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INTRODUCTION
The kidneys have several essential roles in the human body: they remove waste products, 
regulate volume status, maintain electrolyte balance and serve a crucial role in mineral 
homeostasis. Chronic kidney disease (CKD) causes a gradual decline in renal function 
ranging from only slight dysfunction (CKD Stage I) which can progress toward a state 
in which the kidneys are no longer able to remain homeostasis (CKD Stage V). In this 
state, also known as end stage renal disease (ESRD), either dialysis therapy or renal 
transplantation is necessary to prevent death. Currently, ~400,000 patients are receiving 
dialysis treatment in the United States (2,000 per 1,000,000 people in the population) 
and in the Netherlands there are currently ~6,500 patients on dialysis therapy (1,000 per 
1,000,000).1 These numbers are expected to increase exponentially in the future.

With an annual death rate of ~20%, the mortality of patients on dialysis treatment 
is extremely high.1 The majority of deaths in patients with ESRD are caused by 
cardiovascular disease (~42%) and roughly 60% of these are defined as sudden cardiac 
death (SCD) (Figure 1).1 Given this high event rate of SCD in dialysis patients it is of 
paramount importance to gain insights in this detrimental relationship between the 
kidneys and the heart, to identify those patients with a high risk of SCD and to explore 
preventive strategies in these patients. This is the aim of the current thesis.

MECHANISMS OF SCD IN CKD
The mechanisms underlying SCD in patients with CKD are complex and multiple factors 
have been associated with the increased risk of SCD in this population. The key factors 
will be discussed below and are summarized in table 1. The first part of the current thesis 
will further explore methods to detect patients at risk for the development of SCD.

Figure 1: Causes of death in prevelant dialysis patients 2009-2011. Data from the 2013 USRDS 
Annual Data reports.

11



G
E

N
E

R
A

L IN
T

R
O

D
U

C
T

IO
N

, A
IM

 A
N

D
 O

U
T

LIN
E

 O
F

 T
H

E
 T

H
E

S
IS

1

Ischemic heart disease
Coronary artery disease (CAD) is common among patients with CKD and more severe 
in this group compared to patients without renal dysfunction.2 In dialysis patients, 
the incidence of CAD is believed to be ~30-40% and since patients are often 
asymptomatic, this incidence might be even higher.3-5 Like in the general population, 
in dialysis patients the presence of CAD is an important risk factor in the development 
of SCD.6 Moreover, among patients with CAD, every 10 ml/min/1.73m2 decrease in 
estimated glomerular filtration rate (eGFR) is associated with an 11% increase in the 
risk of SCD.7 Furthermore, in patients with significant CAD, those on dialysis therapy 
have a 6-fold higher risk of SCD compared to those with a GFR>60ml/min/1.73m2.7 
Chapter III and Chapter IV of this thesis focus on biomarkers associated with CAD 
in clinically stable dialysis patients, whereas Chapter V describes the value of a plain 
abdominal X-ray in predicting the presence of CAD in asymptomatic dialysis patients.

Left ventricular hypertrophy 
Left ventricular hypertrophy (LVH) already starts to develop in the early stages of CKD 
and its prevalence increases to ~75% in patients with ESRD.8 Causes for the development 
of LVH in patients with CKD can be roughly divided in (1) preload-related factors such 

Table 1: Mechanisms associated with SCD in patients with CKD

Ischemic Heart 
Disease

•	Highly prevalent and more severe in patients with CKD2-5

•	Most important predictor of SCD in patients with ESRD6-7

•	In patients with CAD severity of CKD is associated with the occurrence of SCD7

Left Ventricular 
Hypertrophy and 
Myocardial fibrosis

•	Already present in the early stages of CKD and prevalence increases with 
severity of CKD8

•	Results in phenomena predisposing to cardiac arrhythmias  
(i.e. decreased myocardial capillary density, diastolic and systolic dysfunction.)9

•	Development and especially worsening of LVH is associated with increased 
risk for SCD12-13

Vascular calcification •	Intima calcification leads to luminal narrowing resulting in ischemia
•	Media calcification leads to a reduced vascular compliance resulting  

in vascular stiffening14

•	Disorders of the mineral-bone-axis play an important role in vascular 
calcification in CKD (this thesis)

Sympathetic 
overactivation

•	Important mechanism for cardiovascular complications15

•	In dialysis patients norepinephrine predicts survival and cardiovascular events15

•	Damaged kidneys themselves trigger sympathetic over activation16

Dialysis treatment •	Timely relation between occurrence of SCD and dialysis treatment17

•	Fluid and electrolyte shifts might play an important role17

Other risk factors •	Including: age, diabetes mellitus, malnutrition, inflammation, electrolyte 
abnormalities and the use of vascular access catheters

SCD: Sudden Cardiac Death; CKD: Chronic Kidney Disease; ESRD: End Stage Renal Disease; LVH: 
Left Ventricular Hypertrophy.
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as hypervolemia and anaemia, (2) afterload-related factors such as systemic arterial 
resistance, elevated blood pressure and large-vessel compliance and (3) factors related 
to mineral homeostasis, oxidative stress and micro inflammation.9 FGF-23, a phosphate-
regulating hormone pivotal in mineral homeostasis, has recently emerged as an important 
factor associated with LVH, and mortality in patients with CKD.10, 11 More information on 
this subject is found in Chapter IV of this thesis. The development of LVH is a strong 
predictor for mortality and especially SCD.12, 13 Chapter III of this thesis explores the value 
of cardiac specific troponins for the detection of LVH in dialysis patients.

Vascular calcification
Vascular calcification in the general population generally occurs in the intima of the vessel 
wall. This is a consequence of inflammation and ossification of atherosclerotic plaques and 
leads to luminal narrowing of the vessel. In patients with CKD, however, media calcification 
develops which leads to stiffening of the vessel and thereby a reduced vascular compliance. 
In these patients, vascular stiffness has been linked to both cardiovascular mortality and 
SCD.14 Disorders of the mineral-bone-axis and especially Klotho, a protein linked to aging, 
have been suggested as important causes of vascular calcification in patients with kidney 
dysfunction. Chapter IV of this thesis further elaborates on this subject. 

Sympathetic overactivity 
Increased sympathetic activity is recognized as an important mechanism of 
cardiovascular complications. In dialysis patients it has been demonstrated that plasma 
norepinephrine, a marker of sympathetic activity, is an independent predictor of survival 
and cardiovascular events.15 Sustained overactivation of the sympathetic nervous system 
is highly prevalent among patients with CKD and this condition develops early in the 
course of CKD. The damaged kidneys themselves may be the trigger for this overactivity, 
since the augmented sympathetic drive declines after bilateral nephrectomy.16

Haemodialysis treatment
On top of the factors mentioned above, the haemodialysis (HD) procedure itself is an 
important risk factor for the occurrence of SCD in patients with ESRD. The incidence 
of SCD is related to the timing of HD treatment, with a significantly higher incidence 
of SCD in the first twelve hours from the start of HD an in the 48-72 hours after start 
of HD (Figure 2).17 The rapid fluid and electrolyte shifts that occur during dialysis 
treatment as well as the volume overload between dialysis procedures might explain 
this association.17 To further explore the pro-arrhythmogenic role of the dialysis 
procedure, the association between atrial arrhythmias and the dialysis treatment were 
explored in Chapter II of this thesis.
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PREVENTION STRATEGIES
Various treatment strategies have been investigated with regard to the prevention 
of SCD in patients with CKD. The majority of treatment options interact with one of 
the risk factors mentioned previously. In the following section the most important 
treatment strategies will be discussed (table 2 & table 3). Moreover, the second part 
of this thesis will focus on a particular treatment strategy in preventing SCD, the 
implantable cardioverter defibrillator (ICD). 

Medical therapy
β-blockers interfere with the deleterious actions of the sympathetic nervous system 
and are an effective and widely used therapy for the prevention of SCD in the general 
population. Unfortunately, data on the beneficial effects of β-blockers in patients 
with CKD are limited. A reduction in acute myocardial infarction or SCD rates has 
been described in a single post-hoc analysis of patients with CKD stages I-IV.18 
Furthermore, a survival benefit of the β-blocker carvedilol has been shown in a single 
small randomized trial performed in dialysis patients.19 

Statins have beneficial effects on cardiovascular endpoints in various patient groups. 
The SHARP trial recently concluded that treatment of patients with CKD stages I-V 
with simvastatine+ezetimibe significantly reduces major events related to coronary 
atherosclerosis.20 Furthermore, a recent meta-analysis demonstrated a significant 
reduction of major cardiovascular events in patients with all stages of CKD using 

Figure 2: Incidence of SCD in relation to the dialysis therapy. Ratio of observed versus expected death, 
assuming that the occurrence of death would be evenly distributed over time, in relation to the start of 
the dialysis therapy.   Reproduced from Bleyer et al with permission of Nature Publishing Group.

14



G
E

N
E

R
A

L IN
T

R
O

D
U

C
T

IO
N

, A
IM

 A
N

D
 O

U
T

LIN
E

 O
F

 T
H

E
 T

H
E

S
IS

1

statins.21 On the other hand, two recent randomized trials failed to show significant 

beneficial effects of statins on cardiovascular outcomes in dialysis patients.22, 23 

Furthermore, none of these studies specifically described SCD as an endpoint.

In various populations angiotensin converting enzyme inhibitors (ACEi) and angiotensin 

type II receptor blockers (ARB) have been associated with beneficial effects regarding 

cardiovascular and renal endpoints. The data in CKD patients, however, is ambiguous. 

The RENAAL trial showed that losartan significantly reduced the incidence of death in 

patients with type 2 diabetes and nefropathy (as part of a composite endpoint), while 

candesartan significantly reduced the incidence of cardiovascular events in dialysis 

patients.24, 25 A prospective study investigating fosinopril in CKD, on the other hand, 

failed to show a beneficial effect on cardiovascular events.26 

Revascularization
Even though CAD is strongly associated with SCD, the current literature does not 

show a benefit of revascularization over optimal medical therapy in the reduction of 

mortality in patients with stable CAD.27 Thus, prophylactic revascularization in patients 

with CKD stages I-V is controversial. Most trials however, excluded dialysis patients and 

results in this population might be different. Indeed, several studies demonstrated that 

revascularization in dialysis patients with stable CAD improved prognosis.28, 29 Herzog 

et al, on the other hand, showed that all-cause mortality and arrhythmic mortality in 

optimally revascularized dialysis patients was comparable to that of dialysis patients 

without revascularization.30 These results suggest that despite optimal treatment of 

CAD, a substantial risk of SCD remains in these patients. 

Table 2: Strategies to reduce SCD in CKD patients stages I-IV.

β-blocker •	Demonstrated to have a reduction in acute myocardial infarction and/or SCD 
rates in a single trial18

Statins •	Associated with improved cardiovascular outcomes among all stages of CKD 
in several studies20, 21

ACEi/ARB •	Beneficial effects on cardiovascular and renal endpoints24-25

Revascularization •	Prophylactic revascularization is not beneficial on top of optimal medical 
therapy in stable CAD27

ICD Implantation •	Current guidelines do not advice against prophylactic ICD implantation in CKD 
patients who meet the current criteria. Prospective data however is scarce34

•	ICD implantation in CKD patients meeting the current guidelines is beneficial 
compared to no ICD37, 38

•	Among ICD recipients, CKD patients have a significantly worse prognosis 
despite the presence of an ICD35, 36

SCD: Sudden Cardiac Death; CKD: Chronic Kidney Disease; ACEi: Angiotensin Converting 
Enzyme inhibitor; ARB: Angiotensin type II Receptor Blockers; CAD: Coronary Artery Disease; 
ICD: Implantable Cardioverter Defibrillator; AF: Atrial Fibrillation
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Changing dialysis modality
Given the suggested relationship between SCD and the dialysis procedure, numerous 

modifications of the dialysis procedure itself have been investigated to prevent SCD, 

such as altering the dialysis frequency, dose and hemofiltration.31-33 Increasing the 

frequency of (nocturnal) haemodialysis has shown promising results with regard to left 

ventricular mass and survival.32, 33 However, no beneficial effects regarding SCD rate 

have been reported thus far. 

Prophylactic ICD implantation in CKD patients (Stage I-IV)
ICD therapy is effective in the prevention of SCD in a wide range of patients.34 

However, mostly due to a lack of prospective data, the current literature regarding 

the benefit of ICDs in CKD patients, remains inconclusive . Numerous retrospective 

studies in patients who received an ICD according to current guidelines, have tried to 

shed a light on this subject, with conflicting results. Among ICD recipients, a step-wise 

association has been found between CKD stage and mortality, despite the presence of 

an ICD.35, 36 On the other hand, a recent meta-analysis demonstrated that patients with 

CKD stages I-IV and who received an ICD (for primary or secondary prevention) had a 

significantly better survival than those without an ICD.37 Furthermore, a retrospective 

analysis of the MADIT-II trial showed a beneficial effect of an ICD in patients with 

mild to moderate renal dysfunction.38 This study also demonstrated however, that 

Table 3: Strategies to reduce SCD in dialysis patients.

β-blocker •	One single prospective trial demonstrated a beneficial effect in a subset  
of dialysis patients 19

Statins •	2 recent large trials failed to demonstrate a benefit for statins in dialysis 
patients22, 23

•	Large meta-analysis showed beneficial effect on mortality along the whole 
spectrum of CKD stages21

ACEi/ARB •	Conflicting results regarding benefit 24-26

Changing 
dialysis modality

•	No results regarding cardiovascular mortality32, 33

•	Increasing dialysis frequency beneficial for LVH32, 33

Revascularization •	In dialysis patients with documented CAD revascularization improves outcome28, 29

•	No difference in all-cause mortality or SCD between optimally revascularized 
dialysis patients and the general dialysis population30

ICD Implantation •	For both primary and secondary prevention indications, conflicting results  
on survival improvement have been reported in retrospective cohorts 38-41, 44

•	Dialysis treatment strongly predicts time to appropriate shock 42, 43

•	Prophylactic ICD implantation in dialysis patients who do not meet ICD 
implantation criteria is currently being investigated in the ICD-2 trial45

SCD: Sudden Cardiac Death; CKD: Chronic Kidney Disease; ACEi: Angiotensin Converting 
Enzyme inhibitor; ARB: Angiotensin type II Receptor Blockers; LVH: Left ventricular Hypertrophy; 
CAD: Coronary Artery Disease; ICD: Implantable Cardioverter Defibrillator; AF: Atrial Fibrillation

16



G
E

N
E

R
A

L IN
T

R
O

D
U

C
T

IO
N

, A
IM

 A
N

D
 O

U
T

LIN
E

 O
F

 T
H

E
 T

H
E

S
IS

1
the presence of co-morbidity (age>70years, atrial fibrillation, NYHA class >II,  QRS 
duration of >120ms) significantly reduced this benefit. Thus, among patients with CKD 
eligible for an ICD for primary or secondary prevention according to current guidelines, 
an ICD might carry a survival benefit compared to CKD patients who do not receive 
an ICD. The mortality risk among ICD recipients with CKD, however, remains very high 
compared to those with better renal function, despite the presence of an ICD. With 
the current lack of prospective data, the question remains whether ICD’s are (cost) 
effective in CKD patients and if so, in whom. 

Prophylactic ICD implantation in dialysis patients
While scarce data exists on the benefit of ICD therapy in CKD stages I-IV, even less 
prospective data is available in dialysis patients. Several retrospective studies failed to 
show a benefit of the ICD in patients with ESRD.38-40 A recent meta-analysis, however, 
demonstrated that dialysis patients with an ICD (for primary or secondary purposes) had 
a significantly better survival than a control group of dialysis patients without an ICD.41  
Furthermore, a decreased renal function is an independent predictor of appropriate ICD 
therapies, and dialysis therapy strongly predicts time to appropriate shock.42, 43 Moreover, 
a retrospective analysis of dialysis patients surviving an out of hospital cardiac arrest, 
documented a substantial survival benefit for those who received an ICD.44 Nonetheless, 
these retrospective studies are subject to several limitations and more prospective data 
is needed to assess the (cost) effectiveness of an ICD in dialysis patients.

The currently ongoing ICD2 trial will attempt to answer some of these questions. This 
ongoing trial evaluates the potential benefit of prophylactic ICD implantation in dialysis 
patients without a current indication for ICD therapy.45 Two hundred dialysis patients are 
randomized for an ICD or no ICD. All participants are between 55 and 80 years old, are 
treated with dialysis, and have a left ventricular ejection fraction ≥35%. An extensive pre-
randomization screening protocol is being conducted in all participants in order to establish 
potential predictors for SCD and/or appropriate ICD therapies. The data gathered during 
the screening phase of this trial forms the foundation of the current thesis.

Safety of ICD treatment in patients with renal failure
ICD implantation in patients with renal failure is not without complications. For instance, 
it has been established that CKD is associated with an increased risk of cardiac device 
infections and hematoma compared to the general population.35, 46, 47 Cardiac device 
infections are a potentially life-threatening complication necessitating device extraction 
in nearly all cases. Another important complication in patients with ESRD is stenosis of 
the vessel related to the ICD-lead. In the general population, central venous obstruction 
has little consequence; however, since central venous access is necessary in patients 
with ESRD to perform dialysis, it could have major implications in this population.48 
Chapter VI of this thesis further explores the association between CKD and ICD-related 
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complications. Finally, Chapter VII describes the effectiveness and safety of a left 
ventricular lead placed on the epicardium. Since this lead is not located transvenously, 
both the risk of lead infections and venous obstruction might be reduced.

CONCLUSIONS AND AIM OF THIS THESIS
Sudden cardiac death (SCD) is the leading cause of death in patients with renal failure. 
Since the interaction between heart and kidney is a dynamic one, many factors have been 
associated with this increased risk of SCD. Accordingly, a wide range of therapeutic options 
have been investigated in CKD, mostly with disappointing results. The ongoing ICD-2 trial 
investigates the benefit of a prophylactic ICD for the prevention of SCD in dialysis patients 
and is the cornerstone of the current thesis. The extensive pre-randomization screening 
protocol of the ICD-2 trial provided unique data to investigate predictors of cardiovascular 
disease and to gain insights in the detrimental relationship between heart and kidneys in 
this population. The aim of this thesis was to identify dialysis patients at risk for SCD and 
to assess the potential values of ICD therapy in this fragile population.

Part 1: Detecting dialysis patients at risk for CVD 
The first chapter of this thesis starts with a study on the dialysis procedure as a risk 
factor for the development of atrial fibrillation (Chapter II). Subsequently, several 
biomarkers (including sKlotho, FGF-23, PTH, vitamin D and cardiac-specific troponin-I 
and troponin-T) are investigated to evaluate their value in identifying cardiovascular 
disease in dialysis patients (Chapter III and IV). The last chapter in this part of the 
thesis explores the value of a plain x-ray for the identification of dialysis patients with 
significant CAD (Chapter V). 

Part 2: Complications related to ICD therapy
The second part of this thesis will focus on complications associated with ICD therapy. 
Chapter VI describes ICD-related complications in relation to renal function in a large 
cohort of device recipients. Lastly, Chapter VII describes performance, durability and 
safety of the epicardial lead, a lead that might have several advantages in overcoming 
ICD-related complications.

18
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