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Introduction and outline

Introduction

Coronary revascularization therapy by means of percutaneous coronary intervention 
(PCI) has become the treatment of first choice in patients with stable anginal complaints 
despite optimal medical therapy and in patients with acute coronary syndromes. 
Technical advances in equipment, devices, and developments in adjuvant 
pharmacotherapy have improved safety, short and long-term outcomes in patients, and 
extended the indications for PCI to patients with complex and multiple coronary artery 
lesions.1 Moreover, left ventricular (LV) assist devices have been developed to allow 
protected percutaneous treatment in patients who are poor candidates for surgery.2

Therapeutic interventions in the catheterization laboratory may have direct effects on LV 
function. It is known that LV function directly responds to myocardial ischemia.3, 4 Early 
reperfusion in primary PCI may reduce LV dysfunction, which is the most important 
determinant of early and long-term survival.5 Direct LV intracavitary pressure and 
volume (PV) measurements by pressure-conductance catheter provide the opportunity to 
obtain these instantaneous diastolic and systolic LV function responses.6 Moreover, the 
use of the PV-loop analysis allows evaluation of reperfusion after ST-segment elevation 
myocardial infarction (STEMI) and of LV unloading e.g. by the intra-aortic balloon pump 
(IABP) or the Impella LP2.5 (Impella). 
In this thesis various aspects of current daily practice in the setting of PCI are reported. 
We assessed the effects of acute ischemia, both acute and long-term effects on LV recovery 
of primary PCI, phenomena such as repeated ischemia-induced preconditioning and 
primary PCI-induced arrhythmias (i.e. accelerated idioventricular rhythm). In addition, 
we investigated whether intracoronary pressure, flow and resistance are influenced by 
LV dysfunction (e.g. remodeling). Therefore, the aim of this thesis is to assess the cardiac 
hemodynamic effects in the current era of PCI. 

Myocardial ischemia
Myocardial ischemia caused by occlusion of a coronary artery leads to a cascade of LV 
dynamic effects, electrocardiographic changes, and subsequent anginal complaints and 
cellular injury.4 Early experimental studies that showed reduced infarct size in dogs that were 
preconditioned with multiple ischemic bouts, suggested that the multiple anginal episodes 
that often precede myocardial infarction in man may reduce cell death after coronary 
occlusion, and thereby allow for greater salvage of myocardium by reperfusion therapy.7 
Clinical data on LV function responses to acute ischemia are available from studies during 
angioplasty,3, 8, 9 whereas the magnitude and timing of LV dynamic responses to acute 
ischemia induced by repeated and prolonged ischemic periods is limitedly documented. 
Therefore, the main objective of the first part of this thesis is to evaluate acute responses 
of LV dynamic parameters to ischemia and repeated ischemic periods throughout elective 
PCI procedures by direct and continuous assessment of LV pressure and volume.
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Myocardial reperfusion
In acute myocardial infarction LV compliance decreases, which correlates directly with 
prognosis.10 The goal of reperfusion therapy is to restore coronary flow in the obstructed 
infarct-related artery to reduce infarct size and improve clinical outcome. It is known 
that infarct size is a critical determinant of LV function, which in turn, is the most 
important determinant of early and long-term survival.5 Currently, primary PCI has 
evolved to be the best reperfusion modality. Data on the direct changes in LV dynamics 
by primary PCI are limitedly available. Recent studies have shown that STEMI patients 
have elevated filling pressures directly after primary PCI,11, 12  reflecting LV dysfunction 
and implicating that primary PCI may not have beneficial acute effects on LV compliance. 
For the evaluation of treatment by primary PCI, it is valuable to have information on the 
acute LV dynamic responses during the procedure.
A conventionally considered sign of coronary artery reperfusion, is the arrhythmia 
accelerated idioventricular rhythm (AIVR).13 AIVR as a reperfusion arrhythmia is often 
observed immediately after primary PCI.14 In general, AIVR is considered as a relatively 
benign form of ventricular tachycardia,15 though some authors suggest that AIVR may 
be a manifestation of cellular injury.16 Also, its effect on the systemic circulation has not 
been systematically investigated. Hence, there is little and conflicting evidence of the 
clinical relevance of reperfusion-related AIVR in primary PCI. The aim of the second part 
of the thesis is to evaluate direct hemodynamic and LV dynamic responses to reperfusion 
in primary PCI.

Coronary revascularization
The introduction of PCI,17 percutaneous revascularization therapy has evolved to be the 
treatment of first choice in patients with progressive anginal complaints despite optimal 
medical therapy. The number of PCIs in the Netherlands is expected to increase from 32 
000 in 2005 to 40 000 in 2010.18 The increase is mainly due to the application of PCI in 
STEMI and acute coronary syndrome patients, and the shift of surgical treatment, i.e. 
coronary artery bypass grafting (CABG), to percutaneous treatment for patients with 1 
and 2 vessel disease. 
Currently, CABG is the treatment of choice in patients with multiple or complex lesions, 
whereas PCI is only recommended for patients who are considered poor candidates for 
surgery.19 Nowadays more advanced techniques give the opportunity for more difficult 
PCI procedures (e.g. left main coronary artery, multiple, complex, long, calcified, 
bifurcated lesions, and chronic total occlusions) in more complex patient categories 
(e.g. patients with renal dysfunction, higher age, diabetes mellitus, chronic lung disease, 
peripheral vascular disease, and heart failure) with concomitant increased risk of 
complications.20 Part three of this thesis concerns the performance of PCI: patients with 
severely compromised LV function with a LV ejection fraction <30%, a left main coronary 
artery stenosis or a last remaining vessel, the so-called ‘high-risk’ PCI procedures.
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An important development is the expanded collaboration between the interventional 
cardiologist and the cardiac surgeon, which forms the basis for the opportunity to 
perform these high-risk PCI procedures in the catheterization laboratory, and hybrid 
procedures in patients with pathologic complexity to reduce perioperative morbidity 
and/ or mortality.

Mechanical cardiac support
In order to safely perform the aforementioned high-risk procedures, several devices have 
been developed to provide temporary cardiac support. IABP therapy has been introduced 
more than 40 years ago.21 Technical refinements in catheter development has led to the 
introduction of new LV assist devices in the catheterization laboratory, that are potentially 
superior to the IABP.22, 23

The IABP is widely used in situations when the LV cardiac output is insufficient to meet 
the organs oxygenation demands. The primary goals of IABP treatment are to increase 
myocardial oxygen supply and decrease myocardial oxygen demand. The intra-aortic 
balloon is positioned in the descending aorta with its tip at the distal aortic arch (below 
the origin of the left subclavian artery). Inflation and deflation are synchronized to the 
patients’ cardiac cycle. Inflation at the onset of diastole results in proximal and distal 
displacement of blood volume in the aorta. Deflation occurs just before the onset of 
systole. Therefore, the IABP operates only in a heart with electrical activity and on top of 
a ‘functioning’ LV.
In the clinical setting, IABP therapy results in afterload reduction and limited LV 
unloading,24 increase in coronary flow,25, 26 while there are conflicting data on its effect 
on pulmonary capillary wedge pressure and cardiac index.27, 28, 29 The most important 
is indication for IABP is temporary support in cardiogenic shock. However, the class 
IB recommendation according to the ACC/AHA guidelines,30 is being challenged in a 
recently reported meta-analysis showing that there is insufficient evidence endorsing 
the current guideline recommendation for the use of IABP therapy in the setting of 
STEMI complicated by cardiogenic shock.31 Other indications for LV support may be 
bridge to recovery (e.g. post cardiothoracic surgery) or therapy in LV failure and bridge 
to transplantation. Furthermore, IABP may facilitate the performance of complex PCI 
procedures in the catheterization laboratory,32 as more high-risk PCI procedures are 
performed nowadays in patients who are poor candidates for surgery. Moreover, IABP 
therapy may improve myocardial salvage, as reported in experimental studies.2 Therefore, 
LV support and unloading may be beneficial for patients with compromised LV function 
undergoing high-risk PCI,33 and for patients treated by primary PCI for STEMI.26, 23 
The Impella LP2.5 (Abiomed Europe GmbH, Aachen, Germany), as easy to handle as 
the IABP, is a novel percutaneous microaxial blood pomp that directly unloads the LV 
by continuously aspirating blood from the LV cavity and expelling it into the ascending 
aorta, which is in contrast to the non-pulsatile nature of the generated blood pressure 
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by the myocardium itself. It has 9 support levels, producing a flow of up to 2.5 L/min. 
The differential pressure sensor at the tip of the cannula allows proper positioning of the 
pump and continuously registers the intracavitary and aortic pressure to derive pump 
flow and control its rotational speed. The unloading mechanism is essentially different 
than that of the IABP.26, 34, 24 
While IABP therapy has failed to shown an improved clinical outcome or a reduction in 
infarct size,31 stronger support devices like the Impella have the potential to be beneficial 
in the previously mentioned indications for LV support.22 In order to allow proper 
clinical application of the new Impella device, safety and feasibility studies are warranted 
before studies on clinical outcome can be initiated. Moreover, the physiologic effects, i.e. 
the effects on coronary and LV dynamics, during direct and profound LV unloading as 
effected by this true LV assist device needs to be assessed in patients. Therefore, the third 
part of this thesis addresses these issues.

Recovery of left ventricular function after primary PCI
LV remodeling and residual systolic function are important markers of clinical outcome, 
which have been the focus of research for several decades.5, 35 Several studies showed that 
LV remodeling, defined as at least 20% increase in LV end-diastolic volume from baseline 
up to one year, is still frequently observed after STEMI, despite successful coronary 
reperfusion.36, 37 Systolic as well as diastolic LV function after STEMI have shown to be 
strongly related to LV remodeling and prognosis.38, 39, 40, 41, 35 The LV function parameters 
assessed in these studies have been obtained non-invasively by means of echocardiography 
or cardiac magnetic resonance imaging, techniques that are importantly influenced by 
changes in loading conditions. 
Together with the LV function markers of outcome, intracoronary functional markers 
(i.e. coronary flow velocity reserve (CFVR), have demonstrated to predict recovery 
of systolic LV function after STEMI.42, 43, 44 Bax et al. showed that CFVR and variable 
microvascular resistance are decreased during the acute phase of STEMI, probably due to 
microembolization and/ or disturbed microvascular autoregulatory function.42, 45 CFVR 
reflects microvascular integrity and may also be influenced by LV dynamics.46 Clinical 
reports on this subject are scarce. Recent reports suggest that an increased end-diastolic 
pressure contributes to coronary microvascular dysfunction in myocardial infarction 
patients,45, 12 but direct measurements of the influence of LV dynamics on the coronary 
microcirculation have not been performed in STEMI patients.
In addition to reperfusion therapy, mechanical LV unloading after STEMI may reduce 
infarct size and facilitates recuperation from ischemic stunning.2 This may be particularly 
relevant in STEMI patients presenting with cardiogenic shock. However, the results of a 
recent meta-analysis indicate the limited value of IABP on infarct size, LV function and 
remodeling, and mortality in the setting of STEMI.31 In the fourth part of this thesis, 
these issues concerning recovery of LV function are addressed. 
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Assessment of left ventricular function
Insight in the effect of acute ischemia on LV function has been studied during PCI 
procedures using pressure recordings from high-fidelity micromanometer-tipped 
catheters complemented with volume information obtained from LV diameter tracings 
on LV angiograms47, 8 or complemented with volume recordings from the conductance 
catheter technique by positioning a second catheter in the LV apex.3 The development 
of the combined pressure-conductance catheter provides the opportunity to safely, 
swiftly, and reliably assess continuous information on systolic and diastolic LV function 
from PV-loops in the in the catheterization laboratory. Continuous data from this single 
catheter enables more accurate assessment of the timing and magnitude of the effects of 
myocardial ischemia and reperfusion, and allows assessment of the effects of LV support, 
even in combination with the Impella, which is also positioned over the aortic valve. This 
method has an advantage over hemodynamic assessment from right heart catheterization 
using the Swan-Ganz catheter, which indirectly provides information about the status 
of LV function by deriving right atrial pressure, pulmonary capillary wedge pressure, 
and cardiac output. Furthermore, methods such as echocardiography are impractical 
to continuously monitor a patient during a procedure in the catheterization laboratory. 
Moreover, in contrast to PV- loops, interpretation of data from echocardiography, nuclear 
imaging, and magnetic resonance imaging, may be difficult due to their dependency 
on heart rate or loading conditions.48 In the catheterization laboratory, noninvasive 
data is valuable in complementing invasive PV-loop measurements, e.g. for anatomical 
information, and the assessment of LV mass. LV function parameters in this thesis were 
mainly obtained by use of PV-loops derived by the pressure-conductance catheter, and 
occasionally complemented with non-invasive measurements.
Instrumentation for using the conductance catheter. The 7F pigtail equipped combined 
pressure-conductance catheter (CD Leycom, Zoetermeer, The Netherlands) should be 
placed in the LV via the femoral artery. In order to calibrate the volume signals of the 
conductance catheter,6, 49 a 5 mL blood sample is used to measure rho (blood resistivity), 
and a Swan-Ganz catheter, as placed in the pulmonary artery via the femoral vein, 
can be used to determine cardiac output by thermodilution and parallel conductance 
by hypertonic saline injections.50 Online LV dynamic data which are recorded on the 
CFL-512 (CD Leycom, Zoetermeer, The Netherlands), can be analyzed offline.
LV dynamic data from PV-loops. Continuously recorded pressure and volume data 
during a cardiac cycle are displayed as a PV-loop (Figure 1A), which represents a working 
diagram of the LV, describing LV function during all four phases of the cardiac cycle 
(i.e. isovolumetric contraction, ejection phase, isovolumetric relaxation, and filling 
phase). The PV-loop is an extrapolation of the force-length relationships of the cardiac 
muscle, which are referred to as the Frank-Starling law of the heart, and is based on 
the ventricular function curves of Sarnoff51 and the force-velocity relations described by 
Sonnenblick.52 According to Suga and coworkers, the time-varying elastance model was 
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considered optimal to characterize LV performance.53 PV-loops and PV-relations have 
shown to be a useful tool for basic physiologic understanding of LV function.
The following parameters of LV function may be obtained from PV-loops: 
1. systolic function: end-systolic pressure (ESP) and volume (ESV), ejection fraction, 

peak positive derivative of LV pressure (dP/dtmax), and the end-systolic elastance (EES) 
as the slope of the end-systolic pressure-volume relation (ESPVR). A change in the 
slope as well as a left- or rightward shift of the ESPVR has shown to indicate a change 
in contractility (Figure 1B).54

2. diastolic function: end-diastolic pressure (EDP) and volume (EDV), peak negative 
derivative of LV pressure change (dP/dtmin), the relaxation time constant Tau defined 
as the time required for the cavity pressure at dP/dtmin to be reduced by half, and 

Figure 1A. Illustration of a left 
ventricular pressure-volume loop 
of a cardiac cycle. A, isovolumetric 
contraction; B, ejection phase; C, 
isovolumetric relaxation; D, filling phase; 
EDV, end-diastolic volume; EDP, end-
diastolic pressure; ESV, end-systolic 
volume; ESP, end-systolic pressure.

Figure 1B. Illustration of a pressure-
volume loop of a dilated and failing left 
ventricle. ESPVR, end-systolic pressure-
volume relation; EDPVR, end-diastolic 
pressure-volume relation, EA, effective 
arterial elastance. Note the decreased 
contractility indicated by the decreased 
slope (EES) and the rightward shift of the 
ESPVR. The end-diastolic stiffness has 
increased indicated by the slope of the 
EDPVR. The left ventricular distensibility 
has decreased indicated by the upward 
shift of the EDPVR. Furthermore, left 
ventricular performance has decreased 
indicated by decrease in the ventricular-
arterial coupling ratio (EES/EA).
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the end-diastolic stiffness as the slope of the end-diastolic pressure-volume relation 
(EDPVR), which is preload dependent. An up- or downward shift of the EDPVR 
indicates a change in LV distensibility, which is a preload independent change in the 
intrinsic LV properties (Figure 1B).

3. global LV function: heart rate, cardiac output, cardiac index, stroke volume (SV), 
and stroke work as the area of the PV-loop. The effective arterial elastance (EA) as 
calculated by ESP/SV, is an index of LV afterload, and the ventricular-arterial coupling 
ratio as calculated by EES/EA, describes the interaction between LV performance and 
the systemic arterial system.55 

Functional assessment of coronary hemodynamics 
In the catheterization laboratory, physiological assessment of coronary artery narrowings 
has become increasingly important for diagnosis and treatment56 and research 

applications. After achievement of maximal blood flow in response to a hyperemic 
stimulation (e.g. an intracoronary bolus of adenosine), the fractional flow reserve and/
or coronary flow velocity reserve (CFVR) may be calculated, respectively. CFVR is a 
combined measure of the capacity of the major resistance components (the epicardial 
coronary artery and microvascular bed) to achieve maximal blood flow in response to 
hyperemic stimulation. A normal CFVR implies that both the epicardial and minimally 
achievable microvascular resistances are low and normal. However, in patients with 
essential hypertension and normal coronary arteries or in patients with aortic stenosis 
and normal coronary arteries, CFVR may be reduced, in part because of LV hypertrophy 
and an abnormal microvasculature.57

By combining pressure and flow velocity measurements, the status of coronary 
microvascular function can be determined by calculation of the coronary microvascular 
resistance index as distal coronary pressure divided by average peak flow velocity. 
The role of the combination of flow velocity and pressure is being explored to reveal 
their contributions to important clinical syndromes involving vulnerable plaques, 
microvascular disease, and endothelial dysfunction.58

Recent technologic advances led to the introduction of the Combowire® (Volcano 
Corporation, Rancho Cordova, CA). This guidewire (diameter of 0.014 inch) with a 
dual-sensor (pressure and Doppler) at the tip, provides hemodynamic information 
about the physiological condition of the entire coronary circulation. In order to evaluate 
coronary microvascular function, previous studies in our center (Academic Medical 
Center, Amsterdam, the Netherlands) combined measurements from 2 sensor-equipped 
wires in elective PCI59, 60 or used Doppler measurements complemented with pressure 
measurements from the guiding catheter in primary PCI.45 The advanced single wire 
technique allows more easily and accurate (i.e. it measures on exactly the same location) 
assessment of coronary microvascular function, and its response to treatment.61, 62
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Outline of the thesis 

This thesis focuses on left ventricular and coronary hemodynamic effects in the setting of 
current PCI, i.e. elective PCI for progressive anginal complaints, primary PCI for STEMI, 
and mechanical cardiac support during and after high-risk and primary PCI.

Part I (Chapter 2)
Part I focuses on the effects of acute myocardial ischemia on LV function. Chapter 2 
describes how a temporary coronary balloon occlusion during an elective PCI procedure 
influences LV function. In addition, LV dynamics were assessed during repeated 
coronary balloon occlusions, which was a previously reported measure to precondition 
the myocardium against an ischemic event. 

Part II (Chapters 3-6)
Part II describes the instantaneous effects of reperfusion by primary PCI on LV 
function. In Chapter 3, the acute effects of reperfusion are shown by means of PV-loop 
assessment. In Chapter 4, the effect of reperfusion is compared in patients with and 
without the occurrence of reperfusion-induced AIVR in order to assess the trigger for 
this phenomenon. In Chapter 5, the consequences of AIVR for the systemic circulation 
are described. Chapter 6 illustrates the effect of AIVR on PV-loops, and of LV unloading 
on AIVR by elimination of the trigger for the arrhythmia.

Part III (Chapters 7-10)
Part III demonstrates the use of the new percutaneously inserted LV unloading device 
Impella LP2.5 for cardiac support in the setting of elective high-risk PCI. Chapter 7 
illustrates the safety and feasibility of the Impella. In Chapter 8, direct flow effects of 
the Impella are demonstrated using echocardiography. Chapter 9 shows the effect of 
support by the Impella on the coronary circulatory, and Chapter 10 shows its effect on 
LV function. 

Part IV (Chapters 11-13)
Part IV presents the long-term hemodynamic effects of primary PCI. In Chapter 11, 
recovery of LV function is described by means of PV-loop analysis. Chapter 12 shows 
the relation of the coronary microcirculatory function with LV function after 4 months. 
In Chapter 13, the use of the LV unloading device Impella LP2.5 after primary PCI on 
short-term and long-term recovery is shown.
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Abstract

Objectives. To study online left ventricular (LV) dynamic effects of transmural ischemia 
and reperfusion during consecutive balloon coronary occlusions in the setting of 
percutaneous coronary intervention (PCI). 

Methods. In 10 consecutive unselected patients with stable angina (7 males, mean age 
62±3 years) who underwent elective PCI, LV dynamics were continuously recorded using 
a pressure-conductance catheter to simultaneously measure pressure and volume (PV-
loop). The effects of a prolonged balloon coronary occlusion (148±19 s) and a second 
occlusion on various LV function parameters were studied, as well as recovery of these 
parameters after reperfusion. 

Results. Ischemia caused an immediate (<5 s) decrease in diastolic function, followed 
by a decrease in contractile function, indicated by a rightward shift of the PV-loop, and 
a decreased dP/dtmax and ejection fraction. All parameters recovered within 2 min after 
reperfusion. The second occlusion caused a more rapid and more pronounced decrease in 
systolic and global LV function, while the 12-lead ECG showed less ST-segment deviation.

Conclusions. Online LV pressure-volume measurements during elective PCI show that 
prolonged balloon coronary occlusion causes a phased ischemic response of diastolic 
dysfunction and then systolic dysfunction with more pronounced deterioration during 
a consecutive ischemic period, paradoxical to the ischemic electrocardiographic signs.
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Introduction

Ischemia caused by occlusion of a coronary artery leads to a cascade of left ventricular 
(LV) dynamic effects.1 Repeated or long coronary occlusions during percutaneous 
coronary intervention (PCI) may possibly induce myocardial stunning,2 but may also 
protect the myocardium against subsequent ischemic periods.3

Data on ischemia-induced effects on LV function are available from experimental 
studies in animals4 as well as from studies during angioplasty in humans.5, 6, 7 However, 
usually relatively short ischemic bouts were studied and not continuously and directly 
measured.5, 6, 7 Hence, the magnitude and timing of acute ischemia-induced effects in 
humans is poorly documented. Furthermore, limited information is available on LV 
function responses to repeated prolonged ischemic bouts. Experimental studies have 
shown that ischemic contractile dysfunction develops more rapidly and pronounced 
when preceded by one ischemic bout.8 However, this phenomenon has never been 
confirmed in humans. In humans, pulmonary artery pressure together with cardiac 
vein flow and lactate production was assessed,9 as well as LV pressure,10 while most 
studies were focused on ST-segment deviations11 and wall motions scores.12

Therefore, the main objective of this study was to evaluate acute responses of LV dynamic 
parameters to ischemia and reperfusion throughout elective PCI procedures by direct 
and continuous assessment of LV pressure and volume (PV-loop), enabled by a pressure-
conductance catheter.13, 14 This allowed us to study 1) the immediate and continuous 
responses to a prolonged balloon coronary occlusion until occurrence of transmural 
ischemia, and to subsequent reperfusion, and 2) the responses to a second prolonged 
balloon coronary occlusion. 

Methods

Patients
The study population consisted of 10 consecutive unselected patients with stable angina 
and single vessel disease, who underwent an elective PCI of the left anterior descending 
coronary artery (LAD) and of the right coronary artery (RCA). Exclusion criteria were 
previous myocardial infarction, impaired LV systolic and diastolic function, valvular 
disease and LV thrombus. The study complied with the Declaration of Helsinki and was 
approved by the institutional research and ethics committee. All patients gave written 
informed consent.

Study protocol
Patients were pre-treated with aspirin (100 mg) and clopidogrel (300 mg) and received a 
bolus of heparin (5000 IU IV) before PCI. After placement of the 6F guiding catheter, the 
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7F pigtail equipped combined pressure-conductance catheter (CD Leycom, Zoetermeer, 
The Netherlands) was placed in the LV via the femoral artery. The Swan Ganz catheter 
was placed in the pulmonary artery via the femoral vein. A 5 mL blood sample was used 
to measure rho, blood resistivity. Cardiac output was determined by thermodilution 
and parallel conductance by hypertonic saline injections in order to calibrate the 
volume signals of the conductance catheter.13 Patients were subjected to prolonged 
balloon predilatation (first balloon inflation) of the stenosis until transmural ischemia 
(as >2 mm ST-segment elevation in 2 contiguous leads) and chest pain occurred. The 
subsequent balloon inflation for stent placement (second balloon inflation) followed the 
same protocol. A 5 min period between the coronary occlusions was pursued to allow LV 
dynamic indices to return to baseline values. Intracoronary drugs such as nitroglycerin 
were not administered prior to completion of the measurements.

LV dynamic measurements and analysis
LV dynamics were recorded continuously during the PCI and were analyzed offline. 
Balloon occlusion duration, time until chest pain and ECG changes were assessed. 
Maximal ischemia-induced effects were assessed just before balloon deflation and 
compared to pre-balloon inflation baseline. Per-beat averages of the recorded variables 
were calculated as the mean of all beats during a steady state of at least 8 s and covering 
two respiratory cycles. The following indices were obtained: heart rate (HR), cardiac 
output (CO), ejection fraction (EF), stroke volume (SV), stroke work as the area of the 
PV-loop (SW), end-systolic and end-diastolic volume (ESV, EDV), end-systolic and 
end-diastolic pressure (ESP, EDP), maximal rate of pressure change (dP/dtmax), and the 
relaxation time constant Tau, defined as that time required for the cavity pressure at dP/
dtmin to be reduced by half.15 Effective arterial elastance (EA), an index of LV afterload, 
was calculated by ESP/SV. End-systolic elastance (EES) was estimated by ESP/ESV,16 and 
end-diastolic stiffness (EED) by EDP/EDV. Subsequently, the ventricular-arterial coupling 
ratio was calculated by EES/EA, which describes the interaction between LV performance 
and the systemic arterial system.17 Regional cycle efficiency (RCE) was calculated for the 
most basal and apical volume segment by SW/(∆PLV∙∆VLV), as previously described.18 
Lastly, the half-time value, a 50% change of maximal effect was used to calculate the rate 
of change of the LV function indices.

Statistical analysis
Data are expressed as mean ± SEM or n(%). All changes were tested with Student’s paired 
t-test.
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Results

Patient characteristics
The baseline characteristics of the 10 patients are shown in Table 1. All patients were in 
sinus rhythm.

Table 1. Baseline Characteristics (n=10)
Age, y 62±3
Male 7(70)
Coronary risk factors

Diabetes 0(0)
Hypertension 3(30)
Hypercholesterolemia 4(40)
Family history of CAD 6(60)
Current smoking 4(40)

Medication
ß-blockers 9(90)
Nitrates 5(50)
Calcium antagonists 2(20)
ACE inhibitors 2(20)
Statins 8(80)
Aspirin 10(100)

Canadian Cardiovascular Society
class II 2
class III 8

Physiologic parameters
Heart rate, bpm 64±2
Mean systolic blood pressure, mm Hg 141±4
Mean diastolic blood pressure, mm Hg 76±2
Left Ventricular Ejection Fraction, % 60±1

Target lesion
LAD 5(50)
RCA 5(50)
proximal segment 1(10)
mid segment 9(90)
%DS per offline QCA 72±4 (53-99)

Values are n(%) or mean ± SEM (range). CAD, coronary artery disease; LAD, left anterior artery; RCA, 
right coronary artery; %DS, percentage diameter stenosis; QCA, quantitative coronary angiography

First balloon inflation
The left panel of Table 2 shows changes in LV dynamics during the first coronary balloon 
occlusion (148±19 s). First, diastolic function decreased (started<5 s): as indicated by an 
increased Tau, EDP and EDV. Second, contractile function decreased, as indicated by a 
rightward shift of the PV-loop during all LAD occlusions and 3 out of 5 RCA occlusions, an 
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increased ESV and a decreased EF, and dP/dtmax. Global LV function decreased indicated 
by the changed SV, EA and EES/EA ratio. Regional LV function decreased indicated by the 
decreased apical RCE. All indices showed some degree of stabilization shortly after their 
initial rapid deterioration. LV dynamics including RCE showed no differences in response 
to ischemia between the LAD and RCA patients. The mean time to maximal ST-segment 
deviation was 96±32 s and the mean time to chest pain 105±26 s. Figure 1A illustrates 
a typical patient with a rightward shift of the PV-loop. The 2 patients without a PV-loop 
shift had a subtotal RCA stenosis and angiographic collateral flow (Rentrop class II and 
III). Their coronary occlusion was terminated at 180 s, without ECG changes or angina.
After balloon deflation, all ischemia-induced dynamic changes returned to baseline: 
Tau (12±2 s), dP/dtmax (19±6 s) and SW (18±1 s) rapidly returned to baseline, whereas 
EDV (34±7 s), ESV (47±14 s) and EDP (57±18 s) slowly returned to baseline. There was 
a transient overshoot of SW above pre-ischemic baseline of 19±9% (p=0.04) up to 

Table 2. Changes in LV dynamics relative to pre-balloon occlusion of two consecutive coronary 
balloon occlusions in 10 patients
Change in LV dynamics baseline 

1st inflation
% change 

1st inflation
baseline

2nd inflation
% change

2nd inflation
P-value

Global function
HR, bpm  60±3  6±4  60±3  8±3* 0,6
SV, mL  90±7  -8±3*  91±8 -21±4† 0,002
CO, L/min 5.4±0.5  -3±4 5.4±0.5 -15±4* 0,04
SW, mm Hg∙L  10.31±0.67  -4±3  10.25±0.69 -18±5* 0,003
EA, mm Hg/mL 1.67±0.22 22±10* 1.56±0.19  39±8† 0,07
EES/EA 1.70±0.23  -28±8* 1.89±0.37  -48±6* 0,001

Systolic function
ESV, mL  62±9 38±12*  60±10 66±16† 0,02
EF, %  58±3  -14±3†  60±4  -26±4† 0,001
ESP, mm Hg 137±8  10±5 130±6 8±3* 0,8
EES, mm Hg/mL 2.79±0.52 -16±7 2.88±0.56  -31±5* 0,001
dP/dtmax, mm Hg/s  1569±83 -8±3*  1519±82 -9±2* 0,7

Diastolic function
EDV, mL 158±13 7±3* 150±13 10±4* 0,2
EDP, mm Hg 14±1 47±22* 11±2  105±39† 0,2
EED, mm Hg/mL 0.098±0.013 35±21 0.073±0.008  78±30* 0,2
Tau, ms 35±2 17±5* 35±1  20±7* 0,5

Regional function
RCE of basal segment, % 52±6 -8±8 46±7 -6±8 0,9
RCE of apical segment, % 63±4 -17±4† 71±3 -29±6† 0,2

Values are mean ± SEM. P-value in the last column relates to the difference between the % changes of 
first versus second inflation. *p<0.05 and †p< 0.005, the % change relative to pre-balloon occlusion. HR, 
heart rate; SV, stroke volume; CO, cardiac output; SW, stroke work; EA, effective arterial elastance; 
EES/EA, ventricular-arterial coupling ratio; ESV, end-systolic volume; EF, ejection fraction; ESP, end-
systolic pressure; EES, end-systolic elastance; dP/dtmax, maximal rate of left ventricular pressure change; 
EDV, end-diastolic volume; EDP, end-diastolic pressure; EED, end-diastolic stiffness; Tau, relaxation time 
constant; RCE, regional cycle efficiency.
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Figure 1. Typical PV-loops during PCI of the 
LAD. Panel A illustrates a 60 s coronary occlusion 
(baseline, solid line A1), at 6, 15 and 30 s occlusion 
(dashed lines) and just before balloon deflation 
(solid line B1). Panel B illustrates, in the same 
patient, a more pronounced response to the second 
(62 s) occlusion (dashed line B2) relative to its 
baseline (dashed line A2). Note the smaller area 
of the PV-loop (stroke work) during the second 
occlusion.

12.39±1.18 mm Hg∙L (time after deflation 45±13 s, lasting for 84±39 s) and of dP/dtmax 
15±6% (p=0.07) up to 1877±73 mm Hg/s (time after deflation 35±7 s, lasting for 91±35 s). 
Total ST-segment resolution occurred within 50 s. 

Second balloon inflation
The right panel of Table 2 shows changes in LV dynamics during the second coronary 
balloon occlusion (90±14 s). Changes occurred in a similar order as during the first 
occlusion. There was a rightward shift of the PV-loop in all patients. Changes of mainly 
global (i.e. SV, SW and EA) and systolic (i.e. ESV, EF and EES) LV parameters were 
more pronounced during the second occlusion. The more pronounced response of LV 
dynamics including RCE to the second ischemic period was not different between the 
LAD and RCA group. Apical RCE after predilatation (Figure 2), was nearly significantly 
increased compared to before this first balloon inflation (71±3 vs. 63±4%, p=0.05). Figure 
1B illustrates a typical patient with a more pronounced shift of the PV-loop, including a 
smaller SW.
An increased rate of change of LV parameters during the second occlusion is illustrated 
in Figure 3. On the 12-lead ECG, the summed ST-segment deviation (measured 80 ms 
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after the J-point), was less during the second ischemic period (10.1±2.1 vs. 6.0±2.0 mm, 
p=0.02). ECGs were obtained at maximal chest pain (87±13 s).
The Rentrop class II patient, showed a marked ischemic response with a rightward shift 
of the PV-loop, as indicated by the increased ESV (by 36 mL) and EDV (by 20 mL). This 
time, the particular patient experienced angina requiring balloon deflation after 32 s.
The time between balloon inflations (460±68 s, range 207-825 s) did not influence the 
more pronounced LV responses to the second inflation, when we compared the responses 
between patients with either a short or a long interval between inflations. (data not 
shown) The range of time in between balloon inflations was mainly PCI-procedure-

Figure 2. Regional cycle efficiency of the LV, 
before and during balloon coronary occlusion. 
Cycle efficiency was higher in the apical segments 
compared to the basal segments. Apical cycle 
efficiency showed a 17±4% (*p<0.001) decrease 
during the first occlusion, and a 29±6% (†p=0.002) 
decrease during the second occlusion. Basal cycle 
efficiency showed no change. Note that apical 
cycle efficiency before the second occlusion (i.e. 
after predilatation of the stenosis) was higher than 
before the first occlusion, 71±3% versus 63±4% 
(‡p=0.05).

Figure 3. Illustration of the rate of change during 
ischemia until the index reaches its half-time 
value, a 50% change of the maximal effect. Tau 
(ms); dP/dtmax (0.1∙mm Hg/s); EF (-); SW (10∙mm 
Hg∙L); ESV (mL); EDV (mL), and EDP (mm Hg). 
A factor 0.1 was applied to dP/dtmax, and a factor 
10 to SW for illustrative purposes. Note that all 
indices show a higher rate of change during the 
second balloon inflation compared to the first 
inflation.*p=0.006, †p=0.03, ‡p=0.05, §p<0.08. 
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Figure 4. LV dynamic changes during consecutive LAD occlusions for PCI in a typical patient. 
Note the immediate changes after the onset (arrows) of the first balloon inflation (solid line), and the 
more pronounced ischemic response during the second balloon inflation (dashed line). Also note the 
immediate recovery after deflation (at 0 s on the x-axis). 
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related. After balloon deflation, LV dynamic parameters fully returned to baseline and 
followed similar patterns as after the first inflation. Figure 4 illustrates the time course 
of several LV dynamic indices in a patient during 2 consecutive LAD occlusions followed 
by reperfusion.

Discussion

This is the first study in humans to evaluate acute and continuous LV dynamic responses 
to consecutive coronary balloon occlusions in an elective PCI population with stable 
angina, by direct online LV pressure and volume measurements. A second coronary 
occlusion following an initial prolonged occlusion caused a more pronounced negative 
inotropic response.

Phased response to a prolonged coronary occlusion
We studied the magnitude and timing of LV dynamics in response to prolonged ischemic 
bouts. In contrast to previous studies,5, 6, 7 we chose prolonged balloon occlusions (>90 s) 
to allow LV indices to stabilize, and continuous assessment of combined LV pressure and 
conductance-derived volume in stead of LV dimensions at several time points obtained by 
LV angiograms to provide us detailed information on LV dynamics throughout elective 
PCI. 
Our data show that ischemia causes an instantaneous decrease in diastolic function 
as indicated by a prolonged LV relaxation, and suggests a decrease in passive diastolic 
function as indicated by an increased diastolic stiffness (EED). The increase in EED was 
mainly driven by the large increase in EDP. Yet, EDV also showed a small increase, which 
suggests that there was an up and rightward shift of the PV-loop following its nonlinear 
end-diastolic pressure-volume relation, in line with previous results.5

Contractility decreased during ischemia as indicated by a decrease in EF, dP/dtmax 
and EES.  Moreover, the increase in ESV could be interpreted as a rightward shift of 
the end-systolic pressure-volume point,19 since ESP remained practically unchanged. 
Therefore, the rightward shift of the end-systolic pressure-volume relation indicated a 
decrease in contractility as well.20, 21 Furthermore, we demonstrated that the ventricle 
loses its optimal interaction with the arterial system, as indicated by the decrease of the 
ventricular-arterial coupling ratio (EES/EA) below the critical value of 1.0. The latter has 
been used as a threshold value for systolic dysfunction.22 The decrease in contractility 
(EES) in combination with a maintained peripheral resistance provides an excessive 
arterial load (i.e. afterload) on the LV, as indicated by the increase in effective arterial 
elastance (EA).
Coronary occlusion led to a more pronounced decrease in RCE of the apical segment 
compared to the basal segment, representing a larger decrease in contractile function, 
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which may be attributed to the obstructed perfusion of the LV apex. Assessment of RCE, 
as a relatively novel parameter of LV contractility, has been applied to identify optimal 
pacemaker lead positioning for resynchronization therapy,18 but has not been investigated 
previously during ischemia. In line with optimal resynchronization therapy, our findings 
of ischemic effects on RCE may be applied to assess LV segmental function recovery after 
revascularization therapy for e.g. acute myocardial infarction.
The present study showed that following balloon deflation, the initial recovery phase was 
a hyperactivity phase, during which there was an increased dP/dtmax and SW, indicating 
an increased oxygen demand in response to the period of oxygen deprivation by the 
coronary occlusion. This overshoot phenomenon has been observed in animals,23 but to 
our knowledge, this is the first report in humans. 

Repeated ischemia
The main observation in our study is that the LV shows a more rapid and more 
pronounced negative inotropic response during repeated ischemia, which has never 
been shown in humans, but is in line with experimental studies.8 Our findings may not 
have been observed during previous clinical studies, because PV-loops were not assessed 
continuously, and the ischemic bouts may have been too short.5, 6, 7 Moreover, our 
observations are not in conflict with observations from animal24 and human10, 12 studies 
of LV function measured by other methods, which showed no preserved contractility 
during repeated ischemia. 
Previous clinical studies showed that brief ischemic episodes resulted in a reduced 
ST-segment deviation during repeated ischemia.12, 11 In line with these studies, our study 
shows a deterioration of LV function during subsequent balloon coronary occlusion 
notwithstanding less ST-segment shift.
Theoretically, several physiologic mechanisms may be responsible for our findings. First, 
the initial coronary occlusion reversibly impairs the LV on cellular level25 and decreases 
contractile reserve due to energy depletion in analogy to some experimental studies,26 
and to our findings of a smaller stroke work, i.e. oxygen consumption,27 during the 
second occlusion. Our findings may therefore in fact provide an explanation for the 
preconditioning phenomenon by limiting energy utilization. Furthermore, some of the 
ventricles may already have adapted to less oxygen supply due to coronary artery disease 
resulting in a hibernating state without alteration of LV contraction, but with an altered 
contractile reserve during periods of increased demand. Second, the initial balloon 
inflation used as predilatation for the stenosis causes derecruitment of collateral vessels5, 

28, 29 -  as observed in 1 of our RCA patients with Rentrop class II - due to improved 
coronary perfusion pressure by the dissolved pressure gradient.30 Thus, the myocardium 
supplied by the previously stenotic but now unstenotic coronary artery is more subject to 
ischemia by a second coronary occlusion.
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Limitations
We realize that the term preconditioning was ultimately meant for a reduction of infarct 
size after repeated ischemia,3 which obviously is not possible to investigate in humans. 
Nevertheless, we did meet the prerequisite for myocardial preconditioning by using 
prolonged coronary artery occlusions (90 to 180 s) as used in previous studies.9, 10, 11 
The explanation of our observation remains to be elucidated, for instance by measuring 
coronary blood flow and obtaining coronary sinus metabolic samples.

Clinical implications
The present study confirms and extends previous studies by providing further knowledge 
on ischemia-induced changes in LV dynamics during repeated coronary balloon 
occlusion during performance of a PCI, by assessment of online arithmetical and load-
independent data from PV-loops. Limiting energy utilization during repeated ischemia 
may be responsible for the preconditioning phenomenon.

Conclusions

In this study, we demonstrated acute LV dynamic responses to prolonged coronary 
balloon occlusion, with an immediate depression of first diastolic and second systolic 
function. We found a faster and stronger negative inotropic response to a subsequent 
ischemic bout with a concomitant decrease in energy utilization and a paradoxically 
decreased ST-segment shift. 
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Abstract 

Objectives. An acute myocardial infarction causes a decrease in left ventricular (LV) 
compliance. The instantaneous effects of primary percutaneous coronary intervention 
(PCI) on LV compliance are unknown. Therefore, we studied LV dynamic effects of 
primary PCI for ST-elevation myocardial infarction (STEMI) by directly obtaining 
pressure-volume (PV) loops during the procedure.

Methods. We studied 15 consecutive patients (10 males, ages 59±12 years), who presented 
with their first acute anterior STEMI within 6 h after onset of symptoms, and in whom 
coronary angiography revealed an occluded left anterior descending coronary artery. 
Before performing primary PCI, we inserted a pressure-conductance catheter in the LV 
to continuously obtain PV-loops.

Results. Immediately after successful reperfusion, significant improvements were 
observed in LV diastolic function, as indicated by an increased end-diastolic compliance 
with a 6.0±2.8 mm Hg (p<0.0001) downward shift of the compliance curve. There 
was a decrease in end-diastolic pressure of 24±18% (p=0.0002), in stiffness of 27±18% 
(p=0.0003), and in wall stress of 20±24% (p=0.004). Systolic function mainly showed an 
immediate improvement in apical contractility from 40±17% to 54±15% (p=0.01).

Conclusions. Primary PCI in anterior STEMI patients causes an immediate improvement 
in diastolic function, assessed by online PV-loop measurements.
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Introduction

In acute myocardial infarction left ventricular (LV) compliance decreases and correlates 
directly with prognosis.1 Recent studies also have shown elevated filling pressures in 
ST-segment elevation myocardial infarction (STEMI) patients directly after primary 
percutaneous coronary intervention (PCI).2, 3

The goal of reperfusion therapy is to restore coronary circulation to reduce infarct size and 
improve clinical outcome. Primary PCI is recognized as the best reperfusion modality. 
Whether primary PCI causes direct changes in LV dynamics is unknown because direct 
LV dynamic data during primary PCI procedures are unavailable.
Therefore, we studied LV dynamic responses to reperfusion throughout primary PCI 
for acute STEMI by continuously measuring LV pressure-volume (PV) loops using the 
combined pressure-conductance catheter.4

Methods

Patients
The study population consisted of 15 consecutive patients (10 males, mean ages 59±12 
years), who presented with their first acute anterior ST-segment elevation myocardial 
infarction within 6 h after onset of symptoms. Patients were included when coronary 
angiography revealed an occluded left anterior descending artery before primary PCI (see 
Table 1).
Exclusion criteria were cardiogenic shock, refractory ventricular arrhythmias, congestive 
heart failure, previous myocardial infarction, significant valvular disease, and left 
ventricular thrombus. The study complied with the Declaration of Helsinki and was 
approved by the institutional research and ethics committee. All patients gave written 
informed consent. 

Study protocol
Patients were treated with aspirin, clopidogrel, and heparin before PCI. Heart rate and 
surface 12-lead electrocardiograms were monitored and aortic pressure was measured 
via the guiding catheter. Blood samples for hematology and chemistry including cardiac 
markers were drawn. Before performing primary PCI, the 7-F pigtail equipped combined 
pressure-conductance catheter (CD Leycom, Zoetermeer, the Netherlands) was placed 
in the LV through the contralateral femoral artery.4 Between the outer electrodes of 
the conductance catheter a dual electric field is generated, and the inner 8 electrodes 
are used to generate segmental volume signals. The pressure and volume signals were 
continuously displayed on the monitor (CFL 512, CD Leycom) after analog-to-digital 
conversion at 250 Hz. The LV pressure and volume were continuously assessed. After 
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completion of the PCI procedure, a 5-mL blood sample was used to measure blood 
resistivity rho, and a Swan-Ganz catheter (Edwards Lifesciences LLC, Irvine, CA, USA) 
was placed in the pulmonary artery via the femoral vein. Cardiac output was determined 
by thermodilution and parallel conductance by hypertonic saline injections to calibrate 
the volume signals of the conductance catheter.4 The PV-loop assessment continued for 
approximately 30 min after the most optimal angiographic PCI results were achieved.

LV dynamic measurements and analysis
LV dynamics were recorded continuously during the PCI and were analyzed off-line. The 
initial pre-PCI (baseline) recordings were compared to the recordings at 25 min after 
achievement of an angiographic satisfactory PCI result. Per-beat averages of the recorded 
variables were calculated as the mean of all beats during a steady state of at least 12 s and 
covering 2 respiratory cycles. It was accounted for that selected recordings were obtained 
during stable hemodynamic conditions, without interference of pharmaceuticals (e.g., 
nitroglycerin).The following indexes were obtained: heart rate, ,cardiac output (CO), 
cardiac index as CO/body surface area, ejection fraction (EF), stroke volume (SV), 
stroke work (SW) as the area of the pressure-volume loop, end-systolic volume (ESV), 
end-diastolic volume (EDV), end-systolic pressure (ESP), end-diastolic pressure (EDP), 
and peak positive derivative of LV pressure (dP/dtmax). The relaxation time constant 
Tau, as an index for the active diastolic LV properties during isovolumetric relaxation, 
was defined as the time required for the cavity pressure at dP/dtmin to be reduced by 
half.5 The end-systolic elastance (EES), as the slope of the end-systolic pressure-volume 
relation (ESPVR) was estimated by ESP/ESV, and the end-diastolic stiffness (EED), as the 
slope on the end-diastolic pressure-volume relation (EDPVR) was estimated by EDP/
EDV.6 Effective arterial elastance (EA), an index of LV afterload, was calculated by ESP/
SV.7 Subsequently, the ventricular-arterial coupling ratio was calculated by EES/EA, which 
describes the interaction between LV performance and the systemic arterial system.8 
Regional cycle efficiency was calculated for the most basal and apical volume segment 
by SW/(ΔPLV·ΔVLV), as previously described.9 End-diastolic wall stress (WSED) and peak 
wall stress were calculated from the instantaneous LV pressure and volume signals, and 
from LV mass as derived from post-procedural echocardiography, by P∙(1+3∙V/LV mass).10 
The change in the passive diastolic LV properties indicated by the shift of the compliance 
curve, was expressed by the mean pressure value over which the overlapping portion of 
the PV-loop had moved (Pm), as previously described.11

Statistical analysis
Data are expressed as mean ± SD or n (%). The 2-tailed paired t test was used to compare 
LV dynamic data obtained before and after the PCI. SPSS release 12.0.2 statistical 
software package for windows (SPSS Inc., Chicago, Illinois) was used for analyses. A 
value of p < 0.05 was considered statistically significant.
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Results

Patient characteristics 
The baseline characteristics of the 15 patients are shown in Table 1. Coronary angiography 
showed a right dominant system in 11 (73%) patients. In 4 patients the location of the 
occlusion was in the proximal and in 11 patients in the mid-coronary segment. The 
time from symptom onset to reperfusion was 4.36±2.94 h, from door to balloon was 
41.56±21.13 min, and from arterial access to reperfusion was 22.53±4.91 min. 

LV dynamics at baseline
The left panel of Table 2 shows diastolic, systolic, and global LV dysfunction at baseline. 
All diastolic indexes were increased. Systolic and global LV indexes showed relatively 

Table 1. Baseline characteristics (n=15)
Age, yrs 59±12
Male 10 (67)
Length, cm 175±8
Body mass index 27±4
Coronary risk factors

Diabetes 2 (13)
Hypertension 5 (33)
Hypercholesterolemia 3 (20)
Family history of CAD 5 (33)
Current smoking 9 (60)
Previous acute myocardial infarction 0 0

Angiographic features
LAD, culprit lesion 15 (100)
2-vessel disease 4 (27)
3-vessel disease 4 (27)
TIMI flow grade 0-1 15 (100)

Cardiac markers, peak
CKMB, μg/L 224±140
Troponin T, μg/L 9.3±8.0
NT-proBNP, ng/L 2624±3864

Values are n (%) or mean ± SD. CAD, coronary artery disease;   LAD, left anterior descending; TIMI, 
Thrombolysis in Myocardial Infarction; CK, Creatine Kinase; NT-proBNP, N-terminal part of the pro-
B-type natriuretic peptide.
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Table 2. Acute changes in LV dynamics by coronary reperfusion in primary PCI in 15 patients
baseline

TIMI 0-1 flow 
after reperfusion 

TIMI 2-3 flow 
P-value

Diastolic function
EDV, mL 146 ± 32 158 ± 35 0.08
EDP, mm Hg 27 ± 9 20 ± 9 0.0002
EED, mm Hg/mL 0.172 ± 0.056 0.125 ± 0.053 0.0003
Tau, ms 42 ± 8 42 ± 10 0.7
WSED, mm Hg 105 ± 46 84 ± 48 0.004

Systolic function
ESV, mL 85 ± 30 97 ± 34 0.1
EF, % 42 ± 13 40 ± 11 0.5
ESP, mm Hg 130 ± 27 115 ± 26 0.003
EES, mm Hg/mL 1.86 ± 0.69 1.37 ± 0.41 0.003
dP/dtmax, mm Hg/s 1676 ± 511 1420 ± 317 0.02
PWS, mm Hg 310 ± 87 304 ± 100 0.7

Global function
HR, bpm 84 ± 16 80 ± 14 0.3
SV, mL 62 ± 24 61 ± 17 1.0
CO, L/min 5.1 ± 2.2 4.8 ± 1.3 0.7
SW, mm Hg∙L 7.11 ± 3.50 6.31 ± 1.98 0.3
EA, mm Hg/mL 2.40 ± 1.18 2.04 ± 0.79 0.1
EES/EA 0.89 ± 0.42 0.75 ± 0.34 0.3

Values are mean ± SD. EDV, end-diastolic volume; EDP, end-diastolic pressure; EED, end-diastolic stiffness; 
Tau, relaxation time constant; WSED, end-diastolic wall stress; ESV, end-systolic volume; EF, ejection 
fraction; ESP, end-systolic pressure; EES, end--systolic elastance; dP/dtmax, peak positive derivative of LV 
pressure; PWS, peak wall stress; HR, heart rate; SV, stroke volume; CO, cardiac output; SW, stroke work; 
EA, effective arterial elastance; EES/EA, ventricular-arterial coupling ratio.

Figure 1. Illustration of a pressure-
volume loop in a typical STEMI patient. 
(A) Before primary percuataneous coronary 
intervention (PCI), (B) The downward-
shifted pressure-volume loop after PCI. 
Note the improved and downward-shifted 
(arrows) left ventricular (LV) compliance 
curve caused by coronary reperfusion. Also, 
note the increased stroke volume in this 
patient. STEMI = ST-segment myocardial 
infarction.
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small values of EF, SW, EES and EES/EA, in combination with an increased EA and above 
normal dP/dtmax.

Effect of primary PCI on LV dynamics
PCI resulted in angiographic Thrombolysis in Myocardial Infarction (TIMI) flow grade 
2 (n=3) and TIMI flow grade 3 (n=12). The right panels of Table 2 illustrate LV dynamics 
after reperfusion was achieved. 
Diastolic function. The main effects of reperfusion were observed on diastolic function. 
The response on diastolic function was uniform. There was an immediate improvement 
in EDP, EED, and WSED, whereas Tau remained unchanged. Compliance increased, as 
quantified by a Pm of -6.0±2.8 mm Hg (p<0.0001), indicating a downward shift of the 
compliance curve (Figure 1).
Systolic function. The effects of reperfusion on systolic function were variable. PCI 
decreased the EES because the rightward shift of the PV-loop occurred with a concomitant 
decrease in ESP, whereas regional cycle efficiency of the apical segment improved from 
40±17% to 54±15% (p=0.01). The basal segment showed no change (Figure 2). The data in 
Table 2 showed small changes in dP/dtmax and no net effect of PCI on LV volumes and EF. 

Discussion

This study is the first to demonstrate direct effects of primary PCI on LV dynamics 
by online and load-independent data from PV-loops. Coronary reperfusion caused 
an immediate improvement in diastolic function by increasing LV compliance and in 
systolic function by increasing apical contractility in STEMI patients. 

Figure 2. Illustration of the reperfusion-
induced change in regional cycle efficiency of 
the apical and basal LV segment. 
For visual purposes, data are shown as mean 
± SEM. Note that cycle efficiency of the apical 
segment increased (*p=0.01), whereas the cycle 
efficiency of the basal segment showed no 
change. Abbreviations as in Figure 1.
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Diastolic function
All of our studied STEMI patients presented with diastolic dysfunction. The main effect 
of reperfusion on LV dynamics was an immediate improvement in the passive diastolic 
properties of the myocardium, whereas active LV relaxation remained unchanged. 
Previous findings are mainly based on data from experimental studies,12, 13 and on 
data obtained after thrombolytic therapy.14 Primary PCI is recognized as the best (and 
most direct) reperfusion treatment modality. Data from clinical studies in the setting of 
primary PCI were usually obtained hours or days after completion of the procedure by 
echocardiography,15 and did not show immediate effects of reperfusion on LV function. 
Previous experimental16 and later clinical1 studies had shown that acute myocardial 
infarction caused a decrease in LV compliance indicated by an upward shift of the 
compliance curve, and a return of LV chamber stiffness toward normal within a week.14, 

13, 17 We showed that these changes occur immediately after reperfusion, well within 1 
h, although that is no return to normal values. Also, in line with our data, recent studies 
showed invasively measured elevated filling pressures in STEMI patients directly after 
primary PCI 2, 3, but the immediate effects of primary PCI on LV dynamics have not been 
studied.
Immediate improvement of the intrinsic passive diastolic LV properties by primary 
PCI was observed in all 15 patients. This marked and beneficial effect of primary PCI 
is illustrated by the fact that immediate improvement of diastolic function occurred, 
whereas echocardiographic data failed to show immediate beneficial effects on diastolic 
function during reperfusion by thrombolytic therapy.14 Interestingly, the improvement in 
diastolic function observed in these STEMI patients is in line with invasive clinical studies 
evaluating LV function during a demand ischemic state during pacing18 and ischemia 
induced by balloon coronary occlusion during elective PCI19, 20. Data from elective PCI 
for stable angina showed an upward and rightward shift of the PV-loop during temporary 
ischemia and an immediate return to baseline after reperfusion,19, 21 suggesting that 
primary PCI may result in an improved LV compliance, as is now confirmed. Obviously, 
the extent of the effects depends on the reversibility of the myocardial damage, as is 
confirmed by our data showing that the LV compliance does not return to normal values.
Active diastolic relaxation in our studied myocardial infarction patients was prolonged, 
but remained unchanged by reperfusion. Previous clinical studies of LV relaxation during 
myocardial ischemia, induced by temporary coronary occlusion in the setting of elective 
PCI, found prolongation of ventricular relaxation and return to normal after balloon 
deflation.19, 21 Interestingly, the extent of the prolongation in our study population was 
the same as that during the temporary coronary occlusion in elective PCI.19 It seems, 
however, that unlike the passive function, the active relaxation of the infarcted ventricle 
shows no immediate recovery. Delayed (partial) recovery may be expected from 
experimental studies,13 but remains to be studied in primary PCI patients.
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Systolic function
Most of our studied STEMI patients presented with systolic dysfunction. The response 
to reperfusion was variable. Immediately after reperfusion by primary PCI, apical cycle 
efficiency improved significantly, whereas global systolic function showed no or only 
small changes. Growing evidence supports that improvement in apical function allows 
for increased storage of potential energy during systole.22, 23 This stored potential energy 
is then converted to kinetic energy during isovolumetric relaxation. This kinetic energy 
allows for rapid reconfiguration of the LV back to its pre-ejection state, which creates a 
rapid decline in LV pressure.24 Although we could not document an improvement in the 
active relaxation time constant Tau during the acute phase, an improved systolic apical 
function may account for the improved diastolic function in the longer term. 
Direct systolic effects of reperfusion by primary PCI have never been studied, whereas 
the prognostic implications of systolic function days or months after the onset of acute 
myocardial infarction,25, 26 and well after primary PCI,27, 2 have been studied extensively. 
Effects of reperfusion on systolic function have mostly been studied in thrombolytic 
therapy studies,28, 29 which showed small improvements in wall motion abnormalities 
after 1 week,28 but obviously gave no information on acute effects of reperfusion. Our 
data do show that reperfusion by primary PCI indeed causes not only diastolic effects, 
but also systolic effects, and this may be of prognostic value in the long term.  

Study limitations
Myocardial loading and unloading interventions to determine the ESPVR and EDPVR 
were not performed because we considered these unethical (i.e., delay of reperfusion and 
possible hemodynamic consequences) for the patients under these circumstances. The 
EED estimated from steady-state PV-loops by EDP/EDV underestimates the real slope of 
the EDPVR at higher filling pressures because of its nonlinearity. Otherwise, our results 
would probably have shown even more pronounced changes in EED by PCI. Furthermore, 
because we collected acute data of reperfusion, we have no information on outcome, and 
additionally, outcome data would require a larger sample size. 

Clinical implications 
Previously, LV function parameters for prognosis after acute myocardial infarction have 
been mainly systolic parameters.25 However, in the last decade there has been increasing 
attention on the prognostic importance of diastolic dysfunction because patients with 
preserved systolic function after acute myocardial infarction, but with pulmonary 
congestion caused by impaired diastolic function, have a poor prognosis.30

The present study is the first clinical study to show the immediate effects of primary PCI 
on diastolic function: improved compliance, and apical contractility via the assessment of 
online arithmetical and load-independent data from PV-loops. The illustrated improved 
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diastolic function during the acute phase may be of relevance to the LV remodeling 
process, which is well known for determining the long-term outcome of STEMI patients.31

Conclusions

Online PV-loop assessment during primary PCI showed that coronary reperfusion 
caused an immediate improvement in diastolic function by increasing LV compliance 
and in systolic function by increasing apical contractility in STEMI patients.  
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Abstract 

Objectives. Reperfusion-induced accelerated idioventricular rhythm (AIVR) during 
primary percutaneous coronary intervention (pPCI) may be a sign of left ventricular (LV) 
dysfunction.
We compared LV dynamic effects of reperfusion between patients with and without 
reperfusion-induced AIVR during pPCI for ST-elevation myocardial infarction (STEMI). 

Methods. We studied 15 consecutive patients, who presented with their first acute 
anterior STEMI within 6 hours after onset of symptoms, and in whom LV pressure-
volume (PV) loops were directly obtained during pPCI. Immediate effects of pPCI on LV 
function were compared between patients with (n=5) and without (n=10) occurrence of 
AIVR after reperfusion, as well as the direct effects of AIVR on LV function compared 
to sinus rhythm. 

Results. Patients with reperfusion-induced AIVR showed more pronounced diastolic LV 
dysfunction before the onset of the arrhythmia, i.e. a delayed active relaxation expressed 
by Tau (53±15 versus 39±6 ms, p=0.03), a worse compliance curve (p=0.01), and a higher 
end-diastolic stiffness (p=0.07). At the end of the procedure, AIVR patients showed less 
improvement in diastolic LV function, indicated by a downward shift of the compliance 
curve (-3.1±2.3 versus -7.5±1.4 mm Hg, p=0.001), a decrease in end-diastolic stiffness 
(13±18 versus 34±15%, p=0.03) and end-diastolic pressure (12±8 versus 29±19%, p=0.07). 

Conclusions. STEMI patients with reperfusion-induced AIVR after pPCI, showed more 
pronounced diastolic LV dysfunction before and after AIVR than patients without AIVR, 
which suggests that diastolic LV dysfunction contributes to the occurrence of AIVR and 
that AIVR is a sign of diastolic LV dysfunction.
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Introduction 

Accelerated idioventricular rhythm (AIVR) as a reperfusion arrhythmia1 is often 
observed immediately after primary percutaneous coronary intervention (pPCI) for 
ST-elevation myocardial infarction (STEMI).2 In general, AIVR is considered as a 
relatively benign form of ventricular tachycardia.3 While some authors suggest that 
AIVR may be a manifestation of cellular injury,4 others state that the occurrence of AIVR 
immediately following pPCI is associated with better clinical outcome, as it is associated 
with reperfusion at myocardial tissue level.5 However, there is conflicting evidence of 
the clinical relevance of reperfusion-related AIVR in pPCI. Whereas, Illia et al. found 
that the presence of AIVR was associated with ST-segment resolution,6 Bonnemeier et 
al. found no difference in the incidence of AIVR among patients with optimal versus 
suboptimal TIMI flow grade.2 Furthermore, the acute effect of AIVR on left ventricular 
(LV) function during reperfusion by pPCI, is unknown. 
Therefore, we assessed the acute effects of AIVR on LV dynamics, and compared systolic 
and diastolic LV function between patients with and without reperfusion-induced AIVR 
among STEMI patients treated by pPCI, as to investigate whether AIVR implicates LV 
dysfunction.

Methods

Patients
The study population consisted of 15 consecutive patients, who presented with their first 
acute anterior ST-segment elevation myocardial infarction within 6 hours after onset of 
symptoms, and in whom LV pressure-volume (PV) loops were directly obtained during 
pPCI. Recurrent episodes of reperfusion-induced AIVR were observed in 5 patients.
Exclusion criteria were cardiogenic shock, refractory ventricular arrhythmias, congestive 
heart failure, previous myocardial infarction, significant valvular disease, and left 
ventricular thrombus. The study complied with the Declaration of Helsinki and was 
approved by the institutional research and ethics committee. All patients gave written 
informed consent.

Study protocol
An extensive description of the instrumentation and LV dynamic measurements was 
reported previously.7 Briefly, patients were treated with aspirin, clopidogrel, and heparin 
before PCI. Heart rate and surface 12-lead ECGs were monitored and aortic pressure was 
measured via the guiding catheter. Blood samples for hematology and chemistry including 
cardiac markers were drawn. Before performing pPCI, a 7F pigtail equipped combined 
pressure-conductance catheter (CD Leycom, Zoetermeer, The Netherlands) was placed 
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in the LV through the contralateral femoral artery.8 PV-loops were continuously assessed 
during the procedure. 

Analysis of left ventricular function
LV function effects were assessed during sinus rhythm and compared between patients 
with (n=5) and without (n=10) the occurrence of AIVR after reperfusion. AIVR was 
defined as a ventricular ectopic rhythm with more than 3 consecutive beats and a rate 
between 60 and 110 bpm. The initial baseline (pre-PCI) recordings were compared to 
the recordings at 30 s after reperfusion and/ or before the onset of AIVR, and at 25 
min after achievement of an angiographic satisfactory PCI result. Per-beat averages of 
the recorded variables were calculated as the mean of all beats during a steady state 
of at least 12 s and covering two respiratory cycles. It was accounted for that selected 
recordings were obtained during stable hemodynamic conditions, without interference 
of pharmaceuticals (e.g. nitroglycerin).
The active diastolic function was studied by measuring the relaxation time constant 
Tau, as defined by that time required for LV pressure at the peak negative derivative 
of LV pressure (dP/dtmin) to be reduced by half. Diastolic function was further studied 
by measuring peak filling rate (PFR), end-diastolic volume (EDV), pressure (EDP), and 
stiffness (EED) as the slope on the EDPVR was estimated by EDP/EDV.9 The shift of the 
passive diastolic LV compliance curve was expressed by the mean pressure value over 
which the overlapping portion of the PV-loop had moved (Pm), as previously described.10 
Systolic function was studied by measuring stroke volume, ejection fraction, stroke work, 
cardiac output, end-systolic volume (ESV), pressure (ESP), and elastance as the slope on 
the ESPVR was estimated by ESP/ESV.9 

Statistical analysis
Data are expressed as mean ± SD or n (%). The Fisher’s exact test was used to compare 
dichotomous variables. The 2-tailed paired t-test was used to compare LV dynamic data 
obtained before and after reperfusion. SPSS release 15.0.1 statistical software package for 
windows (SPSS Inc. 2006, Chicago, Illinois) was used for analyses. A p-value of less than 
0.05 was considered statistically significant.

Results

Patient characteristics 
The patient characteristics are shown in Table 1. Markers of cardiac necrosis were higher 
in the patients with reperfusion-induced AIVR than in the patients without AIVR, 
while the clinical, hemodynamic and angiographic characteristics were not different. At 
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baseline, just before pPCI, there were no significant differences in diastolic or systolic LV 
function between the patient groups.

Table 1. Patient characteristics
AIVR (n=5) nonAIVR (n=10) P value

Age, y 65 11 57 12 0.2
Male 3 - 60 7 - 70 1.0
Body mass index 24 ± 2 28 ± 4 0.1
Coronary risk factors

Diabetes 0 0 2 - 20 0.5
Hypertension 0 0 5 - 50 0.1
Hypercholesterolemia 1 - 20 2 - 20 1.0
Family history of CAD 1 - 20 4 - 40 0.6
Current smoking 3 - 60 6 - 60 1.0
Previous acute myocardial infarction 0 0 0 0 -

Clinical and angiographic features
Ischemic time, min 241 ± 171 271 ± 187 0.8
Heart rate, bpm 71 ± 7 87 ± 20 0.1
Systolic blood pressure, mm Hg 130 ± 15 127 ± 24 0.8
Diastolic blood pressure, mm Hg 78 ± 13 72 ± 10 0.4
LAD, culprit lesion 5 - 100 10 - 100 1.0
2-vessel disease 2 - 40 2 - 20 0.6
3-vessel disease 2 - 40 2 - 20 0.6
Duke’s jeopardy score (0-12 points) 7.2 ± 3.3 4.6 ± 2.7 0.1
TIMI 0-1 flow before primary PCI 5 - 100 10 - 100 1.0
TIMI 2 flow after primary PCI 1 - 20 2 - 20 1.0
STR at 60 minutes, % 50 ± 27 54 ± 24 0.7

Cardiac markers, peak
CKMB, μg/L 354 ± 73 159 ± 118 0.005
Troponin T, μg/L 14.7 ± 11.1 6.6 ± 4.6 0.06
NT-proBNP, ng/L 2343 ± 1029 2765 ± 4764 0.9

Values are n (%) or mean ± SD. CAD, coronary artery disease; LAD, left anterior descending; Duke’s 
jeopardy score, the angiographic extent of coronary artery disease; TIMI, Thrombolysis in Myocardial 
Infarction; PCI, percutaneous coronary intervention; STR, the summed 12-lead ST-segment resolution 
as determined at 80 ms after the J-point; CK, Creatine Kinase; NT-proBNP, N-terminal part of the pro-
B-type natriuretic peptide.

Effects of PCI
Immediately after reperfusion by pPCI, the active diastolic LV function as indicated by 
Tau (Figure 1, panel A), was more delayed in patients who developed AIVR (53±15 versus 
39±6 ms, p=0.03). At the end of the procedure, at 25 minutes after reperfusion, Tau 
remained more delayed in the patients who had AIVR (51±12 versus 38±5 ms, p=0.01). 
Compared to baseline, the AIVR patients showed a worsening in Tau, while the non-
AIVR patients showed a slight improvement (8±10 versus -1±16%, p=NS). 
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Similar findings were observed in the passive diastolic LV function. Figure 1, panel B 
shows that immediately after reperfusion, there was a difference in Pm between patients 
developing AIVR versus the other patients (4.1±4.2 versus -3.7±4.9 mm Hg, p=0.01, 
respectively). This shift in the compliance curve remained different at the end of the 
procedure (-3.1±2.3 versus -7.5±1.4 mm Hg, p=0.001, respectively). Also, EED (Figure 
1, panel C) and EDP (Figure 1, panel D) tended to be different at these time points. 
Compared to baseline, the AIVR patients had shown less improvement at the end of the 
procedure in EED (13±18 versus 34±15%, p=0.03) and EDP (12±8 versus 29±19%, p=0.07).
The effect of pPCI on systolic LV indices showed no difference between the patient 
groups, as illustrated by stroke volume and ejection fraction in Figure 1, panel E and F.

Figure 1. Comparison of diastolic LV function between patients with the occurrence of accelerated 
idioventricular rhythm (AIVR) and without the occurrence of AIVR (non-AIVR) during pPCI. 
Panel A, active LV relaxation as expressed by the relaxation time constant (Tau), was worse in the AIVR 
patients at baseline (pre-PCI), immediately after reperfusion and/ or before onset of AIVR (reperfusion 
+ 30 s), and at 25 min after reperfusion (reperfusion + 25 min). Panel B, the shift of the diastolic LV 
compliance curve as expressed by the mean pressure value (Pm), was downwards and more pronounced 
in the non-AIVR patients. Note that immediately after reperfusion, the shift was in opposite direction. 
Panel C, end-diastolic stiffness (EED) tended to be higher in the AIVR patients after reperfusion (p-values 
on top). Note that the improvement in EED was more pronounced in the non-AIVR patients (p-values 
at bottom). Similarly in Panel D, the decrease in end-diastolic pressure (EDP) seems more pronounced 
in the non-AIVR patients. Stroke volume in Panel E and ejection fraction in Panel F show no difference 
between the 2 patient groups.

Figure 2. Illustration of a changed pressure-
volume loop (PV-loop) by AIVR. A, a PV-loop 
during sinus rhythm; B, a PV-loop during AIVR, 
6 heart beats later. PLV, left ventricular pressure; 
VLV, left ventricular volume. Note that AIVR 
substantially decreases left ventricular function as 
indicated by a decrease in diastolic filling and end-
systolic pressure, and a limited decrease in stroke 
volume.
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AIVR versus sinus rhythm
During an episode of AIVR (Figure 2), diastolic LV function decreased as indicated by 
a decreased LV pressure decay, i.e. dP/dtmin decreased by 403±145 mm Hg/s (p=0.003) 
(and Tau delayed by 5±6 ms (p=NS)). Furthermore, there was a decrease in PFR of 165±54 
mL/s (p=0.002), in EDP of 11±5 mm Hg (p=0.01), in EDV of 30±18 mL (p=0.02), and EED 
of 0.045±0.015 mm Hg/mL (p=0.002). 
LV contraction decreased as indicated by a decrease in dP/dtmax of 303±125 mm Hg/s 
(p=0.006), and ESP of 33±8 mm Hg (p=0.001). Heart rate, stroke volume, ejection fraction, 
and cardiac output remained unchanged. The beat to beat effects at the onset of AIVR 
on the LV volume and pressure tracings are illustrated in Figure 3. After return of sinus 
rhythm, diastolic and systolic LV function showed an immediate restoration. 

Discussion

With this study, we are the first to demonstrate that STEMI patients who experienced 
AIVR after reperfusion by pPCI are characterized by more pronounced diastolic 
LV dysfunction before the occurrence of AIVR and show less diastolic LV function 
improvement.

Primary PCI and LV function
AIVR often occurs after reperfusion in patients with an acute myocardial infarction and 
is usually considered as a beneficial sign of successful reperfusion and thus as a benign 
form of ventricular arrhythmia. Our study, however, shows that in acute myocardial 

Figure 3. Illustration of the beat to beat effects 
at the onset of AIVR. VLV, left ventricular 
volume; PLV, left ventricular pressure. Note that 
immediately after the onset of AIVR there is an 
absence of atrial contribution to diastolic filling in 
the pressure and volume recordings. At the moment 
that the QRS complex is not being preceded by the 
p-top, the reflection of the atrial kick disappears, 
both at the start of the ascending limb of the 
pressure curve and by completely dissolving the 
peak of the volume curve. Also, maximal pressure is 
markedly decreased.
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infarction, patients have more pronounced diastolic LV dysfunction before the occurrence 
of the arrhythmia.3 Also, the reperfusion-induced improvement in the passive diastolic 
LV properties compared to baseline was less in patients with AIVR. Our data therefore 
suggest that AIVR is not simply a beneficial sign of reperfusion, but is rather a sign of 
more pronounced LV dysfunction, and is thus indicative of a more strained myocardium 
when compared to that of patients without AIVR.
The more pronounced LV dysfunction may be caused by reperfusion injury,11 since it 
has been suggested2 that the abnormal automaticity of subendocardial tissue in AIVR 
patients may be a sign of additional injury due to the reperfusion process (arrhythmias, 
stunning, endothelial dysfunction, and cell death)12 or a sign of poor quality of 
reperfusion.4 Our findings of a larger infarct size in AIVR patients may also partly 
explain the differences in LV function, although differences in infarct size was previously 
only reported in one other study13 but not in other reports.2, 4, 14 Our findings of a more 
pronounced diastolic LV dysfunction in AIVR patients may be related to a difference 
in microvascular reperfusion,15 resulting in larger infarct size and less improvement in 
diastolic LV function by pPCI. The abnormal automaticity of subendocardial tissue in 
AIVR patients may be triggered by increased diastolic LV stretch on cardiac cells. It is 
known that diastolic LV stretch can cause ectopic excitation of myocytes, potentially 
triggering arrhythmias.16

We recently reported improvement in the passive diastolic LV properties by pPCI in 
anterior STEMI patients,7 but there are no reports on LV function in AIVR patients 
immediately before and after pPCI. Studies that obtained data after reperfusion are in 
line with our hemodynamic findings.4, 5 One study showed more severe LV dysfunction 
in AIVR patients compared to patients without reperfusion arrhythmias, as assessed by 
echocardiography within 3 days after pPCI.5 Remarkably, these patients also had a better 
prognosis, in contrast to earlier studies showing no prognostic benefit during 12-months 
follow-up2 or worsening of systolic LV function within 2 months after STEMI.4 
In the AIVR patients we found that reperfusion-induced AIVR causes an immediate 
decrease in diastolic and systolic LV function as compared to sinus rhythm. There was 
a decrease in LV pressure decay during isovolumetric LV relaxation and a concomitant 
decrease in force generation by the LV as indicated by a marked decrease in dP/dtmax and 
ESP, as illustrated by an altered PV-loop during AIVR in Figure 2.  This suggests that 
‘elastic recoil’, i.e. the stored elastic energy during cardiac contraction,which is released 
in the next diastolic period,17 is diminished in AIVR patients. Furthermore, there was a 
decreased diastolic LV filling, which is caused by the absence in the contribution of the 
atrial contraction as illustrated in Figure 3. Although AIVR is usually hemodynamically 
well tolerated and self-limiting,18, 14 our data suggest that recurrent episodes of AIVR or 
sustained AIVR may worsen the hemodynamics of STEMI patients. 
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Limitations
Myocardial (un)-loading interventions to determine the ESPVR and EDPVR were not 
performed, since we considered these unethical (i.e. delay of reperfusion and possible 
hemodynamic consequences) for the patients under these circumstances. EED estimated 
from steady state PV-loops by EDP/EDV underestimates the real slope of the EDPVR 
at higher filling pressures, because of its nonlinearity. This study was not designed to 
assess mediators of reperfusion injury.11 Atrioventricular sequential pacing in patients 
having atrial fibrillation and concomitant AIVR would be the ideal setting to study 
the mechanism of the hemodynamic consequences of AIVR and the influence of atrial 
contraction. Finally, the data are limited to the acute phase of pPCI.

Clinical implications 
AIVR is a phenomenon that is frequently seen and part of daily practice in the 
catheterization laboratory after reperfusion therapy by pPCI for STEMI.13 It is 
conventionally considered to be a non specific19 and benign reperfusion arrhythmia,1 and 
therefore of limited clinical importance. However, our study shows larger infarcts and 
more diastolic LV dysfunction in AIVR patients, which may result in impaired clinical 
outcome.20, 21 Our acute findings of the hemodynamic consequences in patients with 
the occurrence of AIVR during pPCI, and the suggested mechanistic trigger for AIVR as 
provided by the direct LV dynamic measurements, may encourage larger studies to assess 
its prognostic value.

Conclusions 

Online PV-loop assessment during pPCI show immediate AIVR-related systolic and 
diastolic LV dysfunction. STEMI patients with AIVR have more pronounced diastolic 
LV dysfunction before the occurrence of the AIVR and less diastolic LV function 
improvement than patients without AIVR, implicating that AIVR may be considered as a 
sign of diastolic LV dysfunction.
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Abstract

Objectives. The hemodynamic effects of accelerated idioventricular rhythm (AIVR) in 
primary percutaneous coronary intervention (PCI) are poorly described, although the 
transient character of AIVR may provide information on the left ventricle performance 
in this setting.

Methods. We studied a ST-segment myocardial infarction cohort of 75 consecutive 
patients (ages 60±11years) in whom AIVR occurred following reperfusion during primary 
PCI. Mean systolic blood pressure (SBP), diastolic blood pressure (DBP) and heart 
rate were determined during periods of AIVR and sinus rhythm. We grouped patients 
according to the infarct related artery and the site of the coronary occlusion.

Results. AIVR caused an immediate reduction in SBP (124±26 vs. 95±22mm Hg, p<0.001) 
and DBP (76±16 vs.67±15mm Hg, p<0.001) as compared to sinus rhythm irrespective of 
infarct-related artery. Reduction in SBP was more pronounced in distal than proximal 
left coronary artery (LCA) occlusions. (35±15 vs. 26±10mm Hg, p<0.02). SBP during sinus 
rhythm was lower in proximal LCA occlusions than in distal LCA occlusions (119±17 vs. 
144±23 mm Hg, p<0.002) with a concomitant higher heart rate (84±11 vs. 75±10 bpm, 
p<0.01), whereas these hemodynamic differences between proximal and distal occlusion 
sites were not observed in the right coronary artery.

Conclusions. AIVR following reperfusion is associated with marked reduction in both 
SBP and DBP, irrespective of infarct-related artery. Moreover, patients with a culprit 
lesion in the proximal LCA showed less reduction in systolic blood pressure, probably 
due to a preexisting more comprised hemodynamic condition as indicated by a lower SBP 
and increased heart rate.   
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Introduction

Accelerated idioventricular rhythm (AIVR) is frequently observed during the reperfusion 
phase in ST-elevated myocardial infarction (STEMI) patients.1, 2 It is an appearance of a 
transient and intermittent ventricular ectopic rhythm with a rate commonly between 60 
and 110 bpm.3

The reported incidence of AIVR in patients undergoing thrombolytic therapy varies 
between 42-88%,4, 5, 6 partly due to inconsistent or imprecise definitions of reperfusion 
status. In a more recent study, in patients undergoing percutaneous coronary intervention 
(PCI) for a first acute myocardial infarction, the incidence of AIVR was 15%.7

The hemodynamic effects of AIVR have not been systematically studied in the era of 
mechanical reperfusion. We hypothesized that these effects may be related to infarct 
location and site of the culprit lesion. Therefore, we studied for the first time the 
hemodynamic effects of AIVR on systemic blood pressure in STEMI patients treated 
with primary PCI.   

Methods

Source Population
The data analyzed in our observational study were obtained from STEMI patients who 
underwent primary PCI at the Academic Medical Center – University of Amsterdam.  
Primary PCI was performed with standard techniques using the femoral approach and 
in accordance with current guidelines. All studied patients were treated with aspirin, 
clopidogrel and heparin before primary PCI. The use of Glycoprotein IIb/IIIa inhibitors 
during the procedure was at the discretion of the operator. 

Data Source
Baseline demographic variables, procedural and angiographic data were prospectively 
collected and entered by attending specialized nurses and interventional cardiologists in 
a stand-alone dedicated electronic database at the catheterization laboratory. 
Hemodynamic and Electrocardiographic Data Collection
Throughout the procedure, aortic blood pressure as measured via the 7F guiding catheter, 
heart rate, and surface 12-lead electrocardiograms were continuously monitored. 

Patient Selection
Our study population consisted of 75 consecutive STEMI patients who underwent a first 
primary PCI and showed AIVR following successful reperfusion. AIVR was defined as a 
run of > 3 consecutive ventricular beats with a rate between 60 and 110 bpm. Exclusion 
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criteria were a previous myocardial infarction or coronary artery bypass operation, 
cardiogenic shock, left bundle branch block, pacemaker rhythm, supraventricular 
arrhythmias, ventricular arrhythmia other than AIVR. The study complied with the 
Declaration of Helsinki. 

Data analysis
During the first period of AIVR, aortic pressure and heart rate were analyzed using 
hemodynamic data-acquisition software MacLab 7000 (version 5.2, General Electric 
Co., Milwaukee, Wisconsin). Mean SBP, DBP and heart rate were calculated as the mean 
of 10 beats during sinus rhythm, and the mean of at least 3 beats during AIVR. It was 
accounted for that selected registrations were obtained during stable hemodynamic 
conditions, without interference of pharmaceuticals (e.g. nitroglycerin).
SBP, DBP, and heart rate during AIVR were compared to the values during sinus rhythm. 
We grouped patients according to infarct-related artery and the site of the culprit lesion. 
The site of the culprit lesion was classified as proximal, i.e. of the right coronary artery 
(RCA) segment 1, and of the left coronary artery (LCA), segment 6 of the left anterior 
descending coronary artery and segment 11 of the left circumflex coronary artery. All other 
locations of the lesions in the main three epicardial arteries were classified as distal lesions.

Statistical Analysis 
The 2-tailed paired t test was used for paired data to evaluate differences in blood 
pressure and heart rate between sinus rhythm and AIVR.  The 2-tailed t test was used 
where appropriate, to compare hemodynamic characteristics between different infarct-
related arteries and site of the lesions. Statistical analysis was performed using statistical 
software package for windows (SPSS version 16.0.1, 2008, Chicago, Illinois). We consider 
p < 0.05 to be statistically significant. 

Results  

Table 1 shows the patient characteristics of our 75 studied patients (ages 60±11 years, 33% 
women). The infarct-related artery was the left anterior descending coronary artery in 
44%, left circumflex coronary artery in 7% and right coronary artery in 49%.
Table 2 shows hemodynamic data as obtained during sinus rhythm and AIVR. AIVR 
caused a marked reduction in SBP (124±26 vs. 95±22 mm Hg, p<0.001) and DBP (76±16 
vs.67±15 mm Hg, p<0.001), as compared to sinus rhythm. This effect was irrespective of 
infarct-related artery. Figure 1, illustrates a typical registration of the decrease in blood 
pressure during AIVR.
This reduction in SBP was more pronounced in distal than proximal left coronary artery 
(LCA) occlusions (35±15 vs. 26±10mm Hg, p<0.01), as shown in Figure 2. This difference 
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in proximal and distal occlusions was not observed in the right coronary artery. SBP 
during sinus rhythm was lower in proximal LCA occlusions than in distal LCA occlusions 
(119±17 vs. 144±23 mm Hg, p<0.002) with a concomitant higher heart rate (84±11 vs. 
75±10 bpm, p<0.01). SBP in proximal RCA occlusions during sinus rhythm was similar to 

Table 1.   Baseline Characteristics 
Study Population (n=75)

Demographics
Age in years (mean ± SD)   60 (±11)
Male 67%
BMI in kg/m² (mean ± SD) 26 (±4)

Medical history
Hypertension 24%
Diabetes 4%
Hypercholesterolemia 17%
Smoking 43%

Procedural features and outcomes
Ischemic time in minutes (mean ± SD)   202 (±137)
Location culprit lesion LCA 51%
Single vessel disease 85%
TIMI 0-1 flow, pre procedure 86%
TIMI 2-3 flow, post procedure 99%
Values are percentages unless otherwise indicated

BMI, Body Mass Index; LAD, Left Coronary Artery; TIMI, Thrombolysis in Myocardial Infarction.

Table 2. Mean Systolic Blood Pressure, Diastolic Blood Pressure and heart rate during Sinus 
Rhythm and AIVR

Sinus rhythm AIVR p-value

Left coronary 
artery (n=43)

Proximal 
Occlusions

(n=26)

SBP (mm Hg) 119±18 94±15 <0.001
DBP (mm Hg) 81±13 71±13 <0.001
Heart rate (bpm) 84±12 85±9 NS

Distal 
Occlusions

(n=17)

SBP (mm Hg) 144±23 110±21 <0.001
DBP (mm Hg) 79±15 73±13 <0.005
Heart rate (bpm) 75±10 80±8 NS

Right coronary 
artery
(n=32)

Proximal
Occlusions

(n=10)

SBP (mm Hg) 122±31 93±25 <0.001
DBP (mm Hg) 69±15 63±12 <0.005
Heart rate (bpm) 79±8 79±10 NS

Distal 
Occlusions

(n=22)

SBP (mm Hg) 115±29 87±23 <0.001
DBP (mm Hg) 70±19 59±17 <0.001
Heart rate (bpm) 79±14 82±9 NS

Values are mean ± SD, SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure
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distal RCA occlusions. (122± 30 vs. 115±29 mmHg, p=NS) without a difference in heart 
rate (79±8 vs. 79±14 bpm, p=NS).

Figure 1. A typical blood pressure registration of accelerated idioventricular rhythm (AIVR) in 
a ST-segment elevation myocardial infarction patient during primary percutaneous coronary 
intervention. Note the immediate decrease in blood pressure during an episode of AIVR, as compared 
to sinus rhythm. 

Figure 2. Illustration of the decrease in blood pressure during AIVR, as compared to sinus rhythm, 
in relation to the site of the coronary lesion. Note that reduction in systolic blood pressure was 
more pronounced in distal than proximal left coronary artery (LCA) occlusions (35±15 vs. 26±10mm 
Hg, p<0.01). This difference in blood pressure drop was not observed in right coronary artery (RCA) 
occlusions.
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Discussion

In this study, we are the first to have systematically investigated acute hemodynamic effects 
in STEMI patients with reperfusion-induced AIVR following primary PCI. We found 
that AIVR following reperfusion is associated with marked reduction in both SBP and 
DBP, irrespective of infarct-related artery. Moreover, patients with a culprit lesion in the 
proximal LCA showed less reduction in blood pressure, probably due to a preexisting more 
comprised hemodynamic condition as indicated by a lower SBP and increased heart rate.

Incidence and mechanisms of AIVR 
The reported incidence of AIVR in patients undergoing thrombolytic therapy varies 
between 42-88%,4, 5, 6 partly due to inconsistent or imprecise definitions of reperfusion 
status. It has been a frequently observed phenomenon in daily clinical practice in the 
catheterization laboratory after reperfusion therapy by primary PCI for STEMI.5 In 
a more recent study of 125 consecutive patients that underwent PCI for a first acute 
myocardial infarction, 24-hour Holter monitoring revealed that AIVR appeared in 15% 
of the patients.7 Furthermore, AIVR has been proposed as a specific non-invasive marker 
for successful coronary artery reperfusion in the prethrombolytic and thrombolytic 
era.8, 2 However, in the era of direct mechanical reperfusion strategies, the prognostic 
relevance of AIVR remains controversial.7, 9, 10 The occurrence of AIVR is generally 
considered as benign and without prognostic implications,11 however this topic of 
interest this topic has not been studied in large scaled clinical studies. 
The underlying electrophysiological mechanism of AIVR has been suggested to result 
from abnormal ventricular automaticity of the subendocardial Purkinje fibers.12, 13 
Kaplinski et al. described a transient increase of the idioventricular rate after coronary 
reperfusion and suggested that this increase in ventricular automaticity may be the basis 
for the occurrence of AIVR.12 
Bonnemeier et al., demonstrated that parasympathetic predominance at the sinus node, 
which was characterized by lower serum norepinephrine levels leading to lower sinus 
rates, may favor the occurrence of AIVR after reperfusion in acute myocardial infarction 
patients.7 
Reperfusion injury following thrombolysis or primary PCI secondary to calcium overload 
(and other contributing factors such as formation of free oxygen radicals or changes in 
intracellular pH), may lead to triggered activity. Some investigators have suggested that 
triggered activity, based on delayed afterdepolarizations, may be another explanation 
of the occurrence of AIVR.14, 15 Preliminary hemodynamic data from our institution 
(Remmelink et al., unpublished data, 2009) suggest that diastolic left ventricular 
dysfunction, assessed by pressure-volume loops, contributes to the occurrence of AIVR. 
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AIVR and systemic blood pressure
In our study, we observed a marked decrease in systolic and diastolic blood pressure during 
an episode of AIVR. An explanation for the immediate decrease in blood pressure may be 
the absence of atrioventricular sequential pacing. Atrioventricular sequential pacing may 
lead to optimization of the timing of the mechanical atrial and ventricular synchrony. 
Moreover, optimal diastolic filling and reduction of diastolic mitral regurgitation may 
contribute to the hemodynamic improvement.16

Another explanation may be an absence of atrial contraction (i.e., atrial kick) to left 
ventricular filling in AIVR.17 The significance of atrial contraction to maintain cardiac 
output has been documented in numerous studies18, 19 and is supported by clinical 
observations showing a marked hemodynamic deterioration in patients developing atrial 
fibrillation in the setting of ischemic heart disease.20 The current study protocol does 
not allow a differentiation between these two potential mechanisms responsible for the 
decreased left ventricle performance. 

AIVR and proximal versus distal location of culprit lesion  
Interestingly, we found that the location of the culprit lesion, i.e. the distal versus the 
proximal segment of the left coronary artery, was associated with the degree of systolic 
blood pressure reduction. Patients with a culprit lesion in the distal LCA showed more 
pronounced reduction in blood pressure than patients with a proximal lesion, in contrast 
to patients with a proximal or distal culprit lesion in the RCA showing no significant 
differences of AIVR on blood pressure. The RCA supplies a relative small area at risk of 
the left ventricle, independent of the site of the coronary occlusion. Blood pressure and 
heart rate were similar sinus rhythm irrespective of the location of the lesion. This is in 
contrast with the observations in patients with a culprit lesion in the LCA. Patients with a 
proximal LCA culprit lesion, and therefore a larger area at risk, had lower blood pressures 
and concomitant higher heart rates during sinus rhythm. This suggests that patients 
with a proximal lesion exhibit a more compromised hemodynamic status and, therefore, 
probably a less pronounced effect of AIVR on blood pressure than with patients a smaller 
area at risk in case of a distal location of  the culprit lesion resulting in a significant larger 
effect of AIVR on blood pressure. 

Clinical implications 
The acute hemodynamic effects of AIVR, a reperfusion arrhythmia frequently observed in 
STEMI patients, underlines the importance of maintenance of atrioventricular sequential 
pacing and/ or atrial contraction to maintain systolic blood pressure. Furthermore, it 
explains why atrial fibrillation in the setting of STEMI yields an important hemodynamic 
effect in particular due to loss of the atrial contribution to ventricular filling resulting in 
a consequent decrease in cardiac output.
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Limitations 
Echocardiography nor magnetic resonance imaging was performed to obtain 
information on left ventricular function. The data as assessed in our study are limited 
to continuous registrations of blood pressure and heart rate during primary PCI. We 
studied hemodynamic data only in the acute phase of reperfusion in STEMI patients. 
Furthermore, we did not evaluate the hemodynamic significance of the occurrence of 
AIVR in relation to clinical outcome.   

Conclusion

We are the first to show that in STEMI patients with reperfusion-induced AIVR during 
primary PCI, AIVR is associated with marked reduction in both SBP and DBP, irrespective 
of infarct-related artery. Moreover, patients with a culprit lesion in the proximal LCA 
showed less reduction in blood pressure, probably due to a preexisting more comprised 
hemodynamic condition as indicated by a lower SBP and increased heart rate.   
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Reperfusion-Related AIVR and LV Unloading 

Accelerated idioventricular rhythm (AIVR) often occurs in the setting of acute myocardial 
infarction, specifically after reperfusion. We studied the direct left ventricular (LV) 
dynamic effects of AIVR compared with sinus rhythm. Furthermore, we observed an 
interesting finding of LV unloading on the occurrence of AIVR.

Panel A. Recurrent AIVR-induced VLV and 
PLV reduction is shown, as well as immediate 
restoration during sinus rhythm. 

Panel B. The VLV, PLV and ECG reveal the 
mechanism of the absence of atrial contribution 
to LV filling (red circles): AIVR directly decreased 
VLV and subsequently PLV, and the return of VLV 
and subsequently PLV after return of sinus rhythm.

Reperfusion-Related AIVR

A 76-year-old female (patient 1) with no previous cardiac history presented with an acute 
anterior ST-segment elevation myocardial infarction 4 hours after onset of symptoms. The 
CKMBmax was 311 μg/L and maximal Troponin T was 8.3 μg/L. Coronary angiography 
revealed a normal right and circumflex coronary artery and an occluded left anterior 
descending coronary artery (LAD). After successful PCI with TIMI 3 flow, recurrent 
episodes of AIVR were observed. Simultaneously assessed left ventricular pressure (PLV) 
and volume (VLV) by conductance catheter during AIVR revealed instantaneous changes 
in LV dynamics (Figure 1, panel A, B, and C [left]). 

LV Unloading

A 68-year-old male (patient 2) with no previous cardiac history presented with an acute 
anterior ST-segment elevation myocardial infarction 1½ hours after onset of symptoms. 
The CKMBmax was 340 μg/L and maximal Troponin T was 6.2 μg/L. Coronary 
angiography revealed diffuse 3 vessel disease including an occluded LAD. After successful 
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PCI with TIMI 3 flow, persistent AIVR compromised LV dynamics (Panel C: middle). 
Therefore, an IABP, at a 1:1 assist ratio, was placed for cardiac support (Panel C: right). 
Consequently, AIVR immediately returned to sinus rhythm and vice versa (Panel D).

Our observations show immediate AIVR-related decreases in cardiac output, contractility 
and stroke work. LV unloading directly led to a return to sinus rhythm, presumably by a 
reduction in wall stress.

Panel C: left and middle. Immediate AIVR-induced (from A to B) reduction of both PLV and VLV. 
Note the direct systolic effects induced by AIVR, whereas diastolic function curve remained unchanged. 
Cardiac output decreased (4.0 to 3.4 L/min), as well as dP/dtmax (1164 to 942 mm Hg/s), and stroke work 
(4.7 to 3.3 mm Hg∙L). Panel C: right. After placement of an IABP, AIVR immediately returned to sinus 
rhythm (SR) with positive effects on LV dynamics: dP/dtmax increased compared to SR and to AIVR 
(974, 816 and 495 mm Hg/s, respectively), stroke volume and ejection fraction increased, and afterload 
decreased as indicated by a decreased end-systolic PLV. 

Panel D. Reperfusion-related AIVR was terminated by unloading the LV by an IABP, illustrated by the 
PLV recording.
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Abstract

Currently, the most used left ventricular support device is an intra-aortic balloon 
counterpulsation. The percutaneous implantable Impella Recover LP 2.5 system is a 
novel left ventricular (unloading) assist device. We studied the feasibility and safety of left 
ventricular support with the percutaneous implantable Impella Recover LP 2.5 system 
in 19 consecutive high-risk percutaneous coronary intervention patients. Procedural 
success using the device and PCI procedures was achieved in all 19 patients, who were 
very poor candidates for surgery. The patients were elderly (84% were >60 years of age), 
74% had previous myocardial infarction, 63% had left ventricular ejection fractions of 
≤25%, and all had left ventricular ejection fractions of ≤40%. There were no procedural 
deaths and 2 device-unrelated in-hospital late deaths. Mean decrease in hemoglobin level 
was 0.7±0.4 mmol/L. The device did not induce or increase aortic valve regurgitation. 
There were no important device related adverse events during left ventricular support 
with the Impella Recover LP 2.5 system. However, these encouraging findings must be 
confirmed by larger studies, longer assist times, and in other patient categories.  
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Introduction 

Currently, the most used left ventricular (LV) support device is an intra aortic balloon 
counter pulsation (IABP). It reduces afterload, increases coronary perfusion and 
improves cardiac output. However, in acute ST-segment elevation myocardial infarction 
(STEMI) patients, it does not reduce infarct size or improve clinical outcome, even in 
high-risk patients,1,2 although it may recruit the stunned myocardium more quickly.3 A 
recent study comparing an implantable left ventricular assist device (LVAD) with IABP 
after PCI for STEMI patients in shock demonstrated some short term (hours to days) 
hemodynamic benefit, but this LVAD device resulted in severe complications rendering it 
a not usable device.4 Routine periprocedural implantation of an IABP may reduce adverse 
events in elective high-risk PCI.5  Therefore, routine periprocedural left ventricular 
support with a more potent left ventricular assist like device may offer even more benefit 
and may be feasible.6 The Impella technique is basically a micro-axial rotary blood pump 
that expels blood from the left ventricle into the ascending aorta, unloading the left 
ventricle much like an assist device. There are two CE marked Impella Recover systems 
for femoral introduction. The larger Impella Recover LP 5.0 system needs femoral surgery 
for placement due its 21 Fr size and its LD version has been mainly used for patients after 
cardiac surgery.7-10 The other Impella Recover LP 2.5 system device can be introduced 
through a femoral percutaneous approach (12 Fr) and can deliver an output of up to 2.5L/
minute. For comparison, an IABP only delivers an output of 0.5L/minute. There is only 
one human case report described with the Impella Recover LP 2.5 system device.11 We 
report safety and feasibility using the Impella Recover LP 2.5 device in 19 elective high-
risk PCI cases.

Methods

From October 2004 through August 2005 we have used the Impella Recover LP 2.5 
system device (Impella 2.5 LP device) in 19 high-risk PCI patients. These patients were 
selected after a joint meeting with our cardiothoracic surgeons. All patients were very 
poor candidates for surgery, as shown in table 1. To assess feasibility and safety we 
recorded the following items: accessibility through the contra lateral (other than the PCI 
catheter) femoral artery, successful positioning of the Impella 2.5 LP device into the left 
ventricle, successful engaging the guiding PCI catheters into the left or right coronary 
artery, stability of either the guiding catheter and the Impella 2.5 LP device. We also 
assessed subjective pain of the patient during the procedure in the limb distal to the 
access site (leg) of the Impella 2.5 LP device. We recorded device related periprocedural 
femoral bleedings, hemoglobin levels and need for blood transfusion. 
Echocardiograms were performed in all patients before implantation of the Impella 2.5 
LP device to exclude left ventricular structures, such as thrombus, especially considering 
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the patients that were selected. Echocardiograms were also performed to monitor the 
effect of the Impella 2.5 LP device through the aortic valve on aortic valve regurgitation.
In all patients, except for one, the Impella 2.5 LP device was removed after the procedure. 
Therefore, maximum left ventricular support time was 120 minutes. 
For femoral closure, we used manual compression in the first 4 cases. In all other cases 
we used the double Perclose device technique to close the accompanying 13 Fr sheath 
access of the “Impella-femoral artery”. We first introduced a 6 or 7 Fr sheath to check LV 
accessibility through the femoral artery. If so, the 13 Fr sheath was placed after positioning 
both sets of Perclose sutures with a 90° angle for hemostatic control after extraction of 
the Impella 2.5 LP device. For the 6 Fr guiding access we used a single Perclose device.

Results  

Patients who were treated with the assistance of the Impella 2.5 LP device constituted a 
high-risk patient group. The majority was older than 60 years (84%) and had a previous 
myocardial infarction (74%). Fifty three percent of the patients had diabetes mellitus. 
All patients had a left ventricular ejection fraction (EF) ≤40% and 12 patients (63%) had 
an EF ≤ 25%. In 10 (53%) patients, we performed a PCI of the left main coronary artery 
or of the last remaining vessel. Multivessel PCI was performed in 7 (37%) patients and 
in 7 (37%) patients more than 1 intracoronary stent was implanted. Successful passage 
through the femoral artery and implantation into the left ventricle of the Impella 2.5 
LP device was achieved in all 19 patients. Furthermore, in all patients the guiding 
catheter was successfully engaged and remained stable during the procedure. No patient 
experienced limb pain during Impella 2.5 LP device operation. In short, no patients 
experienced important device related complications associated with the implantation 
and operation of the Impella 2.5 LP device. Only one patient had a large haematoma after 
the procedure, with a significant decrease in haemoglobin levels and the need for blood 
transfusion; local compression resolved the bleeding. One other patient required manual 
compression after an unsuccessful Perclose closure. All other 14 patients in which we 
used the double Perclose closing technique had quick and uneventful hemostasis. 
Hemoglobin levels were assessed before and after the procedure in 15 patients. In the 
other 4 patients there were no haematomas and or evidence of blood loss; all had an event 
free recovery. Mean periprocedural hemoglobin level drop was 0.7± 0.4 mmol/L (range 
0.3 - 1.9 mmol/L). A hemoglobin level drop ≥ 1 mmol/L was recorded in 4 patients and 
one patient required a blood transfusion after the procedure. From all 19 patients, 17 had 
elective PCI procedures. Two deplorable patients had urgent Impella 2.5 LP implantation 
and died after 1 day later. In one patient after long and complicated cardiac surgery that 
could not be weaned from bypass, we implanted the Impella 2.5 LP device as a last resort 
therapy. The patient died 1 day later. During the period of assist (30 hours) there were no 
device related complications, as mentioned above and there were no malfunctions of the 
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device. In another 79 year old patient in cardiogenic shock with imminent multi organ 
failure, we performed a last remaining vessel PCI procedure with Impella 2.5 LP device 
support. The patient died 1 day after the procedure due to full blown multi organ failure. 
We experienced some difficulty in one patient with an extreme tortuous peripheral 
arterial trajectory, but we could pass the Impella 2.5 LP device catheter using the Back-up 
Meier 0.035 inch wire, as a with buddy wire, through the 13 Fr sheath. In one patient 
screened for Impella 2.5 LP device support, the pre-procedural echocardiogram revealed 
an intracavitary thrombus and therefore disqualifying the patient for this kind of LV 
support. 
A total of 12 patients had evaluation of aortic valve regurgitation during Impella 2.5 LP 
device operation, 11 with echocardiograms and one with an ascending aorta angiogram. 
We found no important increase or new presence of aortic regurgitation in all patients 
with pre- and per-procedural assessment of aortic valve regurgitation (Table 2). 

Discussion

This preliminary experience showed that periprocedural left ventricular support using 
the Impella 2.5 LP device is safe and feasible. In fact, until now we have not experienced 
any serious complication using this CE marked device in elective high-risk PCI cases. 
Before accepting the abovementioned statement, two important questions need to be 
answered. First, is the patient population really a high-risk patient group? Secondly, 
are there no drawbacks using the Impella 2,5 LP device? We believe that our patient 
population was truly a high-risk group. All patients were poor or no candidates for 
surgery. Most patients were old, had diabetes mellitus and previous myocardial infarcts 
with very poor left ventricular function and underwent unprotected left main or last 
remaining vessel PCI procedures. 
Although implantation of the Impella 2.5 LP device appears feasible and safe, its 
implantation requires more care, time and effort when compared with an IABP catheter 
implantation. The Impella 2.5 LP device, which is rather soft with a pig-tail at its end, 
surprisingly, encounters little problems in passing through the most complex peripheral 
arterial tortuous trajectories. After LV insertion of the guide wire, necessary for LV 
introduction of the Impella 2.5 LP device, careful handling is warranted for the guide 
wire not to be pulled from the LV. If this occurs, reintroduction of the rather flexible 0.014 
inch guide wire, without the use of another (usually JR4) catheter, is seldom successful 
and this leads to a longer implantation time. 
After successful placement of the Impella 2.5 LP device in the LV, no important 
complications have occurred in our experience. The PCI procedures were then performed 
successfully without any additional delays. We did not compare the Impella 2.5 LP device 
with (or stand-by) IABP in this setting, which was common practice in these procedures. 
However, it is our experience that we were able to perform these high-risk procedures 
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with more time and less discomfort for the patient during balloon inflations in these 
patients with very poor LV function. In fact, we have incorporated the Impella Recover 
2.5 LP device in our clinical practice, at least as an alternative to the IABP, especially 
in those patients with very poor left ventricular function (EF <25%) and complex 
unprotected left main coronary artery or last remaining vessel PCI procedure. There was 
only one significant post-procedural femoral bleeding, resolved by manual compression, 
with a hemoglobin level decrease of 1.9 mmol/L and need for blood transfusion. We used 
the double Perclose technique in almost all patients and encountered no problems in 
achieving hemostasis, except for one patient needing additional manual compression. 
However, some training with a single Perclose is advisable before using this double 
technique. 
Another important point is the pre-procedural echocardiogram. From all patients whom 
we planned for Impella 2.5 LP device supported PCI, only one had an intracavitary 
thrombus. This may therefore seem not important but we believe that a pre procedural 
echocardiogram is a prerequisite before Impella 2.5 LP device usage, especially since those 
patients who may qualify for this kind of support are more prone to have intracavitary 
thrombus.
Although this technology appears to be promising, and is feasible and safe to be used in 
elective high-risk patients, the question remains: is 2.5L/minute enough for patients that 
are in deplorable hemodynamic states. Retrospectively, it may not have been enough for 
the post cardiac surgery patient in cardiogenic shock. Also, the high-risk PCI patient in 
imminent cardiogenic shock that died due to multi organ failure might have had benefit 
from the support of 2.5L/min if we had left the device in place for an additional longer 
period rather than only during the procedure. 
Therefore these encouraging findings, concerning the safety and feasibility of the Impella 
recover LP 2.5 system as an assist device in elective high-risk PCI procedures, must be 
confirmed by larger studies, longer assist times and in other patient categories.
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Case report

A 79-year old woman with diabetes was admitted to our institution with clinically 
overt heart failure and chest pain. She had a negative history of cardiovascular disease. 
Transthoracic echocardiography (TTE) revealed a poor left ventricular function with an 
ejection fraction of 20% and moderate mitral valve regurgitation. Furthermore, she had 
progressive and severe renal failure. Coronary angiography showed significant left main 
coronary artery (LM) disease, a subtotal stenosis of the left descending artery (LAD) and 
moderate lesions of the circumflex and right coronary artery. The patient was considered 
a poor candidate for coronary artery bypass grafting because of old age, poor left 
ventricular function and comorbidities (Euroscore 16). We therefore decided to perform a 
high risk ‘unprotected’ left main PCI with procedural support of the Impellaâ RecoverâLP 
2.5 device. This micro-axial rotary blood pump is able to deliver an output of 2.5 L/min. 
It is inserted through a femoral approach and positioned across the aortic valve into the 
left ventricle using fluoroscopy (Figure 1A, B).  Successful revascularisation of the LM 
and LAD followed (Figure 1C). The procedure was performed without haemodynamic 
compromise. The mean arterial pressure remained stable (± 100 mm Hg) throughout 
the procedure, the wedge pressure decreased (21 to 13 mm Hg) and the cardiac output 
increased (5.05 to 5.45 L/min) as compared to baseline measurements without support. 
During balloon inflation in the LM mean arterial pressure shortly dropped to a plateau of 
84 mm Hg, exerting only minimal chest discomfort. Per-procedural TTE to assess aortic 
regurgitation during Impella operation was performed. No signs of aortic regurgitation 
were present. However, an impressive triangular shaped turbulence at the in- and outlet 
of the Impella was seen, reflecting its unloading capability (Figure 1C, D, video clips 1 
and 2, available as online supplementary data). After weaning from Impella the further 
clinical course was uncomplicated.
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Figure 1 A. Ascending aorta angiogram, right anterior oblique view; Impella in situ (asterisk), inlet in 
left ventricle (LV) and outlet in ascending aorta (AO). B. Coronary angiogram, ‘spider’ view. C. Coronary 
angiogram, cranial view; final angiographic result. D. (video clip 1). Transthoracic echocardiography, 
apical five-chamber view; Impella in situ; Turbulence visible at in- and outlet (asterisks); AO aorta, 
LV left ventricle. E. (video clip 2). Impella operating in vitro delivering an output of approximately 
2.5 L/min; Turbulence visualized by blue ink; scale in litres; arrows at in- and outlet of Impella. F. 
ImpellaâRecoverâ LP 2.5 device (13Fr) next to a 6 Fr catheter. Movie-files to be found online. 
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Abstract

Objectives. Patients with compromised left ventricular (LV) function undergoing high-
risk percutaneous coronary intervention (PCI) may benefit from LV unloading. Limited 
information is available on the effects of LV unloading on coronary hemodynamics. 
We studied the effects of LV unloading by the Impella on coronary hemodynamics by 
simultaneously measuring intracoronary pressure and flow and the derived parameters 
fractional flow reserve (FFR), coronary flow velocity reserve (CFVR), and coronary 
microvascular resistance (MR).
Methods. Eleven patients (mean LV ejection fraction of 35±11%) underwent PCI 
during LV support by the LV unloading device (Impella Recover® LP2.5). Intracoronary 
measurements were performed in a non-stenotic coronary artery after the PCI, before 
and after adenosine-induced hyperemia at 4 different support levels (0 to 2.5 L/min). 
Results. Aortic and coronary pressure increased with increasing support levels, whereas 
FFR remained unchanged. Baseline flow velocity remained unchanged, while hyperemic 
flow velocity and CFVR increased significantly with increasing support levels (61±24 to 
72±27 cm/s, p=0.001 and 1.88±0.52 to 2.34±0.63, p<0.001 respectively). The difference 
between baseline MR and hyperemic MR significantly increased with increasing support 
levels (1.28±1.32 to 1.89±1.43 mm Hg∙cm-1∙s, p=0.005).
Conclusions. Unloading of the LV by the Impella increased aortic and intracoronary 
pressure, hyperemic flow velocity and CFVR, and decreased microvascular resistance. 
The Impella-induced increase in coronary flow, probably results from both an increased 
perfusion pressure and a decreased LV volume-related intramyocardial resistance.
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Introduction

High-risk percutaneous coronary intervention (PCI) may be facilitated by the use of left 
ventricle (LV) support devices.1 A novel device is the Impella Recover® LP2.5 (Impella), 
which directly unloads the LV and generates an increase in total cardiac output, by 
continuously aspirating blood from the LV cavity and expelling it into the ascending 
aorta.2, 3 Recently, we reported its clinical safety and feasibility in high-risk PCI patients.4 
However, little is known about the effects of LV unloading on coronary hemodynamics. 
We hypothesized that the enhanced Impella-driven blood flow over the aortic valve would 
increase coronary perfusion pressure, as well as that the Impella-induced unloading of 
the LV would decrease coronary blood flow resistance. Combined pressure and flow 
measurements in PCI have been shown to be useful to evaluate coronary hemodynamics 
including assessment of microvascular resistance.5-9 
Therefore, we studied, for the first time, the effects of LV unloading by the Impella on 
coronary hemodynamics by simultaneously measuring intracoronary pressure and flow, 
and their derived parameters fractional flow reserve, coronary flow velocity reserve, and 
coronary microvascular resistance.

Methods

Patients 
The study population consisted of 11 consecutive patients (7 males, mean age 67±9 
years) with stable angina, who underwent an elective high-risk PCI with circulatory 
support by the Impella. Patients were included if the planned PCI was considered high-
risk on the basis of a poor LV function combined with left main coronary artery, last 
remaining vessel or equivalent PCI procedure.4 All patients had a decreased LV function 
(ejection fraction 35±11%), as determined by echocardiography or nuclear scintigraphy. 
Exclusion criteria were severe valvular disease and left ventricular thrombus, as assessed 
by echocardiography before the procedure. The study complied with the Declaration 
of Helsinki and was approved by the institutional research and ethics committee. All 
subjects gave written informed consent.

Cardiac Catheterization and Cardiac Support
All patients were pretreated with aspirin (100 mg), clopidogrel (300 mg) and received 
a bolus of heparin (5000 IU IV) before the PCI. The Impella Recover® LP2.5 (Impella 
Cardiotechnik, Aachen, Germany), a pigtail catheter-based microaxial flow device 
(catheter: 4 mm, 12 Fr outer diameter), was inserted retrogradely into the LV across the 
aortic valve via the femoral artery through a 13 Fr sheath. The Impella continuously 
aspirates blood from the cannula’s inlet in the apex of the LV cavity and expels it into 
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the ascending aorta just above the aortic valve /near the coronary ostia. It has 9 support 
levels, producing a flow up to 2.5 L/min (50.000 rpm). The differential pressure sensor at 
the tip of the cannula allows proper positioning of the pump and continuously registers 
the intracavitary and aortic blood pressure to derive pump flow and control its rotational 
speed, which is displayed on the mobile driving console. After insertion of the Impella, 
PCI was performed following routine procedures. Additional heparin was given every 60 
minutes.

Hemodynamic Measurements 
Hemodynamic measurements were performed in an angiographic non-stenotic vessel 
(left anterior descending or circumflex artery) after completion of the PCI procedure, and 
administration of intracoronary nitroglycerin (0.1 mg). In case of a last remaining vessel, 
measurements were performed in the stented vessel (n=3). Intracoronary pressure and 
flow signals were simultaneously recorded using the 0.014 inch diameter WaveWire® and 
FloWire® (Volcano Corporation, Rancho Cordova, CA, USA). Heart rate was monitored 
and aortic pressure was measured via the 6F guiding catheter. At four different support 
levels of the Impella (ranging from 0 L/min at level 1 to 2.5 L/min at level 9), pressure 
and flow measurements were performed at baseline and during maximal hyperemia. 
Hyperemia was induced by an intracoronary bolus of adenosine (30 to 40 µg). From the 
pressure and flow signals at hyperemia, both pressure-derived myocardial fractional flow 
reserve (FFR= mean distal coronary pressure/ mean aortic pressure) and Doppler-derived 
coronary flow velocity reserve  (CFVR= coronary flow velocity at maximum hyperemia/  
coronary flow velocity at rest) were assessed.5, 7-11

Data Analysis 
Mean aortic pressure (Pa), mean distal coronary pressure (Pd), instantaneous flow velocity 
and the ECG were digitally recorded on a personal computer after 12-bit analog-to-
digital conversion at 120 Hz for off line analysis. Per-beat averages of the recorded Pa, Pd 
and instantaneous flow velocity were calculated (StudentLab Pro 3.6.2, Biopac Systems). 
Baseline average peak flow velocity (APV) was defined as the average of 8 consecutive 
per-beat velocity averages. Hyperemic APV was defined as the highest average of 3 
consecutive per-beat velocity averages after adenosine administration. By using distal 
pressure and flow velocity during hyperemic conditions, the hyperemic microvascular 
resistance (MR) index can be calculated as MR= Pd/APV.8, 9, 12 The variable arteriolar 
resistance index, which represents autoregulatory function, was expressed as baseline 
MR minus hyperemic MR.13, 14

Statistical Analysis 
Data are expressed as mean ± SD or n (%). Hemodynamic measurements at different 
support levels of the Impella were compared with the situation of no support and with 
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the previous support level using the within subjects variance component of ANOVA with 
repeated measures, followed by linear contrast analysis. SPSS release 12.0.2 statistical 
software package for windows (SPSS Inc. 2003, Chicago, Illinois) was used for analyses. A 
p-value of less than 0.05 was considered statistically significant.

Results

Patient Characteristics 
The baseline characteristics of the 11 patients are shown in Table 1. All patients had 
moderate to severe anginal complaints, 2 patients had Canadian Cardiovascular Society 

Table 1. Baseline Characteristics
n = 11

Age, >65 y 8 (73)
Male 7 (64)
Coronary risk factors

Diabetes 4 (36)
Hypertension 6 (55)
Hypercholesterolemia 7 (64)
Peripheral vascular disease 7 (64)
Family history of CAD 6 (55)
Current smoking 5 (45)
Prior MI 6 (55_
Prior PCI 1 (9_

Medication
ß-blockers 8 (73)
Nitrates 7 (64)
Calcium antagonists 2 (18)
ACE inhibitors 10 (91)
Statins 9 (82)
Aspirin 8 (73)

Target lesion
LM 1 (7)
LAD 8 (57)
LCx 5 (36)

Physiologic parameters
Heart rate (bpm) 70 ±14
Mean systolic blood pressure (mm Hg) 125 ±25
Mean diastolic blood pressure (mm Hg) 65 ±15
Left Ventricular Ejection Fraction 35 ±11

Values are n (%) or mean ± SD. CAD, coronary artery disease; MI, myocardial infarction; PCI, 
percutaneous coronary intervention; LM, left main coronary artery; LAD, left anterior descending 
coronary artery; LCx, left circumflex coronary artery.

proefschrift Remmelink.indb   99 15-9-2009   15:38:46



100

Chapter 9

Classification class II, 7 patients class III, and 2 patients class IV. The 14 target lesions 
were located in the left main coronary artery (n=1), left anterior descending coronary 
artery (n=8), and the left circumflex coronary artery (n=5). 

Hemodynamic Data
In Table 2 the hemodynamic data during baseline and hyperemic conditions are listed for 
different support levels of the Impella. The Pa and Pd increased significantly at baseline 
and during hyperemia, predominantly during the increase up to support level 6. Increases 
in these mean pressures resulted from increased systolic and diastolic pressures. FFR 
did not change indicating that hemodynamic measurements were not influenced by a 
coronary stenosis and were solely induced by the Impella support. Heart rate did not 
change (data not shown). Baseline APV did not increase, whereas the hyperemic APV 
increased significantly with increasing support levels, which resulted in the enhanced 
CFVR. In accordance to the pressure measurements both diastolic as well as systolic flow 
velocity increased. The baseline MR did not change significantly, whereas the hyperemic 
MR showed a non significant decrease with increasing support levels. The variable 
arteriolar resistance (baseline MR minus hyperemic MR) significantly increased with 
increasing support levels. The Pd, coronary flow velocity and MR changes are illustrated 
in Figure 1.

Table 2. Hemodynamic Characteristics 
Impella® support level P

1 3 6 9
Baseline Pa 85 ± 11 93 ± 13 96 ± 15 96 ± 10 0.001
Baseline Pd 85 ± 11 92 ± 13 96 ± 15 94 ± 11 0.001
Hyperemic Pa 85 ± 12 91 ± 15 94 ± 14 92 ± 12 0.006
Hyperemic Pd 81 ± 12 86 ± 16 88 ± 15 86 ± 13 0.02
FFR 0.97 ± 0.03 0.96 ± 0.04 0.96 ± 0.04 0.95 ± 0.06 0.2
Baseline APV 33 ± 11 34 ± 12 33 ± 13 32 ± 12 0.9
Hyperemic APV 61 ± 24 67 ± 26 68 ± 25 72 ± 27 0.001
CFVR 1.88 ± 0.52 2.10 ± 0.62 2.19 ± 0.67 2.34 ± 0.63 <0.001
Baseline MR 2.99 ± 1.79 3.23 ± 1.96 3.31 ± 2.08 3.25 ± 1.87 0.2
Hyperemic MR 1.71 ± 0.93 1.64 ± 0.82 1.55 ± 0.71 1.36 ± 0.58 0.1
∆MR 1.28 ± 1.32 1.58 ± 1.52 1.76 ± 1.70 1.89 ± 1.43 0.005

Values are mean ± SD. Pa, mean aortic pressure (mm Hg); Pd, mean distal coronary pressure (mm Hg); 
FFR, fractional flow reserve; CFVR, coronary flow velocity reserve; APV, average peak flow velocity 
(cm/s); MR, coronary microvascular resistance index (mm Hg∙cm-1∙s-1); ∆MR, variable arteriolar 
resistance index (mm Hg∙cm-1∙s-1).  
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Discussion

In this study, we demonstrated positive 
effects of direct LV unloading on 
coronary hemodynamics in patients 
with decreased LV function. Increasing 
the support level of the Impella resulted 
in an increase in aortic and coronary 
perfusion pressure, both in resting 
conditions and during hyperemia. 
Furthermore, an increase in hyperemic 
coronary flow velocity and CFVR, as 
well as a decrease in microvascular 
resistance during hyperemia, was 
induced by increasing Impella support 
levels.     

The Effect of Impella on 
Coronary Hemodynamics 
Positive effects on aortic pressure may 
be expected because of the mechanism 
of the Impella, i.e. it expels blood 
from the LV into the aorta, thereby 
producing an increase in cardiac 
output.3 Our findings are supported 
by other studies, where the Impella 
increased aortic pressure and decreased 
LV end-diastolic pressure in an animal 
model,15 and in a case report of a patient 
in postcardiotomy heart failure.16 
Moreover, by our intracoronary 
measurements we found a concomitant 
increase in coronary pressure.

Figure 1. Effects of different Impella support 
levels during baseline and hyperemia on 
distal coronary pressure (A), coronary flow 
velocity (B), and coronary microvascular 
resistance (MR) (C). Data are shown as mean 
± SD, *P=0.001, †P=0.02, ‡P=0.005 (variable 
arteriolar resistance).
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The positive effects of the Impella on hyperemic flow velocity and CFVR were clearly 
shown in our study. These findings indicate that the high velocity ejection of blood from 
the Impella outflow tract adjacent to the coronary ostia certainly does not negatively 
influence coronary hemodynamics. It is noteworthy that we observed a baseline flow 
velocity that was approximately twice as high as usual in coronary arteries.6 Even so, 
in these patients the CFVR of 2.34±0.63 at maximal Impella support indicate quite a 
remaining flow reserve. This relatively high baseline flow velocity is probably due to 
autoregulation in patients with a decreased LV function, to meet the higher myocardial 
oxygen demand.17

From the combined simultaneously measured intracoronary pressure and flow velocity, 
we calculated coronary microvascular resistance,8 which decreased during hyperemia. 
We found a significantly increased variable arteriolar resistance (baseline MR minus 
hyperemic MR), with increasing support levels.
The changes in coronary perfusion pressure, flow velocity and variable arteriolar 
resistance correlated with the degree of Impella support. The decrease in resistance may 
be secondary to two distinct mechanisms: 1) The Impella generates a continuous and 
enhanced flow over the aortic valve, which increases total cardiac output. This results in 
an increased aortic and coronary perfusion pressure. The latter may decrease coronary 
microvascular resistance,18-21 by passively recruiting collapsed collateral arterioles, thus 
reducing resistance to flow. This is in line with a study where coronary microvascular 
resistance was assessed after restoration of coronary pressure by PCI.9 2) The Impella 
reduces volume from the LV, reducing intramyocardial pressure, thereby reducing 
compression of the microvasculature, enlarging its lumen diameter, thus reducing 
resistance to flow. In line with this theory it was shown that LV elastance and LV volume, 
rather than LV pressure, influenced coronary blood flow.22 Most likely a combination of 
both of the above mechanisms is responsible for the observed reduction in microvascular 
resistanceWe found no Impella support related change in heart rate. If anything, a 
decrease in heart rate at increasing support levels would be expected, since the Impella 
enhances cardiac output. However, most patients were treated with beta-blockers and 
underwent the PCI under stable conditions. 

Comparison of LV Support Devices
Currently there are a few types of continuous non-pulsatile axial flow devices clinically 
available apart from the percutaneous implanted Impella. These surgically implanted 
devices (e.g. HeartMate® II, Jarvik 2000® and MicroMed DeBakey VAD®) directly 
unload the LV (up to 6-10 L/min depending on the device) via implantation into the 
apex, bypassing the aortic valve with the outflow graft anastomosed to the ascending 
or descending aorta.23, 24 There is however very limited data on coronary perfusion; in 
1 study patient an increased coronary blood flow was measured with the Jarvik 2000 
anostomosed to the ascending aorta.25 The intra-aortic balloon counterpulsation (IABP) 
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has been shown to reduce cardiac work by reducing afterload and to enhance coronary 
perfusion by increasing diastolic aortic pressure.2, 26-31 In animals, the Impella showed 
more effective LV unloading than the IABP, while the effects on coronary flow were 
similar.2 In line with the above data, our data show that in humans with reduced LV 
function the Impella causes an increase in aortic and coronary pressure and an Impella 
support-related decrease in coronary microvascular resistance.

Limitations 
There are a few limitations of our study with respect to the interpretation of the data. We 
did not measure myocardial oxygen consumption and lactate metabolism to determine 
whether the Impella support decreases myocardial metabolic demand. Central venous 
pressure was not measured to assess possible collateral flow, and no direct intracavitary 
hemodynamics of the LV was obtained. Furthermore, our measurements were performed 
during short duration of Impella support and immediately after the PCI procedure. 
Whether long periods of Impella support and long term effects of PCI will influence the 
data is unknown. Lastly, these results may only reflect changes in poor LV patients, who 
are however the patients that may benefit from LV support. 

Clinical Implications
The present study is the first to show the effects of directly unloading the LV on coronary 
circulation by the LV assist device Impella in angioplasty. Whether PCI patients 
will benefit from the above mentioned positive hemodynamic effects of the Impella 
remains to be determined, however, we have shown that no adverse effects on coronary 
hemodynamics occur. 

Conclusions 

Unloading of the LV by the left ventricular support device Impella caused an increase 
in aortic and intracoronary perfusion pressure, hyperemic flow velocity and CFVR, and 
a decrease in microvascular resistance. We conclude that the Impella-induced increase 
in coronary flow probably results from both an increased perfusion pressure and a 
decreased LV volume-related intramyocardial resistance. 
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Abstract

Objectives. Limited clinical information is available on the direct left ventricular (LV) 
dynamic consequences of LV unloading in patients undergoing high-risk percutaneous 
coronary intervention (PCI) and primary PCI for acute ST-elevation myocardial 
infarction. We studied online LV dynamic effects of mechanical LV unloading directly 
after PCI.

Methods. The effects of the Impella LP2.5 device on LV dynamics were studied in 11 
patients (elective high-risk PCI, n=6; primary PCI, n=5). LV pressure and volume were 
continuously assessed by a pressure-conductance catheter at 4 different support levels of 
the Impella, from 0 L/min at baseline to 2.5 L/min at maximal support. 

Results. The response to increased LV unloading was not different between both groups 
of patients. The pooled data showed no change on global and systolic LV function during 
increased LV unloading, while diastolic function showed improvement as indicated by an 
increased LV compliance in all patients. There was a decrease in end-diastolic pressure 
from 22±12 to 13±9 mm Hg (p=0.0001), in end-diastolic elastance from 0.134±0.060 to 
0.091±0.064 mm Hg/mL (p=0.009), and in end-diastolic wall stress from 84±50 to 47±39 
mm Hg (p=0.004). 

Conclusions. LV unloading decreases end-diastolic wall stress and improves diastolic 
compliance dose-dependently. Our results indicate beneficial LV unloading effects of 
Impella during high-risk and primary PCI.
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Introduction 

Left ventricular (LV) support and unloading may be beneficial for patients with 
compromised LV function undergoing high-risk percutaneous coronary intervention 
(PCI),1, 2 and for patients treated by primary PCI for acute ST-elevation myocardial 
infarction (STEMI).3, 4 The Impella LP2.5 (Impella) is a novel percutaneous microaxial 
blood pump that directly unloads the LV by continuously aspirating blood from the 
LV cavity and expelling it into the ascending aorta. The design is based on the 14F 
percutaneous Hemopump. Initial clinical experience with the Hemopump in the late 
nineties, showed a decrease in pulmonary capillary wedge pressure and the maintenance 
of sufficient mean aortic pressure during cardiac arrest.5 The unloading mechanism is 
essentially different than that of intra-aortic balloon pumping (IABP).6, 7 

In the clinical setting, the IABP showed afterload reduction and limited LV unloading,7 
an increase in coronary flow,8, 9 and conflicting data on pulmonary capillary wedge 
pressure and cardiac index.10-12 In experimental studies, the Impella showed an effective 
LV unloading and an improved coronary perfusion.6, 13 Furthermore, the Impella showed 
to be easy to use in the setting of high-risk2 and primary PCI.3 However, there is limited 
clinical information on LV dynamics during direct and profound LV unloading as effected 
by true LV assist devices in this setting. Previously, we reported that Impella support 
resulted in an improved coronary perfusion and a decreased coronary microvascular 
resistance in high-risk PCI patients.14 
Therefore, the aim of our present study was to test the hypothesis that direct LV unloading 
by the Impella results in an improvement in cardiac performance and a concomitant 
decrease in end-diastolic pressure and wall stress in elective high-risk PCI patients with 
compromised LV function, and in non-shock STEMI patients treated by primary PCI. 

Methods

Patients
The whole study consisted of 2 patient groups with a total of 11 patients. 
Group 1 - Elective high-risk PCI patients: high-risk PCI. This cohort consisted of 6 
consecutive patients with stable angina, who underwent an elective high-risk PCI with 
circulatory support by the Impella. All patients had a decreased LV function (ejection 
fraction 28±14%), as determined by echocardiography or nuclear scintigraphy. Patients 
were included if the planned PCI was considered high-risk on the basis of a poor LV 
function combined with left main coronary artery, last remaining vessel or equivalent 
PCI procedure.2 All patients were pretreated with aspirin, clopidogrel and heparin before 
the PCI. PCI was performed following routine procedures, after which LV measurements 
were performed (see Study protocol).

proefschrift Remmelink.indb   109 15-9-2009   15:38:47



110

Chapter 10

Group 2 - Acute ST-elevation myocardial infarction patients: primary PCI. This 
cohort consisted of 5 consecutive patients who presented with their first acute anterior 
ST-elevation myocardial infarction within 6 hours after onset of symptoms. Patients were 
pretreated with aspirin, clopidogrel, and heparin before PCI. Primary PCI was performed 
following routine procedures. After primary PCI of the occluded left anterior descending 
artery (LAD), the Impella was inserted and LV measurements were performed (see Study 
protocol). Exclusion criteria was cardiogenic shock defined as a systolic blood pressure 
≤90 mm Hg for at least 30 minutes or vasopressors required to maintain blood pressure 
>90 mm Hg.
General exclusion criteria for both groups were significant valvular disease and left 
ventricular thrombus, as assessed by echocardiography before catheter insertion into 
the LV. The study complied with the Declaration of Helsinki and was approved by the 
institutional research and ethics committee. All subjects gave written informed consent.

Instrumentation
The Impella LP2.5 (Abiomed Europe GmbH, Aachen, Germany) was inserted 
retrogradely into the LV across the aortic valve via the femoral artery. The Impella is a 
pigtail catheter-based microaxial flow device that continuously aspirates blood from the 
LV cavity and expels it into the ascending aorta. It has 9 support levels, producing a flow 
of up to 2.5 L/min. The differential pressure sensor at the tip of the cannula allows proper 
positioning of the pump and continuously registers the intracavitary and aortic pressure 
to derive pump flow and control its rotational speed. 
The 7F pigtail equipped combined pressure-conductance catheter (CD Leycom, 
Zoetermeer, The Netherlands) was placed in the LV via the contralateral femoral artery. 
The Swan Ganz catheter was placed in the pulmonary artery via the femoral vein. Blood 
resistivity rho was determined by a 5 mL blood sample, cardiac output was determined by 
thermodilution and parallel conductance was determined by hypertonic saline injections 
in order to calibrate the volume signals of the conductance catheter.15 An echocardiogram 
was repeated when both Impella and conductance catheter were operational to assess 
possible aortic valve regurgitation. 

Study protocol and analysis
LV dynamics were recorded continuously during 4 incremental and decremental Impella 
support levels (ranging from 0 L/min at level 1 to 2.5 L/min at level 9). The duration 
of support at each level was at least 2 minutes. Data were analyzed off line. Per-beat 
averages of the recorded variables were calculated as the mean of all beats during a steady 
state of at least 30 s. The following indices were obtained: heart rate (HR), cardiac index 
(CI), ejection fraction (EF), stroke volume (SV), stroke work as the area of the PV-loop 
(SW), end-systolic and end-diastolic volume (ESV, EDV), end-systolic and end-diastolic 
pressure (ESP, EDP), maximal rate of pressure change (dP/dtmax), and the relaxation 
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time constant Tau, defined as that time required for the cavity pressure at dP/dtmin to be 
reduced by half. Effective arterial elastance (EA), an index of LV afterload, was calculated 
by ESP/SV. End-systolic elastance (EES) was estimated by ESP/ESV,16 and end-diastolic 
stiffness (EED) by EDP/EDV. Subsequently, the ventricular-arterial coupling ratio was 
calculated by EES/EA, which describes the interaction between LV performance and 
the systemic arterial system.17 End-diastolic wall-stress (WSED) was calculated from 
the instantaneous LV pressure (P) and volume (V) signals, and from LV mass (LVM) as 
derived from echocardiography, by P∙(1+3∙V/LVM).18

Statistical evaluation
Data are expressed as mean ± SD or n (%). Intergroup differences were tested for 
significance by the 2-tailed independent samples t-test. Hemodynamic measurements at 
different support levels of the Impella were compared with the situation of no support 
and with the previous support level using the within subjects variance component of 
ANOVA with repeated measures, followed by linear contrast analysis. Correlations were 
tested using the 2-tailed Pearson correlation. SPSS release 15.0.1 statistical software 
package for windows (SPSS Inc. 2006, Chicago, Illinois) was used for analyses. A p-value 
of less than 0.05 was considered statistically significant.

Results

Patient characteristics
The baseline characteristics are shown in Table 1. The high-risk PCI patients show a 
positive history of cardiac disease, multiple risk factors for and presence of extensive 
coronary artery disease (CAD), increased LV mass,19 and severely compromised left 
ventricles with elevated levels of NT-proBNP and subsidiary medical therapy. The STEMI 
patients had no cardiac history, but show several risk factors for CAD, and appeared 
to have compromised left ventricles as observed by the low EF and large infarct size 
indicated by the high cardiac necrosis markers.
In all patients, no or only minimal additional aortic valve regurgitation was present 
when both the Impella and conductance catheter were positioned across the aortic valve. 
In both patient groups there was one patient with disturbed volume signals, allowing 
assessment of pressure-derived indices only in these 2 patients.

LV dynamic data
The response of LV dynamics to increasing and decreasing Impella support levels 
occurred almost immediately (within a few heart beats) and then remained constant 
at each support level. There was a similar dose-dependent response to increasing and 
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decreasing support. Between the high-risk PCI and STEMI group, baseline LV dynamic 
data were only different for SV (52±8 versus 40±6 mL, respectively, p= 0.04) and for dP/
dtmax (987±197 versus 1362±179 mm Hg/s, respectively, p=0.01). Since there were no 

Table 1. Patient Characteristics
High-Risk PCI (n=6) STEMI (n=5)

Clinical characteristics and risk factors
Age, y 72 ±13 56 ±13
Male gender 4 (67) 4 (80)
Diabetes 1 (17) 1 (20)
Hypertension 2 (33) 2 (40)
Hypercholesterolemia 2 (33) 2 (40)
Family history of CAD 5 (83) 1 (20)
Current smoking 4 (67) 4 (80)
Previous myocardial infarction 6 (100) 0 0
Previous coronary artery bypass grafting or PCI 1 (17) 0 0
Canadian Cardiovascular Society class ≥3 6 (100) 5 (100)

Physical and diagnostic tests
Heart rate, bpm 76 ±15 76 ±16
Mean systolic blood pressure, mm Hg 123 ±22 131 ±15
Mean diastolic blood pressure, mm Hg 66 ±15 83 ±9
*Left ventricular ejection fraction, % 28 ±14 29 ±7
*Left ventricular mass, g 246 ±68 191 ±67
*Left ventricular dilatation 5 (83) 2 (40)
*Aortic valve insufficiency grade ≥2 1 (17) 0 0
*Mitral valve regurgitation grade ≥2 5 (83) 0 0
NT-proBNP, ng/L 2336 ±1995 3001 ±5254

Treatment-related characteristics
Target lesion in LAD 2 (33) 5 (100)
Target lesion in LCx 3 (50) 0 0
Target lesions in LM, LAD and LCx 1 (17) 0 0
Dukes jeopardy score ≥8 (of maximal 12) 6 (100) 2 (40)
3 Vessel disease, % 6 (100) 2 (4)0
Last remaining vessel, % 2 (33) 0 0
Presence of a chronic total occlusion 3 (50) 0 0
TIMI flow grade 3 after PCI, % 6 (100) 3 (60)

Cardiac markers after primary PCI
Peak NT-proBNP, ng/L N / A 5120 ±6106
Peak CK MB, µg/L N / A 277 ±162
Peak Troponin T, µg/L N / A 14.6 ±11.5

Values are n (%) or mean ± SD. PCI, percutaneous coronary intervention; STEMI, ST segment elevation 
myocardial infarction; CAD, coronary artery disease; *, assessed prior to High-Risk PCI and assessed 
after primary PCI; NT-proBNP, N-terminal part of the pro-B-type natriuretic peptide; LAD, left anterior 
descending artery; LCx, left circumflex; LM, left main; TIMI, Thrombolysis in Myocardial Infarction; 
CK, Creatine Kinase.
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differences between both groups in LV dynamic responses to changes in Impella support, 
LV dynamic data were pooled in Table 2.
In Table 2, the LV dynamic data of all patients are listed for the different support levels of 
the Impella. The left panel shows that the baseline values of global, systolic and diastolic 
function are generally impaired. Global function parameters show a relatively low SV, 
CI, and SW, an increased EA, and a mismatch in ventricular-arterial coupling.20 Systolic 
function shows a high ESV, and a low EF, EES and dP/dtmax. Diastolic function shows a 
high EDV, EDP, EED, and WSED, and an impaired relaxation and filling.
The mean aortic pressure remained unchanged from 110±23 mm Hg at minimal support 
to 106±25 mm Hg at maximal support (p=0.1). The right panels of Table 2 show that 
global and systolic LV function remained unchanged at increasing support levels, while 
diastolic function improved. There was a marked decrease in EDP by 42±24% (p=0.0001), 
and in WSED by 40±26% (p=0.004) as also illustrated in Figure 1. LV compliance increased, 
as indicated by a decrease in EED by 29±38% (p=0.009). The decrease in WSED correlated 
to the decrease in EDP (r=0.75, p=0.02).

Table 2. LV dynamic changes during LV support by the Impella LP 2.5 in 11 patients
Impella support level

 1
0 L/m

3
1.5 L/m  

6
2.0 L/m

9
2.5 L/m 

P-value 
(linear)

Global function
HR, bpm 74 ±12 75 ±12 75 ±12 75 ±12 0.3
SV, mL 47 ±9 45 ±10 49 ±15 50 ±19 0.3
CI, L/min 1.9 ±0.5 1.8 ±0.4 1.8 ±0.4 1.7 ±0.5 0.3
SW, mm Hg∙L 4.53 ±0.88 4.55 ±0.89 4.92 ±1.16 4.62 ±1.17 0.3
EA, mm Hg/mL 2.62 ±0.45 2.81 ±0.64 2.61 ±0.77 2.60 ±1.28 0.5
EES/EA 0.39 ±0.12 0.35 ±0.07 0.41 ±0.19 0.50 ±0.35 0.7

Systolic function
ESV, mL 120 ±51 121 ±54 118 ±46 114 ±35 0.4
EF, % 26 ±6 25 ±3 27 ±7 30 ±12 1.0
ESP, mm Hg 110 ±23 112 ±26 110 ±26 106 ±25 0.1
EES, mm Hg/mL 1.02 ±0.36 0.99 ±0.33 0.99 ±0.29 1.07 ±0.41 0.7
dP/dtmax, mm Hg/s 1158 ±266 1145 ±301 1114 ±279 1116 ±282 0.1

Diastolic function
EDV, mL 179 ±43 167 ±57 167 ±48 158 ±45 0.2
EDP, mm Hg 22 ±12 17 ±13 16 ±11 13 ±9 0.0001
EED, mm Hg/mL 0.134 ±0.060 0.107 ±0.068 0.092 ±0.058 0.091 ±0.064 0.009
Tau, ms 48 ±6 48 ±6 47 ±6 46 ±6 0.07
WSED, mm Hg 84 ±50 67 ±57 56 ±43 47 ±39 0.004

Values are mean ± SD. HR, heart rate; SV, stroke volume; CI, cardiac index; SW, stroke work; EA, 
effective arterial elastance; EES/EA, ventricular-arterial coupling ratio; ESV, end-systolic volume; EF, 
ejection fraction; ESP, end-systolic pressure; EES, end-systolic elastance; dP/dtmax, maximal rate of left 
ventricular pressure change; EDV, end-diastolic volume; EDP, end-diastolic pressure; EED, end-diastolic 
stiffness; Tau, relaxation time constant; WSED, end-diastolic wall stress.
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Figure 1. Illustration of a decrease in end-
diastolic wall stress in all patients during 
incremental Impella support. Each line represents 
the LV end-diastolic wall stress in a single patient. 
The 4 Impella support levels on the x-axis are 
indicated by 1 to 9, representing the lowest (0 L/
min) to the highest (2.5 L/min) support level.

Figure 2. Illustration of improved passive diastolic LV function by LV unloading in 2 ST-elevation 
myocardial infarction patients, indicated by a left- and downward shift of the PV-loop in patient A 
representing a decreased end-diastolic stiffness (A) or a right- and downward shift of the PV-loop 
in patient B representing an improved compliance curve (B). P1 represents an average PV-loop 
during support at the lowest pump level of the Impella LP2.5 device, whereas P9 represents the highest 
pump level. 
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Figure 2 illustrates the shift of the PV-loop induced by the Impella in 2 STEMI patients. 
The left- and downward shift of the PV-loop (Figure 2A), assumingly on its diastolic 
compliance curve, was observed in 2 out of 5 high-risk PCI and 2 out of 4 STEMI 
patients. The right- and downward shift of the PV-loop (Figure 2B), indicating a changed 
compliance curve, was observed in 3 out of 5 high-risk PCI and 2 out of 4 STEMI patients. 
Between the patients in the high-risk PCI group, we found no explanatory factors that 
correlated with the type of PV-loop shift. On the other hand, in the STEMI group 
differences in residual ischemia were related to differences in PV-loop shift. Both patients 
with the downwards shifted compliance curve had a TIMI flow grade 2 after primary 
PCI versus a TIMI flow grade 3 in the other patients. 

Discussion

In this study, we demonstrated direct beneficial effects of mechanical LV unloading on 
end-diastolic wall stress, diastolic compliance, and on the intrinsic mechanical properties 
of the LV during diastole, in high-risk PCI and STEMI patients. 

LV unloading
Our study shows that in all patients, the Impella leads to direct diastolic wall stress 
reduction, which is related to the level of LV unloading. Such direct and marked effects 
may be the expected advantage over the IABP, since the Impella directly removes blood 
from the LV. LV unloading by the Impella has previously been shown to be more effective 
than by the IABP in the experimental setting,6 and in the clinical setting by limited data 
obtained from right heart catheterization.3 Clinical data on surgically implanted pulsatile 
and nonpulsatile LV assist devices show a decrease in pressure assessed by right-heart 
catheterization, and in dimensions assessed by echocardiography.21

Incremental Impella support caused improvement in LV compliance by shifting the 
PV-loop left- and downwards on the compliance curve in half of the patients, regardless 
of the extent of LV impairment after primary PCI. This PV-loop shift on the compliance 
curve is expected to occur when filling pressures decrease due to mechanical unloading 
as in line with experimental studies.13

The observed right- and downward shift of the PV-loop in the other high-risk PCI and 
STEMI patients indicates that the compliance curve itself shifted downwards, thereby 
improving the intrinsic mechanical properties of the LV during diastole. For decades 
it has been known that coronary artery disease as well as acute myocardial infarction 
negatively influence LV function by a decrease in LV compliance, indicated by an upward 
shift of the compliance curve.22 Recently it was shown that primary PCI immediately 
causes an improvement in diastolic function by shifting the compliance curve 
downwards.23 Therefore, our data suggest that the Impella may dissolve the ‘demand 
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ischemic state’ of the impaired ventricles in the high-risk PCI patients and the ‘long-term 
occlusion ischemia’ in the STEMI patients with suboptimal reperfusion (i.e. TIMI <3 
flow), corresponding to ‘demand ischemia’ studied previously during pacing.24

Impella-unloading decreased wall stress in all of the patients. When considering that 
immediately after primary PCI for STEMI there is an increased microvascular resistance 
in the infarct and noninfarct related artery,25 which is related to LV filling pressures,26 our 
data suggest that wall stress reduction by LV unloading decreases coronary microvascular 
resistance and increases coronary flow velocity, as previously shown during Impella 
support.14 
In line with wall stress reduction interventions such as IABP unloading and surgical 
cardiomyoplasty, Impella unloading may also reduce mechanical dyssynchrony by 
decreasing wall stress in patients with advanced coronary artery disease or after primary 
PCI.27, 28

Cardiac support
As previously shown in the experimental setting,6 an improved cardiac function at 
maximum support of the Impella depends on the pre-assist cardiac output, since the 
device is a parallel pump across the aortic valve, total cardiac output constitutes of 
flow output through the pump plus the output from the heart. We found no increase 
in cardiac output at incremental support levels, presumably due to the fact that our 
study population had sufficient pre-assist cardiac output. In line with this finding, active 
diastolic relaxation was only mildly prolonged and only mildly, but not significantly 
improved by the unloading device. Cardiac performance seemed to be down-regulated at 
incremental Impella support, assumingly related to reduced oxygen demand, since total 
output remained unchanged. Nonetheless, when cardiac performance is insufficient, 
such as in cardiogenic shock, the Impella may contribute to the total cardiac output.29 
LV support by the widely used IABP is induced by LV afterload reduction by decreasing 
impedance to LV ejection.7 Our findings of the fact that the Impella-induced effects on 
LV dynamics occur at constant afterload, as shown by a constant EA, suggest that further 
pharmacological or mechanical afterload reduction on top of Impella support13 could 
be of additional value in STEMI patients, specifically in case of no-reflow or severe LV 
impairment. 

Limitations
There are a few limitations of our study with respect to the interpretation of the data. We 
did not measure myocardial oxygen consumption and lactate metabolism to determine 
whether the Impella support decreases myocardial metabolic demand. Furthermore, 
we assessed acute LV dynamic changes during short duration of Impella support and 
immediately after the PCI procedure, whereas influences on patient outcome may require 
longer periods of Impella support. This study was performed in high-risk compromised 
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patients, whereas obviously, patients in cardiogenic shock may benefit most from LV 
assistance. Nevertheless, from our positive findings in hemodynamically stable patients 
more marked effects may be expected in shock patients.

Clinical implications
The present study is the first clinical study to show that direct unloading of the LV has 
a beneficial effect on LV compliance, in high-risk PCI patients with severely impaired 
LV function and in STEMI patients treated by primary PCI, via assessment of online 
arithmetical and load-independent data from PV-loops. It may be expected that high-risk 
and primary PCI patients, with or without shock, will benefit from the above mentioned 
positive hemodynamic effects of the Impella in order to improve LV and patient recovery. 
Obviously, we cannot draw any conclusions on whether unloading by the Impella will 
have different effects on outcome than IABP.

Conclusions

LV support by Impella improves end-diastolic compliance and decreases end-diastolic 
wall stress by effective LV unloading, and may improve the intrinsic diastolic properties 
of the LV by shifting the diastolic compliance curve downwards. Our results indicate 
beneficial LV unloading effects during high-risk and primary PCI, as assessed by online 
and load-independent data from PV-loops.
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Abstract

Objectives. ST-elevation myocardial infarction (STEMI) causes left ventricular (LV) 
remodeling, which influences LV function. Therefore, we studied long-term LV dynamic 
changes after successful primary percutaneous coronary intervention (PCI) in patients 
with anterior STEMI by invasively obtained pressure-volume (PV) loops. 

Methods. We studied 11 consecutive patients (8 males, mean age 58 ± 9 years), who 
presented with their first anterior STEMI within 6 hours after onset of symptoms, and 
in whom coronary angiography revealed an occluded left anterior descending coronary 
artery. Continuous PV-loops were obtained three days and four months after primary 
PCI by inserting a pressure-conductance catheter in the LV. 

Results. Four months after successful reperfusion, a significant increase was observed 
in LV end-diastolic volume index (EDVI) from 72 ± 17 to 89 ± 15 mL/m2 (p = 0.001), 
as a result of LV remodeling after STEMI. The increase in EDVI was accompanied by 
significant improvements in diastolic LV function, as indicated by an increased end-
diastolic compliance with a 3.7 ± 4.9 mm Hg (p = 0.04) downward shift of the compliance 
curve. There was also a decrease in end-diastolic elastance from 0.13 ± 0.03 to 0.08 ± 0.03 
mm Hg/mL (p = 0.007). Systolic LV function showed an improvement in stroke volume 
(SV) from 62 ± 20 to 86 ± 25 mL (p = 0.005) and a preserved ejection fraction at increased 
LV end-diastolic volumes. 

Conclusions. Invasive assessment of LV pressure and volume performed after primary 
PCI in anterior STEMI patients show signs of LV remodeling, which is however 
accompanied by improvement in both diastolic and systolic LV function. 
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Introduction

Primary percutaneous coronary intervention (PCI) is currently the cornerstone 
treatment modality for early restoration of epicardial coronary blood flow in ST elevation 
myocardial infarction (STEMI). Early and successful reperfusion of myocardial tissue is 
crucial for reduction of infarct size which is an important determinant for post-infarction 
left ventricular (LV) healing and remodeling 1, 2. 
LV remodeling and residual systolic function are important markers of outcome, which 
have been the focus of research for several decades 3. Several studies showed that LV 
remodeling, defined as at least 20% increase in LV end-diastolic volume from baseline 
up to one year, is still frequently observed after STEMI, despite successful coronary 
reperfusion 4-6. Systolic as well as diastolic LV function after STEMI have shown to 
be strongly related to LV remodeling and prognosis 3, 7-10. However, the LV function 
parameters assessed in these studies have only been obtained non-invasively by means of 
echocardiography or cardiac magnetic resonance imaging (CMR).  Recently, we reported 
immediate improvements in LV function during reperfusion by invasively measured 
LV hemodynamics obtained directly before and after primary PCI in anterior STEMI 
patients (Remmelink et al. JACC 2009). Invasive assessment of LV hemodynamics is 
a direct and accurate method to examine changes in LV function that accompany LV 
remodeling after STEMI 11-13. Therefore, we performed online simultaneous LV pressure 
and volume measurements in primary PCI patients three days and four months after 
their STEMI.

Methods

Patients
The study population consisted of 11 consecutive patients (8 males, mean age 58 ± 9 
years), who presented with their first anterior STEMI within 6 hours after onset of 
symptoms. Patients were included when coronary angiography revealed an occluded left 
anterior descending artery prior to primary PCI (see Table 1).
Exclusion criteria were cardiogenic shock, refractory ventricular arrhythmias, congestive 
heart failure, previous myocardial infarction, significant valvular disease, and left 
ventricular thrombus. The study complied with the Declaration of Helsinki and was 
approved by the institutional research and ethics committee. All patients gave written 
informed consent. 

Study protocol
Patients were treated with aspirin, clopidogrel, and heparin before PCI. Heart rate and 
surface 12-lead ECGs were monitored and aortic pressure was measured via the guiding 
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catheter. Blood samples for hematology and chemistry including cardiac markers were 
drawn. Adequate medical treatment including statins, ACE inhibitors, β-blockers, aspirin 
and clopidogrel was started as soon as possible after the primary PCI and continued 
thereafter.
Three days and four months after primary PCI, LV pressure and volume loop assessments 
were performed in all patients by placing a 7F pigtail equipped combined pressure-
conductance catheter (CD Leycom, Zoetermeer, The Netherlands). A more extensive 
description of the instrumentation and LV hemodynamic measurements have been 
reported previously (Remmelink et al. JACC 2009).

LV hemodynamic measurements and analysis
LV hemodynamics were recorded continuously and were analyzed off-line. Per-beat 
averages of the recorded variables were calculated as the mean of all beats during a 
steady state of at least 12 seconds and covering two respiratory cycles. It was accounted 
for that selected recording were obtained during stable hemodynamic conditions, 
without interference of pharmaceuticals (e.g. nitroglycerin). The following indices were 
obtained: heart rate (HR), cardiac output (CO), ejection fraction (EF), stroke volume (SV), 
stroke work as the area of the pressure-volume loop (SW), end-systolic volume (ESV) 
index (ESVI), end-diastolic volume index (EDV, EDVI), end-systolic and end-diastolic 

Table 1. Baseline characteristics (n=11)
Age, y 58 ± 9
Male 8 -73
Body mass index 26 ± 5
Coronary risk factors

Diabetes 3 -27
Hypertension 3 -27
Hypercholesterolemia 3 -27
Family history of CAD 4 -36
Current smoking 8 -73
Previous STEMI 0 0

Angiographic features
LAD, culprit lesion 11 -100
2-vessel disease 2 -18
3-vessel disease 4 -36
TIMI 0-1 flow 11 -100

Cardiac markers, peak
CKMB, μg/L 192 ± 142
Troponin T, μg/L 8.3 ± 9.6
NT-proBNP, ng/L 1914 ± 1280

Values are n (%) or mean ± SD. CAD, coronary artery disease; STEMI, ST elevation myocardial 
infarction; LAD, left anterior descending; TIMI, Thrombolysis in Myocardial Infarction; CK, Creatine 
Kinase; NT-proBNP, N-terminal part of the pro-B-type natriuretic peptide.
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pressure (ESP, EDP), and peak positive 
derivative of LV pressure (dP/dtmax). 
The relaxation time constant Tau, 
as an index for the active diastolic 
LV properties during isovolumetric 
relaxation, was defined as that time 
required for the cavity pressure at 
dP/dtmin to be reduced by half 14. The 
end-diastolic elastance (EED), as the 
slope on the EDPVR was estimated by 
EDP/EDV 15. The change in the passive 
diastolic LV properties indicated by 
the shift of the compliance curve, was 
expressed by the mean pressure value 
over which the overlapping portion 
of the PV-loop had moved (Pm), as 
previously described (see figure 2) 12.

Statistical analysis
Data are expressed as mean ± SD or 
n (%). The 2-tailed paired t-test was 
used to compare LV hemodynamic 
data obtained at the different time 
points after the PCI. SPSS release 
16.0.1 statistical software package for 
windows (SPSS Inc. 2007, Chicago, 
Illinois) was used for analyses. 
A p-value of less than 0.05 was 
considered statistically significant.

Results

Patient characteristics
The baseline characteristics of all 11 
patients are shown in table 1. Coronary 
angiography revealed a right dominant 
system in 5 (45%) patients. In 5 (45%) 
patients the culprit lesion was located 

Figure 1. Changes in end-diastolic volume index 
(EDVI) (A), end-diastolic elastance (E ED) (B) and stroke 
volume (SV) (C) between 3 days and 4 months after 
successful reperfusion for ST elevation myocardial 
infarction (STEMI). 
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in the proximal LAD (segment 6) and in 6 (55%) patients in the mid part of the LAD 
(segment 7). 

LV hemodynamics at 4 months compared with 3 days after reperfusion
Changes in LV hemodynamics between 3 days and 4 months post-PCI are shown in table 
2.

Diastolic function. Pronounced changes were seen in diastolic LV function. 
There was an increase in EDVI from 72 ± 17 to 89 ± 15 mL/m2 (p = 0.001, figure 1A), 
with only a small but not significant change in EDP (p = 0.1). The end-diastolic elastance 
decreased from 0.125 ± 0.034 to 0.080 ± 0.025 mmHg/mL (p = 0.007, figure 1B), while 
Tau remained unchanged. The intrinsic diastolic LV properties improved, indicated by a 
downward shift of the compliance curve (figure 2), and quantified by a Pm of -3.7 ± 4.9 
mmHg (p = 0.04),

Systolic function. Small but non significant increases were seen in ESVI and in EF, (both p 
= 0.2). Improvement in systolic LV function after 4 months was expressed by an increase 
in SV from 62 ± 20 to 86 ± 25 mL (p = 0.005, figure 1C) and SW from 6.02 ± 2.66 to 9.67 
± 4.15 mmHg·L (p = 0.009).

Table 2. Changes in LV hemodynamics between 3 days and 4 months after primary PCI in 11 STEMI 
patients 

3 days after
reperfusion

4 months after
reperfusion

P-value

HR, bpm 81 ± 11 67 ± 15 0.006
Diastolic function
   EDV, mL 143 ± 35 175 ± 27 0.001
   EDVI, mL/m2 72 ± 17 89 ± 15 0.001
   EDP, mm Hg 18 ± 6 15 ± 6 0.1
   EED, mm Hg/mL 0.125 ± 0.034 0.080 ± 0.025 0.007
   Tau, ms 38 ± 5 39 ± 8 0.8
Systolic function
   ESV, mL 81 ± 23 89 ± 25 0.3
   ESVI, mL/m2 41 ± 12 46 ± 14 0.2
   EF, % 44 ± 9 49 ± 12 0.2
   dP/dtmax, mm Hg/s 1424 ± 320 1459 ± 333 0.7
   SV, mL 62 ± 20 86 ± 25 0.005
   CO, L/min 5.0 ± 1.5 5.7 ± 1.7 0.2
   SW, mm Hg∙L 6.02 ± 2.66 9.67 ± 4.15 0.009

Values are mean ± SD. HR, heart rate; EDV, end-diastolic volume; EDVI, end-diastolic volume index; 
EDP, end-diastolic pressure; EED, end-diastolic stiffness; Tau, relaxation time constant; ESV, end-systolic 
volume; ESVI, end-systolic volume index; EF, ejection fraction; dP/dtmax, peak positive derivative of LV 
pressure; SV, stroke volume; CO, cardiac output; SW, stroke work.
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Clinical outcomes at 4 months after reperfusion
All 11 patients had NYHA class II or less at 4 months follow-up after primary PCI. 
Coronary angiography at 4 months showed TIMI 3 flow of the LAD (infarct-related 
artery) in all patients. 

Discussion

The present study is the first to describe the improvement in diastolic and systolic LV 
function by invasively measured LV hemodynamics between 3 days and 4 months follow-
up after primary PCI in patients with anterior wall STEMI. 

Improvement in LV hemodynamics
Recently, we have shown an immediate improvement of the intrinsic passive LV diastolic 
properties during primary PCI (Remmelink et al. JACC 2009). The present data show 
a further improvement in the passive diastolic LV function after the acute phase. End-
diastolic elastance decreased and the compliance curve improved during 4 months 
follow-up. Active myocardial relaxation however, remained prolonged. Systolic LV 
function also improved, as indicated by the marked increase in stroke volume and stroke 
work, despite the large increase in EDV due to LV remodeling.

Figure 2. Illustration of typical 
PV-loops of one patient 3 days and 4 
months after primary PCI for STEMI. 
Note the down- and rightward shift after 
4 months with a marked increase in 
LV end-diastolic volume caused by LV 
remodeling after STEMI. Also, note the 
increase in stroke volume and downward 
shift of the LV compliance curve (striped 
lines). 
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The increase in LV end-diastolic volume is the result of post-STEMI LV remodeling, which 
is still frequently observed despite successful reperfusion 4-6. Our invasively measured LV 
volumes show relatively higher values when compared with those estimated previously 
by means echocardiography in patients after STEMI 4, 5, 16, whereas our measured LV 
volumes are lower when compared with those assessed by CMR 9. Although in two of 
the echocardiographic studies only about 50% of the patients had an LAD as the infarct-
related artery 4, 16, the mean EDVI at baseline and at follow-up did not differ much from 
that of the patients in one echocardiographic study which only included patients with 
anterior wall STEMI 5. 
Conductance catheter-derived volumes have shown to correlate strongly with those 
estimated by CMR 17. Averaging the values obtained by echocardiography and CMR 
gives an approximation of those acquired by invasive PV loop measurements. The mean 
relative increase in EDV as part of LV remodeling after STEMI in this study was 24%, 
which is in the same range as that described in previous echocardiographic and CMR 
studies 4, 5, 9, 16. 
Previous reports on LV diastolic changes in LV remodeling after STEMI were based on 
echocardiographic parameters 5, 7, 8, 10, 16. These parameters were derived from transmitral 
flow velocity patterns, and therefore influenced by diastolic LV function in various ways. 
Parameters such as E/A ratio, mitral deceleration time and E/E’ ratio are an indirect 
reflection of true LV diastolic function, since they depend on left atrial (LA) pressures, 
pulmonary vein properties and mitral orifice area. For their optimal interpretation other 
parameters need to be taken into account. By obtaining LV PV-loops, active LV relaxation 
and passive diastolic stiffness of the myocardium can be assessed independently and in a 
direct and a quantitative way. 
Another advantage of hemodynamic assessment by PV-loops is the possibility to directly 
relate LV dynamic parameters to each other. This is best described by our finding that 
PV-loops obtained 4 months after STEMI not only show a rightward shift with regard to 
those from 4 months earlier, but also a downward shift. So, not only did EDV increase as 
part of LV remodeling, this was accompanied by a decrease in end-diastolic elastance and 
an improvement in the compliance curve. 
Our study shows a small but no significant increase in LV ejection fraction at 4 months 
after primary PCI. This finding is in line with previous echocardiographic and CMR 
studies, showing only small increases in EF up to one year after succesfull PCI in 
STEMI patients 4, 5, 9, 16.  However, taking into account, the marked increase in EDV 
due to LV remodeling, ejection fraction gives an underestimation of the true systolic 
LV improvement, as supported by the large improvement in stroke volume and stroke 
work. Interestingly, cardiac output remained more or less the same, which is explained 
by a “compensatory” decrease of heart rate, and partially by betablocking therapy. Our 
description of improvement in systolic LV function as part of LV remodeling after STEMI, 
is another example of how different LV hemodynamic parameters can simply be related 
to each other by means of PV-loops. As far as we know, this is the first study that shows 
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invasively measured LV dynamic changes accompanying LV remodeling after successful 
reperfusion in STEMI patients. 

Limitations
Myocardial (un)-loading interventions to determine the EDPVR were not performed. 
However, we believe that interpretation of our data would have remained the same.18 
No significant correlations could be found between hemodynamic or clinical parameters 
and the extent of LV remodeling. In order to investigate these relations a larger sample 
size is required.

Clinical implications
Our study is the first to show improvement in both systolic and diastolic LV function 4 
months after successfully reperfused anterior wall STEMI, assessed by means of invasively 
measured load-independent PV-loops. The prognostic and clinical value of systolic LV 
function on short- and long-term after STEMI have been described extensively 3, 19, 20. 
More recent studies have shown diastolic LV function to be a strong predictor for clinical 
outcome after STEMI as well 7, 8, 10. The main finding in these studies is that diastolic 
LV dysfunction early after reperfused STEMI is predictive for late LV remodeling and 
unfavorable clinical outcome. The present study shows at long-term after reperfused 
STEMI that LV remodeling is accompanied by an overall improvement in diastolic LV 
function. The clinical importance of this finding still remains unclear and may encourage 
further investigations.

Conclusion

Invasive assessments of LV pressure and volume performed after primary PCI in anterior 
STEMI patients show evidence of LV remodeling, which however is accompanied by 
marked improvement in both diastolic and systolic LV function. 
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Abstract

Objectives. Coronary microvascular resistance (MR) is increased after primary 
percutaneous coronary intervention (PCI) for acute ST-elevation myocardial infarction 
(STEMI), which may be related in part to changed left ventricular (LV) dynamics. 
Therefore, we studied the coronary microcirculation in relation to systolic and diastolic 
LV function after STEMI. 

Methods. The study cohort consisted of 12 consecutive patients (10 males, age 57±7 
years), all treated with primary PCI for a first anterior wall STEMI. During catheterization 
at 4 months after the initial event, we measured intracoronary pressure and flow velocity 
by a dual-sensor-equipped guidewire and calculated MR. Additionally, we assessed LV 
dynamics with pressure-volume loops obtained from a pressure-conductance catheter 
to determine systolic and diastolic LV function. Infarct size and LV mass were assessed 
using magnetic resonance imaging. 

Results. Patients with an impaired systolic LV function (an EES/EA ratio <1.15) due to a 
larger myocardial infarction showed a higher baseline average peak flow velocity (APV) 
than patients with an EES/EA ratio >1.15 (26±7 versus 17±5 cm/s, p=0.003, respectively), 
and showed an impaired variable microvascular resistance index (2.1±1.0 versus 4.1±1.3 
mm Hg∙cm-1∙s-1, p=0.003, respectively). Impaired diastolic relaxation time (Tau) was 
inversely correlated with hyperemic APV (r=-0.56, p=0.003) and positively correlated 
with hyperemic MR (r=0.48, p=0.01). Furthermore, LV dilatation was associated with a 
reduced variable microvascular resistance index (r=0.78, p=0.006).

Conclusions. A larger anterior myocardial infarction results in an impaired LV 
performance and is associated with reduced coronary microvascular resistance variability, 
in particular due to a higher coronary blood flow at baseline in these compromised left 
ventricles. 
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Introduction 

Bax et al. showed that coronary flow velocity reserve (CFVR) and variable microvascular 
resistance are decreased during the acute phase of ST-elevation myocardial infarction 
(STEMI), probably due to microembolization and/ or disturbed microvascular 
autoregulatory function.1, 2 CFVR has been demonstrated to predict recovery of systolic 
LV function after STEMI.1, 3, 4

CFVR reflects microvascular integrity  and may also be influenced by left ventricular 
(LV) dynamics.5 Clinical reports on this subject are scarce. Recent reports suggest that 
an increased end-diastolic pressure contributes to coronary microvascular dysfunction 
in STEMI patients.2, 6 CFVR, has also shown to be decreased in patients with increased 
LV pressures in dilated ischemic7 and non-ischemic cardiomyopathy.8 However, the 
influence of LV dynamics on the coronary microcirculation has not been studied in 
STEMI patients. 
Therefore, we studied intracoronary hemodynamics in relation to systolic and diastolic 
LV function as assessed by pressure-conductance catheter,9 in patients at 4 months after 
their first STEMI.

Methods

Patients
The study population consisted of 12 consecutive patients (10 males, age 57±7 years), 
who were successfully treated 4 months before in the proximal left anterior descending 
coronary artery (LAD) by primary PCI for their first acute anterior ST-segment elevation 
myocardial infarction within 6 hours after onset of symptoms. Included were patients 
with an angiographic normal circumflex coronary artery (LCx) to enable comparison of 
intracoronary measurements in both the infarct related artery (IRA) and a reference non-
IRA. Exclusion criteria were congestive heart failure, previous myocardial infarction, 
significant valvular disease, and left ventricular thrombus. The study complied with 
the Declaration of Helsinki and was approved by the institutional research and ethics 
committee. All patients gave written informed consent.

Study protocol
Patients underwent cardiac catheterization. Heart rate and 12-lead surface ECGs were 
monitored and aortic pressure was measured via the guiding catheter. After coronary 
angiography, the 7F pigtail equipped combined pressure-conductance catheter (CD 
Leycom, Zoetermeer, The Netherlands) was placed in the LV through the contralateral 
femoral artery to assess LV pressure-volume loops, as previously described.9 A 5 mL 
blood sample was used to measure blood resistivity rho, and a Swan Ganz catheter was 
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placed in the pulmonary artery via the femoral vein. Cardiac output was determined 
by thermodilution and parallel conductance by hypertonic saline injections in order to 
calibrate the volume signals of the conductance catheter. 
Subsequently, the ComboWire® XT (Volcano Corporation, Rancho Cordova, CA), a 
0.014-inch dual-sensor (pressure and Doppler velocity)-equipped guidewire, was used to 
assess intracoronary pressure and flow velocity signals in the LAD (infarct related artery) 
and LCx (nonstenotic and non infarct-related artery) after intracoronary administration 
of nitroglycerin (0.1 mg), as previously described.10 The measurements were performed at 
baseline and during maximal hyperemia, induced by an intracoronary bolus of adenosine 
(30-40 µg). 
Cardiac MRI, performed within a few days of the catheterization, was used to assess LV 
mass, infarct size (% of LV mass), and the LV remodeling index (LVRi) as calculated by 
LV mass/EDV.11

LV dynamic analysis
LV dynamics were analyzed off-line from the recordings of the pressure-conductance 
catheter. Per-beat averages of the recorded variables were calculated as the mean of all 
beats during a steady state of at least 12 s and covering two respiratory cycles. Several 
indices for overall cardiac performance were obtained as previously described,12, 13 i.e. 
the ventricular-arterial coupling ratio (EES/EA), which describes the interaction between 
systolic LV performance and the systemic arterial system,14 as well as specific systolic 
and diastolic indices, i.e. end-systolic volume and elastance (ESV, EES), ejection fraction 
(EF), and the relaxation time constant Tau, peak negative derivative of LV pressure (dP/
dtmin), peak filling rate (PFR), end-diastolic volume, pressure and elastance (EDV, EDP, 
EED), respectively.

Intracoronary hemodynamic analysis
The digital recordings of aortic pressure, intracoronary pressure and flow velocity were 
analyzed off-line, as previously described.15 Per-beat averages of the recorded variables 
were calculated as the mean of 8 beats during baseline, and the mean of at least 3 beats 
during maximal hyperemia. The following indices were calculated: mean aortic pressure 
(Pa), mean distal coronary pressure (Pd), average peak flow velocity (APV), and coronary 
flow velocity reserve (hyperemic APV/baseline APV). The coronary microvascular 
resistance index (MR) was calculated by Pd/APV. The variable arteriolar resistance 
index, which represents autoregulatory function, was expressed as baseline MR minus 
hyperemic MR.2, 16

Statistical analysis
Data are expressed as mean ± SD or n (%).The two-tailed paired and unpaired t-test 
was used where appropriate. The one-tailed bivariate Pearson’s correlation was used to 
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determine correlations between intracoronary and LV function parameters. SPSS release 
15.0.1 statistical software package for windows (SPSS Inc. 2006, Chicago, Illinois) was 
used for analyses. A p-value of less than 0.05 was considered statistically significant.

Results

Patient characteristics 
The patient characteristics of the 12 patients are shown in Table 1. All patients were 
treated with similar medication, i.e. statins, ACE inhibitors, β-blockers, aspirin and 
clopidogrel. There were no significant differences in the coronary hemodynamics of the 
LAD (i.e. IRA) and the LCx (i.e. non-IRA), as shown in Table 2.

Systolic LV function and the coronary microcirculation
Patients were divided on the basis of their systolic LV performance in relation to the 
systemic arterial system. It was previously shown that patients with normal LV 

Table 1. Patient characteristics at 4 months after primary angioplasty (n = 12)
Age, y 57 ± 7
Male 10 (83)
Body mass index 27 ± 4
Coronary risk factors

Diabetes 3 (25)
Hypertension 4 (33)
Hypercholesterolemia 4 (33)
Family history of CAD 3 (25)
Smoking 8 (67)

Clinical and angiographic features
New York Heart Association class I-II 12 (100)
NT-proBNP, ng/L 272 ± 266
Duke’s jeopardy score (0-12 points) 1.7 ± 2.4

Characteristics of STEMI and reperfusion
LAD, proximal culprit lesion 12 (100)
TIMI 3 flow after PCI 11 (92)
TIMI 2 flow after PCI 1 (8)
STR at 60 min after PCI, % 58 ± 25
peak CKMB, μg/L 164 ± 109
peak NT-proBNP, ng/L 5423 ± 12732

Values are n (%) or mean ± SD. CAD, coronary artery disease; NT-proBNP, N-terminal part of the pro-
B-type natriuretic peptide; STEMI, acute ST-elevation myocardial infarction; Duke’s jeopardy score, the 
angiographic extent of coronary artery disease; LAD, left anterior descending coronary artery; TIMI, 
Thrombolysis in Myocardial Infarction; PCI, percutaneous coronary intervention; STR, the summed 
12-lead ST-segment resolution as determined at 80 ms after the J-point; CK, Creatine Kinase.
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performance have an EES/EA of 1.62, and patients with an impaired LV performance an 
EES/EA ≤1.0.17 Our patients were divided into 2 groups: group 1, patients with impaired 
systolic LV function with an EES/EA <1.15 (0.90±0.25), and group 2, patients with normal 
systolic LV function with an EES/EA >1.15 (1.88±0.66). We compared LV dynamics and 
coronary microcirculatory function between both groups, as shown in Table 3. Patients 
with normal systolic LV function showed smaller infarct size and larger LV mass. There 

Table 2. Comparison of the coronary microcirculation between the infarct related artery and non-
infarct related artery at four months after STEMI

IRA (LAD) non-IRA (LCx) P-value
Heart rate, bpm 67 ±12 70 ±15 0.4

baseline Pd, mm Hg (normal 87, range 67-128)* 98 ±14 102 ±14 0.3
hyperemic Pd, mm Hg (normal84, range 65-113)* 87 ±14 92 ±16 0.1

Coronary flow velocity reserve 2.3 ±0.4 2.3 ±0.4 0.8
baseline APV, cm/s (normal 18, range 5.6-26)* 23 ±8 20 ±6 0.2
hyperemic APV, cm/s (normal 49, range 25-84)* 50 ±16 43 ±13 0.3

Variable resistance index, CRU 3.2 ±1.4 3.8 ±1.7 0.4
baseline MR, CRU (normal 6.5 range: 3.3-13.2)* 5.2 ±1.9 6.2 ±2.7 0.3
hyperemic MR, CRU (normal 1.69 range: 0.9-3.2)* 2.0 ±0.8 2.3 ±1.2 0.2

Values are n (%) or mean ± SD. IRA, infarct-related artery; LAD, left anterior descending coronary 
artery; LCx, circumflex coronary artery; Pd, distal coronary pressure; APV, average peak flow velocity; 
MR, coronary microvascular resistance index; CRU, coronary resistance unit (mm  Hg∙cm-1∙s-1). *, 
normal reference values from Chamuleau et al. Am J Physiol Heart Circ Physiol 2003;285:H2194-H2200. 

Figure 1. Correlations of left ventricular (LV) function and degree of remodeling with the variable 
resistance index as measured in the infarct-related artery (IRA) and non-IRA. Panel A, shows 
the positive correlation of the ventricular-arterial coupling ratio (EES/EA) with the variable arteriolar 
resistance index (variable MR). Panel B, shows the positive correlation of the left ventricular remodeling 
index (LVRi) with the variable MR. Note that in patients with better performing left ventricles and 
in patients with a higher LVRi, indicating a more favorable amount of LV mass compared to LV end-
diastolic volume, there is a better microvascular autoregulatory function. 
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was an increased baseline APV of 26±7 cm/s (normal reference value is 18 cm/s)16 in the 
impaired LV function group, and therefore a lower CFVR of 2.0±0.3 (normal reference 
value >2). Furthermore, group 1 showed a reduced variable resistance index. Figure 1, 
panel A shows the positive correlation of EES/EA with the variable resistance index. 

Diastolic LV function and the coronary microcirculation
Among the 12 patients, there were 3 patients with diastolic LV dysfunction indicated 
by an EDP >16 mm Hg, according to the definitions described by the Heart Failure and 
Echocardiography Associations of the European Society of Cardiology.18 Therefore, 
most of the individual parameters for diastolic LV function tested for correlation with 
coronary hemodynamics fell within the normal range. The relaxation time constant Tau 

Table 3. Comparison of LV dynamics and coronary microcirculation in patients with and without 
impaired systolic LV function at four months after STEMI

Impaired LVF   EES/ EA 
<1.15 (n=6)

Normal LVF   EES/ EA 
>1.15 (n=6)

P-value

peak CKMB, μg/L 221 ±80 107 ±110 0.07
Infarct size, % of LV mass 19.1 ±8.1 8.6 ±8.8 0.06
LV mass, g 100 ±27 136 ±15 0.02
Heart rate, bpm 73 ±17 57 ±6 0.05
Systolic LV function
ESV, mL 85 ±18 66 ±28 0.2
EES/EA 0.90 ±0.25 1.88 ±0.66 0.007
EES, mm Hg/ mL 1.34 ±0.22 3.00 ±1.58 0.03
EF, % 48 ±8 61 ±9 0.03
Coronary hemodynamics
baseline Pd, mm Hg 85 ±15 104 ±14 0.01
hyperemic Pd, mm Hg 76 ±14 95 ±16 0.01
Coronary flow velocity reserve 2.0 ±0.3 2.4 ±0.4 0.04
baseline APV, cm/s 26 ±7 17 ±5 0.003
hyperemic APV, cm/s 52 ±14 42 ±12 0.07
Variable resistance index, mm Hg∙cm-1∙s-1 2.1 ±1.0 4.1 ±1.3 0.003

Values are n (%) or mean ± SD. LVF, left ventricular function; EES/EA, ventricular-arterial coupling 
ratio; CK, Creatine Kinase; ESV, end-systolic volume; EES, end-systolic elastance; EA, effective arterial 
elastance; Pd, distal coronary pressure; APV, average peak flow velocity.

was inversely correlated with hyperemic APV (r=-0.56, p=0.003) and positively correlated 
with hyperemic MR (r=0.48, p=0.01).
The MRI derived remodeling parameter LVRi (Figure 1, panel B) and LV mass correlated 
with the variable resistance index, i.e. better autoregulatory microcirculatory function 
(r=0.78, p=0.006 and r=0.52, p=0.01, respectively).
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Discussion

This study is the first to demonstrate that a larger anterior myocardial infarction results 
in an impaired LV performance and is associated with reduced coronary microvascular 
resistance variability, in particular due to a higher coronary blood flow at baseline in 
these compromised left ventricles.

Microcirculation and LV dynamics
A previous report by Bax et al. showed the prognostic value of CFVR on left ventricular 
function during a 6 month follow up period 1. Recently, Hirsch et al. showed that flow 
characteristics (e.g., CFVR and diastolic deceleration rate) correlated to microvascular 
obstruction as determined by magnetic resonance imaging.19 These reports suggest that 
microvascular integrity is related to larger infarct size and worse outcome because it is 
known that infarct size is a critical determinant of LV function, which in turn, is the most 
important determinant of early and long-term survival.20

However, these studies had a different design than ours. In those patients were no LV 
hemodynamics were assessed, nor were patients divided on the basis of LV function. 
In other previous clinical reports, an association of coronary hemodynamics with LV 
function was suggested but not (directly) measured.2, 8, 21, 22, 6

In our study we combined for the first time, single wire intracoronary pressure and 
flow velocity measurements with LV dynamic measurements. The intracoronary 
hemodynamic measurements have shown to be a sensitive method for determining 
microvascular resistance.10 The reduced CFVR and reduced variable microvascular 
resistance index is merely due to a higher blood flow velocity at baseline conditions. 
Patients with a larger infarct are characterized by a lower blood pressure and higher heart 
rate, as signs of a compromised LV performance. This impaired LV performance is also 
indicated by the significant difference in end-systolic elastance and ejection fraction, and 
results in a reduced microvascular resistance at baseline. This reduction in microvascular 
resistance is more pronounced at baseline than at hyperemic conditions, resulting in a 
reduced coronary microvascular resistance variability (Figure 1, panel A).
In accordance with our observations in systolic LV function, we also observed an 
association with LV dilatation. The LV remodeling index showed a large correlation with 
the degree of microcirculatory dysfunction, i.e. the variable resistance index (Figure 1, 
panel B). These findings implicate that limiting infarct size does not only preserve LV 
function, but also coronary microvascular function.

Limitations
Our studied population did not allow a comparison of patients with diastolic LV 
dysfunction with normal diastolic LV function in association with microcirculatory 
function, since there were only few patients with diastolic LV dysfunction. The 
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combination of invasively measured LV function and intracoronary hemodynamics was 
studied in a small sample size, which was evaluated only at 1 moment in time, i.e. at 4 
months after STEMI.

Clinical implications 
In patients with a larger myocardial infarction, the LV is inefficiently performing against 
the afterload of the systemic arterial system (reduced ventricular-arterial coupling ratio). 
The coronary circulation shows their compensation mechanism by increasing coronary 
flow velocity during baseline conditions (baseline APV), resulting in a decrease in CFVR 
and variable microvascular resistance
Obviously, the most important therapy remains urgent reperfusion to limit infarct size, in 
order to preserve LV function and coronary microvascular integrity. Though speculative, 
in patients with large anterior STEMI, in addition to pharmacological afterload reduction 
to reduce LV workload, adjunctive measures such as mechanical LV unloading during 
the acute phase23 may be useful to preserve LV performance and increase variability in 
coronary microvascular resistance.15 

Conclusions

In STEMI patients who were treated with primary PCI, we found that a larger anterior 
myocardial infarction results in an impaired LV performance and is associated with 
reduced coronary microvascular resistance variability, in particular due to a higher 
coronary blood flow at baseline in these compromised left ventricles. 
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To the editor:
Unloading the left ventricle (LV) after ST-elevation myocardial infarction (STEMI) in 
addition to reperfusion therapy may reduce infarct size and may give the myocardium 
time to recuperate from ischemic stunning.1 This may be particularly true in STEMI 
patients with cardiogenic shock (CS) or pre-shock, who have a large ischemic area at 
risk for necrosis. Nowadays, intra-aortic counterpulsation (IABP) is the most accessible 
method of LV unloading and circulatory support. However, this treatment modality in 
randomized trials failed to show any benefit on infarct size, LV function and/or mortality 
in the setting of STEMI. Nonetheless, mostly based on non-randomized studies, IABP 
remains advocated and frequently used for hemodynamic stabilization in CS. True LV 
unloading with a left ventricular assist device (LVAD) might be superior to IABP therapy. 
The Impella
LP2.5 is a novel catheter mounted (9 Fr) micro-axial rotary bloodpump (12 Fr) able to 
provide flow up to 2.5 L/min. It is inserted percutaneously through the femoral artery 
and positioned across the aortic valve in the LV. However, before initiation of a trial 
in STEMI patients with hemodynamic instability, the safety and feasibility of Impella 
support should be determined in hemodynamically less compromised patients.

From December 2005 until June 2006, a total of 20 consecutive patients were included in 
this singlecentre, non-randomized pilot study (AMC MACH2 study), which was designed 
to evaluate the safety and feasibility of concomitant LV unloading with the Impella LP2.5 
in STEMI. Eligible were all patients presenting with a first anterior STEMI within 6 
hours of symptom onset without CS treated with primary PCI. Immediately after PCI, 
10 patients received 3 days Impella support (Impella group). A concurrent group of 10 
patients, meeting all eligibility criteria, were treated according to routine care, including 
IABP therapy, as deemed necessary by the attending operator in 3 patients. All patients 
received
optimal pharmacotherapy including aspirin, B-blocker, ACE-inhibitor and statin therapy.

Continuous data are presented as mean ± SEM. Differences in continuous variables were 
assessed by the Mann-Whitney U test, in categorical variables by the chi-square test, and 
in paired comparisons by the Wilcoxon signed-rank test.

The primary safety and feasibility endpoints included device-related complications 
and major adverse cardiac and cerebral events (MACCE) during support and 4-month 
follow up. The secondary objective, LV recovery, was assessed by echocardiography in 
an exploratory fashion to support our hypothesis and provide a more profound basis for 
further controlled trials.

Global LVEF in both groups was determined on transthoracic echocardiography (TTE) 
immediately after PCI (baseline), at 3 days (after Impella removal) and after 4 months. 
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Table 1. Patient characteristics 
Variables Impella n=10 Control n=10 
Clinical characteristics and risk factors 

Age (years) 58.2 ± 3.5 58.1 ± 3.3 
Male gender (%) 9 (90) 6 (60)
Hypertension (%) 5 (50) 2 (20)
Diabetes (%) 3 (30) 1 (10)
Current smoker (%) 7 (70) 6 (60)
Hypercholesterolemia (%) 2 (20) 1 (10)
Stroke (%) 1 (10) 0
Heart rate (bpm) 81.0 ± 6.0 85.5 ± 6.3 
Diastolic pressure (mmHg) 82.8 ± 3.2 73.8 ± 6.7 
Systolic pressure (mmHg) 128.0 ± 4.4 116.4 ± 6.6 

Admission laboratory 
Serum creatinine (umol/L) 69.8 ± 5.5 63.3 ± 4.7 
Hemoglobin (mmol/L) 9.1 ± 0.2 8.9 ± 0.3 
Plasma glucose (mmol/L) 9.9 ± 1.1 8.7 ± 1.2 
High sensitivity-CRP (mg/L) 34.7 ± 22.0 10.6 ± 6.1 
NT-proBNP (ng/L) 1619.0 ± 1200.2 387.3 ± 244.8
CKMB (ug/L) 49.1 ± 22.5 16.3 ± 6.9 

Treatment related characteristics 
Ischemic time 4h48m ± 54m 3h54m ± 47m
TIMI 3 flow in culprit artery after intervention (%) 9 (90) 10 (100) 

Cardiac markers after PCI 
Peak CKMB (ug/L) 251.3 ± 50.4 214.7 ± 36.5
CKMB AUC (ug.h/L) 4494 ± 851 3897 ± 633 
Troponin T AUC (ug.h/L) 326 ± 60 203 ± 31 

AUC: area under the curve, TIMI: thrombolysis in myocardial infarction 

Chapter 13

Baseline TTE also served to assess the presence of LV mural thrombus, which is an 
exclusion criterion for Impella therapy. Finally, aortic regurgitation was assessed before, 
during and after Impella support as well as at 4 month FUP. Echocardiographic analyses 
were performed by an independent corelab (DCRI, Duke University, Durham; N.C., USA).

The patient characteristics at first glance show no significant differences between both 
groups (table 1). However, in the Impella group there is a trend towards higher scores on 
most conventional risk factors, admission laboratory and indexes of extent of myocardial 
necrosis, indicating a worse clinical condition at baseline.

Impella insertion was successful in all cases. Median time for pump placement was 11 
minutes. After subsequent maximization of pump performance (maximum flow: 2.2 ± 
0.1 L/min) an immediate increase in cardiac output (4.4 ± 0.3 to 4.9 ± 0.5 L/min; n=5; 
p=NS) and a decrease in pulmonary capillary wedge pressure (24.3 ± 2.4 to 17.3 ± 0.4 
mmHg; n=5; p<0.05) was observed. Weaning was commenced from 48 to 72 hours. 
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Median assist time was 71 hours and 43 minutes. During Impella support no signs or 
increase by ≥1 grade of aortic regurgitation were observed; neither were any late adverse 
effects on the aortic valve at 4-month FUP. Groin bleeding requiring transfusion (mainly 
oozing along femoral sheath) was observed in 4 patients in the Impella group compared 
to 2 in the control group; however, after implementing a stricter institutional heparin 
protocol, oozing was not an important issue anymore. Haemolysis (free-haemoglobin 
levels >10mg/dL) occurred only within the first 24 hours of support, returning quickly 
towards normal levels. There were no other device related
adverse events, nor MACCE (death, re-MI, TVR, stroke) during and after Impella support.

Changes in LVEF from baseline (immediately after PCI) to 3 days (Impella removal) and 
4-month follow-up are depicted in figure 1 (Vertical bars show mean values ± SEM for 
paired data). In the Impella group (n=8), LVEF improved from 28% at baseline to 37% 
(p<0.05) and 41% (p<0.05) after respectively 3 days and 4 months, whereas in the control 
group (n=9) no significant improvement was observed; LVEF changed from 40% to 
respectively 42% (NS) and 45% (NS).

Figure 1. Left ventricular recovery 
at day 3 and 4-month follow up after 
STEMI.
Changes in LVEF from baseline to 
respectively day 3 (after Impella removal) 
and 4 month follow up in the Impella 
group and the control group.

We previously demonstrated the safety and feasibility of peri-procedural LV support 
with the Impella LP2.5 in elective high-risk PCI patients2 (AMC MACH1 study). The 
presented pilot study in STEMI patients without hemodynamic compromise extends 
this safety and feasibility to concomitant LV support during 3 days with Impella LP2.5. 
Severe complications, such as major bleeding, vascular injury, thrombo-embolism and 
major haemolysis, often accompanying miniaturized LVAD’s, did not occur in our study. 
Furthermore, the Impella showed to be easily implantable and provided an increase of 
cardiac output and a decrease of LV end-diastolic pressure. We previously showed that 
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the Impella LP2.5 improves intracoronary perfusion pressure, coronary flow velocity 
reserve and microvascular resistance.3

Most interestingly we observed a marked LV recovery in the Impella group, suggesting 
a possible beneficial effect of mechanical unloading on post-infarct adverse remodelling.
The extent of this effect is more than could be expected after optimal reperfusion 
combined with optimal post-infarction pharmacotherapy. Functional recovery occurs in 
a significant proportion of patients due to contemporary STEMI treatment. Reported 
increases in LVEF from baseline within 24 hours after PCI up to 6 months range from 
3 to 4.5 LVEF percentage-points, comparable with the improvement observed in our 
control group.4, 5 However, this is considerably less compared with the 9 and 13 LVEF 
percentage-points improvement observed after respectively 3 days and 4 months in the 
Impella group.

In conclusion, the findings, concerning the safety and feasibility of prolonged Impella 
LP2.5 support in the setting of STEMI are encouraging. Furthermore, LV unloading 
resulted in an unexpected acute and sustained LV recovery compared with routine 
care patients. These findings should be seen as the first explorative findings in man 
and an incentive for larger scale studies. Percutaneous LVAD therapy may prove to be 
a promising alternative for the passive support offered by IABP. We recently initiated a 
head-to-head randomized comparison of IABP and Impella support in hemodynamically 
compromised patients with large anterior STEMI.
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Summary

The combined pressure-conductance catheter provides the opportunity to continuously 
assess systolic and diastolic LV function from pressure-volume loops in the catheterization 
laboratory, enabling accurate assessment of the timing and magnitude of the LV dynamic 
effects of therapeutic interventions. The purpose of this thesis is to investigate LV and 
coronary hemodynamic effects in the setting of PCI. In general, the thesis consists of 
four parts. The first part describes the effects of repeated episodes of acute myocardial 
ischemia on LV dynamic characteristics. The second part describes LV function and 
hemodynamic effects during primary PCI in STEMI patients. The third part concerns the 
evaluation of the safety, feasibility, and efficacy of a new LV unloading device for support 
in high-risk and primary PCI patients. The fourth part focuses on LV function recovery 
and its influence on the coronary microcirculation after primary PCI. This includes a 
discussion on the role of mechanical support in the setting of revascularization in acute 
myocardial infarction. 

Part I: LV dynamic effects of myocardial ischemia

Chapter 2 describes how a brief coronary balloon occlusion during an elective PCI 
procedure affects systolic and diastolic LV function. In addition, continuously measured 
LV dynamics are evaluated during a repeated coronary balloon occlusion. The results of 
this study show that a prolonged ischemic period caused a phased ischemic response of first 
diastolic dysfunction and then systolic dysfunction with more pronounced deterioration 
during a consecutive ischemic period, while the 12-lead ECG showed less ST-segment 
deviation. These findings may in part explain the mechanism of preconditioning.

Part II: LV function and hemodynamic effects of 
myocardial reperfusion

In addition to the immediate effects of acute ischemia on LV function, this thesis 
addresses the immediate LV dynamic and hemodynamic effects of reperfusion in STEMI 
patients treated with primary PCI. 
Chapter 3 describes the acute effects of myocardial reperfusion on systolic and diastolic 
LV function by means of continuous PV-loop assessment throughout primary PCI 
procedures. While early studies had shown that an acute myocardial infarction caused 
a decrease in LV distensibility as indicated by an upward shift of the EDPVR (i.e. the 
diastolic compliance curve), our study showed that treatment of anterior STEMI with 
primary PCI caused an immediate improvement in passive diastolic LV function as 
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indicated by a downward shift of the EDPVR. In addition, apical contractility showed an 
immediate improvement after reperfusion.
Following reperfusion, the occurrence of AIVR had been suggested to be associated with 
LV dysfunction. In Chapter 4, the effect of reperfusion by means of PV-loop analysis, 
is compared between patients with and without the occurrence of reperfusion-induced 
AIVR. This study demonstrates that patients with reperfusion-induced AIVR have more 
pronounced diastolic LV dysfunction before the onset of the arrhythmia, i.e. a delayed 
active relaxation, a worse compliance curve, and a higher end-diastolic stiffness. At the 
end of the procedure, AIVR patients showed less improvement in diastolic LV function, 
indicated by a downward shift of the compliance curve, a decrease in end-diastolic 
stiffness, and end-diastolic pressure. These findings suggest that diastolic LV dysfunction 
contributes to the occurrence of AIVR and that AIVR is a sign of diastolic LV dysfunction.
The hemodynamic effects of AIVR in 75 STEMI patients are described in Chapter 5. 
The results showed that AIVR was associated with marked reduction in both systolic 
and diastolic blood pressure, irrespective of infarct-related artery. Patients with a culprit 
lesion in the proximal left coronary artery showed less reduction in blood pressure, 
probably due to a preexisting more comprised hemodynamic condition as indicated by a 
lower systolic blood pressure and increased heart rate.
Two cases in Chapter 6 illustrate the immediate effects of AIVR on the PV-loops, and 
of LV unloading by the IABP on AIVR. AIVR caused an immediate decrease in cardiac 
output, contractility and stroke work, partly due to an absence of atrial contribution to 
LV filling, whereas LV unloading directly led to a return to sinus rhythm and subsequent 
improvement in hemodynamic state, presumably by a reduction in wall stress. 

Part III: LV mechanical support by the Impella LP2.5

The safety and feasibility of the new percutaneously inserted LV unloading device, the 
Impella LP2.5, for cardiac support is studied in the setting of elective high-risk PCI in 
Chapter 7. Procedural success using the device and PCI was achieved in all 19 patients, 
who were poor candidates for surgery. The patients studied were elderly patients (ages 
84% >60 years), 74% had a previous myocardial infarction, 63% had a LV ejection fraction 
≤25%, and all patients had LV ejection fractions ≤40%. There was a limited decrease in 
hemoglobin level, no increase in aortic valve regurgitation, and there were no important 
device-related adverse events during and after Impella support. These encouraging 
findings warrant confirmation in larger studies and longer assist times, as well as in other 
patient categories.
In Chapter 8, the direct flow effects of the Impella is demonstrated using echocardiography 
in a patient. During the high-risk ‘unprotected’ left main PCI, an impressive triangular 
shaped turbulence at the in- and outlet of the Impella was seen, reflecting its pumping 
capability.
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In Chapter 9, the effect of the Impella on the coronary circulatory is studied in 11 patients 
with compromised LV function during a high-risk PCI procedure with cardiac support 
of the Impella. Intracoronary measurements were performed in a nonstenotic coronary 
artery after the PCI. This study showed that the Impella causes an increase in aortic and 
intracoronary pressure, hyperemic flow velocity and CFVR, and improves microvascular 
resistance variability. The Impella-induced increase in coronary flow probably results 
from both an increase in perfusion pressure and a decrease in LV volume-related 
intramyocardial resistance.
In Chapter 10, the effect of LV unloading by the Impella on LV function is evaluated 
by assessment of PV-loops in high-risk PCI and primary PCI patients. The response 
to increased LV unloading was not different between both groups of patients. The 
pooled data showed no change on global and systolic LV function during increased LV 
unloading, but improved diastolic function as indicated by an increased LV compliance 
in all patients. There was a decrease in end-diastolic pressure, in end-diastolic elastance, 
and in end-diastolic wall stress, suggesting beneficial dose-dependent mechanical LV 
unloading effects in high-risk and primary PCI patients.

Part IV: Recovery of left ventricular function after 
primary PCI 

Long-term effects of primary PCI on LV function is evaluated in anterior STEMI 
patients by means of PV-loop analysis in Chapter 11. PV-loops were obtained 3 days 
and 4 months after primary PCI by a pressure-conductance catheter. An increase was 
observed in LV end-diastolic volume. This sign of LV remodeling was accompanied by an 
improvement in the intrinsic diastolic LV properties as indicated by a downward shift of 
the compliance curve, and an improvement in the systolic LV function as indicated by an 
increased stroke volume due to a preserved ejection fraction at increased volumes.
In Chapter 12, the coronary microcirculation is studied in relation to systolic and 
diastolic LV function in anterior STEMI patients at 4 months after primary PCI. During 
catheterization both intracoronary pressure and flow velocity, and PV-loops were assessed. 
Infarct size and LV mass were assessed using magnetic resonance imaging. This study 
demonstrates that a larger anterior STEMI results in an impaired LV performance, which 
is associated with reduced coronary microvascular resistance variability, in particular 
due to a higher coronary blood flow at baseline in these compromised left ventricles.
In Chapter 13, the safety and feasibility of prolonged support (median 71 h and 43 min) 
with the Impella after primary PCI is evaluated. Impella insertion was rapid (median 
11 min) and successful in all cases. Hemolysis occurred only within the first 24 h of 
support, returning quickly toward normal levels. There were no other device-related 
adverse events, nor major adverse cardiac and cerebral events (death, repeat myocardial 
infarction, target vessel revascularization, stroke) during and after Impella support. 
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Moreover, Impella-supported patients showed an improvement in LV ejection fraction (as 
assessed by echocardiography) at 3 days and 4 months, that was not seen in the routine 
care patients (control group). 

Interpretation and Conclusions

Early experimental findings led to the concept of preconditioning to protect the 
myocardium against a subsequent ischemic period, i.e. an ischemic event such as STEMI. 
Though the mechanism remains to be elucidated, our findings of a more rapid and more 
pronounced deterioration of LV function including a reduction in stroke work during a 
consecutive ischemic period, while the 12-lead ECG showed less ST-segment deviation, 
suggest that a decrease in LV oxygen consumption may be part of the mechanism by 
which the LV can protect the myocardium against an ischemic event. This may direct 
future studies to assess the mechanism and possible role of preconditioning in clinical 
practice.
LV function is an important determinant of survival. In the pre-reperfusion era, it was 
possible to assess the time course of LV function during the early phase of an acute 
myocardial infarction. These clinical studies demonstrated an upward shift of the LV 
compliance curve due to the infarction. In the current era of primary PCI, data after 
the procedure also showed elevated filling pressures. Primary PCI has emerged as the 
best reperfusion modality, but its instantaneous effects on LV function had not been 
investigated. Our results demonstrate immediate improvements in the diastolic LV 
compliance curve (i.e. a downward shift) and in apical contractility. Interestingly, our 
findings suggest that this diastolic improvement is less in patients who experience AIVR 
after reperfusion. Diastolic LV dysfunction directly after reperfusion may even trigger 
AIVR, because we found more pronounced diastolic LV dysfunction before the onset 
of the arrhythmia in these patients, whereas AIVR was conventionally considered as a 
benign sign of reperfusion.
AIVR may also cause an unexpected marked fall in systolic blood pressure, both due to 
LV dysfunction and to the absence of the atrial contribution to LV filling. Especially, in 
patients with distal culprit lesions, as compared to proximal lesions, there is a marked 
decrease in blood pressure. Presumably, patients with a proximal left coronary artery 
lesion have a more compromised hemodynamic condition due to the larger area at risk. 
Our data further suggest that AIVR may not occur in patients with normal diastolic 
LV function. This is supported by our finding that LV unloading by means of IABP 
terminated the trigger of AIVR.
In this thesis, we demonstrate encouraging safety, feasibility, and efficacy results in the 
utilization of the new LV unloading device, the Impella LP2.5, in high-risk PCI and 
STEMI patients. During LV unloading, we found an improvement in coronary flow and 
coronary microvascular resistance variability, probably as a result of a decrease in LV 
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filling pressure and wall stress as shown in both high-risk PCI and STEMI patients. 
Moreover, beneficial diastolic effects such as a downward shift of the LV compliance 
curve were observed in STEMI patients with residual ischemia (i.e. TIMI 2 flow and 
limited ST-resolution). These observations suggest that mechanical LV unloading by the 
Impella, while providing a stable cardiac output, may decrease LV oxygen demand, and 
(further) improve diastolic LV function, which may be, in particular, relevant in STEMI 
patients with inadequate reperfusion.  
Despite LV remodeling after STEMI, long-term results show further improvement in the 
passive diastolic LV properties accompanied by an improvement in systolic LV function. 
However, larger infarctions result in an impaired LV performance and are associated 
with reduced coronary microvascular resistance variability, in particular due to a higher 
coronary blood flow at baseline in these compromised left ventricles. Positive results on 
LV recovery in Impella supported STEMI patients, suggest that the Impella may serve as 
a device to limit infarct size and reduce negative LV remodeling.

Future considerations

Pressure-volume assessment from the pressure-conductance catheter has shown its value 
in this thesis by providing novel insight into left ventricular dynamics during elective 
and primary PCI. Insight into LV dynamics provides valuable information on novel 
treatment applications in patients undergoing percutaneous interventions. Moreover, 
the combination of intracoronary measurements with LV intracavitary measurements 
can provide further understanding of (LV supported) PCI. Our results on the effects 
of mechanical left ventricular unloading may encourage further research to assess the 
beneficial effects on outcome, and direct future development of percutaneous mechanical 
LV support.
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De gecombineerde druk-conductantiecatheter geeft de gelegenheid om continue data 
over systolische en diastolische linker kamerfunctie te bestuderen aan de hand van 
drukvolume diagrammen in de hartcatheterisatiekamer. Dit maakt nauwkeurige bepaling 
van het moment en de grootte van effecten op de linker kamerfunctie mogelijk gedurende 
therapeutische interventies. Dit proefschrift richt zich op de linker kamerfunctie 
en intracoronaire hemodynamische effecten gedurende behandeling met percutane 
coronaire interventie (PCI). Het proefschrift omvat 4 delen. Het eerste deel beschrijft de 
effecten van herhaalde ischemische perioden op de linker kamerdynamica. Het tweede 
deel beschrijft de linker kamerfunctie en hemodynamische effecten gedurende primaire 
PCI in ST-segment elevatie myocardinfarct (STEMI) patiënten. Het derde deel betreft 
onderzoek naar de veiligheid, uitvoerbaarheid en de effecten van een nieuw apparaat 
ter ondersteuning van de linker kamer gedurende hoog risico PCI en primaire PCI. Het 
vierde deel richt zich op het herstel van linker kamerfunctie en de invloed op de coronaire 
microcirculatie gedurende follow-up na primaire PCI. Dit onderdeel betreft mede een 
discussie over de rol van mechanische ondersteuning na primaire PCI. 

Deel I: Linker kamerdynamica effecten van 
myocardischemie

Hoofdstuk 2 beschrijft hoe kortdurende coronaire occlusie door ballondilatatie 
gedurende electieve PCI de systolische en diastolische linker kamerfunctie beïnvloedt. 
Bovendien wordt continue linker kamer druk en volume data bestudeerd gedurende een 
herhaalde ballondilatatie. Deze studie laat zien dat een ballondilatatie van >90 seconden 
resulteerde in een gefaseerde ischemische reactie met achtereenvolgens diastolische en 
systolische linker kamer disfunctie en een meer uitgesproken verslechtering van linker 
kamerfunctie gedurende een herhaalde ischemische periode, terwijl het 12-kanaals 
electrocardiogram minder ST-segment veranderingen toonde. Deze bevindingen zouden 
gedeeltelijk het mechanisme van preconditionering kunnen verklaren.

Deel II: Linker kamerfunctie en hemodynamische 
effecten van myocardiale reperfusie

In aansluiting op de directe effecten van acute myocardischemie op linker kamerfunctie, 
richt dit proefschrift zich op de directe effecten van myocardiale reperfusie in STEMI 
patiënten die behandeld worden met primaire PCI.
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Hoofdstuk 3 beschrijft de acute effecten van myocardiale reperfusie op systolische en 
diastolische linker kamerfunctie aan de hand van continue linker kamer drukvolume 
analyse gedurende gehele primaire PCI procedures. Eerdere onderzoeken hadden laten 
zien dat het acute myocardinfarct een verminderde diastolische linker kamer compliantie 
(d.w.z. rekbaarheid) veroorzaakte aan de hand van een opwaartse verschuiving van de 
einddiastolische drukvolume relatie. Onze studie laat zien dat behandeling van het acute 
anteroseptale STEMI met primaire PCI resulteerde in een directe verbetering van de 
passieve diastolische linker kamerfunctie aan de hand van een neerwaartse verschuiving 
van de einddiastolische drukvolume relatie. Direct systolische verbetering werd gezien in 
de apicale contractiliteit.
Het optreden van accelerated idioventriculair ritme (AIVR) na reperfusie zou mogelijk 
geassocieerd zijn met linker kamer disfunctie. In Hoofdstuk 4, worden de effecten 
van reperfusie met behulp van linker kamer drukvolume analyse vergeleken tussen 
patiënten die AIVR ondervinden na reperfusie en patiënten die geen AIVR laten 
zien. Deze studie liet een meer uitgesproken diastolische linker kamer disfunctie zien 
vooraf aan het ontstaan van AIVR, dat wil zeggen, een vertraagde actieve linker kamer 
relaxatie, een slechtere positie van de einddiastolische drukvolume relatie en een hogere 
einddiastolische stijfheid. Aan het einde van de procedure hadden de AIVR patiënten 
minder verbetering laten zien van de diastolische linker kamerfunctie aan de hand van 
verbetering van de positie van de drukvolume relatie, een verlaging van de einddiastolische 
stijfheid en einddiastolische druk. Deze bevindingen suggereren dat diastolische linker 
kamer disfunctie een bijdrage levert aan het optreden van AIVR en dat AIVR een teken is 
diastolische linker kamer disfunctie.
De hemodynamische effecten van AIVR in 75 STEMI patiënten worden beschreven in 
Hoofdstuk 5. De resultaten lieten een associatie zien tussen AIVR en een uitgesproken 
verlaging van de systolische en diastolische bloeddruk, welke onafhankelijk was van de 
infarct-gerelateerde arterie. Bovendien lieten patiënten met een verantwoordelijke lesie 
in de proximale linker coronair arterie minder bloeddrukdaling zien, waarschijnlijk ten 
gevolge van een meer gecompromitteerde hemodynamische conditie, zoals blijkt uit een 
lagere systolische bloeddruk en verhoogde hartslagfrequentie.
Twee casus in Hoofdstuk 6 illustreren de directe effecten van AIVR op de drukvolume 
diagrammen en van linker kamer ontlasting door de intra-aortale ballonpomp op AIVR. 
AIVR veroorzaakte een directe vermindering in hartminuutvolume, contractiliteit en 
slagarbeid, gedeeltelijk veroorzaakt door de afwezigheid van de atriale bijdrage in linker 
kamer vulling, terwijl linker kamer ontlasting direct zorgde voor herstel naar sinus ritme 
en verbetering van de hemodynamische toestand, vermoedelijk ten gevolge van een 
verminderde linker kamer wandspanning. 
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Deel III: Linker kamer mechanische ondersteuning door 
de Impella LP2.5

De veiligheid en de toepasbaarheid van de nieuwe percutaan te plaatsen linker kamer 
ondersteunende pomp, de Impella LP2.5, wordt bestudeerd in Hoofdstuk 7. Gedurende 
PCI werd in 19 patiënten, waarvoor geen goede chirurgische behandelmogelijkheid 
was, de Impella met succes toegepast. Van de bestudeerde patiënten (84% >60 jaar oud) 
had 74% een eerder doorgemaakt myocardinfarct, 63% een linker kamer ejectiefractie 
≤25%, en allemaal hadden ze een linker kamer ejectiefractie ≤40%. Er was een beperkte 
afname in hemoglobine, geen toename van aortaklep regurgitatie, en geen belangrijke 
pompgerelateerde negatieve gebeurtenissen gedurende en na ondersteuning. Deze 
bemoedigende bevindingen dienen te worden bevestigd in grotere studies, met langere 
duur van ondersteuning en in andere patiëntengroepen.
In Hoofdstuk 8, worden de directe pomp effecten van de Impella gedemonstreerd aan 
de hand van echocardiografie in een patiënt. Gedurende hoog risico ‘onbeschermde’ 
hoofdstam PCI werd een indrukwekkend driehoekvormige turbulentie bij de Impella in- 
en uitgangscanule gezien, wat de pomp capaciteiten van de Impella weergeeft.
In Hoofdstuk 9 worden de effecten van de Impella op de coronaire doorstroming 
bestudeerd in 11 patiënten met een gecompromitteerde linker kamerfunctie gedurende 
hoog risico PCI met linker kamer ondersteuning van de Impella. Intracoronaire 
metingen werden verricht in een niet stenotische arterie na de PCI. De Impella zorgde 
voor een verhoogde aortadruk en intracoronaire druk, en een verhoogde hyperemische 
intracoronaire bloedstroomsnelheid en bloedstroomsnelheidsreserve. Bovendien werd 
de varaibiliteit in de microvasculaire weerstand verbeterd. Deze Impella-gerelateerde 
verbeteringen in coronaire doorstroming worden waarschijnlijk veroorzaakt door een 
verbeterde coronaire perfusiedruk en een verlaagde linker kamer volume-gerelateerde 
intramyocardiale weerstand.
In Hoofdstuk 10 worden de effecten geëvalueerd van linker kamer ontlasting door de 
Impella op linker kamerfunctie in hoog risico PCI en STEMI patiënten aan de hand van 
linker kamer drukvolume analyse. De reactie op verhoogde linker kamer ondersteuning 
was niet verschillend tussen beide groepen patiënten. De gecombineerde patiënten data 
liet geen verandering zien in algemene en systolische linker kamerfunctie parameters 
gedurende verhoogde ondersteuning, terwijl diastolische linker kamerfunctie in alle 
patiënten een verbetering gaf van de linker kamer compliantie. Er was een afname van 
einddiastolische druk, einddiastolische elastantie en wandspanning. Deze data suggereert 
gunstige dosisafhankelijke effecten van mechanische linker kamer ondersteuning in 
hoog risico en primaire PCI patiënten. 
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Deel IV: Herstel van linker kamerfunctie na primaire PCI 

Lange termijn effecten van primaire PCI op linker kamerfunctie worden geëvalueerd in 
anteroseptale STEMI patiënten door middel van drukvolume analyse in Hoofdstuk 11. 
Drukvolume diagrammen werden verkregen op 3 dagen en op 4 maanden na primaire 
PCI met de conductantiecatheter. Er werd een vergroting gezien van het einddiastolische 
volume. Dit teken van linker kamer remodelering ging gepaard met een verbetering van de 
intrinsieke diastolische linker kamer eigenschappen, zoals de neerwaartse verschuiving 
van de einddiastolische drukvolume relatie toont. Verder werd een verbetering van de 
systolische linker kamerfunctie gezien, zoals het grotere slagvolume ten gevolge van een 
behouden ejectiefractie bij een vergroot einddiastolisch volume.
In Hoofdstuk 12 wordt de coronaire microcirculatie bestudeerd in relatie tot de 
systolische en diastolische linker kamerfunctie in STEMI patiënten op 4 maanden 
na primaire PCI. Gedurende catheterisatie werden zowel intracoronaire druk en 
bloedstroomsnelheid als linker kamer druk en volume gemeten. Infarctgrootte en 
linker kamer massa werden bepaald met MRI. Deze studie demonstreert dat een groter 
anteroseptaal infarct resulteert in een verslechterde linker kamer pompfunctie, die 
is geassocieerd met verminderde coronaire microvasculaire weerstandsvariabiliteit, 
vooral ten gevolge van een grotere coronaire bloedstroom tijdens rust in deze meer 
gecompromitteerde linker kamers.
In Hoofdstuk 13 wordt de veiligheid en uitvoerbaarheid bestudeerd van langdurige 
ondersteuning (mediaan 71 uur en 43 min) met de Impella na primaire PCI. Impella 
plaatsing was vlot (mediaan 11 min) en succesvol in alle patiënten. Hemolyse trad 
alleen op gedurende de eerste 24 uur van ondersteuning, welke vlot tot een normaal 
niveau terugkeerde. Er waren geen andere pompgerelateerde negatieve gebeurtenissen 
opgetreden. Gedurende en na Impella ondersteuning ontstonden ook geen belangrijke 
cardiale of cerebrale problemen (overlijden, myocardinfarct, herhaalde coronaire 
revascularisatie van de reeds behandelde lesie, herseninfarct). Bovendien lieten 
Impella-ondersteunde patiënten een verbetering zien van de linker kamer ejectiefractie 
(beoordeeld met echocardiografie) op 3 dagen en 4 maanden, terwijl die verbetering niet 
optrad bij de volgens standaard gebruik behandelde controle patiënten. 

Interpretatie en Conclusies

Eerder experimenteel onderzoek leidde tot het concept van preconditionering ter 
bescherming van het hart tegen een komend ischemische periode, zoals STEMI. Hoewel 
het mechanisme nog niet geheel duidelijk is, suggereren onze bevindingen van een 
sneller en meer uitgesproken afname van de linker kamerfunctie inclusief een afname 
van de slagarbeid gedurende een herhaalde ischemische periode met gepaard gaande 
verminderde veranderingen van het ST-segment, dat een afname in het linker kamer 
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zuurstofverbruik, een deel van het mechanisme is waarmee de linker kamer zich kan 
beschermen tegen een ischemische gebeurtenis. Onze bevindingen zouden een richting 
kunnen geven aan toekomstige studies naar het mechanisme en de mogelijk klinische 
toepassing van preconditionering in de dagelijkse praktijk.
Linker kamerfunctie is een belangrijke determinant voor overleving. In het pre-reperfusie 
tijdperk was het mogelijk om het beloop van linker kamerfunctie te vervolgen gedurende 
de vroege fase van het myocardinfarct. Deze klinische studies demonstreerden een 
opwaartse verschuiving van de linker kamer compliantie curve door het infarct. In het 
huidige tijdperk van de primaire PCI liet data van na de procedure ook een verhoogde 
linker kamer vullingsdruk zien. Primaire PCI is naar voren gekomen als de beste 
reperfusie behandeling, maar de directe effecten daarvan op linker kamerfunctie was 
niet bestudeerd. Onze resultaten demonstreren directe verbetering van de diastolische 
linker kamer compliantie curve (d.w.z. een neerwaartse verschuiving) en de apicale 
contractiliteit. Interessant is dat onze bevindingen suggereren dat diastolische verbetering 
minder is in patiënten waarbij AIVR optreedt na reperfusie. Diastolisch linker kamer 
disfunctie direct na reperfusie zou zelfs de aanzet kunnen zijn tot AIVR, omdat we meer 
uitgesproken diastolische linker kamer disfunctie vonden voorafgaand aan AIVR in 
deze patiënten, terwijl AIVR voorheen werd beschouwd als een goedaardig teken van 
reperfusie.  
AIVR kan ook een onverwachte uitgesproken daling van de systolische bloeddruk laten 
zien, zowel ten gevolge van linker kamer disfunctie als de afwezigheid van de atriale 
bijdrage aan de linker kamer vulling. Vooral in patiënten met distale verantwoordelijke 
lesies, in vergelijking met proximale lesies, wordt een uitgesproken daling van de 
bloeddruk gezien. Waarschijnlijk verkeren patiënten met een proximale lesie in de linker 
coronair arterie in een meer gecompromitteerde hemodynamische toestand door het 
grotere ischemische gebied. Onze data suggereert verder dat AIVR mogelijk niet optreedt 
in patiënten met normale diastolische linker kamerfunctie. Dit wordt ondersteund door 
onze bevinding dat linker kamer ontlasting met de intra-aortale ballonpomp de aanzet 
tot het ontstaan van AIVR deed verdwijnen. 
In dit proefschrift demonstreren we bemoedigende resultaten met betrekking tot de 
veiligheid, toepasbaarheid, en werkzaamheid voor het gebruik van de nieuwe linker 
kamer ondersteunende pomp, de Impella LP2.5, in hoog risico en STEMI patiënten. 
Gedurende linker kamer ondersteuning vonden we een toename van de coronaire 
doorstroming en coronaire microvasculaire weerstandsvariabiliteit, waarschijnlijk door 
een vermindering van de linker kamer vullingsdruk en wandspanning dat in zowel hoog 
risico PCI als STEMI patiënten werd gezien. Bovendien werden gunstige diastolische 
effecten zoals de neerwaartse verschuiving van de linker kamer compliantie curve gezien 
in STEMI patiënten met residuale ischemie (d.w.z. TIMI 2 flow en beperkte ST-segment 
resolutie). Deze bevindingen suggereren dat mechanische linker kamer ontlasting door 
de Impella, naast het genereren van een stabiele hemodynamische toestand, de vraag van 
de linker kamer naar zuurstofrijk bloed doet verminderen en daarbij (verdere) verbetering 
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geeft van de diastolische linker kamerfunctie, wat vooral van belang kan zijn in STEMI 
patiënten met inadequate myocardiale reperfusie. 
Ondanks linker kamer remodelering na STEMI laten lange termijn effecten na primaire 
PCI een verdere verbetering zien van de passieve diastolische linker kamer eigenschappen, 
welke gepaard gaan met een verbetering van de systolische linker kamerfunctie. 
Desondanks resulteren grotere infarcten in een gestoorde linker kamer pompfunctie die 
geassocieerd is met een verminderde coronaire microvasculaire weerstandsvariabiliteit. 
Dit komt voornamelijk door een grotere coronaire doorstroming gedurende rust in deze 
gecompromitteerde linker kamers. Verbetering van de linker kamerfunctie in Impella-
ondersteunde STEMI patiënten suggereert dat de Impella zou kunnen dienen als een 
middel voor het beperken van infarctgrootte en negatieve linker kamer remodelering.

Aanbevelingen voor de toekomst

Drukvolume analyse van metingen met de conductantiecatheter heeft in dit proefschrift 
zijn waarde laten zien door het leveren van nieuw inzicht in de linker kamerdynamica 
gedurende electieve en primaire PCI. Inzicht in linker kamerdynamica levert waardevolle 
informatie over nieuwe behandelmethoden voor patiënten die percutane interventies 
ondergaan. Bovendien kan de combinatie van intracoronaire metingen met invasieve 
linker kamerfunctie metingen meer fysiologische kennis opleveren over (linker kamer 
ondersteunde) PCI. Onze resultaten over de effecten met mechanische linker kamer 
ontlasting zouden toekomstig onderzoek naar de effecten op overleving kunnen 
aanmoedigen. Ook zouden deze richting kunnen geven aan de ontwikkeling van 
percutane mechanische linker kamer ondersteuning.
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APV Average peak flow velocity
AIVR Accelerated idioventricular rhythm
CABG Coronary artery bypass grafting
CFVR Coronary flow velocity reserve
CO Cardiac output
dP/dtmax Peak positive derivative of left ventricular pressure
EA Effective arterial elastance
EED End-diastolic elastance
EES  End-systolic elastance
EDP End-diastolic pressure
EDPVR End-diastolic pressure-volume relation
EF Ejection fraction
EDV End-diastolic volume
ESP End-systolic pressure
ESPVR End-systolic pressure-volume relation
ESV End-systolic volume
IABP Intra-aortic balloon pump
LAD Left anterior descending coronary artery
LCx Left circumflex coronary artery
LV Left ventricle
MR Microvascular resistance
Pa Mean aortic pressure
Pd Mean distal coronary pressure
PCI Percutaneous coronary intervention
PV-loop Pressure-volume loop
RCA Right coronary artery
STEMI ST-segment elevation myocardial infarction
SV Stroke volume 
SW Stroke work
Tau Relaxation time constant
WS Wall stress
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Velen hebben bijgedragen aan de totstandkoming van dit proefschrift. Naast de patiënten 
die bereid waren deel te nemen aan de invasieve metingen gedurende hun behandeling, 
wil ik, zonder anderen tekort te doen, een aantal mensen in het bijzonder bedanken.

Dr. Jan Baan. Beste Jan, bij het slaan van wat ‘harde ballen’ op de tennisbaan, wist je al 
enige jaren van mijn interesse in de cardiologie. Toen mijn laatste co-schap naderde heb 
je me weten te enthousiasmeren voor een promotietraject met invasieve metingen van de 
hartfunctie, metingen die nog niet eerder werd toegepast op het cathlab van het AMC. 
Ik vind het bijzonder dat je mij vroeg om je eerste promovendus te zijn. Veel dank voor 
de mogelijkheid die je me hebt geboden om dit onderzoek, wat we grotendeels met zijn 
tweeën hebben uitgevoerd, te doen. Wat kan er uit een meting toch veel data komen! Veel 
dank voor de leerzame tijd.
Prof. dr. Jan Piek. Beste Jan, nadat de veelheid aan data uitgewerkt was, konden we tussen 
de bedrijven door altijd bij je terecht voor structuur en helderheid. Hierdoor konden 
er goed verwoorde en logische conclusies getrokken worden, die gericht waren op de 
probleemstelling. Manuscripten lagen altijd binnen 24 uur weer terug op het bureau, 
zelfs met mondelinge toelichting van het schriftelijke commentaar. Bovendien vind ik het 
mooi om te zien dat er ondanks grote drukte altijd plaats blijft voor humor.
Prof. dr. Jan Tijssen. Beste Jan, veel dank dat je tussendoor altijd plek vond op je drukke 
‘onderzoekers’-spreekuur. Met je medische, epidemiologische en onderzoekkennis konden 
de puntjes op de i gezet werden bij protocollen, patiënteninformatie en manuscripten. 
Tevens dank voor je overige zorgen rondom de onderzoeksgroep. Niet voor niets staat er 
daarom ook MD achter je naam op menig manuscript.

Prof. dr. J. Baan. Beste Jan, ik wil u bedanken voor het beschikbaar zijn voor vragen 
betreffende de metingen met de conductantiecatheter. Ik ben er trots op dat u bereid bent 
om zitting te nemen in mijn promotiecommissie.
Prof. dr. W.J. Paulus. Beste Walter, bedankt voor de discussies betreffende de interpretatie 
van mijn metingen. Ik ben je zeer erkentelijk voor het beschikbaar stellen van je klinische 
en fysische expertise voor het beoordelen van mijn proefschrift.
De overige leden van de promotiecommissie, Prof. dr. J.J. Bax, Prof. dr. S.G. de Hert, Prof. 
dr. R.J.M. Klautz, Prof. dr. ir. B.A.J.M. de Mol, ben ik zeer erkentelijk voor het kritisch 
beoordelen van mijn proefschrift.

Prof. dr. Rob de Winter. Beste Rob, ik heb veel bewondering voor je grote kennis, onder 
meer op het gebied van de fysiologie. Dank voor het mede mogelijk maken van mijn 
onderzoek. Ik herinner me een kerstochtend, waarop we metingen uitvoerden op het 
cathlab.
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Dr. José Henriques. Beste José, ik bewonder je voor je gedrevenheid. Dank dat ik de 
mogelijkheid kreeg om betrokken te zijn bij de introductie van de nieuwe generatie 
percutane mechanische hartondersteuning. Ik vind het bijzonder dat je je interesseerde 
in al het onderzoek dat plaatsvond op de afdeling, en altijd iedereen wist te stimuleren. De 
volgende uitspraak zal ik nooit vergeten: “Het leukste van mijn werk vind ik jullie achter 
de broek aan zitten!” (voorjaar 2006) 
De overige interventiecardiologen, Karel Koch, René van der Schaaf, Marije Vis, erg veel 
dank voor jullie bijdrage. Jullie waren altijd bereid om extra verrichtingen uit te voeren 
op het cathlab.

Alle verpleegkundigen op het cathlab, de dagverpleging, de CCU, laboranten van de 
echokamers, personen van het secretariaat en ondersteuning, zonder jullie was het 
onderzoek niet mogelijk. Dank voor de gezellige sfeer en het vele gebak.
Research dames en heer. Margriet, Esther en Ineke, veel dank voor de gezelligheid bij 
het uitvoeren van de farmaceutische studies. Wim, jij was degene die me de eerste 
instructies gaf voor het werken met de losse machines op het cathlab. Veel dank voor je 
inspanningen, ook buiten werkuren, voor mijn onderzoek. 

Prof. dr. Jos Spaan, en dr. Maria Siebes. Beste Jos en Maria, dank voor de vele gezamenlijke 
metingen en een kijkje in de wereld van de medische fysica.
Dr. Berto Bouma. Beste Berto, dank voor de kritische beoordeling van echo data.
Dr. Paul Steendijk. Beste Paul, veel dank voor het beschikbaar stellen van je expertise van 
de PV-loop metingen. Bij problemen konden we altijd langskomen. 
Mijn voorgangers op de invasieve metingen, Martijn, Steven, Bart-Jan, jullie hebben me 
met enthousiasme de beginselen van de coronaire druk- en flowmetingen bijgebracht.
Ir. Ted van de Beek. Beste Ted, ik heb het erg leuk gevonden om samen met jou onderzoek 
te doen. Het was een voorrecht om als clinicus (arts-onderzoeker) met jou als technicus 
(student van de Technische Universiteit Eindhoven), inhoudelijk uitgebreide discussies te 
mogen voeren over de techniek en interpretatie van PV-loop metingen.

Mijn collega’s op B2, onderzoekers van het cathlab, de congenitale en de electrofysiologie 
wil ik allen bedanken voor de fijne sfeer, deuren stonden altijd ‘open’. Jullie maken het 
mogelijk om het al die jaren vol te houden.
Marcel Beijk, samen waren we ‘M&M’ en deelden we jarenlang hetzelfde kantoor 
c.q. ‘werkhok’, zoals mijn vrouw eens geschrokken constateerde. Samen op congres, 
frustraties uiten en relativeren. Dank voor je nuchtere kijk op alles, en voor het feit dat je 
mijn paranimf wilt zijn.
Bimmer Claessen, een jaar deelde ik met jou de kamer, altijd vol humor. Je eerste taak 
was het coördineren van een groot op te zetten multi-center trial. Ondanks je chaotische 
bureau en niet te volgen telefoongesprekken in het ’Limburgs’, heb ik het idee dat je een 
grote toekomst tegemoet gaat.
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Krischan Sjauw, partners in crime, zoals jij weleens zei. Samen coördineerden we het 
onderzoek bij de hartinfarct patiënten. Het was fijn om met je te werken, je bent sociaal 
betrokken en een echt werkpaard. 
Ze Yie, samen hebben we al een stuk geschreven en recent heb je een gezamenlijk stuk 
gepresenteerd op het ESC congres. Met de continuïteit van de invasieve metingen zit het 
wel goed.

Goede vrienden, zoals Brian en Annabel. Dank voor alle steun en begrip. Ik hoop dat 
jullie merken dat ik nu meer tijd ga vinden voor jullie. Kunnen we weer eens sportief aan 
de bak of juist gezellig met het gezin.
Tennisteam. Marcel, Mayke, Reina, Sabrina, Noortje en Greg. Ik vond het heerlijk om 
met jullie actief te ontspannen op de baan. Dank voor jullie begrip, vooral afgelopen jaar, 
omdat ik weinig tijd had. 

Mijn schoonouders. Lieve Pieter en Tiny, ik bewonder jullie nuchtere kijk op het leven. 
Veel dank voor jullie steun en oppasinterventies in geval van nood. 
Edgar en Francis. Ik heb het niet beter kunnen treffen met zo’n lieve broer en schoonzus. 
Ik heb jarenlang met jullie samengewoond. Bij problemen staan jullie altijd voor mij en 
mijn gezin klaar. Nu jullie samen met Luca een prachtig gezin vormen hoop ik ook buiten 
de verjaardagen om, meer tijd met jullie te besteden. Edgar, reuze fijn dat je naast me wilt 
plaatsnemen als paranimf.
Hans en Maureen. Lieve pap en mam, zeer veel dank voor jullie onvoorwaardelijke steun. 
Ik had geen lievere ouders kunnen wensen. Altijd zorgzaam en relativerend en bereid om 
alles aan de kant te zetten om jullie kinderen te helpen, zelfs vanuit Frankrijk. Hartstikke 
bedankt voor de maandenlange dagelijkse oppashulp en later de hulp met de verbouwing 
van het huis. 
Tenslotte, de belangrijkste personen in mijn leven. Mijn allerliefste Natasja, zonder jouw 
steun was het niet mogelijk. Het was niet eenvoudig. Het is een enorme logistieke klus 
geweest om onze werkzaamheden te combineren en daarbij tijd voor elkaar te houden. Jij 
was met je werk als stewardess op intercontinentale vluchten regelmatig enkele tot vele 
dagen achtereen van huis. Voor mijn werk heb je aanvankelijk je eigen promotiewens, 
purser worden, uitgesteld. Na de geboorte van Fabian en later Lizz, heb je zelfs voor 
de stabiliteit in ons gezin meerdere stapjes teruggedaan. Met jouw liefde komen we de 
komende periode, van mijn opleiding in de kliniek, ook goed door.
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Maurice Remmelink werd op 27 april 1977 geboren te Bovenkarspel. Hij behaalde 
zijn Atheneum diploma in 1995 aan het RSG te Enkhuizen. In dat zelfde jaar begon 
hij aan de studie Nederlands recht aan de Universiteit van Amsterdam, nadat hij was 
uitgeloot voor de studie geneeskunde. Vervolgens werd hij ingeloot voor de studie 
geneeskunde, aan dezelfde universiteit, waarbij hij zijn doctoraalfase afronde in 2003. 
Hij was actief als student-assistent in het ARREST-4 onderzoek (afd. cardiologie, AMC), 
naar het gebruik van automatische defibrillatoren door zogenaamde first-responders, te 
weten brandweerlieden en politieagenten. Tevens volgde hij binnen dit onderzoek zijn 
wetenschappelijke stage onder begeleiding van dr. R. Koster en drs. A. van Alem, waarin 
hij het succes op het terugkeren van sinusritme vergeleek tussen een defibrillatie met 
een bifasische en monofasische schokgolf. Tijdens zijn studie werkte hij in de avond en 
weekenden als dokters/ triage assistent op de huisartsen dienstenpost in Amsterdam. 
Daarnaast is hij al jarenlang actief als tennisspeler, onder meer als 1ste klasse speler in 
het eerste team van Joy Jaagpad te Amsterdam. In 2005 behaalde hij zijn artsexamen 
en startte als arts-onderzoeker op de afdeling hartcatheterisatie van het AMC onder 
begeleiding van Dr. J. Baan, Prof. dr. J. Piek en Prof. J. Tijssen. (onderzoeksresultaten in 
dit proefschrift).
Per 1 april 2009 is hij begonnen met de opleiding tot cardioloog. Momenteel volgt hij 
de vooropleiding interne geneeskunde in het AMC (opleider, Prof. dr. P. Speelman), om 
vervolgens de opleiding in het AMC te vervolgen op de afdeling cardiologie (opleider, Dr. 
R.B.A. van den Brink).
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