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General introduction and outline of the thesis

1
INTRODUCTION

Cardiovascular disease and especially ischemic heart disease (IHD) is the leading global cause 
of mortality and morbidity in the modern world, showing a rising trend over the past years (1). 
IHD is caused by epicardial narrowing of the coronary arteries, typically referred to as coronary 
artery disease (CAD), but is also affected by the extent of microvascular disease (MVD). More-
over, IHD could be a consequence of alterations in cardiac morphology and thereby a changed 
metabolism without sufficient compensation by the coronary microcirculation. The anatomy of 
the coronary circulation begins at the proximal large epicardial conduit arteries followed by the 
pre-arterioles. The distal compartment entails the arterioles and the connecting capillary bed: the 
coronary microcirculation. CAD gradually progresses over the years and an adequate assessment 
of the location and severity of cardiovascular disease is essential to warrant optimal treatment. 
Conventionally, the functional diagnosis by intracoronary physiology and treatment of IHD has 
largely focused on the evaluation of obstructive epicardial CAD. This is partly because current 
imaging techniques cannot provide an adequate visualization of the small vessels of the coronary 
microcirculation, and the techniques to evaluate its functionality are relatively unknown and rarely 
used in clinical practice. In recent years it has become apparent that MVD plays a crucial role in 
the development and prognosis of IHD, in both stable CAD patients (2) and in patients presenting 
with ST-elevation myocardial infarction (STEMI) (3), but is still often not recognized. Moreover, 
the interaction between the epicardial and microvascular domain could influence the outcome of 
several diagnostic tools to detect IHD.

In this thesis entitled “Intracoronary Physiology in Ischemic Heart Disease: From functional 
diagnosis to specific treatment strategy’’, we aimed to investigate the relation between epicardial 
and microvascular disease in both chronic and acute coronary syndrome by using intracoronary 
physiology measurements. The primary focus of the thesis is the impact of microvascular dysfunc-
tion on the physiological evaluation of obstructive CAD. A second major focus of this thesis is on 
strategies to reduce microvascular dysfunction and functional outcome.

Intracoronary physiology to evaluate epicardial coronary artery disease
In patients with chronic coronary syndrome, current guidelines recommend the use of intra-
coronary pressure based indices of stenosis severity with a class IA recommendation to function-
ally detect ischemic CAD (4). Both traditional hyperemic intracoronary pressure indices such as 
fractional flow reserve (FFR) and newer indices such as the instantaneous wave free ratio (iFR) 
measured under resting conditions, are used to assess the hemodynamic relevance of an epicardial 
stenosis. These indices are extensively tested in chronic coronary syndrome, but how they behave 
in the acute setting of STEMI is relatively unknown. Besides invasive pressure derived indices, 
measurements of intracoronary Doppler flow also provides information on the status of both 
the epicardial and microvascular domain. However, most diagnostic intracoronary indices focus 
on only one of the two domains, while separate information on both seems to be of additional 
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clinical and prognostic value (2) and has therefore gained increasing interest. The most recognized 
physiology index to evaluate the status of the microcirculation is the coronary flow reserve (CFR), 
but this index has some pitfalls. CFR was initially designed to investigate stenosis severity, but it 
evaluates the significance of a stenosis by the hyperemic response of the coronary microcirculation 
and, as a result, cannot distinct between epicardial and microvascular disease. Hence, in the cur-
rent thesis we aimed to develop an alternative approach to assess both domains separately using 
combined intracoronary pressure and Doppler flow measurements with the same units for the 
epicardial and microvascular domain. We established a comprehensive novel method to assess the 
entire coronary circulation using vascular conductance to measure the extent of cardiovascular 
disease. The advantage of this new technique is that as a consequence of the separate assessment of 
both domains, MVD does not influence the invasive evaluation of obstructive coronary lesions. In 
addition, a separate evaluation of the condition of the coronary microvasculature is possible, which 
is an important parameter for prognosis in chronic coronary syndrome.

Evaluation of nonculprit lesion severity in patients with acute coronary 
syndrome and multivessel disease
In the acute setting of STEMI, immediate revascularization of the occluded infarct-related coronary 
vessel simultaneous with antithrombotic therapy is warranted. But in half of these patients there 
are additional coronary lesions in the non-infarct related or nonculprit vessels. Results of several 
randomized controlled trials suggest that complete revascularization of these vessels is beneficial 
(5-9). But how and when do we evaluate nonculprit stenosis severity in the acute setting of STEMI? 
It is uncertain to what extent intracoronary physiology measurements are reliable in the acute set-
ting as a diagnostic tool to assess the severity of epicardial nonculprit lesions. It has been advocated 
that coronary flow in nonculprit vessels in the acute setting of STEMI is hampered (10) and this 
effect may prolong for a certain time after STEMI. As a direct consequence of changes in nonculprit 
coronary flow, the functional evaluation of nonculprit lesion severity by intracoronary pressure 
derived indices such as FFR and iFR could be affected. This might lead to over- or underestima-
tion of coronary lesions resulting in unnecessary coronary interventions or, on the other hand, 
untreated hemodynamically relevant coronary lesions. In this thesis, we explored the reliability of 
these indices and indices of microcirculatory resistance in nonculprit vessels in STEMI during the 
index procedure and in a more stable setting at one month follow-up. In a comprehensive study 
including CMR-derived measurements of microvascular injury and infarct size, we tried to link 
physiology parameters to the extent of myocardial and predominantly microvascular damage. Al-
ternatively, there are several non-invasive modalities that can be used to evaluate nonculprit lesions. 
Cardiac magnetic imaging (CMR) emerged as a robust alternative to intracoronary hemodynamic 
physiology measurements to functionally evaluate lesion severity in stable CAD (11). How CMR 
performs as diagnostic tool to predict the hemodynamic relevant nonculprit stenoses in STEMI 
patients with multivessel disease was still unknown. We therefore explored the agreement between 
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CMR myocardial perfusion and intracoronary hemodynamic measurements such as FFR and iFR 
to detect ischemic nonculprit lesions in patients presenting with STEMI and multivessel disease.

Evaluation of the coronary microcirculation and reducing microvascular 
dysfunction
The coronary microcirculation is often referred to as all coronary vessels contributing to myocar-
dial perfusion with a diameter <300 μm. In contrast to epicardial vessels, the coronary microvessels 
penetrate the myocardium fulfilling their most important task, the exchange of nutrients and 
oxygen. In patients with chronic coronary syndrome, microvascular autoregulation is an important 
heterogenous mechanism to ensure blood flow even in severe epicardial lesions. The condition 
of the coronary microcirculation is especially important in patients presenting with STEMI. In 
about half of these patients, microvascular injury develops regardless of successful revasculariza-
tion which subsequently may impede coronary flow in the infarct-related or culprit vessel (10,12). 
Microvascular injury is associated with a poor clinical outcome and the recovery of the coronary 
microcirculation after STEMI is a strong determinant of functional outcome (13).

It has been proposed that ticagrelor as opposed to prasugrel (both P2Y12 inhibitors are recom-
mended as maintenance therapy up to 1 year after STEMI) has specific off target properties that 
could reduce the extent of microvascular injury. The predominant mechanism in which ticagrelor 
could contribute to a reduction in microvascular damage, is the potential of ticagrelor to enhance 
extracellular levels of adenosine. Adenosine in turn could augment coronary blood flow and im-
prove coronary, but also peripheral microvascular function (14). In this thesis, we the xamined the 
potential benefit of ticagrelor in the REDUCE-MVI trial, by randomizing STEMI patients to either 
ticagrelor or prasugrel maintenance therapy. Subsequently, we measured microvascular function 
by intracoronary measurements of microcirculatory resistance (IMR) at 1 month to determine 
the possible effects of ticagrelor. CMR performed close to the index event is an adequate tool to 
visualize microvascular injury and CMR in a more stable setting is an important tool to assess final 
infarct size and cardiac function in STEMI patients. Therefore, we included CMR imaging in the 
acute phase and at 1 month. Clinical follow-up was completed up to 1.5 years to determine clinical 
patient outcome and, in addition, we investigated between group differences in serial measure-
ments of platelet-inhibition and peripheral endothelial function. There is a known relation between 
coronary and peripheral endothelial function in patients with chronic coronary syndrome (15). It 
has been suggested that endothelial dysfunction could either be a cause or consequence of CAD. 
Hence, we tried to link peripheral endothelial function to myocardial damage and microvascular 
injury from the initial presentation up to a more stable setting. We hypothesized that in the acute 
setting of STEMI a systemic inflammatory response causes peripheral endothelial dysfunction. 
Also, we studied whether peripheral endothelial dysfunction in a more stable setting is related to 
traditional risk factors and the occurrence of adverse events.



Chapter 1

18

Clinical outcome and specific treatment strategies in ischemic heart disease: 
a tailored approach
Over the past decades, short- and long-term clinical outcome of patients with IHD has markedly 
improved (16) due to e.g. rapid developments in the optimal treatment of these patients. In patients 
with chronic total coronary occlusions (CTO’s) coronary collateral vessels can provide blood flow 
from a non-obstructed native coronary artery to the distal part of the diseased vessel, which is 
referred to as arteriogenesis (17). Hence, stimulation of arteriogenesis seems to be a potential 
imperative therapeutic target to prevent myocardial ischemia in patients with IHD and poor col-
lateral formation. We investigated which clinical parameters were associated with well-developed 
collaterals in a large cohort of patients with CTOs. These specific features could be relevant to 
improve clinical outcome in future CTO patients. The most life-threatening condition in IHD 
patients is acute coronary syndrome, which has an unfavourable clinical outcome if left untreated. 
In patients presenting with STEMI, the acknowledged strategy is immediate revascularization of 
the infarct-related artery together with antithrombotic medication (4). In patients with transient 
ST-elevations and normalization of symptoms, so called “transient patients’’, the optimal treatment 
and especially the timing of revascularization is less well recognized. One could argue a delayed 
invasive (non-STEMI like) strategy in these patients based on the assumption that coronary blood 
flow is restored, or one could argue an immediate invasive (STEMI-like) strategy. Delaying the 
strategy generates time to adequately treat these patients with anticoagulants and platelet inhibi-
tors to prevent no-reflow. In contrast, the latter strategy could limit myocardial infarct size in the 
circumstance of ongoing infarction or it could preclude a myocardial reinfarction. In this thesis, 
the TRANSIENT trial addresses the question about the optimal timing of revascularization in 
patients with transient STEMI by randomizing them to one of the above mentioned strategies. 
The authors hypothesized that a delayed invasive strategy would have a favourable impact on the 
primary endpoint of CMR-derived infarct size at 4 days, but also on the short-term clinical out-
come. In addition, more subtle CMR derived changes, such as reperfusion induced microvascular 
injury are compared between both groups. Furthermore, it has been demonstrated that long-term 
examination of final infarct size and cardiac function is a key determinant of prognosis in patients 
with myocardial infarction (18). Hence, we also assessed final infarct size and performed clinical 
follow-up up to one year to examine if these transient patients have a more benign clinical course 
compared to STEMI patients.

A tailored diagnostic approach and treatment strategy in specific groups of patients with IHD 
seems to be the optimal approach in the prospect field of interventional cardiology. The primary 
purpose of this thesis was to contribute to this personalized therapeutic approach by investigating 
the optimal methods to diagnose epicardial and microvascular disease, and to examine how to 
optimally treat these specific groups of IHD patients.
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OUTLINE OF THE THESIS

The aim of this thesis was to explore intracoronary physiology measurements assessing micro-
vascular, epicardial and collateral function in patients with chronic (Part I) and especially acute 
coronary syndrome. The authors specifically focused on the influence of microvascular changes in 
acute coronary syndrome on the functional diagnosis of epicardial CAD (Part II). In the last part, 
we evaluated the functional status of the coronary microcirculation in patients with acute coronary 
syndrome (Part III). Reducing coronary or peripheral microvascular injury was the central topic 
in this final part of the thesis. Throughout the thesis we discussed the optimal treatment strategies 
and clinical implications in specific groups of IHD patients.

PART I - Functional assessment of the coronary arteries, microcirculation and 
collaterals in chronic coronary syndrome
In the first part of the thesis we explored the potential of several comprehensive intracoronary 
physiology measurements evaluating microvascular, epicardial and collateral function in patients 
with stable CAD. Chapter 2 is a comprehensive review of the anatomy, functional and regulatory 
mechanisms of the coronary microcirculation under both physiological and pathological circum-
stances. Furthermore, the clinical and prognostic implications of MVD are discussed. In Chapter 3 
we provide an overview of pressure and flow derived hemodynamic indices to assess epicardial 
function and stenosis severity and concentrate on the discordance between functional indices of 
obstructive CAD and MVD in chronic coronary syndrome. In Chapter 4, the main objective was to 
develop a novel method to separately assess the functional severity of epicardial and microvascular 
IHD in a large cohort of patients with stable CAD. To obtain a comprehensive assessment of the 
entire coronary circulation, a promising new technique was developed using both intracoronary 
pressure and flow measurements to separately evaluate the epicardial and microvascular domains. 
In Chapter 5 in a large cohort of patients with chronic total occlusion, the functionality of the 
arteriogenic response was studied and linked to clinical parameters and traditional risk factors 
associated with the development of collateral vessels.

PART II - Functional assessment of nonculprit lesions in acute coronary 
syndrome
The second part of the thesis focuses on the functional diagnosis of epicardial stenosis severity 
in the presence of a diseased microvasculature using intracoronary physiology in patients with 
STEMI. Chapter 6 provides an overview of the current available methods to assess the functional 
severity of nonculprit coronary lesions in patients presenting with STEMI. This state-of-the-art 
review comprises an updated approach to perform revascularization in STEMI patients with mul-
tivessel disease and focusses on the potential benefit of complete revascularization, the methods 
to establish stenosis severity, and the optimal timing of revascularization of nonculprit lesions. In 
Chapter 7, the changes in intracoronary hemodynamic hyperemic (FFR) and resting (iFR) indices 
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of stenosis severity in nonculprit lesions of patients presenting with STEMI are compared with the 
same measurements in a stable setting. Measurements of microcirculatory resistance and CMR-
derived infarct size are linked to these physiologic parameters. Chapter 8 reports on the agreement 
between invasive nonculprit FFR measurements and the assessment of nonculprit lesion severity by 
CMR myocardial perfusion images in STEMI patients with multivessel disease. Visual assessment 
of these myocardial perfusion images was compared with a semi- and fully quantitative method to 
analyze nonculprit lesion severity.

PART III - Treatment strategies optimizing functional outcome in acute 
coronary syndrome
In the last part of this thesis we focused on the evaluation of the coronary microvasculature in 
the context of acute STEMI and concentrate on potential targets to reduce coronary or peripheral 
microvascular dysfunction in patients with successfully revascularized STEMI. This part summa-
rizes the results of two important trials exploring microvascular function, the optimal treatment 
strategy and the clinical course of two specific patient groups with acute coronary syndrome (the 
REDUCE-MVI trial and the TRANSIENT trial). Chapter 9 comprises the trial design of the 
multicentre, randomized, REDUCE-MVI trial, exploring the potential benefit of ticagrelor over 
prasugrel maintenance therapy in reducing microvascular injury by enhancement of adenosine 
plasma levels in patients presenting with STEMI. To do so, intracoronary functional hemodynamic 
measurements of microvascular injury were performed in the acute setting and at one month 
follow-up. Chapter 10 reports the results of the REDUCE-MVI trial including 110 randomized 
STEMI patients. The hypothesis was that ticagrelor maintenance therapy significantly decreased 
microvascular function in the culprit vessel at 1 month. A key safety outcome was the between 
group difference in bleeding and an important secondary endpoint was infarct size. Chapter 11 
concerns the predefined long term follow-up results of the REDUCE-MVI trial including serial 
measurements of platelet inhibition and peripheral microvascular function in patients random-
ized to ticagrelor versus prasugrel maintenance therapy. In Chapter 12, the relationship between 
peripheral and coronary microvascular function in STEMI patients was assessed by angiographic-, 
intracoronary hemodynamic-, and CMR-derived measurements of microvascular injury. Peripheral 
endothelial function emerged as a promising marker for atherosclerotic risk, clinical outcome and 
predicts the vulnerable STEMI patient. Chapter 13 reports the results of the randomized controlled 
TRANSIENT trial with the hypothesis that in patients presenting with a transient STEMI without 
persistent symptoms of chest pain, a delayed compared to an immediate invasive strategy with 
subsequent revascularization might reduce infarct size and microvascular injury assessed by CMR. 
These “transient’’ patients demonstrate a similar good outcome with a small infarct size and limited 
microvascular injury. In Chapter 14 the one year clinical outcome data of the TRANSIENT trial 
in patients randomized to a delayed versus immediate invasive strategy are shown. These results 
complement the outcomes of the main study demonstrating a further benign clinical course up to 
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one year with overall a limited final infarct size at four months. These findings are important for the 
long-term functionality and clinical prognosis of “transient’’ patients.

PART IV – Summaries and future perspectives
Finally, Part IV provides an English and Dutch summary and future perspectives of this thesis.
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INTRODUCTION

Although microcirculatory dysfunction is linked to multiple cardiac and non-cardiac conditions, 
a conclusive diagnosis of microcirculatory dysfunction is rarely made in everyday clinical practice. 
As discussed below, assessment of the microcirculation may contribute to understanding the role of 
small vessel disease in the manifestations of chronic conditions, the direct impact of acute cardiac 
events on the micro- vasculature (1), or even to detect early anomalies in the coronary circulation 
occurring before the development of pathological changes in the large epicardial vessels (2).

Like the epicardial vascular compartment of the coronary circulation, the microcirculation can 
also be affected in different cardiac conditions. However, while the former can easily be explored 
with invasive and noninvasive angiography techniques, current imaging techniques cannot provide 
adequate visualization of the microvessels, and the techniques used to explore its functionality 
are relatively unknown and seldom applied in clinical practice. Furthermore, the mechanisms of 
microcirculatory dysfunction are multiple, including dysregulation, structural vessel remodeling, 
microvascular plugging, and extravascular compression. Due to this, a single diagnostic technique 
cannot explore all the mechanisms that may cause coronary microvascular dysfunction (CMVD).

In this chapter, we will describe the orchestrated mechanisms of the coronary microcirculation 
under physiological circumstances and review the different pathologies of the coronary microcir-
culation. Furthermore, we will discuss the clinical and prognostic implications of CMVD.

Functional anatomy of the coronary microcirculation
The anatomy and physiology of the coronary microcirculation are strongly linked to specific 
functional characteristics of the myocardium and its requirements of blood supply. The constantly 
beating heart needs a significant amount of oxygen and nutrients (3), as shown by the high oxygen 
extraction of the myocardium (approximately 75 %, while in skeletal muscle only 20–30 %). Due 
to this, myocardial “resting” flow and capillary density are significantly higher in the coronary 
circulation compared to the circulation in skeletal muscles (4). Paradoxically, extravascular com-
pression of the collapsible elements of the microcirculation caused by myocardial contraction, 
predominantly of the left ventricle (LV), leads to a periodic decrease in blood supply during part of 
the systolic cardiac cycle. In addition, there is an intramural redistribution of myocardial flow over 
the cardiac cycle, driven by shifting transmural pressure gradients (5).

Broadly, the coronary microcirculation can be described as all vascular elements with a diameter 
<300 μm (6) that contribute to myocardial perfusion (7) and originate from larger epicardial con-
duit vessels. This includes the pre-arterioles (<300 μm), the arterioles (<200 μm), the capillaries, 
and the venules (8). These vascular elements exhibit significant variances in their physiological 
behavior and pharmacological responses (9). The microcirculatory network extends in the arterial 
wall both longitudinally and transmurally. The connection between the epicardial and transmural 
vascular network is made through small branches that penetrate the myocardium perpendicularly 
giving origin to short vessels with treelike structure (type I vessels) or long vessels running directly 
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to the subendocardium (type II vessels) (Figure 2.1). It is unclear whether the vascular network 
originating from these transmural arteries is continuous and interconnected, with more than one 
artery supplying the same network (10), or whether separate myocardial perfusion territories are 
outlined by the presence of capillary end loops (11). Three-dimensional reconstruction of the 
transmural vasculature in the canine heart confirms the presence of a complex network, with a 
larger vascular volume density for subendocardial than for epicardial territories (12). As a result 
of the transmural pressure gradient, subendocardial vessels are more susceptible to extravascular 
compression. However, this is compensated by a lower subendocardial vascular resistance, caused 
by an increased vessel density that facilitates its blood supply (13). Also with the variations in 
resistance among the different transmural vessels, there are also transmural variations in myogenic 
response and autoregulation, which will be discussed in the next section.

Arterioles
Arterioles contain several layers of vascular smooth muscle cells (VSMC), which are responsible 
for vasoconstriction and vasodilatation. Arterioles are preceded by small extra-myocardial vessels 
(occasionally called pre-arterioles) that account for 25 % of the coronary vascular resistance during 
hyperemia (14). Arterioles are responsible for 55 % of the total coronary resistance. Among these 
arterioles, there are different types according to their size and mechanisms (Figure 2.2).

The largest arterioles (100–200 μm) are most sensitive to flow-related stimuli (endothelial 
cell-mediated vasodilatation) (15). The intermediate arterioles (40–100 μm) are most sensitive 
to intravascular pressure changes detected by VSMC stretch receptors. The so-called myogenic 
response, a key element of coronary autoregulation, consists of fast variations in arteriolar tone 
resulting from shifting intravascular pressure (16). In these intermediate arterioles, there are 
also endothelial dependent mechanisms (17). The small arterioles (<40 μm) are most sensitive to 
metabolic activity (18). An increase in metabolic activity causes vasodilatation, and the subsequent 
increase in flow leads to upstream vasodilatation of larger arterioles via an endothelium-dependent 
mechanism (19). These processes demonstrate the close interaction between different elements of 
the microcirculation.

Epicardial artery

Type I Arteries

Type II Arteries

Subepicardium

Subendocardium

Ventricular cavity

Pericardial space

Figure 2.1. Transmural vascularization of the myocardium.
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Capillaries
Capillaries are the most abundant conduits in the heart, and their density is highest in the myocar-
dium (about 2000–4000/mm2), accounting for 90 % of the intramyocardial blood volume (20,21). 
As the capillaries are responsible for the exchange of oxygen, nutrients, and metabolites, its struc-
ture differs significantly from that of arterioles, consisting only of an endothelial layer over a basal 
lamina. The capillaries lie parallel to the cardiac muscle fibers, forming a network with inter-arterial 
connections following a Y-, T-, H-shape (due to intercapillary anastomoses) and hairpins (22). 
Capillaries are collapsible structures and thus susceptible to extravascular compression by either 
intramyocardial or intraventricular pressures.

Venules
Like the capillaries, postcapillary venules are small vascular structures (8–30 μm), made up of 
VSMC, with a structure consisting of endothelial cells and pericytes, and collapsible in nature (8). 
Venules drain into collecting venules (30–50 μm) that ultimately merge in larger cardiac veins.

Orchestrated regulatory mechanisms of the coronary microcirculation
While the coronary circulation is often seen as a stiff and static vascular network, in reality it is an 
extremely dynamic system in which numerous physiologic mechanisms are involved (Figure 2.2). 
These mechanisms are heterogeneously distributed in the different subdomains of the coronary 
microcirculation (large and small arterioles, capillaries) (23,24) and are triggered by specific stimuli 

Figure 2.2. Different physiologic mechanisms involved in microcirculatory autoregulation.
ATII: angiotensin II, CO2: carbon dioxide, EDHF: endothelial derived relaxation factor, ET-1: endothelin-1, 
K+ATP-channels: kalium-adenosine triphosphate channels, NO: nitric oxygen, PCL: phospholipase C, PKC: 
protein kinase C, ROS: reactive oxygen species, SMC: smooth muscle cell.
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(pressure, metabolites, flow, etc.) to ensure coronary autoregulation. Furthermore, the individual 
vascular responses are orchestrated to ensure that blood flow supply matches myocardial oxygen 
demands at every time point. As shown later, some modalities of microcirculatory dysfunction 
consist in the loss of this orchestration of individual vascular responses.

Microvascular resistance
Most of the vascular resistance of the coronary system is located at the level of the microcirculation. 
The pivotal work of Chilian et al. demonstrated that, under rest conditions, 75 % of coronary resis-
tance is located in vessels with a diameter < 200 μm and 25 % of the coronary resistance is located 
in vessels < 100 μm (25). The remaining resistance is in vessels larger than 200 μm, making the 
microcirculation almost solely responsible for the coronary intravascular resistance. Due to high 
resistance in these vessels, pressure declines gradually together with vessel diameter and can even 
reach pressures as low as 20–30 mmHg (6). The mechanisms that alter microvascular resistance are 
described below.

Myogenic response
Regulation of intravascular pressure at the level of the microcirculation is of key importance both 
in preventing myocardial ischemia and tissue damage due to edema (14). The myogenic response, 
a key physiological mechanism addressing the control of intravascular pressure, is linked to the 
presence of stretching receptors located on the VSMC. These include voltage-dependent calcium 
channels (26,27) whose density is inversely correlated to arteriolar diameter (28) and G proteins 
attached to the stretch-sensitive phospholipase C (PCL) (29) which stimulate cation channels via 
protein kinase C (PKC). Activation of the K+ATP channel causes VSMC relaxation, predominantly in 
the smallest vessels (30). The K+ATP channel is activated by acidosis, ischemia, hypoxia, but also by, 
e.g., adenosine and prostacyclin (8). Of note, the myogenic response occurs more often in the sub-
epicardium compared to the ischemia-sensitive subendocardium (16), potentially as a mechanism 
to ensure transmural distribution of flow in shifting hemodynamic conditions.

Metabolic response
A decrease in coronary oxygen leads directly to coronary vasodilatation through different pathways 
that include metabolites such as carbon dioxide (CO2), reactive oxygen species (ROS) (31), and 
adenosine produced by degradation of adenine nucleotides (the latter envisaged by some investiga-
tors as a “back-up mechanism” when other vasodilatory mechanisms fail). The role of nitric oxygen 
(NO) in the metabolic response is uncertain. While it is true that NO levels increase with elevated 
metabolic activity (32), inhibition of NO did not influence vasodilatation in the microcirculation 
(33).
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Mechanisms regulated by the endothelium
The endothelium is responsible for the production of vasodilatory and vasoconstrictor substances 
during several physiological and pathological conditions. In healthy vessels, an increase in coro-
nary flow triggers endothelium-dependent vasodilatation (34), which occurs in the context of a 
release of vasoactive substances by endothelial cells including NO, endothelium-derived relaxing 
factor (EDHF), prostaglandins, antithrombin III, and tissue plasminogen activator (35). These are 
released due to shear stress detected by the endothelial cell surface receptors. Shear stress on the 
vessel wall leads to activation of various endothelial pathways dependent on the initial shear stress. 
Laminar shear stress tends to induce an anti-inflammatory response and turbulent shear stress an 
inflammatory response (36,37). Interestingly, in several animal studies, it was found that depend-
ing on age, gender, presence of disease, and the usage of medication, different substances (e.g., 
prostaglandins) were responsible for the shear stress-mediated vasodilatory effect (38,39).

Nitric oxide (NO) is produced by the endothelial NO synthase (eNOS) (40). The production and 
function of NO is influenced by numerous factors, including pulsatile flow, shear stress, thrombin, 
adenosine diphosphate, histamine, or bradykinin (41). The main effect of NO is VSMC relaxation, 
an effect mediated by a decrease in intracellular calcium (42). Also with the resulting vasodilatory 
effect, NO has several relevant physiological effects on the biology of the vascular wall, including 
an anti-inflammatory effect that protects the endothelium against adhesion and infiltration of leu-
kocytes (43), an inhibitory effect on the differentiation of monocytes to macrophages, which is an 
anti-atherosclerotic process (44). NO counteracts the actions of the vasoconstrictors endothelin-1 
(ET-1) and angiotensin II (45).

Endothelial-dependent hyperpolarizing factor (EDHF) is a vasodilator that acts independently 
of NO. EDHF causes hyperpolarization of VSMC in reaction to opening of calcium activated K+ 
channels (46) leading to vasodilatation. In the presence of atherosclerosis, EDHF might compensate 
for other vasodilators (e.g., NO, in case of impaired bioavailability) when they are unable to influ-
ence the vasomotor tone (47-49). Hyperpolarization of the endothelial can be affected by multiple 
other substances, e.g., anandamide, C-natriuretic peptide, potassium ions, epoxyeicosatrienoic acid 
(EET), NO, and H2O2. Furthermore, H2O2 stimulates smooth muscle proliferation, endothelial cell 
adhesion, molecule expression, and thrombosis, whereas NO, EDHF, and EET are antithrombotic, 
preventing VSMC and suppressing endothelial activation (2).

The vascular endothelium also regulates a number of vasoconstriction factors, including throm-
boxane A2, prostaglandin, angiotensin II, and ET-1. The most potent vasoconstrictor of those 
mentioned is ET-1, which is produced by the endothelium; potentiates the effect of other vasoactive 
substances such as angiotensin II, norepinephrine, and serotonin; and has other relevant biological 
effects such as stimulation of leukocyte adhesion and recruitment, prothrombotic processes, and 
VSMC migration (45,50).
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Adrenergic response
Adrenergic innervation of the different components of the microcirculation is very heteroge-
neous. The coronary vessels contain alpha-adrenergic receptors, which cause vasoconstriction 
and are invoked during exercise and counteracted by metabolic vasodilatation. Norepinephrine 
causes vasoconstriction in arterioles with a diameter > 100 μm and vasodilatation in arterioles 
with a diameter < 100 μm (51,52). It is thought that when the larger arterioles reduce in size, the 
pressure decreases which leads to vasodilatation in the smaller arterioles. Hypoperfusion causes 
alpha-adrenergic vasoconstriction and adenosine receptor blockade and also modulates adren-
ergic vasoconstriction. Stimulation of the beta-adrenergic receptors leads to vasodilatation in 
the larger vessels of the coronary circulation where there is a small surplus of beta2-adrenergic 
receptors compared to beta1-adrenergic receptors. This surplus is more commonly present in the 
microcirculation (53). In normal conditions, the net effect of adrenergic stimulation on coronary 
flow is modulated by concomitant vasodilatory mechanisms of non-neural origin. This explains 
why while the autonomic nervous system alone plays a small role in the regulation of the healthy 
coronary circulation (51,52), its effects on coronary flow become more important in the presence of 
hypercholesterolemia, endothelial dysfunction, or upstream severe stenosis (54).

Mechanisms of microvascular dysfunction
It is important to highlight that each of the previously discussed microcirculatory mechanisms 
ensuring coronary flow supply and regulation may be affected leading to a particular mode of 
microcirculatory dysfunction (Table 2.1). Camici and Crea (55) elegantly developed a classification 
to distinguish between the multiple geneses of CMVD (Table 2.2). We will describe the processes 
leading to the different forms of CMVD in more detail below.

Table 2.1. Pathogenic mechanisms that contribute to the different types of CMVD

CMVD Main pathogenetic mechanisms

Type 1 Endothelial dysfunction, SMC dysfunction, vascular remodeling

Type 2 Vascular remodeling, SMC dysfunction, extramural compression, luminal obstruction

Type 3 Endothelial dysfunction, SMC dysfunction, luminal obstruction

Type 4 Luminal obstruction, autonomic dysfunction

Type 5a Luminal obstruction, autonomic dysfunction

CMVD: coronary microvascular dysfunction, SMC: smooth muscle cell. aAdditional category suggested by 
Herrmann et al. (18)
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Table 2.2. Modified clinical classification of coronary microvascular dysfunction

CMVD Definition

Type 1 Primary, i.e., in the absence of structural heart disease

Type 2 In the presence of cardiomyopathies (incl. LVH, HOCM, DCM, amyloidosis)

Type 3 In the presence of obstructive CAD (incl. ACS)

Type 4 After coronary interventions

Type 5a After cardiac transplantations

Modifiers Type 1a

Duration Acute or chronic

Symptoms Asymptomatic or symptomatic

Therapy None, minimal, moderate, or maximal level

ACS: acute coronary syndrome, CAD: coronary artery disease, CMVD: coronary microvascular dysfunction, 
DCM: dilated cardiomyopathy, HOCM: hypertrophic cardiomyopathy. aAdditional category suggested by 
Herrmann et al. (18)

Endothelium dependent dysfunction
The main consequence of endothelial dysfunction for the functionality of the microcirculation 
relates to flow-mediated dilation of large arterioles in response to an increase in myocardial blood 
requirements. Endothelial dysfunction leads to production of substances with a constrictive effect 
on the microcirculation such as thromboxane A2, endothelin, prostaglandin H2, and superoxide 
(56). Metabolic-driven vasodilation of small arterioles leads to an increase in flow that, in presence 
of endothelial dysfunction, induces flow-mediated constriction of larger arterioles. Furthermore, 
there might be an increased inflammatory and anti-angiogenic response resulting in capillary 
rarefaction (56). Microvascular spasm can be suspected when the intracoronary acetylcholine test 
leads to chest pain and ECG abnormalities without development of spasm in the large epicardial 
vessels (57). A sufficient response to other vasodilators such as adenosine, dipyridamole, and pa-
paverine implies that there is an impairment of the VSMC (58).

Smooth muscle cell dysfunction
Several studies investigated the involvement of classical cardiovascular risk factors, such as aging 
(59), hypertension (60,61), diabetes (62,63), dyslipidemia (64,65), and insulin resistance (66) in 
relation to CMVD. Most used adenosine as the vasodilatator stimulus, which acts via receptors 
on VSMC. Results showed abnormal vasodilatation and impaired coronary flow reserve (CFR) in 
patients with these risk factors. Rho-kinase might play a role in SMC dysfunction by promoting 
VSMC proliferation or by their involvement in the effects of different vasoactive factors. Selective 
Rho-kinase inhibitors are used to treat patients with microvascular angina (67).
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Structural remodelling of the microvasculature
Structural abnormalities in the microcirculation occur and may have prognostic implications in 
various clinical settings such as coronary artery disease, diabetes mellitus, hypertension, hypertro-
phic cardiomyopathy, and transplant cardiac allograft vasculopathy (55,68-73). In the context of 
coronary artery disease, there is evidence suggesting that the presence of epicardial stenoses has an 
influence on the functionality of subtended microcirculation. In experimental animal models, the 
creation of an epicardial stenosis is followed by remodeling of subtended arterioles, with increased 
wall thickness, decreased lumen diameter, interstitial, perivascular replacement fibrosis, and 
VSMC proliferation (74). Two other factors that contribute to vascular changes are shear stress (75) 
and NO. NO inhibits SMC growth and intimal hyperplasia and is under-expressed in case of lim-
ited flow (severe stenosis) (76,77) resulting in microcirculatory remodeling (78). These structural 
changes have evident clinical implications, which we will discuss below.

Diabetes mellitus is linked to structural abnormalities of the coronary microcirculation such 
as decreased capillary density, reduced myocardial perfusion and consequently apoptosis and 
necrosis of the cardiomyocytes. In turn this leads to replacement fibrosis and gradual diastolic and 
systolic dysfunction and ultimately can cause heart failure (79). Hypertension might ultimately 
lead to similar coronary microvascular alterations. Arterioles of patients with hypertension show 
medial thickening with a normal intimal layer. Hypertensive thickening of the wall is associated 
with diastolic blood pressure, but not with systolic which is obviously due to myocardial contrac-
tion during systole (80).

Coronary flow is impaired in patients with idiopathic dilated cardiomyopathy (IDCM) with 
seemingly normal arteries at angiography. We know that IDCM leads to structural and functional 
changes in the coronary microcirculation including interstitial, perivascular fibrosis (81) and de-
creased capillary density with luminal narrowing (82). Decreased capillary density was associated 
with lower coronary flow reserve (CFR) and higher microvascular resistance. In consequence, 
arterioles and capillaries lose their autoregulation properties which can be unmasked by decreased 
CFR (83-87). In hypertrophic cardiomyopathy (HOCM), we see the same structural changes with 
VSMC dysfunction, atypical coronary endothelial cells and thickening of the intima and media of 
the vessel wall. This is combined with a decreased luminal cross-sectional area and results in an 
abnormal vasodilatory capacity (88,89). These conditions lead to a substrate of chronic myocardial 
ischemia causing myocyte death and replacement fibrosis.

Finally, structural remodeling of the coronary microcirculation also occurs in patients with 
cardiac transplantation as part of cardiac allograft vasculopathy, which causes a decrease in capil-
lary density (capillary rarefaction) and arteriolar obliteration (73). Other studies in these patients 
showed the same pattern of microvascular remodeling with obstructive microvasculopathy due 
to medial thickening and partially endothelial disease (69). With time, these structural changes 
develop and increase microvascular resistance and cardiovascular events.
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Extravascular compression and intraluminal plugging
In patients with ACS, unfortunately despite successful restoration of antegrade flow, reperfusion 
paradoxically induces myocardial injury and myocardial cell death (90). This additional injury 
causes an increased final infarct size after PCI compared to infarct size without reperfusion injury 
(91). The inability of blood to perfuse a previously ischemic region despite successful treatment of 
epicardial obstruction, typically in the context of acute coronary syndromes and primary PCI, is 
called no-reflow (92). Endothelial dysfunction, capillary plugging due to neutrophils migration, 
inflammation, and the formation of microthrombi are all factors that cause no-reflow in the setting 
of plaque rupture (93-95). Microthrombi and atheromatous particles may obstruct small arterioles 
downstream after plaque ulceration or rupture (96). Atherothrombotic embolization may also re-
sult from mechanical disruption during PCI, with a variable degree of flow impairment that reaches 
its maximal expression in the no-reflow phenomenon. It is unclear whether preconditioning of the 
ischemic area prior to an acute ischemic event provides protection against no-reflow (97).

Luminal obstruction is not only caused by atherothrombotic embolization, however is probably 
closely related to the amount of microvascular spasm that occurs in conjunction with the release of 
cholesterol crystals and macrophages from the plaque. While vascular spasm is usually transient, 
the flow reduction that it causes due to the combination of vascular spasm and microemboli is 
sufficient to cause permanent myocardial damage (98). It has been shown that the typical MRI pat-
tern of no-reflow is related, at least in part, to intramyocardial hemorrhage (99), and is associated 
with reduced LV ejection fraction and adverse remodeling. Myocardial edema and intramyocardial 
hemorrhage in the acute and subacute phases of myocardial infarction cause compression of the 
microvasculature and increase the impedance of the microvascular bed (100). Finally elevated LV 
diastolic filling and intramyocardial pressures, commonly found in situations like aortic stenosis 
and cardiomyopathies, may cause decreased subendocardial flow (101), capillary rarefaction (102), 
and exhaustion of the capacity of coronary autoregulation (103).

Neural dysregulation
The coronary arteries are surrounded by sympathic, parasympathetic, and nonadrenergic/noncho-
linergic nerves that significantly affect the vascular tone of the coronary microcirculation. Some of 
the vasoactive neurohumoral factors are neurotransmitters/co-transmitters, circulatory hormones, 
thrombus-related substances, and constituents released from the vascular wall (8). For instance, 
adrenergic stimulation can impair coronary flow supply in clinical situations in which its vasocon-
strictive effects are not counterbalanced by normally existing vasodilation mechanisms that are 
attenuated or abolished by disease. This explains why hyperglycemia, insulin resistance, inflam-
mation, and autonomic dysfunction have been involved in the causative mechanisms of impaired 
coronary vascular function. α-adrenergic microvascular vasoconstriction is found directly after 
PCI. In line with this finding, α-adrenergic antagonist increases the vasodilatory effect of adenosine 
and blood flow velocity (104). Arteriolar remodeling downstream of an epicardial stenosis has been 
linked to hyperreactivity to neural stimulation (105). Therefore, neural regulation plays an impor-
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tant role in the dilator capacity of the coronary microcirculation. Microcirculatory dysfunction has 
also been proposed to play an important role in Takotsubo cardiomyopathy, a syndrome strongly 
linked to adrenergic overstimulation resulting from emotional stress (106-111).

Clinical and prognostic implications of coronary microvascular dysfunction
The treatment of ischemic heart disease is largely based on a paradigm that gives epicardial 
coronary stenoses a central role in the generation of myocardial ischemia. However, cumulative 
evidence suggests that this causative relationship represents a simplistic view of ischemic heart 
disease (112). In this sense, microcirculatory dysfunction has been demonstrated as an important, 
and in some cases, the predominant cause of myocardial ischemia either in the presence or absence 
of obstructive epicardial lesions, and can be a major determinant of patient outcomes (18). In the 
following paragraphs, we will describe in detail different clinical settings in which CMVD plays a 
key role in the pathophysiological mechanisms and may be determinant in the patient outcomes.

Microvascular angina
Defined as typical angina with positive ischemia testing but normal coronary angiography, this 
syndrome has been controversial since its recognition more than four decades ago. However, it is 
increasingly recognized that some cardiac domains beyond the epicardial arteries are involved in 
the mechanisms of different forms of ischemic heart disease. Microvascular angina seems to have 
specific aetiologies; however, it is not well understood yet. One of the proposed mechanisms is an 
autonomic dysfunction, result of parasympathetic impairment which would affect the endothelial 
function (113). The involvement of the autonomic system in this syndrome is indirectly supported 
by the well-accepted role of CMVD in Takotsubo syndrome as result of catecholamine dysregula-
tion (114). However, normal plasmatic levels of catecholamines have been found in patients with 
suspected microvascular angina (115), and other studies have failed to demonstrate autonomic dys-
function (116). Another proposed causative mechanism is an abnormal perception of angina-like 
chest pain. This hypothesis is supported by affective disorders frequently found in these patients, as 
well the observed relief of symptoms with imipramine and stimulators of the nervous system (117). 
However, this hypothesis is controversial, not well documented, and may be as a result of bias. 
Systemic endothelial dysfunction as a primary underlying mechanism of microvascular angina has 
been proposed based on the vascular involvement at other organ levels observed in patients with 
this syndrome. A depressed CFR has been found in the left anterior descending artery (assessed 
with transthoracic Doppler) in patients with chronic migraine, suggesting a common pathophysi-
ological pathway of this relation between microvascular dysfunction and central nervous system 
(118). On the other hand, renal insufficiency has been shown to be associated with reduced coro-
nary flow in patients with nonobstructive CAD (119). Furthermore, microvascular abnormalities 
in the retina of diabetic patients have been correlated with a decreased CFR (120). It appears that 
microvascular dysfunction may affect not only the heart but also other target organs in patients 
without obstructive CAD, which highlights the potential involvement of systemic endothelial dys-
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function in the mechanism of microvascular angina. In fact, an impaired endothelium-mediated 
change in arterial tone of the fingertip vascular bed (assessed 5 min pre- and after brachial artery 
occlusion) has been found in patients with microvascular angina (121), which may be indicative of 
systemic endothelial dysfunction. Closely related to the previous hypothesis, chronic inflammation 
has been suggested to play a role in the pathogenesis of myocardial ischemia in this clinical subset. 
Microvascular dysfunction may also be linked to systemic inflammation in patients with high-risk 
coronary atherosclerosis (122). A role for inflammation as modulator of microcirculatory func-
tion has also been proposed for patients with microvascular angina, with an inverse relationship 
between chronic levels of C-reactive protein and CFR, compared to healthy subjects (123).

Although it was initially thought that microvascular angina is associated with a good long-term 
prognosis, particularly in patients with normal epicardial coronary arteries and preserved ventricu-
lar function, current evidence implies that there is a worse prognosis in patients with concomitant 
conditions, including ischemia in noninvasive stress testing, persistent chest pain, diabetes, 
coronary atherosclerosis, or abnormal CFR (124,125). Several studies using noninvasive techniques 
(PET, CMR, SPECT, echocardiography) and intracoronary flow measurements (thermodilution 
and Doppler velocity) have consistently shown a strong correlation between CFR and prognosis 
of patients with microvascular angina. An abnormal CFR is an independent predictor of worse 
prognosis (126-131). Women with long-term persistent angina after initial normal-appearing 
coronary angiography have an increased risk of developing coronary atherosclerosis and adverse 
outcomes at long-term follow-up. CFR, a valuable index to assess the state of microcirculation in 
the absence of obstructive CAD, correlated well with prognosis in women with suspected ischemia 
and cardiovascular risk factors; in particular, a CFR <2.32 has been associated with an increased 
risk of major adverse outcomes (death, myocardial infarction, stroke, and heart failure) in this 
population (Figure 2.3)(132). Beyond the impact on prognosis, microvascular angina notably af-
fects the quality of life. Patients with this condition experience recurrent and disabling chest pain, 
requiring frequent medical assistance, being subjected to multiple and repetitive diagnostic tests 
(133,134). This, together with the poor response to traditional anti-ischemic medical treatment 
frequently observed in this syndrome (126), affects the emotional stability of patients and substan-
tially raises health costs (135).

Role of diabetes in CMVD
Chronic hyperglycemia plays a role in the development of cardiovascular disease. CMVD is more 
prevalent in patients with diabetes mellitus in whom a markedly reduced endothelial vasodila-
tor function has been observed (62,127,136). The abnormal CFR in this population may be as a 
consequence of disturbances at several coronary domains, including multivessel disease, diffuse 
coronary atherosclerosis, and CMVD. Multiple pathways commonly found in diabetic patients, 
namely, endothelial dysfunction as consequence of hyperglycemia, insulin resistance, and inflam-
mation, as well as autonomic dysfunction, may contribute to CMVD. Moreover, CFR is a strong 
independent predictor of cardiovascular outcomes in diabetic patients (137). In this clinical setting, 
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an abnormal CFR in the absence of obstructive CAD is associated with a high cardiac mortality 
rate (Figure 2.3), similar to that in patients with both diabetes and obstructive CAD; however, 
diabetes itself is not associated with excess cardiac mortality in presence of a normal CFR (138). 
This observation may have important prognostic implications as early identification of CMVD 
might lead to recognition of asymptomatic patients with increased risk of developing obstructive 
CAD. Early lifestyle modifications and optimization of medical treatment may avoid progression of 
CAD and cardiac outcomes (60,64,65,138,139).

Figure 2.3. Coronary flow reserve and event-free survival.
Coronary flow reserve (CFR or CVR in figure) and event-free survival among all women (left) and those 
without CAD (right). Data represent unadjusted Kaplan-Meier curves for absence of death, nonfatal MI, 
nonfatal stroke, or hospitalization for CHF during follow-up. From Pepine et al. J Am Coll Cardiol. 2010 Jun 
22;55(25):2825–32; with permission.

CMVD in acute coronary syndrome (ACS)
The status of the coronary microvasculature has prognostic implications in the pathophysiological 
mechanisms and outcomes of patients with ACS. In the STEMI subset, complete reperfusion of 
the subtended myocardial territory after opening an acute occluded coronary artery is not always 
achieved (71,140). This is immediately evident when slow flow or no-flow is observed and the ST 
segments remain elevated. CMVD is proposed as the mechanism to explain this phenomenon as 
result of high resistances in the small vessels. Microvascular obstruction secondary to microemboli 
of platelets from eroded coronary atherosclerotic plaques seems to be a determinant cause of CMVD 
in this subset (141). In contrast to the classical autoregulation concept in which distal pressure drop 
caused by an epicardial stenosis is compensated by vasodilation of the coronary microvascula-
ture, some studies have found signs of predominant microcirculatory vasoconstriction in ACS, 
supporting the argument that CMVD is involved in the development and maintenance of acute 
myocardial ischemia (142-146). When myocardial perfusion is not restored despite opening the 
occluded artery, prognosis is significantly worse. Several invasive physiological techniques such as 
CFR, HMR (hyperemic microvascular resistance), and IMR (index of microcirculatory resistance) 
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have been used to determine the role of coronary microvasculature in the outcomes of patients with 
ACS. Abnormal microvascular resistances, which are surrogated indicators of CMVD, have been 
associated with poor recovery of the left ventricular function, larger wall motion abnormalities, 
and a greater infarct size in STEMI patients (147,148). Studies using noninvasive methods indicate 
that the extension of the microvascular obstruction after an acute myocardial infarction is a strong 
prognostic marker of adverse cardiovascular outcomes (149-151). Evaluated with cardiac magnetic 
resonance (CMR), a rate of microvascular obstruction of 54% was reported in patients with STEMI 
despite successful reperfusion, and the infarct size and grade of impairment of systolic function 
were largest in patients with microvascular obstruction (152). CMR findings have been well cor-
related with histological studies (99).

CMVD in stable CAD
CMVD may play a role in the symptomatic status and prognosis of patients with stable CAD. In 
some cases, CMVD may be the predominant cause of myocardial ischemia (18) and may explain 
the high prevalence of recurrent angina after PCI, which constitutes a major clinical problem. A 
study conducted in patients treated with PCI showed a higher prevalence of persistent angina 6–12 
months after the index procedure in those with higher microcirculatory resistances and lower CFR 
than control subjects who remained asymptomatic (153). Moreover, CMVD may be the cause of 
ischemia in vessels with FFR > 0.80, providing a partial explanation to the recurrent angina in 
patients with FFR-guided PCI (154).

Recent studies have shown that the combined assessment of intracoronary pressure and flow in 
patients with stable CAD can provide valuable prognostic information. Based on a retrospective 
analysis of a large cohort of patients with stable CAD investigated with FFR and Doppler-derived 
CFR, it has been shown that patients with abnormal CFR despite normal FFR have higher risk for 
MACE, while normal CFR despite abnormal FFR conveys equivalent cardiac outcomes compared 
with patients with normal FFR and CFR (155). The discordance between FFR and CFR may origi-
nate from involvement of diffuse coronary atherosclerosis and CMVD in variable degrees (156). In 
addition, a recent study has shown that in deferred-PCI patient group (FFR > 0.80), a worse long-
term outcome (a composite of any death, myocardial infarction, and revascularization) occurred in 
the subgroup of patients with low CFR (<2) with high IMR (≥23U) (157).

CMVD in hypertrophic cardiomyopathy (HCM)
CMVD constitutes a substrate for myocardial ischemia in patients with HCM. Structural and mor-
phological changes in the microcirculation have been postulated as an underlying mechanism for 
ischemia in this clinical setting (158). The anatomical abnormalities consist of medial wall thickness 
and variable degrees of intimal thickening in the intramural coronary arterioles as a consequence 
of smooth muscle hypertrophy and collagen deposition, as well as reduced capillary density (159). 
This remodeling causes functional abnormalities in the coronary microcirculation. Several studies 
with noninvasive techniques (PET and CMR) have shown a decrease in the hyperemic myocardial 
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blood flow (hMBF) in patients with HCM compared with healthy subjects, but similar resting MBF, 
which reflects a reduction in the vasodilator response capacity (160-162). An hMBF <1.1 ml/min 
g–1 has been found the most powerful independent predictor of adverse outcomes, being associated 
with a 9.6-fold increase in age-adjusted relative risk of death (68). Another proposed mechanism 
contributing to microvascular dysfunction in patients is extravascular compression. A PET study 
in patients with HCM matched with healthy volunteers, found some surrogated markers of ex-
travascular compression, such as left ventricular mass index and NT-proBNP, and was inversely 
correlated with hMBF, with a greater impact at the subendocardial myocardial layer (163). In the 
absence of hemodynamically significant epicardial lesions, CMVD and microvascular remodeling 
may explain this inadequate increase in myocardial blood flow in response to a coronary vaso-
dilator. The correlation between hMBF and HCM seems to be proportional to the left ventricle 
wall thickness, with a lower hMBF as the end-diastolic wall thickness increases, particularly in 
the endocardium (68,162,164). However, it is important to note that patients with HCM have, in 
variable degrees, an increased systolic intramyocardial and left ventricle end-diastolic pressures, 
which may contribute to the myocardial perfusion defect. CMVD, chronic ischemia, and subse-
quent myocardial fibrosis may be important contributors to the natural history of HCM. CMR 
studies have shown a mismatch between MBF and myocardial fibrosis, the latter more important 
as the end-diastolic wall thickness increases (162,165). These abnormal structural and functional 
changes at different levels of the heart (coronary microcirculation, myocardium, and endocardium) 
contribute to adverse outcomes and life-threatening events in HCM patients such as ventricular 
arrhythmias, heart failure and sudden death (166). CMVD has been found to be an independent 
predictor of long-term systolic dysfunction in patients with HCM (167). In light of these results, 
CMVD has been proposed as a potential target for early detection and treatment of high-risk HCM.

CMVD in idiopathic dilated cardiomyopathy (IDCM)
By definition, IDCM is a cardiac muscle disease characterized by a depressed left ventricle ejection 
fraction and left ventricle dilatation without obstructive CAD in absence of a specific cause (168). 
For this reason, it was previously thought that myocardial ischemia did not play a role in the natural 
history of this syndrome. Nonetheless, several studies have found evidence of chronic myocardial 
ischemia in patients with IDCM, even at early stages of the disease, and have consistently supported 
the theory that CMVD plays a key role in the pathophysiological mechanisms. The evidence is 
mainly derived from studies demonstrating myocardial blood flow abnormalities in patients with 
IDCM despite normal epicardial coronary arteries, which means a reduced capacity to increase 
the coronary blood flow, leading to oxygen demand–supply mismatch, chronic myocardial isch-
emia, and progression of disease (84-86,169-171). A significantly lower CFR, using intracoronary 
Doppler, has been found in patients with IDCM when compared with controls in all three major 
vascular territories (106). In the same study, this reduced CFR was correlated with a depressed 
regional contractile reserve in the vascular territory of the left anterior descending evaluated with 
dobutamine echocardiography. Of note, extravascular mechanisms such as congestive heart failure 
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and increased intramyocardial and left ventricle end-diastolic pressures may in part explain this 
reduction in CFR in IDCM (63,84). However, functional and structural changes in the microcir-
culation with areas of interstitial and perivascular fibrosis (172-174), as well as reduced capillary 
density (82), have been reported, which may explain the involvement of the microcirculation and 
the reduced hyperemic coronary flow. A reciprocal interaction between abnormal CFR and chronic 
myocardial ischemia would perpetuate a vicious circle, impairing the coronary microcirculation 
function and the left ventricle ejection fraction. Furthermore, it seems that the severity of micro-
vascular dysfunction determines adverse cardiac outcomes in this population. A decreased CFR 
has been associated with worse prognosis (independent of the degree of left ventricle systolic dys-
function), being a predictor of sudden death and progression of heart failure (175-177). Although 
the primary pathophysiological mechanisms involved in the development of IDCM are not well 
known there is strong evidence pointing towards the pivotal role of CMVD in disease progression 
and cardiovascular prognosis of IDCM patients.

CMVD in takotsubo cardiomyopathy (TTC)
TTC is a syndrome mimicking an acute myocardial infarction with severe left ventricle wall mo-
tion abnormalities, ECG repolarization changes and slight elevation of cardiac biomarkers, and the 
absence of obstructive CAD (178). Several variants have been reported, depending of the extent 
and location of the wall motion abnormalities. The typical form consists of akinesis of the mid and 
distal segments of the left ventricle with hyperkinesis of the basal segments, also known as “apical 
ballooning syndrome”, similar to the Japan octopus trap. The pathophysiological mechanisms are 
not yet clear, but it is believed that an emotional or physical stressor triggers an intense release of 
catecholamines, leading to a transient myocardial stunning. It has been hypothesized that CMVD 
plays a determinant role in the underlying mechanisms. A decreased coronary flow velocity reserve 
and a short diastolic deceleration time, measured with intracoronary Doppler, have been reported 
in patients with TTC (107). These findings are supported by noninvasive studies, with assessment 
of coronary reserve by transthoracic Doppler, finding a reduced CFR in the acute phase of disease 
(179). Other studies have documented indirect signs of CMVD on invasive coronary angiography, 
such as an abnormal TIMI frame count and abnormal TIMI myocardial perfusion grade (108,180). 
Furthermore, such abnormalities have not only been found in the myocardium subtended by the 
LAD but in the other major epicardial vessels, which suggests that CMVD may occur at multivessel 
level. Therefore, it seems that the coronary microvascular integrity is impaired, but what it is not yet 
clear if myocardial stunning is a consequence of metabolic disorder or CMVD.

CONCLUSION

Available evidence, accumulated over the previous decades, suggest that microcirculatory dysfunc-
tion is an important contributor to poor outcomes in multiple aetiologies of heart disease. This 
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constitutes a call for better methods to assess the state of the coronary microcirculation and to 
establish the mechanisms by which it is dysfunctional. Some factors have been consistently identi-
fied as markers of worse prognosis in patients with CMVD, such as persistent angina, abnormal 
CFR, and diabetes. The coronary microcirculation seems to play a key role in the development of 
CAD and is claiming more attention as a potential therapeutic target for the treatment of symptoms 
and prevention of cardiovascular outcomes.
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INTRODUCTION

Although the presence of epicardial stenosis has constituted largely the focus of diagnosis and 
treatment in patients with coronary artery disease (CAD), myocardial ischemia in ischemic heart 
disease (IHD) is caused by both obstructive and non-obstructive coronary involvement. Awareness 
of this fact has generated a growing interest in the diagnosis of microvascular disease (MVD), 
which has been found to be associated with poor clinical outcomes in both unobstructed (1) and 
obstructed CAD (2,3) and other cardiac diseases (4-6). This renewed interest in coronary domains 
beyond the epicardial vessel occurs at a time in which fractional flow reserve (FFR) has almost 
completely replaced coronary flow reserve (CFR) as a method of assessing stenosis severity, despite 
the fact that CFR was the first tool postulated for this purpose (7). FFR is a pressure-derived esti-
mate of maximum achievable myocardial blood flow in the presence of an epicardial stenosis, as a 
fraction of the maximal achievable blood flow to the distal myocardium in the absence of a stenosis 
(8). FFR is based on the supposition that pressure and flow are linear when coronary resistance is 
minimal and steady, which justifies the use of hyperemic agents in current clinical practice. While 
this approach is of great practical value, FFR measurements do not provide insights into the status 
of non-obstructive IHD or other key contributors to total myocardial flow, such as collateral sup-
port or microcirculatory status. On the other hand, CFR infers the hemodynamic relevance of a 
coronary stenosis from the response of the microcirculation to a hyperemic stimulus (7,9), which 
will be attenuated if arterioles are already vasodilated as a result of an upstream severe stenosis. This 
rationale has the obvious caveat that a low CFR also will occur in cases in which the vasodilatory 
capacity results from microcirculatory dysfunction (10). CFR can be measured in multiple manners; 
for instance, noninvasively such as with positron emission tomography and single-photon emission 
computed tomography. CFR can also be determined with echocardiography using high-frequency 
fundamental imaging or echo-contrast enhanced harmonic Doppler methods. Obviously, the main 
advantage of these tools is that they can be measured noninvasively and are quickly available at 
bedside. This topic, however, reaches beyond the scope of this editorial. For now, we will solely 
focus on intracoronary measured indices.

Interpretation of FFR and CFR discordance in both epicardial and 
microvascular diseases
When CFR and FFR measurements are classified dichotomously using their cutoffs (e.g. FFR ≤ 
0.80 and CFR < 2.0), four different groups can be generated and considered separately. This was 
proposed by Johnson et al. and results in 4 quadrants (11). There are two concordant groups or 
quadrants (those in which both FFR and CFR are either normal or abnormal), which pose no great 
difficulty in understanding. One quadrant consists of cases with hemodynamically significant ste-
nosis (FFR ≤ 0.80 and CFR < 2.0), and the second one consists of patients with preserved coronary 
hemodynamics both in epicardial vessels and in the microcirculation (FFR > 0.80 and CFR ≥ 2). On 
the contrary, the two groups in which CFR and FFR classification disagree deserve a more detailed 
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discussion. Recent studies have shown that the coronary vessels of patients included in these groups 
have a specific physiological behavior, as we will describe below.

Let’s first consider vessels with a FFR ≤ 0.80 and CFR ≥ 2.0. A key aspect to bear in mind is that 
FFR is a surrogate of the modification in myocardial flow resulting from the same stenosis in the 
subtended myocardium: how can the flow surrogate (FFR) contradict the flow estimate (CFR), and 
what is the physiological explanation? Myocardial function depends on coronary blood flow, and 
not coronary perfusion pressure alone (9,12,13). The simplest explanation is that even a relatively 
mild stenosis will generate a significant translesional pressure gradient if coronary flow increases 
substantially. This might be the case, for example, in stenoses with a proximal vessel location or 
a large subtended myocardial mass. Typically, in this scenario, virtually no pressure gradient oc-
curs at rest, but it develops during maximal hyperemia. It has been reported that, in this situation, 
myocardial ischemia is absent in noninvasive tests (14), supporting the concept that, in this context, 
FFR abnormality should be interpreted as a false positive result.

Secondly, let’s examine the group of patients with FFR > 0.80 and CFR < 2.0. The most obvi-
ous explanation for this pattern of coronary hemodynamics is the existence of MVD causing a 
decreased CFR with normal epicardial vessels reflecting the normal FFR values. Structural micro-
circulatory remodeling or microcirculatory plugging may exist downstream in these vessels. An 
alternative explanation can be found in the context of diffuse epicardial coronary disease, which 
limits hyperemic flow to the point that the pressure gradient across the stenosis is low or nonexis-
tent. In the presence of diffuse atherosclerotic narrowing, there is a lack of convective accelerative 
flow and flow separation loss. This causes little pressure drop (normal FFR) in the flow-limiting, 
interrogated coronary segment, notwithstanding its effect on vessel conductance (which is reflected 
as a low CFR). Due to low flow in this situation, ΔP through the stenosis is limited and hence FFR 
remains relatively normal despite the presence of angiographically significant stenosis. A potential 
solution to differentiate between these two causes of the FFR > 0.80 and CFR < 2.0 pattern is to 
perform measurements of microcirculatory resistance, as a high microcirculatory resistance seems 
to be a distinctive feature of those cases with predominantly microcirculatory dysfunction (11,15). 
Microvascular resistance can be measured invasively, for instance, by calculation of the index of 
microcirculatory resistance derived from thermodilution principles (distal coronary pressure 
divided by hyperemic mean transit time), or by the usage of a Doppler guidewire acquiring the 
hyperemic microvascular resistance (distal coronary pressure divided by the mean Doppler flow 
velocity) (16). In the presence of both epicardial disease and MVD, low flow, and thus decreased 
pressure drop across the stenosis, is caused by microvascular dysfunction. In this situation, there 
may be a geometrically significant stenosis, but the FFR stays relatively normal.

Prognostic implications of FFR and CFR measurements and future directions
There is limited evidence regarding the clinical implications of the above-described CFR–FFR 
discordant patterns. Based on the same conceptual plot generated with CFR and FR, Van de Hoef 
et al. found significantly more major adverse cardiac events in patients with normal FFR and ab-



61

Pressure- and flow-derived indices of coronary stenosis severity

3

normal CFR values at 1, 3, 5, and 10-year follow-up compared to patients with significant stenosis 
and normal CFR values (17). Interestingly, in the same study, patients with abnormal FFR but 
preserved CFR had an excellent prognosis in the long term, supporting the view outlined above 
on the safety of deferring PCI if a preserved CFR is documented. Based on this information, a 
prospective clinical trial (DEFINE-FLOW, NCT02328820) (18), which investigates FFR and CFR 
discordance in patients with CAD, has been launched and will provide insights into the clinical 
relevance of FFR–CFR classifications.

Perhaps the term ‘discordance’ between CFR and FFR should be abandoned as it has negative 
connotations; instead, the concept of ‘multimodal physiology’ should be promoted. The combined 
use of FFR and CFR, envisaged as complementary rather than competing techniques, may help 
in providing a more comprehensive overview of the coronary status in clinical decision-making, 
outlining the dominant mechanisms of coronary dysfunction and selecting the most appropriate 
therapeutic attitude for the individual patient.
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ABSTRACT

Aims: Assessment of the coronary circulation has been based largely on pressure ratios (epicardial) 
and resistance (micro-vessels). Simultaneous assessment of epicardial (CEPI) and microvascular 
conductance (CMICRO) provides an intuitive approach using the same units for both coronary do-
mains and expressing the actual deliverability of blood. The aim of this study was to develop a novel 
integral method for assessing the functional severity of epicardial and microvascular disease.
Methods and results: We performed intracoronary pressure and Doppler flow velocity measure-
ments in 403 vessels in 261 patients with stable coronary artery disease. Hyperaemic mid-to-late 
diastolic pressure and flow velocity (PV) relationships were calculated. The slope of the aortic PV 
indicates the overall conductance and the slope of the distal PV relationship represents CMICRO. The 
intercept with the x-axis represents zero-flow pressure (Pzf). CEPI was derived from microvascular 
and overall conductance. Median CEPI was higher compared to CMICRO (4.2 [2.1-8.0] versus 1.3 [1.0-
1.7] cm/s/mmHg, p<0.001). CMICRO was independent of stenosis severity (1.3 [1.0-1.7] in FFR ≤0.80 
versus 1.4 [1.0-1.8] in FFR >0.8, p=0.797). ROC curves (using FFR and HSR concordant vessels as 
standard) demonstrated an excellent ability of CEPI to characterise significant stenoses (AUC 0.93). 
When CEPI<CMICRO, a decrease in flow velocity and coronary pressure (optimal cut-off value 0.97, 
AUC 0.90) was demonstrated.
Conclusions: A comprehensive assessment of separate CEPI and CMICRO was feasible. CEPI has a 
remarkable diagnostic efficiency to detect a clinically relevant stenosis. When CEPI < CMICRO, distal 
flow and pressure decrease steeply, indicating myocardial ischaemia. CMICRO can be used to explore 
the severity of microvascular disease.
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INTRODUCTION

The current role of coronary physiology is to perform functional assessment of epicardial vessel 
disease to guide coronary revascularization (1). However, it is foreseeable that, in the near future, 
interrogation of the coronary microcirculation will also be routinely performed, as microvascular 
dysfunction is an acknowledged cause of cardiac events in ischaemic heart disease (IHD) (2). Meth-
ods to assess both epicardial stenosis severity and microvascular disease are lacking. Fractional 
flow reserve (FFR) provides valuable information on the haemodynamic relevance of stenotic 
epicardial vessels but does not interrogate the microcirculation; coronary flow velocity reserve 
(CFVR) may be used to interrogate the microcirculation in the absence of epicardial stenoses (3). 
At present, assessment of the microcirculation is based on the calculation of vascular resistance 
(4-7). An alternative approach is the use of vascular diastolic conductance (the inverse of coronary 
resistance). Conductance assesses the coronary function in terms of its primary purpose, namely 
delivery of myocardial blood flow. A higher conductance expresses a greater myocardial blood sup-
ply. Theoretically, conductance can be calculated to estimate both epicardial and microcirculatory 
domains. Calculation of microcirculatory conductance (CMICRO) is feasible and reflects the degree 
of structural remodelling of arterioles and capillaries (8). However, until now, a method to calculate 
separate epicardial conductance (CEPI) has been unavailable.

The main aim of this study was to develop a method for the separate assessment of CEPI and 
CMICRO to allow a comprehensive assessment of the coronary circulation in patients with IHD.

METHODS

Data source
We acquired pressure and Doppler flow velocity measurements from 308 patients with stable angina 
pectoris included in an ongoing large international registry (the Iberian-Dutch-English [IDEAL] 
registry) (Figure 4.1). Prospective patient data were obtained in four different centres - the VU 
University Medical Center, Amsterdam, the Netherlands (n=120), the Academic Medical Centre, 
Amsterdam, the Netherlands (n=92), Imperial College London, London, United Kingdom (n=72), 
and Hospital Clínico San Carlos, Madrid, Spain (n=24). A detailed description of the IDEAL 
registry was published previously (9).

Cardiac catheterization and haemodynamic measurements
Pressure and Doppler flow velocity measurements were performed with the ComboWire® XT 
(Philips/Volcano, San Diego, CA, USA) in a standardised fashion (9). Based on the fact that in the 
coronary vessels flow velocity is kept relatively constant due to proportionality between subtended 
myocardial mass and coronary luminal diameter, distal flow velocity was used as a surrogate for 
proximal flow velocity (10,11). Hyperaemia was induced by the administration of adenosine 
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(two-minute infusion with 140 µg/kg/min i.v. or a bolus 60-150 µg i.c.). Finally, the amount of 
potential drift was assessed. All measurements were directly extracted from the device console 
(ComboMap®; Philips/Volcano). Data were analysed with specialised software (MATLAB; Math-
Works, Inc., Natick, MA, USA). Quantitative coronary angiography (QCA) was performed offline 
to assess percent diameter stenosis (%DS) using an automated contour analysis system (CAAS II; 
Pie Medical, Maastricht, the Netherlands).

Figure 4.1. Study flow chart.
CAD: coronary artery disease, IDEAL study: iberian-dutch-english study (9), IHDVPSPa: instantaneous hy-
peraemic diastolic velocity pressure slope index calculated using aortic pressure, IHDVPSPd: instantaneous 
hyperaemic diastolic velocity pressure slope index calculated using distal pressure.

Calculation of intracoronary physiology indices
Calculation of coronary physiology indices was performed offline from digitised pressure and flow 
recordings (12,13). Whenever the difference between aortic pressure (Pa) and distal pressure (Pd) 
at the level of the guiding catheter was >2 mmHg, it was assumed that this was the result of Pd 
drift, and all physiological indices using pressure were recalculated after correcting Pd (14). FFR 
was calculated as the Pd/Pa ratio during maximal hyperaemia. We used the lowest stable value 
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of FFR. Whole cycle hyperaemic stenosis resistance (HSR) was calculated as mean trans-stenotic 
pressure gradient (Pa-Pd) divided by mean flow velocity. Coronary flow velocity reserve (CFVR) 
was calculated as the ratio of mean hyperaemic and baseline flow velocity. Whole cycle hyperaemic 
microvascular resistance (HMR) was calculated as mean Pd divided by mean flow velocity.

Figure 4.2. Overview of the indices of coronary conductance.
Schematic depiction of the coronary circulation illustrating the different domains explored with vascular 
conductance and other hemodynamic indices mentioned in this study. CEPI: epicardial conductance, CFR: 
coronary flow reserve, CMICRO: microvascular conductance, COVERALL: overall conductance, FFR: fractional flow 
reserve, HMR: hyperaemic microvascular resistance, HSR: hyperaemic stenosis resistance, Pa: aortic pres-
sure, Pd: distal pressure, Pzf: zero-flow pressure, *CMICRO independent of stenosis severity.

Calculation of indices of conductance
Vascular conductance (Figure 4.2) was derived by means of instantaneous hyperaemic diastolic flow 
velocity-pressure slope (IHDVPS) using a dedicated automated analysis programme written using 
the R statistical programme (statistical software R version 3.0.2; R Foundation for Statistical Com-
puting, Vienna, Austria, 2013). IHDVPS is defined as the slope (β-coefficient) of the relationship 
between hyperaemic intracoronary pressure and flow in mid to end diastole, which is displayed by 
a single regression line (y=a + βx) expressed in cm/s/mmHg (Figure 4.3) (15). The diastolic period 
was recognised using the peak flow velocity. The R2 regression coefficient was used to evaluate the 
linearity of the relationship between diastolic hyperaemic pressure and flow (cut-off value of R2 of 
≥ 0 .85). Hyperaemic Pa was determined to calculate the overall conductance (COVERALL) (15,16) and 
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hyperaemic Pd to calculate CMICRO. Using an electric circuit analogy, the coronary circulation can be 
described as a resistive (R) model (Figure 4.2) in which:

ROVERALL = REPI + RMICRO

Since conductance (C) is the inverse of resistance,
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Where C represents COVERALL, CEPI and CMICRO (Figure 4.2). Further elaboration of this equation 
allows calculation of separate epicardial conductance:
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From this CEPI can be readily calculated:
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which is transformed for clarity purposes, multiplying numerator and denominator by -1, in order 
to obtain the final, equivalent, expression:
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Actual values of epicardial conductance are obtained from IHDVPS as follows:
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To validate CEPI, two clinically validated indices of stenosis severity were used, to obtain the 
optimal reference standard – FFR and HSR. Only vessels with a concordant value of both indices 
were used to create a valid cut-off value for CEPI. Zero-flow pressure (Pzf) was extrapolated from 
the regression line of the relationship between pressure and flow and is defined as the intercept of 
the regression line with the pressure axis.

Statistical analysis
SPSS, Version 22.0 (IBM Corp., Armonk, NY, USA) was used for the statistical analysis of our data. 
Continuous variables were described as mean±SD or median (interquartile range [IQR]), depend-
ing on their normality, and categorical variables as frequency (percentage). Spearman’s correlation 
was used to examine the correlation between the different haemodynamic parameters. Associations 
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between parameters measured on vessel level were assessed using generalised estimating equa-
tions with an exchangeable correlation matrix to account for correlation of the dependent variable 
determined for multiple vessels within the same patient. Differences in conductance between pairs 
of groups were assessed by an independent samples t-test or Mann-Whitney U test as appropriate. 
In case of multiple groups, ANOVA with post hoc Bonferroni or Kruskal-Wallis test was used 
accordingly. Receiver operating characteristic (ROC) curves with the method of DeLong for the 
calculation of the standard error of the area under the curve (AUC) and of the difference between 
two AUCs were used to compare the diagnostic efficiency of the indices. To calculate the optimal 
cut-off value, Youden’s index was used. A value of p<0.05 was considered statistically significant.

Figure 4.3. Acquisition and calculation of coronary conductance.
The marked area is the mid to end-diastolic part for calculation of conductance. Doppler flow velocity and 
pressure are plotted during one cardiac beat and the linear relationship between pressure and flow in this 
period is displayed. The β-coefficient of this line represents overall (blue) and microvascular conductance 
(red) expressed in cm/s/mmHg. Pzf: zero-flow pressure.
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RESULTS

Patient and vessel characteristics
Figure 4.1 summarises the study population selection workflow. All values with IHDVPSPa>IHDVPSPd 
were excluded. The remaining 403 (75.4%) vessels in 261 patients constituted the study population. 
The patient population consisted mostly of men (64.6%) with an average age of 60.2±9.3 (Table 4.1).

Table 4.1. Baseline characteristics

Patients (n=261) Mean, median or count

Age [years] 60.7 ± 10.0

Gender [male] 172 [66.4%]

Hypertension 134 [51.7%]

Hyperlipidaemia 136 [52.5%]

BMI 26.8 [24.49-29.28]

Current smoker 109 [42.1%]

DM 2 57 [22.0%]

Chronic renal failure 4 [1.5%]

Family history of

CAD 115 [44.4%] 

LVEF < 30% 2 [0.8%]

Stable angina 248 [95.8%]

Unstable angina 10 [3.9%]

BMI: body mass index, CAD: coronary artery disease, DM 2: diabetes mellitus type 2, LVEF: left ventricle ejec-
tion fraction, MI: myocardial infarction.

The left anterior descending artery (LAD) was the most frequently investigated vessel (n=171, 
42.4%). Median FFR was 0.93 (0.84-0.97) in the overall population and was higher than reported 
in other series as a result of the inclusion of 202 vessels without severe angiographic lesions. The 
majority of vessels (n=335, 83.1%) had an FFR >0.80, while 66 (16.4%) had an FFR ≤0.8. Median 
FFR in the FFR ≤0.8 group was 0.67 (0.54-0.75). There were 52 (13.0%) vessels with FFR ≤0.75 and 
39 (9.7%) with FFR ≤0.70. In two vessels FFR measurements were not possible. There were 202 
(50.1%) vessels without angiographically focal intermediate stenoses (50-90%). %DS was assessed 
in 195 (48.4%) vessels with angiographically intermediate stenoses with a mean of 53.5±15.9.

Microvascular conductance
CMICRO in the overall population was 1.3 (1.0-1.7) cm/s/mmHg. CMICRO values were not influenced 
by the presence of epicardial disease (1.3 [1.0-1.7] in angiographically stenotic versus 1.3 [1.0-
1.7] in non-stenotic vessels, p=0.932), nor influenced by stenosis severity (as judged by %DS ≥ or 
<50, respectively 1.3 [0.9-1.7] versus 1.3 [1.0-1.7], p=0.682). Similar values of mean CMICRO were 
observed in vessels with an FFR ≤ or >0.80 (respectively 1.3 [1.0-1.7] versus 1.4 [1.0-1.8], p=0.797) 
or ≤ or >0.70 (respectively 1.3 [1.0-1.7] versus 1.4 [1.0-1.8], p=0.697). In patients with abnormal 
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CFVR (<2.0), COVERALL and CMICRO were significantly lower than in patients with preserved CFVR 
(≥2.0) (respectively 0.8 [0.6-1.1] versus 1.1 [0.8-1.4], p<0.001, and 1.2 [0.9-1.6] versus 1.3 [1.0-1.8], 
p=0.032). CMICRO was inversely correlated to HMR (ρ=-0.52, p<0.001).

Epicardial conductance
CEPI was significantly higher than CMICRO with a median of 4.2 (2.1-8.0) cm/s/mmHg (p<0.001). CEPI 
was significantly lower in vessels with ≥50% DS, compared to vessels <50% DS (2.3 [1.2-4.7] versus 
4.3 [1.9-8.5], p=0.001) and it was significantly lower in vessels with abnormal FFR (1.2 [0.7-2.5] 
versus 5.1 [2.8-9.2] in vessels below and above the FFR cut-off respectively, p<0.001).

There was a positive correlation between CEPI and FFR (ρ=0.54, p<0.001) and a negative cor-
relation between CEPI and HSR (ρ=-0.65, p<0.001). Vessels that were concordantly classified by 
FFR and HSR (280 [84%]) were used as the best possible reference population to establish the 
diagnostic efficiency of CEPI. ROC curves indicated an optimal cut-off value of 1.69 (AUC 0.93) to 
characterise a significant epicardial stenosis with a sensitivity of 82% and a specificity of 93%. CEPI 
demonstrated a higher AUC to determine a significant epicardial stenosis as compared to CFVR or 
overall conductance (Figure 4.4).

Figure 4.4. ROC curve of epicardial conductance against FFR and HSR.
ROC curves of overall conductance and CFVR are similar and indicate combined microvascular and epicar-
dial disease. There is significant improvement in area under the receiver operating curve of epicardial con-
ductance, supporting its value in detecting clinically relevant obstructed disease. Vessels with concordant 
values of FFR (≤0.8) and HSR (≤0.8) are used to investigate the diagnostic efficiency of epicardial conduc-
tance. AUC: area under the curve, CEPI: epicardial conductance, CFR: coronary flow reserve, COVERALL: overall 
conductance, FFR: fractional flow reserve, HSR: hyperaemic stenosis resistance.
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The distribution of CEPI in classification quadrants that are outlined by FFR and HSR is shown 
in Supplementary Figure S4.1. The effect of epicardial disease (assessed by CEPI) on hyperaemic 
pressure, flow velocity (APV) and CMICRO is shown in Figure 4.5A. The median of the ratio between 
CEPI and CMICRO was 3.19 (1.54- 6.27). The optimal cut-off-value of the CEPI/CMICRO ratio to identify 
ischaemia-generating stenoses was close to one (≤0.97) with a sensitivity of 67.5% and a specificity 
of 96.3% (AUC 0.90) (Figure 4.5B).

Figure 4.5. Effect of epicardial disease on distal pressure, coronary flow velocity and microvascular 
conductance.
A) The panel indicates a marked decrease in intracoronary hyperaemic pressure and flow velocity around 
the values identified as the optimal cut-off value for epicardial conductance. Microvascular conductance 
is not effected until close to zero. B) The panel indicates a marked decrease in intracoronary hyperaemic 
pressure and flow velocity around the values identified as the optimal cut-off value (≤0.95) for the ratio 
between epicardial and microvascular conductance. This is when epicardial conductance becomes lower 
than microvascular conductance (ratio <1). APV: average peak velocity, CEPI: epicardial conductance, CMICRO: 
microvascular conductance.

Zero-flow pressure
The Supplementary Methods S4.1 and Supplementary Figure S4.2 show zero-flow pressure results.
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DISCUSSION

In the present study, we demonstrated the feasibility of a combined haemodynamic assessment 
of the coronary circulation by performing a separate calculation of epicardial and micro diastolic 
vascular conductance. We found that: 1) CEPI has a great efficiency to detect a clinically relevant 
stenosis; 2) CMICRO is independent of stenosis severity, thus is a specific index of microvascular 
dysfunction; and 3) it is possible to obtain Pzf values by this technique. Using a comprehensive new 
method, it is possible to investigate simultaneously the status of the epicardial vessel and micro-
circulation separately, using the same units for both domains. In the next paragraphs, we discuss 
relevant aspects of this diagnostic approach.

Currently available methods to assess the intracoronary haemodynamics of 
the coronary circulation
The current main role of coronary physiology in the catheterisation laboratory is to guide coronary 
revascularisation (primarily with FFR). A diagnosis of microvascular dysfunction is also desirable, 
as it has been demonstrated that it influences prognosis (17). Therefore, an intracoronary diagnos-
tic tool capable of providing information simultaneously on the presence of epicardial disease and 
microcirculatory dysfunction constitutes an unmet need in the assessment of IHD.

Assessment of the coronary microcirculation is performed predominantly with indices of vas-
cular resistance (HMR and the index of microvascular resistance (IMR)), which are frequently 
influenced by the presence of epicardial stenosis. Consequently, current epicardial and microvas-
cular indices are expressed in different units (a dimensionless pressure ratio and resistance units, 
respectively). Using conductance, it is possible to compare the amount of epicardial and micro-
vascular disease (same units for both domains) to determine the predominant domain causing 
myocardial ischaemia.

Conductance: an integral approach to assess both epicardial and 
microvascular domains
Conductance provides an estimate of the maximal delivery of myocardial blood. As the maximal 
delivery of myocardial blood happens mostly during diastole (18), we limited the interrogation 
to the mid-late diastolic phase. By doing so, measurements were obtained in the absence of fluc-
tuations in extravascular compression (during systole) and capacitance (early diastole) (19). We 
were encouraged by previous research from our group demonstrating that assessment of CMICRO 
correlated well with documented structural remodelling of micro-vessels (8).

The first challenge was to ascertain how separate calculation of CEPI could be obtained. This was 
solved by deriving a mathematical solution from the electric analogue of the coronary circulation. 
The second challenge was to validate these findings in the absence of a single reference standard for 
the severity of epicardial disease. As FFR alone is influenced by the status of the microcirculation 
and we aimed for a specific epicardial index as reference standard, we opted for its combination 
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with an additional intracoronary index, HSR (20), as the best approach in our data set to character-
ise clinically relevant epicardial disease.

Epicardial conductance has a high diagnostic efficiency to detect clinically 
relevant epicardial disease
As expected, we found a much higher conductance in the epicardial vessels (conductance vessels) 
without stenotic epicardial disease than in the microcirculation. Below the established cut-off value 
of CEPI, distal pressure and flow velocity steeply decrease. In other words, coronary disease becomes 
ischaemia-generating when CEPI becomes lower than CMICRO. Beyond that point, the microcircula-
tion is no longer able to compensate for epicardial obstruction (21). CEPI had a remarkable power to 
identify clinically relevant stenoses, as judged by the concordance of two validated clinical indices 
(20,22).

Microvascular conductance is independent of stenosis severity
Mean values of CMICRO in our data set are similar to those in previously published studies (8,23). 
We demonstrated that diastolic CMICRO is independent of epicardial stenosis severity, as opposed to 
whole-cycle based CFVR, IMR and HMR (4-6,24). These prior studies, based on averaged whole-
cycle pressure and flow velocity data, reported an increase in microcirculatory resistance in the 
presence of haemodynamically severe stenoses. More recent studies, which calculated microvascu-
lar indices from averaged mid and late diastole data, suggested that such a relationship results from 
the early diastolic or systolic phenomena (25). Our results fit well with the previously published 
work carried out by our group indicating that CMICRO correlates better to structural microvascular 
changes compared to other microvascular indices (8).

Limitations
While the quality of flow velocity tracings is key for the calculation of conductance, perfect Dop-
pler signals are not always obtainable. In line with previous studies, coronary conductance could 
not be measured in around 25% due to suboptimal tracings (23,26,27). Corrections of pressure 
drift were made assuming that it resulted from deviation of Pd values (i.e., was caused by the wire 
pressure sensor). A limitation of our study was that we did not measure proximal flow to calculate 
overall conductance, but instead we used the distal flow velocity. However, in the coronary vessels, 
flow velocity is kept constant due to proportionality between subtended myocardial mass and the 
coronary luminal diameter (10). Of note, other indices such as HSR also use distal flow velocity to 
assess the severity of epicardial disease. Furthermore, we did not assess volumetric flow but rather 
Doppler flow velocity. However, flow velocity theoretically does not require correction for vessel 
diameter or subtended mass (11,28,29). FFR and HSR were used as the optimal reference standard 
to validate CEPI in our study, but in future research the potential of coronary conductance should 
be tested against an independent reference standard (for myocardial flow) such as positron emis-
sion tomography. Finally, the acquisition of conductance was performed offline in the absence of 
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commercially available systems. Future developments in these dedicated software programs might 
obviate this limitation.

CONCLUSIONS

We now provide a new integral approach to assess the coronary circulation haemodynamically 
with separate assessment of epicardial and microvascular diastolic conductance. CEPI has a high 
diagnostic accuracy to detect a clinically relevant stenosis and CMICRO is a specific microvascular 
index independent of stenosis severity. The conductance ratio incorporates both the epicardial 
and microvascular domains and emerges as a promising index to detect patients with myocardial 
ischaemia, as demonstrated by a marked decrease in distal intracoronary pressure and flow velocity, 
which seems to be when CEPI becomes lower than CMICRO.

Impact on daily practice
Vascular conductance is a promising novel technique to assess the epicardial and microvascular 
domains separately. Further research may focus on the advantages (e.g., diastolic interrogation, 
simultaneous interrogation of epicardial and microvascular disease, both indices expressing the 
same units, the ratio between CEPI and CMICRO being used to determine myocardial ischaemia and 
Pzf perhaps informing on extravascular compression) that each of the indices of conductance 
may have in clinical practice. Most likely, the combined use of CEPI/CMICRO and CMICRO will suffice 
to ascertain whether epicardial disease is functionally relevant, while also indicating whether a 
structural microcirculatory problem exists.
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SUPPLEMENTARY MATERIAL

Supplementary Methods S4.1. Calculation and distribution of zero-flow 
pressure
One of the advantages of this new approach, is that it facilitates the estimation of Pzf values. Pzf 
is the distal pressure in the coronary arteries when theoretically intracoronary flow would be zero 
and is influenced by extravascular compression (e.g. interstitial haemorrhage, myocardial oedema 
or increased left ventricle end-diastolic pressure) and therefore has been mainly studied. in the con-
text of STEMI. Pzf is associated with clinical outcome in patients with STEMI. Previous research 
found that in the context of STEMI mean Pzf is around 45 mmHg, while in patients with stable 
disease much lower Pzf values have been reported. We demonstrated that elevated values of Pzf are 
predominantly present in vessels with FFR>0.8 (see results below). It has been proposed that the 
presence of Pzf requires a modification of the calculation of FFR, taking Pzf into account.

Calculation of Pzf was feasible in 401 vessels (75.1%) and was 28.89±14.16 mmHg. Pzf was 
higher in the RCA compared to the LAD (33.41±13.77 versus 27.53±13.18, p=0.004). Pzf was sig-
nificantly higher in vessels with FFR>0.80 compared to vessels with FFR≤0.8 (31.68±13.52 versus 
20.72±14.11, p<0.001). Supplementary Figure S4.2 shows the distribution of Pzf in relation to FFR 
and HSR, in which the uppermost quartile (Q4 = Pzf > 38.7) is highlighted with a significantly 
different between-group distribution (p=0.028). Almost all values of high Pzf (Q4) demonstrate an 
accompanied high FFR value. In solely 5 vessels (5.9%) with an elevated Pzf, a FFR≤0.8 was found.

The exact role of Pzf in patients with stable coronary artery disease still needs to be evaluated 
further.
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Supplementary Figure S4.1. Distribution of epicardial conductance in vessels classified by stenosis 
severity indicated by FFR and HSR.
The optimal cutoff value is established with a receiver operating curve. Vessels with epicardial conductance 
below 1.69 are highlighted in red. The figure on the right represents a magnification of the figure on the 
left. The horizontal and vertical lines represent FFR (≤0.8) and HSR (≤0.8). FFR: fractional flow reserve, HSR: 
hyperaemic stenosis resistance.

Supplementary Figure S4.2. Distribution of Pzf in vessels classified by stenosis severity indicated by 
FFR and HSR.
High Pzf is marked by red dots and represents the highest 25th percentile (38.7 mmHg). The horizontal and 
vertical lines represent FFR (≤0.8) and HSR (>0.8). It becomes evident that elevated Pzf values are associ-
ated with FFR>0.8 (95%). FFR: fractional flow reserve, HSR: hyperaemic stenosis resistance, Pzf: zero-flow 
pressure.
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ABSTRACT

Objective: Well-developed collaterals provide survival benefit in patients with obstructive coronary 
artery disease (CAD). Therefore, in this study we sought to determine which clinical variables are 
associated with arteriogenesis.
Design: Clinical and laboratory variables were collected before percutaneous coronary interven-
tion. Multivariate analysis was performed to determine which variables are associated with the 
collateral flow index (CFI).
Patients: Data from 295 chronic total occlusion (CTO) patients (Bern, Switzerland, Amsterdam, 
the Netherlands and Jena, Germany) were pooled. In earlier studies, patients had varying degrees 
of stenosis. Therefore, different stages of development of the collaterals were used. In our study, a 
unique group of patients with CTO was analysed.
Interventions: Instead of angiography used earlier, we used a more accurate method to determine 
CFI using intracoronary pressure measurements. CFI was calculated from the occlusive pressure 
distal of the coronary lesion, the aortic pressure and central venous pressure.
Results: The mean CFI was 0.39 ± 0.14. After multivariate analysis, β blockers, hypertension and 
angina pectoris duration were positively associated with CFI (B: correlation coefficient B=0.07, 
SE=0.03, p=0.02, B=0.040, SE=0.02, p=0.042 and B=0.001, SE=0.000, p=0.02). Furthermore also 
after multivariate analysis, high serum leucocytes, prior myocardial infarction and high diastolic 
blood pressure were negatively associated with CFI (B=−0.01, SE=0.005, p=0.03, B=−0.04, SE=0.02, 
p=0.03 and B=−0.002, SE=0.001, p=0.011).
Conclusions: In this unique cohort, high serum leucocytes and high diastolic blood pressure are 
associated with poorly developed collaterals. Interestingly, the use of β blockers is associated with 
well-developed collaterals, shedding new light on the potential action mode of this drug in patients 
with CAD.
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INTRODUCTION

The degree of collateral artery development influences the outcome after acute myocardial infarction 
(MI) and furthermore, in stable coronary artery disease (CAD) patients with a well-developed coronary 
collateral circulation it shows improved long-term survival (1,2). Thus, the stimulation of arteriogen-
esis is of potential clinical benefit and there is an ongoing debate on the relationship between coronary 
collateral artery growth (arteriogenesis) and clinical parameters like age, diabetes and medication.

However, a large heterogeneity exists in the arteriogenic response of patients with CAD and only 
about one-third have a well-developed collateral circulation sufficient to prevent exertional isch-
aemia (3). To gain more insight into determinants of the arteriogenic response in CAD patients, 
several clinical and experimental studies investigated the relationship between clinical factors and 
collateral artery development. However, all of these studies were conflicting with regard to age 
(4-6), dyslipidemia (7-9), diabetes (10-12) and medication like statins (13) and β blockers (14). 
In almost all these studies, two important shortcomings hindered the interpretation of the data. 
In the first place, the degree of collateral circulation was assessed in a semiquantitative way using 
angiographic scores. More importantly, patients included had various degrees of stenosis. It is well 
known that the degree of stenosis is a major determinant of the arteriogenic response (15), and thus 
it has been a potential confounder in these studies.

In the present study, we collected prospectively clinical data from patients with chronic total 
occlusion (CTO). CTO was defined by a total occlusion (>99% stenosis) of a coronary vessel for 
≥3 months. In these CTO patients, by definition, the degree of stenosis cannot be a confounder. 
Furthermore, in this cohort the arteriogenic response was assessed quantitatively by measuring the 
intracoronary-derived collateral flow index (CFI).

METHODS

Patient population
Prospectively collected data from three high-volume percutaneous coronary intervention (PCI) 
centres, the Academic Medical Center (AMC) Amsterdam (the Netherlands), the University 
Hospital Bern (Switzerland) and the Friedrich-Schiller-University (Germany), were pooled. A total 
of 48 patients with CTO were included at AMC (2), 62 patients at the University Hospital Bern 
(16) and 185 patients at the Friedrich-Schiller-University. All patients had a 100% occlusion of a 
coronary artery. This analysis consisted of a collaborative patient-level analysis. Only patients with 
a successful recanalisation defined as thrombolysis in myocardial infarction (TIMI) grade ≥2 after 
PCI were included in these studies.

Exclusion criteria were an acute (within 4 weeks) MI and coronary artery bypass surgery. Several 
baseline clinical variables were assessed, including angiographic and procedural characteristics. 
Clinical patient variables registered included age, gender, body mass index, hypertension, diabetes 
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mellitus (DM), family history of CAD, dyslipidemia, smoking history, prior MI, duration of angina 
pectoris (AP) (months), left ventricular ejection fraction, left ventricular end diastolic pressure and 
target vessel for PCI. In two out of three studies, data on medication pre-procedure and laboratory 
values were collected, including Hb (mmol/l), K+ (mmol/l), creatinine (µg/l), leucocytes (109/l), 
glucose (mmol/l), HbA1c (%), cholesterol (mmol/l), low-density lipoprotein (mmol/l), high-
density lipoprotein (mmol/l) and triglycerides (mmol/l).

Pressure and flow measurements
For the quantification of the capacity of the collateral circulation, intracoronary pressure measure-
ments were performed during elective PCI. This parameter has been used in several studies to 
assess quantitatively the collateral circulation and it predicts morbidity and long-term mortality 
(15,17-19). The pressure-derived CFIp is calculated from the mean aortic pressure (Pao), the pres-
sure distal of the coronary occlusion (Pd) and the central venous pressure (CVP): CFI=(Pd–CVP/
Pao–CVP) (16). Pd is measured using an intracoronary pressure wire (Volcano corp., USA or St Jude 
Medical, USA). Pao is measured through the fluid-filled guiding catheter. The methodology used 
in the three different centres was comparable; however, in AMC Amsterdam CVP was estimated at 
5 mm Hg and in Bern and Jena CVP was measured via the femoral vein in the majority of patients.

Statistical analysis
Covariates of interest associated with CFI were investigated using multivariable regression. 
All baseline variables that were significant at p≤0.10 on univariate analysis were entered into a 
multivariate model. First, a multivariate analysis was performed with clinical demographics in the 
entire study population, and second, a multivariate analysis was performed in a subset of patients 
in which medication and laboratory values were available. Continuous variables were expressed as 
mean±SD. Differences between groups were assessed by unpaired Student t test or Mann-Whitney 
U test as appropriate. Categorical variables were expressed as count and percentage and were tested 
with χ2 test or Fisher’s exact test as appropriate. All statistical tests were two-tailed, and a value 
of p<0.05 was considered statistically significant. Calculations were generated by SPSS software 
(V.18.0 for Windows, SPSS, Inc., Chicago, Illinois, USA).

RESULTS

The baseline characteristics for the complete patient cohort are displayed in Table 5.1. Our study 
population consisted of 77% of men and 26% of the population was diabetic. Fifty-three per cent 
of the patients experienced a prior MI and 68% of the population was hypertensive. Furthermore, 
the average age was 61±11 and 68% used β blockers. The median duration of AP was 3.5 (0.8–9.8) 
months in the whole population, and 97% of the patients experienced AP. The mean CFI in our 
study population was 0.39±0.14 (see Figure 5.1). 
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Table 5.1. Baseline characteristics of study population

Clinical demographics N=295

Age (years) 61.1±10.7

Sex (female) 23.0%

Body mass index 27.6±3.9

Hypertension 68.0%

Diabetes mellitus 26.0%

Family history of CAD 40.0%

Dyslipidemia 69.0%

Current smoker 29.0%

Prior MI 53.0%

Duration of AP (months) 3.5 (0.8–9.8)

AP 97.0%

EF 60.8±17.4

LVEDP 17.4±7.6

LAD target vessel 34.0%

RCA target vessel 46.0%

RCX target vessel 19.0%

Heart rate pre-procedure 67.1±11.3

Systolic blood pressure 138.8±25.8

Diastolic blood pressure 76.0±12.6

Medication (at admission) N=110

Aspirin 86.0%

β blockers 68.0%

Statins 63.0%

Clopidogrel 42.0%

Calcium channel blocker 20.0%

Nitrates 45.0%

ACE inhibitors 38.0%

Diuretics 18.0%

Laboratory values N=110

Hb (mmol/l) 8.7±0.8

K+ (mmol/l) 4.0±0.3

Creatinine (μg/l) 83.0±24.0

Leucocytes (109/l) 9.1±3.5

Glucose (mmol/l) 6.2±1.4

HbA1c (%) 6.2±0.8

Cholesterol (mmol/l) 4.9±1.3

LDL (mmol/l) 3.1±1.3

HDL (mmol/l) 1.3±0.4

Triglycerides (mmol/l) 1.9±1.5

AP: angina pectoris, CAD: coronary artery disease, EF: ejection fraction, Hb: haemoglobin, HbA1c: haemo-
globin A1c, HDL: high-density lipoprotein, K+, potassium, LAD: left anterior descending, LDL: low-density 
lipoprotein, LVEDP: left ventricular end diastolic pressure, MI: myocardial infarction, RCA: right coronary 
artery, RCX: right circumflex.
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In univariate analysis, diabetes, prior MI and diastolic blood pressure were significantly associated 
with CFI. After multivariate analysis, only hypertension and duration of AP remained positively as-
sociated with CFI (respectively, B=0.040, SE=0.02, p=0.042 and B=0.001, SE=0.000, p=0.02). Prior 
MI and diastolic blood pressure remained negatively associated with CFI (respectively, B=−0.04, 
SE=0.02, p=0.03 and B=−0.002, SE=0.001, p=0.011) (Table 5.2). The mean CFI values for patients 
divided according to these parameters are depicted in Figure 5.2.

Figure 5.1 Distribution of collateral flow index (CFI) values of the entire population (N=295).
The mean CFI of the entire population was 0.39±0.14.

Figure 5.2. The mean absolute collateral flow index values of patients: using β blockers, not using β 
blockers, of patients with angina pectoris (AP).
Patients using β blockers, not using β blockers, of patients with angina pectoris (AP) (short-duration AP is 
≤13.2 and long-duration AP is >13.2), of patients with and without β blockers, of patients with and without 
a prior myocardial infarction and of patients with low-leucocyte and high-leucocyte values (low-leucocyte 
values are ≤8.2 and high-leucocyte values are >8.2).
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Table 5.2. Univariate and multivariate analysis of clinical demographics, medication use and laboratory 
values and the association with CFI

Univariate* Multivariate

Β CI P value B CI P value

Clinical demographics (N=295)

Age (years) −1.2×10−4 −0.002 to 0.001 0.88 – – –

Sex 0.016 −0.022 to 0.053 0.41 – – –

Body mass index 3.9×10−4 −0.004 to 0.004 0.85 – – –

Hypertension* 0.032 −0.002 to 0.066 0.06 0.040 0.002 to 0.072 0.04

Diabetes mellitus* 0.049 0.014 to 0.085 0.006 – – –

Family history of CAD −0.022 −0.081 to 0.038 0.47 – – –

Dyslipidemia 0.019 −0.015 to 0.053 0.27 – – –

Current smoker −0.008 −0.043 to 0.027 0.64 – – –

Prior MI* −0.039 −0.070 to −0.007 0.02 −0.04 −0.067 to −0.003 0.03

Duration of AP (months)* 4.3×10−4 0.0002 to 0.001 0.08 0.0005 0.0002 to 0.0001 0.02

EF (in %)* 0.001 −2.9×105 to −0.002 0.06 – – –

LVEDP −6.19×10−5 −0.03 to 0.03 0.96 – – –

LAD −0.007 −0.069 to 0.055 0.81 – – –

RCA 0.001 −0.058 to 0.060 0.98 – – –

RCX 0.023 −0.051 to 0.098 0.53 – – –

Heart rate pre-procedure 0.001 −0.001 to 0.004 0.28 – – –

Systolic blood pressure −2.4×10−4 −0.001 to −3.6×104 0.43 – – –

Diastolic blood pressure* −0.001 −0.003 to −1.6×104 0.03 −0.002 −0.003 to −0.001 0.003

Laboratory values (N=110)

Hb (mmol/l) −0.001 −0.035 to 0.033 0.98 – – –

Creatinine (μg/l) −2.3×10−4 −0.001 to 0.001 0.49 – – –

Leucocytes (109/l)* −0.01 −0.017 to 0.020 0.02 −0.01 −0.001 to −0.005 0.03

Glucose (mmol/l)* 0.022 0.002 to 0.042 0.04 – – –

HbA1c (%) 0.015 −0.028 to 0.058 0.48 – – –

Cholesterol (mmol/l) −0.006 −0.029 to 0.018 0.64 – – –

LDL (mmol/l) −0.010 −0.033 to 0.014 0.41 – – –

HDL (mmol/l) −0.002 −0.078 to 0.075 0.96 – – –

Triglycerides (mmol/l) 0.008 −0.011 to 0.027 0.41 – – –

Medication (at admission) (N=110)

Aspirin* 0.072 −0.013 to 0.157 0.09 – – –

β blockers* 0.073 0.011 to 0.136 0.02 0.07 0.03 to 0.10 0.02

Statins −0.015 −0.076 to −0.047 0.64 – – –

Clopidogrel −0.030 −0.091 to 0.030 0.32 – – –

Calcium channel blocker −0.041 −0.116 to 0.035 0.29 – – –

Nitrates −0.011 −0.071 to 0.049 0.72 – – –

ACE inhibitors −0.022 −0.083 to 0.039 0.47 – – –



Chapter 5

90

In a subpopulation of 110 patients, a separate analysis was performed which included medication 
and laboratory values (see Table 5.2). In univariate analysis, the number of leucocytes, glucose and 
β blocker use were significantly associated with CFI. After multivariate analysis, only β blockers re-
mained positively associated with CFI (B=0.07, SE=0.03, p=0.02). High leucocyte values remained 
negatively associated with CFI (B=−0.01, SE=0.005, p=0.03).

DISCUSSION

In a unique cohort of CTO patients, we show that high levels of blood leucocytes are associated with 
a low arteriogenic response. Interestingly, the use of β blockers is associated with a well-developed 
collateral circulation, providing an alternative mode of action of this drug in patients with AP. 
Longer duration of AP, low diastolic blood pressure and hypertension were also associated with 
CFI. Previously reported associations between diabetes and/or age and CFI could not be confirmed 
in this cohort of patients.

Influence of diameter stenosis on the development of the collateral 
circulation
Pressure gradient over the collateral circulation is a major stimulus for arteriogenesis. The pressure 
gradient across the collateral coronary circulation is dependent on the severity of the stenosis. Pohl 
et al (15) measured intracoronary pressures in 450 patients with CAD during PCI. After multivari-
ate analysis, the severity of stenosis remained an independent predictor of CFI. Previous studies 
also showed such correlation between the degree of stenosis and collateral development (20) or 
the pressure gradient across the collateral coronary circulation and the angiographic development 
of the collateral circulation (21). Also, a strong correlation between the degree of stenosis and 
angiographic appearance of the collateral circulation has been reported (22-24).

Table 5.2. Univariate and multivariate analysis of clinical demographics, medication use and laboratory 
values and the association with CFI (continued)

Univariate* Multivariate

Β CI p Value B CI p Value

Diuretics −0.022 −0.083 to 0.039 0.47 – – –

*Variables were entered in multivariate analysis when univariate analysis p value was ≤0.10.
AP: angina pectoris, CAD: coronary artery disease, CFI: collateral flow index, EF: ejection fraction, Hb: hae-
moglobin, HbA1c: haemoglobin A1c, HDL: high-density lipoprotein, K+: potassium, LAD: left anterior de-
scending, LDL: low-density lipoprotein, LVEDP: left ventricular end diastolic pressure, MI: myocardial infarc-
tion, RCA: right coronary artery, RCX: right circumflex.
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Angiographic assessment versus CFI
Different methods are used to quantify the coronary collateral circulation. In the past, only angio-
graphic methods have been used to measure the extent of the human coronary collateral circulation 
(25). The Rentrop score is not very useful in patients with true CTO that in the vast majority have 
either Rentrop 2 or 3 grade and therefore methods have been introduced incorporating diameter 
of the collateral vessels (26). Several other studies also investigated collateral flow assessment using 
a Doppler wire as compared with angiographically measured collateral flow (27-30). CFI is closely 
correlated with signs of ischaemia on a intracoronary ECG or AP during coronary occlusion by 
balloon inflation (19) and is considered the gold standard to assess the capacity of the coronary 
collateral circulation (31).

Clinical parameters and traditional risk factors associated with the 
development of the collateral circulation
In the past, several clinical parameters were found to be associated with the development of the 
collateral circulation. To investigate the role of ageing in collateral formation, 102 patients with an 
acutely occluded coronary artery were observed. Collateral formation was quantified by coronary 
cineangiography and patients were divided into two groups based on their age (≤64 years and 
≥65 years). Conclusion was that ageing is a major determinant of arteriogenesis and a well-devel-
oped collateral formation is more present in patients with a younger age (5). Kurotobi et al also 
found that ageing was negatively associated with arteriogenesis (6). Faber et al showed collateral 
rarefaction in ageing mice, corroborating these clinical data. In our study, however, we could not 
confirm the association between higher age and a poor developed collateral circulation in patients 
with CTO.

In different experimental animal studies, dyslipidemia, respectively hypercholesterolaemia, was 
shown to be an inhibitor of arteriogenesis (7,9). In contrast, Kornowski et al (8) compared clinical 
variables with collateral formation in patients with chronic total coronary occlusion and found that 
hypercholesterolaemia is more frequently present in patients with more angiographic collaterals. 
Following these results, a study in CTO patients by Kilian et al (32) showed that hyperlipidaemia 
was associated with better developed collaterals by using angiography to grade the collateral flow. 
However, in true CTO patients the angiographic collateral grade is almost always Rentrop 3, 
making this a suboptimal way to measure the extent of the collateral circulation. In our study, no 
association with documented hyperlipidaemia or actual cholesterol level was found.

In a study among diabetic patients who underwent coronary angiography, Abaci et al (10) found 
that DM is negatively associated with the development of collaterals, also using the Rentrop score. 
In the above-mentioned study of Kilian et al (32), diabetes was also an independent predictor 
of poorly developed collateral circulation. In contrast to these results, another study showed, in 
100 diabetic patients and 100 control patients, no difference in CFI (11). Another study reported 
increased levels of endostatin and angiostatin in diabetic patients as compared with non-diabetic 
patients scheduled for coronary bypass operation. The increased levels of endostatin and angio-
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gastatin negatively correlated with coronary collateral formation. However, collateral formation 
was assessed using a modified Rentrop score (without occlusion of the recipient artery) and no 
data were presented on the extent and severity of CAD in diabetic patients versus non-diabetic 
patients (33).

A study in a Chinese patient cohort also showed a significant negative correlation between col-
lateral formation and the presence of DM (34). In patients with pre-diabetes, fasting glucose was an 
independent predictor of coronary collateral formation (35). Unfortunately, the same limitations as 
mentioned above apply to these two studies. In our study, we found a positive correlation for both 
glucose levels and the presence of DM. These correlations were no longer observed after multivari-
ate analysis. Kyriakides et al (36) investigated the role of hypertension in collateral formation and 
found that well-developed collaterals are more frequently found in hypertensive patients than in 
non-hypertensive patients. This can possibly be explained by the hypothesis that high blood pres-
sure provides more pressure in the coronary arteries and pressure is one of the main components 
that is required to form collaterals. We could confirm this positive association between hyperten-
sion and the coronary collateral circulation. However, we also found that diastolic blood pressure 
was negatively associated with CFI. This is a seemingly paradoxic finding since coronary blood flow 
is mainly diastolic. The diastolic pressure as measured in the coronary artery depends on perfusion 
pressure as well as coronary resistance. It could be postulated that a low diastolic coronary pressure 
is related to lower coronary resistance and hence higher absolute flow and shear stress.

Influence of medication on the development of the collateral circulation
Medication may also affect arteriogenesis. Kureishi et al (37) found in rabbits with normal choles-
terol levels that simvastatin inhibits apoptosis and stimulates new vessel formation in an ischaemic 
hindlimb model. In two clinical studies, statin treatment was found to be associated with a well-
developed coronary collateral circulation, again using the Rentrop method (13,38). We did not see 
an association between statin use and CFI, neither univariate nor multivariate.

In dogs in which the left anterior descending (LAD) was occluded, collateral blood flow was 
not affected by metoprolol (39). Asanuma et al (40) found an increase in coronary blood flow after 
occlusion of LAD in dogs and carvedilol treatment. In rats, propranolol improved collateral flow 
upon arginine vasopressin when administered acutely and reduced this effect when administered 
chronically (41). In patients, Billinger et al (42) found that metoprolol acutely led to a decrease in 
coronary collateral flow. Similar results were found after intracoronary infusion of propranolol 
(14). Togni et al (43) investigated the effect of nebivolol on collateral flow in eight patients with 
CAD and also found a decrease in CFI. This is in contrast to our observation that β blocker use is 
positively associated with CFI. A possible explanation is the fact that the above-mentioned studies 
investigated the instantaneous effect of intracoronary or intravenously administered β blockers 
on collateral flow rather than the effects of chronic β blocker treatment. Our findings are in line 
with two clinical studies showing that a low heart rate is positively associated with collateral artery 
development (31,44). A low heart rate possibly improves fluid shear stress at the endothelial wall, 
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which stimulates coronary collateral growth. Above mentioned is also in line with a study that 
shows the positive effects of ivabradine on arteriogenesis in mice (45). Ivabradine is an If-channel 
inhibitor that causes a decrease in heart rate.

Another mechanism by which β blockers could induce arteriogenesis is the counteraction on 
catecholamines, which are important mediators of the inflammatory response. Monocytes are af-
fected by epinephrine and norepinephrine through activation of β1 receptors, generating a cAMP 
signal through activation of adenylate cyclase, leading to stimulation of protein kinase A (PKA). 
Previously, it has been shown that several agents stimulating a cyclic adenosine monophosphate 
(cAMP) response inhibit lipopolysacchariden (LPS)-induced proinflammatory cytokine secretion 
by monocytes and increase the expression of the anti-inflammatory cytokine interleukin 10 (IL-10) 
in vitro (46,47). Also in vivo, epinephrine inhibits tumour necrosis factor α (TNFα) and potenti-
ates IL-10 production (48). As a result of decreased TNFα and increased IL-10 production (49), 
norepinephrine, also acting via β1 receptors, inhibits interleukin 1β (IL-1β) production (48). IL-1β 
and TNFα are associated with arterial remodelling (50), and IL-1β-deficient mice show reduced 
restoration of perfusion after femoral artery ligation (51). Systemic blockage of β receptors may, 
therefore, prevent the anti-arteriogenic action of catecholamines and promote the capacity of 
monocytes/macrophages to increase arterial remodelling.

Influence of AP on the development of the collateral circulation
It was previously shown that the duration of AP is significantly associated with collateral artery 
development (20). In another study, 105 patients underwent angiography during balloon occlusion. 
Different clinical and angiographic variables were analysed and compared with the development of 
collateral vessels and again the duration of AP was positively associated with the presence of col-
laterals (21). Cohen et al did not find a correlation between collaterals shown angiographically and 
the duration of AP. This might be due to the fact that some patients in their study had experienced 
‘silent ischaemia’ (52). In our study, we also found a positive association between the duration of 
AP and CFI. Interestingly, the vast majority of patients had CFI well above 0.25. In patients with 
non-occlusive CAD, this cut-off is associated with the absence of AP during balloon occlusion. 
Apparently, this cut-off does not preclude exertional angina in patients with CTO.

Influence of leucocytes on collateral artery development
It is well known that circulating leucocytes play a major role in the development of collaterals 
(3,53,54). Kocaman et al (55) found higher leucocyte values in patients with a well-developed col-
lateral circulation based on angiographic appearance and in non-total occlusions. In our study, 
leucocyte values were higher in patients with a poorly developed collateral circulation. We did not 
look at leucocyte differentiation counts nor did we characterise monocytes in order to look for 
different phenotypes of the monocyte population. It has been claimed that M1 monocytes display 
characteristics that inhibit arteriogenesis, whereas M2 monocytes stimulate arteriogenesis (56).
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CONCLUSIONS

In CTOs, collaterals provide an average of 39% of the blood flow, which would be derived from 
a non-obstructed native coronary artery. In this large unique cohort of CTO patients, the use of 
β blockers was associated with well-developed collaterals, which does not prove causality, but 
indicates that this therapy could be an especially useful anti-ischaemic therapy in patients with 
CTO. Furthermore, low serum leucocytes and low diastolic blood pressure were associated with 
well-developed collaterals.

As shown in earlier studies, we also found that previous MI was associated with a low arteriogenic 
response. In contrast, hypertension and duration of AP were associated with enhanced collateral 
formation. We found that factors such as age, hyperlipidaemia or diabetes were not associated with 
the development of the collateral circulation.

Limitations
Our analysis was limited by retrospective pooling of the data from three different centres, with 
possibly different definitions, populations and different data collection. Due to a set of missing 
values in medication and laboratory parameters from one of the three centres, we had to perform 
two separate multivariate analyses.
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ABSTRACT

Nonculprit lesions are frequently observed in patients with ST-segment elevation myocardial 
infarction. Results from recent randomized clinical trials suggest that complete revascularization 
after ST-segment elevation myocardial infarction improves outcomes. In this state-of-the-art paper, 
the authors review these trials and consider how best to determine which nonculprit lesions require 
revascularization and when this should be performed.



103

Evaluation and management of nonculprit lesions in STEMI

6

INTRODUCTION

Nonculprit lesions (NCLs) are frequently observed in patients with ST-segment elevation myocar-
dial infarction (STEMI) (1,2). Several clinical strategies can be considered when NCLs are present. 
One option is initial medical therapy, with further revascularization driven by recurrent symptoms. 
Alternatively, NCL revascularization may be performed immediately during the index procedure 
or as a staged procedure, either during the index hospitalization or on a subsequent readmission. 
For these latter options, deciding on which NCLs should be revascularized may be based on either 
angiographic or functional lesion assessment. 

In this state-of-the-art paper, we address three questions. Firstly, is NCL revascularization ben-
eficial for the patient, or should we await symptom recurrence? Second, if NCL revascularization 
is beneficial, how do we best determine which lesions require revascularization? Third, what is the 
optimal timing of NCL revascularization?

Is NCL revascularization beneficial?
Five randomized clinical trials (Table 6.1) comparing complete revascularization (CR) with 
percutaneous coronary intervention (PCI) to culprit-only PCI after STEMI have been published: 
PRAMI (Preventive angioplasty in myocardial infarction)(3), CvLPRIT (Complete versus lesion-
only primary PCI trial) (4), DANAMI-3 (Danish study of optimal acute treatment of patients 
with ST-elevation myocardial infarction)-PRIMULTI (Primary PCI in patients with ST-elevation 
myocardial infarction and multivessel disease: treatment of culprit lesion only or complete revas-
cularization) (5), COMPARE-ACUTE (Comparison between FFR guided revascularization versus 
conventional strategy in acute STEMI patients with MVD) (6), and COMPLETE (Complete vs 
culprit-only revascularization to treat multi-vessel disease after early PCI for STEMI) (7). 

Overall, they support CR regardless of whether it was performed during the index procedure 
(3,4,6), during the index hospitalization (4–7), or during a later readmission (7). The strategy of 
CR was associated with reduced risk for major adverse cardiovascular events, driven mainly by 
reductions in myocardial infarction and repeat revascularization (Table 6.2), although in the largest 
study, death and myocardial infarction were significantly reduced with CR (7).

As discussed later, these studies had limitations. First, CR was performed mainly at the index 
procedure or during the index hospitalization, and the comparator was conservative NCL manage-
ment, despite current guidelines recommending staged ischemia-guided revascularization of NCLs. 
Second, some studies used angiography-guided CR and others used physiology-guided CR, but 
studies comparing these strategies have not yet been conducted. On the basis of the available data, 
physiological evaluation may be associated with less NCL revascularization with similar clinical out-
comes (5,6), but this remains to be confirmed. Third, functional assessment of NCLs may optimally 
be performed in a staged setting rather than during the index procedure or hospitalization (8–10). 
Finally, patient selection for the studies is incompletely described (4–7). Thus, the results may not 
apply to patients with severe frailty or comorbidities, patients with very complex NCLs, or patients 
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who are hemodynamically unstable. Despite these caveats, European guidelines now recommend 
that routine revascularization of NCLs should be considered in patients with STEMI with multivessel 
disease before hospital discharge (11). American guidelines recommend that NCL revascularization 
may be considered in hemodynamically stable patients with STEMI and multivessel disease, either 
at the time of primary PCI or as a staged procedure during the index hospitalization (12,13). Thus, 
our first main conclusion is that there is benefit from CR in patients with STEMI but that data are 
less conclusive concerning the optimal methods for evaluation and timing of NCL revascularization.

How are NCLs identified and evaluated? Transient changes in coronary tone 
and physiology during STEMI have implications for NCL severity assessment
Emergency coronary angiography with immediate revascularization of the culprit artery is strongly 
recommended in patients with STEMI (11–13). At this time, NCLs of potential significance may 
be identified, and their angiographic severity can be visually estimated (1). However, angiographic 
assessment is not always a good predictor of functional significance, even in patients in stable 
condition (14). Current STEMI guidelines recommend functional testing to document potential 
ischemia in NCLs (11–13). This is despite the fact that PRAMI and CvLPRIT used only angio-
graphic guidance, while DANAMI-3-PRIMULTI, COMPARE-ACUTE, and COMPLETE used a 
combination of angiographic parameters and physiological guidance with fractional flow reserve 
(FFR) (Tables 6.1 and 6.2) (3–7).

Current guidelines recommend that NCL revascularization should be considered during the 
index hospitalization (11–13). This raises important questions: can we reliably assess the functional 
significance of NCLs during the index procedure or index hospitalization, and if so, which methods 
can we use? After STEMI, transient changes in coronary physiology may be present such that func-
tional assessment of NCLs may yield different results in the acute (index procedure) and subacute 
(index hospitalization) settings compared with a later (>14 days) time point (9,10,15). Moreover, 
microvascular changes in the acute phase after STEMI may affect resting and hyperemic indexes 
differently (9,10,15), not only in the infarct zone but also in remote areas perfused by the nonculprit 
arteries (Central Illustration, Figures 6.1 and 6.2). Thus, in nonculprit arteries, hyperemic flow 
may be attenuated and resting flow may be increased, and this is especially pronounced in patients 

Table 6.2. Hazard ratios for clinical outcomes after complete/NCL revascularization compared with culprit-
only revascularization

Study/Author HR for all-cause 
death

HR for cardiac 
death

HR for myocardial 
infarction

HR for repeat 
revascularization

PRAMI (3) - 0.34 (0.11–1.08) 0.32 (0.13–0.75) 0.30 (0.17–0.56)

CvlPRIT (4) 0.32 (0.06–1.60) 0.27 (0.06–1.32)* 0.48 (0.09–2.62) 0.55 (0.22–1.39)

DANAMI-3-PRIMULTI (5) 1.40 (0.63–3.00) 0.56 (0.19–1.70) 0.94 (0.47–1.90) 0.31 (0.18–0.53)

COMPARE-ACUTE (6) 0.80 (0.25–2.56) 1.00 (0.25–4.01)** 0.50 (0.22–1.13) 0.32 (0.20–0.54)

COMPLETE (7) 0.91 (0.69–1.20) 0.93 (0.65–1.32)* 0.68 (0.53–0.86) 0.18 (0.12–0.26)

Values are HR (95% CI). *Cardiovascular death. ** Death from cardiac event. Abbreviations as in Table 6.1.
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with large infarcts (15). Possible mechanisms that could contribute to decreased nonculprit artery 
hyperemic flow in the acute STEMI setting are illustrated in Figure 6.3.

Visual and quantitative assessment by coronary angiography
In the acute STEMI setting, angiographic NCL stenosis degree may be overestimated by approxi-
mately 10% (16,17). Consequently, angiographic assessment alone of NCLs in the acute setting of 
STEMI could lead to treatment of functionally nonsignificant NCLs.

Coronary flow reserve 
Coronary flow reserve (CFR) is the ratio between whole-cycle hyperemic and resting flow (18) 
and does not discriminate between epicardial and microcirculatory disease. In the acute STEMI 
setting, CFR in the nonculprit artery can be decreased, caused predominantly by a reduction in 
hyperemic flow coupled to a slight increase in resting flow (15). This reduced nonculprit artery CFR 
normalizes over time (10). Changes in CFR are important in helping understand the mechanisms 
contributing to potential underestimation by FFR or overestimation by instantaneous wave-free 
ratio (iFR) of NCL severity in the acute STEMI setting. However, CFR is not routinely used and is 
not recommended assessing the severity of NCLs in patients with STEMI.

CF
R

FF
R

iF
R

CFR 1.8
CFR 2.0

CFR 2.4

Acute setting
During the index procedure

Subacute setting
1-2 weeks after index procedure

Stable setting
>2 week after index procedure

FFR 0.81 FFR 0.81
FFR 0.79

iFR 0.89 iFR 0.89 iFR 0.90

0.80

0.75

0.85

2.0

1.5

2.5

0.90

0.85

0.95 Slight increase from the acute to stable setting

Slight decrease from the acute to stable setting

Increase from the acute to stable setting

Figure 6.1. Overview of transient changes in coronary physiology in the acute, subacute, and stable 
setting.
Green numbers represent values above the established cutoff values (no indication for revascularization), 
and red numbers indicate values below the established cutoff values and imply that revascularization may 
be indicated. The numbers are examples around the established cutoffs with changes suggested by current 
studies. CFR: coronary flow reserve, FFR: fractional flow reserve, iFR: instantaneous wave-free ratio, STEMI: 
ST-segment elevation myocardial infarction.
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Figure 6.2 Schem
atic overview

 of invasive techniques for N
CL evaluation: advantages and concerns.

Possible advantages (green) and concerns (red) of techniques to assess nonculprit lesion (N
CL) severity in the acute setting of STEM

I. CAG
: coronary angiography, Pd/

Pa: ratio betw
een coronary distal pressure and aortic pressure, D

S: percentage diam
eter stenosis, Q

CA
: quantitative coronary angiography, Q

FR: quantitative flow
 ratio, 

other abbreviations as Figure 6.1.
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Fractional flow reserve
Fractional flow reserve (FFR) is the whole-cycle ratio between the hyperemic distal coronary pres-
sure (Pd) and the aortic pressure (Pa). In the acute STEMI setting, as described earlier, nonculprit 
artery alterations in hyperemic coronary flow (15) and microvascular resistance (19) may influence 
FFR values and, consequently, NCL revascularization strategies. Three studies have assessed the 
reproducibility of FFR in the assessment of NCLs (8,10,20). In the first study, follow-up FFR was 
measured 5 to 8 days after STEMI, which is still within the time period when the acute physiologi-
cal changes may not have resolved (8). In keeping with this, the level of agreement between index 
procedure and index hospitalization assessment was high. In the second study, 75% of patients had 
STEMI, and some of these had relatively small infarcts (20). Comparing values obtained in the 
acute and staged setting (median 27 days; range: 4 to 128 days), mean FFR did not change, but some 
individual changes varied in different directions. In the most recent study, FFR values during the 
index procedure were significantly elevated compared with follow-up, with a mean decrease of 0.03 
from index procedure to 30-day follow-up, and this was most pronounced in patients with larger 

Figure 6.3. Schematic overview of potential mechanisms contributing to altered nonculprit artery 
flow in the acute setting of STEMI.
Possible mechanisms that could contribute to the decreased nonculprit hyperemic flow are a blunted hy-
peremic vasodilator response by reduced activation of the adenosine (P1) receptors, neurohumoral activa-
tion leading to increased levels of vasoconstrictors such as endothelin-1 (ETA) and norepinephrine (NE), el-
evated left ventricular end-diastolic pressure (LVEDP), and the presence of myocardial edema in the remote 
area. A potential mechanism of increased nonculprit artery resting flow in the acute setting is hyperkinesia 
of the remote myocardium. CX: circumflex coronary artery, LAD: left anterior descending coronary artery, 
LVEDP: left ventricular end-diastolic pressure, P1: receptor purinergic G protein-coupled receptors with ad-
enosine as ligand, RCA: right coronary artery.
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infarcts (10). The positive predictive value of index procedure FFR with follow-up FFR as reference 
was 73%, and the negative predictive value was 82% in REDUCE-MVI (Reducing micro vascular 
dysfunction in revascularized STEMI patients by off-target properties of ticagrelor) with mean 
acute FFR of 0.88 ± 0.07 and follow-up FFR of 0.86 ± 0.09 (10). This suggests that NCL significance 
may be underestimated with FFR in the acute setting.

Instantaneous wave free ratio
Instantaneous wave-free ratio (iFR) is a resting diastolic index (21). The diagnostic performance of 
iFR could be affected by the transient elevations in resting coronary flow associated with STEMI. 
In the iSTEMI study, nonculprit iFR increased by a median of 0.01 from the index procedure to 
re-evaluation when re-evaluation was performed within 16 days but increased by a median of 0.03 
when re-evaluation was performed more than 16 days after STEMI (9). In agreement with these 
findings, the WAVE (Instantaneous wave-free ratio and fractional flow reserve for the assessment 
of non culprit lesions in patients with ST-segment elevation myocardial infarction) study suggested 
good reproducibility of iFR when comparing index versus subacute (in-hospital) measurements 
(8), and the REDUCE-MVI study suggested that NCL iFR increased by a mean of 0.01 from the 
acute setting to staged follow-up after 1 month (10). With follow-up iFR as reference, acute iFR in 
iSTEMI had a positive predictive value of 68% and a negative predictive value of 89%, with median 
acute iFR of 0.89 and median follow-up iFR of 0.91 (9). In REDUCE-MVI, acute iFR had a positive 
predictive value of 53% and a negative predictive value of 91%, with mean acute iFR of 0.93 and 
mean follow-up iFR of 0.94 (10). In the interpretation of these predictive values, the prevalence 
of significant stenosis should be kept in mind, as the prevalence of significant stenosis differed 

1. Is nonculprit lesion revascularization beneficial? 
2. How do we best evaluate which nonculprit lesions require revascularization? 
3. Acute, subacute, or staged evaluation and management of the nonculprit lesion?

*

Anterior STEMI
Occluded LAD

Nonculprit lesion
in obtuse branch

Central illustration. Evaluation and management of nonculprit lesions in STEMI.
LAD: left anterior descending coronary artery, STEMI: ST-segment elevation myocardial infarction.
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between studies (52% in iSTEMI and 23% in REDUCE-MVI) (9,10). Also, the time between index 
and follow-up was different: the median time from index to follow-up assessment was 16 (inter-
quartile range: 5 to 32 days) in iSTEMI, and the mean time from index to follow-up assessment was 
31.0 ± 5.5 days in REDUCE-MVI (9,10). Together, WAVE, iSTEMI, and REDUCE-MVI suggest 
that excluding NCL significance with iFR is valid but that NCL significance may be overestimated 
in the acute setting. The clinical relevance of acute iFR guided PCI of NCLs is currently being 
evaluated in the iMODERN trial (iFR Guided multi-vessel revascularization during percutaneous 
coronary intervention for acute myocardial infarction; NCT03298659).

Non-hyperemic Pd/Pa
Pd/Pa is the ratio between whole-cycle averaged Pd and Pa under resting conditions. Similar to iFR, the 
alterations in nonculprit resting flow in the acute setting of STEMI could potentially influence Pd/Pa 
values, and it was recently reported that nonculprit Pd/Pa was mean 0.01 lower in the acute setting (10).

Quantitative flow ratio
The quantitative flow ratio is a method to assess stenosis severity on the basis of coronary angi-
ography (22). In patients with STEMI, there was a high level of agreement between quantitative 
flow ratio in the acute and more stable phases, which was independent of the timing of the staged 
procedure (23,24). However, microvascular dysfunction in nonculprit arteries of patients with 
STEMI may lead to underestimation of NCL significance with quantitative flow ratio.

Noninvasive assessment of NCLs
There are only limited studies of noninvasive assessment to diagnose the extent of reversible 
ischemia (25). The noninvasive modalities that may be used include stress echocardiography, car-
diac magnetic resonance, single-photon emission computed tomography, and positron emission 
tomography. The timing and best imaging technique needs to be determined but will depend on 
local availability and expertise (11). These modalities are most suited for staged evaluation of NCLs 
following discharge. Noninvasive assessment of NCLs by means of computed tomographic angiog-
raphy, including computed tomography–derived FFR, was studied in 60 patients with STEMI with 
124 NCLs (26). In that study, computed tomography–derived FFR for staged evaluation of NCLs 
had only moderate diagnostic performance and could not be recommended as a method for staged 
NCL evaluation (26).

NCL severity assessment: the most used methods
Because of the transient physiological changes in STEMI, angiography and iFR may overestimate 
and FFR may underestimate NCL severity. Although the average changes are small, these data 
suggest that: 1) when index procedure or index hospitalization revascularization based on iFR is 
performed, 1 in 3 of treated NCLs would not have been significant at 30-day follow-up; while 2) 
when index procedure or index hospitalization revascularization is based on FFR, 1 in 5 deferred 
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NCLs would be significant at 30-day follow-up. Because of the lack of randomized studies evaluat-
ing angiographic versus functional guidance and index procedure or index hospitalization versus 
staged CR, the clinical relevance of these considerations remains elusive. Still, the second main 
conclusion is that acute and subacute physiological changes may affect the evaluation of NCLs 
during the index procedure and the index hospitalization.

When should CR be performed?
Adequately sized randomized studies comparing immediate and staged NCL revascularization af-
ter STEMI have not been reported, and the latest American College of Cardiology/American Heart 
Association/ Society for Cardiovascular Angiography and Interventions focused update on STEMI 
treatment states that there are no randomized data at this time to support a recommendation with 
regard to the optimal timing of NCL PCI (13). Three small studies have compared immediate and 
staged CR, but they do not allow firm conclusions to be drawn regarding the optimal timing of 
NCL revascularization (27–29). A number of observational studies comparing outcomes among 
patients with acute and staged NCL revascularization exist and have been included in reviews and 
meta-analyses (30–32). These studies may be subject to bias, in particular confounding by indica-
tion, and the results should be interpreted with caution. Thus, the available data are insufficient 
to determine whether index procedure or index hospitalization CR is associated with better or 
worse outcomes than staged outpatient CR. In 4 of the recent randomized clinical trials, CR was 
performed either during the index procedure or index admission (3–6). The exception is the COM-
PLETE trial, in which NCL revascularization was either performed during index hospitalization or 
later, determined by the operators (7). The COMPLETE study suggests that the benefit of CR was 
independent of NCL revascularization timing, but this analysis may be biased by the selection at the 
operators’ discretion (33). The finding is supported by the observation that events related to NCLs 
between STEMI and follow-up evaluation are rare (1). Current STEMI guidelines recommend NCL 
revascularization before hospital discharge (11–13), but they were developed before the publica-
tion of the COMPLETE trial and may thus be changed in future revisions. Pragmatically, lacking 
firm randomized data, the operator must weigh possible risks and benefits in each individual case. 
In the periprocedural acute setting, embarking on NCL revascularization in hemodynamically 
unstable patients should generally be discouraged (34) unless the clinician believes that treating 
the NCL will stabilize the patient. However, guidelines suggest that revascularization of NCLs can 
be considered in selected, hemodynamically stable patients with STEMI and multivessel disease 
(11–13) on the basis of the evidence from PRAMI, CvLPRIT, and COMPARE-ACUTE (3,4,6). The 
challenges identifying functional significance, as discussed earlier, should be considered, as should 
the risk for unforeseen procedural complications that may be tolerated less well in the acute setting. 
With case selection similar to that in the randomized studies, such events should be rare. Also, the 
completeness and final result of revascularization in the acute setting should match what could be 
offered in the staged elective setting. Finally, out of hours with limited catheterization laboratory 
resources, tired staff members, or the risk of delaying treating an inbound patient with STEMI by 
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treating stable NCLs in the current patient may be unreasonable. When staged revascularization is 
considered, individual assessment of optimal timing from case to case is advised. During the index 
admission, unforeseen procedural complications may be less well tolerated than at a later time 
point. In contrast, CR before discharge may allay patient concerns and reduces costs associated 
with an additional staged hospitalization. Furthermore, the results from the 5 randomized clinical 
trials all suggest this to be an acceptable strategy (3–7). A pragmatic approach is that revasculariza-
tion of NCLs in patients with STEMI can be performed during the index procedure or hospitaliza-
tion when stenoses are considered critical or of unequivocal significance and the additional PCI is 
expected to be well tolerated. However, on the basis of the possibility that functional assessment 
during the index procedure or hospitalization may be influenced by transient changes in coronary 
tone and physiology, and the absence of any data from randomized trials, we consider it accept-
able to perform functional assessment of noncritical lesions either during the index procedure or 
hospitalization or during a subsequent hospitalization, usually within 4 weeks. Our third main 
conclusion is that the optimal timing of evaluation and revascularization of NCLs remains to be 
established, and future trials should address such questions.

Caveats of current studies
The current studies on immediate CR included hemodynamically stable patients with STEMI 
without left main stenosis or other complex lesions (3–7,27–29). In patients with STEMI and 
cardiogenic shock, the CULPRIT-SHOCK (Culprit lesion only PCI versus multivessel PCI in car-
diogenic shock) study suggested that immediate complete NCL revascularization may be harmful 
(34). Of all patients screened for participation, 19% were included in PRAMI (3), 35% in CvLPRIT 
(4), and 14% in DANAMI-3-PRIMULTI (5). The numbers of patients screened in COMPARE-
ACUTE and COMPLETE were not provided (6,7). Complicated procedures (e.g., chronic total 
occlusions, very calcified lesions, challenging bifurcations) and frail patients (e.g., poor renal func-
tion, older age) may be more suitable for staged NCL PCI, and there was consensus among the 
investigators that the randomized studies did not include such patients. When angiographic NCL 
evaluation was supplemented with FFR, 31% of patients randomized to CR did not need NCL 
revascularization in DANAMI-3-PRIMULTI (5), and 44% did not need NCL revascularization in 
COMPARE-ACUTE (6). These results suggest that functionally nonsignificant NCLs may have 
been treated in the angiography-guided PRAMI and CvLPRIT studies (3,4) as well as in the COM-
PLETE trial, in which <1% were guided by pressure measurements (7). Interestingly, the hazard 
ratios for recurrent myocardial infarction and repeat revascularization in all of the recent random-
ized trials were comparable despite differences in revascularization guidance methods (3–7). The 
latter could suggest that angiography-guided and physiology-guided NCL PCI lead to comparable 
clinical outcomes but that these comparable results can be obtained with less PCI of NCLs with 
physiological guidance. In the currently available studies, immediate CR mainly reduces the need 
for further revascularization (3–7). None of the studies were powered for difference in all-cause or 
cardiac death.
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What next?
Published data support NCL revascularization after STEMI. However, the optimal method(s) to 
guide PCI of NCLs as well as the optimal timing of NCL revascularization remain unresolved. Ongo-
ing randomized trials focusing on the management of NCLs in STEMI are summarized in Table 6.3.

CONCLUSIONS
The available data support performing CR in patients with STEMI and multivessel disease. Because 
there are no data comparing different approaches to determining the functional significance of 
NCLs after STEMI, clinicians should use the methods they are familiar with and take the possible 
effects of STEMI and the timing of evaluation after STEMI into account. In the absence of larger 

Table 6.3 Ongoing studies focusing on the management of NCLs in STEMI

Study ClinicalTrials.gov
Identifier

Intervention Alternative 
Intervention

Primary Outcome

FULL REVASC NCT02862119 FFR-guided PCI of 
NCLs during index 
hospital admission

Initial conservative 
management of 
NCLs

Combined endpoint of all-cause 
mortality and MI during follow-
up of minimum 1 yr (all events 
when the last patient has been
followed for 1 yr)

iMODERN NCT03298659 iFR-guided 
revascularization 
of NCLs with 
>50% diameter 
stenosis and iFR 
≤0.89 during index 
procedure or index 
hospitalization

Adenosine stress 
perfusion CMR scan
within 6 weeks 
after STEMI, with 
revascularization of 
NCLs associated
with perfusion 
defects

All-cause death, recurrent MI 
and hospitalization for heart 
failure at 1 yr

FLOWER-MI NCT02943954 Angiography-
guided PCI of NCLs 
in the acute stage of 
STEMI

FFR-guided PCI of 
NCLs in the acute 
stage of STEMI

Number of deaths, MIs, and 
unplanned hospitalization 
leading to urgent 
revascularizations at one year

SAFE STEMI NCT02939976 iFR-guided 
revascularization of 
NCLs

Initial conservative 
management of 
NCLs

Defined as cardiac death, infarct 
artery target vessel MI, or 
ischemia-driven index infarct-
related vessel revascularization

FRAME-AMI NCT02715518 Angiography-
guided PCI of NCLs
during index 
procedure or index 
hospitalization

FFR-guided PCI of 
NCLs during index
procedure or index 
hospitalization

Any death and any MI at two 
years

CMR: cardiac magnetic resonance, FLOWER-MI: Flow evaluation to guide revascularization in multi-vessel 
ST-elevation myocardial infarction, FRAME-AMI: FFR versus angiography-guided strategy for management 
of AMI with multivessel disease, FULL REVASC: FFR-guidance for complete non-culprit revascularization, 
iFR: instantaneous wave-free ratio, iMODERN: iFR guided multi-vessel revascularization during percutane-
ous coronary intervention for acute myocardial infarction, SAFE STEMI: Study of access site for enhancing 
PCI in STEMI for seniors, other abbreviations as in Table 6.1.
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trials comparing immediate versus staged CR, we generally recommend that NCL revasculariza-
tion be performed in a staged setting but that functional assessment at the index procedure can be 
considered to justify or prevent a second procedure. Immediate CR may be considered during the 
index procedure when NCL functional significance is unequivocal and PCI is expected to be well 
tolerated.
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ABSTRACT

Importance: Percutaneous coronary intervention (PCI) of nonculprit vessels among patients with 
ST-segment elevation myocardial infarction (STEMI) is associated with improved clinical outcome 
compared with culprit vessel-only PCI. Fractional flow reserve (FFR) and coronary flow reserve 
are hyperemic indices used to guide revascularization. Recently, instantaneous wave-free ratio was 
introduced as a nonhyperemic alternative to FFR. Whether these indices can be used in the acute 
setting of STEMI continues to be investigated.
Objective: To assess the value of hemodynamic indices in nonculprit vessels of patients with 
STEMI from the index event to 1-month follow-up.
Design, setting, and participants: This substudy of the Reducing Micro Vascular Dysfunction in 
Revascularized STEMI Patients by Off-target Properties of Ticagrelor (REDUCE-MVI) random-
ized clinical trial enrolled 98 patients with STEMI who had an angiographic intermediate stenosis 
in at least 1 nonculprit vessel. Patient enrollment was between May 1, 2015, and September 19, 
2017. After successful primary PCI, nonculprit intracoronary hemodynamic measurements were 
performed and repeated at 1-month follow-up. Cardiac magnetic resonance imaging was per-
formed from 2 to 7 days and 1 month after primary PCI.
Main outcomes and measures: The value of nonculprit instantaneous wave-free ratio, FFR, coro-
nary flow reserve, hyperemic index of microcirculatory resistance, and resting microcirculatory 
resistance from the index event to 1-month follow-up.
Results: Of 73 patients with STEMI included in the final analysis, 59 (80.8%) were male, with a 
mean (SD) age of 60.8 (9.9) years. Instantaneous wave-free ratio (SD) did not change significantly 
(0.93 [0.07] vs 0.94 [0.06]; P = 0.12) and there was no change in resting distal pressure/aortic pres-
sure (mean [SD], 0.94 [0.06] vs 0.95 [0.06]; P = 0.25) from the acute moment to 1-month follow-up. 
The FFR decreased (mean [SD], 0.88 [0.07] vs 0.86 [0.09]; P = 0.001) whereas coronary flow reserve 
increased (mean [SD], 2.9 [1.4] vs 4.1 [2.2]; P < 0.001). Hyperemic index of microcirculatory 
resistance decreased and resting microcirculatory resistance increased from the acute moment to 
follow-up. The decrease in distal pressure from rest to hyperemia was smaller at the acute moment 
vs follow-up (mean [SD], 10.6 [11.2] mm Hg vs 14.1 [14.2] mm Hg; P = 0.05). This blunted acute 
hyperemic response correlated with final infarct size (ρ, –0.29; P = 0.02). The resistive reserve ratio 
was lower at the acute moment vs follow-up (mean [SD], 3.4 [1.7] vs 5.0 [2.7]; P < 0.001).
Conclusions and relevance: In the acute setting of STEMI, nonculprit coronary flow reserve was 
reduced and FFR was augmented, whereas instantaneous wave-free ratio was not altered. These 
results may be explained by an increased hyperemic microvascular resistance and a blunted ad-
enosine responsiveness at the acute moment that was associated with infarct size.
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INTRODUCTION

Of patients with ST-segment elevation myocardial infarction (STEMI), 52.8% have multivessel 
disease (at least 1 obstructive nonculprit lesion) (1). Patients with STEMI and multivessel disease 
without cardiogenic shock have a worse short-term prognosis compared with patients with 
STEMI who have 1-vessel disease (2). Revascularization of nonculprit lesions is associated with 
an improved clinical outcome (3-6). Subsequently, multivessel primary percutaneous coronary 
intervention (pPCI) either at the time of pPCI or in a staged procedure has been assigned a class 
IIa recommendation (7).

Fractional flow reserve (FFR) is an invasive hyperemic hemodynamic physiology index frequently 
used to guide revascularization of intermediate stenoses (8). Coronary flow reserve (CFR), which 
also requires the use of adenosine, is mostly used for the noninvasive assessment of suspected or 
known ischemic heart disease by positron emission tomography (9), but can also be calculated 
invasively (10). More recently, instantaneous wave-free ratio (iFR) was introduced as an adenosine-
free index of stenosis severity (11). Two large clinical trials (12,13) showed a similar occurrence of 
major adverse events in patients with stable coronary artery disease or non-STEMI revascularized 
based on iFR as compared with FFR. Changes in baseline and hyperemic coronary flow, potentially 
depending on infarct size, might affect both FFR and iFR (14-19). Whether FFR and iFR can also 
be used interchangeably in the acute setting of STEMI is unknown. To our knowledge, there are no 
studies available to date that investigate the value of both indices in nonculprit vessels in the acute 
setting of STEMI compared with that in the late, more stable phase.

The aim of our study was to assess changes in nonhyperemic and hyperemic hemodynamic 
stenosis and resistance indices in nonculprit vessels of patients with STEMI from the index event to 
1-month follow-up. We assessed whether these indices were associated with infarct characteristics 
as assessed with cardiac magnetic resonance because we hypothesized that hemodynamic acute 
changes are more pronounced in large infarcts.

METHODS

Overview of study procedures
This study was a predefined substudy of the Reducing Micro Vascular Dysfunction in Revascular-
ized STEMI Patients by Off-target Properties of Ticagrelor (REDUCE-MVI) trial (20). The primary 
end point of the REDUCE-MVI study was microvascular resistance at 30 days in patients with 
ticagrelor vs prasugrel, measured by the index of microcirculatory resistance (IMR), which was 
similar in both groups. Patients with a first STEMI and 1 or more intermediate lesions (50%-90% 
diameter stenosis) in a nonculprit vessel were enrolled after successful pPCI of the culprit vessel. 
For clinical purposes, patients underwent follow-up invasive coronary angiography 1 month after 
the index event. The cardiac magnetic resonance imaging was performed from 2 to 7 days after 



Chapter 7

122

pPCI and within 5 days of 1-month follow-up to assess infarct size, left ventricle ejection fraction, 
and microvascular injury. For a complete description of the cardiac magnetic resonance acquisition 
and analysis, see Supplementary Methods S7.1. An overview of the screened patients during the in-
clusion period with accompanying inclusion and exclusion reasons was published previously (20). 
This study was approved by the medical ethics committee at Amsterdam University Medical Center, 
Vrije Universiteit, Amsterdam, the Netherlands, and all participants gave written informed consent.

Patient population
Paired hemodynamic data were assessed in patients enrolled between May 1, 2015, and September 
19, 2017, at the Amsterdam University Medical Center, Vrije Universiteit, Amsterdam, the Nether-
lands; Medisch Spectrum Twente, Enschede, the Netherlands; Hospital Clínico San Carlos, Madrid, 
Spain; and Radboud University Medical Centre, Nijmegen, the Netherlands. All patients were 
admitted with an acute STEMI, presented fewer than 12 hours after onset of symptoms, and had an 
intermediate (50%-90%) lesion in a nonculprit vessel. For a complete overview of the inclusion and 
exclusion criteria, see Supplementary Methods S7.2.

Calculation of physiological indices
The coronary catheterization procedure and measurement of hemodynamic indices have been 
published previously (20). All measurements were directly extracted and analyzed offline by a 
blinded analyst using RadiView Software (Abbott). The FFR was calculated by the ratio of distal 
coronary pressure (Pd) to aortic pressure (Pa) during a period of stable maximal hyperemia, and 
the lowest stable FFR value was used. When drift exceeded 0.02, we corrected for the pressure 
drift (21). The iFR is defined as resting Pd/Pa within the mid- to end-diastolic part (wave-free 
period) of the cardiac cycle. The iFR was calculated offline by using a dedicated MATLAB script 
(The MathWorks Inc) (22), and CFR is defined as the ratio between resting and hyperemic mean 
transit time. The product of distal pressure and mean hyperemic transit time was used to calculate 
IMR, and the product of resting mean transit time and resting distal pressure was used to calculate 
baseline microvascular resistance (BMR). The resistive reserve ratio was used to determine the 
vasodilatory microcirculatory response (ratio between BMR and IMR) (23). Quantitative coronary 
angiography was performed to assess diameter stenosis (CAAS II; Pie Medical BV). We measured 
pressures to calculate FFR and iFR using the RadiAnalyzer Xpress, QUANTIEN console (Abbott), 
which does not have simultaneous electrocardiography (ECG) recordings.

Statistical analysis
Means were compared between subgroups using the independent samples t test. Classification 
agreement (CCA) and the proportion of abnormal values at the acute moment and follow-up were 
compared using the McNemar test. To assess the difference between parameters at the acute mo-
ment and follow-up, a 2-sided, paired t test was used. P < 0.05 was considered to be statistically 
significant. For a complete overview of the statistical analyses, see Supplementary Methods S7.3.



123

Temporal changes in nonculprit hemodynamic indices in STEMI

7

RESULTS

Patient and infarct characteristics
Of the 110 patients included in REDUCE-MVI, a total of 98 patients were enrolled in the cur-
rent study, with 25 patients excluded for various reasons (Supplementary Table S7.1). A total of 73 
patients remained for final analysis; 59 (80.8%) were male, and the mean (SD) age was 60.8 (9.9) 
years. Patient, vessel, and infarct characteristics are specified in the Table 7.1.

Table 7.1. Patient and infarct characteristics

Characteristic Patients (n = 73)

Age, mean (SD), y 60.8 (9.9)

Male, No. (%) 59 (80.8)

Body mass index, mean (SD)a 27.3 (3.7)

Medical history, No. (%)

Hypertension 19 (26.0)

Type 2 diabetes 5 (6.8)

Current smoker 29 (39.7)

Family history of CAD 27 (37.0)

Hypercholesterolemia 11 (15.1)

Previous percutaneous intervention 2 (2.7)

History of pulmonary disease 5 (6.8)

Medication before pPCI, No. (%)

Aspirin 4 (5.5)

Lipid-lowering medication 10 (13.7)

Angiotensin-converting enzyme inhibitor 4 (5.5)

Angiotensin receptor blocker 7 (9.6)

β-Blocker 6 (8.2)

Calcium channel blocker 6 (8.2)

Peak laboratory values, median (IQR)

Creatine kinase level, U/L 1086.0 (467.5-2240.5)

CK-MB level, μg/L 99.2 (43.3-224.0)

Troponin level, μg/L 2.01 (0.53-4.52)

Culprit arteries, No. (%)

Left anterior descending 24 (32.9)

Circumflex 19 (26.0)

Right coronary 30 (41.1)

Angiographic and stent characteristics, No. (%)

TIMI flow grade before pPCI

0 44 (60.3)

1 7 (9.6)
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One-month follow-up was performed at a mean (SD) of 31.0 (5.5) days after pPCI, and 24 
patients (32.9%) presented with an anterior wall STEMI. The distribution of nonculprit vessels was 
the left anterior descending artery (n = 29; 39.7%), circumflex artery (n = 26; 35.6%), and right 
coronary artery (n = 18; 24.7%). Baseline characteristics and comparisons of the excluded and 
included patients are summarized in Supplementary Table S7.2. Infarct characteristics assessed by 
cardiac magnetic resonance are presented in Supplementary Table S7.3.

iFR and FFR values at the index procedure and follow-up
Mean (SD) iFR at the index procedure was 0.93 (0.07) and 0.94 (0.06) at 1-month follow-up (P = 
0.12); Bland-Altman analysis showed a mean (SD) difference of 0.012 (0.064) (Figure 7.1).

The CCA between iFR at the acute moment and follow-up was 82.2% (Figure 7.2A). The total 
number of hemodynamically significant iFR (defined as ≤0.89) values was 17 (23.3%) at the acute 
moment vs 14 (19.2%) at 1-month follow-up (P = 0.58). Mean (SD) resting Pd/Pa was also not 
significantly different between the acute moment and follow-up (0.94 [0.06] vs 0.95 [0.06]; P = 
0.25). Mean (SD) FFR at the index procedure was 0.88 (0.07) and at 1-month follow-up was 0.86 
(0.09) (P = 0.001); Bland- Altman analysis showed a mean difference of –0.030 (0.054) (Figure 

Table 7.1. Patient and infarct characteristics (continued)

Characteristic Patients (n = 73)

2 15 (20.5)

3 7 (9.6)

TIMI flow grade after pPCI

0 0

1 4 (5.5)

2 11 (15.1)

3 58 (79.5)

cTFC 38 (23-59)

Nonculprit arteries, No. (%)

Left anterior descending 29 (39.7)b

Circumflex 26 (35.6)c

Right coronary 18 (24.7)

QCA diameter stenosis, No. (%) 55.1 (13.3)

CAD: coronary artery disease, IQR: interquartile range, cTFC: corrected TIMI frame count, pPCI: primary per-
cutaneous coronary intervention, QCA: quantitative coronary angiography, TIMI: thrombolysis in myocar-
dial infarction. SI conversion factors: To convert creatine kinase to microkatals per liter, multiply by 0.0167; 
to convert CK-MB and troponin to micrograms per liter, multiply by 1.0.
a Calculated as weight in kilograms divided by height in meters squared.
b  One patient included with the left anterior descending artery as the culprit vessel and the first diagonal 

branch as the nonculprit vessel. The culprit location was in the midleft anterior descending artery distal to 
the first diagonal branch (marked as left anterior descending in the Table).

c  One patient included with the circumflex artery as the culprit vessel and the intermediate branch (marked 
as circumflex in the Table) as the nonculprit vessel. The culprit location was midcircumflex.
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7.1). The CCA between FFR at the acute moment and 1-month follow-up was 80.8% (59 of 73 
patients) (Figure 7.2B), which was similar to the CCA of iFR (82.2%) (P > 0.99). The total number 
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Figure 7.1. Instantaneous wave-free ratio (iFR) and fractional flow reserve (FFR) during the acute 
moment and at 1-month follow-up.
A and D, Dashed lines indicate the regression line of acute and follow-up iFR (A) and FFR (D). B and E, Dots 
and whiskers on both sides indicate means and SDs, respectively. C and F, The differences given were cal-
culated as follow-up values minus acute values. Dashed lines indicate within 2 SDs, and black lines indicate 
bias.

Figure 7.2. Classification agreement of instantaneous wave-free ratio and fractional flow reserve val-
ues between the acute moment and 1-month follow-up.
Classification agreement is noted for 73 vessels in both plots. Dotted lines represent the established cutoff 
values of 0.89 (A) and 0.80 (B). Dashed lined represent regression lines between acute and follow-up. Red 
dots indicate decrease and yellow dots indicate increase between the acute moment and follow-up values.
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of hemodynamically significant FFR (defined as ≤0.80) values was 11 (15.1%) at the acute moment 
vs 19 (26.0%) at 1-month follow-up (P = 0.06).

CFR values at the index procedure and follow-up
The mean (SD) CFR significantly increased from the index procedure (2.9 [1.4]) to 1-month 
follow-up (4.1 [2.2]) (P < 0.001); Bland-Altman analysis showed a mean (SD) difference of 1.16 
(2.37) (Figure 7.3). The CCA between CFR at the acute moment and 1-month follow-up was 63.9% 
(46 of 72 patients; 1 with missing data). The total number of hemodynamically significant CFR 
values (defined as <2.0) was 16 (21.9%) at the acute moment vs 12 (16.7%) at follow-up (P = 0.56).

iFR and FFR values
There was a correlation between FFR and iFR both at the acute moment (ρ, 0.52; P < 0.001) and at 
1-month follow-up (ρ, 0.77; P < 0.001). The CCA between FFR and iFR at the acute moment was 
80.8% (59 of 73 patients) and at 1-month follow-up was 87.7% (64 of 73 patients) (P = 0.18). At the 
acute moment, there were 4 abnormal FFR values with normal iFR values (5.5%) and 10 abnor-
mal iFR values with normal FFR values (13.7%) (P = 0.18). At follow-up, there were 7 abnormal 
FFR values with normal iFR values (9.6%) and 2 abnormal iFR values with normal FFR values 
(2.7%) (P = 0.18). Resistance Values at the Index Procedure and Follow-up Median IMR was 18.0 
U (interquartile range, 13.5-27.0 U) at the acute moment and decreased to 14.5 U (interquartile 
range, 11.0-21.0 U) at follow-up (P = 0.06); Bland-Altman analysis showed a mean (SD) difference 
of –2.81 (18.98) (Figure 7.3). Median BMR was 57.3 U (interquartile range, 37.3-107.1 U) at the 
acute moment and increased to 72.4 U (interquartile range, 46.1-104.9 U) at follow-up (P = 0.05); 
bland-Altman analysis showed a mean (SD) difference of 11.94 (50.06) U (Figure 7.3).
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Figure 7.3. Coronary flow reserve (CFR), baseline microcirculatory resistance (BMR), and the index of 
microcirculatory resistance (IMR) during the acute moment and 1-month follow-up.
A, D, and G, Dashed lines indicate the regression line between acute and follow-up values. B, E, and H, Dots 
and whiskers on both sides indicate means and SDs, respectively. C, F, and I, The differences given were cal-
culated as follow-up values minus acute values. Dashed lines indicate within 2 SDs, and black lines indicate 
bias.

Distal pressure and adenosine administration at the acute moment
Supplementary Table S7.4 and Figure S7.1 give an overview of the correlations between heart rate 
or blood pressure in the acute setting and physiology indices. We did not observe a significant 
difference in hyperemic response of the aortic pressure between the acute moment and follow-up 
(Supplementary Table S7.5). A decreased hyperemic response of distal pressure was found at the 
acute moment vs follow-up (mean [SD], 10.6 [11.2] mm Hg vs 14.1 [14.2] mm Hg; P = 0.049) 
(Figure 7.4).
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Patients with low FFR values at follow-up (cutoff  value used was the median: 0.87) showed a 
larger hyperemic response of Pd (mean [SD], 17.9 [9.4] vs 10.2 [17.1]; P = 0.02). Th e hyperemic 
response of Pd at the acute moment or at follow-up did not correlate with percentage of diameter 
of stenosis (ρ, 0.07; P = 0.63 and ρ, –0.01; P = 0.98). Vasodilatory reserve as measured by resistive 
reserve ratio was signifi cantly lower at the acute moment vs follow-up (mean [SD], 3.4 [1.7] vs 5.0 
[2.7]; P < 0.001). Th e diff erence between acute and follow-up resistive reserve ratio correlated with 
the diff erence in hyperemic response of Pd between the acute moment and follow-up (ρ, 0.38; P = 
0.001).
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Figure 7.4. Association between adenosine-induced hyperemia and aortic and distal pressures at 
the acute moment vs 1-month follow-up.
A) Aortic pressure (black line) and distal pressure (red line) results after adenosine infusion. B) A nonsignifi -
cant increase in hyperemic response of aortic pressure (resting minus hyperemic aortic pressure) was as-
sociated with an absolute diff erence of 1 mm Hg, and a signifi cant increase in hyperemic response of distal 
pressure (resting minus hyperemic distal pressure) from the acute moment of presentation to follow-up 
was associated with an absolute diff erence of 4 mm Hg. Boxplots represent means, and whiskers represent 
SDs.
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Cardiac magnetic resonance imaging, infarct characteristics, and 
hemodynamic measurements
Th ere was no signifi cant association between change in iFR (β, 0.14; P = 0.25), change in Pd/Pa 
(β, 0.08; P = 0.51), or change in CFR (β, –0.21; P = 0.10) and infarct size reported in grams. Th ere 
was a signifi cant association between change in FFR and infarct size as reported in grams (β, 0.26; 
P = 0.03). Both IMR in the acute setting (ρ, –0.43; P = 0.001) and change in IMR (ρ, 0.52; P < 
0.001) correlated signifi cantly with myocardial salvage index. Th ere were no signifi cant clinical or 
hemodynamic predictors of changes in FFR, iFR, or Pd/Pa (Supplementary Table S7.6). A smaller 
hyperemic distal pressure decrease at the acute moment, shown by a large diff erence in Pd between 
acute and follow-up, correlated with left  ventricular ejection fraction (ρ, 0.39; P = 0.001) and infarct 
size (reported as left  ventricular percentage) (ρ, –0.29; P = 0.02). For patients with microvascular 
injury, the diff erence between acute and follow-up Pd was higher (mean [SD], 10.1 [16.4] mm Hg vs 
1.7 [14.1] mm Hg; P = 0.04) and there was a larger change in IMR compared with patients without 
microvascular injury (mean [SD], 7.4 [21.4] U vs –1.3 [17.7] U; P = 0.09).

DISCUSSION

Th e aim of this study was to assess changes in nonculprit hemodynamic indices in patients with 
STEMI at the index procedure compared with 1-month follow-up. For the fi rst time, to our knowl-
edge, we performed a paired analysis of both nonculprit FFR and iFR. Th e hyperemic indices FFR 
and CFR showed signifi cant changes between the index event and 1-month follow-up, and the non-
hyperemic indices Pd/Pa and iFR numerically increased but did not signifi cantly change between 
the index event and 1-month follow-up. Th e CCA between the acute moment and follow-up was 
similar for FFR and iFR. Th e IMR was increased at the index event compared with follow-up, 
whereas nonculprit BMR was decreased. Th e hyperemic vasodilatory response of the microcircula-
tion was lower at the acute moment compared with follow-up. Th is blunted hyperemic response 
was associated with elevated FFR values and was most pronounced in patients with a large infarct 
size, low left  ventricular ejection fraction, and microvascular injury.

Previous studies have investigated the temporal development of nonculprit coronary blood fl ow 
aft er STEMI (14-16,24). We studied the extent to which physiologic indices are associated with 
altered intracoronary nonculprit fl ow in the setting of acute STEMI.

We showed a signifi cant decrease in FFR accompanied by a large increase in CFR from the acute 
moment to 1-month follow-up. Th is fi nding may have been associated with changes in intracoro-
nary hyperemic fl ow at the acute moment of STEMI. Consistent with our fi ndings, Uren et al (24) 
reported that among patients with STEMI treated with thrombolysis, CFR assessed by [15O]H2O 
positron emission tomography was decreased 1 week aft er acute myocardial infarction compared 
with healthy control patients in both the culprit and remote territory. Th e attenuated CFR was 
associated with a slight increase in baseline fl ow in combination with a substantially decreased 
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hyperemic flow. This finding was confirmed for patients with STEMI treated with pPCI (15,16). 
Thus, the decrease in CFR at the acute moment in nonculprit vessels was mainly associated with a 
decrease in hyperemic flow. Under the assumption that stenosis geometry does not change within 
a month, these hemodynamic changes may explain our findings; an increased FFR and decreased 
CFR in nonculprit vessels in the acute setting of STEMI. The changes in epicardial hemodynamic 
parameters were associated with changes in microvascular resistance. In our study, we showed an 
increased acute hyperemic microcirculatory resistance in nonculprit vessels. This finding is similar 
to that of a previous study (16).

Non-hyperemic iFR in the acute setting of STEMI
In contrast, iFR and resting Pd/Pa were numerically lower at the acute moment but did not sig-
nificantly change from the acute moment to follow-up. This can be explained by a modest change 
in resting flow in nonculprit vessels at the acute moment of STEMI. In pigs, coronary nonculprit 
resting flow assessed by radionuclide-labeled microspheres was increased during the initial 14 days 
after STEMI (25). In patients with STEMI, a 12% increase in nonculprit resting flow was reported 
at the acute moment (14). In 73 patients with anterior myocardial infarction, there was a small 
increase in resting flow assessed by Doppler flow velocity compared with 6-month follow-up (16). 
The minor increase in acute nonculprit resting flow gradually normalized and was similar at 1 week 
compared with 3-month follow-up (15). We showed a decreased BMR, which was not significantly 
associated with a change in acute iFR compared with follow-up. This might have occurred because 
of the specific diastolic nature of this index.

Hyperemic flow in nonculprit vessels
In culprit vessels, the decreased hyperemic coronary flow was secondary to microvascular injury, 
extravascular compression due to edema, intramyocardial hemorrhage, increased left ventricular 
end-diastolic pressure, microvascular plugging, and an increased neurohumoral state (26,27). In 
culprit vessels, the presence of microvascular injury correlates with elevated FFR values, lower CFR 
values, and increased IMR values (28). In nonculprit vessels, the causes of altered coronary flow 
and flow responses are less well described. An important finding in our study was the acute blunted 
hyperemic microcirculatory response to adenosine, which was similar to results of a previous study 
in patients with STEMI (23). Under normal circumstances, adenosine leads to a reduction in distal 
coronary pressure because of a decrease in microvascular resistance caused by arteriolar vasodi-
lation (29). However in the acute setting of STEMI, the sensitivity of the purinergic adenosine 
receptors was shown to be diminished even in the remote myocardium (30), causing a blunted 
adenosine response. In future studies, it would be interesting to compare different hyperemic 
agents to explore the potential advantage of other vasodilators (eg, nitrovasodilators) compared 
with adenosine in the acute setting. Furthermore, increased neurohumoral activation and elevated 
levels of endothelin-1 (31), elevated left ventricular end-diastolic pressure (32), and myocardial 
edema (33) potentially contribute to a decrease in hyperemic nonculprit flow. Consequently, the 
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changes in flow following myocardial infarction are directly associated with infarct size and the 
presence of microvascular injury as assessed by cardiac magnetic resonance imaging in patients 
with STEMI as well as in a porcine model of acute myocardial infarction (14).

Resting flow in nonculprit vessels
In culprit vessels, the increased culprit resting flow is attributable to post-ischemic reactive hy-
peremia. Similarly in nonculprit vessels, a primary increase in myocardial baseline flow has been 
found directly after pPCI that gradually decreases (17). This is probably attributable to hyperkinesia 
of noninfarcted myocardium to compensate for the loss of contractile function of the infarcted or 
stunned myocardium in the culprit territory (34). Also, because of activation of the sympathetic 
nervous system at the acute moment of STEMI, heart rate is higher, causing increased baseline 
coronary blood flow (35). We showed a decreased nonculprit BMR at the acute moment compared 
with 1-month follow-up. In the chronic phase after STEMI, the above-mentioned acute changes 
somewhat normalize.

Pressure-based assessment of epicardial stenosis severity in nonculprit 
vessels
Ntalianis et al (19) examined the reliability of solely FFR in patients with myocardial infarction and 
found no significant difference in FFR from the acute moment to follow-up (mean [SD] FFR was 
0.77 [0.13] at both the acute moment and follow-up). However, the exact time of follow-up varied 
between 4 and 128 days, which was an important confounder in that study. Also, infarct size was 
small and patients with both STEMI and non-STEMI were included. Of note, when only assessing 
patients with STEMI, they also observed an absolute 0.02 decrease in FFR. The nonculprit stenosis 
evaluation using iFR in patients with STEMI (iSTEMI) study (18) investigated the reliability of iFR 
in 120 patients with STEMI and 157 with corresponding nonculprit stenoses. The investigators 
found a significant increase in iFR from the acute event to follow-up (0.89 vs 0.91; P < 0.001), with 
a median follow-up of 16 days (range, 5-32 days). We showed a similar absolute increase in iFR of 
0.01, and we found a comparable CCA in iFR from the acute event to follow-up (82% in our study 
vs 78% in the iSTEMI study (18)). In our study, the difference in mean iFR from the acute moment 
to follow-up did not significantly change; the correlation between the acute moment and follow-up 
iFR seemed to be inferior compared with the correlation between the acute moment and follow-up 
FFR. In the iSTEMI study (18), FFR was not measured at the acute moment, and CFR, IMR, and 
BMR were not measured. The iFR and FFR for the assessment of nonculprit lesions during the 
index procedure in patients with ST-segment elevation myocardial infarction (the WAVE study) 
(36), a single center observational registry, is the only study to date to perform both FFR and iFR 
measurements at the acute moment compared with the subacute phase. The investigators showed 
that iFR and FFR values were stable between the acute and the subacute moments (FFR: 0.82 vs 
0.82; P = 0.62) and (iFR: 0.90 vs 0.89; P = 0.64). A major limitation of that study was that follow-up 
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was performed close to the index event (5-8 days after the index procedure). At that moment, 
hemodynamic changes initiated at the acute moment of STEMI might still exist.

Clinical relevance
In the present study, we showed for the first time to our knowledge that iFR performed equally 
to FFR in terms of CCA between the acute moment and late (1-month) follow-up measurements 
when interrogating the nonculprit vessels in patients with STEMI. In addition, both iFR and FFR 
were associated with altered coronary hemodynamics in the acute vs late phase. This finding should 
be kept in mind, especially in the case of large infarcts and values around the cutoff. For these 
patients, acute intracoronary measurements could be insufficient, and a delayed physiology-guided 
revascularization of nonculprit vessels may be beneficial. An alternative could be a hybrid approach 
using both FFR and iFR in the acute setting. As FFR decreases, FFR could guide revascularization 
in vessels with acute FFR of 0.80 or less, but in patients with FFR greater than 0.80, iFR should guide 
revascularization of nonculprit vessels in the acute setting of STEMI. The ongoing iFR Guided 
multivessel revascularization during percutaneous coronary intervention for acute myocardial 
infarction (the iMODERN trial) (37), a prospective multicenter trial, may shed light on the clinical 
use of iFR in nonculprit vessels at the acute moment of STEMI.

Limitations
Our study comprised a relatively small number of patients. However, it is the only study to our 
knowledge that assessed both FFR and iFR during the acute moment and at late (1-month) fol-
low- up. We collected thermodilution-based CFR, IMR, and BMR measurements that were in line 
with the findings for the pressure- based measurements and complied with the theoretical hemo-
dynamic framework. In line with other contemporary STEMI studies (38), infarct size in our study 
was relatively preserved. In patients with more myocardial damage, our results could potentially 
have been more pronounced. We did not measure or correct for collateral supply, and iFR was 
calculated using the ECG-independent algorithm, which closely correlates with the frequently used 
ECG-dependent iFR (r = 0.9997) (22).

CONCLUSIONS

In patients with STEMI and with multivessel disease, nonculprit coronary hemodynamics were 
altered such that FFR was slightly overestimated, CFR was significantly underestimated, and iFR 
and Pd/Pa were slightly underestimated compared with values remeasured in the stable setting 1 
month later. These findings should be taken into account when performing functional assessment 
of a diseased nonculprit vessel in the acute setting of STEMI.
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SUPPLEMENTARY MATERIAL

Supplementary Methods S7.1. Cardiac magnetic resonance imaging 
methods
A 1.5-T clinical scanner (Siemens Healthcare, Erlangen, Germany) was used to perform cardio-
vascular magnetic resonance (CMR) using a phased-array cardiac receiver coil. Baseline CMR was 
performed 2-7 days following primary percutaneous intervention (PPCI) and at 1 month follow-up 
(±5 days). Electrocardiogram-gated cine imaging using a segmented steady-state free-precession 
pulse sequence was used to assess cardiac function. Short axis slices were scheduled every 10 mm 
throughout the complete left ventricle (LV) beginning at the mitral valve annulus. Typical in-plane 
resolution was 1.4x1.4 mm, with a slice thickness of 5 mm (repetition time 3.2 ms, echo time 1.5 
ms, flip angle 80°, matrix 208x256, temporal resolution <50 ms). Late gadolinium enhancement 
(LGE) images were acquired 10-15 minutes after administration of a gadolinium-based contrast 
agent (Dotarem, Guerbet; 0.15 mmol/kg), using a 2-dimensional segmented inversion recovery 
gradient-echo pulse sequence. Typical in-plane resolution, slice position and slice thickness are 
described above. The repetition time was 1 x RR-interval, echo time 4.4 ms, flip angle 25° and 
matrix 216x256. The inversion time was 250-400 ms to established the null signal of viable myocar-
dium. End-diastolic volume (LVEDV) and mass (LVEDM), end-systolic volume (LVESV) and left 
ventricular ejection fraction (LVEF) were calculated from the short axis cine images after manually 
outlining the endocardial and epicardial borders on the end-diastolic and end-systolic phases. 
Short-axis LGE images were used to calculate infarct size (grams and % of LV) with the full-width-
at-half maximum method (39). The hypo-intense cores within the hyperenhanced myocardium on 
the LGE images are defined as the areas of microvascular injury (MVI) in grams. The presence of 
MVI (yes/no) is defined by microvascular obstruction and intramyocardial haemorrhage. These 
areas were integrated in the calculation of infarct size.

Supplementary Methods S7.2. List of in- and exclusion criteria
Inclusion criteria:
1. Provision of informed consent
2. Patients presenting with STEMI < 12 hours
3. Successful PCI of the culprit artery with a modern drug eluting stent (DES)
4. The presence of an intermediate stenosis in a non-culprit artery (50-90%)

Exclusion criteria:
1. Previous history of myocardial infarction
2. Participation in another clinical trial with an investigational product during the preceding 30 

days
3. History of cerebrovascular accident (CVA) or ‘transient ischaemic attack’ (TIA)
4. History of intracranial haemorrhage
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5. Indication or use of anticoagulant therapy (i.e. acenocoumarol)
6. Severe liver dysfunction (Child-Pughscore 10-15)
7. Congestive heart failure
8. Cardiogenic shock
9. Left ventricular ejection fraction < 35%
10. Bleeding diathesis
11. Age ≥ 75 or < 18
12. Body weight < 60 kg
13. Gout
14. Coagulation disorders
15. Severe pulmonary disease
16. Pregnancy and breast feeding
17. Limited life expectancy
18. Platelet count < 100.000/mm3
19. History of drug addiction or alcohol abuse in the past 2 years
20. Need for chronic nonsteroidal anti-inflammatory drugs
21. Creatinine clearance <30 mL/min or dialysis
22. Presence of a chronic total occlusion (CTO) or left main disease
23. Allergy or contra-indication for ticagrelor or prasugrel
24. Contra-indication for adenosine
25. Patients unable to be followed on site
26. Unable to undergo or contra-indications for MRI
27. Contra-indication for DES
28. Inability to obtain informed consent

Supplementary Methods S7.3. Statistical analysis
SPSS 22.0 (IBM Corporation, Armonk, NY, USA) was used for statistical analyses. Continuous 
variables were described as mean±SD for normally distributed variables or median (IQR) if non-
normally distributed. Categorical variables are expressed as frequency (percentage). Spearman’s 
correlation was used to quantify strength of the association between the different hemodynamic 
parameters. To assess the difference between parameters at index and follow-up a paired T-test 
was used. Means were compared between subgroups of patients using the independent samples 
t-test. A log-transformation was used in case of skewed data in order to achieve normality of data. 
Classification agreement (CCA) between baseline and follow-up, as well as proportion of abnormal 
values at acute moment and follow-up separately, were compared between FFR and iFR using the 
McNemar Test. CCA and proportion of abnormal values separately, were also compared between 
acute moment and follow-up using the McNemar. Bland Altman plots were used to graphically 
display the distribution of the differences between index and follow-up. A value of p<0.05 was 
considered statistically significant.
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Supplementary Table S7.2. Baseline characteristics of the excluded patients

Characteristic Patients included 
(n=73)

Patients excluded 
(n=37)

P-value

Age (years) 60.8±9.9 60.2±8.7 0.74

Sex (male) 59 (80.8%) 35 (94.6%) 0.05

BMI (kg/m2) 27.3±3.7 27.8±3.8 0.46

 Medical history

HT 19 (26.0%) 14 (37.8%) 0.20

DM type 2 5 (6.8%) 6 (16.2%) 0.12

Smoker (current) 29 (39.7%) 18 (50.0%) 0.31

Family history of CAD 27 (37.0%) 15 (40.5%) 0.72

Hypercholesterolemia 11 (15.1%) 12 (32.4%) 0.03

Previous PCI 2 (2.7%) 2 (5.4%) 0.48

History of pulmonary disease 5 (6.8%) 4 (10.8%) 0.47

 Medication before PPCI

ASA 4 (5.5%) 5 (22.7%) 0.14

Lipid-lowering medication 10 (13.7%) 11 (29.7%) 0.04

ACE-inhibitor 4 (5.5%) 6 (16.2%) 0.06

ARB 7 (9.6%) 4 (10.8%) 0.84

Beta-blocker 6 (8.2%) 6 (16.2%) 0.20

CCB 6 (8.2%) 3 (8.1%) 0.98

 Laboratory values (peak)

CK (U/L) 1086.0 (467.5-2240.5) 1027.5 (339.0-1648.0) 0.45

CK-MB (µg/L) 99.2 (43.3-224.0) 82.3 (26.8-205.0) 0.40

Troponin (µg/L) 2.01 (0.53-4.52) 1.55 (0.32-3.59) 0.22

 Culprit Vessels

LAD 24 (32.9%) 12 (33.3%) 0.97

CX 19 (26.0%) 9 (32.1%)

RCA 30 (41.1%) 16 (34.8%)

Supplementary Table S7.1. Reasons for exclusion of patients

Reasons for exclusion No. (%)

Deceased before 1 month follow-up 3 (3%)

Withdrew consent before 1 month follow-up 1 (1%)

Calculation of FFR at 1 time point was not possible 6 (6%)

Calculation of iFR at 1 time point was not possible 6 (6%)

Thermodilution measurements not performed due to logistical/technical problems 9 (9%)

Total number of exclusions 25 (26%)*

Percentages displayed are calculated from the total patient inclusion number (n=98). *All percentages were 
rounded and therefore the final percentage of total number of exclusions does not match the sum of the 
specific exclusion reasons.
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Supplementary Table S7.2. Baseline characteristics of the excluded patients (continued)

Characteristic Patients included 
(n=73)

Patients excluded 
(n=37)

P-value

 Angiographic and stent characteristics

TIMI flow grade pre-PPCI

0 44 (60.3%) 18 (48.6%) 0.41 

1 7 (9.6%) 2 (5.4%)

2 15 (20.5%) 11 (29.7%)

3 7 (9.6%) 6 (16.2%)

TIMI flow grade post-PPCI

0 0 (0%) 0 (0%) 0.83 

1 4 (5.5%) 2 (33.3%)

2 11 (15.1%) 4 (26.7%)

3 58 (79.5%) 31 (34.8%)

cTFC 38 (23-59) 33 (23-48) 0.51

 Non-culprit Vessels (n=73)

LAD 29 (39.7%) 16 (36.4%) 0.60

CX 26 (35.6%) 15 (34.9%)

RCA 18 (24.7%) 6 (26.1%)

 Angiographic stenosis severity

QCA (DS%) 55.1±13.3 56.2±10.8 0.66

ACE-inhibitor: angiotensin converting enzyme inhibitor, ARB: angiotensin receptor blocker, BB: beta block-
er, BMI: body mass index, CAD: coronary artery disease, CCB: calcium channel blocker, DM type 2: diabetes 
mellitus type 2, HT: hypertension, IQR: inter quartile range (25th and 75th percentile), PAD: peripheral artery 
disease, PCI: percutaneous intervention, %DS: percentage diameter stenosis, cTFC: corrected TIMI frame 
count, CX: circumflex artery, LAD: left anterior descending artery, PPCI: primary percutaneous intervention, 
QCA (DS%): quantitative coronary angiography (percentage diameter stenosis), RCA: right coronary artery, 
SD: standard deviation, TIMI: thrombolysis In myocardial infarction.
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Supplementary Table S7.3. CMR-derived infarct characteristics

Baseline CMR* n (%), mean (SD) or median (IQR)

MVO present [yes] 22 [30.1%]

IMH present [yes] 20 [27.4%]

Edema [g] 27.9 [13.7-41.2]

Infarct size [g] 6.0 [2.8-11.4]

MSI [%] 72.5±23.9

 1 month follow-up CMR

LVEDV [ml] 182.3±37.8

LVEDV [ml/m2] 88.9±17.1

LVESV [ml] 86.6±28.7

LVESV [ml/m2] 42.4±14.2

LVEF [%] 53.5±7.3

LVED mass [g/m2] 53.0±8.2

Infarct size [g] 8.4 [4.6-15.3]

Infarct size [% of LV] 8.3 [3.9-13.3]

CMR: cardiac magnetic resonance imaging, IMH: intramyocardial haemorrhage, IQR: interquartile range, LV: 
left ventricular, LVEDV: left ventricular end-diastolic volume, LVEDVi: indexed left ventricular end-diastolic 
volume, LVEF: left ventricular ejection fraction, LVESV: left ventricular end-systolic volume, LVESVi: indexed 
left ventricular end-systolic volume, MSI: myocardial salvage index, MVO: microvascular obstruction, SD: 
standard deviation. *Not all of the baseline CMR’s were eligible to assess MVO and IMH.

Supplementary Table S7.4. Influence of heart rate and blood pressure in the acute setting on FFR, iFR and 
PdPa values

Acute moment Follow-up Delta P-value

Heart rate (beats/min) 76±16 65±12 11±15 <0.001

Systolic BP (mmHg) 128±17 134±21 -7±23 0.015

Diastolic BP (mmHg) 79±13 80±14 -1±18 0.535

RPP 9749±2764 8735±2425 918±2930 0.012

FFR: fractional flow reserve, iFR: instantaneous wave-free ratio, BP: blood pressure, RPP: rate pressure product.

Supplementary Table S7.5. Effect of administration of adenosine on aortic and distal pressure

Acute Follow-up p-value ∆ (acute - follow-up)

Resting Pa 91.8±14.8 87.9±14.9 0.072 3.9±18.2

Hyperemic Pa 86.1±13.5 81.3±14.3 0.014 4.8±16.4

∆ Pa (rest - hyp) 5.7±11.2 6.6±13.9 0.606 -0.9±15.1

Resting Pd 86.0±15.6 83.3±15.9 0.222 2.7±18.7

Hyperemic Pd 75.5±13.8 69.2±14.0 0.001 6.3±14.8

∆ Pd (rest - hyp) 10.6±11.2 14.1±14.2 0.049 -3.6±15.2

RRR (BMR / IMR) 3.4±1.7 5.0±2.7 <0.001 1.6±3.2

BMR: baseline microcirculatory resistance, IMR: index of microcirculatory resistance, RRR: resistive reserve 
ratio, Pressure is expressed in mmHg. Pa: aortic pressure, Pd: distal pressure.
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Supplementary Table S7.6. Clinical and hemodynamic predictors of changes in hemodynamic indices

Delta FFR

Univariate

B 95% CI P-value

Age (years) <0.001 -0.002-0.001 0.86

Sex (Male) -0.004 -0.040-0.032 0.84

Acute heart rate (beats/min) <0.001 -0.001-0.001 0.83

Acute systolic blood pressure (mmHg) <0.001 0.000-0.001 0.34

Infarct related vessel -0.003 -0.021-0.014 0.72

Symptom to balloon time (mins) <0.001 0.000-0.000 0.85

TIMI flow pre PPCI (0-3) 0.006 -0.007-0.019 0.34

TIMI flow post PPCI (0-3) -0.011 -0.037-0.014 0.38

Corrected TFC <0.001 0.000-0.000 0.67

Delta iFR

Univariate

B 95% CI P-value

Age (years) <0.001 -0.002-0.001 0.83

Sex (Male) 0.007 -0.031-0.045 0.72

Acute heart rate (beats/min) <0.001 -0.001-0.001 0.74

Acute systolic blood pressure (mmHg) <0.001 -0.001-0.001 0.58

Infarct related vessel 0.010 -0.008-0.028 0.29

Symptom to balloon time (mins) <0.001 0.000-0.000 0.72

TIMI flow pre PPCI (0-3) -0.006 -0.020-0.008 0.40

TIMI flow post PPCI (0-3) -0.020 -0.047-0.007 0.15

Corrected TFC <0.001 0.000-0.000 0.53

Delta PdPa

Univariate

B 95% CI P-value

Age (years) <0.001 -0.002-0.002 0.68

Sex (Male) 0.012 -0.035-0.060 0.60

Acute heart rate (beats/min) <0.001 -0.001-0.002 0.53

Acute systolic blood pressure (mmHg) <0.001 -0.001-0.001 0.61

Infarct related vessel 0.012 -0.011-0.025 0.31

Symptom to balloon time (minutes) <0.001 0.000-0.000 0.20

TIMI flow pre PPCI (0-3) 0.007 -0.010-0.024 0.44

TIMI flow post PPCI (0-3) -0.012 -0.045-0.022 0.49

Corrected TFC <0.001 0.000-0.000 0.93

We did not find any univariate predictors with a P-value <0.10, hence we did not proceed with multivariate 
regression analysis. CI: confidence interval, FFR: fractional flow reserve, iFR: instantaneous wave free ratio, 
PPCI: primary percutaneous coronary intervention, TFC: TIMI frame count, TIMI: thrombolysis in myocardial 
infarction.
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Figure S7.1. Influence of heart rate and blood pressure in the acute setting on FFR, iFR and PdPa 
values.
FFR: fractional flow reserve, iFR: instantaneous wave-free ratio, BP: blood pressure, RPP: rate pressure prod-
uct.
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ABSTRACT

Objectives: This study sought to determine the agreement between cardiac magnetic resonance 
(CMR) imaging and invasive measurements of fractional flow reserve (FFR) in the evaluation 
of nonculprit lesions after ST-segment elevation myocardial infarction (STEMI). In addition, we 
investigated whether fully quantitative analysis of myocardial perfusion is superior to semiquanti-
tative and visual analysis.
Background: The agreement between CMR and FFR in the evaluation of nonculprit lesions in 
patients with STEMI with multivessel disease is unknown. 
Methods: Seventy-seven patients with STEMI with at least 1 intermediate (diameter stenosis 50% 
to 90%) nonculprit lesion underwent CMR and invasive coronary angiography in conjunction with 
FFR measurements at 1 month after primary intervention. The imaging protocol included stress 
and rest perfusion, cine imaging, and late gadolinium enhancement. Fully quantitative, semiquan-
titative, and visual analysis of myocardial perfusion were compared against a reference of FFR. 
Hemodynamically obstructive was defined as FFR ≤0.80.
Results: Hemodynamically obstructive nonculprit lesions were present in 31 (40%) patients. Visual 
analysis displayed an area under the curve (AUC) of 0.74 (95% confidence interval [CI]: 0.62 to 
0.83), with a sensitivity of 73% and a specificity of 70%. For semiquantitative analysis, the relative 
upslope of the stress signal intensity time curve and the relative upslope derived myocardial flow 
reserve had respective AUCs of 0.66 (95% CI: 0.54 to 0.77) and 0.71 (95% CI: 0.59 to 0.81). Fully 
quantitative analysis did not augment diagnostic performance (all p > 0.05). Stress myocardial 
blood flow displayed an AUC of 0.76 (95% CI: 0.64 to 0.85), with a sensitivity of 69% and a specific-
ity of 77%. Similarly, MFR displayed an AUC of 0.82 (95% CI: 0.71 to 0.90), with a sensitivity of 
82% and a specificity of 71%.
Conclusions: CMR and FFR have moderate-good agreement in the evaluation of nonculprit le-
sions in patients with STEMI with multivessel disease. Fully quantitative, semiquantitative, and 
visual analysis yield similar diagnostic performance.
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INTRODUCTION

Over the past few decades, cardiac magnetic resonance (CMR) imaging has emerged as a robust 
tool to evaluate patients with suspected obstructive coronary artery disease (CAD). Among the 
myriad of imaging techniques, CMR has the advantages of being cost-effective (1), widely available, 
and multiparametric (i.e., it allows to evaluate several pathological features during a single session). 
In addition, CMR does not expose patients to ionizing radiation while permitting imaging at high 
spatial resolution. Finally, patients with normal CMR results have a reassuring low risk of future 
cardiovascular events (2).

In the clinical setting, perfusion images are typically assessed visually; however, CMR can also 
quantify myocardial blood flow (MBF) in relative (semiquantitative) (3) and even absolute terms 
(fully quantitative) (4). Conflicting evidence exists as to whether quantification improves the diag-
nostic accuracy of perfusion CMR. Although some studies reported superiority of fully quantitative 
analysis over semiquantitative and visual analysis (5), others found no benefit of quantification in 
the diagnosis of obstructive CAD (6–8). In patients with stable CAD, invasive measurements of 
fractional flow reserve (FFR) are considered the optimal index for diagnosing hemodynamically 
obstructive CAD and guiding revascularization (9). Although CMR and FFR are reported to have a 
high concordance in the assessment of patients with stable CAD (10), the agreement between CMR 
and FFR in the evaluation of nonculprit lesions after ST-segment elevation myocardial infarction 
(STEMI) is still unknown. Nonculprit lesions are present in approximately 50% of patients with 
STEMI and, if left unattended, carry a poor prognosis (11,12). In these patients, CMR is of special 
interest as it allows for simultaneous assessment of left ventricular function, infarction size, and 
perfusion. CMR thus not only provides valuable prognostic information, but also identifies patients 
with ischemia in nonculprit vascular territories who may benefit from revascularization.

The aim of the present study was to determine the agreement between CMR and invasive mea-
surements of FFR in the evaluation of nonculprit lesions in patients with STEMI with multives-
sel disease. Visual assessment of myocardial perfusion images was compared to semi- and fully 
quantitative analysis.

METHODS

Study population
This is a substudy of data from patients enrolled in the REDUCE-MVI (Reducing Micro Vascular 
Dysfunction in Acute Myocardial Infarction by Ticagrelor) trial in the Amsterdam UMC, location 
VUmc. The main results of this trial have been published previously (13). Briefly, patients with a 
first STEMI and at least 1 intermediate lesion in a nonculprit vessel were enrolled after successful 
revascularization of the culprit. Intermediate was defined as 50% to 90% diameter stenosis. The 
main exclusion criteria were cardiogenic shock, decompensated heart failure, left main disease, and 
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chronic total occlusion. Acute STEMI management and subsequent medical care followed contem-
porary guidelines (14). Follow-up CMR and invasive assessment were scheduled 1 month after the 
index event. CMR always preceded invasive assessment. Patients were instructed to refrain from 
products containing caffeine or xanthine for 24 h before the follow-up visit. To evaluate angina 
burden, patients completed the Seattle Angina Questionnaire (SAQ) upon arrival at the hospital 
(15). The study protocol was approved by the institutional review committee of the Amsterdam 
UMC, location VUmc. All patients gave written informed consent.

CMR Image acquisition
All images were obtained on a 1.5-T clinical scanner (Magnetom Avanto, Siemens Healthineers, 
Erlangen, Germany). Perfusion imaging was performed using a dual-sequence technique (16). 
High-resolution images of myocardial perfusion were acquired using an echo planar imaging 
sequence in 3 parallel short-axis slices planned at the basal, mid and apical levels. To assess the 
arterial input function, low-resolution turboFLASH images were acquired at the basal level us-
ing a sequence optimized for the high gadolinium concentration.Perfusion images were obtained 
every heartbeat for 50 to 70 cardiac cycles following intravenous injection of a 0.075 mmol/kg 
bolus of a gadolinium-based contrast agent (DOTAREM, Guerbet, Villepinte, France). In-plane 
respiratory motion of the heart was corrected using a nonrigid registration (17). Perfusion images 
were corrected for surface coil induced inhomogeneities through a separate prescan normalization 
(18). Typical in-plane resolution of the myocardial perfusion images was 2.5 x 2.5 mm, with a slice 
thickness of 10 mm (prepulse 90°, repetition time 5.6 ms, echo time 1.1 ms, saturation time 110 ms, 
flip angle 18°, matrix 144 x 160). Stress was induced by continuous infusion of adenosine at 140 µg/
kg/min through a second venous cannula, started 2 min before image acquisition. Rest perfusion 
images were obtained 15 min after stress imaging using identical scanning parameters and slice 
location. Cardiac function was assessed in between stress and rest perfusion with steady-state free-
precession cine imaging. Late gadolinium enhancement (LGE) was performed 12 to 15 min after 
rest perfusion using a 2-dimensional segmented inversion-recovery gradient-echo pulse sequence. 

CMR Image analysis
Perfusion images were analyzed using dedicated research software (MASS version 2017-Exp, 
Leiden, the Netherlands). Cine and LGE images were analyzed using commercially available 
software (QMASS version 7.6, Medis, Leiden, the Netherlands). The myocardium was divided into 
16 segments (true apex not included), which were allocated to vascular territories using anatomic 
information from the invasive angiogram. In addition to this modified segmentation, myocardial 
segments were allocated to vascular territories according to the standard segmentation model of the 
American Heart Association (19). Visual analysis of perfusion images was performed by consensus 
of 2 expert observers (R.N. and R.L.). First, quality of the images was graded as 0 (not assessable), 
1 (poor), 2 (moderate), or 3 (good). Next, the occurrence of splenic switch-off was visually assessed 
by comparing the rest and stress perfusion images. Thereafter, perfusion was scored per segment 



149

CMR for evaluating nonculprit lesions after myocardial infarction

8

as 0 (normal), 1 (mildly abnormal), or 2 (severely abnormal). LGE images were reviewed alongside 
perfusion images to evaluate hyperenhancement. The transmural extent of hyperenhancement was 
scored per segment as: 0 (absent), 1 (1% to 25%), 2 (26% to 50%), 3 (51% to 75%), and 4 (>75%). 
Summation scores were calculated on a per-vessel and per-patient basis by adding the perfusion 
scores of the individual segments. Because the region of hyperenhancement resulting from the 
recent STEMI may exceed the segments allocated to the culprit (20), all hyperenhanced segments 
were excluded provided that the hyperenhancement was clearly related to the index event. Seg-
ments with hyperenhancement according to a nonischemic pattern were also excluded (21); thus, 
segments in nonculprit vascular territories with incidental hyperenhancement were only included 
if the hyperenhancement was clearly unrelated to the index event and demonstrated an ischemic 
pattern. Semi and fully quantitative analysis of perfusion were performed by a single observer 
(H.E.), supervised by a second observer (R.N.). Endocardial and epicardial contours were manually 
drawn on the basal, mid, and apical slices of both the stress and rest perfusion series. A region of 
interest was placed in the blood pool of the perfusion series obtained for the arterial input func-
tion. Semiquantitative analysis of myocardial perfusion was performed by calculating the relative 
upslope of the signal intensity time curve, as described previously (3). Fully quantitative analysis 
was performed by Fermi function constrained deconvolution of the signal intensity time curves 
according to previously described methods (4). Myocardial flow reserve (MFR) was calculated as 
the ratio of stress to rest perfusion parameters. Perfusion in myocardium subtended by a nonculprit 
vessel was calculated by averaging 2 adjacent segments with the lowest perfusion values in the 
vascular territory of the nonculprit vessel. In an additional analysis, perfusion was calculated by 
averaging the entire vascular territory of the nonculprit vessel. Remote myocardium was defined as 
the myocardial segments vascularized by a nonculprit vessel with <50% diameter stenosis. LV end-
diastolic volume, endsystolic volume, and ejection fraction were calculated from the cine images. 
Infarct size was calculated from the LGE images using the full width at half maximum method. 
Additionally, the LGE images were evaluated for presence of microvascular obstruction. All CMR 
analyses were performed blinded to clinical information, coronary angiography results, and data 
obtained from invasive measurements.

Follow-up invasive coronary angiography and physiological interrogation
A guiding catheter was advanced into the coronary ostium of the stenotic nonculprit vessel. After 
regular coronary angiography, 200 µg of nitrates were administered as an intracoronary bolus. A 
pressure/temperature sensor-tipped guidewire (PressureWire X wired, Abbott, Chicago, Illinois) 
was placed in the distal part of the stenotic nonculprit vessel and connected to the RadiAnalyzer 
interface (Abbott). Next, hyperemia was induced through intravenous infusion of adenosine using 
the same protocol as applied during CMR. FFR was obtained after at least 2 min of infusion. Le-
sions with FFR ≤0.80 were regarded as hemodynamically obstructive. Lesions with ≥90% diameter 
stenosis were not subjected to physiological interrogation and were also regarded as hemodynami-
cally obstructive. In a subset of vessels, thermodilution derived coronary flow reserve (CFRthermo) 
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and index of microcirculatory resistance (IMR) were determined as described previously (22,23). 
Abnormal CFR was defined as CFR ≤2.0. IMR was considered abnormal if ≥25 U. In all patients, 
the angiogram was visually assessed to identify collateral pathways. Collateral vessels were graded 
according to the collateral connection score (24) and the Rentrop and Cohen classification (25).

Statistical analysis
Continuous variables are presented as mean ± standard deviation or median with interquartile 
range, whereas categorical variables are expressed as frequency with percentage. Rest and stress 
perfusion were compared using the paired sample Student’s t-test. Means of perfusion indexes were 
compared between vessels using a mixed linear model with a random effect for patient. Receiver-
operator characteristic (ROC) curve analysis and the Youden index were used to define optimal 
cutoff values. Comparison of ROC curves was performed by using the method of DeLong. The 
McNemar test was used to compare sensitivity and specificity between perfusion indexes. All sta-
tistical tests were 2-tailed and a p value of <0.05 was considered statistically significant. Statistical 
analysis was done with SPSS version 22 for Windows (IBM, Armonk, NY).

RESULTS

Patient characteristics
Stress perfusion CMR was successfully performed in 77 of the 90 patients enrolled in the Amster-
dam UMC, location VUmc (Figure 8.1). Baseline characteristics of the study cohort are listed in 
Table 8.1. Table 8.2 displays the angiographic and CMR characteristics. Follow-up CMR and inva-
sive assessment were performed on the same day in 53 (69%) patients. Figure 8.2 depicts a case of 
concordance between CMR and FFR. In the 77 patients, 94 nonculprit vessels had ≥50% diameter 
stenosis and were used for analysis. Hemodynamically obstructive nonculprit lesions were present 
in 36 (38%) vessels of 31 (40%) patients. Collaterals pathways were identified in 5 (6%) patients 
(details listed in Supplementary Table S8.1). At follow-up, angina burden of the patient cohort was 
low, with mean SAQ scores of 84 ± 19 for physical limitation, 90 ± 16 for angina frequency, and 84 ± 
28 for angina stability. LGE images revealed residual microvascular obstruction in 2 (3%) patients. 
Furthermore, incidental hyperenhancement in nonculprit vascular territories was observed in 6 
segments of 3 vascular territories in 3 (4%) patients. In all 3 patients, the incidental hyperenhance-
ment had an ischemic pattern and was clearly unrelated to the index event.

Visual analysis
The calculated summed stress scores ranged from 0 to 14. ROC curve analysis revealed an area 
under the curve (AUC) of 0.74 (95% confidence interval [CI]: 0.62 to 0.83) for visual analysis to 
detect hemodynamically obstructive nonculprit lesions on a per-patient level (Figure 8.3, top), with 
an optimal cutoff of ≥1. Using this cutoff, visual analysis achieved a per-patient sensitivity of 73% 
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and a specificity of 70% (Table 8.3, left column). Lowering the FFR threshold from 0.80 to 0.75 
resulted in an AUC of 0.76 (95% CI: 0.64 to 0.89) for summed stress scores (Supplementary Table 
8.2). Splenic switch-off was present in 72 (94%) patients. All 5 patients with absent splenic switch-
off had negative CMR results, although FFR was ≤0.80 in 1 (20%) patient. The agreement between 

Figure 8.1. Flowchart of study population.
CFRthermo: thermodilution derived coronary flow reserve, CMR: cardiac magnetic resonance imaging, FFR: 
fractional flow reserve, IMR: index of microcirculatory resistance.
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of CMR and FFR was unaltered by including only patients who demonstrated splenic switch-off 
(Supplementary Figure S8.1).

Semi-quantitative analysis 
The relative upslope of the stress signal intensity time curve (stress rel upslope) and relative upslope 
derived flow reserve (MFR rel upslope) were significantly lower in myocardium supplied by ste-
notic nonculprit vessels with FFR ≤0.80 compared with stenotic nonculprit vessels with FFR >0.80 
(10.0 ± 3% vs. 8.6 ± 2%; p = 0.04 for stress rel upslope and 1.7 ± 0.6 vs. 1.4 ± 0.5; p = 0.009 for 
MFR rel upslope). ROC curve analysis revealed an AUC of 0.66 (95% CI: 0.54 to 0.77) for stress rel 
upslope and 0.71 (95% CI: 0.59 to 0.81) for MFR rel upslope for diagnosing nonculprit vessels with 
FFR ≤0.80 on a per-patient basis (Figure 8.3, middle). The optimal cutoff values of stress rel upslope 
and MFR rel upslope for detecting hemodynamically obstructive nonculprit lesions were 9.1% and 

Table 8.1. Baseline characteristics (N=77)

Age (years) 60 ± 10

Male sex 68 (86%)

Body mass index (kg/m2) 28 ± 4

Risk factors

  Family history of CAD 27 (35%)

  Hypertension 23 (30%)

  Hypercholesterolemia 14 (18%)

  Diabetes mellitus 7 (9%)

  Smoking 42 (55%)

Symptom-to-balloon time (min) 182 [114−400]

Killip class on admission

  I 73 (95%)

  II 1 (1%)

  III 1 (1%)

  IV 2 (3%)

GRACE risk score 114 ± 22

TIMI risk score 2.7 ± 1.7

Medication at discharge

ACE inhibitor or ATII antagonist 69 (90%)

Aspirin 77 (100%)

Beta-blocker 72 (94%)

P2Y12 inhibitor 77 (100%)

Statin 76 (99%)

Values are mean ± SD, n (%), or median [interquartile range]. ACE: angiotensin-converting enzyme, ATII: 
angiotensin II receptor, CAD: coronary artery disease, GRACE: global registry of acute coronary events, TIMI: 
thrombolysis in myocardial infarction.
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1.4, respectively. Using these cutoff values, stress rel upslope achieved a per-patient sensitivity of 
76% and a specificity of 65% (Table 8.3, central column). MFR rel upslope had similar diagnostic 
performance (p = 0.50), with a sensitivity of 61% and a specificity of 83%. When applying an FFR 
threshold of 0.75 instead of 0.80, ROC curve analysis displayed an AUC of 0.68 (95% CI: 0.54 to 
0.81) for stress rel upslope and 0.75 (95% CI: 0.63 to 0.87) for MFR rel upslope (Supplementary 
Table S8.2).

Fully quantitative analysis 
Mean MBF in remote myocardium was 1.11 ± 0.30 ml/min/g at rest and increased to 2.77 ± 0.76 
ml/min/g during stress (p < 0.001), with a mean MFR of 2.84 ± 1.12. In myocardium vascularized 
by stenotic nonculprit vessels, rest MBF was 0.91 ± 0.28 ml/min/g and stress MBF was 2.18 ± 0.68 
ml/min/g (p < 0.001), yielding a mean MFR of 2.05 ± 0.75. Stress MBF and MFR were significantly 
lower in myocardium vascularized by stenotic nonculprit vessels with FFR ≤0.80 compared with 

Table 8.2. Angiographic and CMR characteristics (N=77)

Timing of follow-up CMR and ICA

  Time between pPCI and CMR (days) 30 [28-33]

  Time between pPCI and follow-up ICA (days) 31 [29-34]

  Time between CMR and follow-up ICA (days) 0 [0-1]

Infarct related artery

  LAD / LCx / RCA 32/25/20

Non-culprit lesion location

  LAD / LCx / RCA 35/33/26

Multivessel disease

  Two vessel 60 (78%)

  Triple vessel 17 (22%)

Non-culprit vessels

  FFR 0.87 [0.75-0.92]

  with FFR ≤0.80 36 (38%)

  with FFR >0.80 58 (62%)

LV volumes and function

  LV ED volume (mL/m2) 91 ± 16

  LV ES volume (mL/m2) 42 ± 15

  LV EF (%) 56 ± 8

Infarct size (% of LV) 5.6 [2.7-10.1]

Microvascular obstruction 2 (3%)

Values are median [interquartile range], n, n (%), or mean ± SD. CMR: cardiac magnetic resonance, ED: end-
diastolic, EF: ejection fraction, ES: end-systolic, FFR: fractional flow reserve, ICA: invasive coronary angi-
ography, LAD: left anterior descending artery, LCx: left circumflex artery, LV: left ventricle, pPCI: primary 
percutaneous coronary intervention, RCA: right coronary artery.
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stenotic nonculprit vessels with FFR >0.80 (2.38 ± 0.69 ml/min/g vs 1.90 ± 0.59 ml/min/g; p < 0.001 
for stress MBF and 2.31 ± 0.77 ml/min/g vs 1.61 ± 0.44 ml/ min/g; p < 0.001 for MFR; Central Illus-
tration). In contrast, rest MBF did not differ between stenotic nonculprit vessels with and without 
hemodynamically obstructive stenosis (0.91 ± 0.29 ml/min/g vs 0.93 ± 0.26 ml/min/g; p = 0.77). 
On a per-patient level, ROC curve analysis revealed an AUC of 0.76 (95% CI: 0.64 to 0.85) for stress 
MBF and 0.82 (95% CI: 0.71 to 0.90) for MFR (Figure 8.3, bottom). There was no difference in the 
diagnostic performance of stress MBF and MFR (p = 0.50). The optimal cutoff values for diagnos-
ing nonculprit lesions with FFR ≤0.80 were 1.98 ml/min/g for stress MBF and 2.10 for MFR. Using 
these cutoff values, stress MBF and MFR, respectively, achieved per-patient sensitivities of 69% and 
82%, and specificities of 77% and 71% (Table 8.3, right column). Lowering the FFR threshold from 
0.80 to 0.75 resulted in an AUC of 0.74 (95% CI: 0.63 to 0.86) for stress MBF and 0.84 (95% CI: 0.74 
to 0.93) for MFR (Supplementary Table S8.2).

Figure 8.2. Case example.
Short-axis images (A and B) on the mid-level acquired 1 month after acute myocardial infarction due to 
occlusion of the RCA. (A) The LGE image shows hyperenhancement of the inferior wall. (B) Stress perfusion 
imaging reveals hypoperfusion in the vascular territory of the RCA, but also in the territory of the LAD. Pres-
ence of perfusion abnormalities and LGE are scored for each segment (C, only the results of the current slice 
are shown). In the scoring sheet, the left boxes indicate the perfusion scores and the right boxes indicate 
the hyperenhancement scores. For the mid-slice of this patient, a summed stress score of 2 + 1 = 3 is calcu-
lated. Segments 9 to 11 are excluded from summation because the hyperenhancement in these segments 
is clearly related to the index event. (D) Invasive angiography demonstrates intermediate stenosis of the 
LAD, which is confirmed as (E) hemodynamically obstructive after measurement of FFR. LAD: left anterior 
descending artery, LGE: late gadolinium enhancement, RCA: right coronary artery, other abbreviation as in 
Figure 8.1.
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Figure 8.3. Diagnostic performance of cardiac magnetic resonance.
ROC curves of (top) visual, (middle) semiquantitative, and (bottom) fully quantitative analysis for detecting 
nonculprit lesions with FFR ≤0.80 on a (left) per-vessel and (right) per-patient basis. AUC: area under the 
curve, MBF: myocardial blood flow, MFR: myocardial flow reserve, rel upslope: relative upslope of the signal 
intensity time curve, ROC: receiver-operating characteristic, SSS: summed stress score.



Chapter 8

156

Comparison between visual, semi-quantitative and fully quantitative 
analysis
Visual, semiquantitative, and fully quantitative analysis yielded similar diagnostic performances (all 
p > 0.05). Sensitivity and specificity also did not significantly differ between fully quantitative and 
visual analysis (all p > 0.05) (Table 8.3). Supplementary Table 8.3 lists the diagnostic performance 
of CMR using the standard American Heart Association segmentation model. Supplementary 
Table 8.4 lists the diagnostic performance of CMR using the average myocardial perfusion in the 
vascular territory of the nonculprit vessel. In both models, semi- and fully quantitative analysis 
demonstrated similar diagnostic performance (all p > 0.05).

Influence of microvascular function on diagnostic performance
CFRthermo and IMR were obtained in 68 (72%) vessels of 66 (86%) patients. CFRthermo was ≤2.0 in 
10 (15%) vessels, 7 (70%) of which had an FFR >0.80. IMR was ≥25 in 15 (22%) vessels, 13 (87%) 
of which had FFR >0.80. Figure 8.4 displays the diagnostic performance of CMR for diagnosing 
hemodynamically obstructive nonculprit when only vessels with CFRthermo >2 or IMR <25 U are 
included. The agreement between CMR and FFR was unaltered in vessels with normal CFRthermo or 
normal IMR. 

Table 8.3 Diagnostic performance of CMR for diagnosing angiographically significant non-culprit lesions 
with FFR ≤0.80

Visual Semi-quantitative Fully quantitative

SSS Stress rel upslope MFR rel upslope Stress MBF MFR

Per-vessel

  Sensitivity (%) 65 (47-80) 67 (48-82) 63 (44-79) 67 (48-82) 75 (57-89)

  Specificity (%) 82 (69-91) 63 (49-76) 76 (62-87) 76 (63-87) 69 (55-80)

  PPV (%) 69 (54-80) 52 (42-63) 61 (47-73) 63 (50-74) 59 (48-69)

  NPV (%) 79 (70-86) 76 (65-84) 77 (68-85) 79 (70-86) 82 (72-90)

  Accuracy (%) 75 (65-84) 64 (54-74) 71 (60-80) 73 (62-82) 71 (60-80)

Per-patient

  Sensitivity (%) 73 (54-88) 76 (56-90) 61 (41-79) 69 (49-85) 82 (63-94)

  Specificity (%) 70 (54-83) 65 (49-79) 83 (68-93) 77 (61-88) 71 (55-84) 

  PPV (%) 63 (51-74) 59 (48-70) 71 (54-84) 67 (52-78) 66 (54-76)

  NPV (%) 79 (67-88) 80 (67-89) 76 (66-83) 79 (68-87) 86 (73-93)

  Accuracy (%) 71 (59-81) 69 (57-80) 74 (62-84) 74 (62-83) 76 (64-85)

Values are % (95% confidence interval). Semi- and fully quantitative perfusion in myocardium subtended 
by a nonculprit vessel was calculated by averaging 2 adjacent segments with the lowest perfusion values in 
the vascular territory of the nonculprit vessel. Vascular territories were defined using anatomical informa-
tion from the invasive angiogram. MBF: myocardial blood flow, MFR: myocardial flow reserve, NPV: negative 
predictive value, PPV: positive predictive value, rel upslope: relative upslope of the signal intensity time 
curv, SSS: summed stress score.
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DISCUSSION

This is the first study to investigate the agreement between CMR and FFR in the evaluation of 
nonculprit lesions in reperfused patients with STEMI with multivessel disease. The main findings 
are summarized as follows: 1) CMR and FFR have moderate-good agreement in the evaluation of 
nonculprit lesions after STEMI; and 2) fully quantitative analysis of myocardial perfusion is not 
superior to semiquantitative or visual analysis. 

Agreement between CMR and FFR
Several studies have investigated the diagnostic value of CMR in stable CAD. Notably, the mul-
ticenter CE-MARC (Cardiovascular magnetic resonance and single-photon emission computed 
tomography for diagnosis of coronary heart disease) trial documented a sensitivity of 87% and 
specificity of 84% of CMR for diagnosing obstructive CAD (26). In contrast to the high agreement 
reported in stable patients with suspected CAD, we observed a lower concordance between CMR 
and FFR in the evaluation of nonculprit lesions after STEMI. This may be partially explained by 
selection, although the applied selection is not uncommon because patients with STEMI with mul-
tivessel disease are currently more often referred for FFR-guided revascularization of the nonculprit 
lesions. In our study, only vessels with ≥50% diameter stenosis were included for analysis because 
nonculprit vessels without significant angiographic stenosis can be deferred based on the angio-
gram obtained during primary intervention. Including only vessels with angiographic stenosis will 
inevitably result in a lower agreement with FFR because the concordance between 2 continuous 
variables decreases when the investigated values are close to the cutoff. Selection can therefore in-
fluence the agreement between any 2 techniques. For instance, [15O] H2O positron emission tomog-
raphy, which is considered to be the gold standard for myocardial perfusion imaging, is reported 

Central illustration. Fully quantitative perfusion in vascular territories of nonculprit vessels.
Stress MBF and MFR in myocardium supplied by stenotic non-culprit vessels and in myocardium supplied 
by vessels without significant angiographic stenosis (remote). Stenotic vessels are further stratified accord-
ing to FFR. NC: nonculprit vessel, other abbreviations as in figure 8.1 and 8.3.
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Figure 8.4. Diagnostic performance of CMR in patients with normal microvascular function.
ROC curves of visual (top), semi-quantitative (middle) and fully quantitative (bottom) analysis for diagnos-
ing non-culprit lesions with FFR ≤0.80 including only vessels with CFRthermo >2 (left) or IMR <25 U (right). 
Abbreviations as in figure 8.1 and figure 8.3
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to be concordant with FFR in 86% of cases (27). When only vessels with angiographic stenosis are 
included, the agreement drops to 72% (28), similar to our results. Second, hyperemic perfusion and 
FFR show physiological discordance in approximately 25% of cases (27), mainly because of varying 
degrees of microvascular dysfunction (29). After STEMI, microvascular dysfunction can be present 
either concomitantly or as a result of acute ischemic injury. Several studies have indicated that in 
STEMI acute microvascular dysfunction is not confined to the culprit area but also affects remote 
myocardium (30,31). Given a certain geometric stenosis, microvascular dysfunction limits maximal 
achievable blood flow resulting in lower hyperemic perfusion and elevated FFR. As the physiologi-
cal disturbances resulting from the acute ischemic injury resolve over time, FFR decreases, whereas 
hyperemic MBF and MFR increase (31,32). The agreement between CMR and FFR observed in the 
present study therefore does not reflect failure of either technique but rather underscores that FFR 
represents a different measure of physiology than hyperemic MBF and MFR. It is important to note, 
however, that ischemia is driven by reductions in flow, not changes in coronary pressure (33). One 
could therefore argue that in combined epicardial and microvascular disease, hyperemic perfusion 
more accurately discerns diseased vessels inducing ischemia than FFR.

Optimal treatment strategy for nonculprit lesions in STEMI
Patients with STEMI with multivessel disease represent a complex patient group. A wide spectrum 
of treatment options is available for nonculprit lesions, ranging from complete multivessel revascu-
larization during primary intervention to a conservative strategy of optimal medical therapy alone. 
Four large randomized trials have thus far compared preventive revascularization to a conservative 
approach (12,34–36). All demonstrated lower incidences of major adverse cardiovascular events 
in the preventive revascularization group, indicating that optimal medical therapy alone does not 
suffice. Importantly, the results of these trials should not be interpreted as preventive revascular-
ization being the optimal treatment strategy for nonculprit lesions after STEMI because no data 
exist demonstrating that noninvasive imaging is inferior. Previous studies have demonstrated that 
negative results of both CMR and FFR are associated with a low risk of events (2,37); however, 
the prognostic implications of discordancy between CMR and FFR are unknown. Although the 
present study demonstrates moderate good agreement between CMR and FFR in the evaluation of 
nonculprit lesions after STEMI, it remains uncertain whether CMR-guided treatment of nonculprit 
lesions also translates into different outcome than FFR-guided revascularization. Interestingly, 
patients with STEMI with multivessel disease have a low angina burden during follow-up. In the 
present study, patients reported a mean SAQ score of 90 for angina frequency, which corresponds to 
chest discomfort experienced once a month or not at all. This is in line with findings from previous 
studies, which also reported that nonculprit lesions after STEMI rarely cause angina (12,34–36). 
Silent ischemia after myocardial infarction is nevertheless important to diagnose and treat. In the 
SWISSI II (Swiss interventional study on silent ischemia type II) trial, patients with a previous 
myocardial infarction, documented ischemia, and angiographic stenosis were randomly assigned 
to revascularization or optimal medical therapy (38). Revascularization was associated with a 56% 
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reduction in cardiac events. Randomized trials comparing imaging guided treatment of nonculprit 
lesions to preventive revascularization, such as the ongoing iMODERN (iFR Guided multi-vessel 
revascularization during percutaneous coronary intervention for acute myocardial infarction) trial 
(39), are thus eagerly warranted.

Is perfusion quantification worth the effort?
In recent years, increased focus has been placed on absolute quantification of myocardial perfusion 
using CMR. Quantification holds several advantages over visual assessment. It is less dependent 
on the experience of the reader and does not require a myocardial region with normal perfusion 
for comparison. Mordini et al. (5) compared the diagnostic performances of fully quantitative, 
semiquantitative, and visual assessment and reported superiority of fully quantitative analysis over 
both visual and semiquantitative analysis. In contrast to the findings of Mordini et al. (5), 2 small 
studies found no benefits of quantification over visual assessment (6,7). In keeping with the results 
of these studies, a recently published substudy of the CE-MARC trial also reported similar diag-
nostic performance of quantitative and visual assessment (8). This could be in part because visual 
analysis already displayed excellent accuracy. In the present study, visual analysis had moderate 
agreement with FFR. Quantification nevertheless failed to demonstrate incremental value.

Study limitations
The present report is a substudy of the REDUCE-MVI trial, which was powered to assess differ-
ences in IMR in the culprit vessel of patients with STEMI randomized to a maintenance therapy 
of ticagrelor or prasugrel. The current substudy may therefore be underpowered and the limited 
sample size may have resulted in a type II error in the comparative testing of AUC curves. In 
addition, the limited sample size hindered analysis on the diagnostic performance of CMR in 
patients with abnormal microvascular function, as defined by either CFRthermo or IMR; however, 
the agreement between CMR and FFR in patients with STEMI with multivessel disease has never 
been reported which make the present data unique. Second, invasive measurements of FFR were 
used as reference. Although FFR is considered the gold standard for guiding revascularization in 
patients with stable CAD, it has not been established as such for the management of nonculprit 
lesions after STEMI. The results of the present study should therefore be interpreted with caution. 
Finally, collateral connections from and to stenotic nonculprit vessels may have influenced FFR 
measurements. In the present study, visual collateral vessels were identified in 5 patients. Collateral 
pathways of smaller size that are not visualized on coronary angiography may nonetheless have 
influenced the results.
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CONCLUSIONS

CMR and FFR have moderate-good agreement in the evaluation of nonculprit lesions in reperfused 
patients with STEMI with multivessel disease. Fully quantitative analysis of myocardial perfusion is 
not superior to semiquantitative or visual analysis.
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SUPPLEMENTARY MATERIAL

Supplementary Table S8.1. Data on the stenotic non-culprit vessels with visual collaterals

Vessel Location Recipient / donor FFR CC grade Rentrop-score

#1 LCx recipient na* 1 1

#2 LCx recipient 0.65 0 1

#3 LAD recipient na* 0 2

#4 LCx donor 0.97 0 2

#5 LAD recipient 0.72 1 2

#6 RCA recipient 0.59 0 1

#7 LCx donor 0.72 0 1

CC: collateral connection, FFR: fractional flow reserve, LAD: left anterior descending artery, LCx: left circum-
flex artery, RCA: right coronary artery. * FFR not available since lesion had ≥90% diameter stenosis. Vessels 
#3 and #4, as well as #6 and #7 are from the same patients.

Supplementary Table S8.2. Diagnostic performance of CMR for diagnosing angiographically significant 
non-culprit lesions with FFR ≤0.75

Visual Semi-quantitative Fully quantitative

SSS
Stress rel 
upslope

MFR rel upslope Stress MBF MFR

Per-vessel

    AUC 0.77 (0.66-0.89) 0.64 (0.51-0.76) 0.72 (0.60-0.83) 0.69 (0.57-0.81) 0.77 (0.67-0.87) 

    Sensitivity (%) 66 (46-82) 68 (48-84) 70 (50-86) 68 (48-84) 93 (76-99) 

    Specificity (%) 77 (65-87) 61 (47-73) 76 (63-86) 73 (60-84) 52 (39-66) 

    PPV (%) 58 (44-70) 45 (35-55) 58 (45-70) 54 (42-66) 47 (40-54) 

    NPV (%) 83 (74-89) 80 (69-88) 85 (76-91) 83 (74-90) 94 (80-98) 

    Accuracy (%) 74 (63-82) 63 (52-73) 74 (64-83) 72 (61-81) 65 (54-75) 

Per-patient

    AUC 0.76 (0.64-0.89) 0.68 (0.54-0.81) 0.75 (0.63-0.87) 0.74 (0.63-0.86) 0.84 (0.74-0.93) 

    Sensitivity (%) 76 (55-91) 79 (58-93) 70 (47-87) 71 (49-87) 96 (78-100) 

    Specificity (%) 67 (52-80) 63 (47-76) 81 (67-91) 73 (58-85) 53 (38-68) 

    PPV (%) 54 (43-65) 51 (41-62) 64 (48-77) 57 (43-69) 50 (42-58) 

    NPV (%) 84 (72-92) 86 (73-93) 84 (74-91) 83 (72-91) 96 (78-99) 

    Accuracy (%) 70 (58-80) 68 (56-79) 77 (66-86) 72 (60-82) 67 (55-78) 

Data are % (95% confidence interval). Semi- and fully quantitative perfusion in myocardium subtended by 
a non-culprit vessel was calculated by averaging two adjacent segments with the lowest perfusion values 
in the vascular territory of the non-culprit vessel. Vascular territories were defined using anatomical infor-
mation from the invasive angiogram. The optimal cutoff values for diagnosing non-culprit lesions with FFR 
≤0.75 are ≥1 for SSS, ≤9.1% for stress rel upslope, ≤1.4 for MFR rel upslope, ≤1.98 mL/min/g for stress MBF 
and ≤2.14 for MFR. AUC: area under the curve, FFR: fractional flow reserve; MBF: myocardial blood flow; 
MFR: myocardial flow reserve; NPV: negative predictive value; PPV: positive predictive value; rel upslope: 
relative upslope of the signal intensity time curve; SSS: summed stress score.
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Supplementary Table S8.3. Diagnostic performance of CMR for diagnosing angiographically significant 
non-culprit lesions with FFR ≤0.80 using the standard AHA segmentation model

Semi-quantitative Fully quantitative

Stress rel upslope MFR rel upslope Stress MBF MFR

Per-vessel

  AUC 0.61 (0.49-0.73) 0.66 (0.54-0.78) 0.70 (0.58-0.81) 0.76 (0.65-0.86) 

  Sensitivity (%) 67 (48-82) 59 (41-76) 82 (65-93) 50 (32-68) 

  Specificity (%) 56 (42-70) 70 (56-82) 53 (39-66) 89 (77-96) 

  PPV (%) 48 (38-57) 54 (42-66) 51 (43-59) 73 (54-86) 

  NPV (%) 74 (62-83) 75 (65-82) 83 (69-91) 75 (68-81) 

  Accuracy (%) 60 (49-71) 66 (55-76) 64 (53-74) 74 (64-83) 

Per-patient

  AUC 0.65 (0.51-0.78) 0.70 (0.58-0.83) 0.75 (0.64-0.86) 0.80 (0.70-0.91) 

  Sensitivity (%) 76 (56-90) 64 (44-81) 86 (68-96) 57 (37-76) 

  Specificity (%) 58 (42-73) 76 (61-88) 53 (38-69) 90 (77-97) 

  PPV (%) 55 (45-65) 64 (50-77) 56 (47-64) 80 (60-91) 

  NPV (%) 78 (64-88) 76 (65-84) 85 (69-94) 76 (67-83) 

  Accuracy (%) 65 (53-76) 71 (59-82) 67 (55-77) 77 (66-86) 

Data are % (95% confidence interval). Perfusion in myocardium subtended by a non-culprit vessel was 
calculated by averaging two adjacent segments with the lowest perfusion values in the vascular territory 
of the non-culprit vessel. Vascular territories were defined according to the standard AHA segmentation 
model. The optimal cutoff values for diagnosing non-culprit lesions with FFR ≤0.80 are ≤9.1% for stress 
rel upslope, ≤1.4 for MFR rel upslope, ≤2.27 mL/min/g for stress MBF and ≤1.40 for MFR. AHA: american 
heart association, AUC: area under the curve, FFR: fractional flow reserve, MBF: myocardial blood flow, MFR: 
myocardial flow reserve, NPV: negative predictive value, PPV: positive predictive value, rel upslope: relative 
upslope of the signal intensity time curve, SSS: summed stress score.
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Supplementary Table S8.4. Diagnostic performance of CMR for diagnosing angiographically significant 
non-culprit lesions with FFR ≤0.80 using the average perfusion in the vascular territory of the non-culprit 
vessel

Semi-quantitative Fully quantitative

Stress rel upslope MFR rel upslope Stress MBF MFR

Per-vessel

  AUC 0.60 (0.47-0.72) 0.65 (0.53-0.77) 0.63 (0.51-0.76) 0.72 (0.61-0.82) 

  Sensitivity (%) 39 (23-58) 66 (47-81) 52 (33-69) 97 (84-99) 

  Specificity (%) 82 (69-91) 61 (47-74) 78 (65-88) 50 (36-64) 

  PPV (%) 57 (39-72) 50 (40-60) 59 (44-72) 53 (47-60) 

  NPV (%) 69 (62-75) 75 (64-84) 73 (65-80) 96 (79-99) 

  Accuracy (%) 66 (55-76) 63 (52-73) 68 (57-78) 67 (56-77) 

Per-patient

  AUC 0.65 (0.52-0.79) 0.68 (0.55-0.81) 0.69 (0.56-0.82) 0.77 (0.67-0.88) 

  Sensitivity (%) 45 (26-64) 64 (44-81) 55 (36-74) 100 (88-100) 

  Specificity (%) 84 (69-93) 67 (50-80) 79 (64-90) 52 (36-68) 

  PPV (%) 65 (46-80) 56 (44-68) 64 (48-78) 58 (50-66) 

  NPV (%) 69 (61-76) 74 (62-83) 72 (63-80) 100 (82-100) 

  Accuracy (%) 68 (56-79) 66 (53-77) 69 (57-80) 71 (59-82) 

Data are % (95% confidence interval). Perfusion in myocardium subtended by a non-culprit vessel was 
calculated by averaging all segments in the vascular territory of the non-culprit vessel. Vascular territories 
were defined using anatomical information from the invasive angiogram. The optimal cutoff values for 
diagnosing non-culprit lesions with FFR ≤0.80 are ≤8.6% for stress rel upslope, ≤1.7 for MFR rel upslope, 
≤2.10 mL/min/g for stress MBF and ≤2.79 for MFR. AUC: area under the curve, FFR: fractional flow reserve, 
MBF: myocardial blood flow, MFR: myocardial flow reserve, NPV: negative predictive value, PPV: positive 
predictive value, rel upslope: relative upslope of the signal intensity time curve, SSS: summed stress score.
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Supplementary Figure S8.1. Diagnostic performance of CMR in patients with splenic switch-off.
ROC curves of visual (top), semi-quantitative (middle) and fully quantitative (bottom) analysis for detecting 
non-culprit lesions with FFR ≤0.80 on a per-vessel (left) and per-patient (right) basis. Only patients who 
demonstrated splenic switch-off during adenosine stress perfusion are included. AUC: area under the 
curve, ROC: receiver operating characteristic, MBF: myocardial blood flow, MFR: myocardial flow reserve, rel 
upslope: relative upslope of the signal intensity time curve.
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ABSTRACT

Microvascular injury is present in a large proportion of patients with ST-elevation myocardial in-
farction (STEMI) despite successful revascularization. Ticagrelor potentially mitigates this process 
by exerting additional adenosine-mediated effects. This study aims to determine whether ticagrelor 
is associated with a better microvascular function compared to prasugrel as maintenance therapy 
after STEMI. A total of 110 patients presenting with STEMI and additional intermediate stenosis in 
another coronary artery will be studied after successful percutaneous coronary intervention (PCI) 
of the infarct-related artery. Patients will be randomized to treatment with ticagrelor or prasugrel 
for 1 year. FFR-guided PCI of the non-infarct-related artery will be performed at 1 month. Mi-
crovascular function will be assessed by measurement of the index of microcirculatory resistance 
(IMR) in the infarct-related artery and non-infarct-related artery, immediately after primary PCI 
and after 1 month. The REDUCE-MVI study will establish whether ticagrelor as a maintenance 
therapy may improve microvascular function in patients after revascularized STEMI.
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INTRODUCTION

Percutaneous coronary intervention (PCI) in patients with ST-elevation myocardial infarction 
(STEMI) leads to an improved patency rate of the infarct-related artery, a lower incidence of heart 
failure and ultimately an improved survival as compared to thrombolytic treatment (1). However, 
problems that frequently occur after restoration of the epicardial blood flow are inadequate myo-
cardial reperfusion and microvascular injury (MVI) (2).

MVI can be visualized by non-invasive methods using cardiovascular magnetic resonance imag-
ing (CMR) or measured by invasive methods such as intracoronary thermodilution (3). MVI as 
assessed by CMR is related to left ventricular remodeling and clinical outcome after STEMI (4,5). 
From the acute to late phase of a revascularized myocardial infarction several mediators are thought 
to contribute to the development of MVI. These factors involve the appearance of intraluminal 
platelets, fibrin thrombi and neutrophilic granulocytes, resulting in inflammatory cell plugging, 
formation of microthrombi, endothelial activation and injury and finally MVI Vasoconstriction 
follows as a result of endothelial dysfunction with decreased levels of nitric oxide and increased 
levels of endothelin-1. Furthermore, the imbalance in coagulation factors and influx of inflam-
matory cells can cause vascular leakage and hemorrhage (6,7). Adenosine, a substance naturally 
present in the blood, has an inhibitory effect on several of these processes (8,9).

Currently, in patients with STEMI, the P2Y12-receptor antagonists ticagrelor and prasugrel, in 
addition to aspirin, are the recommended antiplatelet drugs according to European and American 
guidelines (10,11). The efficacy of ticagrelor and prasugrel in reducing platelet activity is compa-
rable (12). The long-term effects on clinical outcome are presently subject to investigation (13). 
Interestingly, ticagrelor, besides its antiplatelet effects, increases adenosine concentration in the 
blood plasma by inhibition of intracellular reuptake and might therefore have an additional benefi-
cial effect by preventing MVI (14-17). Therefore, we designed a randomized study, comparing the 
effects of ticagrelor and prasugrel on MVI and endothelial dysfunction after STEMI.

METHODS

The Reducing microvascular dysfunction in revascularized ST-elevation myocardial infarction 
patients by off-target properties of ticagrelor (REDUCE-MVI) study is a multicenter trial with a 
prospective, randomized, open-label, blinded-endpoint (PROBE) study design. Current participat-
ing centers are the VU University Medical Center (Amsterdam, the Netherlands), the Erasmus 
Medical Center (Rotterdam, the Netherlands), the Medisch Spectrum Twente (Enschede, the 
Netherlands) and the Hospital Clínico San Carlos (Madrid, Spain). A flow chart of the study design 
is shown in Figure 9.1.
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Allocation 

Follow-Up 

Enrolment Assessment for eligibility

Exclusion
   Not meeting inclusion criteria
   Declined to participate
   Other reasons

At 1 month: IMR, RHI, biomarkers, CMR, OCT

At 1 year: RHI, biomarkers

Randomization 1:1 
(n=110

Baseline IMR, biomarkers, RHI (n=110) 

STEMI patients

Not assessed for study eligibility

Prasugrel (n=55)Ticagrelor (n=55)

Analysis

Figure 9.1. Flow chart of the REDUCE-MVI study.
CMR: cardiovascular magnetic resonance, IMR: index of microcirculatory resistance, OCT: optical coherence 
tomography, PCI: percutaneous coronary intervention, RHI: reactive hyperemia index, STEMI: ST-elevation 
myocardial infarction.

Patient enrolment
On hospital arrival, patients presenting with an acute STEMI will be screened for participation in 
the study according to the inclusion and exclusion criteria (Table 9.1). ST-elevation criteria are used 
according to current ESC guidelines (10). Aft er successful PCI, witnessed oral informed consent 
will be obtained and documented, before proceeding with study measurements. Aft er the proce-
dure, written informed consent in native language will be obtained from all individual participants 
that will be included in the study. Hereaft er, patients will be randomized to treatment with either 
ticagrelor or prasugrel. A total of 110 patients will be enrolled in the study.
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Table 9.1. Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Acute STEMI < 12 hours Age < 18 or ≥ 75

The patient has received a loading dose ticagrelor 180 
mg before start of PCI

Body weight < 60 kg

Successful PCI of the infarct-related artery with a 
modern DES

History of myocardial infarction, coronary artery 
bypass graft, stroke or transient ischemic attack

Intermediate stenosis in a non-infarct-related artery 
(50-90%)

Congestive heart failure, left ventricle ejection fraction 
< 35%

Provision of informed consent Severe liver or kidney dysfunction

Bleeding diathesis, platelet count < 100 000/mm3

Indication or use of (novel) oral anticoagulant therapy

Cardiogenic shock

Chronic total occlusion, left main disease

Inability or contra-indication for MRI

Inability to be followed on-site

Limited life expectancy

DES: drug-eluting stent, MRI: magnetic resonance imaging, PCI: percutaneous coronary intervention, STE-
MI: ST-elevation myocardial infarction.

Coronary angiography and revascularization at index and 1 month
PCI will be performed according to standard procedures and is left to the discretion of the operator. 
All patients will receive a loading dose of heparin, aspirin and the P2Y12 inhibitor ticagrelor in 
the ambulance before primary PCI with a third-generation drug-eluting stent (DES) (standard of 
care in participating centers). After successful primary PCI, myocardial tissue perfusion of the 
infarct-related area will be assessed by determining the myocardial blush grade (18). After 1 month 
patients will undergo clinically indicated FFR-guided PCI of the intermediate lesion in the non-
infarct-related artery.

Pharmacologic treatment
Patients will be randomly assigned to use either ticagrelor 90 mg BID or prasugrel 10 mg SID as 
a maintenance therapy continued for 1 year according to current international guidelines (19). 
Concomitant medical therapy will be left to the discretion of the treating physician.

Endpoints
The primary objective of this study is to determine whether ticagrelor at treatment steady-state in 
revascularized STEMI patients is associated with an improved microvascular function as measured 
with IMR, compared to prasugrel. Both treatment groups are subjected to the same measurements 
at three time points. The function of the coronary microcirculation is considered as primary end-
point which will be assessed by determining the index of the microcirculatory resistance (IMR) (3). 
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Microcirculatory resistance measurements of the infarct-related artery and secondarily of the non-
infarct-related artery will be performed directly after primary PCI and after 1 month. Secondary 
endpoints will be coronary endothelialization, left ventricular function and infarct size at 1 month, 
as well as peripheral endothelial function and several biochemical markers of endothelial function, 
measured at baseline and at follow-up after 1 month and 1 year.

Index of microcirculatory resistance
IMR in the infarct-related artery will be measured after 1 month and compared to IMR immedi-
ately after primary PCI. Secondly, IMR in the non-infarct-related artery will be determined after 1 
month and compared to measurements at baseline (Figure 9.2). By using a coronary pressure and 
temperature-sensitive guidewire (Certus™, ST Jude Medical, Uppsala, Sweden) and modified soft-
ware, the transit time of room-temperature saline injected in a coronary artery can be determined. 
After an intracoronary injection of 200 mcg nitroglycerine to establish epicardial coronary vasodi-
latation, the guidewire is calibrated outside the body, equalized with aortic pressure at the ostium 
of the guide catheter, and then advanced into the distal third of the artery and distal to the stent 
in the infarct-related artery. The mean transit time at baseline is obtained by administering three 
times 3 mL of intracoronary saline. Thereafter, hyperemia is induced by administering adenosine 
at 140 mcg/kg per minute intravenously and measurement of mean transit time is repeated. Aortic 
and distal coronary pressure are recorded simultaneously. The distal coronary pressure divided 
by the inverse of the hyperemic mean transit time then provides the IMR. This calculation will be 
performed by independent and blinded analysts in a core laboratory.

Optical coherence tomography
Optical coherence tomography (OCT) will be performed at 1 month with a Dragonfly™ OCT cath-
eter (St Jude Medical, St. Paul, MN, USA) using a motorized pullback device. OCT pullbacks will 
be performed at a speed of 20 mm/s in the infarct-related and non-infarct-related arteries, using in 
general a contrast flush rate of 3 mL/s in the right coronary artery and 4 mL/s in the left coronary 
artery. The occurrence of subclinical stent thrombus, stent malposition and edge dissections will 
be assessed. All acquired images are sent to a core laboratory for blinded evaluation (endothelial 
aspects of the infarct- and non-infarct-related artery) using a standardized protocol.

Peripheral endothelial function
The peripheral endothelial function will be measured within 24 hours after primary PCI, at 1 
month and 1 year follow-up. EndoPAT® (Itamar Medical Ltd, Caesarea, Israel) is a validated device 
indicated for non-invasive endothelial and microvascular function assessment (20-22). EndoPAT® 
will be used to measure the finger arterial pulsatile volume changes that indicate changes in vascu-
lar tone, by modified plethysmographic probes placed on the index finger of each hand (23). The 
measurements will be performed at rest in a convenient, low stimulus environment. Each recording 
consists of subsequently 5 minutes of baseline measurement, 5 minutes of occlusion time of the 
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brachial artery by a blood pressure cuff and 5 minutes post-occlusion measurement (hyperemic 
period). Measurements will be performed on the contralateral arm of the access site of angiography. 
The access site extremity is used as a reference to control for concurrent non-endothelial dependent 
systemic changes in vascular tone. The reactive hyperemia index (RHI) and its natural logarithm 
are then calculated as the ratio of the magnitude of the average post-occlusive pulse volume am-
plitude to the average pre-occlusive pulse volume amplitude, corrected for baseline vascular tone.

Cardiovascular magnetic resonance
After 1 month and optionally at baseline (day 2-7), CMR will be performed with a 1.5 or 3.0 Tesla 
scanner using a phased array cardiac receiver coil. All images are ECG-gated and acquired during 
mild end-expiration breath-holding. Cine long- and short axis slices are obtained to examine re-
gional and global left ventricular function, volumes and ejection fraction. Evaluation of myocardial 
ischemia will be assessed with first pass perfusion imaging of a gadolinium-based contrast agent 
during the administration of 140 mcg/kg per minute of adenosine intravenously. Finally, late 
gadolinium-enhanced (LGE) images are acquired 10 minutes after perfusion imaging, to identify 
the size and extent of myocardial infarction, and in addition, the presence and extent of MVI. When 
performed at baseline, T2-weighted imaging will be acquired in short axis planes for the detection 
of intramyocardial hemorrhage and infarct-related edema. All CMR analyses will be performed in 
a core laboratory by blinded observers using a standardized protocol.

Blood collection and storage
Blood samples for laboratory testing will be drawn at baseline, at 1 month and 1 year follow-up ac-
cording to standard procedures. The testing includes standard biochemistry and hematology tests 
(e.g. renal function tests, cardiac biomarkers, lipid profile and blood cell counts). Furthermore, 
extra blood samples will be collected and stored at -80 °C. At the end of the study all samples will be 
analyzed by the laboratory at the VU University Medical Center. The plasma levels of ticagrelor will 
be examined as well and P2Y12 inhibition levels will be assessed by VerifyNow testing (Accumetrics, 
San Diego, CA, USA) . The effect of ticagrelor on inflammatory markers and cells, such as cell adhe-
sion molecules and monocytes will be studied concomitantly. In addition, the level of biochemical 
markers for endothelial function, like asymmetrical dimethylarginine, will be measured, which 
allows linking these results to the microvascular function.

Registration of adverse events
Adverse events (AEs) are evaluated and registered during index hospitalization, at 1 month and 1 
year follow-up. AEs occurring in external participating centers will be reported to the sponsor. A 
serious adverse event (SAE) is a severe undesirable event in which there was not necessarily causal-
ity with the study. The relationship of SAEs to study treatment or procedures will be assessed by 
the investigators and communicated to AstraZeneca. As a safety measure, bleeding complications 
will be monitored during the entire study period, categorized to the most recent criteria (Bleeding 
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Figure 9.2. Primary PCI procedure with subsequent measurement of the IMR.
a. Angiographic demonstration of the presence of a subtotal occlusion of the right coronary artery (RCA) 
in its mid portion and b. Final result after successful reopening of the RCA with subsequent implantation 
of two DES stents, c. Measurement of the IMR. The recording is obtained from a pressure wire in the mid 
of a right coronary artery of a patient after primary PCI. The panel is divided into two windows, the upper 
window displays the pressure segments recorded during each saline injection, separated from each other 
by white vertical lines (mean proximal arterial pressure (Pa)=91 and mean distal arterial pressure (Pd)=81 
result into a fractional fl ow reserve (FFR)=0.89). The lower graph displays saline injections at baseline (blue) 
and during hyperemia (yellow). Between the two graphs are mean transit time values at baseline (preceded 
by “Bas”), and during hyperemia (preceded by “Hyp”).
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Academic Research Consortium, Thrombolysis In Myocardial Infarction (24) and Global Use of 
Strategies to Open Occluded Coronary Arteries (25)) and analyzed for both treatment groups. 
Once a year the sponsor will submit a safety report to the accredited medical ethics committee 
and competent authority. After 50% inclusion an interim analysis will be performed, with respect 
to safety endpoints, AEs and SAEs. An independent data safety monitoring board, composed of 
experienced cardiologists and a statistician, will be responsible for reviewing patient safety and 
study integrity.

Sample size calculation
The study is powered using a superiority design with the null hypothesis that IMR will be signifi-
cantly improved in the ticagrelor group in comparison to the prasugrel group. A difference of IMR 
means of 7 at 1 month follow-up between the two treatment groups, with a standard deviation 
of 12 is expected (26). To be able to reject the null hypothesis that the means of both treatment 
groups are equal with a power of 80% (with significance level α=0.05), 47 subjects in each group are 
required. Assuming a loss of follow-up of maximally 15%, it will be necessary to include a total of 
110 patients in the study. After 50% inclusion (n=55) with complete 30-day follow-up an interim 
analysis will be performed to verify the assumed standard deviation and, if necessary, we might 
adjust the total sample size needed to achieve an adequate power.

DISCUSSION

Optimal therapy of STEMI requires both treatment of the macrovasculature and the microvascula-
ture. Over the years, treatment of the macrovasculature has improved notably. Due to refined stent 
designs and more biocompatible polymers on DESs, the prevalence of acute stent thrombosis and 
restenosis has been reduced significantly. However, inadequate myocardial perfusion after restora-
tion of the epicardial blood flow by primary PCI is present in a large proportion of STEMI patients. 
Nearly 50% of the final myocardial infarct size is due to myocardial reperfusion injury and thus a 
logical target for reducing myocardial infarct size thereby maximizing the benefits of reperfusion 
(27).

The cornerstone of treatment of patients after STEMI is antithrombotic therapy with a P2Y12-re-
ceptor antagonist and aspirin. According to current ESC and ACCF/AHA guidelines both ticagrelor 
and prasugrel have a class 1B recommendation for use after STEMI (10,11). Both of these drugs have 
advantages over clopidogrel as they achieve a more rapid, consistent and stronger platelet inhibition 
than clopidogrel with improved outcomes (28,29). With regard to the efficacy in inhibiting platelet 
function, ticagrelor and prasugrel have comparable effects (12). Currently, the ISAR-REACT 5 study 
is enrolling patients to compare ticagrelor and prasugrel for clinical outcome (13).

It has been shown that ticagrelor, besides its antiplatelet effects, also has the potency of increasing 
the plasma concentration of endogenous adenosine in patients with acute coronary syndromes. 
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Adenosine is produced particularly after tissue damage by hypoxia, and ticagrelor has the ability to 
inhibit intracellular uptake through the adenosine equilibrative nucleoside transporter 1 (ENT1). 
Prasugrel and clopidogrel, two other P2Y12-receptor antagonists, do not mediate such conservation 
of the plasma adenosine concentration (15,16). This indicates that ticagrelor might be a superior 
drug for treating STEMI.

There is evidence that elevations of adenosine reduce the inflammatory response in the different 
phases after revascularized myocardial infarction, by interfering with the production of inflamma-
tory mediators and oxygen species and neutrophil trafficking (8,9).

In the acute phase of myocardial infarction, myocardial damage is enhanced by the formation 
of microthrombi as a result of a hypercoagulable state and by inflammatory cell clogging of the 
intramyocardial microvasculature. In the early phase (hours to days) infiltrating cells further 
amplify damage, as an influx of blood-borne inflammatory cells leads to production of inflam-
matory mediators and tissue destructive agents such as metalloproteinases (30). In the late phase 
of myocardial infarction (days to months), which is characterized by irreversible damage of the 
microcirculation, adenosine might also have beneficial effects, as it stimulates at elevated levels 
angiogenesis by the induction of endothelial progenitor cell migration (31). Only effective angio-
genesis and arteriogenesis will be able to restore microvascular and macrovascular tissue perfusion 
to prevent increased scarring. Furthermore, adenosine may have a stimulatory effect on endothelial 
healing, which may be particularly favorable in patients who underwent successful primary PCI 
for STEMI. In these ways adenosine might reduce ischemia and reperfusion injury, preserving 
microvascular function. This might be most important for patients with STEMI, as coronary MVI 
and dysfunction appear to be most pronounced in this patient group, compared to patients with 
non-ST-elevation acute coronary syndrome (32).

In the REDUCE-MVI study we aim to investigate the potential adenosine-mediated effects of 
ticagrelor with several outcome parameters, especially IMR, to determine the effect on coronary 
microvascular function.

In the coming years more insight into the biochemical mechanisms involved in STEMI may be 
expected, which may hopefully lead to the development of more specific drugs for microvascular 
preservation. Along this line, the REDUCE-MVI study is focused in more detail on current thera-
peutic options to retain microvascular integrity and function in patients with STEMI.
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ABSTRACT

Background: Despite successful restoration of epicardial vessel patency with primary percutane-
ous coronary intervention, coronary microvascular injury occurs in a large proportion of patients 
with ST-segment elevation myocardial infarction, adversely affecting clinical and functional 
outcome. Ticagrelor has been reported to increase plasma adenosine levels, which might have a 
protective effect on the microcirculation. We investigated whether ticagrelor maintenance therapy 
after revascularized ST-segment elevation myocardial infarction is associated with less coronary 
microvascular injury compared to prasugrel maintenance therapy.
Methods: A total of 110 patients with ST-segment elevation myocardial infarction received a load-
ing dose of ticagrelor and were randomized to maintenance therapy of ticagrelor (n=56) or prasu-
grel (n=54) after primary percutaneous coronary intervention. The primary outcome was coronary 
microvascular injury at 1 month, as determined with the index of microcirculatory resistance in 
the infarct-related artery. Cardiovascular magnetic resonance imaging was performed during the 
acute phase and at 1 month.
Results: The primary outcome of index of microcirculatory resistance was not superior in ti-
cagrelor- or prasugrel-treated patients (ticagrelor, 21 [interquartile range, 15–39] U; prasugrel, 18 
[interquartile range, 11–29] U; P=0.08). Recovery of microcirculatory resistance over time was 
not better in patients with ticagrelor versus prasugrel (ticagrelor, −13.9 U; prasugrel, −13.5 U; 
P=0.96). Intramyocardial hemorrhage was observed less frequently in patients receiving ticagrelor 
(23% versus 43%; P=0.04). At 1 month, no difference in infarct size was observed (ticagrelor, 7.6 
[interquartile range, 3.7–14.4] g, prasugrel 9.9 [interquartile range, 5.7–16.6] g; P=0.17). The occur-
rence of microvascular obstruction was not different in patients on ticagrelor (28%) or prasugrel 
(41%; P=0.35). Plasma adenosine concentrations were not different during the index procedure 
and during maintenance therapy with ticagrelor or prasugrel.
Conclusions: In patients with ST-segment elevation myocardial infarction, ticagrelor maintenance 
therapy was not superior to prasugrel in preventing coronary microvascular injury in the infarct-
related territory as assessed by the index of microcirculatory resistance, and this resulted in a 
comparable infarct size at 1 month.
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INTRODUCTION

The recommended treatment of ST-segment elevation myocardial infarction (STEMI) by clinical 
guidelines includes prompt mechanical reperfusion with primary percutaneous intervention (pPCI) 
and concomitant antithrombotic therapy with a P2Y12 inhibitor plus aspirin (1). On the basis of 2 
landmark trials, ticagrelor and prasugrel are recommended over clopidogrel because of stronger 
and more rapid platelet inhibition and superior efficacy (2,3). Comparisons between ticagrelor and 
prasugrel are scarce and based primarily on observational data, (4,5) with the exception of the 
Prague-18 randomized trial, which compared the efficacy and safety of both thienopyridines in 
patients undergoing pPCI for acute MI and failed to show any differences in patient outcomes 
at the short term (6). Of note, these studies have focused on the antithrombotic potency of both 
drugs, not on other (off-target) specific pharmacological effects that might have a salutary effect on 
reperfused myocardium. One such off-target property is the unique ability of ticagrelor to block the 
equilibrative nucleoside transporter-1 receptor, increasing local extracellular adenosine levels, par-
ticularly at sites of increased adenosine formation such as ischemia and tissue injury (7). Adenosine 
is a microcirculatory vasodilator; thus, ticagrelor-mediated increased plasmatic adenosine levels 
might reduce coronary microvascular injury (MVI) caused by reperfusion damage in revascular-
ized STEMI, which was previously documented in experimental studies (8). It was demonstrated 
that adenosine-induced coronary blood flow could be enhanced by ticagrelor (9) and resulted in 
improved peripheral microvascular function, which could not be observed with prasugrel or clopi-
dogrel (10). The high incidence of MVI and the associated important prognostic implications make 
this condition a key treatment target in STEMI (11,12). MVI may be quantified with either the index 
of microcirculatory resistance (IMR), a thermodilution-derived intracoronary physiology index, or 
late gadolinium enhancement cardiovascular magnetic resonance (CMR), which is strongly associ-
ated with mortality in revascularized STEMI (13). We have conducted a randomized clinical trial 
to determine whether, after an initial loading dose with ticagrelor, ticagrelor maintenance therapy 
after pPCI in STEMI reduces MVI compared with maintenance therapy with prasugrel. The study 
also aimed to establish the effect of ticagrelor and prasugrel therapy on microvascular obstruction 
(MVO), intramyocardial hemorrhage (IMH), and infarct size as determined with CMR.

METHODS

Study design, participant selection and outcome measurements
The REDUCE-MVI trial (Reducing microvascular dysfunction in acute myocardial infarction by 
ticagrelor; NCT02422888) is a multicenter superiority trial with a Prospective Randomized Open 
Blinded End Point design. The study complies with the Declaration of Helsinki and was approved by 
the institutional review board (local medical ethics committee). On request, the analytical methods 
will be made available to other researchers for purposes of reproducing the results or replicating 
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the procedure; the data and study materials will not be made available. The trial was conducted in 
6 centers in the Netherlands and Spain, and the study design has been published previously (14). 
In brief, patients were eligible for study participation when they presented with STEMI (1) <12 
hours after onset of symptoms, received a loading dose of ticagrelor (180 mg), underwent success-
ful pPCI of the infarct-related artery with a drug-eluting stent, and had a concomitant intermediate 
lesion in the non–infarct-related vessel(s). The latter inclusion criterion was introduced to avoid 
repeat invasive procedures solely for study purposes. When all inclusion and exclusion criteria 
were fulfilled (Supplementary Methods S10.1) and witnessed oral informed consent was obtained, 
patients were subjected to intracoronary physiology measurements during the index procedure. 
After the index procedure, patients were asked to confirm study participation by written informed 
consent. Subsequently, patients were randomized to ticagrelor or prasugrel maintenance therapy 
(permuted block randomization with randomly selected block sizes, stratified according to study 
center). All patients received a loading dose of ticagrelor before pPCI. Patients randomized to 
ticagrelor continued with ticagrelor 90 mg twice daily, whereas patients randomized to prasugrel 
received a loading dose of 60 mg and then continued with prasugrel 10 mg once a day to mitigate 
increased platelet reactivity after switching from ticagrelor to prasugrel as earlier reported (15). The 
primary aim was to determine whether ticagrelor maintenance therapy compared with prasugrel 
maintenance therapy is associated with less MVI as assessed by IMR in the infarct-related artery 
at the 1-month follow-up. IMR assessment was performed simultaneously with fractional flow 
reserve measurement at the 1-month follow-up. CMR-derived MVO and IMH in the acute phase 
and infarct size and left ventricular (LV) ejection fraction at 1 month were considered secondary 
outcome measures. As a safety objective, we compared the occurrence of bleeding complications 
between patients on ticagrelor and those on prasugrel maintenance therapy during the 1-month 
follow-up, classified by the Bleeding Academic Research Consortium criteria (16). Major adverse 
clinical events were prospectively collected between the index event and the 1-month follow-up and 
included death, myocardial infarction, stent thrombosis, and coronary revascularization (17,18).

Intracoronary hemodynamic physiology indices
Coronary flow reserve (CFR), IMR, baseline microcirculatory resistance (BMR), and fractional 
flow reserve were measured with a coronary pressure/temperature wire (Certus, Abbott, St. Paul, 
MN). All measurements were extracted from the RadiAnalyzer Xpress, QUANTIEN console, and 
all traces were analyzed offline by an independent blinded expert locally with RadiView Software 
(Abbott). A second independent operator in our hospital checked all analyzed traces, and if there 
was a discordance, both operators discussed the discordance and adjusted the values as appropriate. 
BMR in our study was calculated by multiplying the resting distal pressure by the mean resting 
transit time (19).
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CMR imaging
CMR imaging was performed between 2 and 7 days and 1 month after pPCI with a 1.5-T clinical 
scanner (Siemens Healthcare, Erlangen, Germany). The scanning protocol included cine imaging, 
T2-weighted imaging, and late gadolinium enhancement. LV volumes and function were calculated 
from the short-axis cine images. T2-weighted images were used to identify IMH. Late gadolinium 
enhancement images were used to calculate infarct size and to identify MVO. Infarct size is ex-
pressed in grams and percent of LV mass. A detailed description of the acquisition techniques, 
CMR parameters, and postprocessing is provided in Supplementary Methods S10.2.

Ticagrelor, adenosine and P2Y12-inhibition levels
At the index event, at day 3, and at the 1-month follow-up, blood samples were collected for 
measurement of levels of ticagrelor, its active metabolite AR-C124910XX, and adenosine plasma 
concentrations (APCs). The samples were sent to specialized laboratories blinded for analysis 
(Bioanalytical Covance Laboratory, Indianapolis, IN; and Q&Q labs AB, Gothenburg, Sweden, re-
spectively; measurement details are given in Supplementary Methods S10.3. Furthermore, platelet 
aggregation was quantified from the same blood samples (VerifyNow System, Accumetrics, San 
Diego, CA). High platelet reactivity was defined as P2Y12

 reaction units >235 (20) and low platelet 
reactivity was present when P2Y12 reaction units were <85 (21). A detailed description is provided 
in Supplementary Methods S10.3.

Sample size calculation and statistical analyses
The sample size calculation is based on a superiority design with the null hypothesis that IMR at 30 
days is equal in patients on ticagrelor compared with those on prasugrel maintenance therapy. A 
between-group difference in mean IMR of 7 in favor of ticagrelor was considered clinically relevant. 
We required 47 subjects in each treatment group to detect this difference with a power of 80% 
(2-sided testing at α=0.05), assuming an SD of 12 in both groups. We increased the sample size 
by 15% to account for patients being lost to follow-up, which resulted in a total sample size of 110 
patients. A blinded interim analysis at 50% of inclusion was planned, and the results, including the 
decision of the data safety monitoring board, are described in the Supplementary Methods S10.4. 
Our study was not powered for specific differences in secondary end points. To assess a difference 
in dichotomous or categorical variables, the χ2 test or Fisher exact test was used. To assess the dif-
ference in continuous variables between both treatment groups, we used the independent-samples 
t-test for normally distributed variables and the Mann-Whitney U test in case the variable was 
not normally distributed. To investigate the association between continuous variables, we used the 
Pearson correlation for pairs of normally distributed variables and the Spearman correlation in 
case of skewness or extreme outliers on variables. We considered a value of P<0.05 statistically 
significant.
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RESULTS

Study population characteristics
In total, 56 patients were randomized to ticagrelor 90 mg twice daily and 54 patients to prasugrel 
10 mg once a day (Figure 10.1).

Enrollment

Allocated to Ticagrelor (n=56)

� Received allocated intervention (n=51)

� Switched to prasugrel due to side effects (n=1)

� Switched to triple therapy due to atrial fibrillation (n=1)

� Switched to triple therapy due to  a cardiac thrombus (n=3)

Analyzed (n=48)

� Excluded due to inadequate pressures (n=2)

� Excluded due to procedural complications (n=1)

30 days 30 days

Analyzed (n=51)

� Excluded due to inadequate pressures (n=1)

� Excluded due to procedural complications (n=1)

Analysis

Included in 

REDUCE-MVI

n=110

Randomized

n=110

Lost to follow-up (n=3)

� Withdrew consent (n=1)

� Patient refused due to anxiety (n=1)

� Deceased (n=1)

Lost to follow-up (n=3)

� Withdrew consent (n=1)

� Deceased (n=2)

Follow-up

Allocated to Prasugrel (n=54)

� Received allocated intervention (n=51)

� Switched to triple therapy due to atrial fibrillation (n=1)

� Switched to ticagrelor due to logistical issues (n=2)

Allocation

Figure 10.1. Enrollment flow diagram.
Patients were enrolled between May 2015 and October 2017. Fifty-one patients in the ticagrelor group and 
48 patients in the prasugrel group were analyzed for the primary end point. REDUCE-MVI indicates reduc-
ing micro vascular dysfunction in acute myocardial infarction by ticagrelor.

We have provided a screening log during the inclusion period with accompanying inclusion 
and exclusion criteria in Supplementary Figure S10.1. During the complete follow-up period, the 
allocated therapy was received by 51 patients in the ticagrelor group and 51 patients in the prasugrel 
group. A switch to triple therapy with clopidogrel occurred in 4 patients randomized to ticagrelor 
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and in 1 patient randomized to prasugrel because of either new-onset atrial fibrillation (clopidogrel 
and new oral anticoagulants) or LV thrombus (clopidogrel and acenocoumarol). In the ticagrelor 
group, 1 patient switched to prasugrel because of dyspnea associated with ticagrelor. An equal 
number of patients were lost to follow-up in both groups (n=3), and IMR could not be obtained or 
analyzed in 2 patients in the ticagrelor group and 3 patients in the prasugrel group. Primary end 
point analysis could thus be performed in 99 patients (ticagrelor, n=51; prasugrel, n=48). Clinical 
and procedural characteristics were well balanced between the 2 treatment groups (Tables 10.1 and 
10.2). IMR and blood sampling during the index procedure were performed at 96±36 minutes after 
ticagrelor loading.

Table 10.1. Baseline characteristics

Ticagrelor (n=56)
Median [IQR], Mean±SD, n [n%]

Prasugrel (n=54)
Median [IQR], Mean±SD, n [n%]

P-value

Age [years] 60.2±10.1 61.0±8.8 0.69

Sex [male] 49 [87.5] 45 [83.3] 0.54

BMI [kg/m2] 27.2±3.8 27.8±3.7 0.42

Symptom-balloon time [minutes] 191 [126-340] 146 [98-322] 0.10

Loading dose ticagrelor 56 [100.0] 54 [100.0] 1.00

Loading dose-balloon time [minutes] 79±40 77±48 0.18

Loading dose-IMR time [minutes] 114±39 103±30 0.24

Medical history

Hypertension 20 [35.7] 13 [24.1] 0.18

Diabetes mellitus 7 [12.5] 4 [7.4] 0.37

Smoking 26 [46.4] 21 [38.9] 0.47

Hypercholesterolemia 12 [21.4] 11 [20.4] 0.89

Family history of CAD 19 [33.9] 23 [42.6] 0.35

Previous PCI 3 [5.4] 1 [1.9] 0.33

Medication before PPCI

ASA 6 [10.7] 3 [5.6] 0.30

Lipid lowering medication 12 [21.4] 9 [16.7] 0.53

ACE-i or ARB 12 [21.4] 9 [16.7] 0.53

Beta-blocker 8 [14.3] 4 [7.4] 0.25

CCB 4 [7.1] 5 [9.3] 0.68

Laboratory peak values

CK [U/L] 1040 [441-1913] 1127 [453-2171] 0.86

CK-MB [µg/L] 86 [28-207] 102 [37-216] 0.73

Troponin T [µg/L] 1.82 [0.58-5.04] 1.73 [0.38-4.14] 0.39

ACE-i: angiotensin converting enzyme inhibitor, ARB: angiotensin II receptor blocker, ASA: acetylsalicylic 
acid, BMI: body mass index, CAD: coronary artery disease, CCB: calcium channel blocker, CK: creatine kinase, 
CK-MB: creatine kinase-MB, IMR: index of microcirculatory resistance, SD: standard deviation, PCI: percuta-
neous coronary intervention.
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Table 10.2. Coronary angiography and PCI parameters at the index procedure

Ticagrelor (n=56)
Mean±SD, Median [IQR], 
n [n%]

Prasugrel (n=54)
Mean±SD, Median [IQR], 
n [n%]

p-value

2-vessel disease 42 [75.0] 41 [75.9] 0.91

3-vessel disease 14 [25.0] 13 [24.1] 0.91

Cardiogenic shock 0 [0] 0 [0] 1.00

Radial access 53 [94.6] 52 [96.3] 0.43

Angiographic characteristics culprit

LAD 17 [30.4] 19 [35.2] 0.59

LCX 15 [26.8] 13 [24.1] 0.74

RCA 24 [42.9] 22 [40.1] 0.82

TIMI-flow pre pPCI

0 31 [55.4] 31 [57.4] 0.96

1 6 [10.7] 3 [5.6]

2 13 [23.2] 13 [24.1]

3 6 [10.7] 7 [13.0]

TIMI-flow post pPCI

0 0 [0] 0 [0] 0.34

1 2 [3.6] 4 [7.4]

2 11 [19.6] 4 [7.4]

3 43 [76.8] 46 [85.2]

TFC 41.5 [30.5-65.3] 39.0 [29.0-54.5] 0.58

cTFC 37.5 [24.3-56.0] 34.0 [21.8-50.5] 0.40

MBG

0 1 [1.8] 0 [0] 0.98

1 7 [12.5] 7 [13.0]

2 7 [12.5] 8 [14.8]

3 41 [73.2] 39 [72.2]

PCI characteristics culprit

Stent length [mm] 34.07±15.03 32.07±15.6 0.50

Stent diameter [mm] 3.56±0.57 3.66±0.50 0.35

Thrombectomy 4 [7.1] 7 [13.0] 0.31

Pre-dilatation 33 [58.9] 29 [53.7] 0.58

Post-dilatation 18 [32.1] 13 [24.1] 0.35

Glycoprotein IIb/IIIa inhibitor 7 [12.5] 6 [11.1] 0.92

cTFC: corrected TIMI frame count, LAD: left anterior descending artery, LCX: left circumflex artery, MBG: 
myocardial blush grade, PCI: percutaneous coronary intervention, pPCI: primary percutaneous interven-
tion, RCA: right coronary artery, SD: standard deviation, TIMI: thrombolysis in myocardial infarction, TFC: 
TIMI frame count.
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IMR, BMR and CFR measurements
IMR during the index procedure was not lower in the ticagrelor compared with the prasugrel group 
(Figure 10.2).

Figure 10.2. Microcirculatory resistance in patients randomized to ticagrelor or prasugrel.
No significant difference is seen in the index of microcirculatory resistance between patients randomized 
to ticagrelor and those randomized to prasugrel during the index procedure (baseline) and at the 1-month 
follow-up. Median values are denoted; the cross marks the mean value. Whiskers represent the minimal to 
maximal values with the median in between.

After a mean follow-up of 31±7 days, the primary end point of IMR was not superior in the 
ticagrelor group (ticagrelor, 21 [interquartile range (IQR), 15–39] U; prasugrel, 18 [IQR, 11–29] 
U; P=0.08). Improvement in microvascular function over time was also nonsuperior between both 
groups (IMR: ticagrelor, −13.9 U versus prasugrel −13.5 U; P=0.96). CFR, improvement in CFR 
over time, and BMR were also not statistically different, as shown in Table 10.3.

Infarct size and CMR
Infarct size, as represented by creatine kinase, creatine kinase-MB, and troponin T peak levels, was 
not different between treatment groups (Table 10.1). Baseline CMR was performed in 81 patients, 
and follow-up CMR was performed in 96 patients. At baseline, the occurrence of MVO was not 
statistically different between patients on ticagrelor (28%) and those on prasugrel (41%; P=0.35), 
but IMH was more frequently present in patients on prasugrel (ticagrelor, 23%; prasugrel, 43%; 
P=0.04). Total infarct size (ticagrelor, 7.6 g; prasugrel, 9.9 g; P=0.17) and LV ejection fraction 
(ticagrelor, 53%; prasugrel, 52%; P=0.61) were not superior in the ticagrelor versus the prasugrel 
group (Table 10.4).
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Table 10.3. Intracoronary hemodynamic measurements at baseline and one month follow-up

Parameter Time Ticagrelor
Mean±SD, Median [IQR]

Prasugrel
Mean±SD, Median [IQR]

p-value

IMR (U) Baseline 33 [16-48] 25 [15-50] 0.74

Follow-up 21 [15-39] 18 [11-29] 0.08

Δ -13.9±39.2 -13.5±31.1 0.96

BMR (U) Baseline 68.4 [46.0-96.6] 62.5 [34.4-119.3] 0.76

Follow-up 95.7 [58.5-144.8] 80.9 [50.5-121.4] 0.24

Δ -14.5±57.9 -14.5±69.3 1.00

CFR Baseline 2.18±1.24 2.13±1.12 0.84

Follow-up 3.70±1.76 3.86±1.76 0.66

Δ 1.59±1.83 1.75±1.89 0.68

FFR Baseline 0.94±0.06 0.94±0.06 0.70

Follow-up 0.93±0.06 0.91±0.08 0.19

Δ -0.01±0.07 -0.02±0.05 0.23

CFR: coronary flow reserve, FFR: fractional flow reserve, IMR: index of microcirculatory resistance, IQR: inter-
quartile range, SD: standard deviation, ∆: delta.

Table 10.4. Infarct size as defined by laboratory values and CMR characteristics

Ticagrelor
Median [IQR], Mean±SD, n [n%]

Prasugrel
Median [IQR], Mean±SD, n [n%]

p-value

Baseline CMR 40 CMRs* (70%) 42 CMRs* (78%)

MVO present [yes] 11 [27.5%] 17 [40.5%] 0.35

IMH present [yes] 8 [22.9%] 18 [42.9%] 0.04

Edema [g] 26.2±20.1 33.2±18.2 0.12

Infarct size [g] 10.5 [5.1-22.6] 13.6 [7.2-23.7] 0.29

MSI [%] 69.8±27.8 73.6±19.4 0.50

1 month follow-up CMR 49 CMRs (89%) 47 CMRs (90%)

LVEDV [ml] 179.9±37.4 183.7±39.8 0.63

LVEDV [ml/m2] 87.9±16.7 88.7±18.0 0.82

LVESV [ml] 85.2±28.0 89.7±33.6 0.48

LVESV [ml/m2] 41.6±13.5 43.5±16.9 0.54

LVEF [%] 53.3±8.1 52.5±8.3 0.61

LVED mass [g/m2] 52.9±11.4 52.7±9.0 0.92

Infarct size [g] 7.6 [3.7-14.4] 9.9 [5.7-16.6] 0.17

Infarct size [% of LV] 7.6 [3.4-12.5] 8.7 [5.4-13.7] 0.14

CMR: cardiac magnetic resonance imaging, IMH: intramyocardial haemorrhage, IQR: interquartile range, LV: 
left ventricular, LVEDV: left ventricular end-diastolic volume, LVEDVi: indexed left ventricular end-diastolic 
volume, LVEF: left ventricular ejection fraction, LVESV: left ventricular end-systolic volume, LVESVi: indexed 
left ventricular end-systolic volume, MSI: myocardial salvage index, MVI: microvascular injury, SD: standard 
deviation. *Not all of the baseline CMR’s were eligible to assess MVO and IMH. There were 82 CMR’s in which 
MVO (40 in ticagrelor group and 42 in prasugrel group) and 77 CMR’s in which IMH (35 in ticagrelor group 
and 42 in prasugrel group) could be assessed.
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Adenosine and ticagrelor levels
APC was available for 106 patients at baseline, 77 patients at day 3, and 105 patients at the 1-month 
follow-up. At baseline and the 1-month follow-up, APCs were similar in patients randomized to 
ticagrelor or prasugrel, as shown in Figure 10.3. At day 3, similar levels of APC were found in the 
2 groups (ticagrelor, 47.1 [IQR, 20.5–112.6] nmol/L; prasugrel, 75.4 [IQR, 27.2–222.8] nmol/L; 
P=0.22). The median APC at 1 month was 56.7 (IQR, 28.4–298.7) nmol/L for ticagrelor and 92.8 
(IQR, 23.8–422.7) nmol/L for prasugrel (P=0.56). At the acute moment, there was no significant 
correlation between APC and IMR or CFR. There was a significant correlation between APC and 
CFR but not with IMR at 30 days (Supplementary Table S10.1). The levels of ticagrelor and the 
active metabolite AR-C124910XX were obtained in 110 patients at baseline and 102 patients at 
the 1-month follow-up. Ticagrelor levels are shown in a scatterplot for patients randomized to 
ticagrelor and prasugrel with specification of those patients who switched to a different therapy 
during follow-up (Figure 10.4).

Figure 10.3. Adenosine plasma concentration.
No significant difference in adenosine levels is seen between patients randomized to ticagrelor and those 
randomized to prasugrel during the index procedure (baseline) and at the 1-month follow-up. Whiskers 
indicate the 10th to 90th percentile range, with the median in between. The mean is marked by a cross.

There was no significant difference in AR-C124910XX levels between the 2 groups during the 
index procedure (155.0 [IQR, 0.0–356.0] ng/mL for ticagrelor versus 50.5 [IQR, 0.0–298.8] ng/mL 
for prasugrel; P=0.32). At 1 month, AR-C124910XX levels in the ticagrelor group were 182.5 (IQR, 
124.3–333.0) ng/ mL versus 0.0 (IQR, 0–0) ng/mL in the prasugrel group (P<0001). There was no 
correlation between ticagrelor levels and IMR or CFR values (Supplementary Table S10.1).
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Figure 10.4. Ticagrelor levels.
Ticagrelor levels are represented in a scatterplot for patients randomized to ticagrelor and prasugrel with 
specification of those patients who switched to a different therapy during follow-up. The cross denotes the 
median and interquartile range. There were no significant differences in the ticagrelor level during the in-
dex procedure at baseline. At the 1-month follow-up, significantly higher levels of ticagrelor were observed 
in the ticagrelor group.

Table 10.5. P2Y12 platelet inhibition

Parameter Time Ticagrelor
Median [IQR], Mean±SD, n [n%]

Prasugrel
Median [IQR], Mean±SD, n [n%]

p-value

PRU Baseline 162.8±83.3 171.8±87.0 0.61

1 month 96.1±66.4 82.6±50.1 0.26

Inhibition [%] Baseline 3 [0-52] 0 [0-39] 0.25

1 month 59 [30-83] 63 [46-78] 0.75

LPR (<85) Baseline 11 [55.0%] 9 [45.0%] 0.54

1 month 22 [45.8%] 26 [54.2%] 0.41

HPR (>235) Baseline 9 [19.6%] 12 [25.0%] 0.53

1 month 1 [2.2%] 0 [0%] 1.00

P2Y12 platelet inhibition was determined during the index-procedure [baseline] and one month follow-up. 
HPR: high on platelet reactivity, LPR: low on platelet reactivity, PRU: platelet reactivity unit, SD: standard 
deviation.
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Platelet inhibition
At baseline, platelet inhibition testing was performed in 94 patients (85%) and was not superior in 
either treatment group (Table 10.5). After 1 month of maintenance therapy, no differences in plate-
let inhibition and high and low platelet reactivity were observed between the 2 treatment groups.

Clinical outcome
From randomization to follow-up, bleeding complications were more frequent in the prasugrel 
group compared with the ticagrelor group (29% versus 11%; P=0.02), primarily as a result of a 
higher number of Bleeding Academic Research Consortium 1 bleeding complications in the 
prasugrel group (Supplementary Table S10.2). Bleeding Academic Research Consortium 2 or 
greater bleeding complications occurred in 2 patients (3.7%) randomized to ticagrelor and were not 
observed in the prasugrel group. There was no significant difference in ticagrelor levels in patients 
with or without the occurrence of bleeding at the 1-month follow-up (Supplementary Table S10.2). 
However, in patients with elevated ticagrelor levels at the 1-month follow-up (based on quartile 
3; cutoff value of >811 ng/mL), there were significantly more bleedings at the 1-month follow-up 
(33.3% [4 of 12] versus 5.3% [2 of 38]; P=0.024). In total, 3 patients died of noncardiac causes 
(respiratory insufficiency resulting from chronic obstructive pulmonary disease, n=1; respiratory 
insufficiency resulting from interstitial pneumonitis caused by metastatic breast cancer, n=1; and 
complicated endoscopic retrograde cholangiography and pancreaticography with septic shock. 
n=1). Myocardial infarction, stent thrombosis, and repeat revascularization did not occur in any of 
the patients during the study period.

DISCUSSION

This is the first randomized trial to compare maintenance therapy with ticagrelor and maintenance 
therapy with prasugrel on coronary MVI after successful pPCI in STEMI. Our main findings are 
as follows: First, MVI as assessed by IMR was not reduced with ticagrelor. Second, at 1 month, no 
differences were observed in infarct size and LV function between the 2 treatment groups. Third, 
plasma adenosine levels were not increased with ticagrelor during maintenance therapy. Finally, 
in patients randomized to prasugrel, minor bleedings and IMH were observed slightly more fre-
quently. MVI is considered as an important treatment target in mechanically reperfused STEMI 
because of the high incidence and significant prognostic implications of this condition (22).

There are 3 phases after pPCI in which MVI could be attenuated to limit infarct size. The first 
phase directly after pPCI consists of endothelial activation or injury, inflammatory cell plug-
ging, microvascular destruction resulting in IMH (12) and formation of microthrombi causing 
MVO (no reflow). The second phase (hours–days) is dictated by infiltrating cells. The third phase 
(days–months) is characterized by irreversible damage of the microcirculation. Increased levels 
of adenosine potentially act on all of these mechanisms (8). MVI may be assessed with nonin-
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vasive methods such as CMR and positron emission tomography or invasively with hyperemic 
microcirculatory resistance and IMR (23). A major advantage of invasive MVI assessment with 
IMR is that it allows risk stratification and evaluation of adjunctive treatment strategies during 
the acute phase of STEMI. The normal value of IMR in non–infarct-related arteries is considered 
to be <25 (24,25). IMR in infarct-related arteries has been reported to be 31 (IQR, 21–49) after 
pPCI (13). Strongly increased IMR values >40 in STEMI are associated with the extent of MVO, 
IMH, myocardial salvage, and mortality (13,26,27) and recovery of microcirculatory resistance 
has been described as a strong predictor of functional outcome after pPCI (28). In the present 
study, we did not observe superiority of ticagrelor in the reduction of IMR at 1 month or IMR 
recovery at follow-up compared with prasugrel. To avoid override of endogenous adenosine by 
the intracoronary-infused adenosine during IMR measurement, we also included BMR. However, 
no difference in BMR between groups was observed. It should be noted that the distribution of 
observed values was very large, limiting the value of this index. In our study, all patients received a 
loading dose of ticagrelor, which might have influenced the development of MVI. However, MVI 
was still present in 46% of our population, which is similar to studies with a prasugrel loading dose 
(23). We observed a slightly lower incidence of CMR-derived IMH in ticagrelor-treated patients, 
reflecting MVI with extravasation of erythrocytes during the acute phase. IMH is closely related to 
MVO (12) and predicts both functional and clinical outcome after STEMI. Recently, it was shown 
that IMH is even more closely associated with adverse outcome than MVO (29). We did not find 
a significant between-group difference in CMR-derived MVO, and our study was not powered for 
these secondary outcomes.

Previous studies that led to the design of the present trial reported the potential beneficial effects 
of ticagrelor on MVI that were attributed to increased plasma levels of adenosine (8). These experi-
mental studies in animals (30-32) were corroborated in healthy volunteers and patients with acute 
coronary syndrome (7,9,10,33) showing enhanced coronary blood flow and improved peripheral 
and coronary microvascular function (34). In contrast, the absence of a differential effect on mi-
crovascular and macrovascular function and the inability to improve myocardial reperfusion with 
ticagrelor have also been reported (35-37). In the present study, we could not detect a difference 
in APCs during ticagrelor or prasugrel maintenance therapy. However, it should be noted that the 
measurement of endogenous plasma concentration in daily clinical practice is very cumbersome 
because of the extremely short half-life of adenosine and rapid cellular uptake after blood sampling, 
despite the application of adequate stop solution and dedicated syringes, leading to a wide range 
in measured APCs (38). In addition, as a result of an active endothelial adenosine metabolism, 
circulating adenosine does not represent myocardial interstitial adenosine concentration, and we 
were not able to measure local adenosine levels at the tissue level.

The ongoing ISAR-REACT-5 trial (Prospective, Randomized Trial of Ticagrelor Versus Prasugrel 
in Patients With Acute Coronary Syndrome; NCT01944800) is currently investigating the long-
term clinical outcome in patients with acute coronary syndrome on either ticagrelor or prasugrel 
maintenance therapy (39). A substudy of this trial investigated the potential effect of reticulated 
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platelets on ADP-mediated platelet aggregation in 124 patients with acute coronary syndrome 
treated with ticagrelor or prasugrel. Those investigators reported that reticulated platelets (in-
creased during acute coronary syndrome) are less inhibited by prasugrel compared with ticagrelor, 
resulting in increased platelet reactivity in the prasugrel group (40). However, in our study, platelet 
reactivity was equal in patients with prasugrel and ticagrelor. There was a significant correlation 
between ticagrelor levels and platelet inhibition at the acute moment but not at the 1-month follow-
up. The reason might be that a per-protocol analysis was performed in a smaller group of patients 
at follow-up (n=53) compared with at the acute moment.

Finally, we observed a slightly larger proportion of Bleeding Academic Research Consortium 1 
minor bleedings in patients on prasugrel, which is probably not of clinical importance (41,42). In 
patients with ticagrelor maintenance therapy, elevated ticagrelor levels were associated with a mild 
increase in bleeding at the 1-month follow-up. The present study was not designed or powered to 
detect differences in clinical outcome. The randomized Prague-18 trial (6) and a meta-analysis did 
not show a difference in clinical outcome and major bleeding complications between ticagrelor 
and prasugrel (4). Future randomized trials with sufficient power will establish the difference in 
long-term clinical outcome between prasugrel and ticagrelor maintenance therapy in STEMI.

Limitations
Before pPCI, all patients were loaded with ticagrelor because this is standard care in the participat-
ing centers, which might have modified MVI at the index event. The sample size calculation was 
based on a study among patients with stable coronary artery disease (43) because at the time of 
protocol drafting no data were available on IMR values 1 month after pPCI in STEMI. It should 
be emphasized that the observed SD is larger than what we initially expected (SD 12), leading to a 
decreased power. With the increased variability, 128 additional patients would need to be included 
to achieve a power of 80%. However, given that the observed effect was in the opposite direction 
than hypothesized, it is unlikely that adding 99 extra patients to our study would yield a significant 
improvement of IMR in the ticagrelor group. The relatively low rates of classic risk factors, small 
infarct size and preserved ejection, could have influenced IMR values as well as the potential ef-
fects of the pharmacological intervention. We have used late gadolinium enhancement to detect 
MVO, which is less sensitive compared with first-pass perfusion imaging or early gadolinium 
enhancement. However, it has the highest prognostic value (44). The administration of adenosine 
intravenously during IMR measurements could theoretically influence MVI. However the values 
observed in our cohort are comparable to values from other STEMI cohorts as recently published 
(45). In addition, the natural recovery of microvascular dysfunction over time might have diluted 
the positive effects of ticagrelor, despite the fact that microcirculatory resistance is still hampered 
in 50% of patients at 1 month (46). Finally, we included just a fraction of all screened patients with 
STEMI because of the rather complex study design of our proof-of-principle study, and thus, it is 
not possible to extrapolate our results to all patients with STEMI.
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CONCLUSIONS

In patients with STEMI, ticagrelor maintenance therapy was not superior to prasugrel in prevent-
ing MVI as assessed with IMR at the 1-month follow-up, and this resulted in a comparable infarct 
size at 1 month.
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SUPPLEMENTARY MATERIAL

Supplementary Methods S10.1. Inclusion and exclusion criteria
Inclusion criteria:
1. Provision of informed consent
2. Patients presenting with STEMI < 12 hours
3. Successful PCI of the culprit artery with a modern drug eluting stent (DES)
4. The presence of an intermediate stenosis in a non-culprit artery (50-90%)

Exclusion criteria:
1. Previous history of myocardial infarction
2. Participation in another clinical trial with an investigational product during the preceding 30 

days
3. History of cerebrovascular accident (CVA) or ‘transient ischaemic attack’ (TIA)
4. History of intracranial haemorrhage
5. Indication or use of anticoagulant therapy (i.e. acenocoumarol)
6. Severe liver dysfunction (Child-Pughscore 10-15)
7. Congestive heart failure
8. Cardiogenic shock
9. Left ventricular ejection fraction < 35%
10. Bleeding diathesis
11. Age ≥ 75 or < 18
12. Body weight < 60 kg
13. Gout
14. Coagulation disorders
15. Severe pulmonary disease
16. Pregnancy and breast feeding
17. Limited life expectancy
18. Platelet count < 100.000/mm3
19. History of drug addiction or alcohol abuse in the past 2 years
20. Need for chronic nonsteroidal anti-inflammatory drugs
21. Creatinine clearance <30 mL/min or dialysis
22. Presence of a chronic total occlusion (CTO) or left main disease
23. Allergy or contra-indication for ticagrelor or prasugrel
24. Contra-indication for adenosine
25. Patients unable to be followed on site
26. Unable to undergo or contra-indications for MRI
27. Contra-indication for DES
28. Inability to obtain informed consent
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Supplementary Methods S10.2. Detailed description of CMR acquisition and 
analysis
Cardiovascular magnetic resonance examination was performed on a 1.5-T clinical scanner (Sie-
mens Healthcare, Erlangen, Germany) using a phased-array cardiac receiver coil. Baseline imaging 
was scheduled between 2 to 7 days after reperfusion and follow-up at 1 month ± 5 days. Cardiac 
function was assessed with cine imaging using a segmented steady-state free-precession pulse 
sequence. Starting at the mitral valve annulus, short axis slices were planned every 10 mm through 
the entire left ventricle (LV). Typical in-plane resolution was 1.4 x 1.4 mm, with a slice thickness of 5 
mm (repetition time 3.2 ms, echo time 1.5 ms, flip angle 80°, matrix 208 x 256, temporal resolution 
<50 ms). T2-weighted imaging was performed using a short tau inversion recovery (STIR) turbo 
spin echo sequence with slice positions identical to the cine short axis images. Typical in-plane reso-
lution was 1.4 x 1.4 mm2, with a slice thickness of 8 mm (repetition time 2 x RR-interval, echo time 
64 ms, flip angle 90°, matrix 216 x 256). Late gadolinium enhancement (LGE) images were acquired 
10-15 minutes after administration of a gadolinium-based contrast agent (Dotarem, Guerbet; 0.15 
mmol/kg), using a 2-dimensional segmented inversion recovery gradient-echo pulse sequence. The 
slice position was identical to the cine images. Typical in-plane resolution 1.4 x 1.4 mm, with a slice 
thickness of 5 mm (repetition time 1 x RR-interval, echo time 4.4 ms, flip angle 25°, matrix 216 x 
256). The inversion time was set to null the signal of viable myocardium and ranged from 250-400 
ms. End-diastolic volume (LVEDV) and mass, end-systolic volume (LVESV) and left ventricular 
ejection fraction (LVEF) were calculated from the short axis cine images after manually outlining 
the endocardial and epicardial borders on the end-diastolic and end-systolic phases. Edema was 
calculated from the short-axis T2-weighted images and is expressed in both grams and percentage 
of LV mass. Edema was defined as voxels with a signal intensity of >2SD above the signal intensity 
of remote myocardium. Intramyocardial hemorrhage was identified on the T2-weighted images as 
an attenuated core within hyperintense, infarct-related, edema. Infarct size was calculated on the 
short-axis LGE images using the full-width-at-half maximum method(47), and expressed in grams, 
as well as percentage of LV mass. Areas of microvascular obstruction were identified on the LGE 
images as a hypo-intense core within hyperenhanced myocardium and were incorporated in the 
calculation of infarct size. The myocardial salvage index (MSI) was calculated by subtracting the 
infarct size at 1 month from the area of edema, and dividing this value by the area of edema(48).

Supplementary Methods S10.3. Detailed description of ticagrelor and 
adenosine measurements
Blood samples at baseline and one month follow-up were collected via the arterial sheath for 
measurement of the levels of ticagrelor and its metabolite AR-C124910XX, and adenosine. The 
blood samples at day 3 were drawn via a venous puncture. The blood samples were drawn in tubes 
containing ethylenediaminetetraacetic acid (EDTA) as an anticoagulant and for the adenosine 
measurement a stop solution that consists of dipyridamole (24.8 mM) and erythro-9-(2-hydroxy-
3-nonyl)adenine (EHNA) (1.27 mM) to preserve the adenosine plasma levels in 2.6 mL blood. The 
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blood samples were directly put on ice and centrifuged within 15 minutes at 1500g on a tempera-
ture of 4 °C, where after the plasma was stored at -80 °C. The ticagrelor and adenosine samples 
were sent to specialized laboratories for analyses (Bioanalytical Covance Laboratory, Indianapolis, 
United States and Q&Q labs AB, Gothenburg, Sweden, respectively). Concentrations of ticagrelor 
and AR-C124910XX in human plasma were determined using protein precipitation followed by 
analysis using high performance liquid chromatography followed by tandem mass spectrometric 
detection (LC MS/MS).

For the determination of adenosine concentrations plasma samples were spiked with  13C5-
adenosine (internal standard) and de-proteinized using a molecular cut-off spin-filter. The filtrate 
was analyzed for adenosine and the internal standard by reversed-phase ultra-performance-liquid 
chromatography followed by electrospray tandem mass spectrometry. Lower limit of quantitation 
was 2 nM. The analytical system was an Agilent model 6540 UPLC-tandem-MS instrument oper-
ated by the Masshunter software.

Supplementary Methods S10.4. Interim analysis report and DSMB decision
Interim analysis (January 2017):
We performed a planned interim analysis (as reported in the study protocol) after 50% inclusion 
(n=55) to check the assumed standard deviation (SD) of the index of microcirculatory resistance 
(IMR) at 30-days follow-up (performed by a statistician of the VU University Medical Center). The 
observed SD of the IMR at 30-days follow-up was 17.2. The re-calculated sample size (with 80% 
power) is 2 x 96 patients without loss to follow-up and 2 x 112 with 15% loss to follow-up. The 
re-calculated power (with the current sample size) is 56% without loss to follow-up and 50% with 
loss to follow-up. We also calculated the IMR difference between Ticagrelor and Prasugrel treated 
patients that could be detected 80% power using with the observed SD and 80% power, which was 
9.3 without loss to follow-up and 10 with a 15% loss to follow-up.
Despite the higher standard deviation than assumed, we do not recommend to increase the number 
of study participants because of the following aspects:
1) Complexity of the study with lower inclusion rate than expected
2) Power to detect a difference in means of 7 with the observed standard deviation is still accept-

able
3)  The assumed IMR difference of 7 might be underestimated, based on the recent results of the 

CV-TIME trial* (IMR difference was 12.2 between Ticagrelor and Clopidogrel)(34). In the 
power analysis of the study protocol, the assumed IMR difference was based on peripheral 
endothelial function(10) and the SD was based on a study with a different pharmacological 
agent(43). With the current evidence of the CV-TIME trial(34), the expected IMR difference 
between Ticagrelor and Prasugrel would be more than 10, which means that we do not have 
to increase the number of participants to maintain a power of 80% with the observed standard 
deviation of 17.2 (taking 15% loss to F-up into account).
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Decision of the data safety monitoring board (DSMB) (March 2017):
The DSMB would like to state that this second Safety Review addressed the charter and protocol 
driven interim analysis. Based on this review, we would like to state that the interim analysis did 
not raise specific safety concerns. Therefore, the REDUCE-MVI study should proceed according 
to its design.
DSMB members: Dr. Jur M. ten Berg (member), Prof. Dr. Jan G.P. Tijssen (member), Prof. dr. Freek 
W.A. Verheugt (Chair).
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1938 patients screened 
April 2015 - September 2017

Angiographic exclusion criteria:

� Single vessel disease (n=511)

� Non-culprit lesion > 90% (n=10)

� CTO (n=31)

� Left main disease (n=26)

� Angiographically no CAD (n=38)

� In stent thrombosis (n=5)

� Discussed in heartteam for CABG (n=6)

Exclusion criteria:

� Age ≥ 75 years (n=296)

� > 12 hours of symptoms (n=49)

� CABG in medical history (n=16)

� ACS in medical history (n=87)

� CVA or TIA in medical history (n=30)

� Use of OAC (n=10)

� Use of anti-inflammatory drugs (n=2)

� History of alcohol- or drugs abusus (n=9)

� Severe pulmonary disease (n=9)

� Limited life expectation (n=4)

� Weight < 60kg (n=18)

� Cardiogenic shock (n=59)

� Gout (n=1)

Patient specific reasons for exclusion:

� Language barrier (n=24)

� Not competent to give IFC (n=101)

� Refused informed consent (n=21)

� Deceased before informed consent (n=7)

� Included in other randomized trial (n=90)

� Claustrophobia (n=2)

Logistical reasons for exclusion:

� Screened outside of inclusion hours (n=175)

� Logistic issues at the cathlab (n=191)

Oral informed consent

CAG

Written informed consent

110 patients included

in 6 centers

Supplementary Figure S10.1. Screenings log during the inclusion period.
Screeningslog of screeningsperiod from the 22th of April 2015 until the 19th of September. ACS: acute 
coronary syndrome, CABG: coronary artery bypass graft, CAD: coronary artery disease, CAG: coronary an-
giography, CTO: chronic total occlusion, CVA: cerebral vascular accident, IFC: informed consent, OAC: oral 
anticoagulantia, TIA: transient ischemic attack, VUmc: VU University medical center.

Table S10.1. Correlation between adenosine levels, ticagrelor levels and intracoronary measurements

Correlation

Acute moment Follow-up

rho p-value rho p-value

APC - IMR -0.19 0.07 -0.11 0.29

APC - CFR 0.10 0.34 0.25 0.02

Ticagrelor - IMR -0.03 0.78¥ -0.05 0.74*

Ticagrelor - CFR 0.09 0.38¥ 0.15 0.33*

¥ To examine the correlation between ticagrelor levels and IMR/CFR at the acute moment, all patients were 
selected. * To examine the correlation between ticagrelor levels and IMR/CFR at one month follow-up we 
performed a per-protocol analysis. Five patients switched from ticagrelor to either triple therapy or prasu-
grel and 2 patients switched from prasugrel to ticagrelor before one month follow-up (Figure 10.4, main 
article). APC: adenosine plasma concentration, CFR: coronary flow reserve, IMR: index of microcirculatory 
resistance.
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Table S10.2. Bleeding complications and clinical events between admission and one-month follow-up and 
their relationship with ticagrelor levels

Ticagrelor (n=55)
n [%]

Prasugrel (n=53)
n [%]

p-value

Bleeding

Any bleeding 6 [10.9] 15 [28.3] 0.02

BARC-class

0 49 [89.1] 38 [71.7] 0.008

1 4 [7.3] 15 [28.3]

2 2 [3.6] 0 [0]

3 0 [0] 0 [0]

4 0 [0] 0 [0]

5 0 [0] 0 [0]

Adverse events

Death 1 [1.8] 2 [3.8] 0.54

Myocardial infarction 0 [0] 0 [0] 0.10

Any revascularization 0 [0] 0 [0] 0.10

Stent thrombosis 0 [0] 0 [0] 0.10

Bleeding at day 30
(n=21)

No bleeding at day 30 
(n=89)

p-value

Ticagrelor levels day 0 412 [5-2400] ng/mL 96 [IQR 3-586] ng/mL 0.33

Ticagrelor levels day 30 827 [578-956] ng/mL 557 [377-791] ng/mL 0.13¥

¥ We performed a per-protocol analysis to assess the relation between ticagrelor levels at one month follow-
up and the occurrence of bleeding. Bleeding and adverse events were evaluated during 1 month follow-up, 
except for those patients who withdrew informed consent (n=2). BARC score: bleeding academic research 
consortium score.



Chapter 10

212

SUPPLEMENTARY REFERENCES

 1. Flett AS, Hasleton J, Cook C, Hausenloy D, Quarta G, Ariti C, Muthurangu V, Moon JC. Evaluation 
of techniques for the quantification of myocardial scar of differing etiology using cardiac magnetic 
resonance. JACC Cardiovasc Imaging. 2011;4:150-156

 2. Eitel I, Wohrle J, Suenkel H, Meissner J, Kerber S, Lauer B, Pauschinger M, Birkemeyer R, Axthelm 
C, Zimmermann R, Neuhaus P, Brosteanu O, de Waha S, Desch S, Gutberlet M, Schuler G, Thiele H. 
Intracoronary compared with intravenous bolus abciximab application during primary percutaneous 
coronary intervention in st-segment elevation myocardial infarction: Cardiac magnetic resonance 
substudy of the aida stemi trial. J Am Coll Cardiol. 2013;61:1447-1454

 3. Park SD, Lee MJ, Baek YS, Kwon SW, Shin SH, Woo SI, Kim DH, Kwan J, Park KS. Randomised trial 
to compare a protective effect of clopidogrel versus ticagrelor on coronary microvascular injury in st-
segment elevation myocardial infarction (cv-time trial). EuroIntervention. 2016;12:e964-e971

 4. Torngren K, Ohman J, Salmi H, Larsson J, Erlinge D. Ticagrelor improves peripheral arterial function 
in patients with a previous acute coronary syndrome. Cardiology. 2013;124:252-258

 5. Hirohata A, Yamamoto K, Hirose E, Kobayashi Y, Takafuji H, Sano F, Matsumoto K, Ohara M, Yoshioka 
R, Takinami H, Ohe T. Nicorandil prevents microvascular dysfunction resulting from pci in patients 
with stable angina pectoris: A randomised study. EuroIntervention. 2014;9:1050-1056







Chapter 11

Platelet inhibition, endothelial function, 
and clinical outcome in patients presenting 

with ST-segment-elevation myocardial 
infarction randomized to ticagrelor versus 

prasugrel maintenance therapy: long-term 
follow-up of the REDUCE-MVI trial 

Nina W. van der Hoeven, Gladys N. Janssens, Henk Everaars, Alexander Nap, 
Jorrit S. Lemkes, Guus A. de Waard, Peter M. van de Ven, Albert C. van Rossum, 

Javier Escaned, Hernan Mejia-Renteria, Tim J.F. ten Cate, Jan J. Piek, 
Clemens von Birgelen, Marco Valgimigli, Roberto Diletti, Niels P. Riksen, 

Nicolas M. Van Mieghem, Robin Nijveldt, Maarten A.H. van Leeuwen, 
Niels van Royen

Journal of the American Heart Association. 2020 Mar 3;9(5):e014411.



Chapter 11

216

ABSTRACT

Background: Off-target properties of ticagrelor might reduce microvascular injury and improve 
clinical outcome in ST-segment elevation myocardial infarction (STEMI) patients. The REDUCE-
MVI trial reported no benefit of ticagrelor regarding microvascular function at 1-month. We now 
present the follow-up data up to 1.5-year.
Methods and results: We randomized 110 STEMI patients to either ticagrelor 90 mg twice daily or 
prasugrel 10 mg once a day. Platelet inhibition and peripheral endothelial function measurements 
including calculation of the reactive hyperemia index (RHI) and clinical follow-up were obtained 
up to 1.5-year. Major adverse clinical events (MACE) and bleedings were scored. An intention 
to treat (ITT) and a per-protocol (PP) analysis were performed. There were no between group 
differences in platelet inhibition and endothelial function. At 1 year RHI in the ticagrelor group was 
0.66±0.26 vs. 0.61±0.28 in the prasugrel group (P=0.31). Platelet inhibition was lower at 1-month 
vs. 1-year in the total study population (61 (42-81) vs. 83 (61-95) %, P<0.001), and PP platelet 
inhibition was higher in patients randomized to ticagrelor vs. prasugrel at 1-year (91 (83-97) vs. 82 
(65-92) %, P=0.002). There was an improvement in ITT endothelial function in patients random-
ized to ticagrelor (P=0.03), but not in patients randomized to prasugrel (P=0.88). MACE (10% vs. 
14%, P=0.54) and bleedings (47% vs. 63%, P=0.10) were similar in the ITT analysis in both groups.
Conclusions: Platelet inhibition at 1-year was higher in the ticagrelor group, without an accompa-
nying increase in bleedings. Endothelial function improved over time in ticagrelor patients, while 
it did not change in the prasugrel group.
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INTRODUCTION

In patients with ST-segment elevation myocardial infarction (STEMI), the preferred treatment 
is immediate percutaneous coronary intervention (PCI) of the culprit coronary artery with anti-
platelet therapy. Currently, the P2Y12-inhibitors ticagrelor as well as prasugrel are recommended 
as antiplatelet therapy both in the acute setting and as maintenance therapy (1). Despite successful 
revascularization, microvascular injury occurs in about half of STEMI patients (2) and its presence 
is associated with poor outcome (3). It has been proposed that equilibrative nucleoside trans-
porter-1 (ENT-1) inhibition of ticagrelor could cause elevated adenosine levels and thereby may 
preserve endothelial function and prevent microvascular injury in STEMI with potentially better 
clinical outcome (4-7). The Evaluation of microvascular injury in revascularized patients with ST-
segment elevation myocardial infarction treated with ticagrelor vs. prasugrel (the REDUCE-MVI) 
trial, was the first randomized trial that investigated the potential effect of ticagrelor vs. prasugrel 
maintenance therapy on microvascular injury in patients with STEMI assessed by the index of 
microcirculatory resistance (IMR) (8). Ticagrelor as compared to prasugrel did not show a ben-
eficial effect with regard to the IMR in the culprit vessel 1-month after the index event. Recently, 
it was reported that ticagrelor treatment at steady state improves peripheral endothelial function 
assessed by reactive hyperemic peripheral arterial tonometry (RH-PAT)(EndoPAT, Itamar Medical 
Ltd., Caesarea, Israel) in patients with a previous myocardial infarction (9). Whether ticagrelor 
maintenance therapy provides benefit over prasugrel with regard to long-term peripheral endothe-
lial function is however unknown. Also, comparative randomized data on platelet inhibition with 
either ticagrelor or prasugrel maintenance therapy are currently not available.

Here, we present the 1.5-year clinical follow-up of the REDUCE-MVI trial, including serial mea-
surements of platelet inhibition and peripheral endothelial function as assessed by means of RH-PAT.

METHODS

Study design and outcome measures
The current study is the predefined long-term clinical follow-up of the REDUCE-MVI Trial (8). 
This investigator-initiated randomized, multicenter trial compared the potential effects of ticagre-
lor vs. prasugrel maintenance therapy on microvascular injury in patients with STEMI. The study 
trial design (10) and the short-term primary outcome with IMR at 1-month and cardiac magnetic 
resonance (CMR) imaging parameters as secondary outcomes, were previously published (8). In 
the present study, we describe patient characteristics, platelet inhibition, patient symptoms and 
clinical outcome (including bleeding) at 1 and 1.5-year follow-up. Furthermore, we present the 
serial peripheral endothelial function measurements by means of RH-PAT. The study protocol 
complies with the Declaration of Helsinki, was approved by the institutional review board (local 
ethics committee) and conforms to the International Conference on Harmonization/Good Clinical 
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Practice standards. The trial is registered at URL: https://clinicaltrials.gov, with the unique identi-
fier: NCT02422888. The data that support the findings of this study are available from the cor-
responding author upon reasonable request. The trial was conducted at 6 centers in the Netherlands 
and Spain. In short, patients with a STEMI presenting <12 hours after onset of symptoms were 
considered eligible. All patients had multivessel disease, were <75 years old and received a loading 
dose of ticagrelor (180 mg). Supplementary Methods S11.1 includes a complete overview of the in-
clusion and exclusion criteria. After providing written informed consent, patients were randomized 
in a 1:1 fashion to either ticagrelor 90 mg twice daily or prasugrel 10 mg once daily as maintenance 
therapy for 1-year using a secure web-based electronic case report form (eCRF) system (Castor 
EDC, Amsterdam, the Netherlands). When the physician responsible for the clinical care of the 
patient decided that the randomized study drug was contraindicated, the patient could stop or 
switch their P2Y12 inhibitor before 1-year and continued follow-up for the further duration of the 
study. Concomitant medical therapy after 1-year was left to the discretion of the treating physician 
and was based on current guidelines (1). Follow-up at 1-year was performed before cessation of 
the P2Y12 inhibitor and 1.5-year was performed to examine patient outcomes after cessation of the 
P2Y12 inhibitor. We assessed medication compliance each visit with a questionnaire.

Laboratory measurements and platelet inhibition
Blood samples were collected in the acute setting and at all follow-up visits and were subsequently 
send to the local laboratory to assess standard clinical parameters (e.g. blood count, lipid spectrum 
and inflammatory status). In addition, in the acute setting during the index procedure, at 1-month 
during the follow-up coronary angiogram and 1-year follow-up we quantified platelet aggregation 
by percentage of inhibition by analysis of the collected blood samples with the VerifyNow System 
(Accumetrics, San Diego, CA). Blood was collected in a citrate coated tube and the first 2-4mL of 
blood was discarded to prevent spontaneous platelet activation. The % of platelet inhibition was 
calculated as follows: ([BASE-PRU]/BASE) x 100 as previously described (11). We assumed a high 
platelet reactivity (HPR) when the P2Y12 reaction units (PRU) exceeded 208 (12,13) and a low 
platelet reactivity (LPR) when PRU was below 85 (14). As an alternative threshold we also described 
PRU<95, as this cut-off value is known to be associated with an increased bleeding risk (15).

Peripheral endothelial function measurements
To assess peripheral endothelial function, RH-PAT using the EndoPAT device (EndoPAT, Itamar 
Medical Ltd., Caesarea, Israel) was performed in the acute setting (<24 hours after presentation), 
at 1-month, at 1-year and at 1.5-year follow-up. The EndoPAT device measures the endothelium-
mediated changes in vascular tone with each arterial pulsation by two plethysmographic probes 
placed on the index fingers. RH-PAT measurements were performed in the contralateral arm used for 
coronary angiographic access; 1) Under resting conditions for 5 minutes, 2) After inflation of a blood 
cuff on the study arm, while the contralateral (angiographic access site) arm served as control for 5 
minutes and finally 3) After deflation of the blood cuff to induce reactive hyperemia for an additional 
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5 minutes. The reactive hyperemia index (RHI) was calculated as a measure of reactive hyperemia by 
the ratio of the post- over pre-occlusive average amplitude of the RH-PAT signal, normalized for the 
control arm to compensate for possible concurrent non-endothelial dependent systemic alterations 
in vascular tone. An exact description of the RH-PAT measurements was previously published (16). 
Due to skewness of the data, we describe the natural logarithm of RHI (17). A decreased endothelial 
function was defined as RHI <1.67 (18), which resulted in a logarithmic RHI<0.51.

Patient symptoms and clinical follow-up
A complete overview of the methods used to assess the occurrence and severity of angina (Seattle Angina 
Questionnaire (SAQ) and Canadian Cardiovascular Society (CCS) grading), dyspnea (Borg Dyspnea 
scale (MDS)) and heart failure (New York Heart Association Functional (NYHA) class) is described 
in Supplementary Methods S11.2. Major adverse clinical events (MACE) were prospectively collected 
between the index event and 1.5-year follow-up. MACE was defined as death and recurrent myocardial 
infarction. As safety objective we compared the occurrence and severity of bleedings between both 
groups. The severity of bleeding was classified by the Bleeding Academic Research Consortium (BARC) 
criteria (19). A blinded clinical study investigator performed the adjudication of events.

Statistical analysis
The REDUCE-MVI trial had a superiority design with a power of 80% to detect a between group 
difference in IMR of 7 (arbitrary unit) with a standard deviation of 12 in favor of the ticagrelor 
group at 1-month follow-up. Details of the sample size calculation are provided in Supplementary 
Methods S11.3. SPSS Statistics, version 22 (IBM Corp, Armonk, New York) was used to perform 
statistical analyses. For the current manuscript an intention-to-treat (ITT) analysis was used to 
assess the difference in outcome measures in patients randomized to ticagrelor vs. prasugrel main-
tenance therapy. We pre-specified the per-protocol (PP) analysis for secondary outcomes in the 
original protocol. PP analyses for all endpoints during 1-year follow-up were performed in those 
patients who did not switch or stop their randomized P2Y12 therapy before 1-year. Per-protocol 
analyses for 1.5-year follow-up involved the subgroup of patients included in the 1-year follow-up 
per protocol analysis that no longer received a P2Y12 inhibitor at 1.5-year follow-up. A complete 
overview of the statistical analysis methods can be found in the Supplementary Methods S11.4. 
Continuous normally distributed data were reported as mean ± standard deviation (SD) and non-
normally distributed data as median (interquartile range (IQR)). Dichotomous data were described 
as number (%). To assess between group differences in continuous variables, an independent t-test 
or Mann-Whitney U test were used as appropriate. Paired analyses were performed with the paired 
sample t-test or Wilcoxon signed rank test as appropriate. To assess between group differences in 
categorical variables, a Pearson Chi-Square test was used and results were summarized as numbers 
(%). Paired analyses with dichotomous variables were performed by the McNemar test. A linear 
mixed model analysis was used to compare changes in mean RHI over time between treatment 
groups. Generalized Estimating Equations were used to compare changes in proportion of patients 
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with decreased RHI value over time between treatment groups. Time to MACE was visualized by 
Kaplan-Meier curve and compared between groups using the log-rank test. A hazard ratio was 
calculated with prasugrel as the reference group. Statistical significance was assumed when two-
sided P-value was <0.05.

RESULTS

Study population and treatment strategy
Between May 2015 and October 2017 a total of 110 STEMI patients were randomized to either 
ticagrelor (n=56) or prasugrel (n=54) maintenance therapy. Baseline and procedural characteristics 
of the total study population during the index procedure are described in Supplementary Table 
S11.1 and S11.2, respectively. Two patients withdrew informed consent prior to the primary end-
point. The total study population therefore consisted of 108 patients (ticagrelor (n=55) vs. prasugrel 
(n=53)). Figure 11.1 represents the study flowchart during the conduct of the study. Supplementary 
Methods S11.5 represents the study flowchart of the patients included in the per-protocol analysis 
at 1-year (n=84) and at 1.5-year (n=77), and Supplementary Table S11.3 demonstrates the per pro-
tocol patient characteristics at 1-year follow-up. There was no difference in time between ticagrelor 
loading dose and the index procedure (55 (39-70) minutes in the ticagrelor group vs. 50 (36-71) 
minutes in the prasugrel group, P=0.55). One-year follow-up was performed at 11.8±0.5 months 

Patients included and 
randomized in the 

REDUCE-MVI trial (n=110)

Randomized to ticagrelor 
maintenance therapy (n=56)

Randomized to prasugrel 
maintenance therapy (n=54)

Follow-up at 1 month (n=54)

- Patient withdrew consent (n=1)
- Deceased (n=1)

Follow-up at 1 month (n=51)

- Patient withdrew consent (n=1)
- Deceased (n=2)

Follow-up at 1 year (n=53)

- Lost to follow-up* (n=1)

Follow-up at 1 year (n=51)

Follow-up at 1.5 year (n=51)

- Lost to follow-up* (n=2)

Follow-up at 1.5 year (n=49)

- Lost to follow-up* (n=1)
- Deceased (n=1)

Switch of P2Y12 therapy in the  
ticagrelor group (n=5)

- Switched to clopidogrel (n=4)
- Switched to prasugrel (n=1)

Switch of P2Y12 therapy in the 
prasugrel group (n=1)

- Switched to clopidogrel (n=1)

Switch of P2Y12 therapy in the  
ticagrelor group (n=5)

- Switched to clopidogrel (n=5)

Switch of P2Y12 therapy in the 
prasugrel group (n=4)

- Switched to clopidogrel (n=2)
- Switched to ticagrelor (n=2)

Figure 11.1. Study enrollment and participation flowchart. 
*In these patients we did retrieve the survival status at 1.5-year follow-up, and we therefore also included 
them in the final analysis.
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and 1.5-year follow-up at 18.6±1.4 months. There were no relevant differences in patient character-
istics, medication use or laboratory values at 1-year follow-up in patients randomized to ticagrelor 
vs. prasugrel maintenance therapy (Table 11.1). During the conduct of the study, 9% of patients 

Table 11.1. Patient characteristics at 1-year follow-up

Ticagrelor (n=53) Prasugrel (n=51) P-value

Time to 1-year follow-up (days), mean±SD 359±7 360±19 0.64

Age at initial admission, years 60.1±10.4 61.2±8.8 0.54

Male, n (%) 46/53 (86.8) 42/51 (82.4) 0.53

Systolic blood pressure (mmHg), mean±SD 134±16 135±17 0.78

Diastolic blood pressure (mmHg), mean±SD 81±11 80±13 0.77

Heart rate (beats / min), mean±SD 64±14 66±11 0.59

Medication at follow-up

P2Y12 inhibitor, n (%) 49/53 (92.5) 46/51 (90.2) 0.68

Acetylsalicylic acid, n (%) 51/53 (96.2) 48/51 (94.1) 0.62

Oral anticoagulants, n (%) 1/53 (1.9) 1/51 (2.0) 0.98

Beta-blocker, n (%) 44/53 (83.0) 37/51 (72.5) 0.20

ACE-i, n (%) 31/53 (58.5) 29/51 (56.9) 0.87

ARB, n (%) 9/53 (17.0) 10/51 (19.6) 0.73

Lipid lowering medication, n (%) 48/53 (90.6) 47/51 (92.2) 0.77

Long acting nitrate, n (%) 2/53 (3.8) 1/51 (2.0) 0.58

CCB, n (%) 4/53 (7.5) 3/51 (5.9) 0.74

Diuretics, n (%) 2/53 (3.8) 6/51 (12.0) 0.12

Diabetes mellitus medication, n (%) 5/53 (9.4) 3/51 (5.9) 0.50

Anti-inflammatory drugs, n (%) 3/53 (5.7) 5/51 (9.8) 0.43

Laboratory values

Hemoglobin (mmol/L), mean±SD 9.0±0.7 8.9±0.8 0.45

Hematocrit (L/L), mean±SD 0.43±0.04 0.43±0.04 0.84

Platelet count (x 109/L), mean±SD 242.5±61.9 235.0±50.1 0.51

Total leukocyte count (x 109/L), median (IQR) 6.4 (5.7-7.9) 7.0 (5.8-8.1) 0.42

Total cholesterol (mmol/L), mean±SD 3.4±0.9 3.7±1.1 0.18

HDL (mmol/L), mean±SD 1.2±0.4 1.3±0.4 0.35

LDL (mmol/L), median (IQR) 1.7 (1.2-2.0) 1.6 (1.1-2.2) 0.75

Triglycerides (mmol/L), median (IQR) 1.4 (2.1-0.9) 1.4 (1.0-2.0) >0.99

CRP (mg/L), median (IQR) 2.5 (2.5-2.5) 2.5 (2.5-2.5) 0.88

LDH (U/L), median (IQR) 197 (182-220) 194 (182-228) 0.99

Glucose (mmol/L), median (IQR) 5.5 (5.0-6.5) 5.3 (4.9-6.1) 0.61

NT-proBNP (ng/L), median (IQR) 90 (43-340) 97 (49-243) 0.81

ACE-i: angiotensin converting enzyme inhibitor, ARB: angiotensin II receptor blocker, CCB: calcium channel 
blocker, CRP: C-reactive protein, HDL: high density lipoprotein, IQR: interquartile range, LDH: lactate dehydroge-
nase, LDL: low density lipoprotein, NT-proBNP: N-terminal pro-brain natriuretic peptide, SD: standard deviation.
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randomized to ticagrelor switched to either prasugrel or clopidogrel and 5% of patients randomized 
to prasugrel switched to ticagrelor or clopidogrel due to various reasons (Supplementary Table 
S11.4). A total of 8% of patients stopped with their randomized P2Y12 inhibitor before 1-year 
follow-up without replacement of another P2Y12 inhibitor. There were no significant differences 
between patients initially randomized to ticagrelor vs. prasugrel in cessation/switch of the initially 
randomized P2Y12 treatment (P=0.44). At 1.5-year follow-up, 11% of patients were still on P2Y12 
inhibition therapy: 4% received ticagrelor-, 2% received prasugrel- and 6% received clopidogrel 
maintenance therapy.

Platelet inhibition
In the ITT analysis there were no significant differences between the ticagrelor vs. prasugrel group 
in platelet inhibition or reactivity during the index procedure, at 1-month or at 1-year (Table 11.2, 
Figure 11.2A-B). In the total study population, platelet inhibition was lower (61 (42-81) vs. 83 
(61-95) , P<0.001) and PRU was higher (84 (44-132) vs. 38 (12-84), P<0.001) at 1-month compared 
to 1-year (Figure 11.3A-B). At 1-year follow-up 79% of patients randomized to ticagrelor had LPR 
(<85) vs. 71% in the prasugrel group (P=0.39). A total of 7% of patients randomized to ticagrelor 
had HPR (>208) vs. 7% in the prasugrel group (P=0.95). In the PP analysis, platelet inhibition 
at 1-year follow-up was significantly higher in patients randomized to ticagrelor compared to 

Table 11.2. Intention to treat platelet inhibition and platelet reactivity

Ticagrelor (n=55) Prasugrel (n=53) P-value

PRU, median (IQR)

Index procedure 185 (87-227) 176 (102-236) 0.72

30 days 91 (43-145) 76 (51-119) 0.63

1-year 31 (10-66) 44 (20-97) 0.20

Inhibition (%), median (IQR)

Index procedure 3 (0-51) 0 (0-39) 0.30

30 days 59 (30-83) 63 (46-78) 0.75

1-year 87 (68-96) 79 (59-92) 0.13

LPR (<85), n (%)

Index procedure* 10 (22.2%) 9 (18.8%) 0.68

30 days† 22 (45.8%) 26 (54.2%) 0.41

1-year‡ 34 (79.1%) 32 (71.1%) 0.39

HPR (>208), n (%)

Index procedure* 19 (41.3%) 19 (39.6%) 0.87

30 days† 4 (8.3%) 0 (0.0%) 0.04

1-year‡ 3 (7.0%) 3 (6.7%) 0.95

Intention to treat analysis in the total study population of 108 patients. HPR: high on platelet reactivity, 
IQR: interquartile range LPR: low on platelet reactivity, PRU: platelet reactivity unit. * ITT analysis: ticagrelor 
n=45 and prasugrel n=48, † ITT analysis: Ticagrelor n=48 and Prasugrel n=48, ‡ ITT analysis: Ticagrelor n=43 
and Prasugrel n=45.
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prasugrel (Table 11.3, Figure 11.2C-D). Less patients had PRU<95 at 1-month vs. 1-year follow-up 
(53% vs. 91%, P<0.001). Figure 11.3C-D demonstrates the PP platelet inhibition in the total study 
population from the index procedure to 1-year follow-up.

Peripheral endothelial function
In the ITT analysis, there were no significant differences in mean RHI between patients random-
ized to ticagrelor vs. prasugrel at individual time-points (Figure 11.4). At 1 year follow-up RHI in 
the ticagrelor group was 0.66±0.26 vs. 0.61±0.28 in the prasugrel group (P=0.31). In patients with 
ticagrelor maintenance therapy, average RHI significantly improved (P=0.03), while in patients 
with prasugrel maintenance therapy RHI did not change (P=0.88) over time. Slopes however were 
not found to differ between groups (P=0.16). There was no difference in the number of patients 
with decreased RHI between patients randomized to ticagrelor vs. prasugrel in the acute setting 
(43% vs. 48%, P=0.58), at 1-month (41% vs. 29%, P=0.23), at 1-year (26% vs. 31%, P=0.57) or at 1.5-

Figure 11.2. Platelet inhibition and reactivity in patients randomized to ticagrelor vs prasugrel. 
In the intention to treat analysis (A and B), we included the total study population of 108 patients. The 
per-protocol analysis (C and D) was performed in 84 patients who did not switch or stop their randomized 
P2Y12 therapy before 1-year follow-up. 3A (ITT) and C (PP) indicate the platelet inhibition, and 3B (ITT) 
and D (PP) indicate the platelet reactivity in patients randomized to ticagrelor vs prasugrel maintenance 
therapy at 3 different time points. The line in the boxplots indicates the median, and the cross indicates the 
mean. PP: indicates per-protocol, PRU: platelet reactivity unit, ITT: intention to treat.
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year follow-up (33% vs. 30%, P=0.76). The amount of patients with impaired RHI values decreased 
from acute to 1-year (P=0.05) in the ticagrelor group, while in the prasugrel group it did not change 
(P=0.30). In the total study population, RHI was significantly lower in the acute setting compared 
to 1.5-year follow-up (0.54±0.33 vs. 0.64±0.30, P=0.03). There were significantly more patients 
with lower RHI in the acute setting vs. 1-year (47% vs. 39%, P=0.03) and 1.5-year (47% vs. 42%, 
P=0.04) follow-up. The improvement in RHI over time (P=0.098) in the total study population was 
described in Supplementary Figure S11.1. In the PP analysis, there were no significant between 
group differences in mean RHI at all time-points, but as in ITT analysis RHI significantly improved 
over time in patients randomized to ticagrelor (P=0.04), while it did not in patients randomized to 
prasugrel (P=0.56) (Supplementary Figure S11.2). RHI did not significantly change after cessation 

Figure 11.3. Platelet inhibition and reactivity in the total study population. 
In the intention-to-treat analysis (A and B), we included the total study population of 108 patients. The 
per-protocol analysis (C and D) was performed in 84 patients who did not switch or stop their randomized 
P2Y12 therapy before 1-year follow-up. A-C indicates the platelet inhibition, and B-D indicates the platelet 
reactivity in the total study population at 3 different time points. The line in the boxplots indicates the me-
dian, and the cross indicates the mean. PRU indicates platelet reactivity unit.
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of the P2Y12 inhibitor in patients randomized to ticagrelor (0.62±0.31 at 1 year vs. 0.62±0.38 at 1.5-
year, P=0.90) or prasugrel (0.67±0.27 at 1 year vs. 0.68±0.29 at 1.5 year, P=0.86). The improvement 
in RHI over time in the total study population was described in Supplementary Figure S11.1.

Table 11.3. Per protocol platelet inhibition and platelet reactivity

Ticagrelor (n=41) Prasugrel (n=43) P-value

PRU, median (IQR)

Index procedure 189 (84-239) 188 (114-237) 0.67

30 days 93 (45-138) 84 (53-122) 0.77

1-year 19 (7-38) 39 (20-73) 0.005

Inhibition (%), median (IQR)

Index procedure 0 (0-50) 0 (0-39) 0.75

30 days 61 (44-82) 60 (44-77) 0.62

1-year 91 (83-97) 82 (65-92) 0.002

LPR (<85), n (%)

Index procedure* 8 (23.5%) 6 (15.8%) 0.41

30 days† 15 (44.1%) 19 (50.0%) 0.62

1-year‡ 29 (96.7%) 29 (78.4%) 0.03

HPR (>208), n (%)

Index procedure* 15 (44.1%) 16 (42.1%) 0.86

30 days† 2 (5.9%) 0 (0%) 0.13

1-year‡ 0 (0%) 1 (2.7%) 0.36

The per-protocol analysis was performed in 84 patients who did not switch or stop their randomized P2Y12 
therapy before 1-year follow-up. HPR: high on platelet reactivity, IQR: interquartile range LPR: low on plate-
let reactivity, PRU: platelet reactivity unit. * PP analysis: ticagrelor n=34 and prasugrel n=38, † PP analysis: 
Ticagrelor n=34 and Prasugrel n=38, ‡ PP analysis: ticagrelor n=30 and prasugrel n=38.

Clinical and patient reported outcome
In the ITT analysis, there were no between-group differences in the occurrence or severity of 
dyspnea or angina pectoris at follow-up (Table 11.4 and 11.5). The amount of patients with an in-
creased NYHA score (NYHA>1) at 1.5-year follow-up did not differ between patients randomized 
to ticagrelor vs. prasugrel (13 (26%) vs. 13 (27%), P=0.91). There were no patients with stroke and 8 
patients with myocardial infarction (7.8% in the ticagrelor- vs. 8.2% in the prasugrel group, P=0.95). 
There were 22 patients hospitalized during our study (17.0% in the ticagrelor group vs. 21.6% in the 
prasugrel group, P=0.55, reasons for hospitalization are described in Supplementary Table S11.5). 
The combined endpoint of MACE at 1.5-year was not significantly different in patients randomized 
to ticagrelor vs. prasugrel (10% vs. 14%, P=0.54) (Table 11.5). The hazard ratio for MACE at 1.5-
year follow-up with prasugrel as reference group was 0.80 (0.25-2.62) with P=0.72 (Figure 11.5). 
During the conduct of the study, 50% of patients had either an actionable minor or major bleeding 
(BARC>2). There was no significant between-group difference in bleedings in patients randomized 
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to ticagrelor vs. prasugrel (47% vs. 63%, P=0.10). The majority of bleedings were non-actionable 
BARC 1 bleedings and there was no significant difference in BARC>1 bleeding-score between pa-
tients randomized to ticagrelor vs. prasugrel maintenance therapy (Table 11.4 and 10.5). Also in the 
PP analysis, there were no significant between-group differences in patient symptoms, MACE or 
bleedings (Supplementary Table S11.6). The between-group relative difference (%) and risk (ratio) 
for clinical discrete outcomes is demonstrated in Supplementary Table S11.7.

DISCUSSION

The current long-term follow-up study of the REDUCE-MVI trial reports platelet inhibition, 
peripheral endothelial function and clinical outcome up to 1.5 year in STEMI patients randomized 
to ticagrelor vs. prasugrel maintenance therapy. While the ITT analyses 1) did not reveal between-
group differences in platelet inhibition, peripheral endothelial function, the occurrence of patient 
reported symptoms, bleedings or MACE up to 1.5-years, the PP analysis revealed, 2) a significantly 
higher platelet inhibition at 1-year follow-up in patients randomized to ticagrelor vs. prasugrel, 

Figure 11.4. Peripheral endothelial function and improvement in peripheral endothelial function in 
patients randomized to ticagrelor vs. prasugrel maintenance therapy. 
The dashed line represents the established cutoff value for decreased peripheral endothelial function (RHI 
<1.67 equals the natural logarithm RHI <0.51). The line in the boxplots indicates the median and the cross 
indicates the mean. The increase in RHI over time was calculated using a mixed-model analysis including 
time as main effect. RHI indicates reactive hyperemia index.
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3) an increase in platelet inhibition from 1-month to 1-year follow-up, 4) a significant improve-
ment in peripheral endothelial function from acute to long-term follow-up in patients randomized 
to ticagrelor which persisted after cessation, and which did not occur in patients randomized to 
prasugrel, 5) a significantly lower peripheral endothelial function in the acute setting vs. 1.5-year 
follow-up.

The multicenter PRAGUE-18 trial randomized patients with an acute coronary syndrome (ACS) 
to either ticagrelor or prasugrel maintenance therapy in the first month following primary PCI and 
reported an equivalent efficacy and safety between both P2Y12 inhibitors (20). Present guidelines 
therefore recommend using either ticagrelor or prasugrel as maintenance therapy in patients 
presenting with STEMI (1). It has been suggested that ticagrelor may increase adenosine levels, 
predominantly at sites of ischemia and tissue injury, by blockage of the ENT-1 transporter and 
thus inhibiting adenosine uptake by red blood cells (4,5), which we could not confirm in the acute 
setting and up to 1-month in the REDUCE-MVI trial (8). Below we will discuss the long-term 
effects of ticagrelor vs. prasugrel maintenance therapy on platelet-inhibition, endothelial function 
and clinical outcome.

Platelet inhibition
The REDUCE-MVI trial reported no significant difference in platelet inhibition from the index 
event to 1-month follow-up between patients randomized to ticagrelor compared to prasugrel 
maintenance therapy(8). The loading dose of ticagrelor given to all patients in the acute setting, 
could have led to a similar platelet inhibition in the acute phase and because platelet inhibition in 
the acute and subacute setting was impaired, this could have diluted between group differences.

Figure 11.5. Kaplan-Meier curve for the occurrence of MACE at 1.5-year follow-up. 
The Kaplan-Meier curve of the MACE-free survival at 1.5-year follow-up in patients randomized to ticagrelor 
vs. prasugrel maintenance therapy. The hazard ratio with the 95% CI is for the occurrence of MACE, with 
prasugrel as reference. There is no significant between-group difference in MACE. FU indicates follow-up, 
MACE: major adverse clinical events.
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Table 11.4. Patient symptoms and clinical outcome at 1 year

Ticagrelor (n=53*) Prasugrel (n=51¥) P-value

Angina pectoris, n (%) 11/52 (21.2) 9/51 (17.6) 0.65

CCS class, n (%)

1 9/11 (81.8) 5/9 (55.6) 0.19

2 2/11 (18.2) 3/9 (33.3)

3 0/11 (0.0) 1/9 (11.1)

4 0/11 (0.0) 0/9 (0.0)

SAQ, median (IQR) 100 (100

Angina Frequency -100) 100 (100-100) 0.99

Physical limitation 92 (83-100) 100 (75-100) 0.52

Quality of life 71 (58-89) 83 (67-100) 0.10

Angina Stability 100 (100-100) 100 (100-100) 0.84

Treatment satisfaction 94 (81-100) 94 (81-100) 0.25

Dyspnea, n (%) 22/52 (42.3) 18/51 (35.3) 0.47

MBS > 3, n (%) 6/22 (27.3) 5/18 (27.8) 0.97

Total number of bleedings, n (%) 23/51 (45.1) 30/51 (58.8) 0.17

BARC score, n (%)

0 28/51 (54.9) 21/51 (41.2) 0.33

1 19/51 (37.3) 27/51 (52.9)

2 3/51 (5.9) 2/51 (3.9)

3 0/51 (0.0) 0/51 (0.0)

4 1/51 (2.0) 1/51 (2.0)

5 0/51 (0.0) 0/51 (0.0)

Death, n (%) 1/55 (1.8) 2/53 (3.8) 0.54

Recurrent myocardial infarction, n (%) 4/53 (7.5) 3/51 (5.9) 0.74

Stroke, n (%) 0 (0.0) 0 (0.0) NA

Stent thrombosis, n (%) 0 (0.0) 0 (0.0) NA

Hospitalization, n (%) 6/53 (11.3) 9/51 (17.6) 0.36

Malignant arrhythmia‡, n (%) 0/52 (0.0) 1/51 (2.0) 0.31

Intercurrent CAG (without the need for PCI)‡, 
n (%)

3/52 (5.8) 0/51 (0.0) 0.08

PCI‡, n (%) 3/52 (5.8) 1/51 (2.0) 0.32

Cardiac surgery‡, n (%) 0/52 (0.0) 0/51 (0.0) NA

MACE, n (%) 5/54 (9.3) 5/53 (9.4) 0.98

* In the ticagrelor group, 1 patient was deceased and 1 patient was lost to follow-up before 1-year follow-up. 
¥ In the prasugrel group, 2 patients deceased before 1-year follow-up. ‡ There were no additional events re-
ported between 1 and 1.5 year follow-up. We included them in the final analysis regarding the occurrence of 
events (MACE) because we retrieved their survival status at 1-year, except for 1 patient in the prasugrel group 
of which we did not have information regarding recurrent myocardial infarction. BARC: bleeding academic 
research consortium, CAG: coronary angiography, CCS: canadian cardiovascular society, IQR: interquartile 
range, MACE: major adverse clinical events including death and recurrent myocardial infarction, MBS: modi-
fied borg dyspnea scale, PCI: percutaneous coronary intervention, SAQ: Seattle angina questionnaire.
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In the current long-term follow-up study we demonstrated higher platelet inhibition at 1-year 
in the ticagrelor vs. prasugrel group, which is in line with a large meta-analysis (21). A possible 

Table 11.5. Patient symptoms and clinical outcome at 1.5 year

Ticagrelor (n=51§) Prasugrel (n=49†) P-value

Angina pectoris, n (%) 10/51 (19.6) 4/49 (8.2) 0.10

CCS class, n (%)

1 5 (50.0) 2/4 (50.0) 0.87

2 4 (40.0) 2/4 (50.0)

3 1 (10.0) 0/4 (0.0)

4 0 (0.0) 0/4 (0.0)

SAQ, median (IQR)

Angina Frequency 100 (98-100) 100 (100-100) 0.36

Physical limitation 94 (83-100) 96 (81-100) 0.79

Quality of life 75 (66-92) 83 (67-92) 0.16

Angina Stability 100 (80-100) 100 (100-100) 0.29

Treatment satisfaction 94 (81-100) 100 (88-100) 0.08

Dyspnea, n (%) 14/51 (27.5) 18/49 (36.7) 0.32

MBS > 3, n (%) 6/14 (42.9) 8/18 (44.4) 0.93

Total number of bleedings, n (%) 24/51 (47.1) 31/50 (63.3) 0.10

BARC score, n (%)

0 27/51 (52.9) 18/50 (36.7) 0.33

1 19/51 (37.3) 26/50 (53.1)

2 4/51 (7.8) 4/50 (8.2)

3 0/51 (0.0) 0/50 (0.0)

4 1/51 (2.0) 1/50 (2.0)

5 0/51 (0.0) 0/50 (0.0)

Ticagrelor (n=55§) Prasugrel (n=53†) P-value

Death, n (%) 1/55 (1.8) 3/53 (5.7) 0.29

Recurrent myocardial infarction, n (%) 4/51 (7.8) 4/49 (8.2) 0.95

Stroke, n (%) 0 (0.0) 0 (0.0) NA

Stent thrombosis, n (%) 0 (0.0) 0 (0.0) NA

Hospitalization, n (%) 9/53 (17.0) 11/51 (21.6) 0.55

MACE, n (%) 5/52 (9.4) 7/52 (13.5) 0.54

§ In the ticagrelor group, 1 patient was deceased and 3 patients were lost to follow-up (of which 2 patients 
had hospitalization at 1 year follow-up, which we reported) before 1.5-year follow-up. † In the prasugrel 
group, 3 patients were deceased and 1 patient was lost to follow-up before 1.5-year follow-up. We included 
them in the final analysis regarding the occurrence of events (MACE) because we retrieved their survival 
status at 1-year, except for 1 patient in the prasugrel group of which we did not have information regarding 
recurrent myocardial infarction. BARC: bleeding academic research consortium, CCS: Canadian cardiovas-
cular society, IQR: interquartile range, MACE: major adverse clinical events including death and recurrent 
myocardial infarction, MBS: modified borg dyspnea scale, SAQ: Seattle angina questionnaire.
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mechanism that could explain the higher platelet inhibition in the ticagrelor group is the 24-hour 
systemic exposure of a direct active compound of ticagrelor versus the short plasma exposure 
(2-4 hours) of the active metabolite of thienopyridines (22). Furthermore, ticagrelor is a direct 
acting drug that binds reversibly to the P2Y12 receptor, while prasugrel is a pro-drug that binds 
irreversibly to the P2Y12 receptor (23). In addition, ticagrelor inhibits platelet aggregation not only 
by P2Y12 antagonism but also via adenosine (24). In line with our findings, Perl et al. demonstrated 
an increased platelet reactivity in STEMI patients randomized to prasugrel compared to ticagrelor 
in the acute setting and up to 1-month (25), which was confirmed in a randomized crossover 
pharmacodynamics study in stable patients (26). Consequently, one might speculate that ticagrelor 
in comparison to prasugrel maintenance therapy, reduces the occurrence of ischemic cardiovas-
cular events at the expense of an increased bleeding risk. The recently published ISAR-REACT-5 
trial however, demonstrated the opposite with an increased occurrence of the primary composite 
endpoint of death, myocardial infarction or stroke at 1 year follow-up in the ticagrelor vs. prasugrel 
group (9.3 vs. 6.9%) in 4018 ACS patients, without a between group difference in the occurrence 
of major bleeding (27).

Additionally, for the first time to our knowledge we report a lower platelet inhibition at 1-month 
compared to 1-year in our total STEMI population. This could either be explained by a hampered 
platelet inhibition in the subacute phase after STEMI (with an associated increased risk of ischemic 
events) or by an exceedingly amplified platelet inhibition after 1-year of P2Y12 inhibitor treat-
ment (with an associated increased bleeding risk). It has been proposed that in the acute setting 
of STEMI, increased levels of reticulated (immature) platelets could increase platelet reactivity in 
patients on P2Y12 inhibitor maintenance therapy (28). Alternatively, increased reactive oxygen 
species and lipoperoxidation following STEMI are also predictors for increased platelet reactivity 
(29). In patients with stable CAD undergoing elective coronary angiogram, there was a large inter-
individual variability in platelet inhibition which was dependent on pretreatment platelet reactivity 
(30), which is increased after STEMI. We hypothesize that in the subacute phase, these mechanisms 
are not fully normalized yet and contribute to the lower platelet inhibition at 1 month and may fur-
thermore explain the increased risk of ischemic events following STEMI (31,32). Results by Lynch 
et al. support this hypothesis, demonstrating an increased platelet aggregation up to 3 months after 
the ACS index event (33). In STEMI patients, a PRU≥282 was associated with the occurrence of 
ischemic events and death (34). Our study was not powered to detect a difference in ischemic 
events or death. On the contrary, a PRU<95 was associated with a 1.7 fold higher risk of bleeding 
(15). Interestingly, we found more patients with a PRU<95 at 1-year versus 1-month follow-up, 
which could indicate an excessive platelet inhibition at 1-year. Concomitantly, it is clinically of great 
importance to seek for an optimal balance in the benefit / risk ratio of platelet inhibition in STEMI 
patients receiving P2Y12 inhibitor maintenance therapy.
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Peripheral endothelial function
Endothelial dysfunction is not only limited to the coronary arteries (35) and consequently RH-PAT 
is able to measure the status of peripheral endothelial function which correlates with coronary 
endothelial function (16). In the acute setting of STEMI, circulating markers for endothelial 
injury in peripheral blood samples are elevated (36) which supports our finding of an impaired 
peripheral endothelial function shortly after the index event. We demonstrate an improvement 
in endothelial function in patients randomized to ticagrelor, while in patients randomized to 
prasugrel endothelial function did not significantly improve over time. Although it must be noted 
that the improvement over time was not significantly different between both groups. Similar to 
our results, Torngren et al. also reported an improvement in peripheral endothelial function in 
patients with ACS treated with ticagrelor vs. prasugrel (9). In ACS patients, ticagrelor improved 
endothelial function, reduced inflammatory cytokines and increased circulating progenitor cells 
(37). The recently published randomized cross-over HI-TECH trial reported no beneficial effect of 
ticagrelor over prasugrel or clopidogrel treatment with regard to peripheral endothelial function, 
but they did not assess the potential effects of ticagrelor on endothelial function over a prolonged 
time period (38). The statistical insignificance between slopes of both groups could have been 
due to the limited statistical power to reveal an interaction. Although we could not demonstrate 
increased adenosine plasma levels in the acute and subacute phase in patients randomized to 
ticagrelor in the REDUCE-MVI trial (8), this does not exclude possible stimulation of the endo-
thelium by adenosine on a local level resulting in a release of microcirculatory vasodilators such as 
nitric oxide, endothelial hyperpolarizing factor (EDHF) and prostacyclins (39,40). EDHF induces 
endothelium dependent microcirculatory vasodilation by activation of the potassium channels (41) 
and hence remains an interesting target for future studies investigating potential effects of ticagrelor 
on endothelial function. Additionally, an increase in local concentrations of adenosine may lead to 
microcirculatory vasodilation by activation of the membrane-bound A2A-adenosine receptors (42). 
We hypothesize that these combined effects of ticagrelor are accountable for the improvement in 
endothelial function. Further research is necessary to explore the potential mechanisms by which 
ticagrelor augments peripheral endothelial function.

Patient symptoms and clinical outcome
A well-known drug specific side-effect of ticagrelor, unrelated to pulmonary function, is the mani-
festation of dyspnea (43,44). We demonstrated a 42% occurrence of dyspnea in the ticagrelor group 
vs. 35% in the prasugrel group (non-significant relative difference of 17%) and a similar severity 
of dyspnea at 1 year. Although most patients in our study were revascularized at 1 month follow-
up, we know that (microvascular) angina still occurs in about 40% (45). We hypothesized, that 
ticagrelor could improve (microvascular) angina by its previously discussed off target properties. 
In our study, we did not observe between group differences in the presence or severity of angina 
pectoris or heart failure.
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In our study, despite limited statistical power, MACE (9% in the ticagrelor group vs. 14% in 
the prasugrel group) and the occurrence of bleeding (47% in the ticagrelor group vs. 63% in the 
prasugrel group) at long-term follow-up were not statistically different in patients randomized to 
ticagrelor versus prasugrel. This was in line with a previous observational study in 318 STEMI 
patients with the combined endpoint of major adverse cardiac and cerebrovascular events at 1-year 
follow-up (46). As our study was not powered to detect differences in clinical endpoints, caution 
is needed interpreting our results. The TRITON-TIMI-38 showed that prasugrel compared to 
clopidogrel prevents ischemic events in patients with ACS, but this resulted in an accompanying 
increase in TIMI major bleedings (47). The PLATO trial demonstrated a similar benefit of ticagre-
lor over clopidogrel with regard to the occurrence of ischemic events in patients with ACS, but 
without an increase in TIMI major bleeding rate (48). On the other hand, it has been reported that 
STEMI patients randomized to ticagrelor have an increased risk of bleeding compared to prasugrel 
(46). The ISAR-REACT-5 trial including 41.1% STEMI, 46.2% NSTEMI and 12.7% unstable angina 
patients demonstrated reduced occurrence of MACE without a difference in major bleeding in the 
prasugrel versus ticagrelor group in a modified intention-to-treat analysis (27).

Limitations
There are some limitations that should be considered. First of all, the current study was not 
powered to detect a significant between-group difference in secondary outcomes. The sample size 
was determined to detect a between-group difference in the primary endpoint (IMR at 1-month). 
Including a PP analysis in our study, could have led to selection bias excluding those patients who 
stopped or switched with their initial randomized medication, although the number of patients 
deviating from their randomized medication did not differ between groups. In the REDUCE-MVI 
trial we already reported no differences in adenosine levels at in the acute setting up to 1-month in 
patients randomized to ticagrelor vs. prasugrel maintenance therapy. Based on these findings, we 
hypothesized that this would not change during long-term follow-up and thus we did not measure 
adenosine levels at 1 and 1.5-year follow-up. In the REDUCE-MVI main paper, we report a longer 
symptom-to-balloon time and a higher proportion of patients with hypertension in the ticagrelor 
compared to the prasugrel group. These differences were not statistically significant, but could have 
influenced results. Furthermore, we did not test P2Y12-inhibition adherence by means of ticagrelor 
or prasugrel levels at follow-up, but we did assess therapy adherence at follow-up by questionnaires 
and platelet inhibition. Because our main results were primarily based on an ITT analysis, a poten-
tial lack in therapy adherence would not alter our main outcomes. Furthermore, we did not mark 
the time of intake of the P2Y12 inhibitors on follow-up days, so the time between medication intake 
and platelet inhibition tests could vary between patients and randomized groups. At 1 month blood 
samples were collected during coronary angiography which may have influenced platelet inhibition 
tests. Lastly, the study participants, the treating physicians and study team were not blinded for the 
treatment allocation and therefore this could have biased our results. The events however, were 
adjudicated by a blinded study investigator.
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CONCLUSION

In this predefined 1.5-year follow-up study of the REDUCE-MVI trial we report platelet inhibition, 
peripheral endothelial function and clinical outcome in STEMI patients randomized to ticagrelor 
vs. prasugrel maintenance therapy. Ticagrelor maintenance therapy provided higher platelet inhi-
bition at 1-year compared to prasugrel. Additionally, ticagrelor improved peripheral endothelial 
function from the acute moment to 1.5-year follow-up, albeit not statistically different compared 
to patients on prasugrel maintenance therapy. Patient symptoms, bleedings and MACE rate were 
not statistically different between both groups, however our study was not powered to detect dif-
ferences in clinical outcome.
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SUPPLEMENTARY MATERIAL

Supplementary Methods S11.1. List of in- and exclusion criteria of the 
REDUCE-MVI trial
Inclusion criteria:
1. Provision of informed consent
2. Patients presenting with STEMI < 12 hours
3. Successful PCI of the culprit artery with a modern drug eluting stent (DES)
4. The presence of an intermediate stenosis in a non-culprit artery (50-90%)

Exclusion criteria:
1. Previous history of myocardial infarction
2. Participation in another clinical trial with an investigational product during the preceding 30 

days
3. History of cerebrovascular accident (CVA) or ‘transient ischaemic attack’ (TIA)
4. History of intracranial haemorrhage
5. Indication or use of anticoagulant therapy (i.e. acenocoumarol)
6. Severe liver dysfunction (Child-Pughscore 10-15)
7. Congestive heart failure
8. Cardiogenic shock
9. Left ventricular ejection fraction < 35%
10. Bleeding diathesis
11. Age ≥ 75 or < 18
12. Body weight < 60 kg
13. Gout
14. Coagulation disorders
15. Severe pulmonary disease
16. Pregnancy and breast feeding
17. Limited life expectancy
18. Platelet count < 100.000/mm3

19. History of drug addiction or alcohol abuse in the past 2 years
20. Need for chronic anti-inflammatory drugs
21. Creatinine clearance <30 mL/min or dialysis
22. Presence of a chronic total occlusion (CTO) or left main disease
23. Allergy or contra-indication for ticagrelor or prasugrel
24. Contra-indication for adenosine
25. Patients unable to be followed on site or unable to undergo or contra-indications for MRI
26. Contra-indication for DES
27. Inability to obtain informed consent
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Supplementary Methods S11.2. Methods and scores for patient symptom 
assessment
To assess the occurrence and severity of angina pectoris, the Seattle Angina Questionnaire (SAQ), 
a 19-item self-administered questionnaire was used1. We report all 5 domains of the SAQ; Physical 
limitation, Angina stability, Angina frequency, Treatment satisfactory and Quality of life. The do-
main scores range from 0-100, with higher scores indicating fewer angina, less physical limitations 
due to angina and an improved quality of live. Additionally, we used the Canadian Cardiovascular 
Society (CCS) grading to grade the severity of angina pectoris (ranging from 0 (asymptomatic) to 
4 (angina at rest))2. To assess the occurrence and severity of dyspnea, the modified Borg Dyspnea 
scale (MDS) was used3. The dyspnea scale ranges from 0-10 where 0 is no symptoms of dyspnea 
and 10 is maximal symptoms of dyspnea. A MDS>3 was considered as severe dyspnea. To assess 
the occurrence and severity of heart failure, the New York Heart Association Functional (NYHA) 
classification was used4. Class I represents no symptoms, class II symptoms with moderate activity, 
Class III symptoms with mild activity and Class IV symptoms at rest.

Supplementary Methods S11.3. Sample size calculation REDUCE-MVI trial
Initial sample size calculation
The sample size calculation of the REDUCE-MVI trial was based on a superiority design with a 
null-hypothesis that microcirculatory resistance at 1-month follow-up was equal in patients ran-
domized to ticagrelor versus prasugrel maintenance therapy. We anticipated that a mean difference 
in microcirculatory resistance of 7 in favour of patients randomized to ticagrelor maintenance was 
considered clinically relevant. To detect this mean difference with a standard deviation (SD) of 12 
with a power of 80% (two-sided testing at α=0.05), 47 patients in both treatment groups were nec-
essary. Furthermore we accounted for a lost to follow-up of patients of 15% leading to a total study 
population of 110 patients. We planned a blinded interim analysis with the data safety monitoring 
board (DSMB) at 50% (n=55) of patient inclusion (see details below). The REDUCE-MVI trial was 
not powered to detect differences in secondary outcomes.

Interim analysis regarding sample size
Interim analysis (January 2017): We performed a planned interim analysis (as reported in the 
study protocol) after 50% inclusion to check the assumed SD of the microcirculatory resistance 
at 1-month follow-up (performed by a statistician of the Amsterdam UMC). The observed SD at 
1-month follow-up was 17.2. The re-calculated sample size (with 80% power) was 2 x 96 patients 
without loss to follow-up and 2 x 112 with 15% loss to follow-up. The re-calculated power (with 
the current sample size of 110 patients) was 56% without loss to follow-up and 50% with loss to 
follow-up. We also calculated the difference in microcirculatory resistance between patients treated 
with ticagrelor and prasugrel that could be detected with the observed SD and 80% power, which 
was 9.3 without loss to follow-up and 10 with a 15% loss to follow-up. Despite the higher SD than 
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initially assumed, we do not recommend to increase the number of study participants because of 
the following aspects:
1) Complexity of the study with lower inclusion rate than expected
2) The power to detect a difference in means of 7 with the observed SD was still acceptable
3)  The assumed difference of 7 might be underestimated, based on the recent results of the CV-

TIME trial* (difference in mean microcirculatory resistance was 12.2 between ticagrelor and 
clopidogrel5. In the power analysis of the study protocol, the assumed difference was based on 
peripheral endothelial function6 and the SD was based on a study with a different pharmaco-
logical agent7. With the current evidence of the CV-TIME trial5, the expected difference in 
microcirculatory resistance between ticagrelor and prasugrel would be more than 10, which 
indicated that we did not have to increase the number of participants to maintain a power of 
80% with the observed standard deviation of 17.2 (taking 15% loss to follow-up into account).

Decision of the data safety monitoring board (DSMB) (March 2017): The DSMB would like to state 
that this second Safety Review addressed the charter and protocol driven interim analysis. Based 
on this review, we would like to state that the interim analysis did not raise specific safety concerns. 
Therefore, the REDUCE-MVI study should proceed according to its design. DSMB members: Dr. 
Jur M. ten Berg (member), Prof. Dr. Jan G.P. Tijssen (member), Prof. dr. Freek W.A. Verheugt 
(Chair).

Supplementary Methods S11.4. Complete overview of the statistical analysis 
methods
The REDUCE-MVI trial had a superiority design with a power of 80% to detect a between group 
difference in IMR of 7 (arbitrary unit) at 1-month follow-up. Details of the sample size calculation 
are provided in Supplementary Material 3. SPSS Statistics, version 22 (IBM Corp, Armonk, New 
York) was used to perform statistical analysis. For the current manuscript an intention-to-treat 
analysis was used to assess the difference in outcome measures in patients randomized to ticagrelor 
vs. prasugrel maintenance therapy. An additional per-protocol analysis at 1-year was performed in 
patients who did not switch or stop their randomized P2Y12 therapy before 1-year and at 1.5-year 
including patients who did not receive a P2Y12 inhibitor at 1.5-year follow-up.

Normality was visually assessed by QQ-plots. Continuous normally distributed data were 
described as mean ± standard deviation (SD) and non-normally distributed data as median (in-
terquartile range (IQR)). Dichotomous data were described as number (percentage, %). To assess 
between group differences in continuous variables, an independent t-test or Mann-Whitney U test 
were used as appropriate. Paired analyses with continuous data were performed with the paired 
sample t-test or Wilcoxon signed rank test as appropriate. To assess between group differences on 
nominal categorical variables, a Pearson Chi-Square test was used and results were summarized 
as numbers (%). Paired analyses with dichotomous variables were performed by the McNemar 
test. Mann-Whitney test was used to compare groups on ordinal categorical variables. A linear 
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mixed model analysis was used to compare changes in mean RHI over time between treatment 
groups. The mixed model included a random effect for subject and fixed effects for treatment group, 
time and their two-way interaction. Time was included as a continuous variable in the model. 
Separate estimates for changes in mean RHI per year and p-value for each of the two treatment 
groups were obtained from this model. An additional model with the interaction term omitted was 
fitted in order to estimate the mean change in the whole study population. Generalized Estimating 
Equations (GEE) with unstructured working correlation matrix were used to compare changes in 
proportion of patients with decreased RHI value over time between treatment groups. The model 
included time, treatment group and their two-way interaction as predictors. Separate odds ratios 
for the change in proportion of patients with decreased RHI value for each year increase in follow-
up time and p-value for the two treatments groups were obtained from this model. An additional 
GEE model with the interaction term omitted was fitted in order to estimate a single odds ratio 
for the change in proportion of patients with decreased RHI value in the whole study population. 
All analyses were performed for 1 and 1.5-year follow-up and separately for the intention-to-treat 
and per-protocol population. Time to MACE was visualized by the Kaplan-Meier curve, with the 
log ranked Hazard ratio to assess the between group probability of MACE (with prasugrel as the 
reference group). Statistical significance was assumed when P-value was <0.05.

Supplementary Methods S11.5. Study flow chart of patients included in the 
per-protocol analysis

Patients included and 
randomized in the 

REDUCE-MVI trial (n=110)

Randomized to ticagrelor 
maintenance therapy (n=56)

Randomized to prasugrel 
maintenance therapy (n=54)

Follow-up at 1 month (n=50)

- Patient withdrew consent (n=1)
- Switched to clopidogrel (n=4)
- Switched to prasugrel (n=1)

Follow-up at 1 month (n=52)

- Patient withdrew consent (n=1)
- Switched to clopidogrel (n=1)

Follow-up at 1 year (n=41)

- Switched to clopidogrel (n=5)
- Stopped P2Y12 inhibitor (n=4)

Follow-up at 1 year (n=43)

- Switched to clopidogrel (n=2)
- Switched to ticagrelor (n=2)

- Stopped P2Y12 inhibitor (n=5)

Follow-up at 1.5 year (n=36)

- Received P2Y12 inhibitor at 1.5 
year follow-up (n=5)

Follow-up at 1.5 year (n=41)

- Received P2Y12 inhibitor at 1.5 
year follow-up (n=2)

Deceased in the  ticagrelor group 
(n=1)

Deceased in the prasugrel group 
(n=2)

Per protocol analysis 1.5 year

Lost to follow-up* in the  
ticagrelor group (n=1)

Lost to follow-up*  in the  
prasugrel group (n=1)

Deceased in the prasugrel group 
(n=1)

Lost to follow-up* in the  
ticagrelor group (n=2)

Per protocol analysis 1 year

For the 1-year analysis, we included 84 patients who did not switch or stop with their initial ran-
domized P2Y12 inhibition therapy before 1-year follow-up. For the 1.5-year analysis, we included 
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77 patients (ticagrelor n=36 versus prasugrel n=41) who did not switch or stop with their initial 
randomized P2Y12 inhibition therapy before 1-year follow-up and who did not receive P2Y12 inhibi-
tion therapy at 1.5-year follow-up. * In these patients we did retrieve the survival status at 1.5-year 
follow-up and we therefore included them in the final analysis.

Supplementary Table S11.1. Baseline characteristics of total study population at the index event

Ticagrelor (n=56) Prasugrel (n=54) P-value

Age (years) 60.2±10.1 61.0±8.8 0.69

Male, n (%) 49/56 (87.5) 45/54 (83.3) 0.54

BMI (kg/m2), mean±SD 27.2±3.8 27.8±3.7 0.42

Symptom to balloon time (min), median (IQR) 191 (126-340) 146 (98-322) 0.10

Loading dose ticagrelor received, n (%) 56/56 (100.0) 54/54 (100.0) 1.00

Loading dose-balloon time (min), mean±SD 79±40 77±48 0.18

Loading dose-IMR time (min), mean±SD 114±39 103±30 0.24

Medical history

Hypertension, n (%) 20/56 (35.7) 13/54 (24.1) 0.18

Diabetes mellitus, n (%) 7/56 (12.5) 4/54 (7.4) 0.37

Smoking, n (%) 26/56 (46.4) 21/54 (38.9) 0.47

Hypercholesterolemia, n (%) 12/56 (21.4) 11/54 (20.4) 0.89

Family history of CAD, n (%) 19/56 (33.9) 23/54 (42.6) 0.35

Previous PCI, n (%) 3/56 (5.4) 1/54 (1.9) 0.33

Medication before PPCI

ASA, n (%) 6/56 (10.7) 3/54 (5.6) 0.30

Lipid lowering medication, n (%) 12/56 (21.4) 9/54 (16.7) 0.53

ACE-i or ARB, n (%) 12/56 (21.4) 9/54 (16.7) 0.53

Beta-blocker, n (%) 8/56 (14.3) 4/54 (7.4) 0.25

CCB, n (%) 4/56 (7.1) 5/54 (9.3) 0.68

Laboratory peak values

CK (U/L), median (IQR) 1040 (441-1913) 1127 (453-2171) 0.86

CK-MB (µg/L), median (IQR) 86 (28-207) 102 (37-216) 0.73

Troponin T (µg/L), median (IQR) 1.82 (0.58-5.04) 1.73 (0.38-4.14) 0.39

ACE-i: angiotensin converting enzyme inhibitor, ARB: angiotensin II receptor blocker, ASA: acetylsalicylic 
acid, BMI: body mass index, CAD: coronary artery disease, CCB: calcium channel blocker, CK: creatine kinase, 
CK-MB: creatine kinase-MB, IMR: index of microcirculatory resistance, IQR: interquartile range, SD: standard 
deviation, PCI: percutaneous coronary intervention.
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Supplementary Table S11.2. Procedural characteristics of total study population at the index event

Ticagrelor (n=56) Prasugrel (n=54) P-value

2-vessel disease, n (%) 42/56 (75.0) 41/54 (75.9) 0.91

3-vessel disease, n (%) 14/56 (25.0) 13/54 (24.1) 0.91

Cardiogenic shock, n (%) 0/56 (0) 0/54 (0) 1.00

Radial access, n (%) 53/56 (94.6) 52/54 (96.3) 0.43

Angiographic characteristics culprit

LAD, n (%) 17/56 (30.4) 19/54 (35.2) 0.59

LCX, n (%) 15/56 (26.8) 13/54 (24.1) 0.74

RCA, n (%) 24/56 (42.9) 22/54 (40.1) 0.82

TIMI-flow pre PPCI, n (%)

0 31/56 (55.4) 31/54 (57.4) 0.96

1 6/56 (10.7) 3/54 (5.6)

2 13/56 (23.2) 13/54 (24.1)

3 6/56 (10.7) 7/54 (13.0)

TIMI-flow post PPCI, n (%)

0 0/56 (0) 0/54 (0) 0.34

1 2/56 (3.6) 4/54 (7.4)

2 11/56 (19.6) 4/54 (7.4)

3 43/56 (76.8) 46/54 (85.2)

TFC, median (IQR) 41.5 (30.5-65.3) 39.0 (29.0-54.5) 0.58

cTFC, median (IQR) 37.5 (24.3-56.0) 34.0 (21.8-50.5) 0.40

MBG, n (%)

0 1/56 (1.8) 0/54 (0) 0.98

1 7/56 (12.5) 7/54 (13.0)

2 7/56 (12.5) 8/54 (14.8)

3 41/56 (73.2) 39/54 (72.2)

PCI characteristics culprit

Stent length (mm), mean±SD 34.07±15.03 32.07±15.6 0.50

Stent diameter (mm), mean±SD 3.56±0.57 3.66±0.50 0.35

Thrombectomy, n (%) 4/56 (7.1) 7/54 (13.0) 0.31

Pre-dilatation, n (%) 33/56 (58.9) 29/54 (53.7) 0.58

Post-dilatation, n (%) 18/56 (32.1) 13/54 (24.1) 0.35

Glycoprotein IIb/IIIa inhibitor, n (%) 7/56 (12.5) 6/54 (11.1) 0.92

cTFC: corrected TIMI frame count, IQR: interquartile range, LAD: left anterior descending artery, LCX: left 
circumflex artery, MBG: myocardial blush grade, PCI: percutaneous coronary intervention, PPCI: primary 
percutaneous intervention, RCA: right coronary artery, SD: standard deviation, TIMI: thrombolysis in myo-
cardial infarction, TFC: TIMI frame count.
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Supplementary Table S11.3. Per protocol analysis of patient characteristics at 1-year follow-up

Ticagrelor (n=39) Prasugrel (n=41) P-value

Time to 1-year follow-up (days), mean±SD 359±7 357±14 0.54

Male, n (%) 36/39 (92.3) 32/41 (78.0) 0.07

Systolic blood pressure (mmHg), mean±SD 135±15 135±18 0.93

Diastolic blood pressure (mmHg), mean±SD 82±10 79±14 0.33

Heart rate (beats / min), mean±SD 65±14 65±12 0.87

Medication at follow-up

P2Y12 inhibitor, n (%) 39/39 (100.0) 41/41 (100.0) NA

Acetylsalicylic acid, n (%) 38/39 (97.4) 40/41 (97.6) 0.97

Oral anticoagulants, n (%) 0/39 (0) 0/41 (0) NA

Beta-blocker, n (%) 33/39 (84.6) 30/41 (73.2) 0.21

ACE-i, n (%) 23/39 (59.0) 25/41 (61.0) 0.86

ARB, n (%) 6/39 (15.4) 7/41 (17.1) 0.84

Lipid lowering medication, n (%) 36/39 (92.3) 39/41 (95.1) 0.60

Long acting nitrate, n (%) 1/39 (2.6) 1/41 (2.4) 0.97

CCB, n (%) 3/39 (7.7) 3/41 (7.3) 0.95

Diuretics, n (%) 2/39 (5.1) 5/41 (12.2) 0.26

Diabetes mellitus medication, n (%) 4/39 (10.3) 3/41 (7.3) 0.64

Anti-inflammatory drugs, n (%) 2/39 (5.1) 5/41 (12.2) 0.26

Laboratory values

Hemoglobin (mmol/L), mean±SD 9.0±0.7 8.8±0.8 0.30

Hematocrit (L/L), mean±SD 0.43±0.03 0.43±0.03 0.89

Platelet count (x 109/L), mean±SD 247±69 234±53 0.36

Total leukocyte count (x 109/L), median (IQR) 6.4 (5.4-8.6) 7.2 (5.9-8.2) 0.42

Total cholesterol (mmol/L), mean±SD 3.4±0.7 3.7±1.1 0.22

HDL (mmol/L), mean±SD 1.1±0.3 1.3±0.4 0.02

LDL (mmol/L), median (IQR) 1.7 (1.2-2.0) 1.5 (1.1-2.1) 0.52

Triglycerides (mmol/L), median (IQR) 1.5 (1.0-2.1) 1.3 (1.0-1.9) 0.72

CRP (mg/L), median (IQR) 2.5 (2.5-2.5) 2.5 (2.5-2.5) 0.73

LDH (U/L), mean±SD 195 (179-220) 195 (183-232) 0.66

Glucose (mmol/L), median (IQR) 5.6 (5.0-6.4) 5.3 (4.9-6.4) 0.80

NT-proBNP (ng/L), median (IQR) 83 (42-275) 101 (51-265) 0.58

We included the patients eligible for the per protocol analysis at 1-year, minus the deceased (n=3) and 
lost to follow-up (n=1) patients which resulted in a total of 80 patients (ticagrelor n=39, prasugrel n=41). 
ACE-i: angiotensin converting enzyme inhibitor, ARB: angiotensin II receptor blocker, CCB: calcium channel 
blocker, CRP: C-reactive protein, HDL: high density lipoprotein, IQR: interquartile range, LDH: lactate dehy-
drogenase, LDL: low density lipoprotein, NT-proBNP: N-terminal pro-brain natriuretic peptide, SD: standard 
deviation.
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Supplementary Table S11.4. Reasons for switch of initial randomized P2Y12 treatment strategy

Randomized to Inclusion date Date of switch Reason switch Switched to

Ticagrelor 6-May-2015 12-May-2015 Cardiac thrombus Clopidogrel

Ticagrelor 31-aug-2015 5-Sep-2015 Nausea after Ticagrelor Prasugrel

Prasugrel 12-nov-2015 16-Dec-2015 Human error Ticagrelor

Ticagrelor 12-nov-2015 3-May-2016 Hematomas and bleedings Clopidogrel

Ticagrelor 9-dec-2015 7-Mar-2016 Surgery persistent pneumothorax Clopidogrel

Ticagrelor 11-jan-2016 14-Jan-2016 Cardiac thrombus Clopidogrel

Ticagrelor 26-jan-2016 29-Jan-2016 Atrial fibrillation Clopidogrel

Ticagrelor 19-May-2016 6-Oct-2016 Hematomas Clopidogrel

Prasugrel 21-Oct-2016 27-Jun-2017 Hemostaxis Clopidogrel

Prasugrel 31-Jan-2017 19-Jun-2017 Transient ischemic attack Clopidogrel

Prasugrel 16-jun-2017 19-June-2017 Atrial fibrillation Clopidogrel

Ticagrelor 27-jul-2017 9-Aug-2017 Cardiac thrombus Clopidogrel

Ticagrelor 27-aug-2017 19-Feb-2018 Pruritis of the legs Clopidogrel

Ticagrelor 9-jan-2016 20-Jul-2016 Percutaneous coronary intervention Clopidogrel

Prasugrel 8-aug-2017 29-Sep-2017 Human error Ticagrelor

A total of 15 patients switched their initially randomized P2Y12 inhibitor to another P2Y12 inhibitor during 
the conduct of the study (from inclusion to 1.5-year follow-up).

Supplementary Table S11.5. Reasons for hospitalization

Patient Randomization Reason hospitalization

1 Ticagrelor Headache, tingling feeling in hands and feet, gastric acid

2 Ticagrelor Maceration, lung infection

3 Ticagrelor Chest pain

4 Prasugrel Dyspnea

5 Ticagrelor Chest pain

6 Prasugrel Influenza A

7 Prasugrel Chest pain

8 Prasugrel Chest pain

9 Ticagrelor Cholecystitis

10 Prasugrel Collaps (vasovagal syncope)

11 Prasugrel ICD implementation

12 Ticagrelor Arthritis left shoulder

13 Prasugrel Chest pain

14 Prasugrel TIA

15 Ticagrelor Colon tumor

16 Prasugrel Hip fracture

17 Ticagrelor Cellulitis of right groin

18 Prasugrel Cholecystolithiasis

19 Ticagrelor Chest pain

20 Prasugrel Subcapital fracture of the left hip

ICD: Implantable cardioverter-defibrillator, TIA: transient ischaemic attack.
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Supplementary Table S11.6. Per protocol analysis of patient symptoms and clinical outcome

1-year follow-up Ticagrelor (n=41*) Prasugrel (n=43¥) P-value

Angina pectoris, n (%) 10/38 (26.3) 5/41 (12.2) 0.11

CCS class, n (%)

1 8/10 (80.0) 2/5 (40.0) 0.10

2 2/10 (20.0) 2/5 (40.0)

3 0/10 (0.0) 1/5 (20.0)

4 0/10 (0.0) 0/10 (0.0)

SAQ, median (IQR)

Angina Frequency 100 (90-100) 100 (100-100) 0.29

Physical limitation 92 (85-100) 100 (75-100) 0.60

Quality of life 67 (58-83) 83 (67-100) 0.02

Angina Stability 100 (95-100) 100 (100-100) 0.49

Treatment satisfaction 94 (81-100) 100 (88-100) 0.03

Dyspnea, n (%) 17/38 (44.7) 15/41 (36.6) 0.46

MBS > 3, n (%) 5/17 (29.4) 5/15 (33.3) 0.81

Total number of bleedings, n (%) 18/38 (47.4) 25/41 (61.0) 0.23

BARC score, n (%)

0 20/38 (52.6) 16/41 (39.0) 0.27

1 16/38 (42.1) 23/41 (56.1)

2 2/38 (5.3) 1/41 (2.4)

3 0/38 (0.0) 0/41 (0.0)

4 0/38 (0.0) 1/41 (2.4)

5 0/38 (0.0) 0/41 (0.0)

Death, n (%) 1/41 (2.4) 2/43 (4.7) 0.59

Recurrent myocardial infarction, n (%) 4/39 (10.3) 3/41 (7.3) 0.64

Stroke, n (%) 0 (0%) 0 (0%) NA

Stent thrombosis, n (%) 0 (0%) 0 (0%) NA

Hospitalization, n (%) 3/39 (7.7) 8/41 (19.5) 0.21

Malignant arrhythmia‡, n (%) 0/39 (0.0) 1/41 (2.4) 0.33

Intercurrent CAG (without the need for PCI)‡, 
n (%)

3/39 (7.7) 0/41 (0.0) 0.07

PCI‡, n (%) 2/39 (5.1) 1/41 (2.4) 0.53

Cardiac surgery‡, n (%) 0/39 (0.0) 0/41 (0.0) NA

MACE, n (%) 5/40 (12.5) 5/43 (11.6) 0.90
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Supplementary Table S11.6. Per protocol analysis of patient symptoms and clinical outcome (continued)

1.5-year follow-up Ticagrelor (n=36§) Prasugrel (n=41†) P-value

Angina pectoris, n (%) 5/33 (15.2) 3/37 (8.1) 0.36

CCS class, n (%)

1 2/5 (40.0) 1/3 (33.3) 0.86

2 3/5 (60.0) 2/3 (66.7)

3 0/5 (0) 0/3 (0)

4 0/5 (0) 0/3 (0)

5 0/5 (0) 0/3 (0)

SAQ, median (IQR)

Angina Frequency 100 (95-100) 100 (100-100) 0.49

Physical limitation 97 (85-100) 97 (83-100) 0.96

Quality of life 75 (67-92) 83 (67-92) 0.42

Angina Stability 100 (80-100) 100 (100-100) 0.21

Treatment satisfaction 94 (81-100) 100 (94-100) 0.08

Dyspnea, n (%) 6/33 (18.2) 13/37 (35.1) 0.11

MBS > 3, n (%) 3/6 (50.0) 5/13 (38.5) 0.64

Total number of bleedings, n (%) 16/33 (48.5) 25/38 (65.8) 0.14

BARC score, n (%)

0 17/33 (51.5) 13/38 (34.2) 0.22

1 13/33 (39.4) 22/38 (57.9)

2 3/33 (9.1) 2/38 (5.3)

3 0/33 (0) 0/38 (0)

4 0/33 (0) 1/38 (2.6)

Events at 1.5-year follow-up Ticagrelor (n=36§) Prasugrel (n=41†) P-value

Death, n (%) 1/36 (2.8) 3/41 (7.3) 0.37

Recurrent myocardial infarction, n (%) 3/33 (9.1) 3/37 (8.1) 0.88

Stroke, n (%) 0 (0%) 0 (0%) NA

Stent thrombosis, n (%) 0 (0%) 0 (0%) NA

Hospitalization, n (%) 4/33 (12.1) 9/37 (24.3) 0.19

MACE, n (%) 4/34 (11.8) 6/40 (15.0) 0.69

* In the ticagrelor group, 1 patient was decreased and 1 patient was lost to follow-up before 1-year follow-
up. ¥ In the prasugrel group, 2 patients deceased before 1-year follow-up. § In the ticagrelor group, 1 patient 
was deceased and 3 patients were lost to follow-up before 1.5-year follow-up. † In the prasugrel group, 3 
patients were deceased and 1 patient was lost to follow-up before 2-year follow-up. ‡ There were no ad-
ditional events reported between 1 and 1.5 year follow-up. We included them in the final analysis because 
we retrieved their survival status at 1-year. BARC: bleeding academic research consortium, CAG: coronary 
angiography, CCS: canadian cardiovascular society, IQR: interquartile range, MACE: major adverse clinical 
events, MBS: modified borg dyspnea scale, PCI: percutaneous coronary intervention, SAQ: seattle angina 
questionnaire.
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Supplementary Table S11.7. Relative between group difference and risk in discrete outcomes

ITT 1 year Ticagrelor
(n=53)

Prasugrel
(n=51)

Relative difference 
(%)

Relative 
risk

P-value

Angina pectoris 21.2% 17.6% -17.0% 1.20 0.65

Dyspnea 42.3% 35.3% -16.5% 1.20 0.47

Bleedings 45.1% 58.8% 30.4% 0.77 0.17

Death 1.8% 3.8% 111.1% 0.47 0.54

Recurrent myocardial 
infarction

7.5% 5.9% -21.3% 1.27 0.74

Stroke 0.0% 0.0% 0.0% NA NA

Stent thrombosis 0.0% 0.0% 0.0% NA NA

Hospitalization 11.3% 17.6% 55.8% 0.64 0.36

Malignant arrhythmia 0.0% 2.0% NA NA 0.31

Inter current CAG 
(without the need for PCI)

5.8% 0.0% NA NA 0.08

PCI 5.8% 2.0% -65.5% 2.86 0.32

Cardiac surgery 0.0% 0.0% 0.0% NA NA

MACE 9.3% 9.4% 1.1% 0.99 0.98

PP 1 year Ticagrelor
(n=41)

Prasugrel
(n=43)

Relative difference 
(%)

Relative 
risk

P-value

Angina pectoris 26.3% 12.2% -53.6% 2.17 0.11

Dyspnea 44.7% 36.6% -18.1% 1.22 0.46

Bleedings 47.4% 61.0% 28.7% 0.78 0.23

Death 2.4% 4.7% 95.8% 0.51 0.59

Recurrent myocardial 
infarction

10.3% 7.3% -29.1% 1.41 0.64

Stroke 0.0% 0.0% 0.0% NA NA

Stent thrombosis 0.0% 0.0% 0.0% NA NA

Hospitalization 7.7% 19.5% 153.3% 0.40 0.21

Malignant arrhythmia 0.0% 2.4% NA NA 0.33

Intercurrent CAG 
(without the need for PCI)

7.7% 0.0% NA NA 0.07

PCI 5.1% 2.4% -52.9% 2.13 0.53

Cardiac surgery 0.0% 0.0% 0.0% NA NA

MACE 12.5% 11.6% -7.2% 1.08 0.90

ITT 1.5 year Ticagrelor
(n=51)

Prasugrel
(n=49)

Relative difference 
(%)

Relative 
risk

P-value

Angina pectoris 19.6% 8.2% -58.2% 2.38 0.10

Dyspnea 27.5% 36.7% 33.5% 0.75 0.32

Bleedings 47.1% 63.3% -34.4% 1.34 0.10

Death 1.8% 5.7% 216.7% 0.32 0.29

Recurrent myocardial 
infarction

7.8% 8.2% 5.1% 0.95 0.95
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Supplementary Table S11.7. Relative between group diff erence and risk in discrete outcomes (continued)

Stroke 0.0% 0.0% 0.0% NA NA

Stent thrombosis 0.0% 0.0% 0.0% NA NA

Hospitalization 17.0% 21.6% 27.1% 0.79 0.55

MACE 9.4% 13.5% 43.6% 0.69 0.54

PP 1.5 year Ticagrelor
(n=36)

Prasugrel
(n=41)

Relative diff erence 
(%)

Relative 
risk

P-value

Angina pectoris 15.2% 8.1% -46.7% 1.89 0.36

Dyspnea 18.2% 35.1% 92.9% 0.52 0.11

Bleedings 48.5% 65.8% 35.7% 0.74 0.14

Death 2.8% 7.3% 160.7% 0.38 0.37

Recurrent myocardial 
infarction

9.1% 8.1% -11.0% 1.12 0.88

Stroke 0.0% 0.0% 0.0% NA NA

Stent thrombosis 0.0% 0.0% 0.0% NA NA

Hospitalization 12.1% 24.3% 100.8% 0.50 0.19

MACE 11.8% 15.0% 27.1% 0.79 0.69

The relative risk/ratio is compared to the ticagrelor group. CAG: coronary angiography, ITT: intention to 
treat analysis, MACE: major adverse clinical events, PCI: percutaneous coronary intervention, PP: per proto-
col analysis, SAQ: seattle angina questionnaire.
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Supplementary Figure S11.1. Improvement in peripheral endothelial function over time in the total 
study population.
Peripheral endothelial function and improvement in peripheral endothelial function at diff erent time 
points. In the ITT analysis (A) all patients were included (n=108). In the per-protocol analysis (B) we included 
77 patients (ticagrelor n=36 versus prasugrel n=41) who did not switch or stop with their initial random-
ized P2Y12 inhibition therapy before 1-year follow-up and who additionally did not receive P2Y12 inhibition 
therapy at 1.5-year follow-up. The dashed line represents the established cut-off  value for decreased pe-
ripheral endothelial function (RHI < 1.67, equals the natural logarithm RHI < 0.51). The line in the boxplots 
indicates the median and the cross indicates the mean. The increase in RHI over time was calculated using 
a mixed model analysis including time as main eff ect. ITT: intention to treat, PP: per protocol, RHI: reactive 
hyperemia index.
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Supplementary Figure S11.2. Per protocol analysis of peripheral endothelial function.
Peripheral endothelial function and improvement in peripheral endothelial function in patients random-
ized to ticagrelor vs. prasugrel maintenance therapy. In the per-protocol analysis at we included 77 patients 
(ticagrelor n=36 versus prasugrel n=41) who did not switch or stop with their initial randomized P2Y12 
inhibition therapy before 1-year follow-up and who additionally did not receive P2Y12 inhibition therapy 
at 1.5-year follow-up. The dashed line represents the established cut-off value for decreased peripheral 
endothelial function (RHI < 1.67, equals the natural logarithm RHI < 0.51). The line in the boxplots indicates 
the median and the cross indicates the mean. The increase in RHI over time was calculated using a mixed 
model analysis including time as main effect. RHI: reactive hyperemia index.
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ABSTRACT

Aims: Despite successful revascularization, 40% of ST-elevation myocardial infarction (STEMI) 
patients develop microvascular injury (MVI) associated with a poor prognosis. Endothelial dys-
function potentially aggravates MVI. Our main objective was to link systemic endothelial dysfunc-
tion in patients with STEMI to angiographic-, hemodynamic- and cardiac magnetic resonance 
(CMR) imaging derived measurements of MVI, and clinical events up to 1 year. 
Methods and Results: We included STEMI patients with multivessel disease between May 2015 
and October 2017. Endothelial function was assessed with hyperemic pulse amplitude tomography 
(RH-PAT) in the acute (<24 hours) and stable setting (at 1 year) with calculation of the reactive 
hyperemia index (RHI). Intracoronary acquired coronary flow reserve (CFR) measured invasively. 
CMR was performed at 2-7 days and at 1 month. We included 100 patients aged 61.1±9.4 years. 
Stable RHI correlated to body mass index (BMI) (Pearson’s r=-0.33, P=0.001). Acute RHI cor-
related to leukocyte count (Spearman’s rho=-0.20, P=0.04) and CFR in the culprit vessel (Spear-
man’s rho=0.25, P=0.02). Acute RHI was lower in patients with CMR derived MVI than in patients 
without MVI (0.42±0.37 versus 0.62±0.33, P=0.02). Stable RHI was negatively associated with final 
CMR derived infarct size and was lower in patients with clinical events. In multivariable analysis, 
RHI remained independently associated with the presence of MVI and final infarct size. 
Conclusions: Acute peripheral endothelial dysfunction was associated with MVI and inflamma-
tion. Stable peripheral endothelial dysfunction was associated with BMI and final infarct size. 
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INTRODUCTION

Endothelial dysfunction refers to an inappropriate vascular responses to biological or pharmaco-
logical stimuli in health and disease. It can both initiate and aggravate atherosclerotic disease of the 
vascular wall (1). Endothelial dysfunction is related to most traditional risk factors for coronary 
artery disease and is observed in patients with hypertension (2), diabetes (3) and obesity (4). Also, 
it might play a role in patients with ischemia and non-obstructive coronary artery disease (5). In 
patients with ST-elevation myocardial infarction (STEMI), the role of endothelial dysfunction is 
multifactorial and often not recognized. In up to 40% of STEMI patients, cardiac magnetic reso-
nance (CMR) exposes the presence of microvascular injury (MVI) which is related to worse clinical 
outcome including heart failure and death (6-9). In an experimental model, we demonstrated that 
endothelial damage is a very early phenomenon that occurs in mechanically reperfused STEMI 
(6). The occurrence of MVI is often preceded by a decreased coronary microvascular response to 
adenosine, translating into a decrease in coronary flow reserve (CFR) (10). Endothelial dysfunc-
tion potentially aggravates MVI and is associated with the occurrence of adverse events (11). The 
condition of endothelial dysfunction in STEMI might be pre-existing but could also be a direct 
consequence of the acute systemic inflammatory response after STEMI (12). In up to 20% of STEMI 
patients, such a systemic inflammatory response is invoked and associated with adverse clinical 
outcome (13). This acute systemic inflammatory response can cause further impaired endothelial 
vasoreactivity (14).

Here we assessed systemic endothelial dysfunction by reactive hyperemic pulse amplitude to-
mography (RH-PAT) in patients with successfully reperfused STEMI in the acute setting and at 1 
year follow-up which we will refer to as the stable setting. We related systemic endothelial dysfunc-
tion to coronary microvascular endothelial dysfunction using angiographic-, hemodynamic- and 
cardiac magnetic resonance (CMR) imaging derived measurements of MVI. We also assessed the 
relationship between RH-PAT, inflammation, infarct size and clinical events within 1 year.

METHODS

Study population and trial design
We included 110 STEMI patients as part of the multicenter REDUCE-MVI trial (15). In brief, 
the REDUCE-MVI trial investigated the potential off-target effect of ticagrelor versus prasugrel 
maintenance therapy on microvascular function assessed by the index of microcirculatory resis-
tance. Among inclusion criteria were: STEMI patients with presentation at the catheterization 
laboratory <12 hours of onset of symptoms, age ≥18 and <75, the presence of a non-culprit le-
sion (angiographically 50-90%). For a complete overview of inclusion and exclusion criteria see 
Supplementary Methods S12.1. In case all inclusion and exclusion criteria were met, patients 
provided written informed consent after which they were randomized to either ticagrelor or pra-
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sugrel maintenance therapy. RH-PAT was performed in the acute setting and at 1-year follow-up. 
Intracoronary measurements were done by the same protocol during the index procedure and at 
1 month-follow-up. CMR imaging was performed in the acute setting and at 1 month follow-up. 
Clinical laboratory measurements were performed in all patients at day 0 and at 1 year. At 1-year 
follow-up, clinical events including repeat myocardial infarction and hospitalization were collected. 
Major adverse cardiovascular events (MACE) was a composite of above mentioned events within 1 
year. All patients who deceased before 1 year follow-up were excluded, because no paired RH-PAT 
measurements between acute and 1 year follow-up were possible.

RH-PAT measurement and analysis
RH-PAT was performed in the acute setting (<24 hours of presentation at the catheterization 
laboratory) and at 1 year follow-up using the EndoPAT2000 device (Itamar Medical Ltd., Cae-
sarea, Israel) (16). This device is a computer-based system for the non-invasive assessment of 
peripheral endothelial function. Prior to the RH-PAT measurements, blood pressure and heart rate 
were registered. Subsequently, plethysmographic probes were placed on the index finger of each 
hand to measure finger arterial pulsatile volume changes that indicate changes in vascular tonus. 
The RH-PAT measurements were performed at rest in a convenient, low stimulus environment. 
Each recording consisted of 5 minutes of resting measurement followed by 5 minutes of occlu-
sion time of the brachial artery by inflation of a blood pressure cuff and 5 minutes post-occlusion 
measurement, which indicates the reactive hyperemic period. The measurement was performed 
at the arm not used for vascular access during the catheterization procedure, and the other arm 
served as control for changes in vascular tone. The reactive hyperemia index (RHI) is calculated 
automatically by a computerized algorithm (Itamar Medical Ltd., Caesarea, Israel) as the ratio of 
the magnitude of the average post-occlusion pulse volume amplitude to the average pre-occlusion 
pulse volume amplitude, corrected for baseline vascular tone (Central illustration). Due to skewed 
RHI data, we used the natural logarithm of RHI as described previously (17). The cut-off value 
used for impaired peripheral endothelial function was RHI<1.67 (18), which equals the natural 
logarithmic RHI<0.51. 

CMR acquisition and analysis
CMR was performed 2-7 days post primary percutaneous coronary intervention (PCI) and at 1 
month follow-up to assess e.g. left ventricle ejection fraction (LVEF), infarct size and MVI as as-
sessed by the presence of microvascular obstruction (MVO) on CMR. For a complete overview of 
the methods for acquisition and analysis of CMR see Supplementary Methods S12.2.

Intracoronary hemodynamic measurements
After successful revascularization of the culprit vessel following standard hospital procedures, in-
tracoronary hemodynamic measurements were performed during the index procedure in the cul-
prit vessels as previously described (19). Before intracoronary measurements, all patients received 
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an intracoronary injection of 200 mcg nitroglycerin to establish epicardial coronary vasodilatation. 
We used a coronary pressure wire (Certus, Abbott formerly known as St. Jude Medical, St. Paul, 
Minnesota, USA) for the intracoronary measurements. All measurements were directly extracted 
from the console (RadiAnalyzer™ Xpress, QUANTIEN™) and analyzed offline by a blinded corelab 
using RadiView™ Software (Abbott formerly known as St. Jude Medical, St. Paul, Minnesota, USA). 
Coronary flow reserve (CFR) was calculated as mean resting transit time (Tmn) divided by the 
hyperemic Tmn. 

Statistical analysis
We used SPSS 22.0 (IBM Corporation, Armonk, NY, USA) to analyze our data. All continuous 
normally distributed data were summarized as mean±SD and non-normally distributed data as 
median with their interquartile range. Categorical data were expressed as number (%). Continu-
ous variables were compared between groups using the independent-samples T-test if normally 
distributed and Mann-Whitney U test otherwise. The paired students t-test or Wilcoxon rank test 
for differences between paired observations of continuous data. Correlation of normal distributed 
variables was quantified by Pearson’s r and Spearman’s rank correlation was used otherwise. Cat-
egorical variables were compared between groups using the Chi-square test. Multivariable logistic 
regression was used to assess associations of candidate predictors with CMR-derived MVO, large 
infarct size and MACE. Parameters with P<0.20 in univariate regression analysis were entered in 
the multivariable regression model using backward elimination. ROC-curve analysis using the 
Youden index was performed to determine the optimal cut-off value of RHI at 1 year to predict 
MACE within 1 year. Survival analysis was used to determine the hazard ratio and Kaplan Meier 
curves. A P-value of <0.05 was considered as statistically significant. 

RESULTS

Patient population
For initial analysis we included 110 STEMI patients from the REDUCE-MVI trial (15). Ten patients 
without RH-PAT measurements in either the acute setting or at 1-year follow-up were excluded 
from the present study (Supplementary Table S12.1). A total of 100 patients with paired acute 
and stable RHI values remained for the current analysis. Mean age was 61.1±9.4 years and 85% of 
patients were male. Baseline patient-, angiographic-, and infarct characteristics are presented Table 
12.1. Most patients presented with the right coronary artery (RCA) as culprit vessel (42%) and 57% 
of patients presented with culprit TIMI flow 0 before revascularization.
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Table 12.1 Baseline characteristics at admission

Parameters Patient population, n=100

Age (years), mean±SD 61.1±9.4

Sex (male), No. (%) 85 (85%)

BMI (kg/m2), mean±SD 27.7±3.8

BP systolic (mmHg), mean±SD 128±15

BP diastolic (mmHg), mean±SD 79±12

HR (beats/min), mean±SD 76±15

Medical history

Hypertension, No. (%) 30 (30%)

DM, No. (%) 11 (11%)

Hypercholesterolemia, No. (%) 20 (20%)

Smoker (current) , No. (%) 40 (40%)

Family history of CAD, No. (%) 38 (38%)

Medication at admission

ASA, No. (%) 7 (7%)

Beta-blocker, No. (%) 10 (10%)

Lipid lowering medication, No. (%) 18 (18%)

ACE-i, No. (%) 8 (8%)

ARB, No. (%) 10 (10%)

CCB, No. (%) 9 (%)

Diuretic, No. (%) 8 (8%)

Anti-diabetic medication, No. (%) 8 (8%)

Laboratory parameters

Troponin-T (µg/L, peak), median (IQR) 1.9 (0.5-4.6)

CK (U/L, peak), median (IQR) 1084 (465-2212)

CK-MB (µg/L, peak), median (IQR) 98 (38-209)

Angiographic characteristics

Culprit vessel

RCA 42 (42%) 

LAD 33 (33%)

CX 25 (25%)

TIMI flow pre-PPCI

0 57 (57%) 

1 9 (9%)

2 23 (23%)

3 11 (11%)

TIMI flow post PPCI < 3 19 (19%)

2-vessel disease 77 (77%)

3-vessel disease 23 (23%)

ACE-i: ACE-inhibitor, ARB: angiotensin reuptake inhibitor, ASA: acetylsalicylic acid, BMI: body mass index, 
BP: blood pressure, CAD: coronary artery disease, CCB: calcium channel blocker, CK: creatine kinase, CK-MB: 
creatine kinase MB, CX: circumflex artery, DM: diabetes mellitus, HR: heart rate, IQR: interquartile range, 
LAD: left anterior descending artery, RCA: right coronary artery, SD: standard deviation, PPCI: primary per-
cutaneous coronary intervention, TIMI: thrombolysis in myocardial infarction.
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Peripheral endothelial function in the acute setting versus follow-up
Mean RHI in the acute setting was significantly decreased compared to stable RHI (0.55±0.33 
versus 0.64±0.27, P=0.048, Figure 12.1). In the acute setting 47% of patients had decreased (<0.51) 
RHI-values compared to 28% in the stable setting (P=0.009). There was no correlation between 
acute- and stable RHI (Pearson’s r=-0.002, P=0.99). 
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Figure 12.1 Peripheral endothelial function in the acute versus stable setting.
Difference in RHI between the acute (<24 hours after the index procedure) and stable setting (at 1 year follow-
up). The dotted line indicates the established cut-off value of 1.67 (which equals logarithmic RHI of <0.51). 
Red dots are below and green dots are above the cut-off value.  RHI: logarithmic reactive hyperemic index.

Peripheral endothelial function in relation to cardiovascular risk factors
Stable RHI did not differ between male and female patients (0.63±0.28 versus 0.67±0.25, P=0.68). 
Stable RHI was found to be negatively associated with BMI (Pearson’s r=-0.33, P=0.001). In patients 
with BMI<30 (n=77), mean stable RHI was 0.68±0.25 compared to 0.51±0.29 in patients with 
BMI≥30 (n=23), P=0.006). There was no significant relationship between stable RHI and other 
cardiovascular risk factors.

Peripheral endothelial function in relation to inflammation
Total leukocyte count in the acute setting was higher compared to the stable setting (10.3 (8.0-12.3) 
versus 6.6 (5.8-8.1) x109/L, P<0.001). There was a significant negative correlation between acute 
RHI and total leukocyte count in the acute setting (Spearman’s rho=-0.20, P=0.04 and Spearman’s 
rho=-0.26, P=0.02). 
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Peripheral endothelial function and invasively measured coronary flow 
reserve
Culprit CFR was significantly decreased in the acute setting compared to follow-up (1.8 interquartile 
range (IQR) (1.3-2.8) versus 3.5 IQR (2.4-4.8), P<0.001). In the acute setting, there was a significant 
correlation between RHI and CFR in the culprit vessel (Spearman’s rho=0.25, P=0.02). RHI in 
patients with CFR<2.0 (n=48) was 0.48±0.21 versus 0.62±0.44 in patients with CFR≥2.0 (n=41), 
P=0.07. There was no correlation between stable RHI and CFR at 1 month follow-up (Spearman’s 
rho=-0.09, P=0.38).

Peripheral endothelial function in relation to CMR-derived parameters in 
the acute phase
In patients with CMR-derived MVO in the acute stage (n=29), acute RHI was significantly decreased 
compared to patients without MVO (n=52) (0.42±0.37 versus 0.62±0.33, P=0.02, Central illustration). 

Central illustration. Typical case example of peripheral endothelial measurements in a patient with 
and without MVO.
A case example of a patient with a relatively small infarct size without MVO with an accompanying low RHI 
value versus a patient with a large infarct size and MVO. LV: left ventricle, MVO: microvascular obstruction, 
RHI: reactive hyperemia index, SD: standard deviation.

In multivariate analysis, acute RHI together with hypertension remained as independent predic-
tors for the presence of MVO (Table 12.2A), even after adjustment for infarct size (Supplementary 
Table S12.2). 
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Peripheral endothelial function in relation to CMR-derived parameters at 
follow-up
At follow-up, there was a significant correlation between stable RHI and final infarct size in grams 
or as % of LV assessed by CMR at 1 month (Spearman’s rho=-0.22, P=0.04 and Spearman’s rho=-
0.22, P=0.04 respectively). There were 22% of patients with a large final infarct size defined as 
infarct size as % of LV≥Q3 (which equals infarct size ≥9.8 % of LV). In a multivariate analysis, stable 
RHI together with anterior infarction (left anterior descending artery (LAD) as the culprit lesion) 
remained as independent predictors for a large infarct size (Table 12.2B). Supplementary Table 
S12.3 shows all CMR-derived parameters. 

Peripheral endothelial function and clinical follow-up at 1 year 
There were 4% of patients with myocardial infarction and 15% of patients who were hospitalized 
within 1 year. In patients with MACE (19%), stable RHI was significantly lower compared to patients 
without MACE (81%) (0.52±0.29 versus 0.67±0.26, P=0.04). The ideal cut-off value of stable RHI to 
predict MACE within 1 year was ≤0.63 determined based on Youden index. In patients with lower 
stable RHI (≤0.63), there was significantly more MACE compared to patients with RHI >0.63 (28% 
versus 10% MACE, P=0.03). Figure 12.2 illustrates the Kaplan Meier curve with the hazard ratio 
of RHI ≤0.63 at 1 year for MACE within 1 year follow-up (HR 0.31 (95% CI 0.13-0.77), P=0.02).
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Figure 12.2. Kaplan Meier of MACE free survival in patients with impaired versus preserved stable 
peripheral endothelial function.
Kaplan Meier curve of MACE free survival within 1 year in patients with decreased RHI (≤0.63) versus in-
creased RHI (>0.63) values in the stable setting. The cut-off value was based on Youden-Index of the natural 
logarithmic RHI at 1 year follow-up (criterion ≤0.63, sensitivity 67% and specificity 53%). CI: confidence 
interval, HR: hazard ratio, RHI: reactive hyperemia index, MACE: major adverse cardiovascular events includ-
ing recurrent myocardial infarction and hospitalization.
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Table 12.2. Multivariable analysis of parameters associated with the presence of CMR derived MVO and 
final infarct size

Univariate analysis Multivariate analysis

 A.  Acute CMR derived MVO Odds ratio 95% CI P-value Odds ratio 95% CI P-value

Age (years) 1.01 0.97-1.06 0.63

Sex (male) 0.51 0.13-2.07 0.51

BMI (kg/m2) 0.93 0.81-1.06 0.26

Current smoker (yes vs. no) 0.97 0.38-2.48 0.94

Hypertension (presence vs. absence) 0.28 0.08-0.91 0.04 0.22 0.06-0.79 0.02

Diabetes mellitus (presence vs. absence) 0.83 0.14-4.86 0.84

Hypercholesterolemia (presence vs. absence) 0.29 0.06-1.42 0.13

Culprit location (LAD) 1.19 0.45-3.17 0.72

Symptom-balloon time (hours) 1.13 0.98-1.30 0.11

Acute RHI <0.51 3.00 1.15-7.82 0.03 4.02 1.43-11.27 0.008

 B.  Follow-up CMR derived final infarct size Odds ratio 95% CI P-value Odds ratio 95% CI P-value

Age (years) 1.00 0.96-1.06 0.87

Sex (male) 0.92 0.23-3.68 0.90

BMI (kg/m2) 0.98 0.86-1.12 0.76

Current smoker (yes vs. no) 0.50 0.18-1.45 0.20

Hypertension (presence vs. absence) 0.62 0.20-1.88 0.40

Diabetes mellitus (presence vs. absence) 1.63 0.37-7.15 0.52

Hypercholesterolemia (presence vs. absence) 0.16 0.02-1.24 0.08 0.11 0.01-1.09 0.06

Culprit location (LAD) 3.60 1.32-9.81 0.01 5.07 1.58-16.33 0.006

Symptom-balloon time (hours) 1.13 0.99-1.30 0.08 1.15 0.98-1.36 0.08

Stable RHI < 0.51 3.86 1.39-10.72 0.01 4.43 1.36-14.42 0.01

Univariate and multivariable binary logistic regression analysis including parameters associated with A. 
MVO (yes/no) assessed by acute CMR and B. Final infarct size (≥Q3, equals infarct size ≥9.8 % of LV) assessed 
by follow-up CMR. BMI: body mass index, CI: confidence interval, CMR: cardiac magnetic resonance imag-
ing, LAD: left anterior descending artery, LV: left ventricle, RHI: logarithmic reactive hyperemic index, MVO: 
microvascular obstruction (yes/no). * Univariate parameters were entered in the multivariate model when 
P-value <0.2. Final models were determined using the backward elimination.

DISCUSSION

In a relatively large population of patients presenting with STEMI we measured peripheral endo-
thelial function in the acute and stable setting. Our results demonstrated that 1) Acute peripheral 
endothelial dysfunction was associated with increased inflammation, decreased intracoronary in-
dices of microcirculatory function, and the development of MVI as assessed by CMR in the acute 
phase, 2) After multivariable analysis, peripheral endothelial dysfunction remained an independent 
predictor of CMR-derived MVO in the acute setting and 3) stable peripheral endothelial dysfunc-
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tion correlates with an increased BMI, a larger final infarct size at 1 month-follow-up and MACE 
at 1 year.

Peripheral endothelial dysfunction in the acute setting is associated with 
coronary microvascular injury
MVI and ensuing decreased myocardial reperfusion occurs in roughly 40% of STEMI patients 
with successful revascularization and angiographically restoration of epicardial coronary blood 
flow (6). Coronary microvascular dysfunction is probably multifactorial and is largely thought to 
be caused by reperfusion injury and coronary endothelial dysfunction (20) initiated by coronary 
embolization (21), leukocyte accumulation, vasoconstriction (22), release of free oxygen radicals, 
pro-inflammatory substances and pro-coagulant activity (23), increased cell permeability causing 
endothelial cell and myocyte swelling, interstitial edema and intramyocardial hemorrhage (6). 
There is a known correlation between coronary- and peripheral endothelial function (24). In 
patients with ACS, circulating peripheral markers for endothelial injury are elevated compared 
to stable patients (23). This suggests a relation between peripheral endothelial function and the 
extent of myocardial injury after STEMI. Accordingly, we demonstrated a correlation between 
peripheral endothelial function and MVI on multiple levels. Peripheral endothelial function in 
the acute setting was related to angiographic and intracoronary hemodynamic microvascular 
indices of reduced coronary flow after revascularization of the culprit vessel. Our results were in 
line with a study by Bonetti et al. who reported impaired peripheral endothelial function in non-
obstructive CAD patients with decreased intracoronary measured CFR values (18). Moreover, we 
demonstrated an impaired peripheral endothelial function in patients with CMR-derived MVO 
compared to patients without MVO. Accordingly, in a study investigating 29 STEMI patients, acute 
peripheral endothelial dysfunction was associated with the presence of MVO and there was a trend 
towards a larger infarct size in these patients (25). Of note, in this relatively small study stable 
peripheral endothelial function was not measured. Additionally we demonstrated that the pres-
ence of hypertension at admission was independently associated with a lower risk of CMR-derived 
MVO, which is in line with a previous study by Amier et al (26). This may be due to the protective 
effect of anti-hypertensive medication taking before admission, but results should be interpreted 
with caution, because patients with undetected and thus untreated hypertension could influence 
outcome. 

Systemic inflammatory reaction after STEMI correlates with impaired 
peripheral endothelial function
In patients with STEMI, microvascular dysfunction in the acute setting seems to be a global rather 
than a regional problem supported by a decreased coronary flow in non-culprit vessels during 
the index procedure (27). There is a systemic inflammatory reaction in response to myocardial 
ischemia and necrosis, which is associated with an unfavorable clinical outcome in ACS (13). This 
systemic inflammatory response in turn potentially harms coronary or peripheral endothelial cells 
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(28). On the other hand, damaged endothelium is also a source for leukocyte attraction (29). In 
our population we demonstrated that total leukocyte count was increased in the acute setting and 
correlated with impaired acute peripheral endothelial function. Baptista et al. also demonstrated 
a trend towards increased inflammatory parameters in STEMI patients with decreased peripheral 
endothelial function (25). Whether increased acute inflammatory parameters are a cause or conse-
quence of endothelial function remains topic of debate. 

Stable peripheral endothelial function is associated with cardiovascular risk 
factors and infarct size
Peripheral endothelial function improved from the acute setting to 1-year follow-up. One might 
postulate that either peripheral endothelial function in the acute setting is impaired or that periph-
eral endothelial function improves over time due to adequate treatment (or both), which we cannot 
determine from our current data. In patients who were treated with statins (known to improve 
microvascular function) before they presented with ACS, there was a large decrease in the extent 
of myocardial damage (30). We demonstrated an association between increased BMI and impaired 
endothelial function in the stable setting, which is in line with previous findings (4,31,32).

Final infarct size assessed by CMR was significantly larger in patients with decreased compared 
with preserved peripheral endothelial function in the stable setting. In addition, peripheral endo-
thelial function together with anterior culprit location remained an independent predictor for large 
infarct size even after adjustment for other traditional risk factors. We postulate that pre-existent 
systemic endothelial dysfunction leads to impaired coronary flow pre and or post revascularization 
which subsequently leads to an increased final infarct size. In patients with patent culprit vessels 
before PCI, peripheral endothelial function was significantly better compared to patients with oc-
cluded culprit vessels (33). Moreover, in 58 STEMI patients, troponin-I levels were increased in 
patients with impaired endothelial function (34). 

Stable peripheral endothelial function is associated with MACE
Endothelial dysfunction is a known precursor of CAD (35) and hence early detection of endothelial 
function could help initiate early treatment and impact favorably on prognosis. In patients without 
angiographically obstructive CAD, coronary endothelial dysfunction predicted the occurrence of 
future events (38% of all events were an ACS) (36). In 270 patients with chest pain and no obstruc-
tive CAD, adverse event rates at 7 year follow-up were increased in patients with impaired RHI 
(48% versus 28%) (37). Furthermore, peripheral endothelial function was an independent predic-
tor of secondary coronary artery events, even after adjustment for traditional cardiovascular risk 
factors (38). In 198 patients with ACS (non-STEMI), systemic endothelial dysfunction together 
with troponin serum levels were the only independent predictors for MACE at 47 months and im-
provement in peripheral endothelial function predicted event free survival (11). In line with these 
results, we demonstrated a lower stable RHI in patients who had MACE within 1 year compared to 
those without MACE.
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Peripheral endothelial dysfunction: cause or consequence?
It has been proposed that endothelial dysfunction is a cause rather than a consequence of CAD 
(12) and is an important precursor of ACS (36,39). Our results suggest that impaired peripheral 
endothelial function could potentially be both a cause and a consequence of the clinical outcome 
of STEMI patients. The fact that there was no correlation between acute and follow-up RHI leads 
to the assumption that acute and stable peripheral endothelial dysfunction are two different entities 
caused by distinct mechanisms. We hypothesize that impaired peripheral endothelial function in 
the acute setting of STEMI is a cause of a systemic (inflammatory) response augmenting MVI, but 
not final infarct size. Furthermore, we demonstrated that stable (pre-existing or primary) periph-
eral endothelial function was associated with cardiovascular risk factors and infarct size.

Limitations
The most important limitation of our study is that peripheral endothelial function in STEMI pa-
tients cannot be measured prior to hospital admission. Therefore we used RHI at 1 year as marker 
for stable pre-existing peripheral endothelial function. A total of 43% of patients initially presented 
to the hospital without any medication and received optimal medical therapy after STEMI which 
could have influenced peripheral endothelial function measured at 1 year. Also, we did not use 
coronary acetylcholine to assess coronary endothelial function, but we induced hyperemia by 
intravenous adenosine administration to calculate CFR. Adenosine derived CFR however has 
been linked to MVI and is a valuable index to detect microvascular dysfunction (40). Finally, we 
performed multivariable regression analysis including several predictors for MVO, infarct size and 
MACE in a relatively small sample size, which could have led to an increased chance of random 
findings, especially in univariate analysis. 

CONCLUSION

Peripheral endothelial dysfunction in the acute setting was associated with the development of 
MVI assessed by angiographic-, intracoronary hemodynamic-, and CMR-derived indices of MVI 
and correlated with increased leukocyte count. Peripheral endothelial dysfunction measured in the 
stable setting was associated with cardiovascular risk factors, infarct size and with the occurrence 
of MACE within 1 year. Peripheral endothelial function seems to be an important marker for the 
extent of myocardial injury and subsequently prognosis in patients presenting with STEMI.
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SUPPLEMENTARY MATERIAL

Supplementary Methods S12.1. List of inclusion and exclusion criteria of the 
REDUCE-MVI trial
Inclusion criteria:
1. Provision of informed consent
2. Patients presenting with STEMI < 12 hours
3. Successful PCI of the culprit artery with a modern drug eluting stent (DES)
4. The presence of an intermediate stenosis in a non-culprit artery (50-90%)

Exclusion criteria:
1. Previous history of myocardial infarction
2. Participation in another clinical trial with an investigational product during the preceding 30 days
3. History of cerebrovascular accident (CVA) or ‘transient ischaemic attack’ (TIA)
4. History of intracranial haemorrhage
5. Indication or use of anticoagulant therapy (i.e. acenocoumarol)
6. Severe liver dysfunction (Child-Pughscore 10-15)
7. Congestive heart failure
8. Cardiogenic shock
9. Left ventricular ejection fraction < 35%
10. Bleeding diathesis
11. Age ≥ 75 or < 18
12. Body weight < 60 kg
13. Gout
14. Coagulation disorders
15. Severe pulmonary disease
16. Pregnancy and breast feeding
17. Limited life expectancy
18. Platelet count < 100.000/mm3

19. History of drug addiction or alcohol abuse in the past 2 years
20. Need for chronic nonsteroidal anti-inflammatory drugs
21. Creatinine clearance <30 mL/min or dialysis
22. Presence of a chronic total occlusion (CTO) or left main disease
23. Allergy or contra-indication for ticagrelor or prasugrel
24. Contra-indication for adenosine
25. Patients unable to be followed on site
26. Unable to undergo or contra-indications for MRI
27. Contra-indication for DES
28. Inability to obtain informed consent
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Supplementary Methods S12.2. Detailed CMR acquisition and analysis
A 1.5-T clinical scanner (Siemens Healthcare. Erlangen. Germany) was used to perform cardio-
vascular magnetic resonance (CMR) using a phased-array cardiac receiver coil. Baseline CMR was 
performed 2-7 days following PPCI and at 1 month follow-up (±5 days). Electrocardiogram-gated 
cine imaging using a segmented steady-state free-precession pulse sequence was used to assess car-
diac function. Short axis slices were scheduled every 10 mm throughout the complete left ventricle 
(LV) beginning at the mitral valve annulus. Typical in-plane resolution was 1.4x1.4 mm, with a 
slice thickness of 5 mm (repetition time 3.2 ms, echo time 1.5 ms, flip angle 80°, matrix 208x256, 
temporal resolution <50 ms). Late gadolinium enhancement (LGE) images were acquired 10-15 
minutes after administration of a gadolinium-based contrast agent (Dotarem, Guerbet; 0.15 mmol/
kg), using a 2-dimensional segmented inversion recovery gradient-echo pulse sequence. Typical 
in-plane resolution, slice position and slice thickness are described above. The repetition time was 
1 x RR-interval, echo time 4.4 ms, flip angle 25° and matrix 216x256. The inversion time was 250-
400 ms to established the null signal of viable myocardium. End-diastolic volume (LVEDV) and 
mass (LVEDM), end-systolic volume (LVESV) and left ventricular ejection fraction (LVEF) were 
calculated from the short axis cine images after manually outlining the endocardial and epicardial 
borders on the end-diastolic and end-systolic phases. Short-axis LGE images were used to calculate 
infarct size (grams and % of LV) with the full-width-at-half maximum method. The hypo-intense 
cores within the hyperenhanced myocardium on the LGE images are defined as the areas of MVI 
(grams). The presence of MVI is defined by microvascular obstruction (MVO) and intramyocardial 
hemorrhage (IMH). These areas were integrated in the calculation of infarct size.
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Supplementary Table S12.1. Overview of reasons for exclusion

Patient Missing measurement Reasons for exclusion of patients

1 1 year follow-up Patient withdrew consent before 1 year follow-up

2 1 year follow-up Patient deceased before 1 year follow-up

3 1 year follow-up Patient deceased before 1 year follow-up

4 1 year follow-up Patient deceased before 1 year follow-up

5 Acute setting Due to logistic reasons, no acute RH-PAT was performed

6 1 year follow-up Due to logistic reasons, no RH-PAT at 1 year was performed

7 Acute setting and 1 year follow-up Withdrew consent before 1 year follow-up

8 1 year follow-up Withdrew consent before 1 year follow-up

9 Acute setting RH-PAT measurement in acute setting was not evaluable

10 Acute setting and 1 year follow-up Due to logistic reasons, no acute and follow-up RH-PAT were 
performed

Patients were excluded for the current study when no paired (acute and 1 year follow-up) measurements 
were performed. RH-PAT: reactive hyperemic pulse amplitude tomography.

Supplementary Table S12.2. Multivariable analysis of parameters associated with the presence of MVO 
corrected for infarct size

Univariate analysis Multivariate analysis

Odds ratio 95% CI P-value Odds ratio 95% CI P-value

Age (years) 1.01 0.97-1.06 0.63

Sex (male) 0.51 0.13-2.07 0.51

BMI (kg/m2) 0.93 0.81-1.06 0.26

Current smoker (yes vs. no) 0.97 0.38-2.48 0.94

Hypertension (presence vs. absence) 0.28 0.08-0.91 0.04 0.10 0.02-0.60 0.012

Diabetes mellitus (presence vs. absence) 0.83 0.14-4.86 0.84

Hypercholesterolemia (presence vs. absence) 0.29 0.06-1.42 0.13

Culprit location (LAD) 1.19 0.45-3.17 0.72

Symptom-balloon time (hours) 1.13 0.98-1.30 0.11

Infarct size as (%) of LV 1.30 1.14-1.48 <0.001 1.42 1.19-1.69 <0.001

Acute RHI <0.51 3.00 1.15-7.82 0.03 7.57 1.78-32.19 0.006

Univariate and multivariable binary logistic regression analysis including parameters associated with MVO 
(yes/no) corrected for infarct size. BMI: body mass index, CI: confidence interval, CMR: cardiac magnetic res-
onance imaging, LAD: left anterior descending artery, LV: left ventricle, RHI: logarithmic reactive hyperemic 
index, MVO: microvascular obstruction (yes/no). * Univariate parameters were entered in the multivariate 
model when P-value <0.2. Final models were determined using the backward elimination.
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Supplementary Table S12.3. Overview of all CMR derived parameters

CMR-parameters Patient population, n=100

 Baseline CMR characteristics (2-7 days)

LVEDV (ml), mean±SD, n=77 181.9±41.1

LVESV (ml), mean±SD, n=77 92.2±28.8

LVEDVi (indexed for BSA, ml/m2), mean±SD, n=77 87.4±18.1

LVESVi (indexed for BSA, ml/m2), mean±SD, n=77 44.4±14.0

LVEF (%), mean±SD, n=77 49.7±7.7

Infarct size (g), median (IQR), n=75 11.5 (6.0-23.3)

Infarct size (% of LV), median (IQR), n=75 8.4 (4.8-17.5)

MVO (yes), No. (%), n=78 29 (37.2%)

MVO (g) in patients with MVO, median (IQR), n=28 3.3 (1.9-4.8)

MVO (% of LV), median (IQR), n=28 2.2 (1.3-3.9)

MVO (% of infarct size), median (IQR), n=28 13.7 (10.6-19.9)

IMH (yes), No. (%), n=70 18 (25.7%)

IMH (g) in patients with IMH, median (IQR), n=18 4.4 (2.7-5.8)

MSI, median (IQR), n=67 78.8 (59.7-90.3)

 Follow-up CMR characteristics (30 days)

LVEDV (ml), mean±SD, n=92 187.9±38.7

LVESV (ml), mean±SD, n=92 86.7±32.6

LVEDVi (indexed for BSA, ml/m2), mean±SD, n=92 90.5±17.3

LVESVi (indexed for BSA, ml/m2), mean±SD, n=92 41.8±16.0

LVEF (%), mean±SD, n=92 55.0±8.9

Final infarct size (g), median (IQR), n=90 6.3 (2.7-11.0)

Final infarct size (% of LV), median (IQR), n=90 5.5 (2.7-9.8)

BSA: body surface area (m2), CMR: cardiac magnetic resonance imaging, IMH: intramyocardial hemorrhage, 
IQR: interquartile range, IMH: intramyocardial hemorrhage, LV: left ventricle, LVEDV: left ventricular end-
diastolic volume, LVEDVi: left ventricular end-diastolic volume indexed for BSA, LV: left ventricle, LVEF: left 
ventricular ejection fraction, LVESV: left ventricular end-systolic volume, LVESVi: left ventricular end-systolic 
volume indexed for BSA, MSI: myocardial salvage index, MVO: microvascular obstruction, SD: standard de-
viation.
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ABSTRACT

Aims: Patients with acute coronary syndrome who present initially with ST-elevation on the 
electrocardiogram but, subsequently, show complete normalization of the ST-segment and relief 
of symptoms before reperfusion therapy are referred to as transient ST-segment elevation myo-
cardial infarction (STEMI) and pose a therapeutic challenge. It is unclear what the optimal timing 
of revascularization is for these patients and whether they should be treated with a STEMI-like or 
a non-ST-segment elevation myocardial infarction (NSTEMI)-like invasive approach. The aim of 
the study is to determine the effect of an immediate vs. a delayed invasive strategy on infarct size 
measured by cardiac magnetic resonance imaging (CMR).
Methods and results: In a randomized clinical trial, 142 patients with transient STEMI with 
symptoms of any duration were randomized to an immediate (STEMI-like) [0.3 h; interquartile 
range (IQR) 0.2–0.7 h] or a delayed (NSTEMI-like) invasive strategy (22.7 h; IQR 18.2–27.3 h). 
Infarct size as percentage of the left ventricular myocardial mass measured by CMR at day four was 
generally small and not different between the immediate and the delayed invasive group (1.3%; IQR 
0.0–3.5% vs. 1.5% IQR 0.0–4.1%, P = 0.48). By intention to treat, there was no difference in major 
adverse cardiac events (MACE), defined as death, reinfarction, or target vessel revascularization at 
30 days (2.9% vs. 2.8%, P = 1.00). However, four additional patients (5.6%) in the delayed invasive 
strategy required urgent intervention due to signs and symptoms of reinfarction while awaiting 
angiography.
Conclusion: Overall, infarct size in transient STEMI is small and is not influenced by an immediate 
or delayed invasive strategy. In addition, short-term MACE was low and not different between the 
treatment groups.
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INTRODUCTION

An estimated 4-24% of patients with acute coronary syndrome (ACS) present with ST-segment 
elevation but show complete normalisation of ST-segments and relief of symptoms before reperfu-
sion therapy has been initiated (1,2). This is commonly referred to as transient ST-segment elevation 
myocardial infarction (STEMI) (1) and poses a therapeutic challenge, because it is unclear whether 
this condition should be considered as STEMI or as non-ST-segment elevation myocardial infarc-
tion (NSTEMI). Current guidelines have no specific recommendations for the treatment of patients 
with transient STEMI. The treatment strategies of STEMI and NSTEMI are clearly different.

In patients with STEMI the preferred treatment is an immediate invasive strategy and percutane-
ous coronary intervention (PCI) (3). In NSTEMI a delayed invasive approach is recommended, 
with an invasive strategy within 24 h in high-risk patients and an invasive strategy within 72 h 
for intermediate risk patients (4). Patients with transient STEMI may benefit from an immediate 
invasive procedure by reducing infarct size in case of ongoing infarction or by preventing reinfarc-
tion. On the other hand a delayed approach may allow stabilization of the ruptured plaque and 
reduction of thrombus load. The latter was found by Meneveau et al. in a small observational study, 
in which patients with transient STEMI who were treated with delayed PCI suffered less procedural 
complications (5).

Therefore, we hypothesized that that delaying invasive strategy in patients with transient STEMI 
will reduce infarct size. Here, we present the first randomized controlled clinical trial in patients 
with transient STEMI in which the outcomes of a STEMI-like approach (with an immediate inva-
sive strategy) are compared with a NSTEMI-like approach (with a delayed invasive strategy).

METHODS

Study design and participants
The primary objective of the trial was to evaluate whether a delayed invasive strategy is superior to 
an immediate invasive strategy, in patients presenting with a transient STEMI by reducing infarct 
size assessed by cardiac magnetic resonance imaging (CMR). The TRANSIENT trial was a prospec-
tive, investigator-initiated randomized controlled clinical study, conducted in five high-volume PCI 
centres in the Netherlands. The complete study design has been published previously (6). The study 
protocol conforms to the international Conference on Harmonisation/Good Clinical Practice stan-
dards and the Declaration of Helsinki. Central ethics approval was obtained by the VU University 
Medical Center, Amsterdam, the Netherlands, and the respective local ethics committees. The trial 
is registered with www.trialregister.nl, identifier: NTR4156.
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Study protocol
Patients >18 years of age were eligible for the study if they had a clinical presentation of an acute 
STEMI, including symptoms of any duration and ST-segment elevation. Subsequently, patients 
must have complete relief of symptoms and complete normalization of ST-segments. Full inclu-
sion and exclusion criteria are listed in Supplementary Methods S13.1. All patients were routinely 
pretreated with aspirin, a P2Y12 inhibitor and heparin, which was continued until coronary angi-
ography. Patients were randomized in a 1:1 ratio to an immediate or a delayed invasive strategy. In 
patients randomized to the immediate invasive group, coronary angiography was initiated as soon 
as possible. Patients randomized to the delayed invasive group underwent coronary angiography 
pending on the GRACE risk score (>140 within 24 hours or ≤140 within 72 hours). Percutaneous 
coronary intervention was performed according to standard procedures and treatment was left to 
the discretion of the operator. All CMR images were sent to a core laboratory for quality control 
and central analysis by two independent technicians, blinded to patient information and allocated 
group. The primary endpoint of the study was myocardial infarct size (as percentage of the left 
ventricular myocardial mass) measured by CMR at four days. The secondary efficacy endpoints 
were area under the curve of creatine kinase-MB (CK-MB) and troponin T (Supplementary Meth-
ods S13.2) and left ventricle ejection fraction (LVEF) and volumes measured by CMR. MACE was 
obtained at 30 days and was defined as death, reinfarction or target vessel revascularisation. The 
secondary safety endpoints included thrombolysis in myocardial infarction (TIMI) major bleed-
ing (7) and the need for urgent revascularisation due to signs of reinfarction before the planned 
procedure.

Statistical analysis
The study was powered for the primary endpoint of a difference in infarct size between the two 
treatment groups at baseline, measured by late gadolinium-enhanced CMR. We assumed that 
patients with transient STEMI are likely to show CMR characteristics similar to NSTEMI patients. 
A previous study reported a mean infarct size of 10% of the left ventricle (8). We hypothesised 
that there would be a 25% reduction in infarct size in the delayed treatment group (a reduction in 
infarct size from 10% to 7.5% of the left ventricle). It was desired to have a power of 80% to detect a 
difference in infarct size between the two treatment groups, assuming a standard deviation (SD) of 
5%. Therefore, with 64 patients in each group, the study had 80% power to detect a 2.5% difference 
between early and delayed intervention (with a two-sided significance level of 5%). Based on the 
experience in previous studies, it was assumed that up to 10% of patients would be unavailable with 
respect to the infarct size measurements. The sample size was therefore increased to a total number 
of 142 patients. Statistical analysis is also described in Supplement Methods S13.3.
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RESULTS

Between November 12, 2013 and August 31, 2017, 142 patients with transient STEMI were enrolled 
in the fi ve participating hospitals in the Netherlands. A total of 70 patients were randomised to the 
immediate intervention group and 72 to the delayed intervention group. One patient, allocated to 
the delayed intervention group, withdrew consent aft er randomisation (Figure 13.1). Th e mean 
(SD) age of patients was 62.3 (11.6) years and 69.5% was male.

Baseline characteristics are presented in Table 13.1A. Patients in the immediate intervention 
group were more oft en treated with bivalirudin, while patients in the delayed intervention group 
received more oft en heparin or fondaparinux during hospitalisation. Other medical therapy was 
similar in the two groups (Table 13.1B and Supplementary Table S13.1).

All patients underwent coronary angiography. Th e median time of angiography aft er randomisa-
tion in the immediate invasive group was 0.3 (interquartile range (IQR) 0.2-0.7) vs. 22.7 (IQR 18.2-
27.3) hours in the delayed group. In the delayed invasive group, four patients (5.6%) underwent 
urgent intervention due to signs and symptoms of reinfarction while awaiting their procedure 
(Supplementary Table S13.3). Two of those patients had TIMI 0-1 fl ow in the culprit vessel at the 
time of angiography.

    5 Patients had claustrophobia

    1 Patient was unfeasible due

       to obesity

    2 Patients refused CMR

    1 Patient was unfeasible

       due to back pain

      70 Patients randomized to immediate coronary

           angiography and subsequent revascularization

142 Patients presenting with acute STEMI and

       resolution of elevation and symptoms

Randomized

1:1

61 Patients underwent 

CMR

63 Patients underwent 

CMR

    1 Patient withdrew consent

    4 Patients had claustrophobia

    1 Patient was unfeasible due

       to obesity

   3 Patients refused CMR

 60 Patients included in

      the analysis

63 Patients included in

      the analysis

       72 Patients randomized to delayed coronary

            angiography and subsequent revascularization

         4 Patients underwent urgent angiography due

            to recurrent signs and symptoms of reinfarction

     1 Technical failure CMR

 71 Patients had 30-day

      clinical follow-up

      (including 8 patients

      who did not undergo

      CMR)

 68 Patients had 30-day

      clinical follow-up

      (including 7 patients

      who did not undergo

      CMR)

    2 Patients withdrew consent

       for follow-up

Figure 13.1. Enrolment fl ow diagram.
CMR: cardiac magnetic resonance imaging, STEMI: ST-segment elevation myocardial infarction.
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In the immediate group one patient had TIMI 0-1 flow in the culprit vessel. All were treated 
successfully with immediate PCI. All other patients showed spontaneous reperfusion at the time of 
angiography. There was no difference in the location of the culprit vessel or the extent of coronary 
artery disease between the two groups. The rate of PCI was higher in the immediate invasive group 
compared to the delayed invasive group (90% vs 74.6%, P=0.03). Patients in the delayed invasive 
group underwent coronary artery bypass grafting (CABG) more often compared to those in the 

Table 13.1 A. Baseline characteristics

Characteristics Immediate Invasive
(n=70)

Delayed Invasive
(n=71)

P Value

Age, mean (SD), y 62.0 (11.7) 62.6 (11.6) 0.74

Sex, No. (%), male 48 (68.6) 50 (70.4) 0.86

Hypertension, No. (%) 20 (28.6) 33 (46.5) 0.04

Diabetes mellitus, No. (%) 8 (11.4) 8 (11.3) 1.00

Smoking, No. (%) 0.48

Current 34 (48.6) 30 (42.3)

Previous 17 (24.3) 15 (21.1)

Hypercholesterolaemia, No. (%) 15 (21.4) 18 (25.4) 0.69

Family history of CAD, No. (%) 30 (42.9) 32 (45.1) 0.87

Previous PCI, No. (%) 4 (5.7) 4 (5.6) 1.00

Previous CABG, No. (%) 2 (2.9) 1 (1.4) 0.62

CVA, No. (%) 5 (7.1) 4 (5.6) 0.74

Peripheral artery disease, No. (%) 6 (8.6) 6 (8.5) 1.00

ST-segment elevations ECG, No. (%) 0.72

Pre-hospital 67 (95.7) 66 (93.0)

Emergency department 3 (4.3) 5 (7.0)

Sum of ST-segment elevation (mm)a, median (IQR) 7 (3-11) 5 (3-9) 0.10

Localization of ST-segment elevation on the ECG, No. (%) 0.86

Anterior 25 (35.7) 25 (35.2)

Lateral 3 (4.3) 5 (7.0)

Inferior 40 (57.1) 38 (53.5)

Posterior 2 (2.9) 3 (4.2)

Killip class I, No (%) 70 (100.0) 71 (100.0) NA

GRACE risk score (for mortality at admission), No. (%) 0.70

Low risk (≤108) 21 (30.0) 17 (23.9)

Medium risk (109-140) 22 (31.4) 26 (36.6)

High risk (>140) 27 (38.6) 28 (39.4)

CABG: coronary artery bypass grafting, CAD: coronary artery disease, CVA: cerebrovascular accident, ECG: 
electrocardiogram, IQR: interquartile range, NA: not applicable, PCI: percutaneous coronary intervention, 
SD: standard deviation.
aThe sum of ST-segment elevation is the sum of ST-segment elevation in all 12 leads.
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Table 13.1 B. Coronary angiography parameters and treatment

Variable Immediate Invasive (n=70) Delayed Invasive (n=71) P Value

Symptoms – inclusion time, median (IQR), h 2.7 (1.5-3.8) 2.3 (1.6-4.2) 0.89

Symptoms – CAG time, median (IQR), h 3.1 (1.9-4.9) 25.8 (20.2-30.5) <0.001

Inclusion – CAG time, median (IQR), h 0.3 (0.2-0.7) 22.7 (18.2-27.3) <0.001

CAD severity (≥70% stenosis), No. (%) 0.61

1-vessel disease 41 (58.6) 34 (47.9) 0.24

2-vessel disease 14 (20.0) 16 (22.5) 0.84

3-vessel disease 10 (14.3) 13 (18.3) 0.65

Left main disease 0 (0.0) 0 (0.0) NA

No significant coronary stenosis 5 (7.1) 8 (11.3) 0.56

Culprit vessel, No. (%) 0.76

LAD 24 (34.3) 24 (33.8) 1.00

LCX 9 (12.9) 9 (12.7) 1.00

RCA 31 (44.3) 27 (38.0) 0.50

Left main 0 (0.0) 0 (0.0) NA

Graft 0 (0.0) 1 (1.4) 1.00

No culprit 6 (8.6) 10 (14.1) 0.43

TIMI-flow at CAG, No. (%) 0.50

0-1 1 (1.4) 2 (2.8)a

2 9 (12.9) 5 (7.0)

3 60 (85.7) 64 (90.1)

Treatment, No. (%) 0.01

PCI 63 (90.0) 53 (74.6) 0.03

CABG 0 (0.0) 8 (11.3) 0.01

Conservative 7 (10.0) 10 (14.1) 0.61

TIMI-flow post-PCI, No. (%), n=116 (n=63) (n=53) 0.34

0-1 0 (0.0) 0 (0.0)

2 7 (11.1) 3 (5.7)

3 56 (88.9) 50 (94.3)

Medication during CAG, No. (%)

Unfractionated heparin 60 (85.7) 70 (98.6) 0.004

GpIIb/IIIa inhibitor 5 (7.1) 4 (5.6) 0.74

Bivalirudin 10 (14.3) 1 (1.4) 0.01

Medication during hospitalisation, No. (%)

ASA 70 (100.0) 71 (100.0) NA

Ticagrelor 50 (71.4) 55 (77.5) 0.44

Prasugrel 18 (25.7) 10 (14.1) 0.09

Clopidogrel 2 (2.9) 6 (8.5) 0.27

Bivalirudin 10 (14.3) 1 (1.4) 0.01

Unfractionated heparin/LMWH/fondaparinux 19 (27.1) 68 (95.8) <0.001
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immediate invasive group (11.3% vs 0%, P=0.01). CMR was performed in 124 of the 142 patients 
(87%). The main reasons for not performing CMR included claustrophobia and refusal by the 
patient. In all patients CMR was performed after the invasive procedure and revascularization by 
PCI. In a subset of patients treated with CABG the CMR was performed before revascularisation. 
The primary endpoint, left ventricular infarct size, was very small in general and not significantly 
different between the immediate invasive group and the delayed invasive group (1.3%; IQR, 0.0-
3.5% vs 1.5%; IQR, 0.0-4.1%, P=0.048) (Figure 13.2A, Take Home Figure).
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Figure 13.2. Infarct size by cardiac magnetic resonance imaging and cardiac biomarkers.
(A) The ends of the boxes indicate the interquartile ranges; the middle lines indicate the medians; the whis-
kers indicate the 2.5–97.5 percentiles. (B and C) The black dashed lines demonstrate the median time to 
coronary angiography in the immediate invasive group, the red dashed lines demonstrate the median time 
to coronary angiography in the delayed invasive group. CK-MB: creatine kinase-MB, CMR: cardiac magnetic 
resonance imaging, LV: left ventricle.

Also, LVEF (58.0%; SD, 6.3% in the delayed group vs 57.5%; SD, 7.0% in the immediate group, 
P=0.66) as well as all other CMR parameters did not differ between the groups (Table 13.2, Supple-
mentary Table S13.2). The CK-MB and/or troponin levels were available in 141 (99%) patients 

Table 13.1 B. Coronary angiography parameters and treatment (continued)

Variable Immediate Invasive (n=70) Delayed Invasive (n=71) P Value

GpIIb/IIIa inhibitor 7 (10.0) 6 (8.5) 0.78

Statin 69 (98.6) 71 (100.0) 0.50

ACE inhibitor or ARB 55 (78.6) 52 (73.2) 0.56

Beta-blocker 57 (81.4) 62 (87.3) 0.36

Nitroglycerine iv 13 (18.6) 24 (33.8) 0.06

Hospitalization duration (days), median (IQR) 4 (3-5) 3 (3-6) 0.91

ACE: angiotensin-converting-enzyme, ARB: angiotensin II receptor blocker, ASA: acetylsalicylic acid, CABG: 
coronary artery bypass grafting, CAD: coronary artery disease, CAG: coronary angiography, ECG: electro-
cardiogram, CVA: cerebrovascular accident, GpIIb/IIIa: glycoprotein IIb/IIIa, IQR: interquartile range, LAD: 
left anterior descending artery, LCX: left circumflex artery, LMWH: low molecular weight heparin, PCI: per-
cutaneous coronary intervention, RCA: right coronary artery, SD: standard deviation, TIMI: thrombolysis in 
myocardial infarction. The sum of ST-segment elevation is the sum of ST-segment elevation in all 12 leads. 
aUrgent CAG due to recurrent signs and symptoms of reinfarction.
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(Table 13.3A). In the immediate group, the area under the curve of troponin T was in 10.56 (IQR, 
5.13-27.85) vs 15.08 (IQR 3.85-24.17) in the delayed group (P=0.80) (Figure 13.2B).

Table 13.2. CMR imaging

Outcome Immediate Invasive (n=70) Delayed Invasive (n=71) P Value

CMR performed, No. (%) 61 (87.1) 63 (88.7) 0.80

CMR analysed, No. (%) n=123 60 (85.7) 63 (88.7) 0.62

Inclusion - CMR time, mean (SD), days n=124 4.3 (1.4) 4.4 (1.7) 0.69

Infarct size, median (IQR), % of LV, n=1191,2 1.3 (0.0-3.5) 1.5 (0.0-4.1) 0.48

Categorical infarct size, No. (%), n=1191,2 0.90

No infarction 23 (39.0) 20 (33.3)

0.1- 5.0% 26 (44.1) 28 (46.7)

5.1-9.9% 6 (10.2) 8 (13.3)

≥10.0% 4 (6.7) 4 (6.7)

LVEF, mean (SD), %, n=123 57.5 (7.0) 58.0 (6.3) 0.66

MVO present, No. (%), %, n=1202 2 (3.3) 3 (4.8) 1.00

CMR: cardiovascular magnetic resonance imaging, IQR: interquartile range, LV: left ventricle, VEF: left ven-
tricular ejection fraction, MVO: microvascular obstruction, SD: standard deviation.
1 In one patient cine images were of insufficient quality for analysis.
2 In three patients no LGE images were available because CMR was aborted due to discomfort of the patient.

Table 13.3 A. Cardiac biomarkers

Outcome Immediate Invasive (n=70) Delayed Invasive (n=71) P Value

Baseline troponin T, median (IQR), µg/L 0.047 (0.023-0.106) 0.043 (0.017-0.91) 0.58

Peak troponin T, median (IQR), µg/L 0.309 (0.150-0.751) 0.397 (0.127-0.842) 0.75

AUC course troponin T, median (IQR) 10.56 (5.13-27.85) 15.08 (3.85-24.17) 0.80

Peak CK-MB, median (IQR), U/L, n=133 20.6 (10.4-41.3) 20.0 (8.3-32.2) 0.83

AUC course CK-MB, median (IQR), n=133 462.1 (219.5-921.4) 479.3 (200.9-937.7) 0.26

AUC: area under the curve, CK-MB: creatine kinase-MB, IQR: interquartile range.
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Table 13.3 B. Bleeding and adverse events

Outcome Immediate Invasive (n=70) Delayed Invasive (n=71) P Value

Urgent intervention due to signs of reinfarction 
before the index procedure, No (%)

NA 4 (5.6) NA

Major bleeding, No. (%) 1 (1.4) 2 (2.8) 1.00

CAG-access site related 1 (1.4) 0 (0.0) 1.00

CABG-related 0 (0.0) 2 (2.8) 0.50

Events at 30 days, No. (%) (n = 68) (n = 71)

Reinfarction 1 (1.5) 1 (1.4) 1.00

Target vessel revascularisation 2 (2.9) 1 (1.4) 0.61

Definite stent thrombosis 1 (1.5) 1 (1.4) 1.00

Death 0 (0.0) 1 (1.4) 1.00

Cardiac death 0 (0.0) 0 (0.0) NA

MACE at 30 days 2 (2.9) 2 (2.8) 1.00

MACE at 30 days including urgent 
intervention due to signs of reinfarction

2 (2.9) 6 (8.5) 0.28

CABG: coronary artery bypass grafting, CAG: coronary angiography, MACE: major adverse cardiac events, 
NA: not applicable. MACE consist of reinfarction, target vessel revascularization and death.

CK-MB release was also not different between groups (Figure 13.2C). MACE rate at 30 days 
was 2.9% in the immediate invasive group and 2.8% in the delayed invasive group, which was not 
significantly different (Table 13.3B). For the principal analysis, the four patients with urgent un-
planned procedures in the delayed invasive group were counted as crossovers, not adverse events. 
In a sensitivity analysis in which these were counted as MACE events (including two of which 
were considered reinfarctions because of TIMI 0/1 flow at coronary angiography), the MACE 
rates were 2.9% in the immediate invasive group vs. 8.5% in the delayed invasive group (P=0.28). 
However, these adverse events did not result in an increased infarct size in the delayed invasive 
arm (Supplementary Tables S13.3 and S13.4). Mortality at 30 days was low and only one patient 
died due to pulmonary complications after CABG in the delayed invasive group. The timing of the 
intervention did not influence the incidence of TIMI major bleeds (1.4% in the immediate group 
vs 2.8% in the delayed group).
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Outcome Immediate invasive Delayed invasive P-value 

LVEF, % 57.5 ± 7.0 58.0 ± 6.3 0.66 

Infarct size, 
% of LV 1.3 (0.0-3.5) 1.5 (0.0-4.1) 0.48 

MVO present 
n (%) 2 (3.3) 3 (4.8) 1.00 

CK-MB AUC 462.1 (219.5-921.4) 479.3 (200.9-937.7) 0.26 

Cardiac death 
n (%) 0 (0.0) 0 (0.0) NA 

A B 

Take home figure. (A and B) Typical electrocardiograms of transient ST-segment elevation myocardial 
infarction. (C) cardiac magnetic resonance imaging of typical transient ST-segment elevation myocardial 
infarction patient. (D) Similar study outcomes between the treatment groups. AUC: area under the curve, 
CK-MB: creatine kinase-MB, LV: left ventricle, LVEF: left ventricular ejection fraction, MVO: microvascular 
obstruction, NA: not applicable.

DISCUSSION

The TRANSIENT trial is the first prospective, randomised, controlled study assessing the effect of 
a STEMI-like approach vs a NSTEMI-like approach in patients presenting with transient STEMI. 
We found no difference for the primary endpoint left ventricular infarct size as assessed by CMR 
between both groups. In general, we found infarct size in patients with transient STEMI to be very 
small. Also, we observed spontaneous reperfusion in all patients that remained free of symptoms 
or recurrent ST-segment elevation. Four patients (5.6%) in the delayed invasive strategy required 
urgent intervention due to signs and symptoms of reinfarction while waiting for their procedure. 
By intention to treat, MACE was low and equally distributed over the two treatment arms. A sig-
nificant shift was observed from PCI to CABG-treatment in the delayed arm.

Current guidelines on STEMI or NSTEMI provide no specific recommendations for the treat-
ment of transient STEMI except that in case of “Recurrent dynamic ST-T wave changes, particularly 
with intermittent ST-elevation”, patients should be treated with an immediate invasive strategy (4).

Overall, short-term clinical outcome was excellent in our study with very low mortality (0.7%) at 
30-day follow-up. This is in line with a previous report by Rimar et al. who found a 30-day mortality 
of 1% in patients with transient STEMI, which is significantly lower as compared to patients with 
STEMI (9). Furthermore, Blondheim et al. found a favourable long-term outcome in transient 
STEMI patients compared to NSTEMI and STEMI patients (10).
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Meneveau et al. investigated a matched comparison between a group of 39 patients with transient 
STEMI treated with immediate angioplasty, and a group of 39 patients with transient STEMI treated 
with delayed angioplasty (24 hours). Patients in the delayed group, who were routinely treated with 
glycoprotein IIb/IIIa (GPIIb-IIIa) inhibitors, showed thrombus load reduction at the time of PCI, 
lower peak CK-MB levels and less procedural-related complications, without causing an increase 
in bleeding or MACE (5).

Therefore, the rationale of our study was based on the assumption that delaying angiography and 
PCI in patients with transient STEMI will reduce infarct size by reducing the chance of procedural-
related complications such as slow or no-reflow, distal embolisation and microvascular plugging. 
Indeed we saw a peak in CK-MB levels shortly after PCI (Figure 13.2B). However, this was observed 
in both groups and did not result in a difference in infarct size measured by area under curve or 
CMR.

Badings et al. recently performed a post hoc analysis of the ELISA 3 trial. In this trial, high-risk 
NSTEMI patients were treated with an early (<12 hours) vs a late (>48 hours) NSTEMI strategy. 
In a subgroup analysis of 129 patients with transient STEMI (24.2% of the total ELISA 3 cohort), 
they found no difference in enzymatic infarct size or the primary endpoint of death, reinfarction or 
recurrent ischaemia at 30 days (2).

Our results are also in line with recent findings on deferred stenting in STEMI patients in whom 
TIMI III flow is restored in the acute phase and stenting is performed during hospitalization in a 
staged procedure. Although the randomised DEFER-STEMI trial showed that deferred stenting 
in primary PCI reduced no-reflow and increased myocardial salvage in high-risk STEMI patients 
(11), the much larger DANAMI 3-DEFER trial found no significant difference in MACE at two 
years (12). Furthermore, a CMR substudy of the DANAMI 3-DEFER showed no reduction in 
infarct size in the deferred arm (13). This implies that as long as epicardial blood flow is restored, 
the timing of coronary intervention or stenting is less important for long-term outcome.

Although 5.6% of patients in the delayed invasive group showed signs of reinfarction while 
awaiting their procedure, this did not significantly increase infarct size or MACE. Furthermore, the 
need for urgent intervention is also not uncommon in NSTEMI patients (14). This percentage of 
reinfarction may be reduced with the routine use of GPIIb-IIIa inhibitors in transient STEMI, since 
Meneveau et al. reported no reinfarction in their study (5).

Except for two patients in whom urgent intervention was performed due to reappearance of 
complaints and ST-segment elevation, no patients in the delayed group had an occluded culprit 
vessel at the time of angiography in our study. Furthermore, while we found an increased use of 
antithrombotic agents in the delayed group, this did not lead to an excess in major bleedings.

Interestingly, although the extent of coronary artery disease was similar in both groups, PCI was 
performed in a significantly higher proportion of patients in the immediate group (90% vs 75%; 
P=0.03), whereas CABG was exclusively performed in the delayed group (0% vs 11.3%; P=0.01). The 
delayed group represents a NSTEMI-like approach. Previous studies have shown that in NSTEMI 
patients PCI is less often reported and CABG is quite a common treatment strategy compared to 
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STEMI patients (14). The incidence of microvascular obstruction (MVO) in the TRANSIENT trial 
was very small (4.2% of patients) compared to what has been reported in STEMI trials (43.6-50% of 
patients) (13,15), also pointing to a relatively benign course and good clinical outcome of transient 
STEMI. Given the small infarct size and the low MVO and MACE rates, these patients behave 
more like NSTEMI than STEMI, although it has been suggested that transient STEMI should be 
considered as a unique group of ACS-patients (10). 

Whether the aetiology of transient STEMI is different compared to STEMI is unknown. As 
reported previously, we found patients with transient STEMI to be of a younger age, predominantly 
male and consisting of a high percentage of smokers (2). It has been suggested that the latter might 
play an important role in the aetiology of transient STEMI (1,2), as cigarette smoking has been 
shown to be a major risk factor for coronary spasm. Hypercontractility of coronary smooth muscle 
cells can lead to transient coronary occlusion and transient ST-segment elevation (16). Prolonged 
coronary spasm can trigger coronary thrombosis, while a thrombus forming over a plaque rupture 
plaque itself can cause coronary spasm due to the release of vasoactive agents by platelets (17). Also, 
plaque erosion and temporary thrombotic occlusion could be the underlying aetiology of transient 
STEMI (18).

Study limitations
The trial was powered for a 25% reduction in infarct size in the delayed treatment group, from an 
estimated 10% to 7.5% of the left ventricle. However, the actual observed infarct size was much 
smaller (1.4%; IQR, 0.0-3.7%) than previously reported, which makes our trial inconclusive for 
superiority regarding infarct size. However, given the extreme low infarct size in both groups, it is 
questionable whether any potential difference in infarct size measured by CMR would have clinical 
impact (19).

Our results only apply to similarly stable patients, as patients presenting with conditions such 
as heart failure and ventricular arrhythmias were not included in this study. A number of eligible 
patients was not enrolled. This was either patient or operator preference. It carries the risk of selec-
tion bias. Furthermore, four centres were initiated during the enrolment phase of the study, which 
is one of the reasons of slow enrolment.

Also, due to the nature of the study we could not blind patients and physicians to the allocated 
treatment arm. The impact on the study outcome is probably small, since CMR analysis of the 
primary endpoint was performed in a blinded fashion. CMR was not performed in about 12% 
of patients. However, in 99% of patients laboratory values were available to estimate myocardial 
infarct size, showing similar results.
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CONCLUSION

This is the first randomised study in patients with transient STEMI. In this specific cohort of ACS 
patients there is no difference with regard to myocardial infarct size, between patients treated with 
an immediate vs a delayed invasive strategy. In general, patients with transient STEMI have a very 
small infarct size and a relatively benign clinical course. Therefore, patients with transient STEMI 
can be treated with both an immediate or delayed invasive strategy with similar outcome. These 
data complement current guidelines for both STEMI and NSTEMI.



289

Main results of the TRANSIENT trial

13

REFERENCES

 1. Meisel SR, Dagan Y, Blondheim DS, Dacca S, Shochat M, Kazatsker M, Asif A, Frimerman A, Shotan 
A. Transient ST-elevation myocardial infarction: clinical course with intense medical therapy and early 
invasive approach, and comparison with persistent ST-elevation myocardial infarction. Am Heart J. 
2008;155(5):848-54.

 2. Badings EA, Remkes WS, The SH, Dambrink JE, Tjeerdsma G, Rasoul S, Timmer JR, van der Wielen 
ML, Lok DJ, Hermanides R, van Wijngaarden J, Suryapranata H, van ‘t Hof AW. Early or late interven-
tion in patients with transient ST-segment elevation acute coronary syndrome: Subgroup analysis of the 
ELISA-3 trial. Catheter Cardiovasc Interv. 2016;88(5):755-64.

 3. Ibanez B, James S, Agewall S, Antunes MJ, Bucciarelli-Ducci C, Bueno H, Caforio ALP, Crea F, 
Goudevenos JA, Halvorsen S, Hindricks G, Kastrati A, Lenzen MJ, Prescott E, Roffi M, Valgimigli M, 
Varenhorst C, Vranckx P, Widimsky P, Group ESCSD. 2017 ESC Guidelines for the management of 
acute myocardial infarction in patients presenting with ST-segment elevation: The Task Force for the 
management of acute myocardial infarction in patients presenting with ST-segment elevation of the 
European Society of Cardiology (ESC). Eur Heart J. 2017.

 4. Roffi M, Patrono C, Collet JP, Mueller C, Valgimigli M, Andreotti F, Bax JJ, Borger MA, Brotons C, 
Chew DP, Gencer B, Hasenfuss G, Kjeldsen K, Lancellotti P, Landmesser U, Mehilli J, Mukherjee D, 
Storey RF, Windecker S, Baumgartner H, Gaemperli O, Achenbach S, Agewall S, Badimon L, Baigent 
C, Bueno H, Bugiardini R, Carerj S, Casselman F, Cuisset T, Erol C, Fitzsimons D, Halle M, Hamm C, 
Hildick-Smith D, Huber K, Iliodromitis E, James S, Lewis BS, Lip GY, Piepoli MF, Richter D, Rosemann 
T, Sechtem U, Steg PG, Vrints C, Luis Zamorano J, Management of Acute Coronary Syndromes in 
Patients Presenting without Persistent STSEotESoC. 2015 ESC Guidelines for the management of acute 
coronary syndromes in patients presenting without persistent ST-segment elevation: Task Force for 
the Management of Acute Coronary Syndromes in Patients Presenting without Persistent ST-Segment 
Elevation of the European Society of Cardiology (ESC). Eur Heart J. 2016;37(3):267-315.

 5. Meneveau N, Seronde MF, Descotes-Genon V, Dutheil J, Chopard R, Ecarnot F, Briand F, Bernard Y, 
Schiele F, Bassand JP. Immediate versus delayed angioplasty in infarct-related arteries with TIMI III 
flow and ST segment recovery: a matched comparison in acute myocardial infarction patients. Clin Res 
Cardiol. 2009;98(4):257-64.

 6. Lemkes J, Nijveldt R, Beek AM, Knaapen P, Hirsch A, Meijers J, Allaart CP, van Rossum A, van Royen 
N. Evaluating the optimal timing of revascularisation in patients with transient ST-segment eleva-
tion myocardial infarction: rationale and design of the TRANSIENT Trial. J Cardiovasc Transl Res. 
2014;7(6):590-6.

 7. Rao AK, Pratt C, Berke A, Jaffe A, Ockene I, Schreiber TL, Bell WR, Knatterud G, Robertson TL, Terrin 
ML. Thrombolysis in Myocardial Infarction (TIMI) Trial--phase I: hemorrhagic manifestations and 
changes in plasma fibrinogen and the fibrinolytic system in patients treated with recombinant tissue 
plasminogen activator and streptokinase. J Am Coll Cardiol. 1988;11(1):1-11.

 8. Xu J, Song YB, Hahn JY, Chang SA, Lee SC, Choe YH, Choi SH, Choi JH, Lee SH, Oh JK, Gwon HC. 
Comparison of magnetic resonance imaging findings in non-ST-segment elevation versus ST-segment 
elevation myocardial infarction patients undergoing early invasive intervention. Int J Cardiovasc Imag-
ing. 2012;28(6):1487-97.

 9. Rimar D, Crystal E, Battler A, Gottlieb S, Freimark D, Hod H, Boyko V, Mandelzweig L, Behar S, Leor 
J. Improved prognosis of patients presenting with clinical markers of spontaneous reperfusion during 
acute myocardial infarction. Heart. 2002;88(4):352-6.



Chapter 13

290

 10. Blondheim DS, Kleiner-Shochat M, Asif A, Kazatsker M, Frimerman A, Abu-Fanne R, Neiman E, Barel 
M, Levy Y, Amsalem N, Shotan A, Meisel SR. Characteristics, Management, and Outcome of Transient 
ST-elevation Versus Persistent ST-elevation and Non-ST-elevation Myocardial Infarction. Am J Cardiol. 
2018;121(12):1449-55.

 11. Carrick D, Oldroyd KG, McEntegart M, Haig C, Petrie MC, Eteiba H, Hood S, Owens C, Watkins 
S, Layland J, Lindsay M, Peat E, Rae A, Behan M, Sood A, Hillis WS, Mordi I, Mahrous A, Ahmed 
N, Wilson R, Lasalle L, Genereux P, Ford I, Berry C. A randomized trial of deferred stenting versus 
immediate stenting to prevent no- or slow-reflow in acute ST-segment elevation myocardial infarction 
(DEFER-STEMI). J Am Coll Cardiol. 2014;63(20):2088-98.

 12. Kelbaek H, Hofsten DE, Kober L, Helqvist S, Klovgaard L, Holmvang L, Jorgensen E, Pedersen F, Sauna-
maki K, De Backer O, Bang LE, Kofoed KF, Lonborg J, Ahtarovski K, Vejlstrup N, Botker HE, Terkelsen 
CJ, Christiansen EH, Ravkilde J, Tilsted HH, Villadsen AB, Aaroe J, Jensen SE, Raungaard B, Jensen 
LO, Clemmensen P, Grande P, Madsen JK, Torp-Pedersen C, Engstrom T. Deferred versus conventional 
stent implantation in patients with ST-segment elevation myocardial infarction (DANAMI 3-DEFER): 
an open-label, randomised controlled trial. Lancet. 2016;387(10034):2199-206.

 13. Lonborg J, Engstrom T, Ahtarovski KA, Nepper-Christensen L, Helqvist S, Vejlstrup N, Kyhl K, Schoos 
MM, Ghotbi A, Goransson C, Bertelsen L, Holmvang L, Pedersen F, Jorgensen E, Saunamaki K, Clem-
mensen P, De Backer O, Klovgaard L, Hofsten DE, Kober L, Kelbaek H, Investigators D-. Myocardial 
Damage in Patients With Deferred Stenting After STEMI: A DANAMI-3-DEFER Substudy. J Am Coll 
Cardiol. 2017;69(23):2794-804.

 14. Neumann FJ, Kastrati A, Pogatsa-Murray G, Mehilli J, Bollwein H, Bestehorn HP, Schmitt C, Seyfarth 
M, Dirschinger J, Schomig A. Evaluation of prolonged antithrombotic pretreatment (“cooling-off ” 
strategy) before intervention in patients with unstable coronary syndromes: a randomized controlled 
trial. JAMA. 2003;290(12):1593-9.

 15. Teunissen PF, de Waard GA, Hollander MR, Robbers LF, Danad I, Biesbroek PS, Amier RP, Echavarria-
Pinto M, Quiros A, Broyd C, Heymans MW, Nijveldt R, Lammertsma AA, Raijmakers PG, Allaart CP, 
Lemkes JS, Appelman YE, Marques KM, Bronzwaer JG, Horrevoets AJ, van Rossum AC, Escaned J, 
Beek AM, Knaapen P, van Royen N. Doppler-derived intracoronary physiology indices predict the oc-
currence of microvascular injury and microvascular perfusion deficits after angiographically successful 
primary percutaneous coronary intervention. Circ Cardiovasc Interv. 2015;8(3):e001786.

 16. Yasue H, Nakagawa H, Itoh T, Harada E, Mizuno Y. Coronary artery spasm--clinical features, diagnosis, 
pathogenesis, and treatment. J Cardiol. 2008;51(1):2-17.

 17. Kalsner S. Coronary artery spasm. Multiple causes and multiple roles in heart disease. Biochem Phar-
macol. 1995;49(7):859-71.

 18. Jia H, Dai J, Hou J, Xing L, Ma L, Liu H, Xu M, Yao Y, Hu S, Yamamoto E, Lee H, Zhang S, Yu B, Jang IK. 
Effective anti-thrombotic therapy without stenting: intravascular optical coherence tomography-based 
management in plaque erosion (the EROSION study). Eur Heart J. 2017;38(11):792-800.

 19. Lonborg J, Kelbaek H, Holmvang L, Helqvist S, Vejlstrup N, Jorgensen E, Saunamaki K, Dridi NP, 
Klovgaard L, Kaltoft A, Botker HE, Lassen JF, Clemmensen P, Terkelsen CJ, Engstrom T. Comparison 
of Outcome of Patients With ST-Segment Elevation Myocardial Infarction and Complete Versus 
Incomplete ST-Resolution Before Primary Percutaneous Coronary Intervention. Am J Cardiol. 
2016;117(11):1735-40.



291

Main results of the TRANSIENT trial

13

SUPPLEMENTARY MATERIAL

Supplementary Methods S13.1. Inclusion and exclusion criteria
Inclusion criteria:
1.  Age >18
2.   Clinical presentation of an acute STEMI including chest pain of any duration and ST-segment 

elevations on the ECG of at least 2 mm in two standard limb leads or in two contiguous chest 
leads on the prehospital ECG

3.  Complete normalisation of ST-segment elevations and resolution of symptoms on arrival to the 
hospital, with or without initial treatment of sublingual nitrate, heparin, P2Y12 inhibitor and/or 
aspirin

4.  Analysis in the study requires additionally that the patient can be followed for at least 12 months 
after the index admission

Exclusion criteria:
1.  History of myocardial infarction, coronary artery bypass grafting, heart failure, moderate to 

severe valve disease, cardiomyopathy or congenital cardiac disease
2.   Thrombolytic therapy in the previous week
3.   Refractory ischaemia, major arrhythmias, haemodynamic instability or heart failure requiring 

immediate catheterisation
4.   Alternative causes of transient ST-segment elevation other than myocardial infarction, such as 

conditions know for causing coronary vasospasm
5.  Refusal or inability to give informed consent
6.  GFR <30 mL/min
7.  Contraindications for CMR
8.  Known concomitant disease with a life expectancy of less than 1 year

Supplementary Methods S13.2. Description of biomarker measurement
Venous blood samples for CK-MB mass and troponin-T determination were obtained at admission 
and at 6, 12, 24, 36, 48 and 72 h in the immediate group. In the deferred group this was performed 
at 6, 12, 24, 36, 48 and 72 h after randomisation (or until PCI) and at the moment of PCI and 6, 12, 
24, 36 and 48 h after PCI.

Supplementary Methods S13.3. Additional statistical analysis
Statistical analysis was done on an intention-to-treat basis and performed with SPSS Statistics, ver-
sion 22 (IBM Corp, Armonk, New York). By intention to treat, adverse events that happened prior 
to cardiac catheterization in the delayed invasive arm (e.g. urgent revascularizations for unstable 
symptoms) were not considered endpoint events. However, a sensitivity analysis was performed 
wherein these adverse events were considered to be MACE. Continuous variables were compared 
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using the independent-samples T-test for normally distributed data and the Mann-Whitney U test 
for non-normally distributed data. Data were described by mean and standard deviation or median 
and interquartile range when appropriate. Categorical variables were compared using the Fisher’s 
exact test and expressed as percentages. Statistical significance was assumed when two-sided p 
value was below 0.05.

Supplementary Table S13.1. Additional angiographic and PCI characteristics

Variable Immediate Invasive (n=70) Delayed Invasive (n=71) P Value

CAG access site No. (%) 0.68

Radial 68 (97.1) 67 (94.4)

Femoral 2 (2.9) 4 (5.6)

Nitroglycerin i.c. 23 (32.9) 25 (35.2) 0.86

Diameter stenosis of culprit lesion, mean (SD), % 73.0 (12.2) 70.0 (14.7) 0.21

FFR of culprit lesion, No (%) 0 (0.0) 2 (2.8) 0.50

Thrombectomy, No. (%) 3 (4.3) 0 (0.0) 0.12

Number of stents, No. (%) (n = 63) (n = 53) 0.83

1 56 (88.9) 45 (8.5)

2 5 (7.9) 6 (11.3)

3 2 (3.2) 2 (3.8)

Stent type, No. (%) 0.84

EES 23 (36.5) 22 (41.5)

ZES 5 (7.9) 3 (5.7)

SES 33 (52.4) 25 (47.2)

Other 2 (3.2) 3 (5.7)

Total stent length, median (IQR), mm 22.0 (18.0-32.3) 20.0 (18.0-30.0) 0.31

Maximal stent diameter, median (SD), mm 3.6 (0.6) 3.6 (0.6) 0.93

CAG: coronary angiography, EES: everolimus-eluting stent, FFR: fractional flow reserve, i.c.: intracoronary, 
IQR: interquartile range, PCI: percutaneous coronary intervention, SD: standard deviation, SES: sirolimus-
eluting stent, ZES: zotarolimus-eluting stent

Supplementary Table S13.2. Additional CMR characteristics

Outcome Immediate Invasive
(n=70)

Delayed Invasive
(n=71)

P Value

LVEDV, mean (SD), mL, n=123 152.8 (33.4) 154.9 (35.9) 0.73

LVESV, mean (SD), mL, n=123 65.5 (20.1) 65.8 (21.2) 0.94

LV stroke volume, mean (SD), mL, n=123 87.3 (20.0) 89.2 (19.6) 0.60

LVEDM, mean (SD), g, n=1202 95.9 (19.3) 99.5 (26.2) 0.40

CMR: cardiovascular magnetic resonance imaging, LV: left ventricle, LVEDM: left ventricular end diastolic 
mass, LVEDV: left ventricular end diastolic volume, LVESV: left ventricular end systolic volume, SD: standard 
deviation.
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Supplementary Table S13.3. Subanalysis of patients who underwent urgent intervention due to signs of 
reinfarction

Outcome Urgent Intervention
(n=4)

Non-urgent Intervention (n=137) P Value

Infarct size by CMR, % of LV, n=119 2.78 [0.00-2.78] 1 1.3 [0.00-3.59] 0.93

AUC course troponin T, median (IQR) 7.156 [2.013-44.814] 11.851 [4.648-25.972] 0.80

AUC course CK-MB, median (IQR), n=133 890.0 [248.2-2037.0] 465.5 [215.0-930.2] 0.49

MACE at 30 days, No (%), n=139 0 (0.0) 4 (3.0) 1.00

1 One patient refused CMR and one patient could not undergo CMR because of COPD.
AUC: area under the curve, CK-MB: creatinekinase-MB, COPD: chronic obstructive pulmonary disease, CMR: 
cardiac magnetic resonance, IQR: interquartile range, LV: left ventricle, MACE: major adverse cardiac events, 
defined as death, reinfarction, or target vessel revascularization.

Supplementary Table S13.4. Sensitivity analysis of MACE at 30 days including events prior to planned 
coronary angiography

Outcome Immediate Invasive (n=68) Delayed Invasive (n=71) P Value

Reinfarction 1 (1.5) 3 (4.2) 0.62

Target vessel revascularisation 2 (2.9) 5 (7.0) 0.44

Definite stent thrombosis 1 (1.5) 1 (1.4) 1.00

Death 0 (0.0) 1 (1.4) 1.00

Cardiac death 0 (0.0) 0 (0.0) NA

MACE at 30 days 2 (2.9) 6 (8.5) 0.28

MACE: major adverse cardiac events, defined as death, reinfarction, or target vessel revascularization 
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ABSTRACT

Objectives: The aim of the present study was to determine the effect of a delayed versus an immedi-
ate invasive approach on final infarct size and clinical outcome up to 1 year.
Background: Up to 24% of patients with acute coronary syndromes present with ST-segment el-
evation myocardial infarction (STEMI) but show complete resolution of ST-segment elevation and 
symptoms before revascularization. Current guidelines do not clearly state whether these patients 
with transient STEMI should be treated with a STEMI-like or non-ST-segment elevation acute 
coronary syndrome-like intervention strategy.
Methods: In this multicenter trial, 142 patients with transient STEMI were randomized 1:1 to either 
delayed or immediate coronary intervention. Cardiac magnetic resonance imaging was performed 
at 4 days and at 4-month follow-up to assess infarct size and myocardial function. Clinical follow-
up was performed at 4 and 12 months.
Results: In the delayed (22.7 h) and the immediate (0.4 h) invasive groups, final infarct size as a 
percentage of the left ventricle was very small (0.4% [interquartile range: 0.0% to 2.5%] vs. 0.4% 
[interquartile range: 0.0% to 3.5%]; p = 0.79), and left ventricular function was good (mean ejection 
fraction 59.3 ± 6.5% vs. 59.9 ± 5.4%; p = 0.63). In addition, the overall occurrence of major adverse 
cardiac events, consisting of death, recurrent infarction, and target lesion revascularization, up to 1 
year was low and not different between both groups (5.7% vs. 4.4%, respectively; p = 1.00).
Conclusions: At follow-up, patients with transient STEMI have limited infarction and well-
preserved myocardial function in general, and delayed or immediate revascularization has no effect 
on functional outcome and clinical events up to 1 year.
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INTRODUCTION

In patients with ST-segment elevation myocardial infarction (STEMI), immediate primary percuta-
neous coronary intervention (PCI) improves survival (1,2). However, up to 24% of patients present-
ing with STEMI show complete resolution of ST-segment elevation and symptoms before initiation 
of reperfusion therapy (3,4). It is not clear whether these patients benefit equally from an immediate 
coronary intervention or should preferably be treated with a delayed intervention strategy, similar 
to patients presenting with non-ST-segment elevation acute coronary syndromes (5). Transient 
STEMI can be caused by an unstable thrombotic lesion, and immediate intervention might limit 
ongoing infarction. In contrast, delayed intervention might allow the spontaneous reopened artery 
to stabilize, potentially preventing harmful distal embolization during PCI. The latter was observed 
in a previous retrospective study, in which patients with STEMI with spontaneous reperfusion 
had fewer angiographic complications with deferred PCI (6). Specific recommendations for the 
treatment of transient STEMI are lacking in the guidelines. The recently published randomized 
controlled TRANSIENT (Timing of revascularisation in patients with transient ST-segment eleva-
tion myocardial infarction) trial was designed to address this caveat (7). The trial demonstrated 
small infarct size at 4 days and relatively benign short-term outcomes (30 days) in patients treated 
with either delayed or immediate coronary intervention. Substantial changes in infarct size and left 
ventricular (LV) function take place in the months after myocardial infarction (8–10). Final infarct 
size determined by cardiovascular magnetic resonance imaging (CMR) provides independent 
prognostic information beyond that provided by acute infarct size and LV function and is therefore 
a strong predictor of prognosis in patients with myocardial infarction (11). Here, we describe the 
follow-up of the TRANSIENT trial, important for longterm functionality and clinical prognosis 
(12). Clinical follow-up was performed at 4 months and 1 year. In addition, CMR was repeated at 4 
months after infarction to determine final infarct size.

METHODS

Trial design
We conducted this investigator initiated, randomized, multicenter trial to compare a delayed inva-
sive strategy with an immediate invasive strategy in patients presenting with a transient STEMI. The 
complete study design and short-term outcomes with follow-up until 30 days have been published 
previously (7,13). The study protocol conforms to the International Conference on Harmonization 
Good Clinical Practice standards and the Declaration of Helsinki. Central ethics approval was 
acquired by the VU University Medical Center (Amsterdam, the Netherlands) and the respective 
local ethics committees. The trial is registered at www.trialregister.nl (NTR4156).
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Participants and study protocol
Patients were enrolled at 5 participating PCI centers in the Netherlands. Patients >18 years of 
age were eligible if they presented with acute STEMI with symptoms of any duration and with 
ST-segment elevations of at least 2 mm in 2 standard limb leads or in 2 contiguous chest leads 
on prehospital electrocardiography. Subsequently, patients had to show spontaneous, complete 
resolution of ST-segment elevation and complete relief of symptoms, with or without initial treat-
ment of sublingual nitrate, heparin, a P2Y12 inhibitor, and/or aspirin. The full list of inclusion and 
exclusion criteria is provided in the Supplementary Methods S14.1. Directly after being diagnosed 
with STEMI, all patients were treated medically with aspirin, a P2Y12 inhibitor and heparin. After 
presentation with transient STEMI in the hospital, written informed consent was obtained from all 
patients when all inclusion and exclusion criteria were fulfilled. Patients were randomly assigned 
in a 1:1 fashion to a delayed or an immediate intervention strategy. The assignment occurred using 
permuted-block randomization, stratified per study site, using a secure Web-based electronic case 
report form system (Castor EDC, Amsterdam, the Netherlands). In patients randomized to the 
delayed invasive group, coronary angiography was performed depending on the GRACE (Global 
Registry of Acute Coronary Events) risk score (>140 within 24 h or ≤140 within 72 h). Patients who 
were assigned to the immediate invasive group underwent coronary angiography as soon as pos-
sible. PCI was performed according to standard protocol, and treatment was left to the discretion 
of the operator. In the present study, endpoints included prespecified CMR-assessed final infarct 
size and LV ejection fraction at 4 months and the changes from baseline to 4-month follow-up. 
Furthermore, we also present the pre-defined clinical follow-up data at 4 and 12 months, including 
major adverse cardiac events (MACE), defined as death, recurrent myocardial infarction, and target 
lesion revascularization. Clinical follow-up data were reported by trained investigators during the 
CMR follow-up visit at 4 months and by means of a telephone interview with the patient conducted 
at 1 year after inclusion, identified according to the definitions provided in the Supplementary 
Methods S14.2. When more than 1 MACE had occurred in 1 patient, the date of the first event 
was recorded. A clinical research organization (Clinical Research Unit Cardiology, VU University 
Medical Center) was responsible for maintaining and monitoring the patient data. An independent 
clinical research office (Clinical Research Bureau Amsterdam UMC, Vrije Universiteit Amsterdam) 
was responsible for monitoring the data and the trial.

CMR
CMR was performed at day 4 and at 4 months using a 1.5-T clinical scanner (Siemens Healthcare, 
Erlangen, Germany). The scanning protocol included cine imaging and late gadolinium enhance-
ment. All CMR data were analyzed centrally by a core laboratory. Analysis was done by expert 
observers blinded to treatment allocation. LV volumes and ejection fraction were calculated from 
the short-axis cine stack or, if not analyzable, biplane images. Late gadolinium enhancement images 
were used for calculation of infarct size and identification of microvascular obstruction.
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Statistical analysis
The TRANSIENT trial was powered to show superiority of a delayed invasive strategy over an im-
mediate invasive strategy with respect to the primary endpoint of infarct size at baseline measured 
by CMR at 4 days. We assumed that infarct size in transient STEMI would be about 10% of the left 
ventricle, as in non-STEMI, and hypothesized a reduction to 7.5% in the delayed invasive group 
(14). The sample size was calculated to detect this relative infarct size reduction with 80% power at 
a 2-sided type I error rate of 0.05. Details of the sample-size calculation are provided in the Supple-
mentary Methods S14.3. The present study reports on secondary endpoints of the final infarct 
size at 4 months and clinical follow-up. All statistical analyses were performed according to the 
intention-to-treat principle and done using SPSS Statistics version 22 (IBM, Armonk, New York). 
Between-group comparisons of continuous variables were performed using the independent-
samples Student’s t-test for normally distributed data and the Mann-Whitney U test for skewed 
data. To assess the difference between parameters at baseline and follow-up, a paired Student’s 
t-test was used for normally distributed data and the Wilcoxon signed rank test in case of skewed 
data. Data are expressed as mean ± SD or median and interquartile range (IQR) as appropriate. 
Categorical variables were compared using the Fisher exact test and are described as percentages. 
Statistical significance was assumed when the P value was <0.05.

RESULTS

Study population and follow-up
From November 12, 2013, through August 31, 2017, a total of 142 patients were enrolled and 
underwent randomization (screening sample of the initiating center demonstrated in Supplemen-
tary Figure S14.1). Of these, 72 patients were assigned to a delayed invasive strategy and 70 to 
an immediate invasive strategy. In the delayed invasive group, 1 patient withdrew consent after 
randomization. Baseline characteristics of the total study cohort are demonstrated in Supple-
mentary Table S14.1. In the delayed group, 4 patients underwent urgent intervention because of 
signs and symptoms of reinfarction while awaiting the index procedure. In 2 of these patients, 
coronary angiography demonstrated TIMI (Thrombolysis In Myocardial Infarction) flow grade 
0 or 1 in the culprit artery, and all were treated successfully with immediate PCI. The median 
duration of total follow-up was 366 days (IQR: 364 to 370 days). At follow-up, 1 patient in the 
delayed group withdrew consent for study participation, and 2 patients in the immediate group 
were lost to follow-up, leaving a total of 138 patients (97.2%) for 1-year clinical follow-up. From the 
participants, follow-up CMR was obtained in 54 patients in the delayed intervention group and in 
56 patients in the immediate intervention group. Refusal by the patient (n = 10) and claustrophobia 
(n = 10) were the most important reasons for not undergoing CMR. Baseline characteristics of the 
patients with and without follow-up CMR did not differ (Supplementary Table S14.2). One patient 
in the delayed intervention group died prior to planned follow-up. After revascularization by coro-
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nary artery bypass graft ing (CABG), an ischemic cerebrovascular accident occurred in this patient 
with respiratory insuffi  ciency, unresponsive to treatment. Figure 14.1 presents the fl ow of patients 
through the diff erent phases of the trial. Baseline and procedural characteristics of the patients 
who underwent CMR at 4 months are described in Tables 14.1 and 14.2, respectively. Th e mean 
age was 61.7 ± 11.3 years, and 70.9% were men. Th e median time to coronary angiography aft er 
inclusion was 22.7 h (IQR: 19.1 to 27.5 h) in the delayed group and 0.4 h (IQR: 0.2 to 0.7 h) in the 
immediate invasive group. More than half of the patients had single-vessel disease, and 37.3% had 
multivessel disease. In both groups, the right coronary artery (39.1%) and left  anterior descending 
coronary artery (34.5%) were most frequently the culprit arteries. In the delayed group 77.8% of 
patients and in the immediate group 91.1% underwent PCI (p = 0.07). Th e rate of additional PCI 
of a nonculprit lesion during the index procedure was similar in both groups (16.7% vs. 12.5%; p = 
0.60). During PCI, 3 (7.1%) complications occurred in the delayed intervention group and 1 (2.0%) 
in the immediate intervention group (p = 0.32). Only in the delayed intervention group, 4 patients 
(7.4%) were treated using CABG.

      70 Patients randomized to immediate coronary

           angiography and subsequent revascularization

142 STEMI patients with complete resolution of

           ST-segment elevation and symptoms

Randomized

1:1

56 Patients underwent 

CMR

  at four months (53 paired)

54 Patients underwent 

CMR

  at four months (53 paired)

       72 Patients randomized to delayed coronary

            angiography and subsequent revascularization

            4 Patients underwent urgent angiography due

            to recurrent signs and symptoms of reinfarction

 70 Patients had 1-year

      clinical follow-up

      (including 16 patients

      who did not undergo

      CMR)

 68 Patients had 1-year

      clinical follow-up

      (including 13 patients

      who did not undergo

      CMR)

    1 Patient withdrew consent    

    1 Patient lost to follow-up

    6 Patients refused CMR

    5 Patients had claustrophobia

    1 Patient was unfeasible due

       to obesity

    1 Patient deceased

    1 Patient had contrast allergy

    1 Patient was unfeasible due 

       to sclerodermia

    1 Patient was unfeasible due

       to coughing

    2 Patients withdrew consent

    4 Patients refused CMR

    5 Patients had claustrophobia

    1 Patient was unfeasible due

       to obesity

    1 Patient was unfeasible due

       to back pain

    1 Patient had a pacemaker

       implanted

Figure 14.1. Enrollment fl ow diagram.
CMR: cardiovascular magnetic resonance imaging, STEMI: ST-segment elevation myocardial infarction.
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CMR results at 4 months
At 4 months, CMR was performed in 110 patients, and 106 patients had paired baseline scans. Final 
myocardial infarct size was small, with a median of 0.4% of the left  ventricle in both groups (IQRs: 
0.0% to 2.5% in the delayed group and 0.0% to 3.5% in the immediate group; p = 0.79) (Central il-
lustration, Figure 14.2). In 45 patients (42.1%), late gadolinium enhancement images demonstrated 
no delayed contrast enhancement at all, and infarct size was ≥10.0% in only 5 patients (4.7%), 

Table 14.1. Demographic and clinical characteristics at baseline

Characteristic Delayed invasive
(n = 54)

Immediate invasive
(n = 56)

P value

Age, mean (SD), y 61.3 (11.2) 62.0 (11.5) 0.76

Sex, No. (%), male 38 (70.4) 40 (71.4) 1.00

Hypertension, No. (%) 21 (38.9) 16 (28.6) 0.31

Diabetes mellitus, No. (%) 6 (11.1) 4 (7.1) 0.52

Smoking, No. (%) 0.73

  Current 23 (42.6) 28 (50.0)

  Previous 14 (25.9) 13 (23.2)

Hypercholesterolaemia, No. (%) 16 (29.6) 14 (25.0) 0.67

Family history of CAD, No. (%) 27 (50.0) 24 (42.9) 0.57

Previous PCI, No. (%) 4 (7.4) 3 (5.4) 0.71

Previous CABG, No. (%) 1 (1.9) 1 (1.8) 1.00

CVA, No. (%) 3 (5.6) 2 (3.6) 0.68

Peripheral artery disease, No. (%) 5 (9.3) 3 (5.4) 0.49

ST-segment elevations ECG, No. (%) 0.43

  Pre-hospital 50 (92.6) 54 (96.4)

  Emergency department 4 (7.4) 2 (3.6)

Sum of ST-segment elevation*, median (IQR), mm 5 (2-8) 6 (3-11) 0.08

Localisation of ST-segment elevation on the ECG, No. (%) 0.47

  Anterior 19 (35.2) 22 (39.3)

  Lateral 3 (5.6) 3 (5.4)

  Inferior 29 (53.7) 31 (55.4)

  Posterior 3 (5.6) 0 (0.0)

Killip class I, No (%) 54 (100.0) 56 (100.0) NA

GRACE risk score (for mortality at admission), No. (%) 0.57

  Low risk (≤108) 12 (22.2) 18 (32.1)

  Medium risk (109-140) 22 (40.7) 17 (30.4)

  High risk (>140) 20 (37.0) 21 (37.5)

Values are mean ± SD, n (%), or median (interquartile range). *The sum of ST-segment elevations is the sum 
of ST-segment elevations in all 12 leads. CABG: coronary artery bypass grafting, CAD: coronary artery dis-
ease, CVA: cerebrovascular accident, ECG: electrocardiography, GRACE: Global Registry of Acute Coronary 
Events, NA: not applicable, PCI: percutaneous coronary intervention.
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Table 14.2. Coronary angiography parameters and treatment

Variable Delayed invasive
(n = 54)

Immediate invasive
(n = 56)

P value

Symptoms – inclusion time, median (IQR), h 2.5 (1.5-4.2) 2.8 (1.6-3.9) 0.76

Inclusion – CAG time, median (IQR), h 22.7 (19.1-27.5) 0.4 (0.2-0.7) <0.001

CAD severity (≥70% stenosis), No. (%) 0.89

  1 -Vessel disease 27 (50.0) 32 (57.4)

  2-vessel disease 11 (20.4) 12 (21.4)

  3-vessel disease 10 (18.5) 8 (14.3)

  No significant coronary stenosis 6 (11.1) 4 (7.1)

Culprit vessel, No. (%) 0.79

  LAD 18 (33.3) 20 (35.7)

  LCX 8 (14.8) 9 (16.1)

  RCA 20 (37.0) 23 (41.1)

  Left main 0 (0.0) 0 (0.0)

  Graft 1 (1.9) 0 (0.0)

  No culprit 7 (13.0) 4 (7.1)

TIMI-flow at CAG, No. (%) 0.27

  0-1 1 (1.9)* 0 (0.0)

  2 3 (5.6) 8 (14.3)

  3 50 (92.6) 48 (85.7)

Treatment, No. (%) 0.05

  PCI 42 (77.8) 51 (91.1) 0.07

  CABG 4 (7.4) 0 (0.0) 0.05

  Conservative 8 (14.8) 5 (8.9) 0.39

TIMI-flow post-PCI, No. (%), n = 93 0.23

  0-1 0 (0.0) 0 (0.0)

  2 2 (4.8) 6 (11.8)

  3 40 (95.2) 45 (88.2)

Additional PCI of a non-culprit lesion during the 
index pocedure, No. (%)

9 (16.7) 7 (12.5) 0.60

Additional PCI of a non-culprit lesion after the index 
procedure, No (%)

5 (9.3) 10 (17.9) 0.27

Complications during PCI, No. (%), n = 93 3 (7.1) 1 (2.0) 0.32

P2Y12-inhibitors during hospitalization, No (%)

  Ticagrelor 43 (79.6) 41 (73.2) 0.50

  Prasugrel 8 (14.8) 14 (25.0) 0.24

  Clopidogrel 3 (5.6) 0 (0.0) 0.11

Values are median (interquartile range) or n (%). *Urgent CAG because of recurrent signs and symptoms of 
reinfarction. CAG: coronary angiography, LAD: left anterior descending coronary artery, LCx: left circumflex 
coronary artery, RCA: right coronary artery, TIMI: Thrombolysis In Myocardial Infarction, other abbreviations 
as in Table 14.1.
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with a maximum of 20.8% of the left ventricle in a patient randomized to the immediate invasive 
group. The left anterior descending coronary artery was the identified culprit in this last patient. 
The proportions of infarct size did not differ between the groups (p = 0.34). In accordance, LV 
ejection fraction was good in both the delayed (59.3 ± 6.5%) and immediate invasive group (59.9 
± 5.4%) (p = 0.63) (Figure 14.3, Table 14.3). Patients with medium to high GRACE risk scores did 
have a larger infarct size than patients with low risk scores (0.6% [IQR: 0.0% to 3.7%] vs. 0.0% [IQR: 
0.0% to 1.0%]; p = 0.002), but within the medium- to high-risk group, no difference in infarct size 
was seen between delayed or immediate invasive treatment (0.6% [IQR: 0.0% to 2.6%] vs. 1.0% 
[IQR: 0.0% to 4.1%]; p = 0.79). 

Figure 14.2. Myocardial Infarction by cardiovascular magnetic resonance imaging in typical patients 
with transient ST-segment elevation myocardial infarction.
Late gadolinium enhancement images at 4 months showing subendocardial infarction of (A) a patient in 
the delayed invasive group (2.1% of left ventricle) and (B) a patient in the immediate invasive group (3.5% 
of left ventricle).

Changes in CMR from baseline to 4 months
Overall, myocardial infarct size, which was already small and similar in both groups at the 4-day 
baseline scan (overall 1.4%; IQR: 0.0% to 3.6%) (7), did not show a significant decrease at 4 months 
(0.4%; IQR: 0.0% to 2.5) (p = 1.00). LV end-systolic volume did show decreases of 3.4 ± 13.1 ml in 
the delayed group and 6.2 ± 15.1 ml in the immediate group (overall p = 0.001, p = 0.31 between 
groups), whereas end-diastolic volume remained stable in both groups (153.4 ± 34.9 and 150.2 ± 
36.9 ml, respectively). This resulted in a recovery of LV function, with absolute increases of 1.7 ± 
5.3% and 2.2 ± 5.4%, respectively (overall p < 0.001, p = 0.66 between groups) (Figure 14.3, Table 
14.3).
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Clinical follow-up
At 1-year follow-up, at least 1 MACE (death, recurrent myocardial infarction, or target lesion 
revascularization) had occurred in 4 patients (5.7%) in the delayed invasive group and 3 patients 
(4.4%) in the immediate invasive group (p = 1.00) (Central Illustration). 

In a sensitivity analysis in which urgent unplanned procedures in the delayed invasive group 
were counted as MACE, the MACE rates were 11.4% in the delayed invasive group and 4.4% in 
the immediate invasive group (p = 0.21). The extent of revascularization did not have significant 
influence on outcome (Supplementary Table S14.3). No events occurred in the patients who had 
undergone urgent intervention because of signs of reinfarction or in patients without significant 
coronary stenosis. In the delayed invasive group, 3 patients (4.3%) were deceased. The causes of 
death were pulmonary complications after CABG, aortic aneurysm rupture, and ileus with sepsis. 
No deaths occurred in the immediate invasive group (p = 0.24). The incidence of recurrent myo-
cardial infarction did not differ between the groups (delayed invasive 1.4% vs. immediate invasive 
3.0%; p = 0.62). One of these events was a subacute stent thrombosis after 4 days in the delayed 
group and 1 acute stent thrombosis on the same day as primary PCI in the immediate group. After 
1 year, 9 patients (12.9%) in the delayed invasive group and 8 patients (11.8%) in the immedi-
ate invasive group had undergone any repeat revascularization (p = 1.00) (Table 14.4). Patients 
with 3-vessel disease underwent repeat revascularization most frequently (26.1%), compared with 
patients with 2-vessel disease (20.0%), single-vessel disease (5.6%), and nonsignificant coronary 
stenosis (7.7%) (p = 0.02).
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Figure 14.3. Myocardial function by cardiovascular magnetic resonance imaging in patients with 
transient ST-segment elevation myocardial infarction.
(A) Left ventricular ejection fraction (LVEF) at 4 months of patients with transient ST-segment elevation 
myocardial infarction treated with delayed or immediate intervention. The ends of the boxes indicate the 
standard deviations, the middle lines indicate the mean, and the whiskers indicate the 5th and 95th percen-
tiles. (B) Baseline to follow-up myocardial LVEF, showing recovery of left ventricular function with an overall 
absolute increase of 2.0 ± 5.4%.
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The TRANSIENT study is the first prospective, randomized clinical trial evaluating the effect of 
a delayed, non–ST-segment elevation acute coronary syndrome-like invasive strategy versus an 
immediate, STEMI-like invasive strategy in patients presenting with transient STEMI. At 1-year 
follow-up, the timing of revascularization had no influence on final infarct size at 4 months or 
the pre-specified composite endpoint of MACE, consisting of death, recurrent myocardial infarc-

A.

C.

B.

Central illustration. Timing of revascularization does not influence final infarct size or clinical out-
come in patients with transient ST-segment elevation myocardial infarction.
Myocardial infarct size is minimal (A) and 1-year major adverse cardiac events are low (B,C) in both the 
delayed and immediate invasive groups. CI: confidence interval, LV: left ventricle, MACE: major adverse 
cardiac event(s). 
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tion, or target lesion revascularization. Patients with transient STEMI had very limited myocardial 
infarct size, well-preserved LV function, and subsequently good clinical outcomes up to 1 year. 
In the TRANSIENT study, overall infarct size at the acute moment was already small (1.4%; IQR: 
0.0% to 3.7%) (7), whereas at 4 months it was almost negligible at 0.4% (IQR: 0.0% to 2.5%). The 
observed small spot infarctions could even be due to embolisms during PCI instead of being 
caused by the transient myocardial infarction. We cannot rule this out, as all patients underwent 
CMR after the procedure, but these patterns were apparent in both the delayed as the immediate 
intervention group. In accordance, after a remodeling period of 4 months end-systolic volumes 
were decreased, resulting in preserved LV function (LV ejection fraction 59.6 ± 5.9%), regardless 
of the initial treatment strategy. These results are in line with previous research by Lønborg et al. 
(4), who did a comparison of outcomes in patients with STEMI with complete versus incomplete 
ST-segment resolution before primary PCI. In patients with STEMI with complete ST-segment 

Table 14.3. Cardiovascular magnetic resonance imaging at 4-month follow-up

Outcome Delayed invasive
(n = 71)

Immediate invasive
(n = 70)

P value

FU CMR performed, No. (%) 54 (76.1) 56 (80.0) 0.69

Inclusion-FU CMR days, median (IQR) 123 (121-127) 122 (120-131) 0.76

Paired CMR, No. (%) 53 (74.6) 53 (75.7) 1.00

Infarct size, median (IQR), g, n = 107* 0.4 (0.0-2.5) 0.4 (0.0-2.7) 0.72

Infarct size, median (IQR), % of LV, n = 107* 0.4 (0.0-2.5) 0.4 (0.0-3.5) 0.79

Categorical infarct size, No. (%), n = 107* 0.34

  No infarction 20 (37.7) 25 (46.3)

  0.1- 5.0% 25 (47.2) 23 (42.6)

  5.1-9.9% 5 (9.4) 4 (7.4)

  ≥10.0% 3 (5.7) 2 (3.7)

LVEF, mean (SD), %, n = 110 59.3 (6.5) 59.9 (5.4) 0.63

LVEF recovery, mean (SD), % n = 106 1.7 (5.3) 2.2 (5.4) 0.66

LVEDV, mean (SD), mL, n = 110 153.4 (34.9) 150.2 (36.9) 0.65

LVESV, mean (SD), mL, n = 110 63.1 (20.4) 60.7 (18.2) 0.51

LVESV reduction, mean (SD), mL, n = 106 3.4 (13.1) 6.2 (15.1) 0.31

LV stroke volume, mean (SD), mL, n=110 90.3 (19.9) 89.6 (22.3) 0.86

LVEDM, mean (SD), g, n=110 90.7 (23.3) 91.5 (24.1) 0.86

LVESM, mean (SD), g, n=110 102.7 (23.9) 103.1 (24.8) 0.93

MVO present, (%) n =107 1 (1.9) 0 (0.0) 0.50

Values are n (%), median (interquartile range), or mean ± SD. *In 2 patients LGE images were of insufficient 
quality, and in 1 patient LGE short-axis images were unavailable for infarct size measurement. CMR: cardio-
vascular magnetic resonance imaging, FU: follow-up, LGE: late gadolinium enhancement, LV: left ventricu-
lar, LVEF: left ventricular ejection fraction, LVEDM: left ventricular end-diastolic mass, LVESM: left ventricular 
end-systolic mass, LVEDV: left ventricular end-diastolic volume, LVESV: left ventricular end-systolic volume, 
MVO: microvascular obstruction.
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resolution, the median symptom-to-balloon time was 209 min, and they demonstrated limited 
infarct size (6 ± 6%) and good LV function (61 ± 7%) at 3-month CMR. Myocardial infarct size is 
known to be closely related to morbidity and mortality and strongly predicts patient outcomes after 
acute myocardial infarction and coronary revascularization (12,15). In accordance with the overall 
small final infarct size in our cohort, MACE and mortality from any cause remained similarly low 
(overall 5.1% and 2.2%, respectively) in both treatment groups up to 1-year follow-up. The event 
rates are in accordance with a substudy of the ELISA 3 trial, in which an early (<12 h) and a late 
(<48 h) invasive strategy in high-risk patients with transient STEMI were compared. In both treat-

Table 14.4. Clinical end points at 4-month and 1-year follow-up

Outcome Delayed
invasive
(n = 71)

Immediate
invasive
(n = 68)

P value

 Events at 4 months, No. (%)

MACE 2 (2.8) 3 (4.4) 0.68

Components of MACE

  Death 1 (1.4) 0 (0.0) 1.00

  Recurrent myocardial infarction 1 (1.4) 2 (2.9) 0.61

  Target lesion revascularization 1 (1.4) 2 (2.9) 0.61

MACE including urgent intervention due to signs of reinfarction 6 (8.5) 3 (4.4) 0.49

Revascularization

  Any PCI since index procedure 7 (9.9) 7 (10.3) 1.00

  Urgent revascularization since index procedure 1 (1.4) 2 (2.9) 0.61

  CABG since index hospitalization 0 (0.0) 0 (0.0) NA

Definite stent thrombosis 1 (1.4) 1 (1.5) 1.00

Cardiac death 0 (0.0) 0 (0.0) NA

 Events at 1 year, No. (%) n = 70 n = 68

MACE 4 (5.7) 3 (4.4) 1.00

Components of MACE

  Death 3 (4.3) 0 (0.0) 0.24

  Recurrent myocardial infarction 1 (1.4) 2 (2.9) 0.62

  Target lesion revascularization 1 (1.4) 2 (2.9) 0.62

MACE including urgent intervention due to signs of reinfarction 8 (11.4) 3 (4.4) 0.21

Revascularization

  Any PCI since index procedure 9 (12.9) 8 (11.8) 1.00

  Urgent revascularization since index procedure 2 (2.9) 2 (2.9) 1.00

  CABG since index hospitalization 0 (0.0) 0 (0.0) NA

Definite stent thrombosis 1 (1.4) 1 (1.5) 1.00

Cardiac death 0 (0.0) 0 (0.0) NA

MACE consists of death, recurrent myocardial infarction, and target lesion revascularization. MACE: major 
adverse cardiac event(s), other abbreviations as in Table 14.1.
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ment groups, a similar low incidence of the combined endpoint of death or reinfarction and death 
separately (overall 4.1% and 1.6%, respectively) was observed at 2-year follow-up (3). Likewise, 
the registry of Blondheim et al. (16) reported a comparable long-term mortality rate of 4.8% at a 
median of 36 months in patients with transient STEMI treated with either primary or early (24 to 
48 h) PCI or CABG. No comparison for the outcome with different treatment strategies was done 
in this study, though the mortality rate in transient STEMI was significantly lower than 14.3% 
in patients with STEMI (p < 0.003). Also, the rate of 1-year MACE is evidently lower in patients 
with transient STEMI compared with the STEMI population (5.1% vs. 11.0%) (17). There was no 
evidence of divergence of event rates between the 2 treatment groups over time. Four of the 7 
MACE at 1-year follow-up occurred within 1 month after the index event. All MACE occurred in 
patients with revascularized culprit arteries and were equally driven by reinfarction and mortality. 
No patient died because of a cardiac cause. As prespecified, MACE consisted of death, recurrent 
myocardial infarction, and target lesion revascularization. Furthermore, we also performed a 
sensitivity analysis in which we included urgent intervention due to signs of reinfarction before 
the index procedure. In the setting of STEMI, international guidelines recommend an immedi-
ate intervention strategy as the preferred treatment (18,19). In patients with non-ST-segment 
elevation acute coronary syndromes, an early invasive strategy is recommended depending on risk 
stratification, immediate for very high risk patients, within 24 h for high-risk patients, and within 
72 h for intermediate-risk patients (5,20). For patients with transient ST-segment elevation, the 
only recommendation according to the American guidelines is to perform invasive or noninvasive 
coronary angiography to detect severe coronary artery disease, but no specific reference with re-
gard to timing is given (Level of evidence: C). The TRANSIENT trial was designed to evaluate the 
optimal timing of invasive coronary angiography and revascularization in patients with transient 
STEMI in a randomized controlled way. Short-term results already demonstrated a similar small 
infarct size and few clinical events for the delayed and immediate invasive group, suggesting that 
patients with transient STEMI can be treated with both invasive treatment strategies. The currently 
reported minimal infarct size and overall good clinical course up to 1-year follow-up support the 
interchangeability of the 2 treatment strategies. The decision for the moment of intervention in 
patients with transient STEMI can therefore be made on the basis of logistical considerations. If the 
interventional team has been activated and prepared for catheterization, one could proceed with 
immediate angiography. In contrast, in case of a competing procedure, the intervention in a patient 
with transient STEMI could be delayed until the next day.

Study limitations
First, this follow-up study was not powered to detect a difference in clinical endpoints, so no firm 
conclusions can be drawn from these results. The sample size of the original study was calculated 
for the primary study objective to detect a difference in myocardial infarct size of 2.5% in the 
expected infarct size of 10% between the 2 treatment groups at baseline. The study cohort was 
increased to compensate for a loss of data of 10%. However, follow-up CMR was available in 77.5% 
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of the original cohort, and the infarct size was much smaller than expected, especially at follow-up, 
which makes the level of power insufficient to prove the superiority of one of the treatment strate-
gies. Nevertheless, because infarct size was negligibly small, it is debatable whether any potential 
difference in infarct size would have an effect on clinical outcome. Furthermore, our findings are 
supported by similar small infarcts in both groups as assessed by CMR. Second, our results apply 
only to hemodynamically stable patients, because hemodynamically unstable patients were not en-
rolled in the TRANSIENT trial. Third, patients, physicians, and nurses were aware of the assigned 
treatment. Even though the blinded adjudication of clinical events may have reduced the risk for 
detection bias, we cannot rule out that between-group differences in clinical management biased 
our results regarding timing of coronary intervention.

CONCLUSION

This randomized clinical trial demonstrated that patients with transient STEMI can be treated 
safely with both a delayed or an immediate invasive strategy with similar good clinical outcomes 
up to 1 year. The benign clinical course is in line with the overall minimal myocardial infarct size. 
These findings extend the current knowledge on the optimal timing of coronary intervention in 
patients with transient STEMI and complement the guidelines. Also, our data strongly reemphasize 
the benefits of early reperfusion, showing very good outcomes in patients with “spontaneous” 
reperfusion previous to mechanical reperfusion.
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SUPPLEMENTARY MATERIAL

Supplementary Methods S14.1. Patient inclusion and exclusion criteria
Inclusion criteria:
1. Age >18
2.  Clinical presentation of an acute STEMI including chest pain of any duration and ST-segment 

elevations on the ECG of at least 2 mm in two standard limb leads or in two contiguous chest 
leads on the prehospital ECG

3. Complete normalisation of ST-segment elevations and resolution of symptoms on arrival to the 
hospital, with or without initial treatment of sublingual nitrate, heparin, P2Y12 inhibitor and/or 
aspirin

4. Analysis in the study requires additionally that the patient can be followed for at least 12 months 
after the index admission

Exclusion criteria:
1. History of myocardial infarction, heart failure, moderate to severe valve disease, cardiomyopa-

thy or congenital cardiac disease
2.  Thrombolytic therapy in the previous week
3.  Refractory ischaemia, major arrhythmias, haemodynamic instability or heart failure requiring 

immediate catheterisation
4.  Alternative causes of transient ST-segment elevation other than myocardial infarction, such as 

conditions know for causing coronary vasospasm
5. Refusal or inability to give informed consent
6. GFR <30 mL/min
7. Contraindications for CMR
8. Known concomitant disease with a life expectancy of less than 1 year

Supplementary Methods S14.2. Major adverse cardiac events definitions
Major adverse cardiac events (MACE)
A composite of death, recurrent myocardial infarction and target lesion revascularization.
Death
Death of all cause.
Recurrent myocardial infarction according to the extended historical (World Health Organization)-
MI-definition (2).
I ECG showing unequivocal pathological Q waves and/or ST segment elevation or depression in 
serial recordings, or;
II history of typical or atypical angina pectoris, together with equivocal changes on the ECG and 
elevated enzymes, or;
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III history of typical angina pectoris and elevated enzymes with no changes on the ECG or not 
available, or;
IV fatal cases, whether sudden or not, with naked-eye appearances of fresh MI and/or recent coro-
nary occlusion at necropsy (antemortem thrombus, haemorrhage into an atheromatous plaque or 
embolism).
Target lesion revascularization
Repeat revascularization of the previously treated culprit lesion.

Supplementary Methods S14.3. Sample size considerations
Th e study was powered to determine whether a delayed invasive strategy was superior to an 
immediate invasive strategy with respect to the primary end point of diff erence in infarct size at 
baseline as assessed by CMR. On the basis of fi ndings from a previous study in patients aft er non-
ST-segment elevation myocardial infarction, which demonstrated a mean infarct size of 10±5% 
of the left  ventricle with CMR (1), we estimated that there would be a 25% reduction in infarct 
size in the delayed invasive group (a reduction in infarct size from 10 to 7.5% of the left  ventricle). 
With 64 patients in each group, the study would have 80% power to detect this relative infarct size 
reduction at a two-sided type I error rate of 0.05. Based on the experience in previous studies, it 
was anticipated that up to 10% of patients would be unavailable with respect to the infarct size 
measurements. To compensate for this loss of data the sample size was correspondingly increased 
to a total of 142 patients.

1070 STEMI patients

22th of April 2015 – End of study

58 Were included in the TRANSIENT trial

707 Were excluded due to not matching the in- and exclusion criteria

� No resolution of ST-elevations and symptoms on arrival at the hospital

� History of myocardial infarction

� Major arrhytmias

� Patient refused informed consent

� Inability to give informed consent

3 Were excluded due to logistical- or patient specific reasons

� No beds available

� Participation other study

768 Were assessed for eligibility

Supplementary Figure S14.1. Screening sample of the initiating center.
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Table S14.1. Baseline characteristics of the entire study cohort

Characteristics Delayed 
Invasive
(n = 71)

Immediate 
Invasive
(n = 70)

P value

Age, mean (SD), y 62.6 (11.6) 62.0 (11.7) 0.74

Sex, No. (%), male 50 (70.4) 48 (68.6) 0.86

Hypertension, No. (%) 33 (46.5) 20 (28.6) 0.04

Diabetes mellitus, No. (%) 8 (11.3) 8 (11.4) 1.00

Smoking, No. (%) 0.48

  Current 30 (42.3) 34 (48.6)

  Previous 15 (21.1) 17 (24.3)

Hypercholesterolaemia, No. (%) 18 (25.4) 15 (21.4) 0.69

Family history of CAD, No. (%) 32 (45.1) 30 (42.9) 0.87

Previous PCI, No. (%) 4 (5.6) 4 (5.7) 1.00

Previous CABG, No. (%) 1 (1.4) 2 (2.9) 0.62

CVA, No. (%) 4 (5.6) 5 (7.1) 0.74

Peripheral artery disease, No. (%) 6 (8.5) 6 (8.6) 1.00

ST-segment elevations ECG, No. (%) 0.72

  Pre-hospital 66 (93.0) 67 (95.7)

  Emergency department 5 (7.0) 3 (4.3)

Sum of ST-segment elevation*, median (IQR), mm 5 (3-9) 7 (3-11) 0.10

Localisation of ST-segment elevation on the ECG, No. (%) 0.86

  Anterior 25 (35.2) 25 (35.7)

  Lateral 5 (7.0) 3 (4.3)

  Inferior 38 (53.5) 40 (57.1)

  Posterior 3 (4.2) 2 (2.9)

Killip class I, No (%) 71 (100.0) 70 (100.0) NA

GRACE risk score (for mortality at admission), No. (%) 0.70

  Low risk (≤108) 17 (23.9) 21 (30.0)

  Medium risk (109-140) 26 (36.6) 22 (31.4)

  High risk (>140) 28 (39.4) 27 (38.6)

CABG: coronary artery bypass grafting, CAD: coronary artery disease, CVA: cerebrovascular accident, ECG: 
electrocardiogram, GRACE: Global Registry of Acute Coronary Events, IQR: interquartile range, NA: not 
applicable, PCI: percutaneous coronary intervention, SD: standard deviation. * The sum of ST-segment el-
evation is the sum of ST-segment elevation in all 12 leads. Table source: Lemkes JS, Janssens GN, van der 
Hoeven NW et al. Timing of revascularization in patients with transient ST-segment elevationmyocardial 
infarction: a randomized clinical trial. Eur Heart J 2018; 40:283-291.
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Table S14.2. Baseline characteristics of patients with and without follow-up CMR

Characteristic Patients with
FU CMR
(n = 110)

Patients without
FU CMR
(n = 31)

P value

Age, mean (SD), y 61.7 (11.3) 64.6 (12.6) 0.22

Sex, No. (%), male 78 (70.9) 20 (64.5) 0.51

Hypertension, No. (%) 37 (33.6) 16 (51.6) 0.09

Diabetes mellitus, No. (%) 10 (9.1) 6 (19.4) 0.12

Smoking, No. (%) 0.38

  Current 51 (46.4) 13 (41.9)

  Previous 27 (24.5) 5 (16.1)

Hypercholesterolaemia, No. (%) 30 (27.3) 3 (9.7) 0.05

Family history of CAD, No. (%) 51 (46.4) 11 (35.5) 0.31

Previous PCI, No. (%) 7 (6.4) 1 (3.2) 0.69

Previous CABG, No. (%) 2 (1.8) 1 (3.2) 0.53

CVA, No. (%) 5 (4.5) 4 (12.9) 0.11

Peripheral artery disease, No. (%) 8 (7.3) 4 (12.9) 0.30

ST-segment elevations ECG, No. (%) 1.00

  Pre-hospital 104 (94.5) 29 (93.5)

  Emergency department 6 (5.5) 2 (6.5)

Sum of ST-segment elevation*, median (IQR), mm 5 (3-10) 7 (5-10) 0.13

Localisation of ST-segment elevation on the ECG, No. (%) 1.00

  Anterior 41 (37.3) 11 (35.5)

  Lateral 6 (5.5) 2 (6.5)

  Inferior 60 (54.5) 17 (54.8)

  Posterior 3 (2.7) 1 (3.2)

Killip class I, No (%) 110 (100.0) 31 (100.0) NA

CABG: coronary artery bypass grafting, CAD: coronary artery disease, CMR: cardiac magnetic resonance, 
CVA: cerebrovascular accident, ECG: electrocardiogram, FU: follow-up, IQR: interquartile range, NA: not ap-
plicable, PCI: percutaneous coronary intervention, SD: standard deviation.

Table S14.3. Extent of revascularization and outcome

Variable

PCI singlevessel 
disease
(n = 67)

Multivessel disease, 
culprit revascularized only

(n = 23)

Multivessel disease, 
multivessel revascularization

(n = 30) P value

Infarct size, median 
(IQR), % of LV, n = 94

0.4 (0.0-1.9) 0.8 (0.0-5.4) 0.5 (0.0-4.5) 0.35

MACE at 1 year, No 
(%), n = 120

2 (2.8) 1 (4.3) 4 (13.3) 0.11

IQR: interquartile range, LV: left ventricle, MACE: major adverse cardiac events, PCI: percutaneous coronary 
intervention.
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The aim of this thesis entitled: “Intracoronary physiology in ischemic heart disease: from functional 
diagnosis to specific treatment strategy’’ was to investigate different invasive methods to evaluate 
the functional relevance of epicardial stenoses and microvascular disease in the setting of chronic 
and acute coronary syndrome. We especially focused on the interaction between epicardial and 
microvascular intracoronary hemodynamics and the difficulties that we are facing when invasive 
physiology indices are used to detect ischemic heart disease (IHD) in the presence of microvascular 
disease (MVD).

Intracoronary physiology is used in clinical practice to assess microvascular epicardial and 
collateral function in chronic- (Part I) and acute coronary syndrome. A detailed look into the 
implementation of these invasive indices in the presence of a diseased coronary microvasculature 
following ST-elevation myocardial infarction (STEMI) (Part II) seems to be of imminent impor-
tance with the increasing use of intracoronary physiology to guide clinical decisions. In addition we 
studied the possibility of reducing coronary and peripheral microvascular dysfunction in patients 
with acute coronary syndrome (Part III). In this thesis we explored the use of intracoronary physi-
ology in different subgroups of patients with IHD from functional diagnosis to optimal treatment 
strategy.

Part I - Functional assessment of the coronary arteries, microcirculation and 
collaterals in chronic coronary syndrome
The diagnosis and treatment of IHD has mainly focused on epicardial coronary artery disease, yet 
the coronary microcirculation plays a major role in the development of IHD. The coronary micro-
circulation consists of the vessels that contribute to myocardial perfusion with a diameter <300μm 
containing the pre-arterioles, the arterioles, the capillaries, and the venules. The coronary micro-
circulation is mainly responsible for the resistance in the coronary system by several mechanisms 
such as the myogenic-, metabolic- and adrenergic response together with several mechanisms 
regulated by the endothelium. Microvascular dysfunction could result from changes or pathologies 
in the above mentioned mechanisms and has been demonstrated to be an important determinant 
of chronic coronary syndrome. Microvascular dysfunction has a great impact on prognosis, quality 
of life and has a well-known role in the development of diabetes, different cardiomyopathies, but 
also in stable coronary artery disease and acute coronary syndrome.

Chapter 2 provides a comprehensive overview of coronary microvascular dysfunction in the 
context of several physiological conditions and different pathologies of the coronary microcircula-
tion. We zoom in on the functional anatomy, the orchestrated regulatory mechanisms, and the 
clinical and prognostic implications of coronary microvascular dysfunction.

As MVD is an important determinant of the prognosis of patients with stable coronary artery 
disease and is associated with poor clinical outcome, there is a renewed interest in invasive methods 
to evaluate the condition of the coronary microcirculation by using intracoronary measurements 
of Doppler flow velocity to assess the CFR. CFR, calculated by the ratio between hyperemic and 
resting flow, assesses both the condition of the epicardial vessels and the microcirculation, while 
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the fractional flow reserve (FFR) does not provide information regarding the microcirculation. In 
chapter 3, the discordance between FFR (epicardial function) and CFR (microvascular function) 
is discussed. If FFR is ≤ 0.80 and CFR is ≥ 2.0, this indicates a relevant epicardial stenosis with a 
preserved microvascular function. If FFR is > 0.80 and CFR is < 2.0, this refers to an unobstructed 
epicardial vessel with an impaired microvascular function. There are some pitfalls however, 
when the microcirculation is healthy it can generate a large increase in hyperemic flow with an 
accompanying larger pressure drop over the stenosis. On the other hand in case of microvascular 
disease, a smaller increase in hyperemic flow is generated causing a smaller pressure drop over 
the same stenosis. Patients with a normal FFR, but a decreased CFR have a poor prognosis while 
patients with an abnormal FFR but preserved CFR have a good long-term prognosis. This stresses 
the need for the use of multimodal physiology, incorporating separate evaluation of the epicardial 
and microvascular domains.

In chapter 4 a novel invasive method is proposed to assess both epicardial and microvascular 
function separately in patients with chronic coronary syndrome by using intracoronary pressure 
and Doppler flow velocity measurements. In this study, 261 patients with stable coronary artery 
disease derived from an international cohort were included and 403 coronary vessels were exam-
ined. The slope of the hyperemic mid-to-late diastolic pressure and flow relationship was calculated 
and is referred to as vascular conductance (inverse of resistance). Microvascular conductance is cal-
culated with the distal pressure and epicardial conductance was derived from overall conductance 
(calculated with the aortic pressure) and microvascular conductance. Microvascular and epicardial 
conductance are expressed in the same units. Microvascular conductance was lower compared to 
epicardial conductance and was independent of stenosis severity. Epicardial conductance dem-
onstrated an excellent ability to detect a significant stenosis. Vascular conductance emerges as a 
promising integral approach to evaluate the significance of an epicardial stenosis and the condition 
of the coronary microcirculation separately.

Chapter 5 comprises a multicenter registry including 295 patients with chronic total occlusion 
(CTO). In CTO patients, collateral vessels supply blood derived from a native coronary artery to 
the distal part of the occlusion, which could limit myocardial ischemia. There is a large heterogene-
ity in the extent of collateral formation (arteriogenesis) and collateral function can be assessed 
invasively by the pressure derived collateral flow index (CFI), which is calculated from the aortic 
pressure, the pressure distal to the occlusion and the central venous pressure. The study revealed 
that the use of β-blockers, low diastolic blood pressure and low serum leukocytes were associated 
with well-developed collaterals in CTO patients. In addition, hypertension and the duration of 
angina pectoris were also associated with enhanced arteriogenesis. On the contrary, a previous 
myocardial infarction was linked to a low arteriogenic response. The association between collateral 
growth and these clinical parameters could indicate that therapy involving these factors could be 
useful to counteract ischemia in patients with CTOs.
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Part II - Functional assessment of nonculprit lesions in acute coronary 
syndrome
This part of the thesis focuses on the impact of microvascular dysfunction on the value and reli-
ability of intracoronary indices to assess epicardial stenosis severity in acute coronary syndrome. 
Patients presenting with STEMI frequently have multivessel disease, and it has been suggested that 
complete revascularization improves outcome. Therefore, it is important to concentrate on the 
evaluation and management of non-infarct related (or nonculprit) stenoses in patients with STEMI 
and multivessel disease, which to date is a major challenge in clinical practice. In the acute setting of 
STEMI, temporal changes in intracoronary hemodynamics in nonculprit vessels could potentially 
influence the reliability of indices that assess stenosis severity.

Chapter 6 provides a comprehensive expert review addressing three important topics regarding 
the optimal evaluation and management of nonculprit vessels in STEMI patients with multivessel 
disease. The first main conclusion, based on the results of several randomized clinical trials, is that 
complete revascularization is beneficial in these patients either during the index procedure or later. 
The second part discusses the most frequently used invasive and noninvasive methods to assess 
nonculprit stenosis severity. It seems that the hyperemic fractional flow reserve (FFR) to some 
extent underestimates stenosis severity and the resting index instantaneous wave free ratio (iFR) 
slightly overestimates stenosis severity in the acute setting of STEMI. The third topic is based on the 
question when nonculprit revascularization should be performed, which should be established by 
future trials. Generally, nonculprit lesion evaluation in a staged setting is recommended, but from 
a pragmatic standpoint functional assessment of nonculprit lesions in the acute setting could be 
considered to prevent another procedure.

Due to temporal changes in intracoronary nonculprit hemodynamics, it has been suggested that 
hyperemic and resting physiology indices to assess stenosis severity are not reliable in the acute 
setting of STEMI. However, a paired analysis from the acute to a more stable setting including both 
these indices was not yet performed. In chapter 7 we perform such an analysis, including 73 STEMI 
patients with multivessel disease with paired measurements of FFR and iFR in the acute setting 
(during the index procedure) and at 1 month follow-up. FFR decreased and iFR slightly increased 
from the index procedure to follow-up. This occurred simultaneously with an accompanying 
increase in coronary flow reserve (CFR), a decrease in hyperemic microvascular resistance and 
an increase in resting microvascular resistance. A possible explanation for these temporal changes 
in hyperemic indices is a blunted adenosine responsiveness in the acute setting, that was more 
prominent in patients with large infarct size which corresponded with the decrease in FFR. These 
findings are important to keep in mind in STEMI patients with large infarcts and FFR or iFR values 
around the cut-off point. A noninvasive method to assess nonculprit lesion severity in patients with 
STEMI and multivessel disease is by cardiac magnetic resonance (CMR) imaging, however the 
agreement between CMR and nonculprit FFR was unknown.

In chapter 8, a total of 77 STEMI patients underwent CMR and FFR in nonculprit vessels 1 
month after the index procedure. Fully quantitative, semiquantitative and visual analysis of 
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myocardial perfusion by CMR were performed and demonstrated a moderate to good agreement 
between CMR and FFR in the evaluation of nonculprit lesions 1 month post infarct. The 3 different 
methods to analyze CMR perfusion images performed equally in detecting ischemic nonculprit 
lesions based on FFR≤0.80.

Part III - Treatment strategies optimizing functional outcome in acute 
coronary syndrome
In the final part of this thesis, we evaluated the extent of microvascular injury in the acute setting 
of STEMI and more importantly we focused on improving microvascular function. The optimal 
treatment of patients with acute myocardial infarction comprises rapid mechanical reperfusion 
with primary percutaneous intervention and concomitant antithrombotic therapy with a P2Y12 
inhibitor, such as ticagrelor or prasugrel plus aspirin. In a relatively large proportion of patients 
with STEMI, microvascular injury with subsequent dysfunction develops despite successful re-
vascularization and restoration of coronary blood flow. The extent of microvascular injury could 
be measured by invasive measurements of microvascular function which predict clinical outcome. 
It has been proposed that ticagrelor could reduce microvascular injury in these patients by its 
specific off target properties, increasing adenosine levels resulting in microvascular dilatation. We 
investigated the possibility of reducing microvascular injury and thereby microvascular resistance 
in patients randomized to ticagrelor versus prasugrel maintenance therapy.

In chapter 9 the rationale and design of the “Reducing Microvascular Dysfunction in Revascu-
larized Patients with ST-Elevation Myocardial Infarction by Off-Target Properties of Ticagrelor 
versus Prasugrel (REDUCE-MVI)’’ study was described. The rationale of the study was based on 
the assumption that ticagrelor, besides its antiplatelet effects, increases adenosine levels by block-
age of the equilibrative nucleoside transporter-1. In previous research, elevated levels of plasmatic 
adenosine reduced inflammatory responses, induced microvascular vasodilatation and stimulated 
angiogenesis and endothelial healing, all contributing to preservation of microvascular function. 
In this multicentre study, 110 STEMI patients were randomized to either ticagrelor or prasugrel 
maintenance therapy for 1 year. The primary endpoint of this study was the invasive measurement 
of microvascular resistance by the index of microcirculatory resistance (IMR) in the culprit vessel. 
In addition, we performed cardiovascular magnetic resonance imaging (CMR) to visualize the ex-
tent of microvascular injury. We measured adenosine plasma concentrations and to assess therapy 
compliance we measured ticagrelor levels at different time-points up to 1 month. As secondary 
endpoints, we performed platelet inhibition and peripheral endothelial function measurements 
and as safety endpoints, we compared the amount of bleedings between both groups.

Chapter 10 describes the results of the REDUCE-MVI trial investigating the potential of ticagre-
lor to reduce microvascular injury after STEMI. The primary endpoint of IMR in the culprit vessel 
at 1 month was similar between 56 patients randomized to ticagrelor and 54 patients randomized 
to prasugrel maintenance therapy. Other invasive indices of microvascular function such as CFR 
were comparable between both groups and CMR-derived infarct size and ejection fraction were 
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also not superior in patients treated with ticagrelor. The presence of microvascular injury as deter-
mined by CMR 4 days post infarct was 46% and was similar in both groups, but intramyocardial 
haemorrhage occurred more often in patients randomized to prasugrel. Ticagrelor did not enhance 
adenosine levels or increased platelet inhibition from the index procedure up to 1 month. Although 
platelet inhibition did not differ between groups, we did find slightly more bleeding complications 
in patients randomized to prasugrel, which could be of clinical importance. Although we could not 
demonstrate a benefit of ticagrelor over prasugrel in reducing microcirculatory resistance up to 1 
month, microvascular injury remains an important target for treatment in STEMI patients.

It has been reported that ticagrelor at steady state improves peripheral microvascular function, 
but has not been tested against prasugrel at long-term follow-up. In addition, to date, no compara-
tive randomized data on platelet inhibition in patients randomized to ticagrelor versus prasugrel 
are known. The long-term follow-up data of the REDUCE-MVI trial including platelet inhibition, 
peripheral microvascular function and clinical outcome in STEMI patients randomized to ticagre-
lor versus prasugrel is presented in chapter 11. Clinical follow-up was performed in 108 STEMI 
patients up to 1.5 year. Results showed that platelet inhibition was higher at 1 year compared to 1 
month follow-up and, in patients randomized to ticagrelor maintenance therapy, platelet inhibition 
was higher at 1 year compared to patients randomized to prasugrel. This could be explained by a 
reduced platelet inhibition in the subacute phase following STEMI with an accompanying increase 
in the risk of ischemic events, or on the contrary by an elevated platelet inhibition at 1 year with an 
accompanying rise in the risk of bleedings. It is important to obtain a balance between the benefit 
/ risk ratio of platelet inhibition following STEMI. In this study, the occurrence of ischemic events 
or bleedings was similar in both groups. In patients randomized to ticagrelor we demonstrated 
an improvement in peripheral microvascular function over time, which we could not exhibit in 
patients randomized to prasugrel. It therefore seems that ticagrelor besides its antiplatelet effect has 
a positive effect on endothelial function.

There is a known relationship between peripheral and coronary endothelial function. In STEMI 
patients, coronary endothelial dysfunction potentially aggravates the extent of microvascular 
injury after reperfusion. The relationship between peripheral microvascular function and coronary 
microvascular injury in the acute setting of STEMI was investigated in chapter 12. Serial peripheral 
microvascular function measurements were performed in 100 STEMI patients in both the acute 
setting (<24 hours of the index procedure) and in a stable setting (at 1 year follow-up). In patients 
with CMR-derived microvascular injury or elevated inflammatory markers, peripheral microvas-
cular function was impaired in the acute phase. Whether peripheral microvascular dysfunction in 
the acute setting of STEMI is pre-existing or a consequence of a systemic reaction remains topic of 
debate. Stable peripheral microvascular dysfunction was associated with a higher body mass index, 
larger infarct size and an increased chance of major adverse cardiac events (MACE) within 1 year. 
It seems that peripheral microvascular dysfunction is an indicator for vulnerable patients following 
STEMI.
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The main results of the timing of revascularization in patients with transient ST-segment el-
evation myocardial infarction (TRANSIENT) trial are presented in chapter 13. This randomized 
multicenter study included 142 STEMI patients with complete normalization of the ST-segments 
and relief of symptoms before revascularization, the so-called “transient’’ STEMI patients and 
randomized them to an immediate or a delayed coronary angiogram with subsequent revascular-
ization. The current guidelines do not specifically state what the optimal timing of revascularization 
in these patients is. The delayed strategy was initiated within 24 hours to 72 hours based on the 
GRACE score. It was hypothesized that delaying coronary intervention could limit no-reflow and 
thereby could reduce microvascular injury by optimal and prolonged pretreatment with antithrom-
botic therapy counteracting formed micro-thrombi. The primary endpoint was CMR-derived 
myocardial infarct size about 4 days post infarct and was generally small in both groups. There was 
no between group difference in infarct size or the extent of microvascular injury and the clinical 
outcome in the total population was relatively good. Additionally, all patients that were free of 
symptoms and had normalization of the ST-segment had spontaneous reperfusion of the culprit 
vessel before revascularization. These results complement the current guidelines on the optimal 
treatment of myocardial infarction.

In chapter 14, the 1 year outcome data of the TRANSIENT study are described. Although the 
main results of this study showed no difference in infarct size at 4 days, considerable changes in 
infarct size and ejection fraction often occur in the following months. These parameters are impor-
tant predictors of long-term functionality and prognosis in patients with myocardial infarction. In 
line with the main results, final CMR-derived infarct size was very small and ejection fraction was 
preserved without a significant between group difference. Clinical follow-up was performed up to 
1 year and demonstrated a low occurrence of major adverse cardiovascular events (MACE) and 
mortality, independently of treatment strategy. These results support the need for early reperfusion 
in patients with STEMI, because patients with spontaneous reperfusion (TRANSIENT patients) 
have limited myocardial damage and a good clinical outcome compared to patients with mechani-
cal reperfusion.

FUTURE PERSPECTIVES

Since a large proportion of ST-elevation myocardial infarction (STEMI) patients presents with 
multivessel disease, there is a growing interest in the diagnosis and treatment of nonculprit lesions. 
However, there are some important questions regarding nonculprit revascularization that first need 
to be answered in order to move forward. The most important question is: do STEMI patients with 
multivessel disease benefit from complete revascularization? The recently published COMPLETE 
trial, demonstrated that complete revascularization as opposed to culprit only revascularization 
was responsible for a decrease in cardiovascular death or myocardial infarction. There are some 
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additional key questions regarding complete revascularization, that still need to be addressed in 
future trials.

Which diagnostic method should we use to detect significant nonculprit 
lesions?
In patients with stable coronary artery disease (CAD), it is recommended to use intracoronary 
physiology to guide revascularization of intermediate coronary lesions when evidence of ischemia 
is not available. There are only a few retrospective studies that investigated the reliability of physiol-
ogy indices in nonculprit vessels in the acute setting of STEMI and compared the acute value with 
physiology measurements at a planned procedure. In this thesis, for the first time we compared the 
value of hyperemic FFR to the instantaneous wave free ratio (iFR), which is assessed without the 
need for hyperemia, at the index procedure and at 1 month follow-up. We reported an underesti-
mation by FFR, but only a minor overestimation of nonculprit lesion severity by iFR in the acute 
setting. Although our study was retrospective and relatively small, this suggests a potential role 
for iFR in future studies investigating the optimal diagnostic method to assess nonculprit lesion 
severity in STEMI. The FLOWER-MI trial (NCT02943954) and FRAME-AMI (NCT02715518) 
are currently still enrolling patients and investigate the potential additional value of FFR compared 
to angiography only, to evaluate nonculprit lesion severity in the acute setting. Importantly, they 
also assess the safety and cost-effectiveness of both strategies. On the contrary, the ongoing SAFE 
STEMI study (NCT02939976) randomized elderly patients to culprit only revascularization versus 
complete revascularization determined by iFR. Based on this thesis, we propose a hybrid approach 
with iFR measurements in the nonculprit vessel, yet solely when iFR is positive FFR should also 
be measured to avoid false positive iFR values in the acute setting. This proposed strategy should 
be tested in future trials. Intracoronary Doppler flow measurements could provide interesting ad-
ditional information regarding the vasomotor function in the remote area, and especially separate 
epicardial and microvascular conductance emerges as a useful comprehensive method to evaluate 
nonculprit lesion severity in the presence of microvascular fluctuations.

There are only limited studies that investigated the possibility of noninvasive techniques to assess 
nonculprit lesion severity. Besides single photon emission computed tomography (SPECT) and 
positron emission tomography (PET), cardiac magnetic resonance (CMR) imaging appeared as 
an interesting diagnostic technique to evaluate the extent of reversible ischemia in remote myo-
cardium. In this thesis, we briefly touched upon this topic and aimed to contribute to the current 
knowledge by exploration of the potential of CMR to detect ischemic nonculprit lesions based on 
FFR. Results of the ongoing iMODERN study (NCT03298659) will provide additional informa-
tion on the reliability of iFr for nonculprit lesion evaluation. This study investigates whether the 
functional assessment of nonculprit lesions by iFR in the acute setting of STEMI differs from iFR 
measured within 6 weeks. Moreover, this study compares two diagnostic methods to evaluate non-
culprit lesion severity by 1) iFR during the index procedure or by 2) Stress perfusion CMR within 
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6 weeks, in a randomized manner. Upcoming results will shed light on the optimal diagnostic 
method in patients with STEMI and multivessel disease.

When should we evaluate nonculprit lesion severity in STEMI patients?
Currently, it is uncertain whether nonculprit lesion evaluation and subsequent revascularization in 
STEMI patients should be performed directly during the index procedure or at a staged procedure. 
If the latter is beneficial, it is also uncertain how close to the index procedure this staged procedure 
ideally should be planned. Complete revascularization during the index procedure is associated 
with a higher rate of periprocedural events, but reduces costs for an additional procedure. Only 
a few non-randomized small studies compared index procedure revascularization to a staged 
procedure. Results from the COMPLETE trial suggest that the benefit of complete revasculariza-
tion was independent from the timing of the revascularization (during the index hospitalization 
or later). However, the decision for early or staged revascularization was left to the decision of 
the operator and hence these results are prone to bias. It seems that in the acute stage, hyperemic 
flow is decreased in the culprit vessel but to a lesser extent also in the nonculprit vessel and that 
resting flow is slightly increased. This obviously has consequences for acute nonculprit FFR and 
iFR measurements. In line with this theory, in this thesis we reported an increased nonculprit FFR 
and somewhat decreased iFR in the acute setting compared to 1 month follow-up, which could 
impact on clinical decisions. There are studies that indicate that 1 week after STEMI nonculprit 
vasomotor function is still impaired compared to 3 months after the index procedure. Furthermore, 
the iSTEMI study demonstrated that iFR values measured after 16 days were significantly different 
to iFR values measured within 16 days from the index procedure. This suggests that even in the 
subacute phase, intracoronary nonculprit physiology could still be influenced by hemodynamic 
changes in the remote region. This phenomenon is more forthcoming in patients with large infarct 
size. Future randomized trials are necessary to explore the optimal timing of revascularization 
of nonculprit lesions, but a tailored approach for specific groups of STEMI patients may be an 
appropriate solution.

How can we reduce microvascular injury and improve microvascular function 
following STEMI?
Microvascular injury occurs in about half of STEMI patients with angiographically successful res-
toration of coronary flow in the epicardial vessel and is thought to be caused by a loss of endothelial 
integrity due to hypoxia, followed by a phase of reperfusion with subsequent vascular leakage and 
intramyocardial hemorrhage. Because microvascular injury after STEMI is associated with a poor 
clinical outcome, it is an attractive therapeutic target for future trials. Previous predominantly pre-
clinical research, indicated ticagrelor as a potential target to reduce microvascular dysfunction by 
elevating extracellular levels of adenosine by blockage of the equilibrative nucleoside transporter-1 
receptor. In this thesis, we demonstrated that ticagrelor did not improve microvascular function 
1 month after STEMI compared to prasugrel maintenance therapy. Additionally, there was no 
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between group difference in the adenosine plasma levels up to 1 month. In this thesis, patients 
included had relatively small infarct sizes due to rapid revascularization and modern treatment 
strategies. Hence, forthcoming studies may further explore the role of ticagrelor in reducing mi-
crovascular injury in selected STEMI patients with more severe myocardial damage. But there are 
also other potential mechanisms to reduce microvascular injury and improve endothelial function.

For that reason future studies may focus on other possible strategies to limit or prevent micro-
vascular injury e.g. by deferred stenting of the culprit vessel, which led to significantly less patients 
with no-reflow in the DEFER-STEMI pilot study. The ongoing PRIMACY study (NCT01542385) 
randomizes patients to delayed stenting together with anticoagulation therapy compared to the 
“conservative’’ immediate approach. Given the fact that a large part of the microvascular dam-
age is due to the reperfusion itself (referred to as reperfusion injury), restoration of the vascular 
integrity before reperfusion seems an attractive method to include in future studies. Alternatively, 
there might be a role for beta-blockers to prevent microvascular injury in future trials, as the 
METOCARD-CNIC trial indicated a significant reduction in CMR-derived microvascular dam-
age. A relatively new potential method to reduce microvascular injury in STEMI patients is remote 
ischemic preconditioning. And yet the recently published large CONDI-2/ERIC-PPCI trial could 
not demonstrate an improvement in clinical outcome by remote ischemic conditioning, and thus 
the potential of this method remains to be investigated in current studies. Other therapeutic op-
tions for future studies are hypothermia of the ischemic area or the use of intracoronary nitrate and 
intracoronary nicorandil. Microvascular injury is more pronounced in patients with large infarct 
size, and therefore all strategies that limit infarct size contribute to a reduction in microvascular 
damage. In current STEMI patients, infarct size is considerably reduced compared to previous 
decades due to rapid developments in diagnostic methods, patient logistics and treatment options.

Preclinical research indicates that endothelial dysfunction contributes significantly to the devel-
opment of microvascular injury and is associated with the occurrence of ischemic events. In this 
thesis, we focus specifically on peripheral endothelial function in patients with STEMI and demon-
strated an improvement in peripheral endothelial function in patients with ticagrelor and not with 
prasugrel maintenance therapy. Although we could not measure elevated adenosine plasma levels 
in the acute and subacute phase or a decreased microvascular resistance in the ticagrelor group, this 
does not exclude the possible role of adenosine in stimulating the endothelium locally by release 
of nitric oxide, endothelial hyperpolarizing factor and prostacyclins. Ticagrelor therefore remains 
an interesting target to improve coronary or peripheral endothelial function in prospect studies.

How do we move forward in the optimal treatment of patients presenting 
with transient STEMI?
Results of this thesis showed a very limited infarct size and a low presence of microvascular in-
jury with a relatively benign clinical outcome in a specific group of STEMI patients, the so-called 
“transient’’ STEMI patients. Delaying coronary intervention did not improve no-reflow with an 
accompanying similar low amount of microvascular injury in both groups. More importantly, the 
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TRANSIENT trial demonstrated that it is safe to delay revascularization in patients with complete 
normalization of the electrocardiogram and total relief of symptoms. This suggests that interven-
tional cardiologists do not need to rush to the hospital out of office hours to perform immediate 
revascularization in transient patients. However, additional randomized trials are warranted to 
provide more certainty regarding the optimal timing of revascularization. As “transient’’ patients 
present as a distinct group (younger, more often males and smokers) of patients with acute coronary 
syndrome and hence exploration of a different etiology deserves further investigation. We hypoth-
esize that plaque erosion, an alternated thrombotic state and coronary spasm could underwrite the 
development of transient STEMI. Moving forward, forthcoming investigation into these potential 
causal mechanisms could lead to an imminent tailored treatment of this separate group of transient 
STEMI patients. Finally, the very limited infarct size and benign clinical course of these transient 
STEMI patients emphasizes the need to further investigate novel methods to establish coronary 
reperfusion even before coronary angiography.
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“Intracoronaire fysiologie in ischemische hartziekte: van functionele diagnose tot 
specifieke behandelingsstrategie’’
Het doel van dit proefschrift was om verschillende invasieve (en in mindere mate non-invasieve) 
methoden te onderzoeken die de functionele relevantie van epicardiale stenosen en microvasculaire 
aandoeningen evalueren in de setting van chronisch en acuut coronair syndroom. We hebben ons 
vooral gericht op de interactie tussen epicardiale en microvasculaire intracoronaire hemodynamica 
en de moeilijkheden waarmee we worden geconfronteerd, wanneer invasieve fysiologie-indices 
worden gebruikt om ischemische hartziekte op te sporen in aanwezigheid van microvasculair 
lijden.

Intracoronaire fysiologie wordt in de klinische praktijk gebruikt om de microvasculaire, epicar-
diale en collaterale functie te beoordelen bij chronisch (deel I) en acuut coronair syndroom. Een 
gedetailleerd onderzoek naar de implementatie van deze invasieve indices in de aanwezigheid van 
een aangetaste coronaire microvasculatuur na ST-elevatie myocardinfarct (STEMI) (deel II) lijkt 
van groot belang te zijn met het toenemende gebruik van intracoronaire fysiologie om klinische 
beslissingen te sturen. Daarnaast hebben we de mogelijkheden onderzocht om coronaire en pe-
rifere microvasculaire disfunctie te verminderen bij patiënten met een acuut coronair syndroom 
(deel III). In dit proefschrift hebben we het gebruik van intracoronaire fysiologie onderzocht in 
verschillende subgroepen van patiënten met ischemische hartziekte, van functionele diagnose tot 
optimale behandelstrategie.

Deel I - Functionele beoordeling van de coronairen, de microcirculatie en de 
collateralen in chronisch coronair syndroom
De diagnose en behandeling van ischemische hartziekte is hedendaags voornamelijk gericht op epi-
cardiale hartziekte, maar de coronaire microcirculatie speelt een belangrijke rol bij de ontwikkeling 
van ischemische hartziektes. De coronaire microcirculatie bestaat uit de vaten die bijdragen aan 
de myocardiale perfusie met een diameter <300 μm: de pre-arteriolen, de arteriolen, de capillairen 
en de venulen. De coronaire microcirculatie is voornamelijk verantwoordelijk voor de weerstand 
in het coronaire systeem door verschillende mechanismen zoals de myogene, metabolische en 
adrenerge respons, samen met verschillende mechanismen die worden gereguleerd door het en-
dotheel. Microvasculaire disfunctie kan het gevolg zijn van veranderingen of pathologieën die de 
bovengenoemde mechanismen beïnvloeden en het is aangetoond dat microvasculaire disfunctie 
een belangrijke determinant is van chronisch coronair syndroom. Microvasculaire disfunctie heeft 
een grote invloed op de prognose, kwaliteit van leven en speelt een bekende rol bij het ontstaan   
van diabetes, verschillende cardiomyopathieën, maar ook bij stabiele coronaire hartziekte en acuut 
coronair syndroom. Hoofdstuk 2 geeft een uitgebreid overzicht van coronaire microvasculaire 
disfunctie in de context van verschillende fysiologische condities en verschillende pathologieën 
van de coronaire microcirculatie. We zoomen in op de functionele anatomie, de georkestreerde 
regulerende mechanismen en de klinische en prognostische implicaties van coronaire microvas-
culaire disfunctie.
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Aangezien microvasculair lijden een belangrijke bepalende factor is voor de prognose van 
patiënten met stabiele coronaire hartziekte en geassocieerd is met een nadelige klinische uitkomst, 
is er een hernieuwde interesse in invasieve methoden om de toestand van de coronaire microcircu-
latie te evalueren door de bloedstroomsnelheid door middel van Doppler te meten en zodoende de 
coronaire flow index (CFR) te berekenen. CFR wordt berekend door de ratio tussen hyperemische 
en rust bloeddoorstroming en beoordeelt zowel de toestand van de epicardiale bloedvaten als van 
de microcirculatie. De fractionele flow reserve (FFR) geeft daarentegen geen informatie over de 
microcirculatie. In hoofdstuk 3 wordt de discordantie tussen FFR (epicardiale functie) en CFR 
(microvasculaire functie) besproken. Als FFR ≤ 0.80 is en CFR ≥ 2.0, duidt dit op een relevante 
epicardiale stenose met een behouden microvasculaire functie. Als FFR > 0.80 is en CFR <2.0, 
verwijst dit naar een doorgankelijk epicardiaal vat met een verminderde microvasculaire functie. 
Er zijn echter enkele valkuilen: wanneer de microcirculatie gezond is, kan deze een grote toename 
van de hyperemische bloeddoorstroming genereren met een bijbehorend groter drukverval over de 
stenose. Aan de andere kant, wordt in het geval van microvasculair lijden een kleinere toename van 
de hyperemische stroming gegenereerd, wat een kleiner drukval over dezelfde stenose veroorzaakt. 
Patiënten met een normale FFR, maar een verlaagde CFR hebben een slechte prognose, terwijl pa-
tiënten met een abnormale FFR maar een behouden CFR een relatief goede langetermijnprognose 
hebben. Dit benadrukt de noodzaak van het gebruik van multimodale fysiologie, met afzonderlijke 
evaluatie van de epicardiale en microvasculaire domeinen.

In hoofdstuk 4 wordt een nieuwe invasieve methode voorgesteld om zowel de epicardiale als de 
microvasculaire functie afzonderlijk vast te stellen bij patiënten met chronisch coronair syndroom 
door middel van intracoronaire druk en Doppler-stroomsnelheidsmetingen. In deze studie werden 
261 patiënten met stabiele coronaire hartziekte, afkomstig uit een internationaal cohort, geïnclu-
deerd en werden in totaal 403 coronaire bloedvaten onderzocht. De helling van de relatie tussen de 
hyperemische midden-tot-late diastolische druk en de bloedstroomsnelheid werd berekend, welke 
vasculaire geleiding weergeeft (omgekeerde van weerstand). Microvasculaire geleiding wordt bere-
kend met de distale druk en epicardiale geleiding is afgeleid van de totale geleiding (berekend met 
de aortadruk) en de microvasculaire geleiding. Microvasculaire en epicardiale geleiding worden 
uitgedrukt in dezelfde eenheden. Microvasculaire geleiding was lager in vergelijking met epicar-
diale geleiding en was onafhankelijk van de ernst van de stenose. Epicardiale geleiding bleek een 
uitstekend instrument om een   significante stenose te detecteren. Vasculaire geleiding komt naar 
voren als een veelbelovende integrale benadering om de significantie van een epicardiale stenose 
en de toestand van de coronaire microcirculatie afzonderlijk te evalueren.

Hoofdstuk 5 omvat een multicenter cohort met 295 patiënten met chronische totale occlusie 
(CTO). Bij CTO-patiënten leveren collaterale vaten bloed afkomstig van een natieve kransslag-
ader naar het distale deel van de occlusie, wat myocardischemie zou kunnen beperken. Er is een 
grote heterogeniteit in de mate van collateraalvorming (arteriogenese) en de collaterale functie 
kan invasief worden beoordeeld door de van druk afgeleide collaterale flow index (CFI), die wordt 
berekend uit de aortadruk, de druk distaal ten opzichte van de occlusie en de centrale veneuze 
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druk. Uit de studie bleek dat het gebruik van β-blokkers, lage diastolische bloeddruk en lage serum 
leukocyten geassocieerd waren met goed ontwikkelde collateralen bij CTO-patiënten. Bovendien 
werden hypertensie en de duur van angina pectoris ook geassocieerd met een hoge arteriogene 
respons. Een eerder hartinfarct was daarentegen geassocieerd met een lage arteriogene respons. 
De associatie tussen collaterale groei en deze klinische parameters zou erop kunnen wijzen dat 
therapie, waarbij deze factoren betrokken zijn, nuttig zou kunnen zijn om ischemie bij patiënten 
met CTO’s tegen te gaan.

Deel II - Functionele beoordeling van nonculprit-laesies bij acuut coronair 
syndroom
Dit deel van het proefschrift richt zich op de impact van microvasculaire disfunctie op de waarde en 
betrouwbaarheid van intracoronaire indices, om de ernst van epicardiale stenose in patienten met 
een acuut coronair syndroom te beoordelen. Patiënten met STEMI hebben vaak meervatslijden en 
er is gesuggereerd dat volledige revascularisatie in deze patiënten de uitkomst verbetert. Daarom 
is het belangrijk om te concentreren op de evaluatie en behandeling van niet-infarct gerelateerde 
laesies bij patiënten met STEMI en meervatslijden, die tot op heden een grote uitdaging vormen in 
de klinische praktijk. In de acute setting van STEMI kunnen temporele veranderingen in intracoro-
naire hemodynamica in niet-infarct gerelateerde vaten mogelijk de betrouwbaarheid beïnvloeden 
van hemodynamische indexen die de ernst van de stenose beoordelen.

Hoofdstuk 6 biedt een uitgebreid overzicht samengesteld door experts op dit gebied waarin drie 
belangrijke onderwerpen worden behandeld met betrekking tot de optimale evaluatie en behande-
ling van niet-infarct gerelateerde vaten bij STEMI-patiënten met meervatslijden. De eerste hoofd-
conclusie op basis van de resultaten van verschillende gerandomiseerde klinische onderzoeken is 
dat volledige revascularisatie gunstig is bij deze patiënten, hetzij tijdens de indexprocedure, hetzij 
later. Het tweede deel bespreekt de meest gebruikte invasieve en niet-invasieve methoden om de 
ernst van niet-infarct gerelateerde stenosen te beoordelen. Het lijkt erop dat de FFR de ernst van de 
stenose tot op zekere hoogte onderschat en de instantaneous wave free ratio (iFR, een rustindex) 
de ernst van de stenose in de acute setting van STEMI enigszins overschat. Het derde onderwerp 
is gebaseerd op de vraag wanneer nonculprit revascularisatie moet worden uitgevoerd, hetgeen 
moet worden vastgesteld door toekomstige onderzoeken. In het algemeen wordt de evaluatie van 
een niet-infarct gerelateerd vat in een gefaseerde latere setting aanbevolen, maar vanuit een prag-
matisch standpunt kan functionele evaluatie van niet-infarct gerelateerde laesies in de acute setting 
worden overwogen om een   tweede procedure te voorkomen.

Vanwege temporele veranderingen in de intracoronaire niet-infarct gerelateerde hemodynamica, 
is gesuggereerd dat hyperemische en rust fysiologie-indices, om de ernst van de stenose te beoorde-
len, niet betrouwbaar zijn in de acute setting van STEMI. Er werd eerder echter nog geen gepaarde 
analyse uitgevoerd van beide indices van het acute moment tot aan een stabiel follow-up moment. 

In hoofdstuk 7 voeren we een dergelijke analyse uit in 73 STEMI-patiënten met meervatslijden 
met gepaarde FFR en iFR metingen in de acute setting (tijdens de indexprocedure) en na 1 maand 
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follow-up. De FFR nam af en de iFR nam enigzins toe van de indexprocedure tot follow-up. Dit 
gebeurde gelijktijdig met een daarmee samenhangende toename van de CFR, een afname van de 
hyperemische microvasculaire weerstand en een toename van de microvasculaire weerstand in 
rust. Een mogelijke verklaring voor deze temporele veranderingen in hyperemische indices is een 
afgestompte adenosineresponsiviteit in de acute setting, die prominenter aanwezig was bij patiënten 
met een groot infarct, wat overeenkwam met de afname in FFR. Deze bevindingen zijn belangrijk 
om in gedachten te houden bij STEMI-patiënten met grote infarcten en FFR- of iFR-waarden rond 
het afkappunt.

Een niet-invasieve methode om de ernst van niet-infarct gerelateerde laesies bij patiënten met 
STEMI en meervatlijden te beoordelen is door middel van cardiale magnetische resonantie (CMR) 
beeldvorming, maar de overeenkomst tussen CMR en FFR in het niet-infarct gerelateerde vat was 
tot op heden onbekend. In hoofdstuk 8 ondergingen in totaal 77 STEMI-patiënten CMR en FFR 
metingen in niet-infarct gerelateerde vaten 1 maand na de indexprocedure. Volledige kwantita-
tieve, semi-kwantitatieve en visuele analyse van myocardperfusie door CMR werd uitgevoerd en 
toonde een matige tot goede overeenkomst tussen CMR en FFR bij de evaluatie van niet-infarct 
gerelateerde vaten 1 maand na infarct. De 3 verschillende methoden om CMR-perfusiebeelden te 
analyseren, presteerden gelijk ten aanzien van het detecteren van ischemische niet-infarct gerela-
teerde laesies op basis van FFR ≤ 0.80.

Deel III - Behandelstrategieën die de functionele uitkomst in acuut coronair 
syndroom optimaliseren
In het laatste deel van dit proefschrift onderzoeken we de mate van microvasculaire schade op het 
acute moment van STEMI en, nog belangrijker, richten we ons op het verbeteren van de micro-
vasculaire functie in deze patiënten. De optimale behandeling van patiënten met een acuut myo-
cardinfarct omvat snelle mechanische reperfusie door middel van primaire percutane interventie 
tezamen met antitrombotische therapie met een P2Y12-remmer, zoals ticagrelor of prasugrel plus 
aspirine. Ondanks succesvolle revascularisatie en herstel van de coronaire bloedstroming ontwik-
kelt toch een relatief groot deel van de STEMI patiënten microvasculaire schade met bijpassende 
microvasculaire disfunctie. De omvang van de microvasculaire schade kan gemeten worden door 
middel van invasieve microvasculaire functie metingen welke klinische uitkomsten voorspellen. Er 
is gesuggereerd dat ticagrelor microvasculaire schade bij deze patiënten zou kunnen verminderen 
door zijn specifieke eigenschappen om de adenosineniveaus te verhogen, wat resulteert in micro-
vasculaire vasodilatatie. We onderzochten de mogelijkheid om microvasculaire schade en daarmee 
de microvasculaire weerstand te verminderen bij STEMI patiënten, gerandomiseerd naar ticagrelor 
versus prasugrel onderhoudstherapie.

In hoofdstuk 9 beschreven we de rationale en de opzet van de ‘Reducing Microvascular Disfunc-
tion in Revascularized Patients with ST-Elevation Myocardial Infarct by Off-Target Properties of 
Ticagrelor versus Prasugrel’ (REDUCE-MVI) studie. De rationale van het onderzoek was gebaseerd 
op de aanname dat ticagrelor, naast zijn plaatjesremmende effecten, de adenosineniveaus verhoogt 
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door blokkering van de equilibratieve nucleoside transporter-1. In eerder uitgevoerd onderzoek 
zorgen verhoogde adenosine plasma niveaus voor een afname van de ontstekingsreactie, indu-
ceerde het microvasculaire vasodilatatie en stimuleerde het angiogenese en endotheliale genezing, 
wat allemaal bijdraagt aan het behoud van de microvasculaire functie. In deze multicenter studie 
werden 110 STEMI-patiënten gerandomiseerd naar ofwel ticagrelor ofwel prasugrel onderhouds-
therapie gedurende 1 jaar. Het primaire eindpunt van deze studie was de invasieve meting van 
microvasculaire weerstand door middel van de index van microvasculaire weerstand (IMR) in het 
dadervat. Daarnaast hebben we CMR beeldvorming gedaan om de ernst van de microvasculaire 
schade te visualiseren en te kwantificeren. Adenosine plasmaconcentraties werden gemeten en om 
de therapietrouw te beoordelen, maten we de ticagrelor-niveaus op verschillende tijdstippen tot het 
primaire eindpunt op 1 maand. Als secundaire eindpunten hebben we metingen van de mate van 
bloedplaatjesremming en de perifere endotheel functie uitgevoerd en als veiligheidseindpunten 
vergeleken we het aantal bloedingen tussen beide groepen.

Hoofdstuk 10 beschrijft de resultaten van de REDUCE-MVI studie, die de potentie van ticagrelor 
onderzoekt om microvasculaire schade na STEMI te verminderen. Het primaire eindpunt van IMR 
in het infarct-gerelateerde vat na 1 maand was vergelijkbaar tussen 56 patiënten gerandomiseerd 
naar ticagrelor en 54 patiënten gerandomiseerd naar prasugrel onderhoudstherapie. Andere inva-
sieve indices van microvasculaire functie zoals CFR waren ook vergelijkbaar tussen beide groepen 
en infarctgrootte en ejectiefractie op CMR beeldvorming waren ook niet beter bij patiënten die met 
ticagrelor werden behandeld. De aanwezigheid van microvasculaire schade op CMR 4 dagen na het 
myocardinfarct was 46% en was vergelijkbaar in beide groepen, maar intramyocardiale bloeding 
kwam vaker voor bij patiënten die gerandomiseerd waren naar prasugrel. Ticagrelor verhoogde de 
adenosinespiegels niet en verbeterde de bloedplaatjesremming evenmin vanaf de indexprocedure 
tot 1 maand. Hoewel de remming van bloedplaatjes niet verschilde tussen de groepen, vonden we 
iets meer bloedingscomplicaties bij patiënten die gerandomiseerd waren naar prasugrel, wat van 
klinisch belang zou kunnen zijn. Hoewel we geen voordeel van ticagrelor ten opzichte van pra-
sugrel konden aantonen bij het verminderen van de microvasculaire weerstand tot 1 maand, blijft 
microvasculaire schade een belangrijk aanknopingspunt voor de behandeling bij STEMI-patiënten.

Er is beschreven dat ticagrelor onderhoudstherapie de perifere microvasculaire functie verbetert, 
maar het is tot nu toe niet vergeleken met prasugrel gedurende langdurige follow-up. Bovendien 
zijn tot op heden geen vergelijkende gerandomiseerde studies bekend die ook kijken naar de rem-
ming van bloedplaatjes in patiënten gerandomiseerd naar ticagrelor versus prasugrel. De lange 
termijn follow-up data van de REDUCE-MVI studie inclusief plaatjesremming, perifere micro-
vasculaire functie en klinische uitkomsten bij STEMI-patiënten, gerandomiseerd naar ticagrelor 
versus prasugrel worden gepresenteerd in hoofdstuk 11. Klinische follow-up werd uitgevoerd bij 
108 STEMI-patiënten tot 1,5 jaar na presentatie. De resultaten toonden aan dat de remming van 
bloedplaatjes na 1 jaar hoger was dan na 1 maand follow-up en dat bij patiënten die gerandomiseerd 
waren naar onderhoudstherapie met ticagrelor, de remming van bloedplaatjes na 1 jaar hoger was 
dan bij patiënten die gerandomiseerd waren naar prasugrel. Dit zou kunnen worden verklaard door 
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een verminderde bloedplaatjesremming in de subacute fase na STEMI, met een daarmee gepaard 
gaande toename van het risico op ischemische aandoeningen, of juist door een verhoogde bloed-
plaatjesremming na 1 jaar met een daarmee gepaard gaande toename van het risico op bloedingen. 
Het is belangrijk om een   evenwicht te vinden tussen de voordelen en risico’s van bloedplaatjesrem-
ming na STEMI. In deze studie was het aantal ischemische aandoeningen en het aantal bloedingen 
in beide groepen vergelijkbaar. Bij patiënten die gerandomiseerd waren naar ticagrelor, toonden 
we een verbetering aan van de perifere microvasculaire functie die we niet konden aantonen bij 
patiënten die gerandomiseerd waren naar prasugrel. Het lijkt er daarom op dat ticagrelor naast de 
remming van bloedplaatjes ook een positief effect heeft op de endotheelfunctie.

Er is een bekend verband tussen perifere en coronaire endotheliale functie. Bij STEMI-patiënten 
verergert coronaire endotheel disfunctie mogelijk de omvang van microvasculaire schade na 
reperfusie. De relatie tussen perifere microvasculaire functie en coronaire microvasculaire schade 
in de acute setting van STEMI werd onderzocht in hoofdstuk 12. Seriële perifere microvasculaire 
functiemetingen werden uitgevoerd bij 100 STEMI-patiënten in zowel de acute setting (<24 uur 
na de indexprocedure) als in een stabiele setting (na 1 jaar follow-up). Bij patiënten met micro-
vasculaire schade, aangetoond door CMR of verhoogde inflammatoire markers, was de perifere 
microvasculaire functie in de acute fase verstoord. Of perifere microvasculaire disfunctie in de 
acute setting van STEMI pre-existent aanwezig was of een gevolg is van een systemische reactie 
blijft onderwerp van discussie. Perifere microvasculaire disfunctie bij follow-up was geassocieerd 
met een hogere body mass index (BMI), een toegenomen infarctgrootte en een verhoogde kans op 
het optreden van ernstige nadelige cardiovasculaire gebeurtenissen (MACE) binnen 1 jaar. Het lijkt 
erop dat de aanwezigheid van perifere microvasculaire disfunctie een voorspeller is voor kwetsbare 
patiënten na STEMI.

De belangrijkste resultaten van de timing van revascularisatie bij patiënten met een “transient’’ 
(voorbijgaand) myocardinfarct met ST-elevatie (TRANSIENT) studie worden gepresenteerd in 
hoofdstuk 13. Deze gerandomiseerde multicenter studie omvatte 142 STEMI-patiënten met vol-
ledige normalisatie van de ST-segmenten en verlichting van de symptomen vóór revascularisatie, 
de zogenaamde “transient’’ STEMI-patiënten. Ze werden gerandomiseerd naar een onmiddellijk of 
vertraagd coronair angiogram met, indien noodzakelijk, ook revascularisatie. De huidige richtlij-
nen geven niet specifiek aan wat de optimale timing van revascularisatie bij deze patiënten is. De 
uitgestelde strategie werd binnen 24 uur tot 72 uur uitgevoerd op basis van de GRACE-risico score. 
De hypothese was dat het uitstellen van de coronaire interventie de no-reflow zou kunnen beper-
ken en daardoor microvasculaire schade zou kunnen verminderen door optimale en langdurige 
voorbehandeling met antitrombotische therapie, die potentieel gevormde microtrombi tegengaat. 
Het primaire eindpunt was de grootte van het myocardinfarct op CMR ongeveer 4 dagen na het 
infarct welke in het algemeen klein was in beide groepen. Er was geen verschil in infarctgrootte 
of in de omvang van microvascualrie schade tussen beide groepen en de klinische uitkomst in de 
totale populatie was relatief goed. Bovendien hadden alle patiënten die symptoomvrij waren en 
normalisatie van het ST-segment hadden, spontane reperfusie van het infarct-gerelateerde vat vóór 
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revascularisatie. Deze resultaten vormen een aanvulling op de huidige richtlijnen voor de optimale 
behandeling van een hartinfarct.

In hoofdstuk 14 worden de resultaten van de 1 jaar follow-up van de TRANSIENT studie 
beschreven. Hoewel de belangrijkste resultaten van deze studie geen verschil in infarctgrootte 
na 4 dagen lieten zien, treden in de daaropvolgende maanden vaak aanzienlijke verbeteringen in 
infarctgrootte en ejectiefractie op. Deze parameters zijn belangrijke lange termijn voorspellers van 
de functionaliteit en prognose van patiënten met een myocardinfarct. In overeenstemming met de 
al gepubliceerde primaire resultaten was de uiteindelijke infarctgrootte op CMR erg klein en bleef 
de ejectiefractie behouden, zonder een significant verschil tussen de groepen. Klinische follow-up 
werd uitgevoerd tot 1 jaar en toonde een laag voorkomen van MACE en mortaliteit aan, onafhan-
kelijk van de behandelstrategie. Deze resultaten ondersteunen de noodzaak van vroege reperfusie 
bij patiënten met STEMI, omdat patiënten met spontane reperfusie (TRANSIENT-patiënten) 
beperkte myocardiale schade hebben en een goede klinische uitkomst in vergelijking met patiënten 
met mechanische reperfusie.

TOEKOMSTPERSPECTIEVEN

Aangezien een groot deel van de patiënten met een acuut myocardinfarct met ST-elevatie (STEMI) 
zich presenteert met meervatslijden, is er een groeiende belangstelling voor de diagnose en behan-
deling van niet-infarct gerelateerde laesies. Er zijn echter enkele belangrijke vragen met betrekking 
tot niet-infarct gerelateerde revascularisatie die eerst moeten worden beantwoord. De belangrijkste 
vraag is: hebben STEMI-patiënten met meervatslijden baat bij volledige revascularisatie? De recent 
gepubliceerde COMPLETE-studie toonde aan dat volledige revascularisatie, in tegenstelling tot 
alleen revascularisatie van het infarct gerelateerde vat, verantwoordelijk was voor een afname van 
cardiovasculaire sterfte en het optreden van een nieuw myocardinfarct. Er zijn enkele aanvullende 
belangrijke vragen met betrekking tot volledige revascularisatie die nog moeten worden beant-
woord in toekomstige onderzoeken.

Welke diagnostische methode moeten we gebruiken om significante niet-
infarct gerelateerde laesies te detecteren?
Bij patiënten met stabiele coronaire hartziekte (CAD) wordt aanbevolen om intracoronaire fysio-
logie te gebruiken om de revascularisatie van intermediaire coronaire laesies te rechtvaardigen. Er 
zijn slechts enkele retrospectieve studies die de betrouwbaarheid van fysiologie-indices in niet-
infarct gerelateerde vaten in de acute setting van STEMI hebben onderzocht en de acute waarde 
hebben vergeleken met dezelfde fysiologische metingen tijdens een latere geplande procedure. In 
dit proefschrift hebben we voor het eerst de waarde van de hyperemische FFR vergeleken met 
de instantaneous wave free ratio (iFR) die wordt bepaald zonder de noodzaak van hyperemie, 
tijdens de indexprocedure en na 1 maand follow-up. We rapporteerden een onderschatting door 
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FFR, maar slechts een kleine overschatting van de ernst van niet-infarct gerelateerde laesies door 
iFR in de acute setting. Hoewel onze studie retrospectief en relatief klein was, suggereert dit een 
mogelijke rol voor iFR in toekomstige studies die de optimale diagnostische methode onderzoeken 
om de ernst van niet-infarct gerelateerde laesies in STEMI te beoordelen. De FLOWER-MI-studie 
(NCT02943954) en FRAME-AMI (NCT02715518) includeren momenteel patiënten en onder-
zoeken de mogelijke meerwaarde van FFR in vergelijking met angiografie alleen, om de ernst 
van niet-infarct gerelateerde laesies in de acute setting te evalueren. Belangrijk is dat ze ook de 
veiligheid en kosteneffectiviteit van beide strategieën beoordelen. In de nog lopende SAFE STEMI-
studie (NCT02939976) werden oudere patiënten gerandomiseerd naar alleen revascularisatie van 
het infarct gerelateerde vat of volledige revascularisatie, afhankelijk van de waarde van de iFR. 
Op basis van dit proefschrift stellen we een hybride benadering voor met iFR-metingen in het 
niet-infarct gerelateerde vat en alleen wanneer de iFR positief is moet de FFR ook worden gemeten 
om vals-positieve iFR-waarden in de acute setting te voorkomen. Deze voorgestelde strategie moet 
in toekomstige onderzoeken worden getest. Aanvullende intracoronaire Doppler-stroommetingen 
zouden interessante aanvullende informatie kunnen opleveren over de vasomotorische functie in 
het niet-infarct gerelateerde myocardiale gebied. Met name afzonderlijke epicardiale en microvas-
culaire geleiding (gemeten door middel van invasieve druk en bloedstroom metingen) komt naar 
voren als een nuttige methode om de ernst van niet-infarct gerelateerde laesies te evalueren in de 
aanwezigheid van fluctuaties van de microvasculaire hemodynamiek.

Er zijn slechts beperkte studies die de mogelijkheid van niet-invasieve technieken om de ernst 
van niet-infarct gerelateerde laesies te beoordelen hebben onderzocht. Naast enkelvoudige fotone-
missie computertomografie (SPECT) en positron emissie tomografie (PET), kwam cardiale mag-
netische resonantie (CMR) beeldvorming naar voren als een interessante diagnostische techniek 
om de omvang van reversibele ischemie in niet-infarct gerelateerd myocardium te evalueren. In dit 
proefschrift hebben we dit onderwerp kort aangestipt door te onderzoeken of CMR ischemische 
niet-infarct gerelateerde laesies accuraat kan detecteren op basis van FFR. De resultaten van de 
nog lopende iMODERN-studie (NCT03298659) zullen aanvullende informatie opleveren over de 
betrouwbaarheid van iFR wat betreft de evaluatie van niet-infarct gerelateerde laesies. Deze studie 
onderzoekt of de functionele beoordeling van niet-infarct gerelateerde laesies door middel van iFR 
in de acute setting van STEMI verschilt van iFR gemeten na 6 weken. Bovendien vergelijkt deze 
studie twee diagnostische methoden om de ernst van niet-infarct gerelateerde laesies te evalue-
ren met 1) iFR tijdens de indexprocedure of met 2) Stressperfusie CMR binnen 6 weken, op een 
gerandomiseerde manier. De aankomende resultaten zullen bijdragen aan het vraagstuk naar de 
optimale diagnostische methode van niet-infarct gerelateerde laesies in patiënten met STEMI en 
meervatslijden.
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Wanneer moeten we de ernst van niet-infarct gerelateerde laesies evalueren 
bij STEMI-patiënten?
Momenteel is het onzeker of niet-infarct gerelateerde laesie evaluatie en daaropvolgende revascula-
risatie bij STEMI-patiënten met meervatslijden direct tijdens de indexprocedure of in een gefaseerde 
latere procedure moet worden uitgevoerd. Als dat laatste gunstig is, is het ook nog onduidelijk wan-
neer deze gefaseerde procedure idealiter gepland moet worden. Volledige revascularisatie tijdens 
de indexprocedure gaat gepaard met een hoger aantal peri-procedurele voorvallen, maar verlaagt 
de kosten wat betreft een potentiële aanvullende procedure. Slechts een paar niet-gerandomiseerde 
kleine studies vergeleken revascularisatie tijdens de indexprocedure met revascularisatie tijdens 
een latere gefaseerde procedure. Resultaten van de COMPLETE-studie suggereren dat het voordeel 
van volledige revascularisatie onafhankelijk was van de timing van de revascularisatie (tijdens de 
index ziekenhuisopname of later). De beslissing voor vroege of gefaseerde revascularisatie werd 
echter overgelaten aan de operator en daarom zijn deze resultaten vatbaar voor bias. Het lijkt 
erop dat in de acute fase de hyperemische bloedstroming beperkt is in het infarct gerelateerde 
vat, maar in mindere mate ook in het niet-infarct gerelateerde vat en dat de bloedstroom in rust 
enigszins verhoogd is. Dit heeft uiteraard gevolgen voor acute FFR- en iFR-metingen in niet-infarct 
gerelateerde vaten. In lijn met deze theorie rapporteerden we in dit proefschrift een verhoogde 
niet-infarct gerelateerde FFR en een enigszins verlaagde iFR in de acute setting vergeleken met 
1 maand follow-up, wat invloed zou kunnen hebben op klinische beslissingen ten aanzien van 
revascularisatie. Er zijn onderzoeken die aangeven dat 1 week na STEMI de vasomotorische 
functie in niet-infarct gerelateerde vaten nog steeds verstoord is vergeleken met 3 maanden na de 
indexprocedure. Bovendien toonde de iSTEMI studie aan dat iFR-waarden gemeten na 16 dagen 
significant verschilden van iFR-waarden gemeten binnen 16 dagen na de indexprocedure. Dit 
suggereert dat zelfs in de subacute fase de intracoronaire fysiologie metingen in niet-infarct gerela-
teerde vaten nog steeds zouden kunnen worden beïnvloed door hemodynamische veranderingen 
in deze gebieden. Dit fenomeen komt vaker voor bij patiënten met een aanzienlijke infarctgrootte. 
Toekomstige gerandomiseerde onderzoeken zijn nodig om de optimale timing van revascularisatie 
van niet-infarct gerelateerde laesies te onderzoeken, maar mogelijk kan een aanpak op maat voor 
specifieke groepen STEMI-patiënten een geschikte oplossing bieden.

Hoe kunnen we microvasculaire schade verminderen en de microvasculaire 
functie verbeteren na STEMI?
Microvasculaire schade treedt op bij ongeveer de helft van de STEMI-patiënten, ondanks een 
angiografisch succesvol herstel van de coronaire bloedstroom in het epicardiale infarct gerelateerde 
vat. Er wordt verondersteld dat dit wordt veroorzaakt door een verlies van de endotheliale integri-
teit als gevolg van hypoxie, gevolgd door een fase van reperfusie met daaropvolgende vasculaire 
lekkage en intramyocardiale bloeding. Omdat microvasculaire schade na STEMI geassocieerd is 
met een slechte klinische uitkomst, is het een aantrekkelijk therapeutisch doelwit voor toekom-
stige onderzoeken. Eerder, voornamelijk preklinisch onderzoek, gaf aan dat ticagrelor potentieel 
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bijdraagt aan vermindering van microvasculaire disfunctie door niveaus van extracellulair adeno-
sine te verhogen door blokkering van de equilibratieve nucleoside transporter-1-receptor. In dit 
proefschrift hebben we aangetoond dat ticagrelor de microvasculaire functie 1 maand na STEMI 
niet verbeterde in vergelijking met prasugrel onderhoudstherapie. Bovendien was er geen verschil 
tussen de groepen in de adenosineplasmaspiegels tot 1 maand follow-up. De geïncludeerde pati-
enten hadden een relatief kleine infarctgrootte als gevolg van snelle revascularisatie en moderne 
behandelingsstrategieën. Daarom is het interessant om in toekomstige studies de rol van ticagrelor 
bij het verminderen van microvasculaire schade in geselecteerde STEMI-patiënten met ernstigere 
myocardiale schade verder te onderzoeken. Maar naast ticagrelor zijn er ook andere mogelijke 
mechanismen om microvasculaire schade te verminderen en de endotheliale functie te verbeteren.

Om die reden kunnen toekomstige studies zich ook richten op andere mogelijke strategieën om 
microvasculaire schade te beperken of te voorkomen, bijvoorbeeld door uitgestelde stentplaatsing 
van het infarct-gerelateerde vat, wat in de DEFER-STEMI-pilotstudie leidde tot significant minder 
patiënten met no-reflow. De lopende PRIMACY-studie (NCT01542385) randomiseert patiënten 
naar uitgestelde stentplaatsing samen met antistollingstherapie versus de ‘conservatieve’ onmid-
dellijke benadering. Gezien het feit dat een groot deel van de microvasculaire schade te wijten is 
aan de reperfusie zelf (reperfusieletsel genoemd), lijkt herstel van de vasculaire integriteit vóór 
reperfusie een aantrekkelijke methode om in toekomstige studies te onderzoeken. Als alternatief 
kan er een rol zijn weggelegd voor bètablokkers om microvasculaire schade te voorkomen in 
toekomstige studies, aangezien de METOCARD-CNIC-studie een significante vermindering van 
microvasculaire schade gemeten met CMR aantoonde. Een relatief nieuwe potentiële methode om 
microvasculaire schade bij STEMI-patiënten te verminderen is ischemische preconditionering. En 
toch kon de onlangs gepubliceerde grote CONDI-2 / ERIC-PPCI-studie geen verbetering aantonen 
door ischemische conditionering wat betreft de klinische uitkomst, dus de werkzaamheid van deze 
methode moet nog worden onderzocht in de huidige studies. Andere therapeutische opties voor 
toekomstige studies zijn koeling van het ischemische gebied of het gebruik van intracoronair nitraat 
en intracoronair nicorandil. Microvasculaire schade is meer uitgesproken bij patiënten met een 
groot myocardinfarct, en alle strategieën die de grootte van het infarct beperken dragen daarom bij 
aan een vermindering van microvasculaire schade. Bij huidige STEMI-patiënten is de grootte van 
het infarct aanzienlijk verminderd in vergelijking met voorgaande decennia.

Preklinisch onderzoek geeft aan dat endotheeldisfunctie significant bijdraagt   aan de ontwikke-
ling van microvasculaire schade en verband houdt met het optreden van ischemische voorvallen. 
In dit proefschrift richten we ons specifiek op de perifere endotheelfunctie bij patiënten met STEMI 
en toonden een verbetering aan in de perifere endotheelfunctie bij patiënten met ticagrelor en 
niet met prasugrel onderhoudstherapie. Hoewel we geen verhoogde adenosineplasmaspiegels in 
de acute en subacute fase of een verminderde microvasculaire weerstand in de ticagrelorgroep 
konden meten, sluit dit de mogelijke rol van adenosine bij het lokaal stimuleren van het endotheel 
door afgifte van stikstofmonoxide, endotheliale hyperpolariserende factor en prostacyclines niet 
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uit. Ticagrelor blijft daarom een   interessant onderwerp voor toekomstige onderzoeken om de 
coronaire of perifere endotheelfunctie potentieel te verbeteren.

Hoe gaan we nu verder in de optimale behandeling van patiënten met 
voorbijgaande STEMI?
De resultaten van dit proefschrift toonden een zeer beperkte infarctgrootte en een lage aanwezig-
heid van microvasculaire schade aan met een relatief goede klinische uitkomst bij een specifieke 
groep STEMI-patiënten, de zogenaamde “transient’’ STEMI-patiënten. Het uitstellen van de co-
ronaire interventie verbeterde de no-reflow niet met een vergelijkbare microvasculaire schade in 
beide groepen. Wat nog belangrijker is, de TRANSIENT-studie toonde aan dat het veilig is om 
revascularisatie bij patiënten uit te stellen met volledige normalisatie van het elektrocardiogram 
en totale verlichting van de symptomen. Dit suggereert dat interventiecardiologen zich niet 
buiten kantooruren naar het ziekenhuis hoeven te haasten om onmiddellijke revascularisatie uit 
te voeren bij deze “transient’’ patiënten. Aanvullende gerandomiseerde onderzoeken zijn echter 
gerechtvaardigd om meer zekerheid te bieden over de optimale timing van revascularisatie. “Tran-
sient’’ STEMI patiënten presenteren zich als een aparte groep (jongere patienten, vaker mannen 
en rokers) van patiënten met acuut coronair syndroom en daarom is aanvullend onderzoek naar 
een andere etiologie in de de toekomst van belang. Onze hypothese is dat plaque-erosie, een wis-
selende trombotische toestand en coronairspasme zouden kunnen bijdragen aan het ontstaan van 
“transient’’ STEMI. Nader onderzoek naar deze mogelijke causale mechanismen kan leiden tot een 
specifieke behandeling op maat van deze specifieke groep “transient’’ STEMI-patiënten. Ten slotte 
benadrukt de zeer beperkte infarctgrootte en het relatief goede klinische beloop van deze patiënten 
de noodzaak om nieuwe methoden om coronaire reperfusie te bewerkstelligen nog vóór coronaire 
angiografie verder te onderzoeken.
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Casper Arij van der Hoeven and Margaret Siderius. After 2 years 
in Amsterdam, she moved to Bloemendaal to spend her childhood 
together with her brother Walt Jan van der Hoeven. Besides school, 
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highest level for many years. During her education she focused 
on English writing and reading, and she obtained an extracur-
ricular English course (Fastlane English, Kennemer Lyceum). 
After finishing her pre-university education (Gymnasium) at the 
Kennemer Lyceum and Luzac College in Haarlem, in 2007 she started with her bachelor studies at 
the University of Amsterdam. After one year of Biomedical Science she had the chance to fulfill her 
childhood dream to become a medical doctor. In 2008, she was granted the opportunity to study 
Medicine at the VU University Amsterdam. Her passion for traveling led to medical internships 
in Paramaribo, Suriname and Aruba. In the third year of the study, her mentor Jean F. Bronzwaer 
(cardiologist) inspired her to pursue a scientific career in cardiology, hence in 2010 she started as a 
student researcher at the department of cardiology at the VU University Medical Center (VUmc). 
For six months she contributed to different clinical and preclinical projects, including participating 
in surgery in a murine hindlimb model under supervision of prof. dr. Niels van Royen. In 2013, 
she published her first scientific article in the interventional cardiology investigating collateral 
formation in patients with chronic total occlusions. During her masters, she completed her senior 
internship at the department of cardiology (VUmc) and her interest in cardiology was fully aroused. 
In this period, she ran the marathon of New York to raise money for Human Rights Watch. After 
obtaining her medical degree in 2014, she worked a few months as a clinical trial physician at the 
department of cardiology before she started with her PhD in 2015. The first months of her PhD she 
lived in Madrid, Spain, where she participated with great pleasure in different scientific projects 
under supervision of prof. dr. Javier Escaned. During her PhD trajectory, she mainly focused on 
the interventional cardiology and especially on intracoronary physiology in patients with acute 
myocardial infarction under direct supervision of prof. dr. Niels van Royen (second promotor: prof. 
dr. Albert C. van Rossum and copromotors dr. Maarten van Leeuwen and prof dr. Javier Escaned), 
which resulted in this thesis. Throughout her PhD period, she published in multiple high impact 
scientific journals and presented her research at various international cardiology conferences. Be-
sides winning the first price for best oral presentation at the NVVC spring conference in 2017, one 
of the highlights of her PhD period was winning the abstract presenting competition “euroPCR’s got 
talent’’ at the euroPCR conference in Paris in 2017.

In November 2019, she became the proud mother of her son Tijn Cas Beukeboom. Together 
with her boyfriend Dion Beukeboom and Tijn, she now lives in Amsterdam and continues to enjoy 
living in this magical city. In April 2021 they are expecting their second son. After working for 
some months as a cardiology resident at the department of cardiology at the Amsterdam University 
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Het dankwoord is in mijn ogen wellicht één van de belangrijkste onderdelen van het proefschrift. 
Als je aan het dankwoord toe bent betekent het dat het einde in zicht is. Allereerst wil ik de be-
langrijkste personen in dit proefschrift, namelijk de proefpersonen, danken voor hun deelname 
aan wetenschappelijk onderzoek. Zonder hun inspanningen was het niet mogelijk geweest dit 
proefschrift af te ronden. Verder wil ik uiteraard mijn collega’s, lieve vrienden en familie bedanken 
voor de steun en nodige afleiding die ze mij tijdens mijn onderzoeksjaren hebben gegeven. Ik heb 
geprobeerd het dankwoord kort te houden, met zeer beperkt succes. 

prof.dr. N. van Royen, promotor: Beste Niels, we hebben elkaar ongeveer 10 jaar geleden voor het 
eerst ontmoet, jij als jonge veelbelovende interventiecardioloog en ik als ietwat chaotische student. 
Mijn mentor tijdens de geneeskunde studie, dr. Jean Bronzwaer had ons aan elkaar voorgesteld. 
Ik begon met mijn verlengde wetenschappelijke stage onder jouw supervisie en ik ben nooit meer 
weggegaan. Ondanks jouw drukke agenda, heb je altijd tijd vrij gemaakt om me te begeleiden bij 
het schrijven en presenteren van wetenschappelijke artikelen. Door jouw aanstekelijke enthousi-
asme over onderzoek en de cardiologie was ik vanaf moment één al vergeten dat ik eigenlijk altijd 
chirurg wilde worden. Je stimuleerde mij om het beste uit mezelf te halen, soms met strenge hand, 
door me om 7:30 wakker te bellen waar ik wel niet was, of mij tijdens mijn tweede date met Dion 
op een zondag naar het ziekenhuis te sommeren voor een inclusie in jouw dienst (Dion mocht 
overigens wel gewoon mee hoor). Maar meestal door me in mezelf te laten geloven. Inmiddels ben 
ik in de VU overgebleven en ben jij naar het RadboudUMC gegaan, waar ik initieel niet bepaald 
blij mee was. Nu zie ik in dat het voor jou een heel mooie kans was, afdelingshoofd van de afdeling 
cardiologie van het Radboud. Het past bij jouw karakter, altijd in voor nieuwe uitdagingen. Tot op 
de dag van vandaag snap ik nog steeds niet hoe je alles combineert, een zeer succesvolle carrière, 
drie lieve kinderen (waarvan één nog in de luiers), veel sociale activiteiten en daarnaast ben je 
nog geen één jaar mijn verjaardag vergeten (je bent altijd de eerste die me feliciteert). Ronak zal 
hier ongetwijfeld een grote rol in spelen. Ik wil je bedanken voor jouw begeleiding de afgelopen 
jaren, voor alle voornamelijk mooie en soms ook minder mooie momenten die we samen hebben 
meegemaakt, maar vooral voor de warme vriendschap die er is ontstaan met jou en Ronak.

prof.dr. A.C. van Rossum, promotor: Beste Bert, bedankt voor het gestelde vertrouwen in mij 
als promovendus en het bieden van de mogelijkheid om te promoveren. Ik wil je tevens graag 
bedanken voor de kansen die je me gaf als wetenschappelijk student, arts-onderzoeker en later als 
arts-assistent cardiologie. Inhoudelijk hebben wij wel eens over mijn onderzoek gesproken, maar je 
zorgde met name achter de schermen dat de onderzoeken soepel verliepen. Ik waardeer je eerlijke 
en neutrale blik op zaken. Jouw natuurlijke leiderschap en jouw verbindende rol als afdelingshoofd 
hebben, tijdens mijn jaren in de VU, gezorgd voor een zeer prettige werksfeer en mooie samenwer-
kingen met externe centra.

dr. Maarten van Leeuwen, copromotor: Beste Maarten, graag wil ik jou bedanken voor je bege-
leiding en hulp met het opzetten en afronden van de REDUCE-MVI studie. Zonder jou was mijn 
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proefschrift letterlijk niet mogelijk geweest. Jij bent de drijvende kracht achter de studie geweest en 
hebt gezorgd dat het onderzoek financieel mogelijk was. Tijdens het diner na jouw eigen promotie 
benoemde je in jouw speech dat we op veel vlakken op elkaar lijken en daardoor op de werkvloer 
wel eens in een discussie konden belanden. Ik denk dat je daar gelijk in hebt. Met name buiten 
het werk om kon ik erg met je lachen tijdens de ontelbare borrels, etentjes en wintersporten. Jouw 
unieke karakter en jouw aanstekelijke lach zijn twee eigenschappen die er voor zorgen dat je een fijn 
persoon bent om er bij te hebben in de groep. Ik wens je alle geluk toe met jouw mooie gezin en je 
carrière als veelbelovend interventiecardioloog in het Isala ziekenhuis.  

prof.dr. J. Escaned, copromotor: Dear Javier, during my time as a researcher in Madrid you became 
a very dear and special friend. As a young adventurous PhD student, I went to Madrid to perform 
research under your supervision, not knowing that it would end up in endless conversations over 
music and politics during dinners (always very late following Spanish traditions), extensive dis-
cussions over intracoronary physiology and numerous jazz shows (including live performances 
from you and Maria). I would like to thank you and Maria for your hospitality whenever I am in 
Madrid. Furthermore, I am grateful for the opportunities you gave me, the interesting people you 
introduced me to, the trust you have in me and I hope we continue to work together on future 
projects. Espero volver a visitarlos a usted y a su familia pronto en Madrid.

Beste Jorrit, toen Niels mij een aantal jaar geleden bij de TRANSIENT en COACT studie betrok 
leerde ik jou beter kennen. Initieel wist ik niet goed wat ik van je kon verwachten gezien je een 
man van weinig woorden leek. Niets was minder waar. Inmiddels heb ik je leren kennen als een 
humoristische, goedlachse en loyale collega. Van mooie speeches op wintersport tot urenlange 
etentjes in Amsterdam of New Orleans met Niels en Gladys. De kroon op ons werk waren wel jouw 
late-breaking presentaties van de COACT en TRANSIENT studie tijdens de ACC en euroPCR en 
uiteraard de COACT publicatie in the New England Journal of Medicine. Ik wil je graag bedanken 
voor je hulp en begeleiding tijdens mijn promotie, je nuchtere kijk op lastige kwesties en de advie-
zen die je aan mij als arts-assistent gaf. Daarnaast heb je mij en mijn schoonfamilie enorm geholpen 
toen mijn schoonvader opgenomen moest worden bij ons bij de cardiologie, dat zal ik niet snel 
vergeten. Ik hoop dat we in de toekomst nog vele mooie wintersporten, congressen en mijlpalen 
samen mee gaan maken en volgend jaar kunnen proosten op onze beide promoties.

Aangezien de onderzoeken die ik heb uitgevoerd voornamelijk interventie studies waren ben 
ik de afgelopen jaren veel op het cathlab geweest. Een bijzondere dank gaat daarom uit naar de 
interventie fellows, interventie cardiologen en cathlab verpleegkundigen. Als ik weer eens tijdens 
de dienst een STEMI patiënt in de REDUCE-MVI studie wilde includeren waren jullie (soms na 
geringe protesten) nooit te beroerd om jullie in te spannen. Paul Knaapen, Alexander Nap, Yolande 
Appelman, Koen Marques, Jorrit Lemkes, Maarten van Leeuwen, Dirk van der Heijden en Niels Ver-
ouden: dank voor jullie inzet, zonder jullie enthousiasme waren deze studies niet mogelijk. Yolande 
jou wil ik specifiek nog bedanken voor de interessante gesprekken die we hebben gehad over de 
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coronaire microcirculatie (jij meer geïnteresseerd in man-vrouw verschillen, ik in de intracoronaire 
fysiologie). Paul, dank voor je support tijdens mijn periode als arts-assistent. Ik moet erg lachen 
om jouw vele gevleugelde uitspraken, bijvoorbeeld toen je me ongemakkelijk feliciteerde met “mijn 
nieuwe bun in the oven”. Tot slot, Alex, ik wil je danken voor je hulp bij het einde van dit proef-
schrift. Je hebt me erg geholpen met de farmacologische mechanismen van de coronaire en perifere 
endotheelcellen en de toekomst perspectieven van mijn proefschrift.

Aanvullend wil ik graag alle verpleegkundigen van het cathlab bedanken voor jullie geduld tijdens 
de urenlange fysiologie metingen en de aangename sfeer op het cathlab. Ik voelde me op het cath-
lab als een vis in het water dankzij jullie. Ook het planbureau invasieve cardiologie, Els, Karolien, 
Nicole en Karin, ben ik erg dankbaar voor jullie hulp bij het inplannen van de vele studie patiënten.

Graag wil ik de overige stafleden van de afdeling cardiologie van het VU medisch centrum bedan-
ken. Met veel van jullie heb ik een speciale band. In het bijzonder wil ik Ramon danken voor jouw 
gepassioneerde wijze van onderwijs geven over de cardiologie en je bereidheid om laagdrempelig 
beginnersvragen te beantwoorden. Onze samenwerking heeft geleid tot een mooie publicatie in 
European Heart Journal case reports. Samen met dr. Veen gingen wij in 2012 naar Los Angeles om 
ons onderzoek op de AHA te presenteren. Dr. Veen had een fraai hotel voor ons drieën geregeld, 
wat uiteindelijk het befaamde Cecil hotel in een verlaten buurt in LA bleek te zijn waar meerdere 
malen seriemoordenaars verbleven. We kwamen thuis met bed bugs en het nieuws dat een aantal 
maanden nadat wij er waren geweest er een lijk in de watertanks op het dak was gevonden. Een 
onvergetelijke reis en een mooi verhaal voor later. Ik kan natuurlijk Karin, Thelma, Louis, Lourens 
en Liza niet vergeten, jullie hebben mij als semi-arts en als ANIOS geleerd klinisch te redeneren 
en enthousiast gemaakt voor de cardiologie. Als arts-onderzoeker was ik meerdere jaren verant-
woordelijk voor het regelen van de afdelingswintersport waar ik erg warme herinneringen aan heb, 
mede omdat ik tijdens deze reizen de overige stafleden en arts-assistenten beter heb leren kennen. 
Ongekend waren jouw ski-kunsten Michiel Kemme, soms helaas met een minder gunstige afloop. 
Ik weet nog goed dat we samen in de apres-ski bar stonden na een heftig dagje skiën, jij met mitella 
en ik met krukken. Inmiddels behoor jij niet meer tot onze staf, maar Robin Nijveldt (inmiddels 
prof.dr. Nijveldt) ook jou wil ik bedanken voor je hulp met mijn proefschrift, met name door jouw 
expertise op het gebied van cardiale MRI. Op dit moment werken we nog samen aan een aantal 
mooie REDUCE-MVI projecten en ik ben benieuwd wat de toekomst ons nog meer gaat brengen.

Ik ben blij met alle jonge getalenteerde cardiologen en ouderejaars AIOSsen die mij tijdens mijn pe-
riode als ANIOS hebben gesuperviseerd. Bob, Yara, Marije, Stefan, Deborah, Anja, Paul Luijendjik, 
en Mariëlle bedankt voor jullie geduld, voor het feit dat jullie mij het vertrouwen gaven zelf veel 
beslissingen te nemen en toch altijd heel scherp over mijn schouder mee keken en het overzicht 
hielden. Ik heb veel van jullie geleerd. Het is nu een moeilijke tijd om een baan als cardioloog te 
vinden, maar ik heb er geen twijfel over dat jullie allen een passend plekje gaan vinden.



370

Part V

Lieve research verpleegkundigen, jullie zijn de ruggengraat van de meeste onderzoeken uit dit proef-
schrift geweest. Jullie zorgden er voor dat alle gegevens accuraat werden verzameld, maar ook goed 
werden bewaard, alle queries op tijd werden beantwoord en alle externe centra aan de slag konden. 
Daarnaast zorgden jullie ook voor de nodige gezelligheid. Ellen, ik kan me de vele gesprekken met 
jou tijdens onder andere onze trip naar Athene nog goed herinneren. Ik heb veel bewondering 
voor je als collega maar vooral als persoon, je hebt veel meegemaakt maar blijft zo positief. Debby, 
dank voor je harde inzet voor de COACT studie; ik wens je veel succes buiten het ziekenhuis en 
waar je ongetwijfeld je draai hebt gevonden. Mary, wij hebben maar kort samengewerkt, maar jij 
ontfermde je over iedereen en zorgde ervoor dat de MRI planning als een geoliede machine liep. 
Britt, jij kwam later pas bij de cardiologie en bent wat mij betreft ook te snel weer vertrokken. Wat 
een inspanningen heb jij verricht voor de REDUCE-MVI studie, waarvoor veel dank. Alle (nieuwe) 
research verpleegkundigen wens ik veel succes met de toekomstige studies. 
Graag dank ik ook alle verpleegkundigen van de hartbewaking voor hun hulp bij de REDUCE-MVI 
patiënten en voor de fijne samenwerking tijdens mijn ANIOS periode. 

Beste Peter van der Ven, door jou heb ik veel meer inzicht gekregen in de statistiek en ik wil je graag 
bedanken voor de vele uren waarin je me hebt geholpen met de statistiek van de verschillende stu-
dies. Zelfs in het weekend was jij niet te beroerd om naar de VU te komen voor enkele last-minute 
analyses en uiteraard een croissantje beloofd door Niels. Daarnaast hebben Sandra, Gaby en Johan 
de nodig technische en administratieve ondersteuning geboden waarvoor dank. 

Het belangrijkste onderzoek van mijn proefschrift is de REDUCE-MVI studie. Graag bedank ik 
alle externe centra die mee hebben gedaan aan deze studie, want zonder hen was het niet mogelijk 
geweest in een relatief kort tijdsbestek het beoogde aantal proefpersonen te includeren. In veel 
centra hebben wij wekenlang gebivakkeerd om elke STEMI patiënt te beoordelen en eventueel te 
includeren. Prof.dr. von Birgelen, prof.dr. Javier Escaned, prof.dr. Jan Piek, dr. Roberto Diletti en dr. 
Tim ten Cate, dank voor de gastvrijheid en de prettige samenwerking. 

Tevens wil ik graag de leden van de promotiecommissie: prof.dr. J. van der Velden, prof.dr. J.P. Hen-
riques, prof.dr. N.M. van Mieghem, prof.dr. S.A.J. Chamuleau en dr. K.M.J. Marques danken voor 
hun bereidheid om dit proefschrift te lezen, te beoordelen en voor hun deelname aan de oppositie. 

Lieve Ronak, wat velen niet weten is dat jij vanaf het begin van mijn wetenschappelijke carrière al bij 
mij betrokken bent. Jij voerde in 2012 al de statistische analyses uit voor mijn eerste gepubliceerde 
wetenschappelijke artikel en liet mij denken dat ik het allemaal zelf had gedaan (met jouw syntax). 
Je bent inmiddels interventiecardioloog, staflid van het AmsterdamUMC en begeleidt meerdere 
promovendi. Het zou mij niet verbazen als we je over een paar jaar als prof.dr. Delewi moeten 
aanspreken. Je bent dol op Bruno en Marius en je zorgt ervoor dat in huize van Royen alles altijd 
op rolletjes loopt. Niels heeft het heel slim gedaan door jou aan de haak te slaan. Sinds 2 jaar heb 
ik een nieuwe naamgenoot, lieve Nina van Royen, met wie Tijn zo nu en dan speelt. Ik wens jullie 
al het geluk toe met jullie mooie gezin en ben blij dat ook jij een dierbare vriendin bent geworden. 
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Mijn maatjes tijdens mijn periode als arts-assistent kan ik natuurlijk niet vergeten, Yvemarie en 
Paulina. We hadden heel wat weddenschappen lopen en gelukkig heb ik alle weddenschappen 
gewonnen, namelijk een mooie promotie plek voor jou Yve en een opleidingsplek voor jou Pau. 
Wat ik alleen niet helemaal snap is waarom de winnares van de weddenschappen een fles pomerol 
en een fles gin tonic armer is, daar hebben jullie me toch te pakken genomen. Jullie zijn beiden 
erg begaan met patiënten, collegiaal en betrokken bij de afdeling. Ik wil jullie bedanken voor de 
lachbuien die jullie me gaven tijdens werk, het roddelen over van alles en niets, en ik kijk er naar uit 
om in de toekomst nog meer diners bij Neni of borrels in de Pijp met jullie te plannen. 

Nu we het toch over maatjes hebben, Niels Wijkstra, onze karakters klikten meteen. Jouw flamboy-
ante karakter heeft door de jaren heen heel wat lach-rimpels bij mij veroorzaakt. Ik kan me nog 
goed herinneren dat ik semi-arts was en jij ANIOS en je mij moest beoordelen in mijn KPB boekje. 
Ik zal de lezers maar besparen wat je opschreef, maar daar is onze vriendschap begonnen. Ik wil je 
graag bedanken dat je zo’n goede en loyale collega, maar ook vriend van me bent. Ik kijk uit naar 
veel meer etentjes waarbij je tante Surinaams voor ons kookt of weekendjes naar Friesland. 

Gezien ik als student al begon met wetenschappelijk onderzoek, zijn er veel onderzoekers met 
wie ik heb samengewerkt. Ik wil ze graag in chronologische volgorde bedanken voor de leuke en 
leerzame jaren die ik samen met ze heb gehad. 

Paul Teunissen, mijn wetenschappelijke carrière begon als student onder jouw begeleiding. Nadat ik 
net twee dagen begonnen was als student, regelde je al dat ik mee kon als “de nieuwe promovendus” 
met de afdelingswintersport. We hebben samen urenlang op het dierproef laboratorium muizen ge-
opereerd, waarbij je me zelfs wist te strikken om in de kerstvakantie naar de VU te komen om nog 
een aantal muizen te offeren. Ook later hebben we veel avonturen meegemaakt op wintersporten 
of congressen zoals na euroPCR congres door Parijs heen scheuren in een Lamborghini en Ferrari 
(mede mogelijk gemaakt door Niels). Met jou is het nooit saai. Ondanks dat we elkaar niet meer zo 
veel spreken nu je naar Nijmegen bent verhuisd, ben ik je dankbaar voor onze vriendschap. 

Als wetenschappelijk student zat ik op de kamer met Raquel en Marthe, mijn mede studenten die 
beiden ook wetenschappelijke stage bij de cardiologie deden. Lieve Raquel, Rakkie, Raq, Rakkel, je 
bent een pittige tante net als ik. Ik vind het zo leuk om te zien hoe je gegroeid bent tot een zeer ge-
talenteerd cardioloog in opleiding en eindelijk je ware liefde hebt gevonden in Pepijn. Ik kijk er nu 
al naar uit om straks weer met je samen te werken tijdens onze interne geneeskunde vooropleiding 
in het OLVG. Lieve Marthe, ik ken je al van tijdens onze geneeskunde studie en was heel blij toen 
ik hoorde dat jij de “nieuwe” promovendus in de VU werd na jouw arts-assistentschap in Alkmaar. 
Jouw cardiologische kennis en sociale vaardigheden gaan je heel ver brengen, maar eerst een mooi 
ander avontuur voor jou in 2021, waar ik je heel veel geluk mee wens. 

Na mijn studentenjaren begon ik eerst een aantal maanden als trial-arts samen met Hennes, Jailen 
en later ook Luc Kemps. Tijdens deze periode had ik soms geen idee wat ik aan het doen was, maar 
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jullie gelukkig ook niet. We waren verantwoordelijk voor veel grote studies zoals de GLAGOV, 
BIVAL en SPIRE onder de gepassioneerde doch soms ook strenge leiding van Niels. We werden 
regelmatig s’ ochtends door Niels uit ons bed gebeld met de vraag waar we waren en waarom de 
eerste patiënt die op het cathlab programma stond niet in een studie zat. Gelukkig hadden we naast 
werk zeer regelmatig de nodige uitstapjes zoals boottochten, etentjes en congressen. We zaten vaak 
op vrijdag om 15:30 in de Basket (soms met studiepieper op zak, want die had daar nog net bereik) 
samen met de toenmalige onderzoekers zoals Wynand, Mischa, Alwin, Monique, Roel, Biesbroek, 
Ibi, Sebas Roos, Rahana, Maurits, Paul, Guus, Schumi en Raquel.

Lieve Gladys, toen jij opeens hoorde dat ik zou gaan helpen bij jouw geliefde REDUCE-MVI, 
TRANSIENT en COACT studies moesten we daar eerst beiden even aan wennen. Je had al veel 
werk in die studies zitten en had helemaal geen hulp nodig en ik had ook niet zo veel zin om mijn 
vertrouwde fysiologie hoekje te verlaten. Maar na een tijdje merkten we beiden dat we elkaar goed 
aanvulden, zo relaxed als jij bent, zo hyper was ik soms. We hebben er samen voor gezorgd dat 
meerdere grote multicenter studies zijn afgerond en zijn gepubliceerd in top bladen, waar we trots 
op mogen zijn. Nu ik jouw dankwoord aan het typen ben zit ik toevallig tegenover je op zaal, beiden 
aan de slag als arts-assistent in de VU. Beiden moeder van een kindje van 1 jaar, Lois en Tijn. Ik 
waardeer de rust die je uitstraalt, je nuchterheid en je goede klinische blik. Ik kijk er naar uit om 
onze opleiding tot cardioloog samen voort te zetten. 

Ik heb gedurende mijn jaren als arts-onderzoeker veel verschillende kamergenoten gehad. Mijn 
laatste jaren als onderzoeker bracht ik door op de kamer met: Guus, Maurits, Henk, Bom, Ahmet en 
Pien, een kleurrijk gezelschap. We draaiden urenlang muziek, waarvan het genre zeer uiteenlopend 
was, variërend van Kendrick Lamar tot Vic Crezee en Django Wagner, om onze befaamde grim-
mige uurtjes op de maandag niet te vergeten waarbij de gehele kamer donker werd gemaakt en we 
alleen maar grimmige liedjes luisterden. Menig persoon die per ongeluk onze kamer binnenstapte 
tijdens dit uur wist niet wat die meemaakte en verliet met een depressie de novo onze kamer. Guus, 
van jou heb ik enorm veel geleerd, zowel op het gebied van algemeen wetenschappelijk onderzoek 
als op het gebied van fysiologie. Ik ken niemand anders die zo gepassioneerd is over onderzoek. 
Als ik maandag op werk kwam na een weekend vol festivals, begon jij vaak met: “heb je dat nieuwe 
paper in Circulation dit weekend al gelezen, super interessante resultaten, misschien kunnen we 
dat hier ook opzetten”. Ik genoot van jouw enthousiasme. Dank voor je hulp bij mijn proefschrift 
en ik twijfel er niet aan dat jouw grote droom om ooit professor te worden gaat uitkomen. Samen 
met Maurits hebben we veel mooie momenten meegemaakt op borrels, congressen, in de Basket of 
wintersport. Mau, jouw humor is ongekend scherp. Je hebt me vaak laten lachen tot tranen aan toe, 
maar als ik er even doorheen zat wat betreft onderzoek wist je me ook altijd verstandige vaderlijke 
adviezen te geven en tot rust te laten komen. Ik ben je hier zeer dankbaar voor. Ik hoop in 2021 ook 
te mogen genieten van jouw verdediging. Henk, jij noemde jezelf laatst iemand die enkel in zwart of 
wit denkt. Hier kan ik het niet meer dan mee eens zijn. Op de kamer zorgde de verschillende per-
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soonlijkheden voor de nodige verhitte discussies (en tot de Henk van de week beker), maar ik denk 
dat diversiteit uiteindelijk alleen maar goed is binnen een groep. Je hebt ongelofelijk veel kennis op 
het gebied van de cardiologie en bent erg gedreven. Ik vind het mooi om je nu te zien vlammen als 
ANIOS in de VU en wens je alle goeds toe. Bom, Bomba, het creatieve brein van de kamer. Wat gaat 
alles jou makkelijk af. Maandelijks een nieuw artikel schrijven, overige promovendi leren hoe je 
figuren maakt in Adobe illustrator of het organiseren van een wintersport. Jij draait er je hand niet 
voor om. Daarnaast ben je altijd aanwezig bij alle sociale activiteiten en heb je ook een uitgesproken 
mening over de dagelijks politiek. Bedankt voor de leuke jaren samen op de kamer. Ahmet, je bent 
hier naar Nederland gekomen voor meer kennis op het gebied van de cardiale MRI, ver weg van je 
vrienden en familie. Je werkt nu als cardioloog in het CCN en daarnaast nog promoveren. Ik ben 
blij dat je nu verder gaat met de REDUCE-MVI, TRANSIENT en COACT data en wens je hier veel 
succes mee. Dan de laatste bewoonster van de kamer, Pien. Het was voor jou niet altijd even mak-
kelijk als onderzoeker met een moeilijk en veeleisend onderzoek. Ik ben blij dat je nu helemaal op 
je plek zit in Den Bosch en geniet van het tante zijn. Bedankt voor de wandelingen die we maakten 
tijdens mijn zwangerschapsverlof. 

De huidige promovendi Anne-Lotte, Mark, Pepijn, Luuk, Soufiane, Eva, Arno, Beau, Klaske, Ruben, 
Caitlin, Janneke en de nieuwe onderzoekers die ik nog niet heb ontmoet wens ik dezelfde leuke 
jaren toe als ik zelf heb gehad. Ik heb met de meeste van jullie enkele jaren overlap. Mijn dankwoord 
is inmiddels bijna langer dan dat van Ibrahim, dus even kort wil ik een aantal van jullie apart be-
danken. Een groot talent binnen de cardiologie ben jij toch wel Mark (Marcoumar zoals ik je altijd 
noem). Als semi-arts was je al een uitblinker, en als arts-onderzoeker niet minder. Je aanstekelijke 
lach en humor maken je een erg prettige collega. Succes met je arts-assistentschap aankomend 
jaar. Wie ook als ANIOS gaat beginnen is Anne-Lotte. Zonder jou waren er heel wat verjaardagen, 
cadeaus, surprise afscheidsfeestjes, tutorschappen en andere regeldingen in de soep gelopen. Dank 
voor jouw inspanningen voor de onderzoekersgroep. Arno, ik kan het bij jou kort houden. Jouw 
dansmoves zijn ongeëvenaard, geweldig. Ik denk dat mijn vriend nog steeds op zijn netvlies heeft 
staan hoe jij langs de ladder van onze boekenkast naar beneden gleed. Als laatste wil ik Eva nog 
veel plezier en succes wensen bij de follow-up van de COACT, TRANSIENT en REDUCE. In een 
razend tempo publiceer jij het ene na het andere artikel, waar ik erg trots op ben.

Tijdens mijn promotiejaren leek het soms wel alsof ik studenten spaarde. Ik geloof dat het record 
aantal studenten dat ik gelijktijdig begeleidde op 4, misschien wel 5 stond. Ik heb heel erg veel 
aan jullie hulp gehad en ben jullie zeer erkentelijk voor jullie bijdrage aan dit proefschrift. Heleen, 
Deborah, Rik, Julius, Casper, Sanne, Thomas, Sophie en Romain, ik wens jullie veel plezier en succes 
bij jullie carrière in de geneeskunde of elders. Julius ik ben blij dat jij het zo naar je zin had dat je nu 
zelf promotieonderzoek doet bij de cardiologie in Leiden, en Thomas het is ook fijn jou weer terug 
te zien als research-medewerker bij de afdeling cardiologie VUmc.   
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Ik prijs me gelukkig met vrienden en vriendinnen van wie ik door de jaren heen veel steun en liefde 
heb gekregen. Om te beginnen mag een woord van dank aan mijn lieve hockeyvriendinnen niet 
ontbreken. Elke woensdagavond als ik weer laat uit het ziekenhuis kwam, keek ik ernaar uit jullie 
weer te zien op het veld. We hebben zo’n leuk team met goede vriendinnen, dat het me elk jaar maar 
niet lukt om afscheid te nemen (ook al word ik inmiddels stiekem misschien iets te oud en iets te 
slecht na al die zwangerschappen). Een bijzonder dank gaat uit naar Cath, Lotje, Wen , Juul, Kim 
Broersen (ook al zit je nu in Cairo), Leo, Go, Mer, Nico, Bruis, Beer, Soof, Noor en Joos. Ook al zien 
we elkaar door corona nu even niet, terwijl het jarenlang 2x per week was, jullie vriendschap en 
steun is me veel waard. Door jullie denk ik dat ik toch nog maar een jaartje langer blijf. Ook Margot 
Stevens, mijn lieve oude huisgenootje verdient een woord van dank voor alle avonden waarop we 
tot de late uren hebben gekletst. 

Margot, Gallie, Leo, Lies, Rowena, Jolijn, Siem, Bus, Ce en Joriek, mijn dierbare vriendinnen en 
jaargenootjes. Ik ken jullie al sinds het eerste jaar van mijn studie geneeskunde en ik ben jullie zo 
dankbaar voor de vriendschap die wij sindsdien hebben. Jullie hebben voor de nodige afleiding 
gezorgd tijdens mijn studie en jaren als promovendus: van avonden bier drinken op de sociëteit, 
tot gezellige etentjes, bruiloften, verjaardagen, borrels en vakanties. Ik ben trots op hoe we allemaal 
zijn gegroeid, vele van jullie nu kersverse moeders en stuk voor stuk lijken jullie je plekje te heb-
ben gevonden. Hoe ouder we worden, hoe vanzelfsprekender en gemakkelijker onze vriendschap 
gaat. Bedankt dat jullie er al die jaren (en nu nog steeds) waren op belangrijke momenten en me 
gesteund hebben in alles wat ik doe.  

Soof van Oirschot, toen ik jou 10 jaar geleden tegen kwam was het in één klap raak, liefde op het 
eerste gezicht. Onze persoonlijkheden trokken elkaar aan en blijven dit nog steeds doen. Je bent 
een zeer dierbare vriendin van me en dankbaar ben ik voor de tijd die we samen doorbrengen. We 
spreken elkaar eigenlijk te weinig, maar ondanks dat raak ik maar niet met je uitgepraat. Het is 
eigenlijk altijd te vroeg om naar huis te gaan als ik met je ben. 

Lieve Bella en Mick, jullie zijn werkelijk een stel apart. Geregeld bedenken jullie een nieuw avontuur 
en slepen ons er gelukkig vaak in mee, of het nou gaat om een tripje naar de woestijn om naar het 
Afrika Burn festival te gaan (toen ik 13 weken zwanger was), jullie befaamde huisfeestjes vaak 
afgebroken door de politie (variërend van Espresso Martini thema’s tot ovenschotels) of jullie vele 
reizen. Het is nooit saai. Sinds kort hebben jullie ook een baby, namelijk jullie hondje Bobby die 
onlangs bij ons thuis de boel op stelten heeft gezet. Mick, ik bewonder je om je onbevangenheid, 
maar maak me er ook geregeld zorgen om. Ik krijg maandelijks een telefoontje met een medische 
vraag als je weer eens bent gevallen met een wielrentripje door de bergen of doormidden bent 
gezaagd door je kiteboard. Bella, je bent zo georganiseerd en attent waar ik veel van kan leren. Aan 
de andere kant heb ik juist ook een geweldige tijd met je als je de remmen los laat en we tot 6:00 
s’ochtends op boevenpad zijn. Via jou leerde ik ook Barbs kennen, inmiddels een goede vriendin, 
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waarvoor ik je dankbaar ben. Mick en Bella ik ben gezegend met zulke vrienden en ik hoop dat 
jullie ons weer meenemen bij jullie volgende avonturen.

Lieve Eline, Busje, bedankt voor de vele avonden waarop we samen met Celine hebben gepraat over 
onze dromen in het leven. In Ralf vond jij de liefde, welke jullie onlangs hebt bekroond met jullie 
mooie zoon Job. Lieve bus, we spreken elkaar niet dagelijks sinds je bent verhuisd naar Zeist, maar 
ik weet dat jij er altijd voor me bent. Ik koester warme gevoelens aan onze mooie reizen naar o.a. 
Sri-Lanka en kan niet wachten een nieuw weekendje weg te plannen (zonder de mannen, baby’s of 
corona maatregelen waar we tegenwoordig mee te maken hebben). Tijdens mijn promotie heb je 
me vaak van adviezen voorzien die ik zeer ter harte heb genomen. Bedankt voor je onvoorwaarde-
lijke vriendschap, je humor, je scherpe opmerkingen en je loyaliteit. 

Liesbeth, Pieter en Nikita, sinds ik Dion ken hebben jullie mij altijd met open armen ontvangen. 
Ik ben jullie dankbaar voor de warmte en liefde die jullie aan Dion, Tijn en mij geven. Mijn pro-
motieonderzoek is voor jullie wellicht wat abstract, maar ik heb veel aan jullie steun. We kunnen 
altijd aanschuiven bij jullie bij het avondeten en jullie hebben je dagenlang in het zweet gewerkt bij 
de verhuizing van Dion en mij waarvoor veel dank. Ik kan me geen betere schoonfamilie wensen, 
maar eigenlijk voelen jullie gewoon als familie. Ik ben heel blij en dankbaar dat Pieter, na een 
stressvolle periode te midden van de corona crisis, een succesvolle operatie aan zijn hart heeft 
ondergaan. Het was een zware operatie, maar je herstel is goed en voor je het weet ren je weer achter 
Tijn aan door het huis. 

Derk, mijn neef, maar eigenlijk meer mijn tweede broer. Ik heb jarenlang met jou op de van Wous-
traat in Amsterdam gewoond. Ik heb nog steeds nachtmerries van de stamppot met jonge kaas die 
jij wekelijks maakte, maar koester warme herinneringen aan alle avonden waarop we samen films 
keken, dansten in de trouw of alle yoga-lessen waar je me heen sleepte. Dank hiervoor. Ook kan ik 
de overige familieleden niet vergeten: Mark, Sofie, tante Lies, Flo, Joost, Diederik, Feije, tante Micky 
en oom Jan, ik prijs me gelukkig met zo’n lieve familie. 

Lieve Céline, Cé, mijn beste vriendinnetje of eigenlijk zoals velen zeggen mijn zusje. Ik heb zoveel 
bewondering voor jou als persoon: je bent geduldig, loyaal, lief, onbevooroordeeld en haalt het 
beste in mij naar boven. Bedankt voor de jarenlange vriendschap die wij hebben, ik weet niet wat ik 
zonder je zou moeten. We hebben tijdens onze studententijd Amsterdam met z’n tweetjes onveilig 
gemaakt (en vele andere plekken waar we zijn geweest zoals Costa Rica en Sri Lanka). Je bent altijd 
de eerste die ik bel als ik ergens mee zit, zoals ook tijdens de nodige promotie perikelen die iedere 
onderzoeker kent. Je voorzag me altijd van een afgewogen, nuchter en evenwichtig advies. Tegen-
woordig woon je samen met je grote liefde Bart en ben je kersverse moeder van jullie prachtige 
zoon Bram. Bram je weet het nu nog niet, maar je mama is echt heel erg bijzonder. Bart, ook jou wil 
ik bedanken voor je vriendschap, de lol die je met Tijn hebt als peetoom en de goede zorgen voor 
Celine. Cé, als paranimf nam je je werk uiterst serieus en kreeg ik hele Excel files met de beste opties 
voor drukkers van je. Je hebt urenlang hoogzwanger het proefschrift gelezen om er last minute 
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fouten uit te halen. Ik kan je hier niet genoeg voor bedanken. Ik hoop dat je nooit verandert en 
dat we totdat we oud zijn en grijze haren hebben (ook al begint dat bij ons beiden nu al) dezelfde 
dagelijkse gesprekken over alles en toch ook niets hebben. Je bent me zeer dierbaar. 

Lieve Walt, mijn broer of eigenlijk broertje. Allereerst bedankt voor al je hulp bij dit proefschrift, 
het bedenken van de cover, het urenlang nakijken van de hoofdstukken en het regelen van een diner 
(ook al weet ik niet of dat door kan gaan). We zijn eigenlijk best verschillend, jij en ik, jij bent rustig, 
bedachtzaam, politiek correct en soms toch ook wel een einzelgänger en ik een spring in ’t veld, 
impulsief, enthousiast en soms (iets te) pittig. We hebben ook veel overeenkomsten, we zijn beiden 
creatief (oké toegegeven, jij iets meer dan ik), maar kunnen beiden ook koppig zijn en hebben 
duidelijk een eigen mening. Dit heeft er vroeger wel eens voor gezorgd dat onze ouders de nodige 
brandjes moesten blussen. Later, tijdens onze studententijd, hebben we elkaar echt gevonden, veel 
mooie reizen samen gemaakt en jarenlang samen in de pijp in Amsterdam gewoond. We hebben 
samen gefeest tot in de late uren en veel gemeenschappelijke vrienden gekregen. Ik wil je graag 
bedanken voor je geduld met me, de wijze woorden wanneer die nodig waren maar vooral voor je 
broederlijke vriendschap. Je bent onlangs met je grote liefde Annebelle verhuisd naar Den Bosch. 
Je eerste vriendinnetje en ook je laatste denk ik zo maar, want wat passen jullie goed bij elkaar. Bel, 
bedankt dat je mijn broertje gelukkig maakt. Twee jaar geleden nodigde je ons uit om mee te gaan 
naar jouw geliefde Zuid-Afrika, waar we erg van hebben genoten. Ik wenst jullie alle liefde en geluk 
toe en hoop dat wij in de toekomst nog veel nieuwe herinneringen samen gaan maken. 

Lieve pap en mam, alles in mijn leven heb ik aan jullie te danken. Jullie onvoorwaardelijke steun en 
liefde heeft me gebracht naar waar ik nu ben. Jullie zijn al meer dan 50 jaar samen en zijn daarin 
een voorbeeld voor mij en voor vele anderen. Bovenal zijn jullie voor mij en Walt ongelofelijk lieve 
en (soms iets te) betrokken ouders geweest. Jullie hebben ons geleerd onze eigen keuzes te maken, 
geleerd eerlijk te zijn, hard te werken en hebben ons overgoten met muziek, kennis (wat ik vroeger 
soms saai vond) en humor. Pap, voor jou was het leven niet altijd even makkelijk. Daarom ben ik des 
te trotser op wat je allemaal hebt bereikt en heb ik een heel speciale band met je. Bedankt voor alle 
keren dat je me naar hockeywedstrijden bracht, en vertelde hoe goed ik wel niet was (ook al wist ik 
dat ik geen bal had geraakt). Bedankt voor alle keren dat je me midden in de nacht hebt opgehaald 
na het uitgaan als ik iets te diep in het glaasje had gekeken. Bedankt dat je er onvoorwaardelijk 
voor me bent. Mam, je was de stabiele factor in ons leven en zorgde dat alles in huis geregeld werd. 
Helaas voor jou betekende het wel eens dat je letterlijk voor Walt of mij, tijdens onze puberteit, een 
opstel aan het schrijven was omdat het anders niet gebeurde. Nu ik zelf moeder ben, heb ik alleen 
maar meer bewondering voor wat je allemaal voor ons hebt gedaan en heb ik het idee dat we elke 
dag nog closer worden. Je cijfert jezelf helemaal weg voor anderen, bent zo’n sterke vrouw en vooral 
ook een super lieve oma voor Tijn. Bedankt voor het urenlange checken van mijn proefschrift, wat 
je net zoals alles wat je doet minutieus hebt gedaan. Eerlijk is eerlijk, pap en mam, zonder jullie was 
dit proefschrift nooit, maar dan ook nooit, tot stand gekomen. Ik hou van jullie.
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Allerliefste Dion, wat zou ik zonder jou moeten. Jij bent de liefde van mijn leven en door jou heb 
ik voor het eerst rust gevonden. Ik heb zoveel bewondering voor de manier waarop jij in het leven 
staat, zo energiek, onbevangen, eigengereid en liefdevol. Ik heb je sinds ik je ken zien groeien van 
getalenteerd wielrenner met zeer veel discipline naar veelzijdige sociale consultant bij PwC. Inmid-
dels ben je de liefste papa die ik me maar kan wensen voor onze zoon. Als ik jou en Tijn samen 
zie overvalt me een warm gevoel. Bedankt voor je begrip als ik weer eens weekenden en avonden 
aan het werk was en jij zonder klagen het huishouden runde. Bedankt voor het tegengas wat je 
me dagelijks geeft (ik heb het hard nodig), de vele avonturen die we samen hebben beleefd en je 
onvoorwaardelijke steun en liefde. Vorig jaar was veelbewogen: we kochten ons eerste huis samen 
(uiteraard een klushuis wat we ook nog eens zelf hebben verbouwd), kregen allebei een nieuwe 
veeleisende fulltime baan, ik probeerde mijn promotie af te ronden in de avonden en weekenden 
en er was een klein lachebekje thuis die ons geregeld wakker hield. In 2021 staat er weer een nieuw 
avontuur op ons te wachten want in April verwachten wij Tijns broertje, waar we beiden erg naar 
uitkijken. Ik hoop dat ik nog heel lang van jou mag genieten en dat we later samen als opa en oma 
zittend op een bankje kunnen terugkijken op een leven vol geluk samen. Ik hou van je. 

Mijn lieve kleine Tijn, jij bent het mooiste wat me ooit is overkomen. Ik ben zo trots dat ik jouw 
moeder mag zijn en had nooit verwacht dat ik zo veel liefde kon voelen voor zo’n klein hummeltje. 
Bikkelhard als ik vroeger soms kon zijn, zo’n zachtgekookt ei maak jij nu van me. Je bent nu al zo 
vrolijk, energiek, vol met humor en warm. Alles wat ik doe, doe ik voor jou. 


