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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 a�ected 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 su�cient compensation by the coronary microcirculation. �e anatomy of 
the coronary circulation begins at the proximal large epicardial conduit arteries followed by the 
pre-arterioles. �e 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. �is 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 o�en not recognized. Moreover, 
the interaction between the epicardial and microvascular domain could in�uence the outcome of 
several diagnostic tools to detect IHD.

In this thesis entitled �Intracoronary Physiology in Ischemic Heart Disease: From functional 
diagnosis to speci�c 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. �e 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 �ow 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. �ese 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 �ow 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. �e most recognized 
physiology index to evaluate the status of the microcirculation is the coronary �ow reserve (CFR), 
but this index has some pitfalls. CFR was initially designed to investigate stenosis severity, but it 
evaluates the signi�cance 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 �ow 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. �e advantage of this new technique is that as a consequence of the separate assessment of 
both domains, MVD does not in�uence 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 bene�cial 
(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 �ow in nonculprit vessels in the acute setting of STEMI is hampered (10) and this 
e�ect may prolong for a certain time a�er STEMI. As a direct consequence of changes in nonculprit 
coronary �ow, the functional evaluation of nonculprit lesion severity by intracoronary pressure 
derived indices such as FFR and iFR could be a�ected. �is 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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1CMR 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
�e coronary microcirculation is o�en referred to as all coronary vessels contributing to myocar-
dial perfusion with a diameter <300 �m. In contrast to epicardial vessels, the coronary microvessels 
penetrate the myocardium ful�lling 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 �ow even in severe epicardial lesions. �e 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 �ow 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 a�er 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 a�er STEMI) has speci�c o� target properties that 
could reduce the extent of microvascular injury. �e 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 �ow and im-
prove coronary, but also peripheral microvascular function (14). In this thesis, we the xamined the 
potential bene�t 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 e�ects 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 �nal 
infarct size and cardiac function in STEMI patients. �erefore, 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 di�erences in serial measure-
ments of platelet-inhibition and peripheral endothelial function. �ere 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 in�ammatory 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.
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Clinical outcome and speci�c 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 �ow 
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. �ese speci�c features could be relevant to 
improve clinical outcome in future CTO patients. �e most life-threatening condition in IHD 
patients is acute coronary syndrome, which has an unfavourable clinical outcome if le� 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 
�ow 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-re�ow. 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. 
�e 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 �nal infarct size and cardiac function is a key determinant of prognosis in patients 
with myocardial infarction (18). Hence, we also assessed �nal 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 speci�c groups of patients with IHD 
seems to be the optimal approach in the prospect �eld of interventional cardiology. �e 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 speci�c groups of IHD patients.
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1
OUTLINE OF THE THESIS

�e 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. �e authors speci�cally focused on the in�uence 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 �nal part of the thesis. �roughout the thesis we discussed the optimal treatment strategies 
and clinical implications in speci�c groups of IHD patients.

PART I - Functional assessment of the coronary arteries, microcirculation and 
collaterals in chronic coronary syndrome
In the �rst 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 �ow 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 �ow 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
�e 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. �is state-of-the-art 
review comprises an updated approach to perform revascularization in STEMI patients with mul-
tivessel disease and focusses on the potential bene�t 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. �is part summa-
rizes the results of two important trials exploring microvascular function, the optimal treatment 
strategy and the clinical course of two speci�c 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 bene�t 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. �e hypothesis was that ticagrelor maintenance therapy signi�cantly decreased 
microvascular function in the culprit vessel at 1 month. A key safety outcome was the between 
group di�erence in bleeding and an important secondary endpoint was infarct size. Chapter 11 
concerns the prede�ned 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. 
�ese �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. �ese results 
complement the outcomes of the main study demonstrating a further benign clinical course up to 
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1one year with overall a limited �nal infarct size at four months. �ese �ndings 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 a�ected in di�erent 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 di�erent pathologies of the coronary microcir-
culation. Furthermore, we will discuss the clinical and prognostic implications of CMVD.

Functional anatomy of the coronary microcirculation
�e anatomy and physiology of the coronary microcirculation are strongly linked to speci�c 
functional characteristics of the myocardium and its requirements of blood supply. �e constantly 
beating heart needs a signi�cant 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� �ow and capillary density are signi�cantly 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 le� 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 �ow over 
the cardiac cycle, driven by shi�ing transmural pressure gradients (5).

Broadly, the coronary microcirculation can be described as all vascular elements with a diameter 
<300 �m (6) that contribute to myocardial perfusion (7) and originate from larger epicardial con-
duit vessels. �is includes the pre-arterioles (<300 �m), the arterioles (<200 �m), the capillaries, 
and the venules (8). �ese vascular elements exhibit signi�cant variances in their physiological 
behavior and pharmacological responses (9). �e microcirculatory network extends in the arterial 
wall both longitudinally and transmurally. �e 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). �ree-dimensional reconstruction of the 
transmural vasculature in the canine heart con�rms 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 di�erent 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 di�erent types according to their size and mechanisms (Figure 2.2).

�e largest arterioles (100�200 �m) are most sensitive to �ow-related stimuli (endothelial 
cell-mediated vasodilatation) (15). �e intermediate arterioles (40�100 �m) are most sensitive 
to intravascular pressure changes detected by VSMC stretch receptors. �e so-called myogenic 
response, a key element of coronary autoregulation, consists of fast variations in arteriolar tone 
resulting from shi�ing intravascular pressure (16). In these intermediate arterioles, there are 
also endothelial dependent mechanisms (17). �e small arterioles (<40 �m) are most sensitive to 
metabolic activity (18). An increase in metabolic activity causes vasodilatation, and the subsequent 
increase in �ow leads to upstream vasodilatation of larger arterioles via an endothelium-dependent 
mechanism (19). �ese processes demonstrate the close interaction between di�erent 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 di�ers signi�cantly from that of arterioles, consisting only of an endothelial layer over a basal 
lamina. �e capillaries lie parallel to the cardiac muscle �bers, 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 �m), 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 �m) that ultimately merge in larger cardiac veins.

Orchestrated regulatory mechanisms of the coronary microcirculation
While the coronary circulation is o�en seen as a sti� and static vascular network, in reality it is an 
extremely dynamic system in which numerous physiologic mechanisms are involved (Figure 2.2). 
�ese mechanisms are heterogeneously distributed in the di�erent subdomains of the coronary 
microcirculation (large and small arterioles, capillaries) (23,24) and are triggered by speci�c stimuli 

Figure 2.2. Di�erent 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, �ow, etc.) to ensure coronary autoregulation. Furthermore, the individual 
vascular responses are orchestrated to ensure that blood �ow 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. 
�e pivotal work of Chilian et al. demonstrated that, under rest conditions, 75 % of coronary resis-
tance is located in vessels with a diameter < 200 �m and 25 % of the coronary resistance is located 
in vessels < 100 �m (25). �e remaining resistance is in vessels larger than 200 �m, 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). �e 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). �e myogenic response, 
a key physiological mechanism addressing the control of intravascular pressure, is linked to the 
presence of stretching receptors located on the VSMC. �ese 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). �e 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 o�en in the sub-
epicardium compared to the ischemia-sensitive subendocardium (16), potentially as a mechanism 
to ensure transmural distribution of �ow in shi�ing hemodynamic conditions.

Metabolic response
A decrease in coronary oxygen leads directly to coronary vasodilatation through di�erent 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). �e 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 in�uence vasodilatation in the microcirculation 
(33).
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Mechanisms regulated by the endothelium
�e 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 �ow 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). �ese 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-in�ammatory response and turbulent shear stress an 
in�ammatory 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, di�erent substances (e.g., 
prostaglandins) were responsible for the shear stress-mediated vasodilatory e�ect (38,39).

Nitric oxide (NO) is produced by the endothelial NO synthase (eNOS) (40). �e production and 
function of NO is in�uenced by numerous factors, including pulsatile �ow, shear stress, thrombin, 
adenosine diphosphate, histamine, or bradykinin (41). �e main e�ect of NO is VSMC relaxation, 
an e�ect mediated by a decrease in intracellular calcium (42). Also with the resulting vasodilatory 
e�ect, NO has several relevant physiological e�ects on the biology of the vascular wall, including 
an anti-in�ammatory e�ect that protects the endothelium against adhesion and in�ltration of leu-
kocytes (43), an inhibitory e�ect on the di�erentiation 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 in�u-
ence the vasomotor tone (47-49). Hyperpolarization of the endothelial can be a�ected 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).

�e vascular endothelium also regulates a number of vasoconstriction factors, including throm-
boxane A2, prostaglandin, angiotensin II, and ET-1. �e most potent vasoconstrictor of those 
mentioned is ET-1, which is produced by the endothelium; potentiates the e�ect of other vasoactive 
substances such as angiotensin II, norepinephrine, and serotonin; and has other relevant biological 
e�ects 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 di�erent components of the microcirculation is very heteroge-
neous. �e 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 �m and vasodilatation in arterioles 
with a diameter < 100 �m (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. �is surplus is more commonly present in the 
microcirculation (53). In normal conditions, the net e�ect of adrenergic stimulation on coronary 
�ow is modulated by concomitant vasodilatory mechanisms of non-neural origin. �is explains 
why while the autonomic nervous system alone plays a small role in the regulation of the healthy 
coronary circulation (51,52), its e�ects on coronary �ow 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 �ow supply and regulation may be a�ected leading to a particular mode of 
microcirculatory dysfunction (Table 2.1). Camici and Crea (55) elegantly developed a classi�cation 
to distinguish between the multiple geneses of CMVD (Table 2.2). We will describe the processes 
leading to the di�erent forms of CMVD in more detail below.

Table 2.1. Pathogenic mechanisms that contribute to the di�erent 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. Modi�ed clinical classi�cation of coronary microvascular dysfunction

CMVD De�nition

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

Modi�ers 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
�e main consequence of endothelial dysfunction for the functionality of the microcirculation 
relates to �ow-mediated dilation of large arterioles in response to an increase in myocardial blood 
requirements. Endothelial dysfunction leads to production of substances with a constrictive e�ect 
on the microcirculation such as thromboxane A2, endothelin, prostaglandin H2, and superoxide 
(56). Metabolic-driven vasodilation of small arterioles leads to an increase in �ow that, in presence 
of endothelial dysfunction, induces �ow-mediated constriction of larger arterioles. Furthermore, 
there might be an increased in�ammatory 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 su�cient 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 �ow 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 e�ects of di�erent 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 allogra� vasculopathy (55,68-73). In the context of 
coronary artery disease, there is evidence suggesting that the presence of epicardial stenoses has an 
in�uence 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 �brosis, 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 �ow (severe stenosis) (76,77) resulting in microcirculatory remodeling (78). �ese 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 �brosis 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 �ow 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 �brosis (81) and de-
creased capillary density with luminal narrowing (82). Decreased capillary density was associated 
with lower coronary �ow 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. �is is combined with a decreased luminal cross-sectional area and results in an 
abnormal vasodilatory capacity (88,89). �ese conditions lead to a substrate of chronic myocardial 
ischemia causing myocyte death and replacement �brosis.

Finally, structural remodeling of the coronary microcirculation also occurs in patients with 
cardiac transplantation as part of cardiac allogra� 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 �ow, reperfusion 
paradoxically induces myocardial injury and myocardial cell death (90). �is additional injury 
causes an increased �nal infarct size a�er PCI compared to infarct size without reperfusion injury 
(91). �e 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-re�ow (92). Endothelial dysfunction, capillary plugging due to neutrophils migration, 
in�ammation, and the formation of microthrombi are all factors that cause no-re�ow in the setting 
of plaque rupture (93-95). Microthrombi and atheromatous particles may obstruct small arterioles 
downstream a�er plaque ulceration or rupture (96). Atherothrombotic embolization may also re-
sult from mechanical disruption during PCI, with a variable degree of �ow impairment that reaches 
its maximal expression in the no-re�ow phenomenon. It is unclear whether preconditioning of the 
ischemic area prior to an acute ischemic event provides protection against no-re�ow (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 �ow reduction that it causes due to the combination of vascular spasm and microemboli is 
su�cient to cause permanent myocardial damage (98). It has been shown that the typical MRI pat-
tern of no-re�ow 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 �lling and intramyocardial pressures, commonly found in situations like aortic stenosis 
and cardiomyopathies, may cause decreased subendocardial �ow (101), capillary rarefaction (102), 
and exhaustion of the capacity of coronary autoregulation (103).

Neural dysregulation
�e coronary arteries are surrounded by sympathic, parasympathetic, and nonadrenergic/noncho-
linergic nerves that signi�cantly a�ect 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 �ow supply in clinical situations in which its vasocon-
strictive e�ects are not counterbalanced by normally existing vasodilation mechanisms that are 
attenuated or abolished by disease. �is explains why hyperglycemia, insulin resistance, in�am-
mation, and autonomic dysfunction have been involved in the causative mechanisms of impaired 
coronary vascular function. �-adrenergic microvascular vasoconstriction is found directly a�er 
PCI. In line with this �nding, �-adrenergic antagonist increases the vasodilatory e�ect of adenosine 
and blood �ow velocity (104). Arteriolar remodeling downstream of an epicardial stenosis has been 
linked to hyperreactivity to neural stimulation (105). �erefore, 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
�e 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 di�erent clinical settings in which CMVD plays a 
key role in the pathophysiological mechanisms and may be determinant in the patient outcomes.

Microvascular angina
De�ned 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 di�erent forms of ischemic heart disease. Microvascular angina seems to have 
speci�c aetiologies; however, it is not well understood yet. One of the proposed mechanisms is an 
autonomic dysfunction, result of parasympathetic impairment which would a�ect the endothelial 
function (113). �e 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. �is hypothesis is supported by a�ective 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 le� 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 insu�ciency has been shown to be associated with reduced coro-
nary �ow 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 a�ect 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 �ngertip vascular bed (assessed 5 min pre- and a�er 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 in�ammation 
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 in�ammation in patients with high-risk 
coronary atherosclerosis (122). A role for in�ammation 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 �ow 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 a�er 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). �is, together with the poor response to traditional anti-ischemic medical treatment 
frequently observed in this syndrome (126), a�ects 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). �e abnormal CFR in this population may be as a 
consequence of disturbances at several coronary domains, including multivessel disease, di�use 
coronary atherosclerosis, and CMVD. Multiple pathways commonly found in diabetic patients, 
namely, endothelial dysfunction as consequence of hyperglycemia, insulin resistance, and in�am-
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). 
�is observation may have important prognostic implications as early identi�cation of CMVD 
might lead to recognition of asymptomatic patients with increased risk of developing obstructive 
CAD. Early lifestyle modi�cations and optimization of medical treatment may avoid progression of 
CAD and cardiac outcomes (60,64,65,138,139).

Figure 2.3. Coronary �ow reserve and event-free survival.
Coronary �ow reserve (CFR or CVR in �gure) 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)
�e 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 a�er opening an acute occluded coronary artery is not always 
achieved (71,140). �is is immediately evident when slow �ow or no-�ow 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 signi�cantly 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 le� 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 a�er 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 �ndings 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 a�er 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 a�er 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 �ow 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). �e discordance between FFR and CFR may origi-
nate from involvement of di�use 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). �e 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). 
�is 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 �ow (hMBF) in patients with HCM compared with healthy subjects, but similar resting MBF, 
which re�ects 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 le� 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 signi�cant epicardial lesions, CMVD and microvascular remodeling 
may explain this inadequate increase in myocardial blood �ow in response to a coronary vaso-
dilator. �e correlation between hMBF and HCM seems to be proportional to the le� 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 le� ventricle end-diastolic pressures, 
which may contribute to the myocardial perfusion defect. CMVD, chronic ischemia, and subse-
quent myocardial �brosis may be important contributors to the natural history of HCM. CMR 
studies have shown a mismatch between MBF and myocardial �brosis, the latter more important 
as the end-diastolic wall thickness increases (162,165). �ese abnormal structural and functional 
changes at di�erent 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 de�nition, IDCM is a cardiac muscle disease characterized by a depressed le� ventricle ejection 
fraction and le� ventricle dilatation without obstructive CAD in absence of a speci�c 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. �e evidence is 
mainly derived from studies demonstrating myocardial blood �ow abnormalities in patients with 
IDCM despite normal epicardial coronary arteries, which means a reduced capacity to increase 
the coronary blood �ow, leading to oxygen demand�supply mismatch, chronic myocardial isch-
emia, and progression of disease (84-86,169-171). A signi�cantly 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 le� anterior descending evaluated with 
dobutamine echocardiography. Of note, extravascular mechanisms such as congestive heart failure 
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and increased intramyocardial and le� 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 �brosis (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 �ow. A reciprocal interaction between abnormal CFR and chronic 
myocardial ischemia would perpetuate a vicious circle, impairing the coronary microcirculation 
function and the le� 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 le� 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 le� 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. �e typical form consists of akinesis of the mid and 
distal segments of the le� ventricle with hyperkinesis of the basal segments, also known as �apical 
ballooning syndrome�, similar to the Japan octopus trap. �e 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 �ow velocity reserve 
and a short diastolic deceleration time, measured with intracoronary Doppler, have been reported 
in patients with TTC (107). �ese �ndings are supported by noninvasive studies, with assessment 
of coronary reserve by transthoracic Doppler, �nding 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. �erefore, 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. �is 
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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-
�ed as markers of worse prognosis in patients with CMVD, such as persistent angina, abnormal 
CFR, and diabetes. �e 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). �is renewed interest in coronary domains 
beyond the epicardial vessel occurs at a time in which fractional �ow reserve (FFR) has almost 
completely replaced coronary �ow reserve (CFR) as a method of assessing stenosis severity, despite 
the fact that CFR was the �rst tool postulated for this purpose (7). FFR is a pressure-derived esti-
mate of maximum achievable myocardial blood �ow in the presence of an epicardial stenosis, as a 
fraction of the maximal achievable blood �ow to the distal myocardium in the absence of a stenosis 
(8). FFR is based on the supposition that pressure and �ow are linear when coronary resistance is 
minimal and steady, which justi�es 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 �ow, 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. �is 
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. �is 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 classi�ed dichotomously using their cuto�s (e.g. FFR � 
0.80 and CFR < 2.0), four di�erent groups can be generated and considered separately. �is was 
proposed by Johnson et al. and results in 4 quadrants (11). �ere are two concordant groups or 
quadrants (those in which both FFR and CFR are either normal or abnormal), which pose no great 
di�culty in understanding. One quadrant consists of cases with hemodynamically signi�cant 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 classi�cation 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 speci�c physiological behavior, as we will describe below.

Let�s �rst 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 modi�cation in myocardial �ow resulting from the same stenosis in the 
subtended myocardium: how can the �ow surrogate (FFR) contradict the �ow estimate (CFR), and 
what is the physiological explanation? Myocardial function depends on coronary blood �ow, and 
not coronary perfusion pressure alone (9,12,13). �e simplest explanation is that even a relatively 
mild stenosis will generate a signi�cant translesional pressure gradient if coronary �ow increases 
substantially. �is 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. �e most obvi-
ous explanation for this pattern of coronary hemodynamics is the existence of MVD causing a 
decreased CFR with normal epicardial vessels re�ecting 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 di�use epicardial coronary disease, which 
limits hyperemic �ow to the point that the pressure gradient across the stenosis is low or nonexis-
tent. In the presence of di�use atherosclerotic narrowing, there is a lack of convective accelerative 
�ow and �ow separation loss. �is causes little pressure drop (normal FFR) in the �ow-limiting, 
interrogated coronary segment, notwithstanding its e�ect on vessel conductance (which is re�ected 
as a low CFR). Due to low �ow in this situation, �P through the stenosis is limited and hence FFR 
remains relatively normal despite the presence of angiographically signi�cant stenosis. A potential 
solution to di�erentiate 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 �ow 
velocity) (16). In the presence of both epicardial disease and MVD, low �ow, and thus decreased 
pressure drop across the stenosis, is caused by microvascular dysfunction. In this situation, there 
may be a geometrically signi�cant stenosis, but the FFR stays relatively normal.

Prognostic implications of FFR and CFR measurements and future directions
�ere 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 signi�cantly more major adverse cardiac events in patients with normal FFR and ab-
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normal CFR values at 1, 3, 5, and 10-year follow-up compared to patients with signi�cant 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 classi�cations.

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. �e 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. �e 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 �ow velocity measure-
ments in 403 vessels in 261 patients with stable coronary artery disease. Hyperaemic mid-to-late 
diastolic pressure and �ow velocity (PV) relationships were calculated. �e slope of the aortic PV 
indicates the overall conductance and the slope of the distal PV relationship represents CMICRO. �e 
intercept with the x-axis represents zero-�ow 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 signi�cant stenoses (AUC 0.93). 
When CEPI<CMICRO, a decrease in �ow velocity and coronary pressure (optimal cut-o� value 0.97, 
AUC 0.90) was demonstrated.
Conclusions: A comprehensive assessment of separate CEPI and CMICRO was feasible. CEPI has a 
remarkable diagnostic e�ciency to detect a clinically relevant stenosis. When CEPI < CMICRO, distal 
�ow and pressure decrease steeply, indicating myocardial ischaemia. CMICRO can be used to explore 
the severity of microvascular disease.
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INTRODUCTION

�e 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 
�ow reserve (FFR) provides valuable information on the haemodynamic relevance of stenotic 
epicardial vessels but does not interrogate the microcirculation; coronary �ow 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 �ow. A higher conductance expresses a greater myocardial blood sup-
ply. �eoretically, conductance can be calculated to estimate both epicardial and microcirculatory 
domains. Calculation of microcirculatory conductance (CMICRO) is feasible and re�ects the degree 
of structural remodelling of arterioles and capillaries (8). However, until now, a method to calculate 
separate epicardial conductance (CEPI) has been unavailable.

�e 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 �ow 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 di�erent 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 �ow velocity measurements were performed with the ComboWirefi XT 
(Philips/Volcano, San Diego, CA, USA) in a standardised fashion (9). Based on the fact that in the 
coronary vessels �ow velocity is kept relatively constant due to proportionality between subtended 
myocardial mass and coronary luminal diameter, distal �ow velocity was used as a surrogate for 
proximal �ow 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 dri� was assessed. All measurements were directly extracted from the device console 
(ComboMapfi; Philips/Volcano). Data were analysed with specialised so�ware (MATLAB; Math-
Works, Inc., Natick, MA, USA). Quantitative coronary angiography (QCA) was performed o�ine 
to assess percent diameter stenosis (%DS) using an automated contour analysis system (CAAS II; 
Pie Medical, Maastricht, the Netherlands).

Figure 4.1. Study �ow 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 o�ine from digitised pressure and �ow 
recordings (12,13). Whenever the di�erence 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 
dri�, and all physiological indices using pressure were recalculated a�er 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 �ow velocity. Coronary �ow velocity reserve (CFVR) 
was calculated as the ratio of mean hyperaemic and baseline �ow velocity. Whole cycle hyperaemic 
microvascular resistance (HMR) was calculated as mean Pd divided by mean �ow velocity.

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

Calculation of indices of conductance
Vascular conductance (Figure 4.2) was derived by means of instantaneous hyperaemic diastolic �ow 
velocity-pressure slope (IHDVPS) using a dedicated automated analysis programme written using 
the R statistical programme (statistical so�ware R version 3.0.2; R Foundation for Statistical Com-
puting, Vienna, Austria, 2013). IHDVPS is de�ned as the slope (�-coe�cient) of the relationship 
between hyperaemic intracoronary pressure and �ow in mid to end diastole, which is displayed by 
a single regression line (y=a + �x) expressed in cm/s/mmHg (Figure 4.3) (15). �e diastolic period 
was recognised using the peak �ow velocity. �e R2 regression coe�cient was used to evaluate the 
linearity of the relationship between diastolic hyperaemic pressure and �ow (cut-o� value of R2 of 
� 0 .85). Hyperaemic Pa was determined to calculate the overall conductance (COVERALL) (15,16) and 
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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. Di�erences 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 di�erence between 
two AUCs were used to compare the diagnostic e�ciency of the indices. To calculate the optimal 
cut-o� value, Youden�s index was used. A value of p<0.05 was considered statistically signi�cant.

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

Patient and vessel characteristics
Figure 4.1 summarises the study population selection work�ow. All values with IHDVPSPa>IHDVPSPd 
were excluded. �e remaining 403 (75.4%) vessels in 261 patients constituted the study population. 
�e 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.

�e le� 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. �e 
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). �ere 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. �ere 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 in�uenced 
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 in�uenced 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 signi�cantly 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 (�=-0.52, p<0.001).

Epicardial conductance
CEPI was signi�cantly higher than CMICRO with a median of 4.2 (2.1-8.0) cm/s/mmHg (p<0.001). CEPI 
was signi�cantly 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 signi�cantly 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-o� respectively, p<0.001).

�ere was a positive correlation between CEPI and FFR (�=0.54, p<0.001) and a negative cor-
relation between CEPI and HSR (�=-0.65, p<0.001). Vessels that were concordantly classi�ed by 
FFR and HSR (280 [84%]) were used as the best possible reference population to establish the 
diagnostic e�ciency of CEPI. ROC curves indicated an optimal cut-o� value of 1.69 (AUC 0.93) to 
characterise a signi�cant epicardial stenosis with a sensitivity of 82% and a speci�city of 93%. CEPI 
demonstrated a higher AUC to determine a signi�cant 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 signi�cant 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 e�ciency of epicardial conduc-
tance. AUC: area under the curve, CEPI: epicardial conductance, CFR: coronary �ow reserve, COVERALL: overall 
conductance, FFR: fractional �ow reserve, HSR: hyperaemic stenosis resistance.
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�e distribution of CEPI in classi�cation quadrants that are outlined by FFR and HSR is shown 
in Supplementary Figure S4.1. �e e�ect of epicardial disease (assessed by CEPI) on hyperaemic 
pressure, �ow velocity (APV) and CMICRO is shown in Figure 4.5A. �e median of the ratio between 
CEPI and CMICRO was 3.19 (1.54- 6.27). �e optimal cut-o�-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 speci�city 
of 96.3% (AUC 0.90) (Figure 4.5B).

Figure 4.5. E�ect of epicardial disease on distal pressure, coronary �ow velocity and microvascular 
conductance.
A) The panel indicates a marked decrease in intracoronary hyperaemic pressure and �ow velocity around 
the values identi�ed as the optimal cut-o� value for epicardial conductance. Microvascular conductance 
is not e�ected until close to zero. B) The panel indicates a marked decrease in intracoronary hyperaemic 
pressure and �ow velocity around the values identi�ed as the optimal cut-o� 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-�ow pressure
�e Supplementary Methods S4.1 and Supplementary Figure S4.2 show zero-�ow 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 e�ciency to detect a clinically relevant 
stenosis; 2) CMICRO is independent of stenosis severity, thus is a speci�c 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
�e 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 in�uences prognosis (17). �erefore, 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 
in�uenced by the presence of epicardial stenosis. Consequently, current epicardial and microvas-
cular indices are expressed in di�erent 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 �uc-
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).

�e �rst challenge was to ascertain how separate calculation of CEPI could be obtained. �is was 
solved by deriving a mathematical solution from the electric analogue of the coronary circulation. 
�e second challenge was to validate these �ndings in the absence of a single reference standard for 
the severity of epicardial disease. As FFR alone is in�uenced by the status of the microcirculation 
and we aimed for a speci�c 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 e�ciency 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-o� value 
of CEPI, distal pressure and �ow 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). �ese prior studies, based on averaged whole-
cycle pressure and �ow 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 �t 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 �ow 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 
dri� 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 �ow to calculate 
overall conductance, but instead we used the distal �ow velocity. However, in the coronary vessels, 
�ow 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 �ow velocity to 
assess the severity of epicardial disease. Furthermore, we did not assess volumetric �ow but rather 
Doppler �ow velocity. However, �ow 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 �ow) such as positron emis-
sion tomography. Finally, the acquisition of conductance was performed o�ine in the absence of 
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commercially available systems. Future developments in these dedicated so�ware 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 speci�c microvascular 
index independent of stenosis severity. �e 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 �ow 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 su�ce 
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-�ow 
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 �ow would be zero 
and is in�uenced by extravascular compression (e.g. interstitial haemorrhage, myocardial oedema 
or increased le� 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 modi�cation 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-
ni�cantly 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 signi�cantly 
di�erent 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.

�e 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 classi�ed by stenosis 
severity indicated by FFR and HSR.
The optimal cuto� value is established with a receiver operating curve. Vessels with epicardial conductance 
below 1.69 are highlighted in red. The �gure on the right represents a magni�cation of the �gure on the 
left. The horizontal and vertical lines represent FFR (�0.8) and HSR (�0.8). FFR: fractional �ow reserve, HSR: 
hyperaemic stenosis resistance.

Supplementary Figure S4.2. Distribution of Pzf in vessels classi�ed 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 �ow reserve, HSR: hyperaemic stenosis resistance, Pzf: zero-�ow 
pressure.
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ABSTRACT

Objective: Well-developed collaterals provide survival bene�t in patients with obstructive coronary 
artery disease (CAD). �erefore, 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 �ow 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. �erefore, di�erent 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: �e mean CFI was 0.39 – 0.14. A�er multivariate analysis, � blockers, hypertension and 
angina pectoris duration were positively associated with CFI (B: correlation coe�cient 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 
a�er 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 � 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

�e degree of collateral artery development in�uences the outcome a�er 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). �us, the stimulation of arteriogen-
esis is of potential clinical bene�t 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 su�cient 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 con�icting with regard to age 
(4-6), dyslipidemia (7-9), diabetes (10-12) and medication like statins (13) and � blockers (14). 
In almost all these studies, two important shortcomings hindered the interpretation of the data. 
In the �rst 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 de�ned by a total occlusion (>99% stenosis) of a coronary vessel for 
�3 months. In these CTO patients, by de�nition, the degree of stenosis cannot be a confounder. 
Furthermore, in this cohort the arteriogenic response was assessed quantitatively by measuring the 
intracoronary-derived collateral �ow 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. �is analysis consisted of a collaborative patient-level analysis. Only patients with 
a successful recanalisation de�ned as thrombolysis in myocardial infarction (TIMI) grade �2 a�er 
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), le� ventricular ejection fraction, le� 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 �ow measurements
For the quanti�cation of the capacity of the collateral circulation, intracoronary pressure measure-
ments were performed during elective PCI. �is parameter has been used in several studies to 
assess quantitatively the collateral circulation and it predicts morbidity and long-term mortality 
(15,17-19). �e 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 �uid-�lled guiding catheter. �e methodology used 
in the three di�erent 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 signi�cant 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. Di�erences 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 �2 test or Fisher�s exact test as appropriate. All statistical tests were two-tailed, and a value 
of p<0.05 was considered statistically signi�cant. Calculations were generated by SPSS so�ware 
(V.18.0 for Windows, SPSS, Inc., Chicago, Illinois, USA).

RESULTS

�e 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. Fi�y-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 � blockers. �e median duration of AP was 3.5 (0.8�9.8) 
months in the whole population, and 97% of the patients experienced AP. �e 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%

� 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 (�g/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 circum�ex.
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In univariate analysis, diabetes, prior MI and diastolic blood pressure were significantly associated 
with CFI. A�er 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). �e mean CFI values for patients 
divided according to these parameters are depicted in Figure 5.2.

Figure 5.1 Distribution of collateral �ow 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 �ow index values of patients: using � blockers, not using � 
blockers, of patients with angina pectoris (AP).
Patients using � blockers, not using � 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 � 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

� 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 (�g/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 � � �

� 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 � � �
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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 
� blocker use were significantly associated with CFI. A�er multivariate analysis, only � 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 � 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 con�rmed 
in this cohort of patients.

In�uence of diameter stenosis on the development of the collateral 
circulation
Pressure gradient over the collateral circulation is a major stimulus for arteriogenesis. �e 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. A�er 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

� 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 �ow 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 circum�ex.
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Angiographic assessment versus CFI
Di�erent 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). �e 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 �ow assessment using 
a Doppler wire as compared with angiographically measured collateral �ow (27-30). CFI is closely 
correlated with signs of ischaemia on a intracoronary ECG or AP during coronary occlusion by 
balloon in�ation (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 quanti�ed 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 
con�rm the association between higher age and a poor developed collateral circulation in patients 
with CTO.

In di�erent 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 �ow. 
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 di�erence 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. �e increased levels of endostatin and angio-
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gastatin negatively correlated with coronary collateral formation. However, collateral formation 
was assessed using a modi�ed 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 signi�cant 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. �ese correlations were no longer observed a�er 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. �is 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 con�rm this positive association between hyperten-
sion and the coronary collateral circulation. However, we also found that diastolic blood pressure 
was negatively associated with CFI. �is is a seemingly paradoxic �nding since coronary blood �ow 
is mainly diastolic. �e 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 �ow and shear stress.

In�uence of medication on the development of the collateral circulation
Medication may also a�ect 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 le� anterior descending (LAD) was occluded, collateral blood �ow was 
not a�ected by metoprolol (39). Asanuma et al (40) found an increase in coronary blood �ow a�er 
occlusion of LAD in dogs and carvedilol treatment. In rats, propranolol improved collateral �ow 
upon arginine vasopressin when administered acutely and reduced this e�ect when administered 
chronically (41). In patients, Billinger et al (42) found that metoprolol acutely led to a decrease in 
coronary collateral �ow. Similar results were found a�er intracoronary infusion of propranolol 
(14). Togni et al (43) investigated the e�ect of nebivolol on collateral �ow in eight patients with 
CAD and also found a decrease in CFI. �is is in contrast to our observation that � blocker use is 
positively associated with CFI. A possible explanation is the fact that the above-mentioned studies 
investigated the instantaneous e�ect of intracoronary or intravenously administered � blockers 
on collateral �ow rather than the e�ects of chronic � blocker treatment. Our �ndings 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 �uid 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 e�ects of ivabradine on arteriogenesis in mice (45). Ivabradine is an If-channel 
inhibitor that causes a decrease in heart rate.

Another mechanism by which � blockers could induce arteriogenesis is the counteraction on 
catecholamines, which are important mediators of the in�ammatory response. Monocytes are af-
fected by epinephrine and norepinephrine through activation of �1 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 proin�ammatory cytokine secretion 
by monocytes and increase the expression of the anti-in�ammatory cytokine interleukin 10 (IL-10) 
in vitro (46,47). Also in vivo, epinephrine inhibits tumour necrosis factor � (TNF�) and potenti-
ates IL-10 production (48). As a result of decreased TNF� and increased IL-10 production (49), 
norepinephrine, also acting via �1 receptors, inhibits interleukin 1� (IL-1�) production (48). IL-1� 
and TNF� are associated with arterial remodelling (50), and IL-1�-de�cient mice show reduced 
restoration of perfusion a�er femoral artery ligation (51). Systemic blockage of � receptors may, 
therefore, prevent the anti-arteriogenic action of catecholamines and promote the capacity of 
monocytes/macrophages to increase arterial remodelling.

In�uence of AP on the development of the collateral circulation
It was previously shown that the duration of AP is signi�cantly associated with collateral artery 
development (20). In another study, 105 patients underwent angiography during balloon occlusion. 
Di�erent 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 �nd a correlation between collaterals shown angiographically and 
the duration of AP. �is 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-o� is associated with the absence of AP during balloon occlusion. 
Apparently, this cut-o� does not preclude exertional angina in patients with CTO.

In�uence 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 di�erentiation counts nor did we characterise monocytes in order to look for 
di�erent 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 �ow, which would be derived from 
a non-obstructed native coronary artery. In this large unique cohort of CTO patients, the use of 
� 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 di�erent centres, with 
possibly di�erent de�nitions, populations and di�erent 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 
a�er 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.
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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-
e�cial for the patient, or should we await symptom recurrence? Second, if NCL revascularization 
is bene�cial, how do we best determine which lesions require revascularization? �ird, what is the 
optimal timing of NCL revascularization?

Is NCL revascularization bene�cial?
Five randomized clinical trials (Table 6.1) comparing complete revascularization (CR) with 
percutaneous coronary intervention (PCI) to culprit-only PCI a�er 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 a�er 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). �e 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 signi�cantly 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 con�rmed. �ird, 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). �us, 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). �us, 
our �rst main conclusion is that there is bene�t 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 identi�ed 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 signi�cance may 
be identi�ed, and their angiographic severity can be visually estimated (1). However, angiographic 
assessment is not always a good predictor of functional signi�cance, even in patients in stable 
condition (14). Current STEMI guidelines recommend functional testing to document potential 
ischemia in NCLs (11�13). �is 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 �ow 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). �is raises important questions: can we reliably assess the functional 
signi�cance of NCLs during the index procedure or index hospitalization, and if so, which methods 
can we use? A�er STEMI, transient changes in coronary physiology may be present such that func-
tional assessment of NCLs may yield di�erent 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 a�er STEMI may a�ect resting and hyperemic indexes 
di�erently (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). �us, in nonculprit arteries, hyperemic �ow 
may be attenuated and resting �ow 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 �ow 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 nonsigni�cant NCLs.

Coronary �ow reserve 
Coronary �ow reserve (CFR) is the ratio between whole-cycle hyperemic and resting �ow (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 �ow coupled to a slight increase in resting �ow (15). �is 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 cuto� values (no indication for revascularization), 
and red numbers indicate values below the established cuto� values and imply that revascularization may 
be indicated. The numbers are examples around the established cuto�s with changes suggested by current 
studies. CFR: coronary �ow reserve, FFR: fractional �ow 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 �ow

 ratio, 
other abbreviations as Figure 6.1.
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Fractional �ow reserve
Fractional �ow 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 �ow (15) and microvascular resistance (19) may in�uence 
FFR values and, consequently, NCL revascularization strategies. �ree studies have assessed the 
reproducibility of FFR in the assessment of NCLs (8,10,20). In the �rst study, follow-up FFR was 
measured 5 to 8 days a�er 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 di�erent directions. In the most recent study, FFR values during the 
index procedure were signi�cantly 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 
�ow in the acute setting of STEMI.
Possible mechanisms that could contribute to the decreased nonculprit hyperemic �ow 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 �ow in the acute setting is hyperkinesia 
of the remote myocardium. CX: circum�ex 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). �e 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 o�-target properties of ticagrelor) with mean 
acute FFR of 0.88 – 0.07 and follow-up FFR of 0.86 – 0.09 (10). �is suggests that NCL signi�cance 
may be underestimated with FFR in the acute setting.

Instantaneous wave free ratio
Instantaneous wave-free ratio (iFR) is a resting diastolic index (21). �e diagnostic performance of 
iFR could be a�ected by the transient elevations in resting coronary �ow 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 a�er STEMI (9). In agreement with these 
�ndings, the WAVE (Instantaneous wave-free ratio and fractional �ow 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 a�er 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 signi�cant stenosis should be kept in mind, as the prevalence of signi�cant stenosis di�ered 

1. Is nonculprit lesion revascularization bene�cial? 
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 di�erent: 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 signi�cance with iFR is valid but that NCL signi�cance may be overestimated 
in the acute setting. �e 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 �ow in the acute setting of STEMI could potentially in�uence Pd/Pa 
values, and it was recently reported that nonculprit Pd/Pa was mean 0.01 lower in the acute setting (10).

Quantitative �ow ratio
�e quantitative �ow 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 
�ow 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 signi�cance with quantitative �ow ratio.

Noninvasive assessment of NCLs
�ere are only limited studies of noninvasive assessment to diagnose the extent of reversible 
ischemia (25). �e noninvasive modalities that may be used include stress echocardiography, car-
diac magnetic resonance, single-photon emission computed tomography, and positron emission 
tomography. �e timing and best imaging technique needs to be determined but will depend on 
local availability and expertise (11). �ese 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 signi�cant 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 signi�cant 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 a�ect 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). �ree small studies have compared immediate and 
staged CR, but they do not allow �rm 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). �ese studies may be subject to bias, in particular confounding by indica-
tion, and the results should be interpreted with caution. �us, the available data are insu�cient 
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). �e exception is the COM-
PLETE trial, in which NCL revascularization was either performed during index hospitalization or 
later, determined by the operators (7). �e COMPLETE study suggests that the bene�t of CR was 
independent of NCL revascularization timing, but this analysis may be biased by the selection at the 
operators� discretion (33). �e �nding 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 
�rm randomized data, the operator must weigh possible risks and bene�ts 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). �e 
challenges identifying functional signi�cance, 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 �nal result of revascularization in the acute setting should match what could be 
o�ered in the staged elective setting. Finally, out of hours with limited catheterization laboratory 
resources, tired sta� 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 signi�cance 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 in�uenced 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
�e current studies on immediate CR included hemodynamically stable patients with STEMI 
without le� 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). �e numbers of patients screened in COMPARE-
ACUTE and COMPLETE were not provided (6,7). Complicated procedures (e.g., chronic total 
occlusions, very calci�ed 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). �ese results suggest that functionally nonsigni�cant 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 di�erences in revascularization guidance methods (3�7). �e 
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 di�erence in all-cause or 
cardiac death.
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What next?
Published data support NCL revascularization a�er 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
�e available data support performing CR in patients with STEMI and multivessel disease. Because 
there are no data comparing di�erent approaches to determining the functional signi�cance of 
NCLs a�er STEMI, clinicians should use the methods they are familiar with and take the possible 
e�ects of STEMI and the timing of evaluation a�er STEMI into account. In the absence of larger 

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

Study ClinicalTrials.gov
Identi�er

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

De�ned 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 signi�cance 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 �ow reserve (FFR) and coronary �ow 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: �is substudy of the Reducing Micro Vascular Dysfunction in 
Revascularized STEMI Patients by O�-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. A�er 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 a�er primary PCI.
Main outcomes and measures: �e value of nonculprit instantaneous wave-free ratio, FFR, coro-
nary �ow 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 �nal 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 signi�cantly 
(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. 
�e FFR decreased (mean [SD], 0.88 [0.07] vs 0.86 [0.09]; P = 0.001) whereas coronary �ow 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. �e 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). �is blunted acute 
hyperemic response correlated with �nal infarct size (�, �0.29; P = 0.02). �e 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 �ow reserve was 
reduced and FFR was augmented, whereas instantaneous wave-free ratio was not altered. �ese 
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 �ow reserve (FFR) is an invasive hyperemic hemodynamic physiology index frequently 
used to guide revascularization of intermediate stenoses (8). Coronary �ow 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 �ow, potentially 
depending on infarct size, might a�ect 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.

�e 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
�is study was a prede�ned substudy of the Reducing Micro Vascular Dysfunction in Revascular-
ized STEMI Patients by O�-target Properties of Ticagrelor (REDUCE-MVI) trial (20). �e 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 �rst STEMI and 1 or more intermediate lesions (50%-90% 
diameter stenosis) in a nonculprit vessel were enrolled a�er successful pPCI of the culprit vessel. 
For clinical purposes, patients underwent follow-up invasive coronary angiography 1 month a�er 
the index event. �e cardiac magnetic resonance imaging was performed from 2 to 7 days a�er 
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pPCI and within 5 days of 1-month follow-up to assess infarct size, le� 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). 
�is 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 a�er 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
�e coronary catheterization procedure and measurement of hemodynamic indices have been 
published previously (20). All measurements were directly extracted and analyzed o�ine by a 
blinded analyst using RadiView So�ware (Abbott). �e 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 dri� exceeded 0.02, we corrected for the pressure 
dri� (21). �e iFR is de�ned as resting Pd/Pa within the mid- to end-diastolic part (wave-free 
period) of the cardiac cycle. �e iFR was calculated o�ine by using a dedicated MATLAB script 
(�e MathWorks Inc) (22), and CFR is de�ned as the ratio between resting and hyperemic mean 
transit time. �e 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). �e 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. Classi�cation 
agreement (CCA) and the proportion of abnormal values at the acute moment and follow-up were 
compared using the McNemar test. To assess the di�erence 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 
signi�cant. For a complete overview of the statistical analyses, see Supplementary Methods S7.3.
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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 �nal analysis; 59 (80.8%) were male, and the mean (SD) age was 60.8 (9.9) 
years. Patient, vessel, and infarct characteristics are speci�ed 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)

�-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, �g/L 99.2 (43.3-224.0)

Troponin level, �g/L 2.01 (0.53-4.52)

Culprit arteries, No. (%)

Left anterior descending 24 (32.9)

Circum�ex 19 (26.0)

Right coronary 30 (41.1)

Angiographic and stent characteristics, No. (%)

TIMI �ow 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 a�er pPCI, and 24 
patients (32.9%) presented with an anterior wall STEMI. �e distribution of nonculprit vessels was 
the le� anterior descending artery (n = 29; 39.7%), circum�ex 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) di�erence of 0.012 (0.064) (Figure 7.1).

�e CCA between iFR at the acute moment and follow-up was 82.2% (Figure 7.2A). �e total 
number of hemodynamically signi�cant iFR (de�ned 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 
signi�cantly di�erent 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 di�erence 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 �ow 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

Circum�ex 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 �rst diagonal 

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

c �One patient included with the circum�ex artery as the culprit vessel and the intermediate branch (marked 
as circum�ex in the Table) as the nonculprit vessel. The culprit location was midcircum�ex.




























































































































































































































































































































































































































































































































