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CHAPTER 1

General introduction and thesis outline
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The development of a mechanical device to support or replace cardiac pump function has 

been an appealing concept for many decades. Especially in the field of cardiac surgery, a 

multitude of mechanical circulatory support devices have been developed. The very first 

extracorporeal circulatory device was a ‘heart-lung machine’, invented and developed 

by dr. John Gibbon Jr. In 1953, he performed the first successful cardiac operation 

supported with an extracorporeal circulatory device, on an 18-year old woman with 

a large atrial septal defect and a large left-to-right shunt1. In 1969, the first successful 

prolonged use of a mechanical device that replaced cardiac pump function was reported 

by drs. Denton Cooley and Domingo Liotta. This device, consisting of 2 reciprocating 

synthetic pneumatic pumps, was utilized as a bridge-to-transplant in a 47-year old 

patient admitted for end-stage heart failure2. Although cardiac transplantation remains 

the gold standard of therapy for end-stage heart failure due to variable causes, the 

shortage of donor hearts remains a major limitation. Thus, the field of mechanical 

circulatory support has been a field of continuous research and development. Currently, 

left ventricular assist devices (LVADs) are increasingly being used as destination therapy. 

In 2002, The HeartMate XVE was the first mechanical circulatory support device to 

be approved by the United States Food and Drug Administration (FDA) for destination 

therapy in transplant-ineligible patients. In a randomized trial of HeartMate XVE versus 

medical therapy, two-year survival rates were substantially higher in patients treated 

with the XVE3. The HeartMate II device, which is a smaller non-pulsatile LVAD, was 

FDA-approved for destination therapy in 2010, after completion of a randomized trial 

of Heartmate XVE versus Heartmate II4. Kaplan-Meier estimates of 2-year survival in 

patients treated with the HeartMate II device were 58%, versus 24% in patients treated 

with the XVE device. In Europe, many different mechanical circulatory support systems 

are being used in patients with end-stage heart failure, both as bridge-to-transplant and 

as destination therapy. 

Mechanical support in the catheterization laboratory

Besides the concept of full circulatory support with the abovementioned large 

circulatory support devices, partial and temporary circulatory support is an emerging 

area of research as well. For this purpose, a large variety of minimally invasive pumps 

have been developed. Most of these devices can be inserted percutaneously, during 

cardiac catheterization. The most important indications for partial circulatory support 

include prophylactic support during high-risk coronary interventions, and emergency 

support in the case of an acute myocardial infarction complicated by cardiogenic shock 

(CS). Despite the different mechanisms of action of the different percutaneous assist 

devices, the basic concept of all devices is to provide partial circulatory support and to 

simultaneously unload the left ventricle, enabling the recovery of stunned myocardium. 
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High-risk percutaneous coronary interventions (PCI)

Although coronary artery bypass grafting (CABG) is still standard of care in patients 

with reduced left ventricular (LV) function and complex coronary artery disease (CAD), 

including left main-, last patent coronary artery- and severe three-vessel disease5, PCI 

has become a potential alternative, especially in patients with a SYNTAX score <336. 

Moreover, in surgery-ineligible patients with complex CAD and reduced LV function, 

percutaneous revascularization is the only remaining treatment option. Unfortunately, 

percutaneous treatment of coronary artery lesions in this challenging patient category 

carries a high-risk of peri-procedural complications, including severe hypotension 

and death. Although no clear universal definition for high-risk PCI exists, it involves a 

combination of assumed treatment complexity, a large area of myocardium at risk for 

ischemia and a (severely) reduced LV function. The risk for developing severe hypotension 

and death in these patients may be attenuated by the prophylactic placement of a 

mechanical circulatory support device, which temporarily supports native cardiac 

function and prevents hypotension in the case of a sudden hemodynamic derangement. 

Acute myocardial infarction complicated by cardiogenic shock

Prognosis for patients with ST-elevation myocardial infarction (STEMI) without CS 

has improved significantly over the past decades. The current standard of therapy for 

patients with STEMI is prompt reperfusion by means of primary PCI, ever since the 

publication of a large meta-analysis of primary PCI versus thrombolysis. In this study, 

primary PCI was demonstrated to be associated with lower short-term mortality, non-

fatal reinfarction and stroke7. In current clinical practice, in-hospital8- and 1-year9 

mortality rates for uncomplicated STEMI are around 3-4%, depending on door-to-

balloon time and potential risk factors for mortality. 

In STEMI complicated by CS, traditional mortality rates were as high as 70-80%10. Since 

the publication of the SHOCK trial in 1999, which demonstrated a beneficial effect of 

emergency revascularization on 6-month survival, primary PCI has become standard 

of treatment in STEMI complicated by CS as well11. Nevertheless, in current clinical 

practice, in-hospital mortality rates are still around 50%12. In STEMI complicated by 

CS, cardiac pump function is severely compromised, which leads to a vicious cycle of 

reduced cardiac output, reduced peripheral organ perfusion and reduced coronary 

perfusion. Reduced coronary perfusion results in increased myocardial ischemia and 

further reduction of cardiac output. Finally, this vicious cycle may lead to profound multi-

organ failure and death13. Besides pharmacological hemodynamic support, mechanical 

circulatory support has been supposed to be beneficial in these patients. The rationale of 

mechanical circulatory support in CS is to interfere in the abovementioned vicious cycle 

by enhancing systemic and coronary perfusion. A mechanical cardiac support device 
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unloads the left ventricle, which enables the recovery of stunned myocardium and 

potentially reduces infarct size. However, the beneficial effect of mechanical circulatory 

support is only demonstrated in experimental studies14,15.  

IABP 

The Intra-Aortic Balloon Pump (IABP) was the first percutaneous mechanical circulatory 

support device. This device was introduced in 1968 in the setting of acute myocardial 

infarction complicated by CS16.  The IABP is a catheter-mounted balloon placed in the 

ascending aorta (Figure 1), which is inflated in cardiac diastole and deflated in systole. 

Thus, its main effects are diastolic blood flow augmentation in the coronary and the 

systemic circulation, in addition to systolic left ventricular afterload reduction. Although 

IABP treatment has been hypothesized to reduce myocardial infarct size in experimental 

studies, this hypothesis has not been confirmed in clinical practice. The IABP has been 

the most widely used percutaneous assist device in the catheterization laboratory ever 

since its introduction, due to its easy implantation procedure, wide availability and 

support by guideline recommendations17,18. 

However, several randomized trials and meta-analyses have recently demonstrated a lack 

of clinical benefit from IABP treatment. A randomized trial of IABP versus no support 

in high-risk percutaneous coronary interventions did not show any benefit of IABP 

support19. In two recently conducted meta-analyses of IABP treatment in the setting of 

high-risk acute myocardial infarction (MI)20 and in the setting of acute MI complicated 

by CS21, respectively, no benefit of IABP treatment was demonstrated either. Finally, a 

recently conducted randomized trial of IABP versus no support in patients with an acute 

MI without CS22 revealed no beneficial effect of IABP support. Recently, the European 

Figure 1 Intra-aortic balloon counterpulsation by the intra-aortic balloon pump (IABP) (Arrow International 
Inc, USA). The balloon is inflated during diastole, increasing coronary blood flow, and deflated during systole, 
reducing afterload and wedge pressure. 
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guideline recommendation for IABP treatment in CS was changed from a class IB to a 

class IC recommendation23. 

Impella

As the efficacy of IABP support seems limited, several other minimally invasive circulatory 

support devices have been developed. Amongst these devices is the Impella system 

(Figure 2), which is the primary focus of this thesis. The Impella system is a catheter-

mounted micro-axial flow pump, designed for short-term mechanical circulatory 

support. It is inserted through a sheath in the femoral artery and positioned across 

the aortic valve by standard guide-wire technique. The pump inlet is located in the left 

ventricle; its outlet is located in the ascending aorta. Pump speed is managed through a 

driving console. Currently, two versions of the Impella system are available, providing a 

maximum blood flow of 2.5 and 5.0 L/min, respectively. Due to its rather large size, the 

5.0-version of the Impella system cannot be inserted through a percutaneous sheath. 

Instead, it is inserted through a Dacron graft sewed into the femoral artery. 

In the setting of high-risk PCI, several previous studies have demonstrated short-term 

safety and feasibility of circulatory support with the Impella 2.5-device24,25. In addition, 

a potential benefit of Impella 2.5 support versus IABP support in high-risk PCI was shown 

in the recently conducted PROTECT II randomized trial (O’Neill et al, results presented at 

TCT conference 2011). 

In the setting of large anterior acute MI, we demonstrated short-term safety and 

feasibility as well26. In this small pilot study, an increase in left ventricular ejection 

fraction (LVEF) was observed, suggesting a potential beneficial effect of Impella support 

on left ventricular function. However, this study was underpowered to evaluate the 

effect of Impella support on LVEF. 

In the setting of acute MI complicated by CS, one randomized trial of Impella 2.5 versus 

IABP has been conducted. In this study, cardiac index at 30 minutes after implantation 

was significantly higher in the Impella-treated patients27. However, taking into account 

Figure 2 The Impella system; Schematic overview 
displaying the Impella LP2.5 pump, inserted 
percutaneously and positioned across the aortic 
valve in the left ventricle. 
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the limited number of patients studied, no definite conclusions can be drawn from this 

study with regard to the effect of Impella support on mortality and LVEF.  

This thesis

In the AMC, we have introduced the Impella system in routine clinical practice from 

2004 onwards28. In addition to reporting our single-center experiences in high-risk 

PCI and large acute anterior MI, we participated in a multi-center European registry of 

Impella support in high-risk PCI. 

We collected data on all patients from our center supported with the Impella system 

since its introduction. The purpose of this thesis was to assess the clinical significance of 

this novel mechanical circulatory support device in high-risk PCI, STEMI without CS and 

STEMI complicated by CS. 

The first part of this thesis is an introduction concerning predictors of adverse outcome 

in ST-elevation myocardial infarction (STEMI) complicated by CS, outlining potential 

future therapeutic targets for mechanical circulatory support. The main body of this 

thesis encompasses several aspects of Impella support in different clinical settings. After 

a brief introduction, the roles of Impella support in high-risk PCI, STEMI complicated by 

CS and postcardiotomy CS are discussed subsequently. 

Thesis outline

Part I focuses on predictors of an adverse outcome in patients with STEMI complicated 

by CS. In chapters 2.1 and 2.2, we subsequently demonstrate mitral regurgitation and 

right ventricular dysfunction upon admission to be predictors of an even more adverse 

outcome. 

Part II, the main body of the thesis, starts with a Dutch overview article of the clinical 

experience with the Impella system at the Academic Medical Center (Chapter 3.1). 

Chapter 3.2 provides an overview of past, present and future developments with 

regard to mechanical circulatory support in the catheterization laboratory. Although an 

important indication for circulatory support in the catheterization laboratory is high-risk 

PCI, this article predominantly focuses on the rationale of temporary circulatory support 

in patients with STEMI complicated by CS. In addition to the Impella device, also the 

IABP and TandemHeart devices are discussed. 

Chapter 4 focuses on short-and long-term safety and feasibility of Impella support in high-

risk PCI. Chapter 4.1 provides an overview of currently available mechanical circulatory 

support devices for prophylactic placement during high-risk PCI. In Chapter 4.2, we 

present the short-term safety and feasibility results from the multicenter European 

registry of Impella-supported high-risk PCI; in Chapter 4.3, long-term outcomes of this 
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multicenter registry are presented. Chapter 4.4 displays our comments on the BCIS-1 

trial19 of IABP versus no support in high-risk PCI. 

Chapter 5 encompasses several aspects of Impella treatment in patients with STEMI 

with and without CS. The first chapter (5.1) is a propensity-matched analysis of our 

experiences with IABP versus no IABP support in STEMI patients with CS. In Chapter 

5.2, we present the long-term outcomes of our safety-and feasibility study of Impella 

support in large acute anterior MI26. Chapter 5.3 outlines our comments on a meta-

analysis of percutaneous assist devices in STEMI complicated by CS29. In Chapter 5.4, 

we discuss the results of a multicenter European registry on feasibility and outcomes 

of Impella 2.5-support in CS. Chapter 5.5 is a report on our experience with both the 

Impella 2.5 and 5.0-devices in patients admitted to the ICU with severe and profound 

CS. In Chapter 5.6, we describe a case series of patients with severe CS, who were 

bridged to full recovery with the Impella system. Finally, Chapter 5.7 is a two-center 

report on the occurrence of stroke in patients undergoing long-term Impella treatment. 

Chapter 6 concerns patients with postcardiotomy CS. In chapter 6.1, we describe 

the results of a 3-center registry of Impella 5.0 treatment in patients with severe 

postcardiotomy CS. In Chapter 6.2, we focus on the occurrence of postcardiotomy right 

ventricular failure, which is an important potential future treatment target. We describe 

the development of a simple risk score, based on the established EuroSCORE model, to 

predict postcardiotomy RV failure. 
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