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CHAPTER 1 

Setting the stage

The heart, coronary atherosclerosis, stable angina & acute 
myocardial infarction

The human heart is the driving force in the cardiovascular system, transporting blood 

containing nutrients and oxygen to the different organs in the human body. The heart 

contracts pulsatile, showing a peak pressure during systole (contraction phase), which 

gradually declines during diastole (relaxation phase). This driving pressure is needed for 

organ perfusion, including the heart itself. The heart is supplied with blood through the 

left and right coronary artery, located just above the aortic valve leaflets. The left coronary 

artery commonly bifurcates into two large branches, i.e. the left anterior descending 

(LAD) and left circumflex (LCX) artery, resulting in the common subdivision of coronary 

anatomy into three coronary arteries. These large coronary arteries further branch out 

through smaller arteries and arterioles in a network of capillaries, where nutrients, oxygen, 

and waste products are exchanged through the thin capillary wall.  Adequate blood 

supply is paramount for adequate myocardial function, i.e. myocardial contraction.

Atherosclerosis of the coronary arteries causes local or diffuse narrowing due to the 

formation of atherosclerotic plaques, hampering blood flow and thus oxygen supply to 

the myocardium. When there is an imbalance in supply and demand of blood and oxygen 

in the heart, this results in myocardial ischemia causing chest discomfort, known as stable 

angina. Treatment options for coronary atherosclerosis range from medical therapy to 

interventional revascularization by percutaneous coronary intervention (PCI) or coronary 

artery bypass grafting (CABG). When treated appropriately, the prognosis of patients with 

stable coronary artery disease is good.1,2 

Due to progression of coronary atherosclerosis, instability, or rupture of the above-

mentioned atherosclerotic plaques with superimposed thrombus formation, unstable 

angina or acute myocardial infarction may occur. These acute myocardial infarctions 

have a profoundly negative effect on longevity.3,4 In fact, coronary atherosclerosis is the 

leading cause of mortality and morbidity in current society due to both fatal and non-

fatal myocardial infarctions. In patients presenting with acute myocardial infarction, PCI 

has become the mainstay in treatment options. By quickly opening the occluded coronary 

artery, epicardial blood flow to the heart is restored, improving both symptoms and 

prognosis.5 If blood supply to the heart is severely disabled and a large amount of the 

myocardium is ischemic, significant depression of myocardial contractility and thereby 

systolic and diastolic blood pressure occurs, resulting in a state of end-organ 

hypoperfusion known as cardiogenic shock. This occurs in up to 10% of all myocardial 

infarctions.6,7 Although compensatory mechanisms attempt to counteract the lower 

cardiac output by peripheral vasoconstriction and redistribution of blood flow to vital 

organs, without medical intervention these often fail to ward off the downwards spiral 

of further cardiac deterioration and organ hypoperfusion, ultimately resulting in death 

(Figure 1).8 
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1

Therapeutic options to support the circulation in cardiogenic shock, consist of 

pharmacologic support, with dobutamine or norepinephrine for example with the 

purpose of increasing cardiac contractility, or mechanical assist devices, aiming to 

increase cardiac output and lower cardiac work. Intra-aortic balloon pump (IABP) 

counterpulsation is the most used mechanical assist device among the therapeutic 

options to support the circulation, not only in the case of cardiogenic shock, but also in 

acute myocardial infarction and high-risk PCI. As explained more thoroughly below, the 

use of IABP is currently subject of heavy debate due to conflicting results in literature.

The central theme of this thesis is applying coronary physiology in an attempt to deliver 

personalized therapy to individual patients. The only justification of any treatment, in 

cardiology and in health care in general, should only be relief of symptoms or 

improvement of prognosis. This is especially the case in interventions in stable coronary 

artery disease, acute myocardial infarction, or cardiogenic shock, since all procedures 

in these patients carry a potential risk of (serious) complications. However, due to the 

uniqueness of every single patient, there is no one-size-fits-all treatment. This thesis 

aims to guide treatment decisions by applying coronary physiology in percutaneous 

coronary intervention (PCI), and in intra-aortic balloon pump (IABP) counterpulsation as 

a mechanical assist device in acute myocardial infarction. In this introduction, the 

background and rationale for this thesis will be outlined.

Systemic
in�ammation

↑ In�ammatory 
cytokines

↑ iNOS

↑ NO
↑Peroxynitrite

↓ Systemic
perfusion

↓ Cardiac output
↓ Stroke volume

↓ Coronary
perfusion pressure

Hypotension

LVEDP
Pulmonary
congestion

Hypoxemia

Compensatory
vasoconstriction

Vasodilation
↓ SVR

Myocardial infarction

Myocardial dysfunction

Systolic Diastolic

Ischemia

Progressive
myocardial
dysfunction

Death

Figure 1. Cardiogenic shock. Reproduced with permission.8
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CHAPTER 1 

Physiology-based treatment of stable coronary artery disease

The importance of inducible myocardial ischemia & fractional 
flow reserve

Treatment options for coronary atherosclerosis consist of medical therapy or 

revascularization by either PCI or CABG. In choosing between medical therapy or 

revascularization, the presence and extent of inducible myocardial ischemia is an 

important factor and predictor of outcome.9–11 The presence of ischemia detected with 

nuclear perfusion imaging is invariably associated with worse prognosis in symptomatic 

as well as asymptomatic patients.9,12 When inducible ischemia is present, patients are at 

larger risk of myocardial infarction and death, and resolving the myocardial ischemia 

through revascularization shows a clear beneficial effect.13 The absence of myocardial 

ischemia on the other hand is associated with excellent outcome during medical 

treatment alone. So while it is safe to treat non-ischemic stenoses medically, 

revascularization of ischemia-inducing stenoses improves both symptoms and outcome. 

For correct clinical decision making with respect to revascularization of a particular 

coronary artery stenosis, knowledge about the capability of said stenosis to induce 

myocardial ischemia is mandatory. However, in current practice the majority of patients 

present in the catheterization laboratory without documentation of ischemia by non-

invasive tests.14 Moreover, in patients with multivessel coronary artery disease non-

invasive testing often has too low spatial resolution to identify ischemia associated with 

individual stenoses seen on the coronary angiogram. Therefore, in clinical practice 

estimation of the ischemia-inducing capacity of a particular stenosis used to be based 

upon visual estimation of lesion severity, i.e. stenosis percentage, on the coronary 

angiogram. But coronary luminology is misguiding due to several factors. The coronary 

angiogram depicts a distorted two-dimensional view of a three-dimensional lumen, and 

is confounded by vessel tortuosity and overlap of structures.15 Moreover, the effects of 

diameter stenosis on coronary flow is dependent on more than just morphology. 

Morphology is simply not sufficient to predict functional significance, since it does not 

take into account important determinants of maximal demanded blood flow, such as 

myocardial mass and the presence or absence of previous myocardial infarctions. All 

these factors result in regular misinterpretation of functional severity of coronary lesions 

on the angiogram.16

To overcome the shortcomings of angiographic lesion assessment, the physiologic index 

fractional flow reserve (FFR) has emerged to assess the functional significance of coronary 

artery disease. FFR is a lesion-specific pressure-derived index of functional severity, 

defined as the maximum myocardial blood flow in the presence of an epicardial stenosis 

compared with the maximum flow in the hypothetical absence of the stenosis. The 

rationale behind FFR is based on the fact that myocardial blood flow is equal to the 

myocardial perfusion pressure over the coronary circulation, divided by the resistance. 

Using nitroglycerine and adenosine, epicardial and microvascular resistance is kept 
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minimal and constant, resulting in a linear relationship between pressure and flow. In 

this way, pressure can be used to assess flow. In a healthy coronary artery, there is no 

pressure loss along its course, i.e. proximal and distal coronary pressures are equal. In a 

diseased vessel there is pressure loss along its course, lowering the distal coronary 

pressure compared to the proximal coronary pressure. Thereby, under conditions of 

maximum hyperemia (and minimal and constant resistance), the proximal pressure serves 

as a representation of what the distal pressure would have been in the absence of the 

stenosis, and the distal coronary pressure serves as the actual myocardial perfusion 

pressure in the presence of the stenosis. By dividing the mean distal coronary pressure 

by the mean proximal coronary pressure, a ratio is calculated representing the fraction 

of normal maximum coronary flow reaching the myocardium behind the stenosis under 

investigation (Figure 2). 

Three large randomized trials investigating FFR-guided PCI have consecutively shown 

that (1) deferral of stenting in non-significant lesions is safe and not improved by stenting, 

while (2) deferral of stenting in functionally significant lesions worsens outcome, and (3) 

that FFR-guided PCI improves outcome in multivessel disease compared to angiography-

guided PCI.16–18

Thus, on the one hand, prognosis of functionally non-significant stenoses is excellent if 

treated medically, and stenting of such lesions is unnecessary and potentially harmful. 

On the other hand, prognosis of functionally significant lesions is much less favorable 

Figure 2. Concept of fractional flow reserve. During maximum vasodilatation in the coronary circulation, when 
there is no epicardial stenosis present (blue lines), the driving pressure P

a
 determines the normal maximal coronary 

blood flow (100%). When there is an epicardial lesion, responsible for a hyperemic pressure gradient of 30 mmHg 
(red lines), the driving pressure is no longer 100 mmHg, but 70 mmHg (P

d
). Since there is a linear relationship 

between perfusion pressure and myocardial blood flow during maximum hyperemia, maximum myocardial blood 
flow is decreased to 70% of its normal value. Reproduced with permission.34
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and improved by eliminating the ischemia by stenting in combination with appropriate 

medical treatment.

Until recently, little was known regarding the long-term outcome of FFR-guided 

revascularization. There was concern about a possible so-called late catch-up 

phenomenon caused by progression of coronary artery disease in untreated functionally 

non-significant lesions. In this thesis, the long-term outcome of FFR-guided therapy in 

multivessel coronary artery disease is reported. Moreover, in an attempt to simplify 

measurement of FFR and thereby enhance implementation of functional testing to guide 

revascularization, the performance of an easy-to-use hyperemic stimulus as alternative 

to central venous adenosine administra tion is presented.

Physiology-based assessment of mechanical support by  
intra-aortic balloon pump counterpulsation

To pump or not to pump?

Mechanical support in patients presenting in the catheterization laboratory can serve 

several purposes, but is generally confined to three indications, i.e. high-risk percutaneous 

coronary intervention, acute myocardial infarction, and cardiogenic shock. 

During PCI in patients with depressed ejection fraction, or large areas of ischemic 

myocardium, the hemodynamic consequences of peri-procedural ischemia during 

balloon inflation may be disastrous by inducing a vicious circle of ischemia-induced 

deterioration in ejection fraction, hemodynamic compromise, cardiogenic shock, and 

death. Therefore, mechanical assist devices are regularly considered to support the 

circulation during these high-risk procedures.19 In acute myocardial infarction, 

hemodynamic support is thought to reduce infarct size due to unloading of the left 

ventricle in the acute setting, reducing workload of the heart and thereby possibly limiting 

infarct size. Finally, as outlined in the first paragraph, profound depression of myocardial 

contractility due to the lack of adequate blood supply to the heart during acute myocardial 

infarction can result in cardiogenic shock. In this setting, mechanical support is primarily 

intended to restore normal blood flow and blood pressure for adequate organ perfusion.

Mechanical support options have expanded over recent years, ranging from the minimally 

invasive intra-aortic balloon pump and transvalvular microaxial flow pump (Impella), to 

ventricular assist devices requiring open-chest surgery for implantation (ECMO). This 

thesis will focus on the use of  the intra-aortic balloon pump assist device as treatment 

in acute myocardial infarction. 

The intra-aortic balloon pump (IABP) is the most widely used circulatory support device, 

due to its ease of use, low complication rate, and fast manner of insertion.20 In 1953, the 

development of the ‘counterpulsation-principle’ began, postulating that by perfusing 

the coronary bed with higher pressure during diastole, coronary blood flow would 

increase, leading to the introduction of the intra-aortic balloon pump (IABP) in 1968.21,22 
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The helium-filled balloon, positioned in the descending thoracic aorta through the 

femoral artery, inflates and deflates in synchrony with the cardiac cycle. By inflating in 

the diastolic phase of the cardiac cycle, the diastolic aortic pressure is augmented, 

resulting in higher coronary perfusion pressure. This could theoretically lead to improved 

coronary blood flow and thereby increase of myocardial oxygen supply. Early in systole, 

the balloon rapidly deflates, reducing the afterload of the left ventricle. In turn, this is 

thought to decrease myocardial workload and oxygen demand (Figure 3).23

Appropriate use of intra-aortic balloon pump (IABP) counterpulsation has been subject 

of heavy debate over the past years. Many interventional cardiologists have experienced 

the immediate reversal of hemodynamic deterioration following IABP insertion in some 

patients, while in other patients no noticeable improvement is observed. Moreover, results 

of large randomized trials in the three main indications for IABP were rather confusing.

On the one hand, retrospective studies in standard IABP support in high-risk PCI report 

less intraprocedural events, better procedural results, and lower risk of mortality compared 

to patients without elective IABP insertion.24,25 On the other hand, the Balloon Pump-

Assisted Coronary Intervention Study (BCIS-1) randomized 301 patients scheduled to 

undergo high-risk single-vessel or multivessel PCI to either IABP insertion prior to PCI or 

no planned IABP insertion and showed no benefit of IABP.26 Outcome at hospital discharge 

was similar between the two groups, without significant differences in myocardial infarction, 

death, cerebrovascular accident or further revascularization. Long-term follow-up however 

did eventually show a significantly better outcome in the IABP group.27

In acute myocardial infarction, a clinical registry in nearly 1500 consecutive patients 

showed prophylactic insertion of IABP to be associated with fewer events in all high-risk 

patients presenting with acute myocardial infarction.28 The Counterpulsation to Reduce 

Infarct Size Pre-PCI Acute Myocardial Infarction (CRISP AMI), investigating if routine IABP 

therapy prior to primary PCI in patients with anterior STEMI would reduce infarct size, 

did not corroborate these results.29 Final infarct size as assessed by cardiac magnetic 

resonance imaging (CMR) showed no difference.

Figure 3. The principle of intra-aortic balloon pump 
counterpulsation. Reproduced with permission.23
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In cardiogenic shock complicating acute myocardial infarction, most trials favouring 

IABP use were performed in the thrombolytic era.30 Registries and retrospective studies 

in the era of primary PCI showed no difference in outcome by the use of IABP. The first, 

small randomized study comparing IABP therapy in addition to primary PCI in acute 

myocardial infarction complicated by cardiogenic shock suggested effectiveness of IABP, 

by significantly decreasing BNP-levels, thus successfully enabling left ventricle 

unloading.31 The IABP-SHOCK II trial prospectively randomized 600 patients with acute 

myocardial infarction (with or without ST-segment elevation) complicated by cardiogenic 

shock to primary PCI with adjunctive IABP support or PCI alone. This landmark study 

showed no reduction in short-term and long-term mortality (30-day mortality 39.7% 

versus 41.3%; 1-year mortality 52% versus 51%, respectively).32,33

These confusing results seen in different studies over the years in different indications 

may very well be the result of insufficient understanding of the prerequisites needed for 

effective IABP therapy, and the inclusion of very broad, nonspecific patient populations 

in which in the majority of whom effect of IABP could not be expected on 

pathophysiological grounds. In this thesis, these conflicting results in literature are 

explained through new insights in the pathophysiologic circumstances needed for 

effective IABP therapy. This thesis hypothesizes that selective application of IABP support 

based upon pathophysiologic considerations is a much more promising strategy, focusing 

on patients presenting with large acute myocardial infarction complicated by persistent 

ischemia after primary percutaneous coronary intervention.

Aims and outline of this thesis

Although treatment options in present-day cardiology are ever expanding, the only 

justification of any treatment is relieving symptoms or improving prognosis. This thesis 

aims to guide treatment decisions by applying coronary physiology in percutaneous 

coronary intervention (PCI) in stable angina, and in intra-aortic balloon pump (IABP) 

counterpulsation as a mechanical assist device in acute myocardial infarction. As 

outlined in the introduction (chapter 1), knowledge of coronary physiology and 

pathophysiology is of the utmost importance in selecting adequate treatment for 

patients presenting with stable coronary artery disease, acute myocardial infarction, 

and cardiogenic shock. 

In stable coronary artery disease, the presence and extent of inducible myocardial 

ischemia is a major determinant of the possible benefit of PCI. While it is safe to treat 

non-ischemic stenoses only medically, in ischemic stenoses PCI improves symptoms 

as well as outcome. However, many patients undergo PCI without adequate 

documentation of myocardial ischemia, leaving the decision to perform PCI to be made 

by angiography, well known to be rather inaccurate to assess the functional severity 

of coronary artery disease. 
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The first part of this thesis focuses on fractional flow reserve (FFR), assessing the potential 

of any particular stenosis to induce myocardial ischemia. FFR improves outcome when 

guiding PCI compared to angiographic guidance. In chapter 2, the existing studies 

investigating medical versus interventional treatment of stable coronary artery disease, 

and the effect of the introduction of FFR-guided PCI in these patients, are reviewed. One 

of the potential limitations of worldwide acceptance and usage of FFR might be the need 

for a central venous sheath and continuous infusion of adenosine. Therefore, in chapter 

3 the first randomized trial with a new hyperemic stimulus (regadenoson), administered 

as a single non-weight based bolus injection in a peripheral vein, is reported. Chapter 4 

reviews new developments regarding hyperemic stimuli. In chapter 5, the 5-year follow-

up of the FAME study is reported, investigating whether the favorable clinical outcome 

with FFR-guided PCI over angiography-guided PCI persists over long-term follow-up. 

Finally, in chapter 6 all recently presented data regarding FFR in the past years are 

combined and evaluated.

The second part of this thesis focuses on the intra-aortic balloon pump as mechanical 

assist device during high-risk PCI, acute myocardial infarction, and cardiogenic shock. 

The use of IABP in general, and in acute myocardial infarction in particular, is currently 

subject of heavy debate. Retrospective studies and animal experiments show benefits 

of IABP therapy, while recent large randomized trials do not corroborate these results. 

This part of the thesis explores this dichotomy between trial and practice, and synthesizes 

opposing findings by better defining the true indications for IABP support. In chapter 7, 

the use of IABP in a large tertiary heart centre in The Netherlands is evaluated 

retrospectively, presenting new insights into selecting the right patients for IABP therapy. 

The insights and new hypotheses gained from this retrospective analysis are tested in 

chapter 8, investigating the importance of myocardial ischemia and exhausted 

autoregulation as a prerequisite for effective use of IABP in the isolated beating pig heart. 

To further corroborate the pathophysiologic considerations and experimental findings 

in the isolated beating pig heart, a substudy of a large randomized trial in patients 

presenting with acute myocardial infarction and treated with or without IABP is presented 

in chapter 9, specifically focusing on the clinical situation in which IABP therapy would 

be most effective. All findings are summarized in chapter 10, discussing the physiological 

principles for effective IABP therapy, with a critical reflection of the large randomized 

trails, solving some of the controversies surrounding IABP therapy. Chapter 11 provides 

future directions for ongoing research in the field of fractional flow reserve and intra-

aortic balloon counterpulsation.
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Abstract

Cornerstones in the treatment of coronary artery disease (CAD) are medical therapy and 

coronary revascularization. In acute settings (ST-elevation myocardial infarction and 

non-ST-elevation myocardial infarction), percutaneous coronary intervention (PCI) has 

proven to improve prognosis. The optimal treatment of stable CAD is subject to great 

controversy. By using fractional flow reserve to guide PCI, it is possible to stent only 

those lesions that induce myocardial ischemia. This review aims to reflect on the use of 

FFR-guided PCI in stable CAD.

Introduction

Ischemic heart disease is still the leading cause of mortality worldwide, accounting for 

7.25 million deaths in 2008.1 In the past decades, this number has decreased by half in 

the United States. Important reasons for this decline are better management of risk 

factors and improvements in medical treatment and revascularization therapies.2 

Multiple factors contribute to the pathogenesis of atherosclerosis resulting in formation 

of plaques throughout the coronary vascular system. In the heart, these plaques can 

progress to flow-limiting coronary artery lesions and in the worst case cause plaque 

rupture and subsequent myocardial infarction.3,4

Cornerstones of the treatment of coronary artery disease (CAD) are medical therapy and 

coronary revascularization. Medical therapy aims at relieving symptoms and improving 

a patient’s prognosis by reducing myocardial ischemia, inhibiting progression of disease, 

and avoiding complications of existing plaques.5 It consists of aspirin, statins, ACE-

inhibitors, angiotensin receptor blockers and beta-blockers, while anginal symptoms 

can further be relieved by nitrates. Percutaneous coronary revascularization (PCI) can 

reduce myocardial ischemia by restoring myocardial blood flow. PCI is superior to 

medical therapy in relieving angina. Moreover, the COURAGE trial nuclear substudy 

showed that PCI is also superior in relieving myocardial ischemia.6 However, in contrast 

to medical therapy it does not address the root of the problem, namely, the process of 

coronary atherosclerosis. In acute settings, such as ST-elevation myocardial infarction 

(STEMI) and non-ST-elevation myocardial infarction (NSTEMI), PCI has proven to improve 

patient prognosis.7,8 

Currently, the optimal treatment of stable CAD is still subject to great controversy.9–12 

Angiography-guided PCI in stable CAD has been shown to lead to a decrease in 

symptoms (angina) and an increase in exercise tolerance, but not to a reduction in death 

and fatal or nonfatal myocardial infarction in comparison with medical therapy.

By using fractional flow reserve (FFR) to guide PCI, it is possible to stent only those lesions 

that are responsible for inducing myocardial ischemia.13 The FAME trial showed that such 

an FFR-guided PCI strategy can significantly improve outcomes when compared to 

angiography-guided PCI.14 A recent trial comparing FFR-guided PCI with optimal medical 
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therapy has been terminated prematurely because of a highly significant difference in 

the composite end point of death, nonfatal myocardial infarction and urgent 

revascularization in favour of the PCI group.12

Assessment of coronary artery disease severity 

The presence of inducible myocardial ischemia in patients with CAD is a significant risk 

factor for adverse clinical outcomes. Moreover, the extent and severity of myocardial 

ischemia are important for a patient’s prognosis.15,16 Therefore, the presence and the 

extent of myocardial ischemia should play a pivotal role in the decision-making process 

about revascularization.17 In daily practice, however, information about the extent and 

localization of ischemia is often lacking when a patient enters the catheterization 

laboratory for revascularization. Coronary angiography only provides us with anatomical 

information and currently available non-invasive diagnostic tools have important 

limitations with respect to localization and quantification of myocardial ischemia.

Non-invasive stress testing

Non-invasive stress tests to detect myocardial ischemia can be difficult to interpret due 

to several factors, such as inability to exercise maximally (as in exercise stress-testing 

with electrocardiography) or lack of a non-ischemic myocardial territory in patients with 

multivessel disease (as in nuclear perfusion imaging).18,19 The lack of a reference 

myocardial territory in nuclear perfusion imaging can result in a false-negative result or 

an underestimation of the amount of myocardial ischemia (Figure 1).20 

Figure 1. Underestimation of ischemic myocardium because of difficulty in defining a normal reference 
myocardial territory. Stress perfusion scan of the heart, compared to the angiographic findings at coronary 
angiography. Owing to the presence of severe multivessel disease, it can be difficult to define a normal reference 
myocardial territory in the corresponding rest perfusion scan and therefore also difficult to detect which of the 
lesions cause myocardial ischemia and therefore deserve revascularization.
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If non-invasive stress testing is successful at identifying the correct ischemic territory, 

there may still be doubt about the culprit lesion, particularly if several stenoses are present 

in the same coronary artery supplying that ischemic territory or if diffuse disease is present.

Moreover, although recommended by guidelines, not all patients undergo non-invasive 

stress testing before arrival in the catheterization laboratory for invasive treatment. 

A retrospective study of a Medicare population showed that less than half of all patients 

with stable coronary artery disease had documentation of ischemia by non-invasive 

testing within 90 days before elective PCI.21

Coronary angiography

Invasive imaging of coronary arteries by coronary angiography is unsurpassed with 

respect to temporal and spatial resolution. Nevertheless, it is of limited value in defining 

the physiological significance of a coronary artery stenosis, owing to a number of well-

recognized limitations.22 First of all, the visual estimation of a coronary artery stenosis is 

highly variable between operators and even intra-observer variability is large.23,24 Second, 

visual angiographic stenosis severity is a poor predictor of functional significance.24 FFR 

is defined as the ratio of maximum blood flow in a stenotic artery to maximum blood 

flow if the same artery were completely normal. It is a very accurate and lesion-specific 

index indicating whether a particular stenosis or coronary segment can be held 

responsible for inducing myocardial ischemia or not, and today it is considered the gold 

standard for invasive assessment of physiologic stenosis significance.13,25–28 The FAME 

study showed that angiography is inaccurate in assessing the functional significance of 

a coronary stenosis when compared to FFR, not only in the 50-70% range but also in 

the 71-90% category of angiographic stenosis severity (Figure 2).29 It has been shown 

that deferring stenting of a functionally non-significant stenosis (e.g. FFR-negative 

stenosis) is safe and is associated with excellent long-term outcome.30 Vice versa, it has 

also been shown that revascularization of a functionally significant stenosis (FFR-positive 

stenosis) is associated with a significant reduction of myocardial ischemia and improved 

outcome.31 

In summary, it can be concluded that functionally or ischemia-guided revascularization 

improves outcome. FFR facilitates such an ischemia-guided revascularization strategy 

in many patients in the catheterization laboratory.14

Angiography-guided PCI versus optimal medical therapy

A large number of studies have compared optimal medical treatment with 

revascularization by PCI in patients with chronic stable CAD. Significant advances in both 

treatment modalities have reduced many previous trials to historic value. A meta-analysis 

by Katritsis et al. included 2,950 patients from 11 randomized trials comparing PCI with 

medical treatment in patients with stable CAD.9 There was no significant difference with 

respect to all-cause mortality, cardiac death, or myocardial infarction. A meta-analysis 

published later by Schömig et al. suggested a long-time survival benefit in patients treated 

by PCI for stable CAD.32
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The BARI 2D trial sought to establish optimal treatment for patients with a combination 

of stable ischemic heart disease and type 2 diabetes.11 In total, 2,368 patients with CAD, 

proven by catheterization, were included. There was no documentation on the presence 

or extent of ischemia in this trial. After 5 years of follow-up, there was no significant 

difference in the rates of death and major adverse cardiac events.

The COURAGE trial included 2,287 patients with known stable CAD and objective 

myocardial ischemia and randomized them to optimal medical therapy (OMT) and OMT 

plus PCI based on angiographic lesion assessment.10 Follow-up of 4.6 years showed that 

PCI in combination with optimal medical therapy was superior to optimal medical therapy 

alone in relieving anginal symptoms and improved self-assessed health status, with the 

greatest benefit in patients with severe symptoms. There was no significant difference 

in the composite of death, myocardial infarction, stroke, or hospitalization due to unstable 

angina. In a nuclear substudy of the COURAGE trial investigating the amount of reduction 

of myocardial ischemia, only one third of patients had more than 10% of ischemic 

myocardium pre-treatment.6 This substudy suggested a greater reduction in myocardial 

ischemia in patients treated with optimal medical therapy plus PCI. It could be that the 

high percentage of patients with mild to moderate CAD has neutralized the possible 

positive effect of PCI in patients with a large territory of inducible ischemia.

A recent comparative registry study aimed to investigate the outcome of patients with 

stable CAD in daily medical practice (outside the setting of randomized trials). Hannan 

et al. showed that most patients with stable CAD undergoing catheterization have PCI, 

with better outcome when compared to treatment with medical therapy alone.33  

This could be attributable to the role of low medication adherence in daily practice, as 

opposed to the high medication adherence rates in randomized trials.

Figure 2. Angiographic severity versus functional severity of coronary artery stenoses. Box-and-Whisker plot 
showing the fractional flow reserve (FFR) values of the lesions in the categories of 50-70%, 71-90%, and 91-99% 
diameter stenosis, as visually estimated on the basis of the angiogram. In the category 50-70% stenosis, 35% was 
functionally significant (FFR ≤0.80) and 65% was not (FFR >0.80). In the category 71-90% stenosis, 80% was 
functionally significant and 20% was not. In the category of subtotal stenoses, >95% was functionally significant.29
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FFR-guided PCI versus optimal medical therapy

The FAME 2 trial by De Bruyne et al. was the first large randomized trial comparing FFR-

guided PCI versus the best available medical therapy in patients who were eligible for 

PCI and had angiographically assessed stable CAD.12 Patients in whom at least one 

stenosis was functionally significant (i.e. FFR of 0.80 or lower), were randomly assigned 

to receive either revascularization by FFR-guided PCI plus best available medical therapy 

or best available medical therapy alone. Patients without functionally significant CAD 

(FFR all above 0.80) entered a registry and were treated with medical therapy, to 

emphasize the safety of deferring stenting in FFR-negative lesions. 

The primary end point consisted of a composite of death from any cause, nonfatal 

myocardial infarction, or hospitalization leading to urgent revascularization. The follow-

up period was projected to be 2 years. In total, 888 patients were randomized between 

PCI and medical therapy, and 332 patient were enrolled in the registry. 

The study was halted prematurely because of a significant between-group difference at 

a mean follow-up of 213 days. There was a significantly lower rate of urgent 

revascularization in the PCI group as compared to the medical-therapy group (1.6% vs. 

11.1%; hazard ratio, 0.13; 95% CI 0.06 – 0.30), resulting in a significant difference in the 

primary end point (4.3% vs. 12.7%; hazard ratio 0.32; 95% CI 0.19 – 0.53). Neither the rate 

of death from any cause nor the rate of myocardial infarction differed significantly 

between the PCI group and the medical therapy group (Figure 3). 

Among the patients in the registry, the rates of death from any cause, myocardial 

infarction, urgent revascularization, and nonurgent revascularization were all low. There 

was a greater reduction in the percentage of patients with angina of CCS-grade II to IV 

in the PCI group than in the medical therapy group and registry cohort. On landmark 

analysis there were interactions between time and treatment with respect to the primary 

end point and its individual components. These results suggest that the benefit of FFR-

guided PCI may become more pronounced with increasing duration of follow-up. 

The beneficial effect of FFR-guided PCI in combination with medical therapy versus 

medical therapy alone in the FAME 2 study may be attributable to several factors, of 

which the most important are discussed in this section.

This was the first study comparing medical therapy to PCI guided by FFR. Previous studies 

were all performed with PCI guided by angiography. However, FFR-guided PCI is currently 

the gold standard in defining the functional significance of a stenosis and has proven to 

be superior to PCI based on angiography with respect to clinical outcome.14 

Moreover, patients could only enter the randomized part of the FAME 2 study if there 

was objective evidence of ischemia by FFR in a large epicardial coronary artery, meaning 

that all patients included in this study had large amounts of myocardial ischemia (i.e. 

myocardium at risk). A study by Hachamovitch et al. in 2003 investigated the survival 

benefit of revascularization over medical treatment in patients with increasing amounts 

of inducible ischemia on stress myocardial perfusion single photon emission computed 

tomography (SPECT).34 A total of 10,627 consecutive patients were followed up. It was 

concluded from this observational study that revascularization reduced the absolute and 
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relative risk of cardiac death more than medical therapy in those patients with moderate 

to large amounts of ischemia (more than 12.5% of the total myocardium). 

Thus, the presence and amount of inducible myocardial ischemia as a guide to 

revascularization therapy are of the utmost importance. In the FAME 2 randomized trial 

100% of patients had considerable amounts of myocardial ischemia, whereas all previous 

trials had lower percentages of ischemic patients. For instance, in the COURAGE nuclear 

substudy less than one third of the patients had more than 10% ischemic myocardium 

on myocardial perfusion imaging.6

An important feature of the FAME 2 study was that the primary end point included 

hospitalization for urgent revascularization. This component of the primary end point 

was not present in previous studies. Revascularization was considered urgent when a 
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Figure 3. Cumulative incidence of the primary end point and its components (FAME 2). Kaplan-Meier curves are 
shown for the cumulative incidence of the primary end point consisting of death, myocardial infarction and urgent 
revascularization (panel A), as well as the individual components of the primary end point (panel B, C, D) of the 
PCI group, the medical-therapy group and the registry patients.12
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patient was admitted to the hospital with a clinical presentation that fulfilled the definition 

of acute coronary syndrome, irrespective of the presence of elevated biomarkers or 

ischemic ECG changes, and the revascularization procedure was performed during the 

same hospitalization. In about half of the patients in the FAME 2 study who underwent 

urgent revascularization, either biomarkers were elevated or ECG changes were present. 

There was criticism about the threshold for recommending revascularization for patients 

in the medical therapy group, as there might be a selection bias. That is why all the cases 

of urgent revascularization in this study were assessed by an independent clinical events 

committee whose members were unaware of the treatment assignments. This makes it 

unlikely that the difference was based on selection bias. Moreover, there was a significantly 

lower rate of hospitalization for urgent revascularization among the patients entered in 

the registry, which were also known to have angiographically important CAD.

Other limitations of the FAME 2 study are largely attributable to the premature termination 

by the Data Safety Monitoring Board. Owing to this early inclusion halt, the study was 

underpowered to demonstrate a difference in death or myocardial infarction. Also, it 

was too soon to evaluate the negative effects of in-stent restenosis as late complication 

of PCI. Although possible long-term outcome differences in the rate of death by any 

cause and/or myocardial infarction could not be studied, landmark analysis showed 

interactions between time and treatment.

Finally, the best available medical therapy in this study did not include interventions by 

nurse case managers as was the case in the COURAGE trial. In the latter study, patients 

were supported in lifestyle and risk factor reduction by nurse managers at no cost. This 

resulted in a very high rate of lifestyle modification and medication adherence, although 

it did not reflect routine medical practice. A recent registry study among patients with 

stable CAD in daily medical practice showed that almost 90% of these patients undergo 

PCI. Those patients experienced lower rates of mortality and myocardial infarction when 

compared to medical therapy alone (in daily medical practice) at a median follow-up of 

2.9 years.33

Conclusions

Medical therapy is the cornerstone of treatment for patients with CAD. However, PCI is 

superior to medical therapy in relieving anginal symptoms and reducing myocardial 

ischemia. The FAME 2 trial showed that in patients with stable CAD undergoing 

catheterization, FFR-guided percutaneous coronary intervention on top of medical 

therapy significantly decreases the rate of urgent revascularization as compared to 

medical therapy alone. For patients with stenoses that are assessed as nonsignificant by 

FFR, optimal medical therapy remains the best treatment. To date, the question whether 

FFR-guided PCI is capable of lowering the risk of death and myocardial infarction in 

comparison with medical therapy alone remains unanswered.
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Abstract

Aims

The aim of this study was to compare the hyperemic effect of a single bolus regadenoson 

injection to a central venous adenosine infusion for inducing hyperemia in the 

measurement of fractional flow reserve (FFR).

Methods and results

One hundred patients scheduled for FFR measurement were enrolled. FFR was first 

measured by IV adenosine (140 µg/kg/min), thereafter by IV bolus regadenoson injection 

(400 µg), followed by another measurement by IV adenosine and bolus injection of 

regadenoson. The regadenoson injections were randomized to central or peripheral 

intravenous. Hyperemic response and duration of steady state maximum hyperemia were 

studied, central versus peripheral venous regadenoson injections were compared, and 

safety and reproducibility of repeated injections were investigated. Mean age was 66±8 

years, 75% of the patients were male. The target stenosis was located in the LM, LAD, 

LCX, and RCA in 7%, 54%, 20%, and 19%, respectively. There was no difference in FFR 

measured by adenosine or by regadenoson (ΔFFR=0.00±0.01, r=0.994, p<0.001). 

Duration of maximum hyperemia after regadenoson was variable (10-600 s). No serious 

side-effects of either drug were observed.

Conclusion

Maximum coronary hyperemia can be achieved easily, rapidly, and safely by one single 

intravenous bolus of regadenoson administered either centrally or peripherally. Repeated 

regadenoson injections are safe. The hyperemic plateau is variable. 

Clinical Trial Registration: ClinicalTrials.gov Identifier: NCT01809743

Introduction

For correct decision making with respect to revascularization in the catheterization 

laboratory and performing coronary interventions, induction of maximum coronary and 

myocardial hyperemia is often indispensable. Fractional flow reserve (FFR), defined as 

the ratio of maximal blood flow in a stenotic artery to maximal blood flow if the same 

artery were completely normal, is the current standard to assess if a particular stenosis 

is functionally significant, i.e. capable of inducing myocardial ischemia.1–3 

In most studies validating FFR, a central venous infusion of adenosine (140 µg/kg/min) 

was used to create maximum coronary hyperemia. Adenosine is reliable, safe, well 

investigated, and its hyperemic effect is very reproducible.4,5 Side effects include innocent 

chest discomfort, an increase in heart rate of approximately 10% and a decrease in blood 

pressure of approximately 10%, and rarely transient AV block.4 Very rarely, bronchospasm 

might occur, which is why adenosine is generally avoided in severe asthma patients.
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In many countries, production of standard infusion bags of adenosine for intravenous use 

(200 mg in 100 ml) is cheap and hospital-pharmacy-based. In others, the preparation of 

adenosine is not trivial, the price is high and the preference for central venous infusion, 

with the need for a femoral sheath, may be a barrier to its use. Consequently, some 

physicians avoid central venous administration of adenosine. In an attempt to simplify 

coronary physiologic measurements, some physicians have opted to abandon maximum 

coronary hyperemia and to rely upon resting indices like the distal to proximal pressure 

ratio at rest (P
d
/P

a
 at rest) or the instantaneous wave-free ratio (iFR), both equally performing 

but decreasing diagnostic accuracy.5–8 Therefore, endeavours to find other, easy-to-use 

pharmacologic stimuli to replace central venous adenosine administration are indisputable.

Regadenoson is a relatively new, A
2A

-receptor selective, non-weight-based hyperemic 

stimulus known for its rapid onset and simple method of administration, approved for 

use in myocardial perfusion imaging.9 Several non-randomized studies have been 

performed to investigate regadenoson for FFR measurement.10–12 

The present randomized study in 100 patients was performed with the aims: 1) to 

investigate if the coronary hyperemia induced by a single bolus regadenoson (400 µg) 

is equal to hyperemia induced by central venous adenosine infusion (140 µg/kg/min); 2) 

to determine the time intervals to onset of maximum hyperemia and the duration of 

steady-state hyperemia if present; 3) to compare central venous versus peripheral venous 

administration of regadenoson; and 4) to investigate any potential side effects as well as 

safety and reproducibility of repeated regadenoson injections.

Methods

Patient Selection

The study was approved by the institutional review board of the Catharina Hospital 

Eindhoven and is registered at the National Institutes of Health Clinical Trials website 

(NCT01809743). All patients provided written informed consent. One hundred patients 

between the ages of 18 and 80 years scheduled for invasive measurement of FFR for 

diagnostic or interventional purposes were included. All coronary artery lesions under 

investigation were located in the proximal or mid segment of a coronary artery with a 

reference diameter of at least 2.0 mm.

Exclusion criteria were severe aortic valve stenosis, known conduction disturbances 

(second- or third-degree AV block), acute myocardial infarction (CK > 1000 U/L less than 

five days ago), bradycardia (less than 50 beats/min), severe hypotension, extremely 

tortuous or calcified coronary vessels precluding FFR measurement, inability to perform 

catheterization by femoral approach, history of severe asthma, pregnancy and/or inability 

to provide informed consent.

Because of its interaction with adenosine-mediated effects, the use of dipyridamol in 

the past 48 hours or the use of methylxanthines in the past 12 hours was each considered 

an exclusion criterion.
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Randomization

Patients were randomized with respect to the sequence of regadenoson administration. 

According to the investigational protocol (Figure 1), FFR was first measured by central 

intravenous infusion of adenosine (140 µg/kg/min), thereafter by intravenous bolus 

injection of regadenoson (400 µg), followed by a repetitive measurement by central 

intravenous infusion of adenosine and a second bolus injection of regadenoson. 

Regadenoson administration was randomized to central-central, central-peripheral, 

peripheral-central, and peripheral-peripheral, in a 1:1:1:1 ratio.

Catheterization protocol

All patients underwent cardiac catheterization and coronary angiography by the femoral 

approach using a 6 Fr sheath in one of the femoral arteries. In all patients, a 5 Fr femoral 

venous sheath was introduced and a peripheral infusion (18 gauge) was placed in the 

antebrachial vein or a vein located on the distal part of the forearm. An adequate guiding 

catheter was introduced and advanced into the coronary artery of interest and control 

angiograms were made in the standard manner. In each patient, only one coronary artery 

was selected for study purposes. Next, the pressure guidewire (PW Certus™; St. Jude Medical, 

St. Paul, MN, USA) was advanced and equalized with the pressure sensor at the tip of the 

guiding catheter, according to state-of-the-art coronary pressure measurement. Hereafter, 

the pressure wire was advanced into the coronary artery sufficiently distal to the study lesion, 

and was maintained in that position during the remaining part of the study. Distal coronary 

pressure (P
d
) and aortic pressure (P

a
) were measured simultaneously and recorded.

Central venous infusion of adenosine was started at a rate of 140 µg/kg/min (Figure 1). 

After steady state maximum hyperemia had been achieved and maintained for at least 

30 seconds, adenosine infusion was stopped. FFR was measured as the lowest value of 

P
d
/P

a
 achieved during steady state maximum hyperemia. 

Baseline &
hyperemic Pd/Pa

are recorded

Continuous central
infusion of

adenosine until
30 seconds of steady

state hyperemia

Pd/Pa
returns

to baseline
(1-3 min)

Continuous Pd/Pa
monitoring for

10 minutes or until
hyperemic effect

is fading

First bolus injection
of regadenoson

(400 µg)
(central/peripheral)

Hyperemic
Pd/Pa is
recorded

Continuous central
infusion of

adenosine until
30 seconds of steady

state hyperemia

Hyperemia
is fading
(1-3 min)

Continuous Pd/Pa
monitoring for

10 minutes or until
hyperemic effect

is fading

Second bolus
injection of

regadenoson
(400 µg)

(central/peripheral)

End of study
protocol

Figure 1. Measurement protocol. Measurement protocol for the different hyperemic stimuli. True baseline P
d
/P

a
, 

as at the start of the experiment, is not achieved anymore in most patients during the study after the first bolus 
injection of regadenoson.
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As soon as hemodynamic conditions returned to baseline, the first single bolus injection 

of regadenoson of 400 µg (Rapidscan Pharma Solutions, London, UK) was administered, 

either centrally or peripherally according to the randomization protocol, followed by a 

10 cc flush of saline. The time to onset of hyperemia, hemodynamic conditions and 

duration of steady state hyperemia were recorded. Again, FFR was measured as the 

lowest value of P
d
/P

a
 achieved during steady state hyperemia. The duration of steady 

state hyperemia was defined as the period of time from the nadir of P
d
/P

a
 until P

d
/P

a
 

increased to more than 0.02 above its lowest value. Recording was continued until the 

hyperemic effect had faded by at least 50%, with a minimum of 2 and a maximum of 10 

minutes. Thereafter, the second central venous infusion of adenosine was started and 

again maximum coronary hyperemia was recorded for at least 30 seconds. 

Finally, the second single bolus of regadenoson was administered, either centrally or 

peripherally according to the randomization protocol, and its hyperemic effect was 

studied again. If the maximum hyperemic effect of the first bolus injection of regadenoson 

lasted longer than 10 minutes, the second bolus injection was withheld.

At the end of the measuring sequence, the pressure wire was pulled back to the tip of 

the guiding catheter to verify (absence of) drift in the pressure wire. If an intervention 

was indicated based upon the FFR measurement with adenosine (FFR value ≤0.80), it 

was performed subsequently.

Safety and side effects

Systolic and diastolic blood pressure and heart rate were monitored continuously and 

differences between baseline and maximum hyperemia with the different stimuli were 

recorded. Potential side effects including chest pain, shortness of breath, headache, 

nausea or any other side effect affecting the patient were assessed and scored on a 

patient’s discomfort scale, ranging from 1 to 10, with 1 being very little discomfort and 

10 being very severe discomfort. The effects of repeated injections of regadenoson were 

investigated accordingly.

Statistical analysis

Because the standard deviation of repeated FFR measurements in previous studies was 

≤0.02, we postulated that a difference of >0.02 in minimal P
d
/P

a
 would reject equivalence 

of regadenoson to adenosine for induction of maximum hyperemia.5,13 To measure 

agreement between the two methods of measurement, a Bland-Altman plot was used 

besides a linear regression with Pearson’s correlation coefficient and two-tailed test for 

significance.14 A sample size of 100 patients was deemed sufficient to keep standard 

errors of the 95% limits of agreement small as recommended by Bland.14

Data are presented as mean±SD. The Student’s paired t-test was used to compare 

hemodynamic parameters from baseline to maximal hyperemia and to compare mean 

overall change in hemodynamic status. 

To compare the two hyperemic stimuli, the means of both FFR values measured by the 

same hyperemic stimulus were compared. Peripheral venous bolus injections of 
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regadenoson were compared to central venous adenosine infusion as well as central 

venous bolus injections to central venous adenosine infusion. To test the reproducibility 

of maximum coronary hyperemia induced by regadenoson and compare different 

methods of administration (i.e. central versus peripheral), the first and second FFR values 

measured with regadenoson were compared. Reproducibility of maximum coronary 

hyperemia by central venous adenosine infusion was also investigated. Results were 

considered statistically significant at p<0.05. Statistical analysis was performed with SPSS 

software version 19 (IBM Corp., Armonk, NY, USA).

Results

Baseline characteristics

Baseline characteristics are presented in Table 1. In the patient population 75% was male, 

the mean age was 66±8 years, mean height was 172±9 cm and mean body weight was 

79±14 kg. Almost all patients had multiple risk factors for coronary atherosclerosis, and 

21% had diabetes mellitus. In total, 43% of the patients had undergone a previous 

percutaneous coronary intervention and 36% had a previous myocardial infarction. The 

study lesion was located in the LM, LAD, LCX, and RCA in 7%, 54%, 20%, and 19%, 

respectively. The mean reference diameter was 3.2±0.6 mm. The severity of coronary 

artery disease was well balanced within the patient population: single-vessel disease in 

33% of the population, two-vessel disease in 43%, and three-vessel disease in 24% of the 

population. Visual stenosis severity varied from 30% to >90% (Figure 2).

 

Procedural characteristics and outcome

The study protocol was successfully performed in all patients without any complication. 

It was possible to advance a pressure guide wire to the desired location of interest in all 

patients. Adenosine was administered twice in all patients, regadenoson was administered 

>90
70-90

50-70

30-50

Figure 2. Visual stenosis percentage 
of the study lesion. Visual stenosis 
severity of the study lesion was 30-
50%, 50-70%, 70-90% and >90% in 
35%, 38%, 20% and 6% respectively.
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twice in 88 patients. In 12 patients, only 

one injection of regadenoson was 

administered because the maximum 

hyperemic effect of regadenoson 

persisted beyond ten minutes.

In one patient, FFR after the first injection 

of regadenoson was excluded for further 

analysis because of drift of the pressure 

wire. This also happened in one patient 

after central venous adenosine infusion.

The average FFR value in the study 

population was 0.75±0.10 (range 0.41-

0.96), both with central venous infusion 

of adenosine as well as with bolus 

injections of regadenoson. 

FFR was ≤0.80 in 64 coronary arteries 

under investigation. Of the 64 hemo-

dyna mi cally significant lesions, 52 lesions 

(81%) underwent revascularization with 

PCI (55%) or CABG (27%). Twelve lesions 

were treated medically due to very 

diffuse spatial distribution of athero-

sclerosis, not suitable for mechanical 

revascularization. All coronary arteries 

investigated with an FFR >0.80 were 

treated medically.

Comparison of hyperemia after the 

different stimuli

FFR measured after central venous 

adenosine infusion was equal to FFR 

measured by either peripheral or central 

venous injection of regadenoson in all 

patients with an average difference of 

0.00±0.01 and an absolute difference of 

less than 0.02 in 97/100 patients 

(r=0.994, p=<0.001) (Figure 3). 

Also, no difference was observed in FFR when comparing only central or only peripheral 

bolus injections of regadenoson with central venous infusion of adenosine. In not a single 

(0) patient was classification with respect to ischemia with regadenoson different from 

classification with adenosine.

Table 1. Baseline & procedural characteristics of the 
study population (N = 100)

Baseline characteristics

Age (yrs) 66 ± 8

Male/Female 75 / 25

Length (cm) 172 ± 9

Weight (kg) 79 ± 14

Clinical characteristics

Hypertension 54

Hypercholesterolemia 36

Diabetes mellitus 21

Active smoking 20

Family history of premature CAD 33

Previous PCI 43

Previous MI 36

Angiographic variables

Diagnostic / Interventional procedure 48 / 52

Severity of CAD

Single-vessel 33

2-vessel 43

3-vessel 24

Target vessel

Left main 7

Left anterior descending 54

Left circumflex 20

Right coronary artery 19

Vessel diameter 3.2 ± 0.6

Stenosis percentage

30-50 % 35

50-70 % 38

70-90 % 20

>90 % 6

Values are mean ± SD or n / %. CAD indicates 
coronary artery disease; MI, Myocardial infarction; 
PCI, percutaneous coronary intervention.
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The reproducibility of regadenoson was excellent as well, with a difference of 0.01±0.02 

between the first and the second administration, irrespective of the way of administration 

(r=0.990, p<0.001) (Figure 4A). In those patients receiving one peripherally and one 

Figure 3. Linear regression analysis and Bland Altman agreement. Relation between FFR measurement during 
central venous infusion of adenosine and single intravenous bolus of regadenoson in all patients (N=100, r = 
0.994, p<0.001, panel A); in patients with at least one peripheral injection of regadenoson (N=73, r = 0.991, p<0.001, 
panel C); and patients with at least one central injection of regadenoson (N=72, r = 0.995, p<0.001, panel E) and 
the corresponding Bland-Altman plots (Panel B, D and F).
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centrally administered bolus injection of regadenoson, the hyperemic effect and 

associated hemodynamic effects were identical. 

Finally, as expected, coronary hyperemia induced by central venous adenosine infusion was 

very reproducible as well, with a difference of 0.01±0.02 (r=0.987, p=0.001) (Figure 4B).

Onset of maximum hyperemia and duration of the hyperemic plateau

The onset of hyperemia after central venous administration of adenosine has been well 

described before and varies between 30 and 90 seconds. This was also the case in all 

patients in this study. Steady state hyperemia could be maintained during infusion in all 

patients, with, in a few patients only, some small periodic fluctuations which have been 

described before and are attributable to rapid metabolization of adenosine in combination 

with breathing or Valsalva manoeuvres.

The onset of maximum hyperemia after central venous injection of regadenoson was 

22±9sec and for peripheral injection this was 30±13sec. The duration of the hyperemic 

plateau for regadenoson was variable and lasted between 10 seconds and more than 10 

minutes (Figure 5). In 90% of the patients, the plateau lasted at least 19 seconds and in 75% 

it lasted at least 58 seconds. The mean duration of the hyperemic plateau was 163 seconds.

For regadenoson, following steady state hyperemia, we observed a fluctuating level of 

hyperemia with alternating levels of submaximum hyperemia and maximum hyperemia 

in 31% of the patients (Figure 6). This state lasted for approximately several minutes, after 

which hyperemia slowly vanished without complete return of P
d
/P

a
 to baseline. The cycle 

length of this fluctuation was unpredictable and variable within one patient.

Figure 4. Reproducibility of FFR measurement by regadenoson and adenosine. Reproducibility of FFR 
measurement with single intravenous bolus injections of regadenoson (N=87, ΔFFR=0.01±0.02, r=0.990, p<0.001, 
panel A). Reproducibility of FFR measurement with central venous adenosine infusion (N=99, ΔFFR=0.01±0.02,  
r = 0.987, p<0.001, panel B).
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Side effects and safety of repeated regadenoson injections

The vast majority of all patients experienced the well-known chest discomfort or 

shortness of breath, both during adenosine administration as well as after regadenoson 

administration. The severity of chest complaints, graded on the discomfort-scale 

described above, was classified as 6/10 for adenosine and 4/10 by regadenoson (p<0.001). 

In not a single patient was this a reason to stop the infusion or not to complete the study 

protocol. With adenosine, this chest discomfort persisted as long as the infusion lasted, 

while with regadenoson the chest discomfort was present early after administration and 

disappeared thereafter, even if the hyperemic effect persisted. 

During the 200 runs of central venous adenosine infusion in this study, no serious side 

effects were noted and in only 6 patients innocent, quickly transient, AV conduction 

disturbances occurred without the necessity to interrupt administration. In five cases, 

AV conductions disturbances occurred only with adenosine infusion, and in one case 

the conduction disturbance occurred with both drugs. No other side effects, except the 

well-known chest discomfort, were observed with intravenous adenosine. Apart from 

the chest discomfort and one case of AV conduction disturbances, no side effects were 

seen with the injections of regadenoson (either peripheral or central).

The influence of adenosine and regadenoson on blood pressure and heart rate is 

presented in Table 2. Systolic and diastolic blood pressure decreased by 4% and 6%, 

respectively, during administration of central venous adenosine, and by 6% and 7%, 

respectively, after regadenoson injections. Heart rate increased by seven beats per minute 

(10%) during adenosine administration, compared to 14 beats per minute (20%) after 

regadenoson (p<0.001).

Finally, no side effects at all were associated with the repeated injection of regadenoson. 

Patients did not experience increasing chest discomfort and there was no additional 

effect on blood pressure or heart rate with the second bolus injection of regadenoson.

Figure 5. Duration of steady state maximum 
hyperemia induced by regadenoson. Distribution of 
duration of steady state maximum hyperemia induced 
by the first bolus injection of regadenoson (either 
central or peripheral) in the study population.
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Discussion

This study shows that the hyperemic effect induced by a single peripheral or central 

intravenous injection of 400 µg of regadenoson, is equal to hyperemia after central 

venous infusion of adenosine, considered as the gold standard for inducing maximum 

coronary hyperemia.

Figure 6. Maximum hyperemia followed by 
fluctuating levels of hyperemia after regadenoson 
injection and corresponding adenosine infusion. 
Example of hyperemia induced by regadenoson and 
adenosine. Panel A: Full registration of regadenoson 
induced hyperemia (peripheral single bolus injection, 
400µg). Following steady state hyperemia for 
approximately five minutes, a fluctuating state of 
submaximal hyperemia occurs, before hyperemia 
fades (see text). Panel B: Detail of the steady state 
hyperemia with regadenoson injection. Panel C: 
Corresponding maximum hyperemia with central 
venous infusion of adenosine in the same patient.

Table 2. Hemodynamic effects of adenosine and regadenoson

Baseline Adenosine Regadenoson

SBP (mmHg) 130 ± 22 126 ± 24 122 ± 23 *

DBP (mmHg) 67 ± 10 63 ± 12 62 ± 11 †

HR (bpm) 69 ± 12 76 ± 14 83 ± 13 ‡

Values are mean ± SD. SBP indicates systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate. 
* p<0.001 compared to baseline, p=0.01 compared to adenosine. † p<0.001 compared to baseline, p=0.340 
when compared to adenosine. ‡ p<0.001 compared to baseline, p<0.001 compared to adenosine.
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It is the largest prospective study up until now (n=100) comparing the hyperemic effect 

of regadenoson and adenosine and the first not only looking at maximum coronary 

hyperemia, but also at duration of maximum hyperemia, different ways of administration 

of regadenoson injections, and the reproducibility and safety of repeated regadenoson 

injections.

In the clinical practice of the catheterization laboratory, different hyperemic stimuli can 

be used. The easiest is intracoronary adenosine, which is satisfactory in non-complex 

coronary artery disease, but acts too briefly to perform a pressure pullback recording or 

to assess serial lesions. Intracoronary papaverine acts longer, but is sometimes 

accompanied by undesirable arrhythmias. On top of that, intracoronary administration 

of adenosine as well as papaverine is not reliable when assessing ostial lesions. Peripheral 

venous infusion of adenosine has a slower onset of action and less reliable coronary 

hyperemia.4 Central venous infusion of adenosine creates steady state coronary 

hyperemia and is very useful in more complex coronary artery disease, particularly if a 

pressure pullback recording has to be made. However, as stated in the introduction, it 

has some practical disadvantages.

As shown in this study, hyperemia induced by regadenoson has a rapid onset, within one 

minute in all cases. Although the duration of hyperemia is variable, it lasts sufficiently 

long for a pressure pullback recording in almost all patients. In addition, regadenoson 

can be used to assess ostial lesions, has no noticeable side effects, apart from the well-

known chest discomfort, and is safe for repeated administration. The price of a single 

vial of regadenoson, used for one single bolus injection, is roughly equivalent to that of 

a vial of adenosine. 

Finally, if administered peripherally, the action is equal to central venous injection. This 

means that introduction of a central venous sheath can be avoided. This study shows 

that regadenoson is a suitable alternative in many patients for central venous infusion of 

adenosine to induce maximum coronary hyperemia. 

In recent years, several non-randomized studies have been performed to investigate the 

hyperemic effects of regadenoson with comparable excellent results.10–12 However, none 

of these studies systematically tested the reproducibility of regadenoson bolus injections 

and the safety of consecutive administrations, nor compared central versus peripheral 

administration, nor studied the time intervals of length of the hyperemic plateau or the 

duration of action. 

A specific observation of interest in this study was that steady state hyperemia with 

regadenoson was followed by a phase of fluctuating levels of (submaximum) hyperemia, 

where sometimes the minimal value of P
d
/P

a
 was achieved (FFR), alternating with periods 

of submaximum hyperemia. These fluctuations can sometimes be observed with central 

venous infusion of adenosine as well, specifically if the dosage is not high enough or if 

the patient is performing Valsalva manoeuvres, due to suboptimal dosages of adenosine 

reaching the coronary circulation.15,16 This variable duration of maximum hyperemia and 

subsequent fluctuating level of hyperemia with regadenoson injection has not been 

described before. Probably, both the variable duration of maximum hyperemia as well 
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as this fluctuation in the decline phase of hyperemia is due to the metabolization of 

regadenoson. Most likely, this does not affect its usability in myocardial perfusion imaging, 

since regadenoson has already proven to be non-inferior to adenosine.17

A recent FDA warning (November 2013) drew attention to the use of regadenoson in 

cardiac nuclear stress testing, reporting cases of myocardial infarction and death 

following the stress test. In our study, we did not see any of these complications, not 

even with repeated administration of regadenoson. Nevertheless, it should be kept in 

mind that all systemic vasodilatory drugs can cause myocardial ischemia in severe 

coronary artery disease due to coronary steal in a collateral dependent myocardial 

distribution, irrespective of which drug is used. 

Finally, in the current practice with a high prevalence of radial procedures in many 

catheterization laboratories, the opportunity to administer a hyperemic stimulus by a 

single peripheral injection is often advantageous because the routinely present peripheral 

venous access can be used without the necessity of extra punctures. Therefore, the 

decision for ad hoc FFR measurement during a radial procedure is facilitated.

Limitations

The hyperemic plateau after a single bolus injection of regadenoson ranged from 10 

seconds to more than 10 minutes. A ten-second window of steady state hyperemia is 

too short in some patients for performing extensive pressure pullback recordings in order 

to be informed about the spatial distribution of disease along a coronary artery. Therefore, 

in patients with complex or diffuse coronary artery disease, adenosine remains the drug 

of choice. We cannot explain this variation in length of the hyperemic plateau with 

regadenoson. Although regadenoson is administered as a non-weight based injection, 

we looked at the relation between body weight and length of the hyperemic plateau, 

without finding a correlation (r=0.375). Another possible explanation could be the use 

of caffeine, which is known to attenuate the duration of coronary vasodilatation induced 

by regadenoson at high concentrations.18 To test this hypothesis, we measured caffeine-

levels during the procedure in 15 patients, not showing any correlation to the duration 

of the hyperemic plateau (r=0.481). 

Furthermore, this study proves the safety of two injections of regadenoson within a few 

minutes (four to 12 minutes, depending on the duration of hyperemia after the first 

regadenoson injection), but did not investigate safety of more than two injections of 

regadenoson. Therefore, for the time being, use of regadenoson for FFR-measurement 

is recommended only when measurements have to be performed in one or two arteries. 

Finally, the hyperemic effect of regadenoson was studied only in patients with stable 

coronary artery disease. It was not studied in patients presenting with an acute coronary 

syndrome within the last 5 days. However, in acute coronary syndrome, measurement 

of FFR is generally not indicated.
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Conclusions

Maximum coronary hyperemia can be achieved easily, rapidly, and reproducibly by one 

single body-weight-independent intravenous bolus injection of regadenoson 

administered in either a central or a peripheral vein. The onset of hyperemia occurs 

within 30 seconds and the hyperemic plateau is sufficiently long to perform a pressure 

pullback recording in almost all patients. Repeated administration of regadenoson is safe 

and can be necessary because the hyperemic plateau after a single injection is quite 

variable. Finally, this study also confirms the safety and reliability of central venous 

adenosine infusion, as steady state maximum coronary hyperemia was achieved in all 

patients without noticeable side effects.

Impact on daily practice

Regadenoson is an easy, rapid, and safe hyperemic stimulus creating maximum coronary 

hyperemia comparable to central venous adenosine infusion for measuring FFR. It is 

body-weight-independent and can be administered in a peripheral vein. Therefore, its 

use is practical for ad hoc FFR measurement during diagnostic angiography and in radial 

procedures.
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Introduction

At present, there is little doubt that interpretation of coronary artery disease and decision 

making with respect to revascularization based on visual assessment of the angiogram 

is a fundamentally flawed approach. The importance of additional functional testing to 

assess the hemodynamic severity of a coronary stenosis is undisputable. Over the 

decades, a number of physiologic indices have emerged to assess the functional 

significance of coronary artery disease. Of these, fractional flow reserve (FFR) is most 

commonly used. There is incontrovertible proof now that stenting of ischemic stenoses 

as indicated by an FFR ≤0.80 generally improves outcome, whereas stenting of non-

ischemic stenosis as indicated by an FFR >0.80 offers no benefit compared to medical 

treatment and can mostly be avoided.1–6

To assess the true strength or quality of anything in the world around us – whether in 

science, engineering, or biology – testing under conditions of stress is mandatory. In 

analogy, therefore, the wind tunnel for physiologic testing of coronary arteries is 

maximum hyperemia. Accurate assessment of FFR can be done only during maximum 

hyperemic conditions. An interesting analysis of a rather new hyperemic drug, 

regadenoson, is published in the present issue of Cardiovascular Revascularization 

Medicine.7 

Fractional flow reserve

Fractional flow reserve has been introduced in a seminal publication in Circulation in 

1993.8 In that paper, the complete coronary circulation, including coronary, myocardial, 

and collateral blood flow and their respective resistances, was completely described in 

terms of pressure measurement in the different parts of the coronary circulation. Over 

the years, one particular part of this theory, initially called myocardial fractional flow 

reserve or FFR
myo

 and presently just called FFR, has evolved as a simple and practical tool 

to assess the ischemic nature of a coronary artery stenosis. FFR is defined as the ratio of 

distal coronary pressure (P
d
) measured by a pressure wire to aortic pressure (P

a
) measured 

by the guiding catheter under conditions of maximum coronary hyperemia.8 Although 

presently a binary cut-off value of 0.80 is used for decision making with respect to 

revascularization, as a matter of fact, a continuum is present between absolute value of 

FFR and future risk.9 In clinical practice, a threshold of FFR of 0.80 has a diagnostic 

accuracy of 95% for correct classification of myocardial ischemia related to a specific 

stenosis. Therefore, that value is used most commonly in clinical practice and its validity 

(with a small gray zone between 0.75 and 0.80) has been confirmed in more than 40 

studies in patients with almost all clinical and angiographic conditions. The only situation 

where FFR should not be applied is the culprit artery in ST segment elevation myocardial 

infarction with a severely blotted microcirculation.10 

FFR is the only physiological index that has been validated against a true gold standard, 

based upon a multitesting Bayesian approach.11 All other indices, often derived from FFR, 

have only been validated against single noninvasive indices or against FFR itself. 
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In addition, a number of randomized controlled trials have shown the prognostic benefit 

of FFR in terms of reduction of mortality and myocardial infarction when decisions with 

respect to revascularization were based upon FFR.1,4,12 

Importance of maximum hyperemia

One of the prerequisites to measure FFR is the presence of maximum hyperemia. Only 

under those conditions, there is proportionality between perfusion pressure and 

maximum blood flow, and is optimal decision making with regard to revascularization 

possible. 

The first important work on hyperemic drugs was performed by Wilson et al. in the late 

eighties and early nineties.13,14 Since then, many studies have been performed to evaluate 

hyperemic drugs such as papaverine, intracoronary and intravenous adenosine (both 

peripherally and centrally administered), adenosine triphosphate (ATP), dobutamine, 

nitroglycerine and contrast agent.15–18 

Papaverine is a cheap drug that can easily be administered intracoronary, induces 

maximum hyperemia, has a plateau phase that is long enough to make a pullback 

recording but is sometimes accompanied by polymorphic ventricular tachycardia. 

Therefore, papaverine as hyperemic stimulus is abandoned in many countries. 

Intracoronary adenosine is cheap, easy to administer, reliable and (if administered in a 

dosis of 100 µg and 200 µg for the right and left coronary artery, respectively) equivalent 

to central venous adenosine infusion to induce maximum hyperemia. However, because 

of its short action, it is not suitable to make a pullback-recording. 

ATP as used in some other countries is completely identical to adenosine. Dobutamine, 

nitroglycerine, and some other drugs, have too many hemodynamic side effects to be 

used as a routine. 

Non-hyperemic approaches

To avoid pharmacological hyperemia, several approaches have been proposed to evaluate 

stenosis significance under resting conditions, such as P
d
/P

a
 at rest and iFR.16,18-21 

Although commendable, these approaches in general have a poor scientific basis and 

have not been experimentally validated. From Poiseuille’s law, it is obvious that it is very 

difficult to predict a hyperemic gradient from baseline measurements, especially in young 

patients with a high hyperemic response, in large and proximal coronary arteries, in cases 

of a large perfusion territory, and in cases of ostial stenosis. Consequently, in all studies 

investigating the diagnostic accuracy of resting indices (whether performed by 

proponents or opponents of resting indices), the accuracy of P
d
/P

a
 at rest and iFR never 

exceeded approximately 80% of the accuracy achieved with hyperemia.16,18,20,21 Moreover, 

the coefficient of variation of all such indices is significantly larger than that of hyperemic 

indices.16 Also, the signal to noise ratio in resting measurements is inferior to that of FFR 

since the intrinsic error in pressure measurements and the occurrence of drift are 

identical for both resting and hyperemic conditions and therefore relatively affect resting 

indices more.  As a matter of fact, especially the resolution of the pullback recording is 
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negatively affected by leaving out hyperemia. For these reasons, we believe that studying 

new hyperemic stimuli as done by Stolker et al, is relevant.7 An intermediate approach 

balancing between avoiding a hyperemic stimulus and accepting suboptimal decision 

making has been investigated by Johnson et al., who evaluated the hyperemic effect of 

a single bolus of contrast injection. Such contrast injection has to be performed anyway 

during coronary pressure measurement to check the position of the pressure wire. 

Contrast agent induces submaximum hyperemia. The so-called contrast-FFR (cFFR) had 

a better accuracy than pure resting indices like iFR, but was still significantly less reliable 

than “true” hyperemic FFR. The different accuracies achieved by the different indices are 

summarized in Figure 1. A simple lesson from this figure is the more hyperemia, the more 

accurate the decision. In our opinion, it would be a shame for the physician and painful 

for the patient if, in an attempt to shorten the procedure by 10 minutes and to save a 

few dollars, the most appropriate decision and treatment are performed in 80% of the 

patients only, whereas 95% is achievable.

In this context, the paper by Stolker et al in the present issue of Cardiovascular 

Revascularization Medicine, comparing adenosine and regadenoson, comes into 

perspective.7 

Figure 1. Pyramid of Diagnostic Accuracy
The accuracy of standard coronary angiography to correctly predict if a particular coronary stenosis is responsible 
for reversible ischemia, is approximately 70%. When performing physiologic measurements at resting conditions 
(P

d
/P

a
 at rest, iFR), this increases to approximately 80%. With a single contrast injection, a sub-maximum hyperemic 

stimulus, accuracy further increases to 85 % and with full hyperemia (FFR), a diagnostic accuracy of 95 % is 
achieved.
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Adenosine

The gold standard to create maximum coronary hyperemia is intravenous infusion of 

adenosine in a dosage of 140 µg/kg/min. It can be administered both peripherally and 

centrally but when given in a central vein, the onset of action is earlier and steady-state 

hyperemia is easier to achieve and more stable. In approximately 60% of the patients, 

intravenous adenosine creates complete steady-state hyperemia, whereas in 40% of the 

patients some fluctuations in the hyperemic effect are present due to the metabolization 

of the drug. In those cases, these fluctuations are reproducible and FFR is taken at the 

lowest level of P
d
/P

a
. 

The reliability of adenosine and its repeatability have been tested in many prospective 

studies, in thousands of patients. The side effects are limited to an innocent unpleasant 

sensation in the chest or throat (inherent to the action of adenosine that is the intrinsic 

transmitter of angina pectoris and stimulates the free nerve fibers in the myocardium), 

mild effects on blood pressure and heart rate, and incidentally quickly transient 

atrioventricular (AV) block. Serious side effects of adenosine are reported in less than 

1:1000 patients.4,5,16–18,22 Contraindications for its use are limited to severe true asthma 

and pre-existing symptomatic AV conduction abnormalities.

In most countries outside the United States, adenosine is prepared by hospital pharmacies 

in standard bags at a low price of a few dollars per unit, and prior to its use, only a 

particular infusion rate has to be programmed based upon the bodyweight of the patient. 

In the catheterization laboratory of the Catharina Hospital, fractional flow reserve is 

assessed in more than 3,000 coronary arteries per year and the time between the 

decision to measure FFR and the start of infusion of adenosine is less than 5 minutes. In 

80% of all patients in our catheterization laboratory, intravenous adenosine is the drug 

of choice to induce maximum hyperemia.

In the United States, in many hospitals adenosine has to be prepared ad hoc in the 

catheterization laboratory. As a matter of fact, that takes more time and more calculations 

and is more prone to mistakes when calculating adequate dilutions and dosages. Although 

this can be done within minutes and is not felt as a hurdle in some US centres with good 

logistics and experience, more simple alternatives are valuable to examine. Therefore, the 

search for alternative hyperemic stimuli is important, and regadenoson is one of them.7 

By some authors, including Stolker, it is suggested that the preparation of adenosine is 

one of the thresholds to apply FFR in the catheterization laboratory and explains its 

underutilization. Although this might be the case to a certain degree in some countries, 

we do not believe that this is the major threshold to measure FFR. Of more importance 

are the still persistent strong oculo-stenotic reflexes in many interventionalists, fear to 

decrease the number of interventional procedures, and – when measuring FFR after 

percutaneous coronary intervention (PCI) – the psychological factor in having to 

conclude that the result of a PCI may be less perfect than the angiogram suggests. 

Present penetration rates are widely variable and range from a few percentages in 

Switzerland and South-European countries to 10-15% in the United States, 20% in The 

Netherlands, United Kingdom, and Scandinavia, and 40-70% of all PCI’s in a few centers 
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that completely adopted the concept. In addition, we foresee an increasing use of FFR 

in diagnostic angiography.

Regadenoson

Regadenoson is an A
2a

 adenosine receptor agonist that is presently used in a number of 

nuclear cardiology laboratories. It has also been used in the coronary catheterization 

laboratory so far in a limited number of studies.23–25 In a recent prospective randomized 

study by Van Nunen et al, published in EuroIntervention in 2014, regadenoson (both 

administered in a central and a peripheral vein) and intravenous adenosine were 

compared in 100 patients, including the repeatability of the drug, the comparison 

between central and peripheral administration of regadenoson, and time intervals of 

action.17 Regadenoson was administered as a single bolus of 400 µg, either in a peripheral 

or central vein, irrespective of bodyweight, and repeated after an interval of 10 minutes. 

The onset of hyperemia occurred within 20-40 seconds after administration. The 

hyperemic potential of regadenoson and adenosine was completely similar, as was also 

the case in the meta-analysis by Stolker.7 The major limitation of regadenoson, was the 

fact that the duration of its hyperemic action was highly variable between different 

patients, ranging from 20 seconds to more than 10 minutes.17 Because it is unknown 

beforehand how long the hyperemic effect will be in a particular person, one can only 

assume maximum hyperemia during the first 20 seconds, which is sufficient for a 

pullback-recording in most cases but precludes reliable use when multiple vessels have 

to be examined. Although the instructions for use with regadenoson limits its use to a 

single dose, in the study by van Nunen not any adverse effect was observed when 

administration was repeated once after 10 minutes.17 

It is important to note from both studies that only in approximately 2% of all patients, a 

crossover would be present around the FFR threshold of 0.80. Taking into account that 

the variation coefficient of coronary pressure measurement is 2%, these data actually 

proves completely similar and maximum hyperemia by both drugs. 

Practical consequences

Regadenoson is a welcome newcomer in the armamentarium of hyperemic drugs. With 

the rapid increase of application of fractional flow reserve in diagnostic cases (especially 

when performed by the radial artery), single peripheral administration of a bolus of 

regadenoson is an easy alternative for rapid physiologic evaluation in patients with 

moderately complex one- or two-vessel disease. In ostial lesions, in contrast to the use 

of intracoronary adenosine, regadenoson avoids manipulations with the guiding catheter, 

uncertainty of blocking the ostium, and concern about the very short duration of action. 

However, it cannot replace adenosine in all patients. 

Especially when more complex coronary artery disease is present with the necessity of 

multiple measurements of FFR or pullback-recordings in more arteries, intravenous 

adenosine remains the hyperemic drug of choice. In our laboratory, in such cases we 

anticipate to its use and prefer administration by a central vein. 
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At the other end of the spectrum, i.e. in relatively “simple” focal one- or two-vessel 

disease without diffuse disease, intracoronary adenosine is perfect for a quick and reliable 

diagnosis.

In summary, we believe that regadenoson may play a role in the physiologic assessment 

of coronary disease in the catheterization laboratory. A good understanding of the 

different hyperemic stimuli should be present among operators performing FFR and 

other physiologic measurements, being aware of the advantages and disadvantages of 

the different drugs. With all these alternatives available, leaving away hyperemia and 

thereby decreasing quality of decision making and accepting suboptimal treatment of 

our patients is not an option anymore. 
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Abstract

Background

In the Fractional Flow Reserve Versus Angiography for Multivessel Evaluation (FAME) 

study, fractional flow reserve (FFR)-guided percutaneous coronary intervention (PCI) 

improved outcome compared with angiography-guided PCI for up to 2 years of follow-

up. The aim in this study was to investigate whether the favourable clinical outcome with 

the FFR-guided PCI in the FAME study persisted over a 5-year follow-up.

Methods

The FAME study was a multicentre trial done in Belgium, Denmark, Germany, The 

Netherlands, Sweden, the UK, and the USA. Patients (aged ≥18 years) with multivessel 

coronary artery disease were randomly assigned to undergo angiography-guided PCI 

or FFR-guided PCI. Before randomisation, stenoses requiring PCI were identified on the 

angiogram. Patients allocated to angiography-guided PCI had revascularisation of all 

identified stenoses. Patients allocated to FFR-guided PCI had FFR measurements of all 

stenotic arteries and PCI was done only if FFR was 0.80 or less. No one was masked to 

treatment assignment. The primary endpoint was major adverse cardiac events at 1 year, 

and the data for the 5-year follow-up are reported here. Analysis was by intention to 

treat. This trial is registered with ClinicalTrials.gov, number NCT00267774.

Findings

After 5 years, major adverse cardiac events occurred in 31% of patients (154 of 496) in 

the angiography-guided group versus 28% (143 of 509 patients) in the FFR-guided group 

(relative risk 0.91, 95% CI 0.75-1.10; p=0.31). The number of stents placed per patient 

was significantly higher in the angiography-guided group than in the FFR-guided group 

(mean 2.7 [SD 1.2] vs 1.9 [1.3], p<0.0001).

Interpretation

The results confirm the long-term safety of FFR-guided PCI in patients with multivessel 

disease. A strategy of FFR-guided PCI resulted in significant decrease of major adverse 

cardiac events for up to 2 years after the index procedure. From 2 to 5 years, the risks 

for both groups developed similarly. This clinical outcome in the FFR-guided group was 

achieved with a lower number of stented arteries and less resource use. These results 

indicate that FFR guidance of multivessel PCI should be the standard of care in most 

patients.
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Introduction

In addition to coronary angiographic abnormalities, the presence and extent of inducible 

myocardial ischemia is an important prognostic factor in coronary artery disease.1–3 The 

absence of inducible myocardial ischemia is associated with excellent outcome during 

medical treatment.1,4 Therefore, revascularisation of non-ischemic stenoses is usually 

not indicated. However, revascularisation of ischemia-inducing stenoses improves 

symptoms and outcome.5,6 

Fractional flow reserve (FFR) is defined as the ratio of maximum blood flow in a stenotic 

coronary artery to maximum blood flow if the same artery were completely normal. An 

FFR of 0.80 or less, as measured with the use of a coronary pressure wire during invasive 

coronary angiography, indicates the potential of a specific stenosis to induce myocardial 

ischemia with an accuracy of greater than 90%. Therefore, FFR is recommended for the 

guidance of coronary revascularisation.7,8 

In the Fractional Flow Reserve Versus Angiography for Multivessel Evaluation (FAME) 

study,9 we compared angiography-guided percutaneous coronary intervention (PCI) 

with FFR-guided PCI in multivessel disease. At 1 year, the proportion of major adverse 

cardiac events was significantly lower and a higher proportion of patients were free from 

angina in the FFR-guided group than in the angiography-guided PCI group.9 At 2 years, 

the rates of death and myocardial infarction were significantly lower in the FFR-guided 

group.10 Additionally, use of FFR-guided PCI was cost-saving.11 The results of the FAME 

study contributed to a shift from purely anatomical to functional revascularisation 

strategies. However, the long-term safety of such a strategy has not been studied so far.

The goal in this analysis was to investigate whether the favourable outcome with the 

FFR-guided PCI in the FAME study persisted over 5 years of follow-up.

Methods

Study design and participants

The design of the FAME study has been described previously.12 Briefly, FAME was a 

multicentre, randomised controlled trial, done in the USA and six European countries 

(Belgium, Denmark, Germany, The Netherlands, Sweden, and the UK).

The institutional review board of each participating centre provided ethics approval. All 

patients provided written informed consent.

Patients (aged ≥18 years) were included in the study if they had coronary artery stenoses 

of at least 50% of the vessel diameter in at least two major epicardial coronary arteries, 

and if clinical data and angiographic appearance indicated PCI. Exclusion criteria were 

angiographically significant left main coronary artery disease, previous coronary artery 

bypass surgery, cardiogenic shock, extremely tortuous or calcified coronary arteries, a 

life expectancy of less than 2 years, pregnancy, and contraindication to the placement 

of a drug-eluting stent. Recent myocardial infarction was not an exclusion criterion if it 
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occurred at least 5 days before PCI. With respect to non-ST-elevation myocardial 

infarction, patients could be included earlier than 5 days before PCI if the peak creatine 

kinase concentration was less than 1000 IU.

Randomisation and masking

Patients with multivessel coronary artery disease were randomly assigned with a 

computer-generated allocation sequence to have angiography-guided PCI or FFR-

guided PCI. Randomisation was stratified according to the study site and done in blocks 

of 25, with the use of sealed opaque envelopes. Patients allocated to angiography-guided 

PCI underwent revascularisation of all angiographic stenoses with drug-eluting stents. 

Patients allocated to FFR-guided PCI had FFR measurement of all stenotic arteries and 

PCI was done only if FFR was 0.80 or less. No one was masked to treatment assignment. 

Treatment

PCI was done with drug-eluting stents. In the angiography-guided group, all indicated 

angiographically significant stenoses were stented. In the FFR-guided group, a coronary 

pressure wire (Radi, St. Jude Medical, Uppsala, Sweden) was advanced and equalised 

with the pressure sensor at the tip of the guiding catheter. Hereafter, the pressure wire 

was advanced in the coronary artery, sufficiently distal to the lesion under investigation. 

Maximum coronary hyperemia was induced with central venous infusion of adenosine 

(140 µg/kg/min) and FFR was measured. If FFR was less or equal to the ischemic threshold 

(i.e. 0.80), PCI of the respective stenosis was done. All patients were treated with aspirin 

and clopidogrel for at least 1 year.

Outcomes

The primary endpoint in the FAME study was the rate of major adverse cardiac events at 

1 year; the 5-year follow-up data are reported here. The definition of major adverse 

cardiac events was a composite of death, myocardial infarction, and any repeat 

revascularisation. In the FAME study, death was defined as all-cause mortality.

Predefined secondary endpoints were major adverse cardiac events at 2 years and 5 

years, and the individual components of the major adverse cardiac events at 1 year, 2 

years, and 5 years;12 data for the major adverse cardiac events and the individual 

components at 5 years are reported here. Although major adverse cardiac events for up 

to 2 years were adjudicated by a clinical event committee, events thereafter were 

assessed at the site and verified by source documentation (cardiac enzymes, 

electrocardiogram [ECG] changes, PCI reports, and cause of death).

For the 5-year follow-up, cardiac death was also assessed; this was not a prespecified 

endpoint. Death from an unknown cause was designated as cardiac death.

Statistical analysis

Primary and secondary endpoints were assessed with the intention-to-treat analysis. For 

these endpoints, we used the χ2 test to compare the two groups. Endpoints throughout 
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the 5-year follow-up were visualised with the use of Kaplan-Meier curves, using the 

log-rank test to compare the two groups.

Data were presented as mean (SD). Discrete variables were compared using the χ2 test 

or Fisher’s exact test as appropriate, whereas continuous variables were compared by 

use of the Student’s t test or Mann-Whitney U test as appropriate. Patients lost to follow-

up were censored at the date of last contact. A sensitivity analysis, assuming all patients 

lost to follow-up died at the last follow-up, was done to investigate potential effects of 

under-reporting due to loss to follow-up. To adjust for potential confounders, we did a 

multivariate logistic regression analysis using the following variables: sex, age, presence 

of diabetes, unstable angina or non-ST-elevation myocardial infarction, ejection fraction 

of less than 40%, SYNTAX score,13 presence of proximal left anterior descending (LAD) 

involvement, and inclusion site.

Post-hoc subgroup analyses were done, with subgroups defined according to sex, age, 

presence or absence of diabetes, stable angina versus unstable angina or non-ST-

elevation myocardial infarction, ejection fraction of at least 40% or less than 40%, SYNTAX 

score of 22 or less, 23-32, or 33 or greater, and the presence or absence of proximal 

LAD involvement. Relative risks (RR) were calculated including 95% CIs and p values for 

interaction.

All statistical tests were two-tailed and a p value of less than 0.05 was significant. The 

acquired data were analysed with IBM SPSS for Windows (version 19.0.0.1). This trial is 

registered with Clinicaltrials.gov, number NCT00267774. 

Role of the funding source

The funders of the study had no role in data gathering, analysis, and interpretation, writing 

of the manuscript, and the decision to submit for publication. The corresponding author 

had full access to all the data in the study and had final responsibility for the decision to 

submit for publication.

Results

1005 patients were included in 20 centres in the USA and Europe between Jan 2, 2006 

and Sept 26, 2007 (Figure 1). 496 patients were randomly assigned to angiography-

guided PCI and 509 patients were assigned to FFR-guided PCI. Baseline characteristics, 

the number of indicated lesions, and the severity of coronary artery disease were similar 

between the two groups (Table 1). Mean age of the study population was 64 years (SD 

10), and about 75% were men. Most of the patients had more than one risk factor for 

coronary artery disease. The incidence of diabetes was not different between the two 

groups. 37% of the patients had previous myocardial infarction and 27% had previous 

PCI. The severity of coronary artery disease was well balanced between the two groups, 

with a similar number of lesions per patient and a similar percentage of patients with a 

proximal LAD stenosis.
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Table 1. Patient characteristics at baseline of all patients (left columns) and of patients with complete 5-year 
follow-up (right columns)

Baseline 5-year follow-up p-value
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Baseline characteristics

Age (yrs) 64·2 ± 10·2 64·6 ± 10·3 63·9 ± 10·0 64·5 ± 10·4

Male / Female 360(73) / 
136(27)

384(75) / 
125(25)

318(74) / 
111(26)

328(75) / 
108(25)

0·72

Clinical characteristics

Angina (CCS class) 0·48

I 115 (23) 132 (26) 97 (23) 111 (25)

II 165 (33) 170 (33) 142 (33) 143 (33)

III 118 (24) 132 (26) 105 (24) 115 (26)

IV 98 (20) 75 (15) 85 (20) 67 (15)

Diabetes 125 (25) 123 (24) 107 (25) 98 (22) 0·78

Hypertension 327 (66) 312 (61) 277 (65) 259 (59) 0·15

Hypercholesterolemia 362 (74) 366 (72) 316 (74) 307 (70) 0·72

Family history 190 (39) 205 (41) 169 (39) 178 (41) 0·87

Current smoker 156 (32) 138 (27) 130 (30) 111 (25) 0·15

Previous myocardial 
infarction

180 (36) 187 (37) 155 (36) 154 (35) 0·98

Previous PCI 129 (26) 146 (29) 110 (26) 123 (28) 0·64

Unstable angina

With ECG changes 91 (18) 73 (14) 81 (19) 61 (14) 0·08

Without ECG changes 87 (18) 77 (15) 74 (17) 67 (15) 0·65

LVEF (%) 57 ± 12 57 ± 11 57 ± 12 57 ± 11 0·99

Medication

Beta-blocker 377 (76) 395 (78) 321 (75) 334 (77) 0·79

Calcium antagonist 96 (19) 121 (24) 86 (20) 100 (23) 0·26

Nitrates 179 (36) 167 (33) 156 (36) 137 (31) 0·31

ACE inhibitor/ARB 255 (51) 267 (52) 213 (50) 225 (52) 0·86

Statin 397 (80) 417 (82) 341 (79) 358 (82) 0·67

Aspirin 454 (92) 465 (91) 390 (91) 396 (91) 0·98

Clopidogrel 292 (59) 310 (61) 243 (57) 256 (59) 0·63
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The procedure times did not differ between the angiography-guided group and the 

FFR-guided group (mean 70 min [SD 44] vs 71 min [SD 43]; p=0.51). In the FFR-guided 

group, FFR measurement was done in 1329 (94%) of 1414 indicated lesions. FFR was not 

successful in 27 stenoses, and was not done in 58 stenoses with a chronic total occlusion 

for which a default value of 0.50 was assigned in accordance with the protocol. 

In the complete study population, 2415 stents were placed, of which 2339 (97%) were 

drug-eluting stents. In the angiography-guided group, the number of stents placed per 

patient was significantly higher than in the FFR-guided group (mean 2.7 [SD 1.2] vs 1.9 

[1.3], p<0·001).

865 (86%) of 1005 patients had complete 5-year follow-up. 67 patients in the 

angiography-guided group and 73 patients in the FFR-guided group were lost to follow-

up (p=0.70). The characteristics of the patients who completed the 5-year follow-up did 

not differ from baseline characteristics of the total patient population at the start of the 

study (Table 1).

Table 1. Continued

Baseline 5-year follow-up p-value
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Angiographic characteristics

Indicated lesions per 
patient

2·7 ± 0·9 2·8 ± 1·0 2·7 ± 0·9 2·8 ± 1·0 0·61

Extent of occlusion*

50%-70% narrowing 550 (41) 624 (44) 508 (43) 549 (45)

70%-90% narrowing 553 (41) 530 (37) 468 (40) 453 (37)

90%-99% narrowing 207 (15) 202 (14) 165 (14) 171 (14)

Total occlusion 40 (3) 58 (4) 30 (3) 48 (4)

Patients with proximal 
LAD lesion

186 (38) 210 (41) 160 (37) 178 (41) 0·45

Patients with total 
occlusion

37 (7·5) 54 (10·6) 28 (6·5) 45 (10·3) 0·07

Values are mean ± SD or n (%). * The investigator indicated all lesions to be included in the study before 
randomization and classified them according to severity by visual estimation. ACE indicates angiotensin-
converting enzyme; ARB, angiotensin-receptor blocker; CCS, Canadian Cardiovascular Society; ECG, 
electrocardiogram; FFR, fractional flow reserve; LAD, left anterior descending artery; LVEF, left ventricular 
ejection fraction; PCI, percutaneous coronary intervention.
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After 5 years, the primary end point (major adverse cardiac events) occurred in 31% of 

patients (154 of 496) in the angiography-guided group versus 28% (143 of 509 patients) 

in the FFR-guided group (RR 0.91, 95% CI 0.75-1.10, p=0.31). Figure 2 shows event-free 

survival. Sensitivity analysis showed no difference in major adverse cardiac events if all 

patients lost to follow-up had died (Figure 3). Potential confounders did not alter the 

effect of treatment strategy on event-free survival with multivariate logistic regression. 

1905 patients assessed for eligibility

900 not eligible
157 left main artery stenosis
217 extreme vessel tortuosity or calci�cation
105 did not provide consent
86 contraindication for drug-eluting stent
94 participating in another study
210 logistical reasons
31 other reasons

1005 randomly assigned

496 angiography-guided PCI

11 lost to follow-up 8 lost to follow-up

485 1-year follow-up

25 lost to follow-up 21 lost to follow-up

460 2-year follow-up

31 lost to follow-up 44 lost to follow-up

429 complete 5-year follow-up

509 fractional flow reserve-guided PCI

501 1-year follow-up

480 2-year follow-up

436 complete 5-year follow-up

Figure 1. Design of the FAME study. Flowchart of the FAME (Fractional Flow Reserve Versus Angiography for 
Multivessel Evaluation) study. Patients (n=1005) were randomized to either angiography-guided percutaneous 
coronary intervention (PCI) (n=496) or fractional flow reserve (FFR)-guided PCI (n=509).
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All-cause mortality at 5 years was 10% (49 of 496 patients) in the angiography-guided 

group, and 9% (44 of 509 patients) in the FFR-guided group (RR 0.88, 95% CI 0.59-1.29, 

p=0.50). Myocardial infarction occurred in 12% of patients (n=58) in the angiography-

guided group and 9% (n=48) in the FFR-guided group at 5 years (RR 0.81, 95% CI 0.56-

1.16, p=0.24). Three patients (two in the angiography-guided group and one in the 

FFR-guided group) had a second acute myocardial infarction during follow-up, bringing 

the total number of myocardial infarctions to 60 versus 49. At 5 years, 20% of patients 
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154 (31%) versus 143 (28%) events;
log-rank p=0·22

49 (10%) versus 44 (9%) events; 
log-rank p=0·51

98 (20%) versus 86 (17%) events; 
log-rank p=0·22

82 (17%) versus 76 (15%) events; 
log-rank p=0·39

BA

DC

Figure 2. Kaplan-Meier Survival Curves. Kaplan-Meier survival curves according to study group (red curve 
indicates angiography-guided percutaneous coronary intervention (PCI) group, blue curve indicates fractional 
flow reserve (FFR)-guided PCI group) for survival free from major adverse cardiac events (MACE)(154 versus 143; 
log-rank p=0·22; panel A), all-cause mortality (49 versus 44; log-rank p=0·51; panel B), all-cause mortality or 
myocardial infarction (98 versus 86; log-rank p=0·22; panel C), and revascularization (82 versus 76; log-rank 
p=0·39; panel D). 
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(n=98) in the angiography-guided group and 17% (n=86) in the FFR-guided group died 

or had myocardial infarction (RR 0.86, 95% CI 0.66-1.11, p=0.24). In the angiography-

guided group, 17% of patients (n=82) required repeat revascularisation versus 15% (n=76) 

in the FFR-guided group (RR 0.90, 95% CI 0.68-1.20, p=0.49). 26 patients (12 in the 

angiography-guided group and 14 in the FFR-guided group) needed two or more 

revascularisation procedures. The total number of repeat revascularisations was 101 in 

the angiography-guided group and 92 in the FFR-guided group.

The absolute difference in all-cause mortality between the two groups after 1 year, 2 

years, and 5 years remained constant (1.2%, 1.2%, and 1.3%; Table 2). The difference in 

mortality at 5 years was exclusively due to cardiac mortality, which was 6% (28 out of 

496 patients) in the angiography-guided group versus 4% (21 of 509 patients) in the 

FFR-guided group (RR 0.73, 95% CI 0.42-1.27, p=0.26). Also, the differences in mean 

number of events per patient between angiography-guided and FFR-guided strategies 

remained constant after 1 year, 2 years, and 5 years (0.08, 0.08, and 0.06; Table 2). 

In the subgroup analyses, the interaction between sex and treatment strategy was 

significant, with FFR-guided PCI favouring the male sex (p
interaction

=0.027; Figure 4).

With focus solely on the male sex, the primary end point at 5 years occurred in 34% (121 

of 360) in the angiography-guided group versus 27% (103 of 384) in the FFR-guided 

group (RR 0.80, 95% CI 0.64-0.99; p=0·044). 

In the angiography-guided group, the mean number of events per patient was 0.42 (SD 

0.76) versus 0.36 (0.67) in the FFR-guided group during the 5-year follow-up (p=0.28; 

Table 3). The cumulative events per 100 patient-years during follow-up were higher in 

the angiography-guided group (Figure 5).

Table 2. Development of reduction of event rates over time (up to 5 years)

Angio-guided PCI FFR-guided PCI Δ

All-cause Mortality (%)

1-year follow-up 3.0 1.8 1.2

2-year follow-up 3.8 2.6 1.2

5-year follow-up 9.9 8.6 1.3

Cardiac Mortality (%)

1-year follow-up 2.0 1.4 0.6

2-year follow-up 2.4 1.8 0.6

5-year follow-up 5.6 4.1 1.5

Number of events per patient (n)

1-year follow-up 0.23±0.53 0.15±0.41 0.08

2-year follow-up 0.29±0.60 0.21±0.48 0.08

5-year follow-up 0.41±0.76 0.35±0.67 0.06

Δ indicates absolute (percentual) difference.
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Figure 3. Sensitivity Analysis for the Primary End Point (MACE). Analysis of the potential influence of lost to 
follow-up on the primary end point. The continuous lines represent survival curves of the angiography-guided 
group (red line) and the FFR-guided group (blue line). The dotted lines represent the survival curves if all patients 
lost to follow-up are marked as deceased at the last date of follow-up.

Table 3. Total number of events

Angio-guided PCI FFR-guided PCI P-value

Total events (n) 210 185

Events per patient 0.42 ± 0.76 0.36 ± 0.67 0.28

Total number of events

All-cause Mortality (n (%)) 49 (9.9) 44 (8.6) 0.50

Cardiac Mortality (n (%)) 28 (5.6) 21 (4.1) 0.26

Myocardial infarction (n) 60 49

Revascularization (n) 101 92

Combined end points

Primary end point (n (%)) 154 (31.0) 143 (28.1) 0.31

All-cause Mortality or MI (n (%)) 98 (19.8) 86 (16.9) 0.24

Cardiac Mortality or MI (n (%)) 78 (15.7) 66 (12.9) 0.21

MI indicates myocardial infarction.
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Discussion

The current analysis shows that up to 5 years, the absolute difference in cardiac events 

persists, but is not significant because of the smaller number of patients at risk and the 

similar incidence of events in both groups beyond 2 years. These results indicate that 

the benefit of FFR-guided PCI occurs mainly during the first 2 years, thereafter the risks 

increase similarly in both groups. Moreover, the results confirm the long-term safety of 

FFR-guided PCI in patients with multivessel disease.10

Routine measurement of FFR allows more judicious use of stents than does angiography 

Relative risk (95% CI) p interaction

Sex
 Male
 Female

Age (years)
 ≤70
 >70

Diabetes
 No
 Yes

Presentation
 Stable angina pectoris
 Unstable angina pectoris
 or non-ST-elevation
 myocardial infarction

Ejection fraction
 ≥40%
 <40%

SYNTAX score
 ≤22
 23–32
 ≥33

Left anterior descending or left
main artery involvement
 No
 Yes

Total

0·027

0·43

0·74

0·97

0·13

0·30

0·59

Number

744
261

707
295

753
248

677
328

858
57

813
80
44

722
283

1005

Angiography-
guided PCI

 121/360 (34%)
 33/136 (24%) 

 98/351 (28%)
 56/142 (39%)

 104/367 (28%)
 48/125 (38%)

 97/318 (31%)
 57/178 (32%)

 123/425 (29%)
 14/32 (44%)

 124/407 (30%)
 13/41 (32%)
 9/20 (45%)

 111/364 (30%)
 43/132 (33%)

 154/496 (31%)

FFR-
guided PCI

 103/384 (27%)
 40/125 (32%)

 93/356 (26%)
 50/153 (33%)

 97/386 (25%)
 46/123 (37%)

 99/359 (28%)
 44/50 (29%)

 116/433 (27%)
 14/25 (56%)

 115/406 (28%)
 11/39 (28%)
 5/24 (21%)

 102/358 (28%)
 41/151 (27%)

 143/509 (28%)

0·80 (0·64–0·99)
1·32 (0·89–1·95)

0·94 (0·73–1·19)
0·83 (0·61–1·13)

0·89 (0·70–1·12)
0·97 (0·71–1·34)

0·90 (0·71–1·15)
0·92 (0·66–1·27)

0·93 (0·75–1·15)
1·28 (0·76–2·16)

0·93 (0·75–1·15)
0·89 (0·45–1·74)
0·46 (0·10–1·16)

0·83 (0·58–1·19)
0·93 (0·75–1·17)

0·91 (0·75–1·10)

0 0·5 1 1·5 2 2·5

Angiography
better

FFR better

Figure 4. Subgroup Analyses of the primary end point. The forest plot shows the relative risk (with 95% confidence 
intervals) of the primary end point according to subgroups. 

20162325 proefschrift_Lokien van Nunen.indd   70 03-10-16   21:47



71

5-year follow-up of the FAME study

5

and equal relief of ischemia. Thus, by systematical measurement of FFR, the benefit of 

PCI can be maximised by accurate discrimination of the stenoses that benefit most from 

revascularisation. 

The potential benefit of revascularisation depends on the extent and degree of myocardial 

ischemia.1,14,15 In patients with multivessel disease, non-invasive testing often has too low 

spatial resolution to identify ischemia associated with individual stenoses.16 When based 

solely on anatomical criteria, attempts to achieve complete revascularisation have led 

to the use of a high number of stents associated with a high rate of major adverse cardiac 

events.13 The notion of functional complete revascularisation rather than anatomical 

complete revascularisation overcomes these limitations by complete relief of ischemia 

related to the epicardial vessel with better outcome and less resource utilisation.10,17,18 An 

FFR-value of 0.80 or less indicates the potential of a particular coronary stenosis to 

induce myocardial ischemia with an unsurpassed spatial resolution.

With respect to all-cause mortality and cardiac mortality, there were no significant 

differences between the two groups. There was a reduction in RR of 12% in the FFR-

guided group for all-cause mortality, whereas the RR reduction for cardiac mortality was 

27%. In a study with such a long follow-up, mortality numbers related to the specific 

disease studied are diluted by naturally occurring other causes of death. Therefore, we 

Figure 5. Cumulative events per 100 patient-years during 5-year follow-up. Cumulative events of angiography-
guided PCI versus FFR-guided PCI during 5-year follow-up are shown in this cumulative event-curve. By not 
excluding patients after their first events (as in survival curves), but accumulating events per 100 patients-years, 
a more clear distribution of disease burden is shown.
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believe that cardiac mortality in itself is a relevant factor when studying long-term follow-

up. Although not significant, the absolute reduction in mortality was constant over time, 

as was the reduction in mean number of events per patient. As shown in Table 2, the 

difference in mortality at 5 years is solely due to the difference in cardiac mortality. 

The benefit of FFR-guided PCI achieved in the first 2 years remains over the long term 

and emphasises the safety of such strategy. The present analysis shows that very little 

catch-up occurs over time in the FFR-guided group. This is in agreement with the results 

other studies deferring non-significant lesions as indicated by FFR.18,19 

In the decision-making process with respect to revascularisation in multivessel disease, 

the SYNTAX score (not yet in existence at the time of writing the FAME protocol), has an 

important role. Therefore, a subanalysis according to SYNTAX score was done. No 

significant interaction was noted between the SYNTAX score and the benefit of treatment 

strategy. 

A significant interaction between sex and treatment strategy was noted, favouring the 

male sex. In the male population, even after 5 years of follow-up, there was still a 

significant difference favouring FFR-guided therapy. This benefit was not noted in the 

female population. This sex difference was not present at the 2-year follow-up.10 

Our 5-year follow-up analysis had limitations. First, this study was designed and powered 

for 1-year follow-up only. This 5-year follow-up was underpowered. Second, a 

noteworthy percentage of patients was lost to follow-up. A sensitivity analysis showed 

that the primary endpoint results were not significantly affected by this loss to follow-up, 

which was balanced between the two groups. Third, we do not have data for whether 

events between 2 years and 5 years were related to the index stenoses. Yet, events during 

the first 2 years in the FFR-guided group were mainly related to stent failure or new 

stenoses, rather than due to deferred lesions.10 Fourth, compliance to medical therapy 

and the presence or absence of anginal symptoms was unknown. Last, the drug-eluting 

stents used in the FAME study were first generation. These stents have now been shown 

to be inferior to second-generation drug-eluting stents, which have lower rates of stent 

thrombosis, target lesion revascularisation, and, in some cases, death and myocardial 

infarction.20–22

Our results confirm the long-term appropriateness and safety of FFR-guided PCI in 

patients with multivessel disease. Thus, FFR guidance of multivessel PCI should be the 

standard of care in most patients.
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Abstract

Percutaneous coronary intervention (PCI) improves symptoms and prognosis in ischemia-

inducing, functionally significant, coronary lesions. Use of fractional flow reserve allows 

physicians to investigate the ischemia-inducing potential of a specific lesion and can be 

used to guide coronary revascularization, especially in multivessel coronary artery 

disease. Fractional flow reserve-guided PCI has been extensively investigated. Results 

show that deferral of stenting in non-significant lesions is safe, whereas deferral of 

stenting in functionally significant lesions worsens outcome. FFR-guided PCI improves 

outcome in multivessel disease over angiography-guided PCI.

Until recently, there was little known about long-term outcome of FFR-guided 

revascularization and its validity in acute coronary syndromes. This review aims to address 

the new evidence regarding long-term appropriateness of FFR-guided PCI, the need for 

hyperemia to evaluate functional severity, and the use of FFR in acute coronary syndromes.

Introduction

In coronary artery disease as in health care in general, justification of any treatment, in 

this case percutaneous coronary intervention (PCI), should either be the relief of 

symptoms or improvement of prognosis. Coronary artery stenoses only induce symptoms 

and affect prognosis if they provoke myocardial ischemia, i.e. are functionally significant.1 

In such patients, PCI improves both symptoms and outcome.1,2 On the other hand, 

prognosis of non-ischemic stenoses, i.e. functionally non-significant stenoses, is 

excellent when treated medically and is not improved by PCI.3 This review aims to go 

over new evidence regarding long-term appropriateness of FFR-guided PCI, the need 

for hyperemia to evaluate functional severity, and the use of FFR in acute coronary 

syndromes.

Limitations of angiography-guided PCI

Despite the knowledge that only revascularization of functionally significant lesions 

improves outcome, the majority of patients in current practice undergo cardiac 

catheterization without previous non-invasive assessment of the presence and extent 

of ischemia.4 In these patients, justification of PCI used to be based upon visual estimation 

of lesion severity on the coronary angiogram. Coronary luminology however is misguiding 

due to several factors. Most importantly, the coronary angiogram depicts a distorted 

two-dimensional view of a three-dimensional lumen, and is confounded by vessel 

tortuosity and overlap of structures.5 For these reasons, coronary angiography has a large 

interobserver variability, and apparent lesion severity on the angiogram differs significantly 

from postmortem histology.6,7 Moreover, the effects of diameter stenosis on coronary 
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flow is dependent on more than just morphology. Morphology alone will simply never 

be sufficient to predict physiology, since it does not incorporate important determinants 

of maximal blood flow, such as myocardial mass and microvascular function. All these 

aforementioned factors result in regular misinterpretation of functional severity of 

coronary lesions on the angiogram.8 To overcome the shortcomings of angiographic 

lesion assessment, the physiologic index fractional flow reserve (FFR) has emerged to 

assess the functional significance of coronary artery disease.9,10 Using FFR to guide 

revascularization, interventional cardiologists have finally been able to show improvement 

in outcome by PCI over medical therapy in stable coronary artery disease, due to more 

judicious stent placement, i.e. better selection of those lesions requiring PCI and those 

better treated medically.11

Coronary physiology: historical perspective

Shortly after the introduction of selective coronary angiography, laboratory studies 

demonstrated that coronary flow remains stable over a range of epicardial stenosis 

severities. In the majority of patients, only when the lumen is narrowed >85% coronary 

flow starts to decline.12,13 The importance of hyperemia to unmask the true ischemic 

potential of a certain lesion was already acknowledged at the birth of balloon angioplasty. 

In this perspective, coronary flow reserve (CFR), defined as maximal coronary blood flow 

divided by resting flow, was developed and measured using a Doppler wire. Although 

CFR is a valuable parameter to study coronary physiology, clinical use of CFR is restricted 

by the lack of an absolute normal value, moderate reproducibility in humans, and variation 

with blood pressure, contractility, and heart rate.14,15 Moreover, reflecting total coronary 

blood flow, CFR does not separate epicardial and microvascular disease, and cannot be 

considered truly lesion specific. 

From the early days of PCI on, interventional cardiologists have focused on pressure 

gradients across an epicardial lesion, measuring residual gradients after coronary 

angioplasty.16 However, due to the size of catheters used at that time, overestimation of 

gradients restricted its clinical use. In addition, the importance of hyperemia was not yet 

recognized, and mere gradients were studied instead of pressure ratios. This all changed 

approximately two decades ago with the introduction of fractional flow reserve (FFR) 

and the development of a 0.014” coronary pressure wire.9,10 

Fractional flow reserve

FFR is a lesion-specific pressure-derived index of functional severity, defined as the 

maximum myocardial blood flow in the presence of an epicardial stenosis compared 

with the maximum flow in the hypothetical absence of the stenosis (Chapter 1, Figure 

2, page 13). The rationale behind FFR is based on the fact that myocardial blood flow is 

20162325 proefschrift_Lokien van Nunen.indd   77 03-10-16   21:47



78

CHAPTER 6 

equal to the myocardial perfusion pressure over the coronary circulation divided by the 

resistance. Using nitroglycerine and adenosine, epicardial and microvascular resistance 

is kept minimal and constant, resulting in a linear relationship between pressure and flow. 

In this way, pressure can be used to assess flow.

In a healthy coronary artery, there is no pressure loss along its course, i.e. proximal and 

distal coronary pressures are equal. In a diseased vessel, there is pressure loss along its 

course, lowering the distal coronary pressure compared to the proximal coronary 

pressure. Thereby, under conditions of maximum hyperemia (and minimal and constant 

resistance), the proximal pressure serves as a representation of what the distal pressure 

would have been in the absence of the stenosis, and the distal coronary pressure serves 

as the actual myocardial perfusion pressure in the presence of the stenosis. By dividing 

the mean distal coronary pressure by the mean proximal coronary pressure, a ratio is 

calculated representing the fraction of normal maximum coronary flow reaching the 

myocardium behind the stenosis under investigation. FFR can be measured easily in the 

catheterization laboratory, and has proven to be safe and highly reproducible.17,18 When 

compared with angiography-guided PCI, the use of FFR does not prolong the procedure. 

Moreover, in contrast to other indices, it is independent of resting flow, heart rate, blood 

pressure, and left ventricular contractility.14 FFR has been extensively validated, has a 

narrow grey zone and a normal value of 1.00, consistent for any patient and any lesion. 

FFR is the only functional stenosis index which has been validated against a true gold 

standard using a sequential Bayesian approach.19 Numerous studies have shown FFR is 

able to predict outcome. Three large randomized trials have consecutively shown that 

deferral of stenting in non-significant lesions is safe and not improved by stenting while 

deferral of stenting in functionally significant lesions worsens outcome, and that FFR-

guided PCI improves outcome in multivessel disease compared to angiography-guided 

PCI.11,20,21 Recently, a large meta-analysis confirmed the hypothesis of a continuous 

relationship of FFR with clinical outcome.22 FFR has been validated in numerous 

randomized trials in a variety of patient populations and lesion subsets, all corroborating 

the robustness of FFR. Besides the ability of FFR to determine whether or not a particular 

stenosis should be stented, FFR can also shift the complete treatment strategy towards 

medical therapy, coronary artery bypass grafting, or vice versa. Measurement of FFR 

results in a change of management strategy in patients presenting with stable coronary 

artery disease in about 25%.23 The ongoing FAME 3 trial plans to randomize 1500 patients 

with angiographic three-vessel disease to undergo either CABG or FFR-guided PCI with 

contemporary stenting.24 The hypothesis of that study is that FFR-guided PCI with 

contemporary stenting is non-inferior to CABG in these patients. 

Long-term outcome of FFR-guided PCI

Until recently, there was little known about long-term outcome of FFR-guided 

revascularization. There was concern about a possible so-called late catch-up 
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phenomenon by progression of coronary artery disease in untreated functionally non-

significant lesions. Concerns about plaque rupture have also played a major role in this 

discussion. The 5-year results of the DEFER study, randomizing functionally non-

significant lesions to either medical treatment or revascularization, had already shown 

that the risk of cardiac death or acute myocardial infarction in functionally non-significant 

lesions (FFR ≥0.75) was less than 1% per year and outcome was not improved by 

revascularization.25 Moreover, as recently described, even after 15 years of follow-up, 

the prognosis of these functionally non-significant lesions in DEFER proved to be 

excellent.3 Revascularization of these lesions did not improve outcome in any way, and 

even resulted in a significant increase in myocardial infarction over 15 years when 

compared with medical therapy (Figure 1). In this longest follow-up of a randomized trial 

using FFR-guidance, there was no sign of the catch-up phenomenon mentioned above. 

The FAME study, randomizing patients with multivessel coronary artery disease to 

angiography-guided or FFR-guided PCI, consisted of a patient population with more 

severe and complex coronary artery disease, including acute coronary syndromes. 

Moreover, the patient population was roughly three times larger, and drug-eluting 

stents were used in this study. The recently published 5-year follow-up of this study 

showed that the benefit of FFR-guided PCI occurs in the first two years, whereafter 

the risks evolve in parallel (Chapter 5, Figure 5, page 71).26 The benefit was not undone 

by an excess of late clinical events in the FFR-guided group. This was true over a wide 

range of endpoints, including major adverse cardiac events and its individual 

components. Altogether, these data corroborate earlier findings of benefit of 

revascularization in functionally significant lesions compared with the absence of such 

benefit in functionally non-significant lesions, and negate concerns about the long-

term safety of FFR-guided PCI.

Figure 1. Kaplan-Meier curves of myocardial infarction in the DEFER trial.
Reproduced with permission.3
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The need for hyperemia

The presence of maximum hyperemia is one of the most important prerequisites to 

measure FFR. In daily practice in the catheterization laboratory, several hyperemic stimuli 

can be used. The current gold standard is central venous infusion of adenosine at 140 

µg/kg/min. Use of central venous infusion of adenosine is safe, well-investigated, and 

very reproducible.27,28 Its biggest advantage is the ability to create steady state coronary 

hyperemia, used to perform a pressure pullback recording in more complex coronary 

artery disease. Due to the need for central venous access, and the high price of adenosine 

in some countries, physicians sometimes use alternatives to central venous infusion of 

adenosine. Hyperemic alternatives consist of intracoronary injections of adenosine or 

papaverine, peripheral infusion of adenosine, or regadenoson. Although capable of 

inducing maximum coronary hyperemia, all alternatives have some specific disadvantages. 

Intracoronary adenosine acts too briefly to perform an accurate pullback recording. The 

hyperemic stimulus of papaverine has a longer plateau phase, but is sometimes 

accompanied by polymorphic ventricular tachycardia. Both intracoronary adenosine or 

papaverine are not reliable for investigating ostial lesions. Peripheral infusion of adenosine 

has a slower onset of hyperemia and the depth of hyperemia is less reliable.28 

Regadenoson is a relatively new alternative hyperemic stimulus. The A
2A

-receptor 

selective, non-weight based hyperemic stimulus (400 µg) is known for its rapid onset 

and ease of use. Recent studies have proven the hyperemic effect of regadenoson to be 

equal to central venous infusion of adenosine, and regadenoson can be administered 

both centrally and peripherally.18,29–32 Its plateau phase can be variable. While regadenoson 

is a welcome addition to the hyperemic armamentarium in the catheterization laboratory, 

its use should be restricted to relatively simple, focal coronary artery disease. In more 

complex disease, where a pressure pullback recording or multiple measurements are 

necessary, central venous infusion of adenosine remains the gold standard to ensure 

steady-state hyperemia. In recent literature, there has been debate about the dosage of 

intracoronary adenosine. There were only few studies investigating intracoronary dosages 

of adenosine.28,33,34 A recently performed extensive dose-response study investigated the 

hyperemic effect of intracoronary bolus injections of adenosine in the range from 4 to 

500 µg. The suggested dose to be sure to reach maximum coronary hyperemia is 100 

µg for the right coronary artery and 200 µg for the left coronary artery.35

Resting pressure indices

While trying to simplify coronary physiologic measurements in the catheterization 

laboratory, some physicians have propagated to leave out maximum coronary hyperemia 

and rather rely upon resting indices such as distal to proximal pressure ratio at rest (P
d
/

P
a
 at rest) or the instantaneous wave-free ratio (iFR).27,36 iFR uses wave intensity analysis 

to define a certain portion of diastole where myocardial resistance is allegedly low and 
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constant, and P
d
/P

a
 during this period would reflect FFR without the need of inducing 

hyperemia. Although an attractive alternative at first sight, in all studies investing P
d
/P

a
 at 

rest and iFR compared with FFR, irrespective whether performed by proponents or 

opponents, accuracy never exceeds approximately 80%.27,36–38 Using a bolus of contrast 

injection as submaximum hyperemic stimulus, a middle way between avoiding a 

hyperemic stimuli and not wanting to accept suboptimal decision making was recently 

proposed.39 This contrast-FFR showed better accuracy over pure resting indices, but 

reached an accuracy of 85% when compared with “true” FFR. While not as good as FFR, 

its use could be considered when use of adenosine in contraindicated, or not easily 

available. Overall, the more hyperemia, the more accurate the decision (Chapter 4, Figure 

1, page 52). The most appropriate decision and treatment is achievable in >95% of patients 

when using FFR. Any attempt to abandon maximum hyperemia to simplify the procedure, 

will inevitably result in a decrease in accuracy.

Fractional flow reserve in acute coronary syndrome

The validity of FFR measurements in acute coronary syndrome (ACS) is often questioned. 

While the culprit stenosis is often easily identified by the electrocardiogram and 

angiogram, a relatively large part of these patients has multivessel coronary artery disease. 

In those non-culprit lesions, it is difficult to decide whether or not these lesions should 

be treated, and while incomplete revascularization is associated with worse prognosis, 

assessing inducible myocardial ischemia non-invasively in a patient with a recent acute 

coronary syndrome can be difficult. In the culprit vessel, reversible changes in 

microvascular function accompanying the acute phase of ACS might (temporarily) affect 

FFR accuracy. The extent of microvascular dysfunction is dependent on the amount and 

duration of ischemia, distal embolization, and filling pressures, among others. So, FFR 

should not be used in the culprit vessel in the acute setting of STEMI. The role of FFR in 

the culprit artery in NSTEMI is less clear and future research should prove its validity. 

Nevertheless, the clinical impact of these changes on FFR accuracy in non-culprit arteries 

is minimal.  When comparing FFR values in non-culprit lesions in patients presenting 

with ACS at time of PCI with repeated FFR measurement 6 weeks later, there was no 

significant difference in functional significance.40 These results were corroborated by 

the FAME trial, in which almost one third of the patients presented with unstable angina 

or NSTEMI, with an equal benefit of FFR-guided PCI. The FAMOUS-NSTEMI trial was the 

first trial studying FFR and focusing only on NSTEMI, randomizing patients to either 

angiography-guided or FFR-guided revascularization.41 Measurement of FFR resulted in 

lower rates of coronary revascularization and changed the decision of the interventional 

cardiologist in approximately 20%. The DANAMI-3–PRIMULTI trial broadened the 

perspective to STEMI, proposing an approach with a second, staged procedure before 

discharge using FFR guidance for complete functional revascularization.42 Compared 

with infarct-related artery revascularization only, complete functional revascularization 
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by FFR significantly improved prognosis, mainly driven by fewer repeat revascularizations. 

All these recent data suggest an important role for FFR, also in the setting of acute 

coronary syndromes. FFR can provide an overview of functional lesion severity in the 

complete coronary tree, obtainable right at the time of first presentation with ACS or 

during a staged procedure before discharge.

Conclusions

Fractional flow reserve is the current standard of care to identify coronary lesions 

responsible for myocardial ischemia in the catheterization laboratory. It is easy, rapid, 

and safe, and can be measured ad hoc and followed by PCI immediately thereafter if 

needed. The index FFR has a firm scientific base and has been validated in numerous 

randomized trials and in a wide variety of clinical settings. FFR-guided revascularization 

improves both symptoms and outcome on short-term as well as on long-term.
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CHAPTER 7 

Abstract 

Background

Recent evidence questions the role of intra-aortic balloon counterpulsation (IABP) in the 

treatment of acute myocardial infarction (AMI) complicated by cardiogenic shock (CS). 

An area of increasing interest is the use of IABP for persistent ischemia (PI). We analysed 

the use of IABP in patients with AMI complicated by CS or PI.

Methods

From 2008 to 2010, a total of 4076 patients were admitted to our hospital for primary 

percutaneous coronary intervention (PCI) for AMI. Out of those, 239 patients received 

an IABP either because of CS or because of PI. Characteristics and outcome of those 

patients are investigated. 

Results

The mean age of the study population was 64±11 years; 75% were male patients. Of the 

patients, 63% had CS and 37% had PI. Patients with CS had a 30-day mortality rate of 

36%; 1-year mortality was 41%. Patients with PI had a 30-day mortality rate of 7%; 1-year 

mortality was 11%.

Conclusions 

Mortality in patients admitted for primary PCI because of AMI complicated by CS is high 

despite IABP use. Outcome in patients treated with IABP for PI is favourable and mandates 

further prospective studies.

Introduction

Acute myocardial infarction (AMI) is complicated by cardiogenic shock (CS) in 

approximately 5-10%.1,2 Intra-aortic balloon counterpulsation (IABP) has been used as a 

hemodynamic support system for patients with AMI complicated by CS since 1968.3 

Treatment with IABP is supposed to increase cardiac output by more effective emptying 

of the left ventricle, decreasing workload and thereby oxygen demand of the heart, and 

to reduce myocardial ischemia by augmentation of coronary perfusion.4,5 

Evidence for IABP use in patients with AMI complicated by CS is largely based upon 

pathophysiological considerations and non-randomized, small trials of patients treated 

with thrombolytic therapy.6 However, the most recent large randomized trial on the use 

of IABP in patients with AMI complicated by CS showed no benefit on 30-day mortality.7 

As a result, the efficacy of IABP to treat patients with CS has been questioned.

In contrast, an area of increasing interest is the use of IABP in patients with persistent 

ischemia (PI) after primary PCI for AMI (no-reflow phenomenon). Because PI is thought 

to be reversible over time (within hours to days), decreasing workload of the myocardium 
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and increasing coronary blood flow by IABP is suggested to limit the final size of the 

infarcted territory.8 

In this paper, we report our complete experience with the use of IABP in acute myocardial 

infarction, either as treatment for cardiogenic shock or to treat persistent ischemia, over 

a period of 3 years.

Methods

Patient population

All patients admitted to the Catharina Hospital Eindhoven for primary PCI in AMI (with 

ST elevation) during a 3-year period (1 January 2008 to 31 December 2010) were studied 

(Figure 1). Of all patients, we analyzed those who survived the interventional procedure 

and were treated by IABP. Baseline characteristics including cardiovascular risk factors, 

patient history, electrocardiograms, coronary anatomy, indication for IABP insertion, 

hemodynamic parameters at time of IABP insertion and possible complications were 

acquired from patient medical records and local databases.

Patients were retrospectively divided into two subgroups based on the indication for 

treatment with IABP, i.e. CS or PI (without CS). CS was defined as a persistent state of 

hypotension (systolic blood pressure <90 mmHg or mean arterial pressure 30 mmHg lower 

than baseline) and clinical signs of CS (abnormal mental status, cold clammy skin, oliguria). 

Patients in whom IABP was inserted because of mechanical complications of AMI (ventricular 

septal rupture, papillary muscle rupture) were assigned to the CS group by definition. 

PI was defined as persistent or recurrent chest pain and ST elevation despite successful 

epicardial reperfusion therapy (no-reflow phenomenon), failed primary PCI with persistent 

chest pain and ST elevation, or bridge to CABG. Recurrent ST elevation was defined as 

return of ST elevation before leaving the catheterization laboratory after initial regression 

due to successful reperfusion therapy. Patients presenting with both CS and PI were 

assigned to the CS group by definition.

The Datascope 300 CS console, combined with the Maquet Sensation 7 Fr. 40 cc balloon 

was used in all patients (Maquet Inc, Wayne, NJ).

IABP-related complications were defined as peripheral ischemia requiring IABP removal 

(absence of peripheral pulsation combined with white colouration of the leg on the side 

of IABP), bleeding requiring transfusion or need for vascular surgery, and infection 

because of IABP insertion (fever and signs of inflammation, combined with increased 

C-reactive protein levels (>6mg/L)). 

Follow-up & data collection

Follow-up was obtained at the time of IABP removal, hospital discharge, 30-day and 

1-year follow-up. Outcome measures were all-cause mortality within 30 days and all-

cause mortality at 1 year. Vital status was obtained by contacting the patient’s treating 

cardiologist or general physician.
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Statistical analysis

Discrete variables are presented as percentages, while continuous variables are presented 

as mean ± standard deviations. Discrete variables were compared using the χ2 or Fisher’s 

exact test as appropriate. Continuous variables were compared using the Student’s t test 

or Mann-Whitney-U test as appropriate. 

Since hazard ratios of the covariates are not constant over time, we used multivariate 

regression analysis to identify predictors of 30-day and 1-year mortality. 

The patients lost to follow-up were censored at the date of last contact (in all cases the 

date of hospital discharge). 

A limited number of variables were preselected for multivariate regression analysis 

according to the size of the study population. The preselected variables were age, CS, 

cardiopulmonary resuscitation, use of antiarrhythmic drugs, use of inotropic agents and 

coronary artery bypass grafting (CABG). 

The acquired data were analysed using IBM Statistical Package for Social Sciences (SPSS) 

for Windows Version 19.0.0.1 (IBM Corporation, Armonk, NY). All statistical tests were 

two-tailed and p-value <0.05 was considered statistically significant.

Results

Baseline characteristics and in-hospital outcome

In total, 4076 patients were admitted to the hospital for AMI. Of those patients, 42 (1%) 

were moribund and died in the catheterization laboratory and were excluded from this 

analysis. Overall in-hospital mortality was 2.6%. In 239 patients (5.9%), an IABP was 

inserted at the catheterization laboratory during or immediately following the 

revascularization procedure (Figure 1). Reperfusion was achieved in 87% of the patients 

receiving IABP (study population), either by primary PCI (49%) or by emergency CABG if 

primary PCI failed or was considered inferior to emergency CABG (38%). Table 1 shows 

the baseline characteristics of these patients and the subgroups based upon indication 

for IABP insertion (CS or PI). Overall, patients had multiple risk factors for coronary artery 

disease. At time of presentation, 25% of the patients were resuscitated and 23% were 

mechanically ventilated. In 63% of the patients, the indication for IABP placement was 

CS, in 37% PI. The baseline systolic and diastolic blood pressures were significantly higher 

in the patients treated for PI, while the need for inotropic agents (dobutamine and 

norepinephrine) was significantly lower. The IABP was used during ≤1 day in 38% of the 

patients, 62% of the patients were supported by IABP ≥1 days.

There was a relatively low incidence of IABP-related complications of 4%, due to major 

bleeding (2%) and ischemia (2%). Balloon rupture occurred in 1 patient. 

Thirty-day and one-year follow-up

Follow-up at 30-days and 1-year was obtained in 98% of the patients. Four patients (2%) 

were lost during follow-up due to transportation to their native country. 
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Cumulative 30-day mortality and 1-year mortality for patients treated with IABP was 26% 

and 31%, respectively. Figure 2 shows the Kaplan Meier survival curves of the two groups 

classified by indication of IABP use. The patients with CS had a 30-day mortality of 36% 

and a 1-year mortality of 41%. The patients treated with IABP because of PI had a 30-day 

mortality of 7%; 1-year mortality was 11%.

The results from the multivariate regression analyses are shown in Table 2. The presence 

of CS (OR, 4.7; 95% CI, 1.8-12.4) was independently associated with higher 30-day 

mortality.

For the long-term survival, we performed a subanalysis of all patients successfully weaned 

from IABP after hemodynamic stabilization (Table 2). Older age (OR, 1.04; 95% CI, 1.0-

1.08) was independently associated with higher 1-year mortality. 

In both 30-day mortality (OR, 0.3; 95% CI, 0.1-0.6) and 1-year mortality (OR, 0.3; 95% 

CI, 0.1-0.8), CABG was an independent predictor for better survival.

Primary  presentation  with AMI 
(n=4076) 

Presence of CS  
(n=213) 

Absence of CS 
(n=3821) 

• Quick response to  
   inotropic drugs and/or  
   �uid (n=42) 
 
• Contra-indication for IABP  
   treatment (n=11) 
 
• Failed placement of IABP 
   (n=7) 
 
• Placement of other device 
  (Impella / LVAD) (n=2) 

Placement of IABP for CS 
(n=151) 

† (mors in tabula) (n=42) 

Placement of IABP for PI 
(n=88) 

Figure 1. Flowchart. Patients admitted for acute myocardial infarction in the Catharina Hospital Eindhoven, period 
2008-2010.
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Table 1. Baseline characteristics of patients receiving intra-aortic balloon counterpulsation

Indication for IABP 
insertion

p-value

Total

(n=239)

Cardiogenic 
shock 
(n=151)

Persistent 
ischemia 
(n=88)

Age (years) 64±11 64±11 65±11 0.87

Male sex (% (n)) 75 (180) 74 (111) 78 (69) 0.40

Risk factors

Hypertension (% (n)) 40 (96) 38 (59) 42 (37) 0.65

Diabetes Mellitus (% (n)) 20 (47) 20 (30) 19 (17) 0.92

Hypercholesterolemia (% (n)) 24 (58) 20 (30) 32 (28) 0.04

Smoking (% (n)) 32 (77) 31 (47) 34 (30) 0.58

Renal insufficiency (% (n)) 5 (12) 4 (6) 7 (6) 0.37

Peripheral arterial disease (% (n)) 8 (20) 7 (10) 11 (10) 0.20

History of

Coronary disease (% (n)) 32 (77) 29 (43) 39 (34) 0.11

CVA/TIA (% (n)) 9 (22) 9 (14) 9 (8) 0.96

Atrial fibrillation (% (n)) 3 (8) 4 (6) 2 (2) 0.71

Systolic Blood Pressure (mmHg) 96±30 80±27 121±20 <0.01

Diastolic blood pressure (mmHg) 55±18 47±18 68±14 <0.01

Heart Rate (beats per minute) 92±22 95±25 84±18 <0.01

Out of Hospital cardiac arrest (% (n)) 25 (60) 32 (48) 14 (12) <0.01

Mechanical ventilation (% (n)) 23 (55) 29 (44) 13 (11) <0.01

Location of STEMI

Anterior / septal (% (n)) 43 (103) 40 (61) 48 (42) 0.27

Inferior / posterior (% (n)) 34 (81) 37 (56) 28 (25) 0.17

Undetermined / panischemia (% (n)) 22 (53) 22 (33) 22 (20) 0.88

Three vessel/left main stem coronary disease (% (n)) 62 (147) 61 (92) 63 (55) 0.86

Mechanical complication (% (n)) 8 (20) 13 (20) 0 (0) <0.01

Reperfusion therapy

Primary PCI (% (n)) 49 (118) 59 (89) 33 (29) <0.01

CABG (% (n)) 38 (91) 33 (50) 47  (41) 0.04

No reperfusion or thrombolytic therapy (% (n)) 13 (30) 8 (12) 21 (18) <0.01

Indication for IABP-implantation

Reduction of ischemia (% (n)) 37 (88) 0 (0) 100 (88)

Cardiogenic shock (% (n)) 63 (151) 100 (151) 0 (0)

Complications during hospitalization

Use of inotropic agents (% (n)) 78 (186) 93 (140) 52 (46) <0.01

Use of anti-arrhythmic agents (% (n)) 38 (90) 45 (68) 25 (22) <0.01

Renal failure (renal replacement therapy) (% (n)) 3 (6) 3 (5) 1 (1) 0.42

IABP running time

≤1 day (% (n)) 38 (91) 31 (46) 51 (45) <0.01

≥1 days (% (n)) 62 (148) 70 (105) 49 (43) <0.01

Data are presented as mean ± SD or percentages. CABG indicates coronary artery bypass grafting; CVA, 
cerebrovascular event; IABP, intra-aortic balloon pump; PCI, percutaneous coronary intervention; STEMI, ST-
segment elevation myocardial infarction; TIA, transient ischemic attack.

20162325 proefschrift_Lokien van Nunen.indd   92 03-10-16   21:47



93

IABP in acute myocardial infarction

7

Discussion

This study describes IABP use in a population of consecutive patients over a 3-year period 

presenting with AMI, in whom either cardiogenic shock or persistent ischemia was 

present after (successful or failed) primary PCI. It does not compare two groups of 

patients, but solely reflects on two different indications of IABP use. On the one hand, it 

confirms the poor outcome of CS, but at the same time, it opens the window for a 

potentially better treatment of another group of patients with a poor prognosis, i.e. 

patients with persistent ischemia. 

Figure 2. 1-year survival of patients treated with intra-aortic balloon counterpulsation. Panel A shows the Kaplan 
Meier curve of the patients treated with IABP for CS. Panel B shows the Kaplan Meier curve of the patients treated 
with IABP for persistent ischemia.

Table 2. Multivariate regression analyses of 30-day survival in all patients treated with IABP and 1-year survival 
in patients who survived until weaning of IABP.

30-day follow up 1-year follow up

OR 95% CI p-value OR 95% CI p-value

Age 1.03 1.00-1.06 0.06 1.04 1.0-1.08 0.03

Cardiogenic shock 4.7 1.8-12.4 0.002 1.8 0.7-4.6 0.19

CPR 1.8 0.8-3.7 0.13 2.2 1.0-5.3 0.06

Anti-arrhythmic drugs 1.1 0.5-2.2 0.80 1.2 0.5-2.7 0.65

Inotropic agents 2.9 0.9-9.7 0.08 2.6 0.7-8.9 0.14

CABG 0.3 0.1-0.6 0.002 0.3 0.1-0.8 0.01

CABG indicates coronary artery bypass grafting; CI, confidence intervals; CPR, cardiopulmonary resuscitation; 
IABP, intra-aortic balloon pump; OR, odds ratio.
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In patients with CS, 30-day survival was 64%, in accordance with existing literature.7,9  

In contrast, in patients with PI 30-day survival and 1-year survival were high (93% and 

89%, respectively). Although there are no randomized data in literature to compare survival 

of patients treated with IABP for PI, survival of patients with PI treated medically is much 

worse.10,11 Reperfusion by CABG was independently associated with better 30-day survival, 

most likely because of selection bias through acceptance for emergency CABG.

In this study, there were few complications of IABP use (4%), comparable with the 

percentage of complications in the IABP-SHOCK II trial.

IABP as treatment of cardiogenic shock

Patients treated with IABP in our study who met the criteria of CS had a 30-day survival 

of 64%, which is in line with the recent IABP-SHOCK II trial, showing a 30-day survival 

of 61%. These survival rates are high when compared to other, older studies12,13, most 

likely because of the high percentage of early revascularization (90%).14,15  The IABP-

SHOCK II trial was the first randomized controlled trial on the use of IABP in patients 

presenting with AMI complicated by CS where reperfusion was achieved mostly by PCI 

and showed no reduction in short-term mortality.7 This landmark study has some 

limitations which were discussed recently.16 The study was underpowered due to the 

30-day mortality which was significantly lower than expected. Also, there was relatively 

high rate of crossover in the control group (10%) and there was a trend towards an 

increase in the use of left ventricular assist devices in the control group. These limitations 

are inherent in such a study in ‘back-against-the-wall’ patients, but could mask the 

potential benefit of IABP use.

Nonetheless, these results question if IABP deserves its place as routine treatment of 

patients with AMI complicated by CS, but do not exclude a beneficial effect in some 

patients. The challenge is to find a way to distinguish between those patients and not 

abandon such a potentially life-saving treatment regardlessly. At least, it can be expected 

that a beneficial effect of augmented diastolic pressure only plays a role in case of PI 

with exhausted autoregulation. In case of CS without PI, improved coronary blood flow 

is unlikely.

IABP as treatment of persistent ischemia

Use of IABP after successful epicardial reperfusion complicated by PI (no-reflow 

phenomenon), or after failed PCI, is an area which has not been investigated extensively. 

This no-reflow phenomenon is attributable to a variety of factors, including micro-

embolization, spasm, intramyocardial edema and other entities incompletely 

understood,17 but leading to enlargement of the area of myocardial necrosis. 

In a number of these patients, dramatic relieve of ischemia occurs after insertion of IABP, 

most likely due to afterload reduction and augmentation of myocardial blood flow. Since 

coronary autoregulation is completely exhausted in these patients, myocardial blood 

flow is directly dependent on perfusion pressure. Because of that exhausted flow reserve, 

a positive effect of augmented perfusion pressure is well conceivable.18 
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The prognosis in patients with PI treated medically is poor. Rezkalla et al. described a 

30-day mortality of 12% in 64 patients who suffered from severely impaired myocardial 

blush grade after PCI for AMI.11 Mehta et al. confirmed this poor prognosis with a 1-year 

mortality of 23% in patients with STEMI undergoing primary PCI with final TIMI ≤ 2 flow.10 

Because of this poor prognosis, the value of attempts to relieve PI is undisputable. 

In our study, patients treated with IABP for PI had a favourable 30-day survival of 93% 

and a 1-year survival of 89%. Since this study was performed retrospectively, there is no 

control group. Outcome data can therefore only be compared to the historical data, but 

are favourable and mandate further randomized studies in such patients with STEMI 

undergoing primary PCI complicated by PI. 

Favourable long-term survival rates have been described after IABP support in myocardial 

infarctions in non-randomized studies.19 A randomized trial (CRISP-AMI) on adjunctive 

IABP therapy to limit infarct size in patients with AMI in the absence of CS, failed to show 

benefit of IABP treatment.20 All-cause mortality at 6 months was less in the IABP group 

(1.9% versus 5.2%; P=0.12), but was not statistically significant due to the low rate of 

events (underpowered study). 

We believe IABP should not be used regularly in every patient presenting with AMI, but 

there might be a subset of patients – those with PI or no-reflow – who might benefit 

from IABP support. In the presence of PI, this potentially detrimental phenomenon might 

be bridged by using IABP to reduce workload and oxygen demand of the myocardium 

and increase myocardial perfusion. In this context, it has been speculated in the literature 

whether timing of initiation of IABP support is important, i.e. just before or after opening 

of the occluded artery. A recent study with respect to timing did not show any significant 

differences in odds of mortality.21

Limitations

This study is a retrospective analysis of all AMI patients but with two fundamentally 

different characteristics (CS and PI). There are no matched control groups and the results 

of IABP treatment in both groups had to be compared with historical data. Furthermore, 

in the setting of no-reflow, additional medical therapy is sometimes suggested, such as 

abciximab or verapamil. In our study, none of these drugs were systematically investigated. 

Verapamil was used in 4 patients, while GP IIb/IIIa inhibitors were used only in 13 patients 

because of angiographic signs of distal embolization. Nevertheless, this analysis of IABP 

use includes all consecutive patients with AMI during 3 years within one large heart 

centre, is not limited to the traditional CS patients but also studied systematically patients 

with PI and is hypothesis-generating for the future. 

Conclusions

In this large retrospective study in 4076 consecutive patients presenting with acute 

myocardial infarction during 3 years, IABP was used in 6% (n=239) of all cases because 
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of two different indications: cardiogenic shock (3.8%) or persistent ischemia (2.2%). 

Mortality in patients with cardiogenic shock was high – but comparable to recent 

literature. Outcome in patients with persistent ischemia was favourable when compared 

to historical data, and mandates further prospective studies. 
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Abstract

The blood pressure changes induced by the intra-aortic balloon pump (IABP) are 

expected to create clinical improvement in terms of coronary perfusion and myocardial 

oxygen consumption. However, the measured effects reported in literature are 

inconsistent. The aim of this study was to investigate the influence of ischemia on IABP 

efficacy in healthy hearts and in shock. Twelve slaughterhouse porcine hearts (hearts 1 

- 12) were connected to an external circulatory system, while physiologic cardiac 

performance was restored. Different clinical scenarios, ranging from healthy to 

cardiogenic shock, were simulated by step-wise administration of negative inotropic 

drugs. In hearts 7 - 12, severe global ischemia superimposed upon the decreased 

contractile states was created. IABP support was applied in all hearts under all conditions. 

Without ischemia, the IABP induced a mild increase in coronary blood flow and cardiac 

output. These effects were strongly augmented in the presence of persisting ischemia, 

where coronary blood flow increased by 49 ± 24% (P < 0.01) and cardiac output by 17 

± 6% (P < 0.01) in case of severe pump failure. As expected, myocardial oxygen 

consumption increased in case of ischemia (21 ± 17%; P < 0.01), while it slightly decreased 

without (-3 ± 6 %; P < 0.01).

In case of progressive pump failure due to persistent myocardial ischemia, the IABP 

increased hyperemic coronary blood flow and cardiac output significantly, and reversed 

the progressive hemodynamic deterioration within minutes. This suggests that IABP 

therapy in acute myocardial infarction is most effective in patients with viable myocardium, 

suffering from persistent myocardial ischemia, despite adequate epicardial reperfusion. 

Introduction

The blood pressure changes induced by the intra-aortic balloon pump (IABP) are 

expected to create clinical improvement in terms of coronary perfusion and myocardial 

oxygen consumption.1–3 However, the measured effects reported in literature are 

inconsistent and ambiguous in human and experimental studies.3–16 Furthermore, recent 

randomized clinical trials all failed to reach their primary efficacy end points17–19 as was 

clearly depicted by Rognoni et al.20

It has been suggested that the variable degree of IABP efficacy depends on patient’s 

baseline hemodynamics.2,21,22 Both Zehetgruber et al.21 and Kern et al.22 measured the 

change in coronary blood flow velocity in patients undergoing IABP therapy, and showed 

that the increase in coronary blood flow velocity was considerable larger in patients with 

a compromised hemodynamic status compared to those with normal baseline 

hemodynamics. In addition, an animal study of Powell et al.2 showed a decrease in 

myocardial oxygen consumption during support when myocardial performance and 

coronary blood flow were normal, while an increase was observed in case of severely 

impaired myocardial performance.
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The findings mentioned above might be attributed to the presence of coronary 

autoregulation in healthy situations, and its absence in pathological states. It is illusionary 

to presume that the augmented diastolic pressure translates into increased coronary 

blood flow as long as autoregulation is intact.23 Only when coronary autoregulation is 

absent, is blood flow directly related to the diastolic perfusion pressure, allowing the 

IABP to be effective. One of the common clinical conditions where coronary 

autoregulation is exhausted is large myocardial infarction with successful epicardial 

stenting, but persistent microvascular obstruction, that is, no-reflow. Furthermore, in a 

case of (persistent) myocardial ischemia with still viable myocardium, myocardial oxygen 

consumption will naturally increase when more blood is offered to the ischemic tissue, 

in contrast to the consumption of oxygen in tissue that is already perfused adequately.  

Consequently, the aim of this study was to investigate the effects of IABP support in 

different clinical scenarios, ranging from normal contractile state to cardiogenic shock, 

whether or not accompanied by global myocardial ischemia. These scenarios were 

simulated in the isolated beating pig heart model,24 a platform in which the hemodynamic 

conditions can be controlled very accurately and proved to be capable of generating 

flow patterns and pressure curves that closely mimicked aortic and coronary in vivo flow 

and pressure.24 As the isolated beating pig heart is in a permanent state of exhausted 

autoregulation,25 it allows evaluation of the IABP without the confounding effect of 

autoregulatory responses in different states of pump failure, whether or not complicated 

by superimposed ischemia. 

Materials and Methods

Twelve hearts (n = 2 x 6) were obtained from Dutch Landrace hybrid pigs that were 

slaughtered for human consumption. Following regular slaughterhouse protocols, the 

thorax of the pigs was opened to isolate the heart (heart weight 520 ± 55 g). The isolated 

heart was immediately cooled and cannulated for administration of 1 L of cold 

cardioplegic solution (4 °C modified St. Thomas 2 added with 5000 IU of heparin) to the 

coronary arteries, such that warm ischemic time never exceeded 5 min. Preparation of 

the hearts was carried out in the laboratory under cold and cardioplegic conditions.25 

After preparation, the isolated porcine heart was mounted to an external circulatory 

system (LifeTec Group Cardiovascular, Eindhoven, The Netherlands).24 

The systemic circulation was divided into an upper and lower part by extending the aorta 

by a proximal side branch mounting into a standard four-element Windkessel model. 

The preload model controlled the left atrial filling pressure (set between 10 and 15 mmHg) 

by means of a Starling resistance overflow from the preload model back into the venous 

reservoir. Through coronary reperfusion and controlled cardiac loading, physiological 

cardiac performance was achieved.25 Heart rate was fixed by means of ventricular pacing. 

Based upon our own clinical experience, a 50 cc polyurethane balloon with a 7Fr catheter 

(Maquet Getinge Group) was positioned in the aorta and connected to a CS300 IABP 
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System (Maquet Getinge Group, Rastatt, Germany). Arterial and venous blood gas values, 

temperature, and electrolytes were measured using a CDI 500 blood parameter 

monitoring system (Terumo Cardiovascular Systems Corporation, Tokyo, Japan), which 

was calibrated using a VetScan i-STAT 1 (Abaxis, Union City, CA, USA). The model of 

Kelman26 was subsequently used to transform the measured blood gas values into actual 

saturation levels. Coronary blood flow was measured with an ultrasound flow probe 

(LifeTec Group) around the pulmonary artery line, as the right ventricle was only subjected 

to a volume loading, resulting from ventricular filling with coronary venous blood. 

Hemodynamic parameters were continuously monitored and after performing the 

hemodynamic interventions, the heart was arrested with a potassium chloride injection 

into the aortic cannula after cross clamping the aorta. 

In summary, in this beating heart model,24 afterload, preload, and contractility can be 

varied independently as well as heart rate and myocardial oxygen supply. All these 

parameters can be measured continuously and in addition total coronary blood flow, 

cardiac output, and myocardial oxygen consumption are continuously monitored. 

Hemodynamic interventions 

In this model,24 different clinical scenarios, ranging from normal contractile state to 

cardiogenic shock, were defined (Figure 1). A healthy state was defined as a nonischemic 

cardiac output larger than 4.75 L/min and a mean aortic pressure larger than 77.5 mmHg, 

pre-shock as a cardiac output between 3.75 and 4.75 L/min and a mean aortic pressure 

between 67.5 and 77.5 mmHg, and cardiogenic shock as a cardiac output of less than 

3.75 L/min and a mean aortic pressure of less than 67.5 mmHg. When neglecting venous 

pressure, these clinical scenarios were all associated with a fixed systemic vascular 

resistance (ratio of mean aortic pressure and cardiac output), which increases in case of 

more impaired hemodynamic conditions. With the heart beating in periodic continuous 

working left heart mode, systemic vascular resistance was adapted in order to achieve 

the best clinical scenario feasible, given the specific contractility of the heart. 

Subsequently, the transition between the different hemodynamic states was accomplished 

by step-wise administration of negative inotropic agents (1 mg metoprolol or 10 mg 

esmolol per step), while systemic vascular resistance was adapted accordingly. Next, in 

the second series of six hearts (hearts 7 - 12), the clinical scenario of a large myocardial 

infarction in conjunction with the pump failure was mimicked. Because occlusion of a 

large coronary artery in the porcine heart could induce severe arrhythmias and even 

ventricular fibrillation, we chose to create global severe ischemia by decreasing the 

arterial oxygen supply in the extracorporal circulation. In all simulated scenarios, 

measurements were performed with and without IABP support. The support capabilities 

of the pump were evaluated in terms of coronary blood flow, cardiac output, and 

myocardial oxygen consumption, as the mutual relation between these three parameters 

determines the efficacy of the IABP. To test reproducibility of the observations, the 

sequence of all measurements was repeated without and with IABP support, leaving all 

other parameters unchanged.   
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Results 

Clinical scenarios of pump failure and ischemia

The isolated beating porcine heart was capable of generating flow patterns and pressure 

curves that closely mimicked aortic and coronary in vivo flow and pressure, which was 

already confirmed by De Hart et al.24 In all hearts, heart rate could be fixed within a 

physiological range (94 – 125 beats/min) (Table 1). 
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Figure 1. Clinical scenarios. Clinical scenarios at baseline, ranging from healthy (green) to preshock (yellow) to 
shock (red). On the left side (solid dots), no ischemia is present. On the right side (open dots), extensive myocardial 
ischemia is superimposed upon the different (hypo)contractile states.

Table 1. Baseline hemodynamic parameters

Non-Ischemic (hearts 1 - 12) Ischemic (hearts 7 - 12)

Healthy Pre-Shock Shock Healthy Pre-Shock Shock

Q
cor

1.2 ± 0.2 1.0 ± 0.2 0.8 ± 0.2 1.2 ± 0.4 1.0 ± 0.3 0.7 ± 0.4

CO 5.5 ± 0.4 4.3 ± 0.3 3.3 ± 0.3 4.9 ± 0.6 3.7 ± 0.3 2.7 ± 0.2

MVO
2

5.5 ± 1.7 4.2 ± 1.7 3.7 ± 1.6 4.2 ± 1.4 4.7 ± 2.0 3.9 ± 1.4

P
ao

84 ± 4 72 ± 3 63 ± 3 73 ± 6 64 ± 6 52 ± 4

P
la

14 ± 3 14 ± 2 14 ± 2 29 ± 4 26 ± 3 26 ± 5

dp / dt
max

1093 ± 162 1077 ± 367 818 ± 212 1017 ± 182 947 ± 373 668 ± 156

SVR 1234 ± 44 1356 ± 37 1532 ± 58 1214 ± 83 1360 ± 82 1547 ± 66

Heart specific baseline hemodynamic parameters (mean ± SD) recorded with the hearts beating in the different 

clinical scenarios (ranging from healthy to shock). In hearts 7 - 12, global severe myocardial ischemia was 

superimposed upon the initially tuned non-ischemic reference state. Q
cor

 indicates coronary flow [L/min]; CO, 

cardiac output [L/min]; MVO
2
, myocardial oxygen consumption [mL O2/min/100 g]; P

ao
, aortic pressure [mmHg];  

P
la
, left atrial pressure [mmHg]; dp / dt

max
, maximum rate of left ventricular pressure change [mmHg/s]; SVR, 

systemic vascular resistance [dyn/s/cm5].
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Step-wise administration of negative inotropic drugs enabled the transition towards clinical states 

of progressively impaired pump failure precisely (Figure 1; Table 1). Deterioration of myocardial 

performance was clearly reflected by a decrease in the maximum rate of left ventricular pressure 

change (dp/dt
max

) from 1093 ± 162 mmHg/s in healthy state to 818 ± 212 mmHg/s in cardiogenic 

shock without ischemia. The corresponding decreased aortic pressure, which functioned as driving 

pressure for coronary perfusion, resulted in a proportional decrease in coronary blood flow and 

oxygen consumption of the heart, as the external mechanical work the heart had to perform also 

decreased. In the end, the simulated clinical scenarios, whether or not superimposed with 

myocardial ischemia, covered the complete range from healthy to pathological (Figure 1).

In the nonischemic hearts (hearts 1 - 12), myocardial perfusion was considered to be 

adequate. Beating in a healthy scenario (Figure 1; Table 1), hyperemic coronary blood flow 

amounted to 1.2 ± 0.2 L/min, myocardial oxygen consumption, corrected for the heart’s 

weight, was found to be in the same range as the oxygen consumption of an in vivo 

human heart at rest (5.5 ± 1.7 mL/min/100 g), and the blood oxygen saturation level 

reduced from 97 ± 1% (arterial) to 84 ± 6% (venous) on passing through the cardiac tissue. 

In the hearts where myocardial ischemia was introduced (hearts 7 - 12) (Figure 1; Table 

1), however, the lowered arterial oxygen saturation (56 ± 22%), despite similar coronary 

blood flow levels (1.2 ± 0.4 L/min), induced a (sub)critical oxygen insufficiency. Venous 

oxygen saturation was depressed accordingly (43 ± 17%) and went along with a progressive 

hemodynamic deterioration over time (Figure 2). At the same time, dp/dt
max

 further 

decreased and preload, as reflected by left atrial pressure, further increased (Table 1). 
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Figure 2. Example of the effect of IABP on hemodynamic parameters in one of the hearts, starting in the pre-
shock mode. Without ischemia (left part of the figure), cardiac output equals 4.6 L/min (red dot), blood pressure 
equals 76 mmHg (black dot), left atrial pressure equals 16 mmHg (blue dot), and coronary blood flow equals 1.2 
L/min (green dot). Next additional global ischemia is slowly created by decreasing arterial oxygen saturation in 
the extracorporeal circulation. This is accompanied by a slow decrease of cardiac output, coronary blood flow, 
and blood pressure and an increase in left atrial pressure. At a particular point in time (called t = 0 min), the 
downward spiral is accelerated and progressive deterioration occurs. Next, without any change in external oxygen 
supply or any of the other controllable parameters, the IABP is switched on (t ≈ 5 min) and within two minutes, a 
significant improvement of cardiac output, coronary blood flow and blood pressure occurs, while left atrial pressure 
decreases dramatically. All parameters stabilize within a few minutes. At t ≈ 10 min, the IABP is switched off again 
without any change in any of the controllable parameters, whereafter the heart rapidly deteriorates and enters 
the negative vicious circle again.  By switching on the IABP (t ≈ 15 min), significant improvement and stabilization 
occurs again.
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IABP support

A representative example of the effects of IABP support is shown in Figure 2. When 

switching on IABP support, the catheter-mounted polyurethane balloon induced a 

diastolic blood pressure augmentation as well as a systolic reduction in afterload. Without 

ischemia, these blood pressure changes resulted in a significant (but mild) increase in 

coronary blood flow and cardiac output, with increases of 10 ± 6% (P < 0.01) and 3 ± 2% 

(P < 0.01), respectively in cardiogenic shock (Figure 3A, solid bars; Table 2) . Furthermore, 

the IABP induced a limited decrease in myocardial oxygen consumption when the 

(nonischemic) heart was perfused adequately (-3 ± 6%; P < 0.01) (Figure 3C, solid bars; 

Table 2). With superimposed ischemia, however, the increase in coronary blood flow and 

cardiac output (and decrease of left atrial pressure) became largely augmented and the 

more with increasing degree of pump failure. In case of severe heart failure with 

superimposed ischemia, coronary blood flow and cardiac output were able to increase 

by 49 ± 24% (P < 0.01) and 17 ± 6% (P < 0.01) respectively (Figure 3A, B, hatched bars; 

Table 2), while left atrial pressure decreased by 42 ± 14% (P <0.01). As expected, 

myocardial oxygen consumption increased (23 ± 10 %; P < 0.01) when more blood was 

offered to ischemic tissue (Figure 3C, hatched bars; Table 2). All these effects occurred 

within several minutes and were very reproducible (Figure 2).

Table 2. Hemodynamic changes

Non-Ischemic (hearts 1 - 12) Ischemic (hearts 7 - 12)

Healthy Pre-Shock Shock Healthy Pre-Shock Shock

Q
cor

6 [0, 12] 8 [0, 14] 10 [-2, 22] 27 [6, 53] 31 [4, 56] 49 [26, 105]

CO 1 [-2, 3] 1 [-1, 4] 3 [0, 9] 8 [1, 16] 11 [3, 19] 17 [10, 32]

MVO
2

-4 [-15, 4] -4 [-16, 6] 0 [-12, 14] 25 [-5, 66] 14 [-1, 38] 23 [13, 40]

P
ao

1 [-2, 10] 1 [-2, 4] 2 [-2, 7] 6 [-1, 11] 8 [-2, 17] 13 [5, 26]

P
la

-14 [-33, 6] -14 [-36, 5] -15 [-36, -1] -30 [-52, -1] -39 [-62, -16] -42 [-64, -21]

dp / dt
max

11 [-18, 43] 3 [-21, 43] 16 [-18, 68] 13 [-18, 43] 9 [-18, 43] 26 [-4, 68]

SVR 0 [-2, 6] 0 [-5, 3] -1 [-5, 2] -2 [-5, 0] -3 [-6, -1] -3 [-7, 2]

Percent changes of hemodynamic parameters (mean and interval) after starting IABP support (compared to 
the status without IABP) in the different hemodynamic scenarios, whether or not with superimposed persisting 
myocardial ischemia (heart 1 - 12: without ischemia; heart 7 - 12: with ischemia). Q

cor
 indicates coronary flow 

[% Δ]; CO, cardiac output [%Δ]; MVO
2
, myocardial oxygen consumption [%Δ]; P

ao
, aortic pressure [%Δ]; , left 

atrial pressure [%Δ]; dp/dt
max

, maximum rate of left ventricular pressure change [%Δ]; , systemic vascular 
resistance [%Δ].
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Discussion

In this study, we studied the effects of IABP support on both cardiac and coronary 

hemodynamics in the isolated beating pig heart24 under controllable physiologic and 

pathologic conditions. Although the magnitude of induced effects slightly varied 

between the individual hearts, these were generally limited with pump failure alone, but 

largely augmented with increasing myocardial ischemia. In case of severe pump failure 

with superimposed myocardial ischemia, the IABP was capable of effectively supporting 

the circulation by increasing hyperemic coronary blood flow, blood pressure, and 

cardiac output by 49 ± 24%, 13 ± 5%, and 17 ± 6%, respectively. At the same time, left 

atrial pressure decreased by 42 ± 14%, and myocardial oxygen consumption increased 

by 23 ± 10%, reflecting that not only more oxygen was delivered to the ischemic heart 

but also utilized.

In contrast to former studies on the pathophysiologic mechanism of IABP support, 

which are often difficult to interpret,27 our results were very consistent and reproducible. 

Those earlier studies reported a wide divergence of changes, for example, changes in 

coronary blood flow range from a 100 % increase,21 to no change,13 or even a 10 % 

decrease.14 We were able to reduce the variability within the same clinical conditions 

considerably by better classifying the different clinical scenarios, based on their 

hemodynamic characteristics of pump failure and the presence or absence of myocardial 

ischemia. This allowed us to evaluate more accurately the hemodynamic state 

dependency of IABP support.

Former studies in this field consistently overlooked the effect of coronary autoregulation, 

which counteracts any increase of coronary blood flow by increased diastolic aortic 

pressure in non-ischemic pump failure.23 Neither did they sufficiently recognize the 

difference between pump failure due to irreversible damage of myocytes (necrosis), as 
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Figure 3. Hemodynamic changes. Change (mean ± SEM) by IABP support compared to the status without IABP 
of coronary blood flow (left), cardiac output (center), and myocardial oxygen consumption (right) for different 
clinical scenarios, ranging from healthy to cardiogenic shock, whether (hatched) or not (solid) in the presence of 
global myocardial ischemia.
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encountered in many clinical conditions of (pre)shock, and pump failure as a result of 

temporarily depressed function of still viable myocytes caused by severe ischemia due 

to no-reflow after acute myocardial infarction or cardiac surgery. 

From the data obtained in this study, one can conclude that in case of pump failure alone 

without myocardial ischemia, the IABP induces only small effects. That is in congruence 

with earlier negative studies to the effects of the IABP in shock without concomitant 

ischemia.17–19 With intact autoregulation (which is the case with isolated pump failure 

outside the setting of acute myocardial infarction or cardiac surgery), it cannot be 

expected that coronary blood flow will increase and the only effect to be expected is 

the change of cardiac output by afterload reduction, which is limited as shown in this 

study. In contrast, in case of pump failure with viable ischemic myocardium and exhausted 

autoregulation, a direct relation between coronary blood flow and diastolic aortic 

pressure is present and higher diastolic pressure is linearly related to higher coronary 

blood flow, as we have shown before.25 In such situations, improved perfusion of the 

ischemic myocardium will in turn relieve ischemia of the myocytes, enhance oxygen 

utilization, and restore contractile function and cardiac output, thereby further improving 

coronary perfusion and reversing a negative spiral. A corresponding clinical conditions 

where autoregulation is exhausted exists inside the patient with a large myocardial 

infarction and successful epicardial reperfusion by stenting, but so-called no-reflow and 

persistent ischemia of still viable myocardium.28 A recent retrospective analysis of van 

Nunen et al. showed that the outcome in these patients is favorable and mandates further 

prospective studies.29 Another clinical scenario resembling these conditions exists inside 

the patient after coronary bypass surgery with good bypasses but transient myocardial 

stunning due to prolonged extracorporeal circulation.30,31 In response to this hypothesis, 

a sub-analysis of the Counterpulsation Reduces Infarct Size Pre-PCI for Acute Myocardial 

Infarction (CRISP-AMI) study18 was performed, in which IABP support in patients with 

large anterior wall myocardial infarction complicated by persistent ischemia after primary 

percutaneous coronary intervention was investigated.32

It has been hypothesized that during IABP support myocardial oxygen consumption 

should decrease because of the extended work by the IABP due to afterload reduction. 

In the nonischemic states, we indeed found a limited decrease in myocardial oxygen 

consumption despite a small increase of cardiac output, suggesting that external energy 

was delivered to the circulation indeed, in agreement with findings of Powell et al.2 

However, in the ischemic states, myocardial oxygen consumption increased, which can 

be explained by the fact that the increased coronary blood flow in this situation effectively 

increased myocardial oxygen supply, leading to utilization of oxygen by the ischemic 

myocytes, reduction of myocardial ischemia, and increase of cardiac output, and 

migration of the no-reflow phenomenon, as confirmed by Pierrakos et al.33 This 

improvement of left ventricular contractility was in congruence with a recent study of 

the effects of the IABP in a setting of acute ischemic heart failure.34

Based upon the findings of this study, one can also hypothesize that in case of pump 

failure without ischemia, left ventricular assist devices and transvalvular assist devices, 
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like Impella (Abiomed Cardiovascular Inc., Danvers, U.S.A.) are more effective than IABP 

because the action of these devices is based upon direct increase of cardiac output 

without interacting primarily with coronary blood flow or myocardial oxygen utilization. 

In contrast, when pump failure is due to reversible ischemia of the myocardium, the IABP 

is effective by relieving ischemia, supporting temporarily depressed contractile function, 

salvage of myocardium, and therefore beneficial in the long run. 

Strengths and limitations of this study

Although the isolated beating porcine heart was capable of generating flow patterns and 

pressure curves that closely mimicked aortic and coronary in-vivo flow and pressure,24 

ex vivo testing is not the equivalent of in vivo testing. Not all physiological feedback 

mechanisms are still intact in the isolated beating pig heart as proven earlier: coronary 

autoregulation is absent25 (an advantage in this particular ex vivo model to investigate 

IABP effects), heart rate was fixed within a physiological range by means of pacing 

(assuring no interference with the required time for complete inflation and deflation of 

the balloon), and systemic vascular resistance was only tuned initially to render the 

prescribed clinical scenarios and not changed thereafter. Furthermore, the effects of 

IABP support would probably be even more pronounced when the preload reduction 

following institution of IABP support would be compensated by increased filling as would 

have been the case in vivo. The reduced preload by the IABP in this model namely 

lowered the end diastolic left ventricular filling pressure and volume, and consequently 

ventricular contractility (Frank-Starling mechanism). So, in the in vivo situation where the 

preload reduction by the IABP would have been compensated, the increase in cardiac 

output would most likely have been even more pronounced than in our ex-vivo model.

Because occlusion of a large coronary artery in the pig heart could induce severe 

arrhythmias and even ventricular fibrillation, we had to create global severe ischemia by 

step-wise decreasing the arterial oxygen supply in the extracorporal circulation, thereby 

simulating the scenario of a large myocardial infarction with viable myocardium. Another 

limitation of this method was that the accuracy of measuring blood gasses of the CDI 

500 blood parameter monitoring system (Terumo Cardiovascular Systems) is reduced 

when blood oxygen levels are low. 

One of the strengths of this model is that a larger number of interacting physiologic 

parameters that are involved in vivo are excluded in this isolated beating porcine heart 

model,24 allowing good control of the hemodynamic condition. Measurements can be 

performed far more accurately than in vivo. Another specific strength is that the isolated 

beating porcine hearts are not live animal experiments as these organs are slaughterhouse 

by-products. This ex vivo testing is therefore time and cost efficient, while ethical 

objections are reduced, because sacrificing large animals for experimental research is 

avoided. Therefore, the isolated beating porcine heart forms an accessible platform to 

investigate the heart and the coronary circulation in its truly morphological and 

physiologic way, including studying changes in cardiac output, coronary blood flow, and 

oxygen metabolism in response to IABP support. 
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Conclusion

In this ex vivo beating heart study, the intra-aortic balloon pump significantly improved 

coronary blood flow, blood pressure, and cardiac output, enhanced oxygen utilization, 

and within minutes reversed the progressive hemodynamic deterioration in case of severe 

pump failure with superimposed myocardial ischemia. Consequently, in clinical practice, 

IABP support can be expected to be most effective in patients with viable myocardium, 

suffering from persistent myocardial ischemia despite adequate epicardial reperfusion. 

This is the case in acute myocardial infarction after successful stenting but accompanied 

by no-reflow or after bypass surgery with stunning and ischemic but viable myocardium. 

Large randomized clinical trials are mandatory to support these views. 
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Abstract

Aims

This substudy investigated IABP support in large STEMI complicated by persistent 

ischemia within the original CRISP-AMI trial.

Methods and Results

Patients were included if the ECG at admission showed summed ST deviation (ΣST-D) 

≥15mm and the ECG post PCI showed poor ST resolution (<50%). Endpoints evaluated 

were all-cause mortality at six months and the composite endpoint of death, cardiogenic 

shock or new or worsening heart failure at six months.

One hundred and forty-nine patients had ΣST-D ≥15mm (mean ΣST-D 24±8 mm). Of 

these patients, 36 (24%) showed poor ST resolution (15 patients in the IABP group; 21 

patients in the control group). Mean age was 55±11 years, 89% were male. Mean systolic 

and diastolic blood pressures were 135±31 mmHg and 83±22 mmHg, respectively. The 

left anterior descending coronary artery was the infarct-related artery in all cases, 

primary PCI was successful in 94%. At six months, zero patients in the IABP group died 

versus five patients in the control group (0% versus 24%; p=0.046).  There was a trend 

towards statistical significance in the composite endpoint (one patient [7%] versus 7 

patients [33%]; p=0.06).

Conclusion

In this substudy, use of IABP was associated with decreased six-month mortality in large 

STEMI complicated by persistent ischemia after PCI.

Introduction

Intra-aortic balloon pump (IABP) counterpulsation has been used as a hemodynamic 

support system for more than four decades.1  The IABP inflates and deflates in synchrony 

with the cardiac cycle, thereby augmenting diastolic aortic pressure and reducing 

afterload, resulting in increased coronary blood flow and decreased myocardial workload 

and oxygen demand.2,3 The Counterpulsation Reduces Infarct Size Pre-PCI for AMI (CRISP- 

AMI) trial hypothesized that IABP as adjunct to revascularization reduced final infarct size 

in patients with anterior wall STEMI without shock.4 It was a multicentre randomized trial, 

including 337 patients who were randomized to receive either IABP before primary PCI, 

or PCI alone. The primary endpoint, final infarct size as assessed by cardiac MRI, showed 

no difference between the two groups and a trend towards larger infarctions in the IABP 

group (42.1% versus 37.5%, p=0.06). All-cause mortality at six months occurred less 

frequently in the IABP group, although it was not statistically significant (2% versus 5%, 

p=0.12). The exploratory composite endpoint of death, shock, or new or worsening heart 

failure did reach statistical significance in favour of the IABP group (5% versus 12%, p=0.03).
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Interpretation of the ECG plays a fundamental role in assessment of patients presenting 

with acute myocardial infarction. Not only the extent of ST elevation, but also the 

presence of ST resolution provides important prognostic information.5,6 Early regression 

of ST deviation is associated with lower risk of death, recurrent ischemia, reinfarction 

and congestive heart failure, while poor ST resolution, impaired myocardial blush grade, 

or impaired TIMI-flow after primary PCI (i.e. markers of persistent ischemia), are associated 

with a poor prognosis.7–9 Earlier studies showed a possible beneficial effect of IABP 

support in acute myocardial infarction complicated by persistent ischemia.10,11

In this subanalysis of the CRISP-AMI trial, we evaluated the effect of IABP on outcome 

in patients with electrocardiographic signs of large anterior myocardial infarction 

complicated by persistent ischemia despite primary PCI, i.e. patients with the worst 

prognosis.

Methods

The methods used in the original CRISP-AMI trial have been described extensively.12  

In short, a total of 337 patients were randomized to be treated by primary PCI with or 

without adjunctive IABP support. If randomized to IABP, the device was implanted prior 

to the PCI procedure. In the present substudy, we focused on the patients with 

electrocardiographic signs of large myocardial infarction on the ECG at admission and 

signs of persistent ischemia, i.e. poor ST resolution at ECG post PCI (as described below).

Electrocardiographic analysis

After manually identifying the J point to the nearest 0.5mm, ST deviation was measured 

40ms after the J point to the nearest 0.1 mV. The summed ST deviation (ΣST-D) was 

calculated by adding the sum of ST elevation in the anterior leads (leads V
1
 to V

6
, I and 

aVL) to the sum of ST depression measured in reciprocal leads (leads II, III and aVF), if 

applicable. ST resolution (ST-R) was defined as the percent reduction in ΣST-D on the 

ECG post PCI. 

All standard 12-lead ECGs were evaluated by an independent experienced cardiologist, 

blinded to the actual randomized treatment assignment, procedural results, and 

outcomes. A second independent and experienced cardiologist, also blinded to 

randomization as well as results, randomly reassessed 10% of the study ECGs as second 

reader. Agreement by repeated measurement was 95%.

For this substudy, we included those patients with a ΣST-D ≥15mm at admission. We 

excluded patients with left bundle branch block at baseline, paced ventricular rhythm, 

and patients with ΣST-D <15mm. Patients were categorized based on the degree of ST-

R: good ST-R (defined as ≥50%) and poor ST-R (defined as <50%). The latter group was 

the target population in this subanalysis (Figure 1).

20162325 proefschrift_Lokien van Nunen.indd   115 03-10-16   21:47



116

CHAPTER 9 

Outcome measures

The primary endpoint of the original CRISP-AMI trial was infarct size as a percentage of 

the total left ventricular mass as measured by cardiac MRI. Primary safety endpoints 

included all-cause mortality and the rate of major adverse cardiac events including death, 

repeat myocardial infarction and heart failure at discharge, at 30 days, and at six months. 

The present substudy was not pre-specified and not powered for the chosen endpoints. 

Our primary clinical endpoints were all-cause mortality at six months, and the composite 

endpoint of death, cardiogenic shock, and new or worsening heart failure at six months. 

Safety endpoints included major bleeding events according to the Global Use of 

Strategies To Open Coronary Arteries (GUSTO) trial.13 The effects of IABP on infarct size 

as a percentage of left ventricular mass and left ventricular ejection fraction were not 

outcome measures in this study because of the possible selection bias due to deaths of 

patients before undergoing MRI.

Statistical analysis

Patient characteristics are reported as percentages for discrete variables, while continuous 

variables are presented as mean±standard deviations. Discrete variables were compared 

CRISP AMI
6-month FU

(n=329)

Baseline ECG available
(n=323)

∑ST-D ≥15 mm (n=149)

ST-R <50% (n=36)

IABP group
(n=15)

Control group
(n=21)

∑ST-D <15 mm (n=174)

– ST-R ≥50% (n=109)
– ECG post-PCI unavailable (n=4)

– Baseline ECG not available (n=4)
– Baseline ECG not interpretable (n=2)

Figure 1. Flowchart of the substudy population. Flowchart of selection of patients in this substudy of the CRISP 
AMI trial. FU indicates follow-up; ECG, electrocardiogram; Σ ST-D, summed ST deviation; ST-R, ST resolution. 
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using the χ2 or Fisher’s exact test as appropriate. Continuous variables were compared 

using the Student’s t-test or Mann-Whitney U test as appropriate. 

In correspondence with the original CRISP-AMI trial, Kaplan-Meier analyses and log-rank 

tests were used to compare time to primary endpoint, and time to composite endpoint 

of death, cardiogenic shock, and new or worsening heart failure. The acquired data were 

analysed using IBM Statistical Package for Social Sciences (SPSS) for Windows Version 

19.0.0.1 (IBM Corporation, Armonk, NY, USA). All statistical tests were two-tailed and 

p-value <0.05 was considered statistically significant.

Results

In the CRISP-AMI trial, a total of 329 patients were included in the six-month follow-up 

(Figure 1). Baseline ECGs were available in 323 patients (98%).  In this population, 149 

patients were classified as having large anterior wall myocardial infarction with ΣST-D 

≥15mm on the ECG at admission. In these patients, 109 patients were categorized as 

having good ST-R (more than 50%) and 36 patients as poor ST-R (less than 50%). In four 

patients, the ECG post PCI was unavailable. Of those 36 patients with large myocardial 

infarction and poor ST-R, reflecting persistent ischemia, 15 patients had been randomized 

to undergo primary PCI with IABP support, 21 patients underwent primary PCI alone. 

Baseline and procedural characteristics

The baseline characteristics of the study cohort of patients with large myocardial 

infarction and poor ST-R (n=36) are presented in Table 1. Mean age was 55±11 years and 

89% were male. At presentation, the mean ΣST-D was 24±8 mm, which was well balanced 

between the two groups (treated with and without IABP as adjunct to PCI). Systolic blood 

pressure was 135±31 mmHg on average, while diastolic blood pressure was 83±22 

mmHg. Heart rate at presentation was 84±16 beats per minute. 

In accordance with the original population of the CRISP-AMI trial, patients were treated 

in a fast manner with a mean time from first hospital contact to first device used on the 

infarct-related artery (IRA) of 97±39 minutes in the IABP group versus 71±25 minutes in 

the control group (p=0.04) (Table 1). This difference was the time used for implanting 

IABP. There was no difference in the mean time from symptom onset to first hospital 

contact (129±79 minutes in the IABP group versus 150±82 minutes in the control group, 

p=0.46). There were no other statistically significant differences in baseline characteristics 

between the IABP group and the control group, except the previously mentioned time 

from first hospital contact to first device used on the IRA.

The left anterior descending coronary artery (LAD) was the IRA in all cases, and PCI was 

performed in 94% of all cases (Table 2). In 81% of the cases, the LAD was totally occluded 

at the initial angiogram. Primary PCI was successful in 34 patients (94%; post-intervention 

TIMI flow grade 3). One patient underwent revascularization with coronary artery bypass 

grafting instead of PCI. 
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In the IABP group (n=15), patients were supported by IABP for 22±9 hours. At discharge, 

patients were treated with aspirin (94%; n=31), clopidogrel (76%; n=25) or prasugrel 

(24%; n=8), a beta-blocker (82%; n=27), statin therapy (94%; n=31), and either an 

angiotensin-converting enzyme inhibitor or angiotensin receptor blocker (58%; n=19). 

There were no differences in medical treatment at discharge between the IABP group 

and the control group. 

There were no bleeding complications in the IABP group. Major bleeding requiring 

transfusion occurred in one patient in the control group.

Table 1. Baseline characteristics of substudy population

Total 
(n=36)

IABP group 
(n=15)

Control group 
(n=21)

P-value

Age (years) 55±11 53±10 57±12 0.27

Male sex (n (%)) 32 (89) 14 (93) 18 (86) 0.47

Height (cm) 168±10 169±11 168±10 0.65

Weight (kg) 74±14 74±10 74±16 0.91

Medical History

Hypertension 14 (39) 4 (27) 10 (48) 0.20

Dyslipidemia 3 (8) 1 (7) 2 (10) 0.76

Diabetes Mellitus 13 (36) 4 (27) 9 (43) 0.32

Current nicotine use 11 (31) 6 (40) 5 (24) 0.30

Prior AMI 0 (0) 0 (0) 0 (0) N/A

Prior PCI 0 (0) 0 (0) 0 (0) N/A

CABG 0 (0) 0 (0) 0 (0) N/A

Congestive heart failure 0 (0) 0 (0) 0 (0) N/A

Renal insufficiency 1 (3) 1 (7) 0 (0) 0.23

TIA/Stroke 0 (0) 0 (0) 0 (0) N/A

Peripheral artery disease 0 (0) 0 (0) 0 (0) N/A

At presentation

Σ ST-deviation (mm) 24±8 25±7 23±9 0.43

Blood pressure (mmHg)

Systolic 135±31 129±23 140±35 0.33

Diastolic 83±22 79±15 86±26 0.37

Heart rate (beats/min) 84±16 83±14 84±17 0.90

Time to treatment (min)

Symptom onset to first hospital contact 141±81 129±79 150±82 0.46

First hospital contact to first device used on IRA* 82±34 97±39 71±25 0.03

Symptom onset to first device used on IRA 223±81 224±90 222±77 0.96

Data are presented as mean ± SD or n (%). AMI indicates acute myocardial infarction; PCI, percutaneous coronary 
intervention; CABG, coronary artery bypass grafting; TIA, transient ischemic attack; IRA, infart-related artery.
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Outcome

In Figure 2, divided into three panels, are shown the Kaplan-Meier survival curves at six 

months of the original CRISP-AMI trial population (panel A; n=329; p=0.12), the population 

with electrocardiographic signs of large anterior wall myocardial infarction (panel B; 

n=149; p=0.10), and the population of the present substudy (panel C, n=36; p=0.046), 

respectively. The survival curves diverge most in the subgroup of patients with the worst 

prognosis. In the population of patients with signs of large anterior wall myocardial 

infarction complicated by persistent ischemia, zero patients in the IABP group died versus 

five patients in the control group at six-month follow-up (0% versus 24%; log-rank 

p=0.046; Panel C). Four patients died before hospital discharge due to refractory 

Table 2. Procedural characteristics of substudy population

Total 
(n=36)

IABP group
(n=15)

Control group
(n=21)

Infarct-related artery

Left anterior descending 36 (100) 15 (100) 21 (100)

IRA stenosis location*

Proximal 23 (64) 9 (60) 14 (67)

Mid 14 (39) 6 (40) 8 (38)

PCI

Performed 34 (94) 14 (93) 20 (95)

Not performed because of: 2 (6) 1 (7) 1 (5)

CABG 1 (3) 0 (0) 1 (5)

Technical limitations 1 (3) 1 (7) 0 (0)

Infarct-related artery TIMI flow

Preintervention grade

0 29 (81) 12 (80) 17 (81)

1 4 (11) 2 (13) 2 (10)

2 2 (6) 1 (7) 1 (5)

3 1 (3) 0 (0) 1 (5)

Postintervention grade**

0 1 (3) 1 (7) 0 (0)

1 0 (0) 0 (0) 0 (0)

2 0 (0) 0 (0) 0 (0)

3 34 (94) 14 (93) 20 (95)

Non-IRA interventions

Left main 1 (3) 1 (7) 0 (0)

Right coronary 1 (3) 1 (7) 0 (0)

Data are presented as n (%). * In some cases, multiple lesions were treated in one procedure. ** One patient 
was treated by CABG instead, which is why there is no post-intervention TIMI grade available. IRA indicates 
infarct-related artery; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting.
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cardiogenic shock (n=1) or unsuccessful resuscitation and/or defibrillation (n=3). 

Table 3 shows the survival estimates in different subpopulations within the original CRISP-

AMI trial, i.e. small myocardial infarction, large myocardial infarction, and large myocardial 

infarction complicated with persistent ischemia, respectively. In the IABP group, survival 

estimates remain constant in the different populations, while in the control group there 

is a clear decrease in survival in large infarctions, especially when accompanied by 

persistent ischemia.

The composite end point of death, cardiogenic shock, and new or worsening heart failure 

at six months was reached by one patient in the IABP group and seven patients in the 

control group and was not statistically significant, although a strong trend was present 

(7% versus 33%, log-rank p=0.06).
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Figure 2. All-cause mortality rate at 6 months in the different (sub)populations. All-cause mortality rate over 6 
months in all patients receiving IABP plus PCI (blue line) or PCI alone (red line) in the total CRISP-AMI population 
(3 patients vs. 9 patients; log-rank P=0.12; Panel A); in patients with large myocardial infarction (1 patient vs. 6 
patients; log-rank P=0.10; Panel B); and in patients with large myocardial infarction and persistent ischemia (0 
patients vs. 5 patients; log-rank P=0.046; Panel C). 

Table 3. Survival estimates at 6 months in different subgroups in the CRISP AMI population

Small MI 
(ΣST-D <15mm;

n=180)

Large MI
(ΣST-D ≥15mm;

n=149)

Large MI and poor ST-R
(ΣST-D ≥15mm, ST-R <50%; 

n=36)

% (n) 95% CI % (n) 95% CI % (n) 95% CI

IABP group 97.8 (87) 95-100 98.5 (66) 96-100 100 (15) N/A

Control group 96.7 (88) 93-100 92.7 (76) 87-98 76,2 (16) 56-96

Data are presented as % (n) and 95% confidence intervals. Note: 95% confidence intervals of survival in the IABP 
group in the subgroup of patients with large myocardial infarction complicated by poor ST resolution is not 
described since there was no event. CI indicates confidence intervals; MI, myocardial infarction; ST-D,  
ST deviation; ST-R, ST resolution.
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In the control group (21 patients), in five patients (24%) crossover to IABP therapy occurred. 

Reasons for crossover in these five patients were progression of hemodynamic deterioration 

in all five patients. There was no crossover from IABP group to the control group.

An MRI was successfully performed in 28 patients (13 patients in IABP group [87%], 15 

patients in control group [71%]). Four patients died prior to the MRI procedure (all from 

the control group) and four patients were unable to tolerate the MRI procedure. 

The mean infarct size was 43±19% of left ventricular mass (48±24% versus 39±12%, 

p=0.26). Mean left ventricular ejection fraction on MRI was 41±10%, and not statistically 

different between the two groups (38±12% versus 44±8%, p=0.13). There was a trend 

towards less microvascular obstruction in the control group (11.8±8.6% versus 5.4±7.0%, 

p=0.052). Indirect measures of infarct size, like peak enzymes (CK, CK-MB, and troponin) 

were available in less than 30% of the study population and therefore not analysed.

Finally, in the population of patients with large myocardial infarction (ΣST-D ≥15 mm; 

n=149), the presence of poor ST resolution was associated with an increased rate of 

death (OR 17.419; 95% CI 2.0-154.7; p=0.01).

Discussion

In this non-pre-specified substudy of the CRISP-AMI trial, intra-aortic balloon pump 

counterpulsation reduced mortality at six months in patients with large anterior myocardial 

infarction and persistent ischemia. The significance was achieved despite the rather small 

substudy population. There were no complications associated with the use of IABP.

To the best of our knowledge, there are no randomized trials comparing survival in 

patients with large myocardial infarction and persistent ischemia treated with IABP. 

However, the survival rates of this kind of patient treated medically are well described 

and are comparable to the survival of the control group in this substudy.9,14,15 Rezkalla et 

al. previously described a 30-day mortality of 12% in patients with severely impaired 

myocardial blush grade after PCI for acute myocardial infarction.9 In a pre-specified 

substudy of the APEX-AMI trial, a randomized double-blind placebo-controlled trial on 

the use of intravenous pexelizumab before primary PCI, the relationship between early 

ST-segment recovery and outcome was evaluated.15 Patients with inadequate ST 

resolution, analysed with several different methodologies, were at higher risk of death, 

heart failure or shock up to 90 days after STEMI. The HORIZONS-AMI ECG substudy 

showed that absent ST resolution 60 minutes post PCI occurred in almost 20% of the 

patients presenting with STEMI and was associated with a high rate of major adverse 

cardiovascular events and target vessel revascularization at three years (29.9% and 20.4%, 

respectively).14  

In an attempt to find methods to improve outcome in these patients, a retrospective 

study in a large cohort of patients presenting with acute myocardial infarction reported 

IABP support was used to treat persistent ischemia in 2% of the cases. In these patients, 

one-year survival was 89%.11
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The use of IABP in the presence of persistent ischemia has not been extensively 

investigated, but its concept is plausible. The use of IABP is suggested to be effective by, 

for instance, increasing diastolic aortic pressure, aimed at improving coronary blood flow 

and myocardial oxygenation. However, with (partially) intact coronary autoregulation, 

corresponding with the absence of (persistent) ischemia, it is illusionary to expect that 

a higher aortic pressure will result in increased coronary blood flow.16 On the contrary, 

in patients presenting with STEMI, adequate epicardial reperfusion, but complicated by 

persistent ischemia (or no-reflow) as reflected by insufficient ST-R, coronary 

autoregulation is completely exhausted. 

Persistent ischemia or no-reflow is caused by a variety of factors, including intra-

myocardial oedema, spasm, and distal embolisation.17 In this situation, myocardial blood 

flow is proportional to perfusion pressure, which is augmented by the diastolic inflation 

of the IABP, thereby increasing coronary blood flow, and increasing oxygen utilisation 

by the myocardium. This, in turn, may limit infarct size and improve outcome. This 

concept, and the increase in myocardial oxygen supply in the presence of exhausted 

autoregulation, has recently been investigated by simultaneous coronary pressure and 

flow measurements in humans.18 

Over 45% of the CRISP-AMI study population had ST-segment deviation of <15mm, 

representing a cohort of relatively small or moderate infarctions with good prognosis 

anyway.7 In fact, in such patients, only a small effect of IABP might be expected, thereby 

(significantly) decreasing the power of that study. 

In the patients with large STEMI, 24% of the patients (n=36) had signs of persistent 

ischemia, which is the subgroup in whom benefit can be expected. This is also supported 

by the numerical survival estimates in Table 3, corroborating the hypothesis that IABP 

should be reserved for patients with large myocardial infarction and persistent ischemia, 

and implies that the outcome of the original CRISP-AMI trial was confounded by the 

inclusion of a large group of patients with small myocardial infarction.

Limitations and unresolved issues

First of all, this study was a non-powered, non-pre-specified subanalysis of the original 

CRISP-AMI trial, implying these results should be perceived only as hypothesis-generating 

and viewed with caution. However, as stated, there are few data on how to manage patients 

with continued evidence of poor reperfusion and ischemia post primary PCI for STEMI.

Second, a small number of patients did not have both baseline ECGs and ECGs post PCI. 

These ECGs were missing or ST-R was not interpretable due to conduction abnormalities 

or arrhythmias. It is unlikely these excluded patients would have altered the outcome of 

this study. In only one case, ECG post PCI was not available because the patient died in 

the catheterization laboratory (randomized to the control group). 

Third, there was a very high crossover rate from the control group to the IABP group in 

this subanalysis (24%), due to hemodynamic deterioration and cardiogenic shock. Three 

of these patients died prior to hospital discharge, the other two patients reached the 

six-month follow-up without further events. It is unclear in what way the crossover 
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influenced the results, since the role of IABP support in the treatment of cardiogenic 

shock is currently under debate. The IABP-SHOCK II trial showed no reduction in short-

term and one-year mortality of IABP support in patients with AMI complicated by 

cardiogenic shock when compared to standard treatment without IABP support.19,20 Both 

in the IABP-SHOCK II trial as in this substudy, asymmetrical crossover to the IABP group 

was present. One may wonder if an intention-to-treat analysis is suitable in these open, 

non-blinded studies with a high event rate and considerable asymmetrical crossover. 

Apparently, the treating physician felt the need to violate protocol and to cross over from 

control to therapy group, thereby possibly diluting or masking a positive effect of the 

study device when assessed by intention-to-treat analysis, per-protocol analysis, or as-

treated analysis. In the event that this asymmetrical crossover is of influence, it will create 

a negative bias for IABP, thereby corroborating the results shown in this substudy.

Fourth, comparing MRI results showed no difference in infarct size. However, four 

patients in the control group died before undergoing MRI. These patients probably 

suffered from the most severe myocardial infarctions and, by excluding them from the 

MRI assessment, the average value of infarct size in the control group is underestimated.

Finally, since IABP therapy was randomized and initiated before PCI, IABP support in itself 

might be responsible for better ST-R at the ECG post PCI. Therefore, the population 

suffering from persistent ischemia, had they not received IABP, might in fact have been 

larger than recorded in this study with 15 patients in the IABP group versus 21 patients 

in the control group. Also, this might have diluted the beneficial effect of IABP in this 

study, which is present regardless, and thereby underscores the main finding of this study, 

i.e., decreased mortality by IABP therapy.

Conclusion

In this substudy in large ST elevation myocardial infarction complicated by persistent 

ischemia after successful primary PCI, the use of IABP decreased mortality at six months. 

These results mandate further prospective randomized trials as to the beneficial effect 

of intra-aortic balloon pump counterpulsation in this high-risk population.
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Abstract

Intra-aortic balloon pump (IABP) counterpulsation is the most widely used mechanical 

circulatory support device because of its ease of use, low complication rate, and fast 

manner of insertion. Its benefit is still subject of debate and a considerable gap exists 

between guidelines and clinical practice. Retrospective nonrandomized studies and 

animal experiments show benefits of IABP therapy. However, recent large randomized 

trials do not show benefit of IABP therapy, which has led to a downgrading in the 

guidelines. In our view, this dichotomy between trial and practice might be the result of 

insufficient understanding of the prerequisites needed for effective IABP therapy, that is, 

exhausted autoregulation, and of not including the right patient population in trials. The 

population included in recent large randomized trials has been heterogenous, also 

including patients in whom benefit of IABP could not be expected. The clinical condition 

in which most benefit is expected, that is persistent ischemia in acute ST-elevation 

myocardial infarction, is discussed in this review. In conclusion, this review aims to explain 

the physiological principles needed for effective IABP therapy, to reflect critically on the 

large randomized trials, and to solve some of the controversies in this field. 

Introduction 

Appropriate use of intra-aortic balloon pump (IABP) counterpulsation has been subject 

to heavy debate over the past years.1–4 Use of IABP is generally confined to 3 groups of 

patients, that is, high-risk percutaneous coronary intervention (PCI), acute myocardial 

infarction, and cardiogenic shock. There have been large randomized trials for all 3 

indications, which will be discussed in the following sections. However, before analyzing 

these trials in detail, it is mandatory to better understand the presumed physiological 

principles of IABP counterpulsation and the prerequisites needed for adequate effect (or 

absence of effect) of IABP.

Physiologic principles and the role of coronary autoregulation 

The intra-aortic balloon pump, positioned in the descending thoracic aorta through the 

femoral artery, inflates and deflates in synchrony with the cardiac cycle. By inflating in 

the diastolic phase of the cardiac cycle, the diastolic aortic pressure is augmented, 

resulting in higher coronary perfusion pressure (Figure 1). This could theoretically lead 

to improved coronary blood flow and thereby increase of myocardial oxygen supply.5,6 

Early in systole, the balloon rapidly deflates, reducing the afterload of the left ventricle 

(Figure 1). In turn, this is believed to decrease myocardial workload and oxygen demand.7  

However, the supposed direct mechanical effect of counterpulsation on coronary blood 

flow can be easily undone by the reactive vasoconstriction of the coronary and 

myocardial bed, known as coronary autoregulation. Under normal physiological 

circumstances, sphincters at the entrance of coronary arterioles constrict or dilate in 
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response to coronary perfusion pressure, thereby guaranteeing constant myocardial 

blood flow over a wide range of aortic pressures (60-140 mmHg).8 Therefore, in 

physiologic conditions with intact coronary autoregulation, myocardial blood flow is not 

dependent on perfusion pressure, and it is illusionary to expect increased coronary blood 

flow because of higher perfusion pressure by IABP counterpulsation. Thus, improved 

coronary blood flow by IABP can only be expected in situations with exhausted 

autoregulation.

Recently, De Silva et al. performed intracoronary flow and pressure measurements 

during IABP counterpulsation with “switched on” and “switched off” coronary 

autoregulation using intravenous adenosine infusion for minimizing coronary vascular 

resistance.9 The investigators showed that the effect of IABP on coronary flow is directly 

dependent on coronary autoregulation. With intact autoregulation, balloon pump 

augmentation did lead to an increase in coronary pressure and also to a reactive 

increase in microvascular resistance, and as a result unchanged coronary blood flow. 

In contrast, with “switched off” autoregulation, the balloon pump augmentation led to 

an increase in distal coronary pressure and coronary blood flow, whereas the 

microvascular resistance remained unchanged. Also in recent studies performed in the 

isolated beating pig heart, it was documented that with exhausted autoregulation, a 

linear relationship between diastolic aortic pressure and coronary blood flow is present 

Figure 1. Hemodynamic effects of intra-aortic balloon pump counterpulsation. Waveform of an unassisted and 
assisted heartbeat. After the aortic valve closes, the IABP inflates, increasing the diastolic pressure. Before systole, 
the balloon deflates, resulting in lower end diastolic pressure, reflecting afterload for the left ventricle.
Reprinted from Myat et al with permission.41 
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and that IABP increases coronary blood flow by up to 50% in the presence of pump 

failure because of ongoing myocardial ischemia.10,11 

In short, only when autoregulation is exhausted, coronary blood flow is directly 

dependent on perfusion pressure, and effects of IABP on coronary blood flow can be 

expected. This is the case in the following clinical situations: (1) in the perfusion territory 

of a critical, subtotal stenosis; (2) in ischemic myocardium, including “stunning” after 

myocardial infarction or during weaning from extracorporeal circulation; and (3) in 

patients with low mean aortic pressures outside the autoregulatory range (<60 mmHg). 

The importance of autoregulation when assessing the effect of IABP was neither fully 

understood nor investigated until recently and is not reflected in the inclusion criteria 

in the large randomized clinical trials, including acute myocardial infarction and 

cardiogenic shock.

High-risk percutaneous coronary intervention

IABP is often used as circulatory support system to prevent major complications during 

high-risk PCI.12 Patients with severe left ventricular dysfunction undergoing PCI are at 

higher risk of morbidity and mortality.13,14 This risk increases when the target lesion is 

supplying a substantial proportion of the myocardium. By inducing ischemia during PCI, 

left ventricular function will further deteriorate, and patients are at risk of entering a 

downward spiral of myocardial ischemia, hemodynamic compromise, cardiogenic shock, 

and ultimately death. Especially if a subtotal stenosis is present in a large contralateral 

coronary artery, secondary ischemia of the contralateral myocardial territory due to 

compensatory hyperkinesia might induce a downward spiral with deleterious outcome.

Until 2010, evidence supporting use of IABP in such patients consisted of several 

retrospective observational and small randomized studies.15–18 The Balloon Pump-Assisted 

Coronary Intervention Study (BCIS-1) randomized 301 patients scheduled to undergo 

high-risk single-vessel or multivessel PCI to either IABP insertion before PCI or no planned 

IABP insertion.19 On the basis of the predicted and actual event rates, the study was 

adequately powered. Outcome at hospital discharge was similar between the 2 groups, 

without significant differences in myocardial infarction, death, cerebrovascular accident, 

or further revascularization. In the control group, 12% of the patients needed rescue IABP 

insertion because of intraprocedural complications, mainly hypotension. Six-month 

mortality was 4.6% in the IABP group and 7.4% in the control group (P=0.32). Although 

not statistically significant at first, this relative risk reduction of 38% remained constant 

over time, resulting in a significant benefit in favour of IABP over long-term follow-up, 

with a hazard ratio of 0.66 (95% confidence interval 0.44 to 0.98; p=0.039).20 This 

consistent relative risk reduction by 1/3 is of huge impact in a patient population in which 

1 out of every 3 patients died within the long-term follow-up period (Figure 2). The 

constant hazard ratio during follow-up implies that this is attributable to an early treatment 

effect, that is, IABP insertion before PCI. There were no other detectable procedural 

differences between the 2 groups in terms of number of vessels treated, success rate, 

and proportion of left main or proximal left anterior descending coronary arteries stented. 
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Explanation of this difference in outcome could be the reduction of ischemia by IABP 

during high-risk PCI, and the prevention of intraprocedural complications. Effects of 

IABP on coronary blood flow is not undone by coronary autoregulation in these patients 

because autoregulation is completely exhausted in the coronary tree distal to a significant 

stenosis and in the presence of ischemic myocardium during and shortly after balloon 

inflation. Even small periprocedural myocardial infarctions, only measured by elevated 

troponin-levels, have shown to affect outcome in cardiac patients.21 In patients with 

severe ischemic cardiomyopathy as included in BCIS-1, this effect might be more 

pronounced, causing this significant difference in long-term outcome. It is well 

conceivable that better protection of the myocardium during the procedure itself will 

result in a decrease in mortality in the long term, explaining the late results of BCIS-1.

Acute myocardial infarction

Primary PCI in patients presenting with ST-segment elevation myocardial infarction 

(STEMI) has resulted in an impressive improvement in outcome.22 During the last decade, 

however, despite optimizing time intervals, outcome has not further improved. This may 

be ascribed to “reperfusion injury”, “no-reflow”, or “persistent ischemia,” which occurs in 

up to 30% of the patients and is caused by a variety of factors including microembolization 

of atherothrombotic debris, vasospasm, and external compression of the capillaries due 

to intramyocardial edema, hemorrhage, and other factors, suppressing adequate 

myocardial perfusion after successful epicardial stenting.23 In such patients, this “ongoing” 

or “persistent” ischemia leads to reduced salvage of myocardium, even if the occluded 

epicardial coronary artery has been opened successfully by primary PCI.

Animal experiments have shown that IABP is effective in reducing no-reflow, improves 

myocardial salvage, and decreases infarct size.24,25 A clinical registry in nearly 1500 

Figure 2. Long-term outcome of BCIS-1. Panel A shows the Kaplan Meier curves of patients treated with and 
without elective IABP support in the BCIS-1 trial, with 42 deaths in the elective IABP group versus 58 deaths in 
the control group (hazard ratio 0.66; 95% CI, 0.44-0.98; P=0.039). Panel B shows the hazard ratios at different 
lengths of follow-up, showing a consistent hazard ratio over time. CI indicates confidence interval; HR, hazard 
ratio; IABP, intra-aortic balloon pump. 
Reprinted from Perera et al. with permission.20 
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consecutive patients showed prophylactic insertion of IABP to be associated with fewer 

events in all high-risk patients presenting with acute myocardial infarction.26 

The Counterpulsation to Reduce Infarct Size Pre-PCI Acute Myocardial Infarction (CRISP 

AMI) trial sought to determine if routine IABP therapy before primary PCI in patients with 

anterior STEMI without shock reduces infarct size as assessed on cardiac magnetic 

resonance imaging (CMR), and randomized 337 patients.27 The study was designed and 

powered to detect a 25% reduction in infarct size in the IABP group. Final infarct size as 

assessed by CMR after 3 to 5 days showed no difference and a trend toward larger 

infarctions in the IABP group (42.1% versus 37.5%, p=0.06). All-cause mortality at 6 

months occurred less frequent in the IABP group, although not statistically significant 

(2% versus 5%, p=0.12). The exploratory composite end point of death, shock, or new or 

worsening heart failure did reach statistical significance in favour of the IABP group (5% 

versus 12%, p=0.03). So, in CRISP AMI, the primary end point was not achieved, and some 

confusion originated with respect to other end points.

However, 40% of the population in CRISP AMI had summed ST-elevation <6 mm, 

representing a cohort of patients with relatively small infarctions with a good prognosis 

anyway, whether or not treated with IABP or any other additional therapy.28 It is unlikely 

that in these patients, any of the pre-defined end points like death or congestive heart 

failure would be reached anyway, irrespective if and how they were treated. This is 

corroborated by the systolic and diastolic blood pressure and heart rate of the study 

population, not suggesting a very sick trial population. Inclusion of these patients most 

likely diluted a possible effect of IABP insertion by underpowering the study. A recent 

substudy of CRISP AMI in patients with large myocardial infarction (summed ST-deviation 

≥15mm) and persistent ischemia (ST-resolution after PCI < 50%) showed a significant 

reduction in mortality despite a much smaller patient population (Chapter 9, Figure 2, 

page 120).29 

Furthermore, in CRISP AMI there was a considerable and asymmetrical crossover from 

control group to IABP group (8%), due to sustained hypotension or cardiogenic shock, 

failed PCI, or continued chest pain. The impact of this asymmetrical crossover will be 

discussed later in this report. 

Finally, the primary end point was infarct size as assessed at 3 to 5 days using CMR. Using 

CMR in a patient population with the highest event rate in the first days, will automatically 

create bias because patients (mainly without IABP) who died in the first days or were too 

unstable to undergo CMR are not included in this analysis of infarct size.

More in general, it is questionable if CMR 3 to 5 days after acute myocardial infarction is 

a reliable method to predict the ultimate infarct size and ejection fraction. Considerable 

further recovery is reported by consecutive CMR examinations at later follow-up.30,31 

Overall, use of IABP is not indicated routinely in acute myocardial infarction. Especially 

in patients with relatively small infarctions or fast successful reperfusion, reflected by 

complete ST resolution, there is no effect to be expected by IABP counterpulsation. 

However, in patients with large myocardial infarction complicated by persistent ischemia 

(ongoing pain or insufficient ST resolution), a significant decrease of mortality was 
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observed, which fits with the pathophysiological considerations mentioned previously. 

This decrease of outcome was observed in a substudy, with all its limitations. Therefore, 

a prospective randomized controlled trial in such patients has been started recently to 

investigate this standpoint (SEMPER FI study: Survival in patients with Extensive Myocardial 

infarction complicated by PERsistent ischemia Following IABP insertion; NCT02125526).

Cardiogenic shock

Treatment of cardiogenic shock complicating acute myocardial infarction remains a 

challenge with persisting high mortality rates.32,33 Pharmacological therapy often fails to 

stabilize the patient in cardiogenic shock and carries the additional risk of increasing 

myocardial ischemia due to increased myocardial oxygen demand. This is the reason 

why physicians attempted to improve treatment of these patients by the use of 

mechanical circulatory support devices, one of them being the IABP. 

Most trials with favourable results regarding IABP use in acute myocardial infarction 

complicated by cardiogenic shock were performed in the thrombolytic era.34,35 Registries 

and retrospective studies in the era of primary PCI showed no difference in outcome by 

the use of IABP.36,37 The Intraaortic Balloon Pump in Cardiogenic Shock II (IABP-SHOCK 

II) trial prospectively randomized 600 patients with acute myocardial infarction (with or 

without ST-segment elevation) complicated by cardiogenic shock to primary PCI with 

adjunctive IABP support or PCI alone.33 This landmark study showed no reduction in 

short-term and long-term mortality (30-day mortality 39.7% versus 41.3%; 1-year 

mortality 52% versus 51%, respectively; Figure 3).38 

Strengths and limitations of this landmark trial have been discussed extensively. It is the 

largest randomized trial performed in patients with cardiogenic shock, including 600 

patients in 32 months, and with a very high percentage of follow-up (1-year follow-up 

completed in 99.2%). Apart from that the study was underpowered because of a lower 

event rate in the control group than anticipated, several other important limitations were 

present in this study, questioning its conclusions. 
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Figure 3. One-year all-cause mortality of the IABP-SHOCK II Trial. One-year follow-up of the IABP-SHOCK II 
Trial. IABP indicates intra-aortic balloon pump. Reprinted from Thiele et al. with permission.38 
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First, there was a large asymmetrical crossover from control group to the IABP group and 

an increase in the use of left ventricular assist devices in the control group of together 

17.4% of the patients not randomized to IABP. The impact of this high and asymmetrical 

cross-over on statistical analysis and conclusions of the study will be discussed further on.

Second, almost half of the patients randomized were resuscitated before PCI, and almost 

40% received induced hypothermia after PCI. Outcome in these patients is poor 

irrespective of the use of IABP and primarily dependent on neurologic recovery rather 

than myocardial salvage by IABP.

Finally, the time windows in these patients were very wide; patients could be included 

up to 12 hours after onset of cardiogenic shock. If a patient with acute myocardial 

infarction complicated by cardiogenic shock presents too late (i.e. there is no persisting 

ischemia, neither viable myocardium in the infarcted area anymore), no salvage of 

myocardium leading to a better prognosis can be expected anyway. In such patients, in 

the best case, IABP therapy will lead to temporary relief and stabilization of hemodynamics. 

Volume pumps are more effective to increase output in such patients, but these effects 

are temporary as well and will disappear as soon as the device is removed. 

Although IABP-SHOCK II definitely questions the routine use of IABP in patients presenting 

with acute myocardial infarction complicated by cardiogenic shock, these limitations 

exemplify the difficulties in interpreting randomized open trials involving very sick 

patients. The question is if outcome would be different by including a more specific 

group of patients with STEMI, rather than a heterogenous group of patients with respect 

to presence of persistent ischemia, time-intervals, concomitant neurologic deficits, and 

the use of or crossover to additional mechanical support strategies. 

Cardiogenic shock should not be seen as a yes-or-no phenomenon such as cardiac 

arrest but rather as a very heterogenous condition which requires a tailored treatment. 

By solely including the patients presenting with STEMI complicated by cardiogenic shock 

with still viable myocardium and persistent ischemia as reflected by ongoing chest pain 

and persisting ST deviation, and by excluding resuscitated patients, IABP therapy could 

be expected to be more effective based on pathophysiological grounds, as discussed 

here previously.

A recent study in the isolated beating pig heart simulated large myocardial infarction 

whether complicated by cardiogenic shock, and tested the effects of IABP 

counterpulsation in healthy state, pre-shock state, and shock state, with and without 

superimposed myocardial ischemia.11 These experiments showed a strong increase by 

IABP of coronary flow (up to 50%), cardiac output (up to 20%) and myocardial oxygen 

utilization (up to 25%) in large myocardial infarction, cardiogenic shock and ongoing 

ischemia (Chapter 8, Figure 2 and 3, page 104 and 106).

Statistical limitations of prospective randomized IABP trials

In both the CRISP AMI and IABP-SHOCK II trials, there was a large percentage of crossover 

from control group to IABP group. One can wonder why the treating physician in such 

open trials decides for cross-over from the control group to the IABP group, and in which 
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patients this happens. It is likely that the patients in whom crossover occurred, were 

those in the worst condition, that is, at highest risk for events. This cross-over also occurs 

in other large randomized open studies in critically ill patients in intensive care units (such 

as the use of steroids in septic shock), and is almost inevitable in patients randomized 

to the control group (“back-against-the-wall” situations), but it hampers correct 

interpretation of data.

It is impossible to fully comprehend the effect of such a high asymmetrical crossover 

on trial results, but it should be clearly recognized that this high asymmetrical crossover 

in an open trial is prohibitive for an intention-to-treat analysis. Any possible positive effect 

of a study drug or device will automatically be masked when the worst patients in the 

control group are subject to crossover and receive the device, in this case IABP. 

In an attempt to avoid such bias, the authors of the IABP-SHOCK II trial also performed 

a per-protocol analysis and as-treated analysis. However, in a per-protocol analysis, the 

crossover patients (i.e. those at highest risk) are excluded for analysis and the control 

group is most likely in more healthy baseline condition in comparison with the IABP 

group. In addition, when using an as-treated analysis, all crossover patients are included 

in the IABP group, thereby creating a less healthy IABP group at baseline. Absence of a 

difference in such analyses, in 2 groups with different characteristics, cannot exclude 

effectiveness of the study device. 

Thus, conclusions from such open randomized trials in critically ill patients with a high 

and asymmetrical cross-over rate remain controversial. 

Recent guidelines, recommendations and conclusions

The intra-aortic balloon pump is a therapeutic device advocated to be used in critically 

ill patients with cardiogenic shock or myocardial infarction. After 40 years, despite clear 

improvement in individual patients, there are still extensive discussions about its potential 

benefits. Most likely, it is too good to simply abandon but not good enough to recommend 

without restrictions in patients with cardiogenic shock or myocardial infarction in general.

A key issue in this respect is the better understanding of the underlying physiological 

principles, and more specifically the role of coronary autoregulation, which was 

insufficiently recognized and investigated until recently.

Recent guidelines by the European Society of Cardiology downgraded routine use of IABP 

in patients with cardiogenic shock (Class of Recommendation III, Level of Evidence A).39 

Undoubtedly, routine use of IABP in cardiogenic shock without ischemia is not indicated. 

In such patients, hemodynamic support using flow-driven support devices such as 

Impella or LVAD is more effective.40 Similarly, IABP is not indicated as a routine device in 

STEMI, as learned from the CRISP AMI trial. However, in subgroup analysis of this trial 

based upon recent pathophysiological insights from experimental and human studies, 

a decrease of mortality by IABP and improved outcome was observed. Especially, in case 

of patients with persistent ischemia and large myocardial infarction (whether or not 

complicated by cardiogenic shock), there are arguments for the effectiveness of IABP 

to reduce ischemia, leading to salvage of myocardium, decreased mortality, and improved 
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long-term outcome. The key message of this discussion is that in selecting patients who 

might benefit from IABP therapy, a more tailored and patient-specific approach is 

paramount. Presence of ischemia, whether in high-risk PCI, acute myocardial infarction, 

or cardiogenic shock, seems to be the key factor in selecting patients who might benefit 

from IABP therapy. The rationale for effective IABP therapy is the trinity of exhausted 

autoregulation, persistent ischemia, and still viable myocardium. We should be careful 

not to throw out the baby with the bathwater.
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General discussion 

The world we live in today asks for physicians to treat their patients in an evidence-based 

way. The one and only justification of any treatment, whether invasive or non-invasive, 

inexpensive or costly, is relief of symptoms and/or improvement of prognosis. This is 

especially the case in cardiology, where procedures in general are often high-risk and 

costly. This thesis aims to implement coronary physiology in the every-day treatment of 

coronary artery disease and acute myocardial infarction. In addition, adequate 

understanding of the (patho)physiology of coronary artery disease also enables 

cardiologists to optimize treatment and to discriminate between patients who will benefit 

from intra-aortic balloon pump support and who will not in the setting of acute 

myocardial infarction. 

Fractional flow reserve in stable coronary artery disease

When treating stable coronary artery disease, the current evidence of the importance of 

inducible myocardial ischemia in predicting future cardiac events is undisputable, and 

has led to a conceptual shift from anatomy-based revascularization to revascularization 

on a functional basis. Only those lesions responsible for myocardial ischemia warrant 

percutaneous coronary intervention, while those not responsible for myocardial ischemia 

can better be treated medically. In the past decade, fractional flow reserve has been 

established as the gold standard of invasive functional assessment of coronary artery 

disease.1,2 It is easy to perform, safe, has an unequivocal normal value (1.0 in every lesion 

and every patient), and is very reproducible. 

However, for some physicians the use of adenosine is considered a barrier to the use of 

fractional flow reserve due to the high cost in some countries, the need for a central 

venous sheath, time loss by having to prepare the adenosine solution and calculate the 

infusion rate in the catheterization laboratory, and the fear of adenosine-mediated side-

effects, such as bronchospasm and conduction disturbances.3 In an attempt to boost 

functional lesion assessment, others have tried to simplify the procedure by leaving out 

ischemia. While the effort to search for an easier alternative to adenosine are 

understandable, the idea of leaving out hyperemia is fundamentally flawed. Hyperemia 

is the way to test the coronary artery under conditions of stress, and could be considered 

the wind tunnel of the coronary circulation. 

The currently most used alternative for FFR, the so-called instantaneous wave-free ratio 

(iFR), claims to be able to leave out hyperemia by selecting a certain diastolic period to 

measure pressure gradients in which resistance is allegedly minimal and constant, thereby 

mimicking a situation of maximum coronary hyperemia, and measuring gradients which 

were very comparable to the actual FFR measurement.4 However, since the introductory 

paper by Sen et al., both proponents and opponents have investigated the concept of 

iFR and were unable to reproduce these original findings.5–7 In fact, most findings 

regarding iFR have been disproven, i.e. (1) resistance in the wave-free period is not 

constant and not minimal, (2) the cut-off value with best performance when compared 
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to FFR is much higher than originally claimed, (3) performance in comparison with FFR 

is lower than originally reported, (4) and there is a difference in performance of iFR 

between the right and left coronary artery.7–9

A more sensible approach is to search for easier alternatives to adenosine to induce 

hyperemia, for example regadenoson, as presented in this thesis. Regadenoson has 

the advantages of being non-bodyweight based, can be administered through a 

peripheral vein, and provides a reasonable time of steady state hyperemia. Its only 

disadvantage is the variable duration of hyperemia. In complex multivessel disease and 

in case of diffuse disease, where knowledge of the spatial distribution of pressure 

gradients is paramount, adenosine administered intravenously remains the “drug of 

choice”. Moreover, if for any reason, interventional cardiologists do not want to use 

adenosine or regadenoson, measurement of contrast-FFR, measuring gradients shortly 

after a bolus injection of contrast agent giving a submaximal hyperemic response, will 

still outperform any resting measurement.10 The more hyperemia, the more accurate 

the decision regarding functional revascularization. Recently, intracoronary infusion 

of regular saline through a catheter with sideholes has proven to induce maximum 

coronary hyperemia as well.11

In the past, there have been extensive discussions about the long-term safety of 

functional revascularization compared to anatomical revascularization. These 

discussions focused on progression of atherosclerosis in non-ischemic lesions, plaque 

stability, and plaque rupture (the so-called vulnerable plaque). Recent studies, including 

the 5-year follow-up of the FAME study presented in this thesis, have taken away these 

concerns and proven the durability of a fractional flow reserve-guided assessment of 

functional stenosis severity and percutaneous coronary intervention of only those 

lesions responsible for ischemia. While the 5-year follow-up of the FAME study showed 

an equipoise of late clinical events, not negating the early benefits of FFR-guided 

therapy, the 15-year follow-up of the DEFER trial proved that it is in fact harmful to 

stent non-ischemic lesions, significantly increasing the number of myocardial 

infarctions even after 15 years.12 Nonetheless, adoption of FFR was only increasing 

slowly initially, and operators remained hesitant to embrace FFR in daily clinical practice. 

This is most likely related to unavailability of or unfamiliarity with the technology, 

reimbursement issues, the barrier of using adenosine (as mentioned above), insufficient 

understanding of results in complex multivessel disease, as well as the oculo-stenotic 

reflex. An important role is also reserved for the psychological factor of leaving an 

angiographically severe lesion untreated, and letting the patient leave the catheterization 

laboratory without a stent. The evidence presented in this thesis and recent studies 

should allay any concerns regarding long-term safety of an FFR-guided approach. 

“FAME is lasting.”13 Since the publication of the FAME study, use of FFR in Europe has 

increased by 20% per year and in the United States its use has increased by 300% in 

the last 5 years. In 2016 FFR will be measured in 600,000 patients in 1,200,000 coronary 

arteries worldwide.
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Intra-aortic balloon pump in acute myocardial infarction

The second part of this thesis focuses on the use of intra-aortic balloon pump 

counterpulsation in the setting of acute myocardial infarction, which is under close 

scrutiny. While IABP has been the first choice in left ventricular assist devices over the 

past 4 decades, its benefit is not undisputable. In the time when acute myocardial 

infarction was treated with thrombolytics, the benefit of IABP in reducing myocardial 

ischemia until the artery was reperfused was very clear.14 In current times where acute 

myocardial infarction is almost exclusively treated by primary percutaneous coronary 

intervention, immediately relieving myocardial ischemia (in most cases), the benefit of 

intra-aortic balloon pump support is under debate. In this thesis, pathophysiological 

conditions are explained in which effect of intra-aortic balloon counterpulsation can be 

expected, and in which situations counterpulsation will not have any effect, meaning it 

will be best to either do nothing, or choose a flow-driven assist device. 

As discussed comprehensively in this thesis, the hemodynamic effects of intra-aortic 

balloon pump counterpulsation, a combined afterload and workload reduction on the 

one hand while increasing coronary blood flow on the other hand, are almost completely 

dependent on the status of coronary autoregulation. The perspective that the augmented 

coronary perfusion pressure can completely be counteracted by intact coronary 

autoregulation was described for the first time in one of the manuscripts enclosed within 

this thesis. And it is the key factor to understand when and why IABP is expected to be 

useful. Since then, other authors have supported its importance in thinking about intra-

aortic balloon pump therapy.15 Coronary autoregulation is exhausted (1) in the presence 

of a subtotal coronary artery stenosis; (2) in the setting of acute myocardial infarction 

complicated by persistent ischemia; (3) in cardiogenic shock with mean arterial pressures 

outside the autoregulatory range; and (4) in myocardial stunning after open heart surgery.

It is important to emphasize the fact that the status of coronary autoregulation was not 

yet sufficiently understood in the large randomized trials performed several years ago.16–

18 In patients undergoing high-risk PCI, IABP support resulted in a mortality benefit on 

the long-term, explainable by the salvage of myocardium with intra-aortic balloon 

counterpulsation in the case of periprocedural ischemia.19 Intra-aortic balloon pump 

support in patients presenting with acute myocardial infarction without shock did not 

result in increased myocardial salvage on cardiac magnetic resonance imaging. However, 

when focusing solely on the patients with large myocardial infarction and persistent 

ischemia, i.e. the population at high-risk for future events, use of IABP resulted in a 

significant survival benefit at 6 months.20 Finally, in patients presenting with cardiogenic 

shock, irrespective of persistent ischemia, there was also no apparent benefit of IABP 

therapy. Again, several comments can be made regarding the study design.21 Among 

others, patients in cardiogenic shock for up to 24 hours could be included, the depth of 

cardiogenic shock was questionable, resuscitated patients could be included, and usage 

of other assist devices was allowed in the control group. All these choices led to a very 

fast inclusion of 600 patients, but thereby also to a very heterogenous study population 

of whom in many even on theoretical grounds no benefit of IABP could be expected; 
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making it hard to draw adequate conclusions. In patients presenting too late in their 

acute myocardial infarction, no salvage of myocardium by IABP can be expected, and 

the choice for a flow-driven device might be better. In other patients easily stabilized by 

inotropics, there is no need for any assist device, and inclusion of these patients only 

diluted the possible treatment effect. In resuscitated patients, outcome is primarily 

determined by neurologic recovery, not in any way influenced by IABP support. Finally, 

by using other assist devices in the control group, events in the control group might have 

been prevented. When assuming all patients receiving any assist device in the control 

group would otherwise have died, this study would have showed a benefit for IABP 

therapy.

In conclusion, IABP therapy should not be used in every patient with cardiogenic shock 

or acute myocardial infarction presenting in the catheterization laboratory. However, 

there are certain easily recognizable clinical situations in which intra-aortic balloon pump 

counterpulsation is expected to be beneficial on the basis of pathophysiological 

considerations, animal studies, and substudies of large randomized trials. Therefore, we 

should be careful not to abandon such a potentially life-saving treatment regardless. 

Future studies, adequately recognizing the importance of coronary autoregulation, will 

show in a randomized way whether IABP is beneficial or not.

Future perspectives

In the future, the importance of understanding and applying (coronary) physiology will 

only grow, both in the treatment of coronary artery disease and acute myocardial 

infarction. 

While the shift from anatomical to functional revascularization in coronary artery disease 

in the catheterization laboratory is corroborated by a constantly growing scientific basis, 

the next step will be to implement coronary physiology in the treatment of 3-vessel 

disease as well. Currently, the recommended treatment for patients with angiographic 

3-vessel disease is coronary artery bypass grafting (CABG). This recommendation is 

largely based upon the outcome of the SYNTAX trial, showing a significant benefit of 

CABG over PCI in 1800 randomized patients in major adverse cardiac and cerebrovascular 

events.22 When looking at the FAME study results, in patients treated with FFR-guidance 

the event rate was similar to the event rate in the CABG group of the SYNTAX trial. 

Moreover, the SYNTAX trial was performed using paclitaxel-eluting stents, which have 

now been proven inferior to newer second-generation drug-eluting stents.23,24 Based 

on these observations, we hypothesize that by using FFR-guided percutaneous coronary 

revascularization with second generation drug-eluting stents, outcome in patients with 

angiographic 3-vessel disease might be non-inferior to CABG. This hypothesis is the 

purpose of the FAME 3 study, currently randomizing 1500 patients with angiographic 

3-vessel disease to undergo either FFR-guided percutaneous coronary intervention or 

CABG.25
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With the new insights regarding adequate use of intra-aortic balloon pump 

counterpulsation in acute myocardial infarction discovered in this thesis, the importance 

of adequate knowledge and recognition of the status of the coronary autoregulation is 

underlined. Taking into account this knowledge in the inclusion criteria in randomized 

trials investigating the usefulness of intra-aortic balloon pump counterpulsation is of 

critical importance. With the knowledge presented in this thesis, the randomized 

controlled SEMPER FI trial (“Survival improvement in Extensive Myocardial infarction with 

PERsistent ischemia Following Intra-aortic ballon pump insertion”) is currently ongoing. 

In this trial the effect of intra-aortic balloon pump counterpulsation is investigated in 

patients who present in the catheterization laboratory with a large acute myocardial 

infarction, defined as summed ST deviation ≥ 15mm before percutaneous coronary 

intervention, complicated by persistent ischemia, defined as ST resolution < 50%, after 

(successful) epicardial reperfusion. The SEMPER FI trial aims to include 100 patients. The 

primary end point is defined as the combination of all-cause mortality, necessity of 

implantation of a left ventricular assist device, or admission with heart failure within 6 

months. In this clinical setting of persistent ischemia after PCI, benefit of IABP may be 

expected on a pathophysiological basis, i.e. increase of coronary blood flow and thereby 

reduction of ischemia, not counteracted by coronary autoregulation. 
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Summary

Physiology-based treatment in stable angina and acute myocardial 
infarction

The central theme of this thesis is applying coronary physiology in an attempt to deliver 

optimal therapy to individual patients. With adequate understanding of pathophysiology 

of the coronary circulation, cardiologists are able to optimize the treatment of stable 

coronary artery disease – medical treatment or revascularization – and to discriminate 

between patients who will benefit from intra-aortic balloon pump support and who will 

not in the setting of acute myocardial infarction. 

Chapter 1 is a general introduction, underlining the importance of coronary physiology 

and pathophysiology in selecting adequate treatment for patients presenting with stable 

coronary artery disease, acute myocardial infarction, and cardiogenic shock. The first 

part of this thesis focuses on the optimal treatment of stable coronary artery disease. As 

thoroughly discussed in chapter 2, the presence and extent of inducible myocardial 

ischemia is a major determinant of the possible benefit of percutaneous coronary 

intervention (PCI). While it is safe to treat non-ischemic stenoses medically and to defer 

mechanical revascularization, in ischemic stenoses PCI improves symptoms as well as 

outcome. Fractional flow reserve (FFR) is a pressure-derived index assessing the potential 

of any given stenosis to induce myocardial ischemia, which can be measured ad hoc in 

the catheterization laboratory. Application of FFR guidance during PCI improves outcome 

and reduces costs compared to angiographic guidance and should be considered 

standard of care in most patients.

One of the potential barriers of usage of FFR is the need for a central venous sheath for 

infusion of adenosine. Therefore, in chapter 3 the first randomized trial with a new 

hyperemic stimulus called regadenoson is reported. Regadenoson, administered as a 

non-weight based, peripherally injected bolus, showed excellent comparability with FFR 

measured by continuous central venous adenosine infusion. The only drawback is the 

fluctuation in duration of hyperemia. Therefore, regadenoson is a valuable alternative to 

adenosine in patients with focal one- or two-vessel disease, especially in the current era 

of radial coronary angiography, abolishing the need for a central venous sheath in a 

considerable number of patients. Chapter 4 reviews and further elaborates on the new 

developments regarding hyperemic stimuli such as regadenoson, and assesses other 

ways to simplify physiologic intracoronary measurements. 

The first randomized trial investigating the benefit of FFR-guided PCI over angiography-

guided PCI was the FAME trial. In chapter 5, the five-year results of the FAME trial are 

reported. The results show a persisting benefit in the FFR-guided group, although not 

reaching statistical significance anymore due to the fact that the study was only powered 

for one-year follow-up and the decreasing number of patients at risk. However, and very 

importantly, there was absolutely no sign of a late catch-up of events in the FFR-guided 

group and the absolute and relative reduction in major adverse cardiac events observed 

after 1 and 2 years persisted over time. 
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This trial, together with the 15-year follow-up of the DEFER trial, proves the long-term 

benefit of FFR-guided therapy and negate any concerns about long-term safety of leaving 

non-significant lesions “unstented”. Recent developments regarding FFR are combined 

and evaluated in chapter 6. 

The second part of this thesis focuses on the intra-aortic balloon pump (IABP) as 

mechanical assist device during acute myocardial infarction. Retrospective studies and 

animal experiments show benefits of IABP therapy, while recent large randomized trials 

do not corroborate these results. This part of the thesis explores this dichotomy between 

trial and practice, and synthesizes opposing findings. The key point is that this part of 

the thesis defines those patients who benefit from IABP. In chapter 7, the use of IABP in 

a large tertiary heart center in The Netherlands is evaluated retrospectively. For the first 

time, the importance of the status of the coronary autoregulation is described in relation 

to the action of IABP. With intact coronary autoregulation, all effects of intra-aortic 

balloon pump counterpulsation on coronary perfusion pressure are immediately 

counteracted by autoregulatory vasoconstriction. Thus, only with exhausted coronary 

autoregulation any effect on coronary blood flow can be expected with IABP. This analysis 

showed a better survival of patients receiving IABP in myocardial infarction with persisting 

ischemia than in patients with cardiogenic shock without ischemia. The insights and new 

hypotheses gained from this retrospective analysis are tested in the animal study 

presented in chapter 8, proving the importance of myocardial ischemia and exhausted 

autoregulation as a prerequisite for effective use of IABP in the isolated beating pig heart. 

While there are minor effects on hemodynamics of IABP in non-ischemic situations, 

these effects are augmented tremendously in the case of persisting myocardial ischemia 

with exhausted autoregulation.

To further corroborate the pathophysiologic considerations and experimental findings 

in the isolated beating pig heart, a substudy of a large randomized trial in patients 

presenting with acute myocardial infarction and treated with or without IABP is presented 

in chapter 9, focusing on the clinical situation in which IABP therapy would be most 

effective, i.e. persistent ischemia after percutaneous coronary intervention in large 

myocardial infarction. Indeed, in these patients a significant reduction of mortality was 

observed.

All these findings are summarized in chapter 10, defining the physiological prerequisites 

for effective IABP therapy, i.e. the trinity of exhausted autoregulation, viable myocardium, 

and persistent myocardial ischemia. In addition, the chapter reflects critically on the 

recent large randomized trials, solving some of the controversies surrounding IABP 

therapy. Apart from a large and asymmetrical cross-over in these open studies, the factor 

coronary autoregulation was insufficiently recognized, explaining the disappointing 

results with regard to primary end points in those trials. 

Chapter 11 presents a general discussion on the findings of the research described in 

this thesis, and provides future directions for ongoing research in the field of applied 

coronary physiology to optimize individual patient care.
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Coronaire fysiologie bij de behandeling van stabiele angina pectoris 
en het acuut myocardinfarct

De focus van dit proefschrift ligt in het toepassen van coronaire fysiologie om de beste 

behandeling te selecteren voor individuele patiënten. Door het beter begrijpen van de 

pathofysiologie van de coronaire circulatie zijn cardiologen in staat de behandeling van 

(stabiel) coronarialijden te optimaliseren – door medicamenteuze therapie of door 

revascularisatie. Bovendien kan het begrijpen van de coronaire circulatie bijdragen aan 

het beter selecteren van patiënten met een acuut myocardinfarct die voordeel hebben 

van mechanische ondersteuning middels een intra-aortale ballonpomp.

Hoofdstuk 1 is een algemene introductie, waarin de basis van de coronaire fysiologie en 

pathofysiologie wordt behandeld. Dit is van belang voor de keuze van de juiste 

behandelmethode voor patiënten met stabiel coronarialijden, een acuut myocardinfarct, 

of cardiogene shock.

Het eerste gedeelte van dit proefschrift richt zich specifiek op de optimale behandeling 

van stabiel coronarialijden. In hoofdstuk 2 wordt het belang van de aanwezigheid van 

myocardischemie bij de keuze voor percutane coronaire interventie (PCI) beschreven. 

Als er geen myocardischemie induceerbaar is, is het veilig een vernauwing in een 

kransslagader medicamenteus te behandelen. Is er echter wél sprake van 

myocardischemie, dan vermindert PCI de klachten en verbetert de overleving. Fractionele 

flow reserve (FFR) is een druk-gerelateerde index die induceerbare myocardischemie 

aantoont. Deze index kan ad hoc in de catheterisatiekamer gemeten worden. FFR-geleide 

PCI leidt tot betere uitkomsten en is bovendien kostenbesparend in vergelijking met 

klassieke angiografisch-geleide PCI. FFR-geleide PCI zou dus de standaardbehandeling 

moeten zijn in de doorsnee patiënt.

Om FFR te meten is het noodzakelijk om de doorbloeding van de hartspier te 

maximaliseren. Dit heet maximale hyperemie en het meest gebruikte medicament om 

dit te bereiken is adenosine. Een van de potentiële obstakels voor de toepassing van FFR 

is de noodzaak tot het verkrijgen van centraal veneuze toegang voor de infusie van 

adenosine. In dit kader wordt in hoofdstuk 3 de eerste gerandomiseerde studie beschreven 

naar een nieuwe hyperemische stimulus, namelijk regadenoson. Regadenoson wordt 

toegediend als een bolusinjectie in een perifere vene en de dosering is niet afhankelijk 

van het gewicht van de patiënt. De hyperemie geïnduceerd door regadenoson is gelijk 

aan die van adenosine, resulterend in een perfecte overeenkomst tussen FFR-metingen 

met de verschillende hyperemische stimuli. Het enige minpunt van deze nieuwe 

hyperemische stimulus is de fluctuatie in duur van stabiele maximale hyperemie. Dit maakt 

regadenoson een waardevol alternatief voor adenosine in patiënten met focaal één- of 

tweevatscoronarialijden, vooral in procedures via de arteria radialis, waar door het gebruik 

van regadenoson geen centraal veneuze toegang meer nodig is. Hoofdstuk 4 recapituleert 

de nieuwe ontwikkelingen rondom de verschillende hyperemische stimuli zoals 
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regadenoson en gaat dieper in op andere manieren om intracoronaire fysiologische 

parameters te interpreteren.

De eerste prospectieve gerandomiseerde studie naar het voordeel van FFR-geleide PCI 

in vergelijking met angiografisch-geleide PCI was de FAME studie. In hoofdstuk 5 worden 

de 5-jaars resultaten van de FAME studie gepresenteerd. Deze resultaten tonen een 

blijvend voordeel voor patiënten die behandeld zijn door middel van FFR-geleide PCI na 

5 jaar. Door de kleinere aantallen patiënten na 5 jaar, is dit verschil niet meer significant 

in de gehele populatie, maar het positieve effect zelf blijft onverminderd aanwezig. 

Bovendien is de absolute en relatieve reductie in ernstige cardiovasculaire problemen 

na vijf jaar nog even groot als na 1 jaar.

Deze 5-jaars data van de FAME studie tonen, samen met de 15-jaars follow-up van de 

DEFER studie, aan dat het voordeel van FFR-geleide PCI behouden blijft op de lange 

termijn en doet de zorgen over niet stenten van non-significante vernauwingen teniet. 

Deze en andere recente ontwikkelingen omtrent FFR worden behandeld in hoofdstuk 6.

De tweede helft van dit proefschrift beschrijft onderzoek naar de intra-aortale ballonpomp 

(IABP) als mechanische ondersteuning in patiënten met een acuut myocardinfarct. 

Retrospectieve studies en dierexperimenteel onderzoek tonen aan dat het gebruik van 

de IABP in deze situatie effectief is, terwijl grote gerandomiseerde studies deze effectiviteit 

niet onderschrijven. Dit proefschrift gaat dieper in op deze tweedeling tussen theorie en 

praktijk, en tracht deze op het eerste gezicht tegengestelde resultaten te verklaren. Het 

uiteindelijke doel is te definiëren welke patiënten baat zullen hebben bij ondersteuning 

middels IABP. Het gebruik van de IABP in het Catharina Ziekenhuis wordt retrospectief 

geanalyseerd in hoofdstuk 7. In dit hoofdstuk wordt het belang van de status van de 

coronaire autoregulatie voor de effectiviteit van de IABP voor het eerst als hypothese 

naar voren gebracht. Door een intacte coronaire autoregulatie worden alle IABP-

gemedieerde effecten op de coronaire doorbloeding onmiddellijk teniet gedaan ten 

gevolge van de reflectoire vasoconstrictie in het coronaire vaatbed. Alleen bij zogenaamde 

“uitgeputte” autoregulatie kan een effect van de IABP op de coronaire bloedstroom 

verwacht worden. De analyse verricht in dit hoofdstuk toont een betere overleving van 

patiënten met een acuut myocardinfarct met uitgeputte autoregulatie welke behandeld 

werden met IABP. In hoofdstuk 8 worden de inzichten en hypothesen verkregen uit deze 

retrospectieve analyse getest in dierexperimenteel onderzoek. Hierin wordt het belang 

van de status van coronaire autoregulatie als voorwaarde voor effectiviteit van IABP-

therapie bewezen in het geïsoleerde varkenshart. Terwijl er slechts minimale effecten 

meetbaar zijn van IABP-therapie in situaties met intacte autoregulatie, zijn deze effecten 

vele malen groter in situaties waarin de coronaire autoregulatie uitgeput is.

Om deze pathofysiologische theorie en dierexperimentele resultaten verder te 

onderbouwen, wordt in hoofdstuk 9 een substudie van een grote gerandomiseerde 

studie naar effecten van IABP bij het acuut myocardinfarct gepresenteerd. Hierin wordt 

specifiek gekeken naar de klinische situatie waarin de IABP het meest effectief zal zijn, 

namelijk bij persisterende myocardischemie na succesvolle PCI bij een groot 
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myocardinfarct. In deze patiëntenpopulatie wordt inderdaad een betere overleving 

gevonden in de patiënten behandeld met IABP.

Al deze bovenstaande resultaten worden samengevat in hoofdstuk 10, waarin de 

voorwaarden worden beschreven voor effectieve IABP-therapie, namelijk de drie-eenheid 

van “uitgeputte” autoregulatie, levensvatbaar myocard, en persisterend zuurstofgebrek 

van de hartspier. Bovendien wordt in dit hoofdstuk een beschouwing gegeven over de 

recente grote gerandomiseerde studies naar effecten van IABP, en opheldering verstrekt 

omtrent sommige ogenschijnlijke tegenstrijdigheden in de literatuur over IABP-therapie. 

De belangrijkste redenen dat de recente gerandomiseerde studies geen effect van IABP-

therapie hebben laten zien, is het feit dat er in deze niet-geblindeerde studies sprake 

was van uitgebreide asymmetrische cross-over, en dat het belang van coronaire 

autoregulatie onvoldoende werd onderkend.

Hoofdstuk 11 is een algemene discussie met toekomstperspectieven over verder 

onderzoek op het gebied van de coronaire fysiologie met als doel het optimaliseren en 

individualiseren van behandelmethoden voor patiënten met hartziekte.
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Naast de commissieleden zijn collega’s en vrienden werkelijk van onmisbare waarde 

geweest. Ook zij verdienen veel meer dan de volgende woorden.

Frederik Zimmermann, maatje! Het is vreemd om ineens niet meer deel uit te maken van 
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congressen en vooral ook goed dineren en feesten. Naast werk, congressen en reizen, 

heb ik ook persoonlijk altijd alles met je kunnen delen. Bedankt!
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