Semin. Dial. 2012, 25, 88–94. [CrossRef]

93. Asif, A.; Salman, L.; Lopera, G.; Haqqie, S.S.; Carrillo, R. Transvenous cardiac implantable electronic devices and hemodialysis
catheters: Recommendations to curtail a potentially lethal combination. Semin. Dial. 2012, 25, 582–586. [CrossRef]

94. de Oliveira, J.C.; Martinelli, M.; Nishioka, S.A.; Varejão, T.; Uipe, D.; Pedrosa, A.A.; Costa, R.; D’Avila, A.; Danik, S.B. Efficacy
of antibiotic prophylaxis before the implantation of pacemakers and cardioverter-defibrillators: Results of a large, prospective,
randomized, double-blinded, placebo-controlled trial. Circ. Arrhythm. Electrophysiol. 2009, 2, 29–34. [CrossRef] [PubMed]

95. Blomström-Lundqvist, C.; Traykov, V.; Erba, P.A.; Burri, H.; Nielsen, J.C.; Bongiorni, M.G.; Poole, J.; Boriani, G.; Costa, R.; Deharo,
J.-C.; et al. European Heart Rhythm Association (EHRA) international consensus document on how to prevent, diagnose, and
treat cardiac implantable electronic device infections—Endorsed by the Heart Rhythm Society (HRS), the Asia Pacific Heart
Rhythm Society (APHRS), the Latin American Heart Rhythm Society (LAHRS), International Society for Cardiovascular Infectious
Diseases (ISCVID) and the European Society of Clinical Microbiology and Infectious Diseases (ESCMID) in collaboration with the
European Association for Cardio-Thoracic Surgery (EACTS). EP Eur. 2019, 22, 515–549. [CrossRef]

96. Birnie, D.H.; Healey, J.S.; Wells, G.A.; Verma, A.; Tang, A.S.; Krahn, A.D.; Simpson, C.S.; Ayala-Paredes, F.; Coutu, B.; Leiria, T.L.;
et al. Pacemaker or defibrillator surgery without interruption of anticoagulation. N. Engl. J. Med. 2013, 368, 2084–2093. [CrossRef]
[PubMed]

97. Fluck, R.; Wilson, J.; Davies, J.; Blackburn, R.; O’Donoghue, D.; Tomson, C.R. UK Renal Registry 11th Annual Report (December
2008): Chapter 12 Epidemiology of Methicillin Resistant Staphylococcus aureus bacteraemia amongst patients receiving Renal
Replacement Therapy in England in 2007. Nephron Clin. Pract. 2009, 111 (Suppl. S1), c247–c256. [CrossRef]

98. Ahmed, I.; Gertner, E.; Nelson, W.B.; House, C.M.; Zhu, D.W. Chronic kidney disease is an independent predictor of pocket
hematoma after pacemaker and defibrillator implantation. J. Interv. Card. Electrophysiol. 2010, 29, 203–207. [CrossRef]

99. Wiegand, U.K.; LeJeune, D.; Boguschewski, F.; Bonnemeier, H.; Eberhardt, F.; Schunkert, H.; Bode, F. Pocket hematoma after
pacemaker or implantable cardioverter defibrillator surgery: Influence of patient morbidity, operation strategy, and perioperative
antiplatelet/anticoagulation therapy. Chest 2004, 126, 1177–1186. [CrossRef] [PubMed]

100. Michaud, G.F.; Pelosi, F., Jr.; Noble, M.D.; Knight, B.P.; Morady, F.; Strickberger, S.A. A randomized trial comparing heparin
initiation 6 h or 24 h after pacemaker or defibrillator implantation. J. Am. Coll. Cardiol. 2000, 35, 1915–1918. [CrossRef]

101. Thal, S.; Moukabary, T.; Boyella, R.; Shanmugasundaram, M.; Pierce, M.K.; Thai, H.; Goldman, S. The relationship between
warfarin, aspirin, and clopidogrel continuation in the peri-procedural period and the incidence of hematoma formation after
device implantation. Pacing Clin. Electrophysiol. 2010, 33, 385–388. [CrossRef]

102. Teruya, T.H.; Abou-Zamzam, A.M., Jr.; Limm, W.; Wong, L.; Wong, L. Symptomatic subclavian vein stenosis and occlusion in
hemodialysis patients with transvenous pacemakers. Ann. Vasc. Surg. 2003, 17, 526–529. [CrossRef]

103. Kusztal, M.; Nowak, K. Cardiac implantable electronic device and vascular access: Strategies to overcome problems. J. Vasc.
Access 2018, 19, 521–527. [CrossRef] [PubMed]

104. Asif, A.; Salman, L.H.; Lopera, G.G.; Carrillo, R.G. The dilemma of transvenous cardiac rhythm devices in hemodialysis patients:
Time to consider the epicardial approach? Kidney Int. 2011, 79, 1267–1269. [CrossRef]

105. Wilkoff, B.L.; Love, C.J.; Byrd, C.L.; Bongiorni, M.G.; Carrillo, R.G.; Crossley, G.H., 3rd; Epstein, L.M.; Friedman, R.A.; Kennergren,
C.E.; Mitkowski, P.; et al. Transvenous lead extraction: Heart Rhythm Society expert consensus on facilities, training, indications,
and patient management: This document was endorsed by the American Heart Association (AHA). Heart Rhythm 2009, 6, 1085–1104.
[CrossRef] [PubMed]

106. Saad, T.F.; Ahmed, W.; Davis, K.; Jurkovitz, C. Cardiovascular implantable electronic devices in hemodialysis patients: Prevalence
and implications for arteriovenous hemodialysis access interventions. Semin. Dial. 2015, 28, 94–100. [CrossRef] [PubMed]

107. Goudevenos, J.A.; Reid, P.G.; Adams, P.C.; Holden, M.P.; Williams, D.O. Pacemaker-induced superior vena cava syndrome:
Report of four cases and review of the literature. Pacing Clin. Electrophysiol. 1989, 12, 1890–1895. [CrossRef] [PubMed]

108. Buxton, A.E.; Lee, K.L.; DiCarlo, L.; Gold, M.R.; Greer, G.S.; Prystowsky, E.N.; O’Toole, M.F.; Tang, A.; Fisher, J.D.; Coromilas, J.
Electrophysiologic testing to identify patients with coronary artery disease who are at risk for sudden death. N. Engl. J. Med.
2000, 342, 1937–1945. [CrossRef]

109. Gatzoulis, K.A.; Tsiachris, D.; Arsenos, P.; Antoniou, C.-K.; Dilaveris, P.; Sideris, S.; Kanoupakis, E.; Simantirakis, E.; Korantzopou-
los, P.; Goudevenos, I.; et al. Arrhythmic risk stratification in post-myocardial infarction patients with preserved ejection fraction:
The PRESERVE EF study. Eur. Heart J. 2019, 40, 2940–2949. [CrossRef]

https://doi.org/10.1053/j.ajkd.2015.01.028
https://www.ncbi.nlm.nih.gov/pubmed/25911316
https://doi.org/10.1007/s10840-015-0093-2
https://www.ncbi.nlm.nih.gov/pubmed/26768264
https://doi.org/10.1016/j.hrthm.2015.08.003
https://www.ncbi.nlm.nih.gov/pubmed/26253036
https://doi.org/10.1111/j.1525-139X.2010.00757.x
https://doi.org/10.1111/j.1525-139X.2012.01053.x
https://doi.org/10.1161/CIRCEP.108.795906
https://www.ncbi.nlm.nih.gov/pubmed/19808441
https://doi.org/10.1093/europace/euz246
https://doi.org/10.1056/NEJMoa1302946
https://www.ncbi.nlm.nih.gov/pubmed/23659733
https://doi.org/10.1159/000210001
https://doi.org/10.1007/s10840-010-9520-6
https://doi.org/10.1378/chest.126.4.1177
https://www.ncbi.nlm.nih.gov/pubmed/15486380
https://doi.org/10.1016/S0735-1097(00)00633-1
https://doi.org/10.1111/j.1540-8159.2009.02674.x
https://doi.org/10.1007/s10016-003-0048-4
https://doi.org/10.1177/1129729818762981
https://www.ncbi.nlm.nih.gov/pubmed/29552930
https://doi.org/10.1038/ki.2011.53
https://doi.org/10.1016/j.hrthm.2009.05.020
https://www.ncbi.nlm.nih.gov/pubmed/19560098
https://doi.org/10.1111/sdi.12249
https://www.ncbi.nlm.nih.gov/pubmed/24863543
https://doi.org/10.1111/j.1540-8159.1989.tb01881.x
https://www.ncbi.nlm.nih.gov/pubmed/2481286
https://doi.org/10.1056/NEJM200006293422602
https://doi.org/10.1093/eurheartj/ehz260


J. Clin. Med. 2024, 13, 1176 18 of 18

110. Hensen, L.C.R.; Goossens, K.; Podlesnikar, T.; Rotmans, J.I.; Jukema, J.W.; Delgado, V.; Bax, J.J. Left Ventricular Mechanical
Dispersion and Global Longitudinal Strain and Ventricular Arrhythmias in Predialysis and Dialysis Patients. J. Am. Soc.
Echocardiogr. 2018, 31, 777–783. [CrossRef]

111. Bertini, M.; Schalij, M.J.; Bax, J.J.; Delgado, V. Emerging Role of Multimodality Imaging to Evaluate Patients at Risk for Sudden
Cardiac Death. Circ. Cardiovasc. Imaging 2012, 5, 525–535. [CrossRef]

112. Kamp, N.J.; Al-Khatib, S.M. The subcutaneous implantable cardioverter-defibrillator in review. Am. Heart J. 2019, 217, 131–139.
[CrossRef] [PubMed]

113. El-Chami, M.F.; Burke, M.C.; Herre, J.M.; Shah, M.H.; Sadhu, A.; Niebauer, M.J.; Kutalek, S.P.; Carter, N.; Gold, M.R. Outcomes
of subcutaneous implantable cardioverter-defibrillator in dialysis patients: Results from the S-ICD post-approval study. Heart
Rhythm 2020, 17, 1566–1574. [CrossRef] [PubMed]

114. El-Chami, M.F.; Levy, M.; Kelli, H.M.; Casey, M.; Hoskins, M.H.; Goyal, A.; Langberg, J.J.; Patel, A.; Delurgio, D.; Lloyd, M.S.;
et al. Outcome of Subcutaneous Implantable Cardioverter Defibrillator Implantation in Patients with End-Stage Renal Disease on
Dialysis. J. Cardiovasc. Electrophysiol. 2015, 26, 900–904. [CrossRef] [PubMed]

115. Lehrich, R.W.; Pun, P.H.; Tanenbaum, N.D.; Smith, S.R.; Middleton, J.P. Automated external defibrillators and survival from
cardiac arrest in the outpatient hemodialysis clinic. J. Am. Soc. Nephrol. 2007, 18, 312–320. [CrossRef] [PubMed]

116. Friedman, D.J.; Parzynski, C.S.; Varosy, P.D.; Prutkin, J.M.; Patton, K.K.; Mithani, A.; Russo, A.M.; Curtis, J.P.; Al-Khatib, S.M.
Trends and In-Hospital Outcomes Associated with Adoption of the Subcutaneous Implantable Cardioverter Defibrillator in the
United States. JAMA Cardiol. 2016, 1, 900–911. [CrossRef] [PubMed]

117. Stiles, M.K.; Fauchier, L.; Morillo, C.A.; Wilkoff, B.L. 2019 HRS/EHRA/APHRS/LAHRS focused update to 2015 expert consensus
statement on optimal implantable cardioverter-defibrillator programming and testing. J. Interv. Card. Electrophysiol. 2020,
59, 135–144. [CrossRef] [PubMed]

118. Zeitler, E.P.; Friedman, D.J.; Loring, Z.; Campbell, K.B.; Goldstein, S.A.; Wegermann, Z.K.; Schutz, J.; Smith, N.; Black-Maier, E.;
Al-Khatib, S.M.; et al. Complications involving the subcutaneous implantable cardioverter-defibrillator: Lessons learned from
MAUDE. Heart Rhythm 2020, 17, 447–454. [CrossRef]

119. You, C.; Sharma, S.; Bavishi, A.; Groh, C.A.; Alia, Y.; Saour, B.; Passman, R. Dialytic interval and the timing of electrocardiographic
screening for subcutaneous cardioverter-defibrillator placement in chronic hemodialysis patients. J. Interv. Card. Electrophysiol.
2018, 52, 179–184. [CrossRef]

120. Weiss, R.; Knight, B.P.; Gold, M.R.; Leon, A.R.; Herre, J.M.; Hood, M.; Rashtian, M.; Kremers, M.; Crozier, I.; Lee, K.L.; et al. Safety
and efficacy of a totally subcutaneous implantable-cardioverter defibrillator. Circulation 2013, 128, 944–953. [CrossRef]

121. Lambiase, P.D.; Barr, C.; Theuns, D.A.; Knops, R.; Neuzil, P.; Johansen, J.B.; Hood, M.; Pedersen, S.; Kääb, S.; Murgatroyd, F.; et al.
Worldwide experience with a totally subcutaneous implantable defibrillator: Early results from the EFFORTLESS S-ICD Registry.
Eur. Heart J. 2014, 35, 1657–1665. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.echo.2018.01.010
https://doi.org/10.1161/CIRCIMAGING.110.961532
https://doi.org/10.1016/j.ahj.2019.08.010
https://www.ncbi.nlm.nih.gov/pubmed/31654943
https://doi.org/10.1016/j.hrthm.2020.04.036
https://www.ncbi.nlm.nih.gov/pubmed/32376304
https://doi.org/10.1111/jce.12705
https://www.ncbi.nlm.nih.gov/pubmed/25952566
https://doi.org/10.1681/ASN.2006040392
https://www.ncbi.nlm.nih.gov/pubmed/17151332
https://doi.org/10.1001/jamacardio.2016.2782
https://www.ncbi.nlm.nih.gov/pubmed/27603935
https://doi.org/10.1007/s10840-019-00662-4
https://www.ncbi.nlm.nih.gov/pubmed/31960345
https://doi.org/10.1016/j.hrthm.2019.09.024
https://doi.org/10.1007/s10840-018-0343-1
https://doi.org/10.1161/CIRCULATIONAHA.113.003042
https://doi.org/10.1093/eurheartj/ehu112

	Introduction 
	Implantable Cardioverter-Defibrillators (ICDs) in CKD/ESRD in Primary and Secondary Prevention 
	Primary Prevention 
	Secondary Prevention 

	Complications Related to Transvenous ICDs 
	Infections 
	Haematoma 
	Bleeding and Venous Thrombosis 
	Other Complications 

	Identification of Patients Benefiting from ICDs 
	Subcutaneous ICDs 
	Conclusions 
	References

