
VU Research Portal

The heart of the matter: Exploring the interaction between the coronary artery and the
downstream microcirculation
de Waard, G.A.

2019

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
de Waard, G. A. (2019). The heart of the matter: Exploring the interaction between the coronary artery and the
downstream microcirculation. [PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/0ca9ff0f-d4c8-4bab-b484-45cff698f60a


The heart of the matter: Exploring the interaction between the coronary artery and the 

downstream microcirculation

Thesis, VU University, Amsterdam, The Netherlands



Cover design   Seb Oudejans

Layout    Sanne Kassenberg, persoonlijkproefschrift.nl

Printing    Ipskamp Printing, proefschriften.net

ISBN    xxxxxxxx

Financial support for the printing of this thesis was provided by VU University Amsterdam, 

Amsterdam Cardiovascular Sciences, Bayer B.V., BIOTRONIK, Medis Medical Imaging 

Systems B.V. and Servier Nederland Farma B.V.

© G.A. de Waard, Amsterdam, The Netherlands

No parts of this thesis may be reproduced or transmitted in any form or by any means, 

without permission from the author.



VRIJE UNIVERSITEIT

The heart of the matter: Exploring the 
interaction between the coronary artery and the 

downstream microcirculation

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad Doctor

aan de Vrije Universiteit Amsterdam,

op gezag van de rector magnificus

prof.dr. V. Subramaniam,

in het openbaar te verdedigen

ten overstaan van de promotiecommissie

van de Faculteit der Geneeskunde

op vrijdag 13 september 2019 om 9.45 uur

in de aula van de universiteit,

De Boelelaan 1105

door

Gustaaf Anton de Waard

geboren te Heiloo



promotoren:   prof.dr. N. van Royen

    prof.dr. A.C. van Rossum

copromotoren:   prof.dr. P. Knaapen

    dr. J.E. Davies



voorzitter promotiecommissie: prof.dr. P.L. Hordijk

overige leden promotiecommissie: prof.dr. C. Boer

    prof.dr. L. Hofstra

    prof.dr. S.A.J. Chamuleau

    prof.dr. D.J.G.M. Duncker

Financial support by the Dutch Heart Foundation for the publication of this thesis is 

gratefully acknowledged.



Table of contents

Chapter 1 Introduction and Thesis outline   

  

Part 1. Coronary hemodynamics and clinical applications 
after acute myocardial infarction  
Chapter 2 Intramyocardial hemorrhage after acute myocardial  

infarction.    

 Nature Reviews Cardiology 2015 Mar;12(3):156-67 

Chapter 3 Dissecting the effects of ischemia and reperfusion on the 

coronary microcirculation in a rat model of acute myocardial 

infarction. PLoS One. 2016 Jul 8;11(7):e0157233

Chapter 4 Doppler-derived intracoronary physiology indices predict 

the occurrence of microvascular injury and microvascular 

perfusion deficits after angiographically successful primary 

percutaneous coronary intervention.  

 Circulation: Cardiovascular Interventions. 2015  

Mar;8(3):e001786.

Chapter 5 Hyperemic Microvascular resistance is a predictor of clinical 

outcome after revascularization for acute myocardial infarction: 

A patient-level pooled analysis.  

 Heart. 2018 Jan;104(2):127-134

Chapter 6 Changes in coronary blood flow after acute myocardial 

infarction: Insights from a patient study and an experimental 

porcine model.  

 JACC Cardiovascular Interventions. 2016 Mar 28;9(6):602-13

Part 2. Coronary hemodynamics and clinical 
applications in stable ischemic heart disease 
Chapter 7 Coronary autoregulation and assessment of stenosis severity 

without pharmacological vasodilation.  

 European Heart Journal 2018 Dec 7;39(46):4062-4071.

Chapter 8 Coronary pressure and flow relationships in humans: phasic 

analysis of normal and pathological vessels and the implications 

for stenosis assessment: a report from the Iberian-Dutch-

English (IDEAL) collaborators.  

 European Heart Journal. 2016 Jul 7;37(26):2069-80.

8 - 11

12 - 39

40 - 61

62 - 89

90 - 108

109 - 129

130 - 152

153 - 183



Chapter 9 Instantaneous wave-free ratio to guide coronary 

revascularization: physiological framework validation and 

differences with fractional flow reserve. 

 EuroIntervention. 2017 Jul 20;13(4):450-458.

Chapter 10 Fractional flow reserve instantaneous wave-free ratio and 

resting Pd/Pa compared with [15O]H2O positron emission 

tomography myocardial perfusion imaging: a PACIFIC trial 

sub-study.

 European Heart Journal 2018 Dec 7;39(46):4072-4081.

Chapter 11 Invasive minimal Microvascular Resistance (mMR): A new 

index to assess microcirculatory function independent on the 

presence of obstructive coronary artery disease.  

 Journal of the American Heart Association. 2016 Dec 22;5(12)

Chapter 12 The downstream influence of coronary stenosis on 

microcirculatory remodeling: A histopathology study. 

Submitted

Chapter 13 Diastolic-systolic velocity ratio to detect coronary stenoses 

under physiological resting conditions: A mechanistic study. 

Open Heart. 2019 Mar 1;6(1)  

Part 3. Comparing methods to measure coronary 
hemodynamics  
Chapter 14 Doppler flow velocity and thermodilution to assess coronary 

flow reserve. A head to head comparison with [15O]H2O 

PET.  

 JACC Cardiovascular Interventions. 2018 Oct 22;11(20):2044-2054

Chapter 15 Doppler versus thermodilution-derived coronary microvascular 

resistance to predict coronary microvascular dysfunction in 

patients with acute myocardial infarction or stable angina 

pectoris. 

 American Journal of Cardiology. 2018 Jan 1;121(1):1-8.

Chapter 16 Continuous thermodilution to assess absolute flow and 

microvascular resistance: Validation in humans using [15O]H2O 

PET.  

 European Heart Journal 2019

Chapter 17 General summary and future perspectives  

Appendices 

184 - 206

207 - 231

232 - 253

254 - 269

270 - 288 

289 - 306

307 - 323

324 - 343

344 - 351

352 - 368



8

CHAPTER 1

Introduction

Coronary artery disease is the leading cause of death worldwide and it will continue to 

be at least through the year 2030.1 Atherosclerotic coronary disease includes both stable 

ischemic heart disease and acute coronary syndromes, each with their own distinct clinical 

presentation and pathophysiology. In clinical cardiology, the diagnosis and treatment 

of both of these two manifestations of coronary artery disease has traditionally been 

targeted at the epicardial coronary arteries. These largest components of the coronary 

arterial tree split directly from the aorta and run across the epicardial surface of the 

heart, giving rise to branches that penetrate the myocardium. However, the coronary 

arterial tree has many more small branches, collectively termed the microcirculation, 

encompassing an overabundance of tiny arterioles and capillaries. The components of 

the coronary microcirculation are so small that the human eye can’t distinguish them. 

Being much harder to visualize and assumed to play a less prominent role in determining 

clinical outcome, the coronary microcirculation has historically been neglected in both 

the diagnosis and treatment of coronary heart disease. However, rather than representing 

a mere network of tubes with serial and parallel connections, each of the components of 

the coronary arterial tree has their own set of unique properties. In a healthy heart, the 

arterioles have a dominant influence on the resistance that is imposed to coronary blood 

flow. Because the wall of the arterioles comprises a layer of smooth muscle cells, the 

luminal diameter of these microvessels is variable. By regulating the vascular resistance 

confirming to the metabolic demand of the underlying myocardium, the arterioles are 

critical to ensure myocardial perfusion matches exactly to the metabolic demand of the 

heart. Capillaries are merely composed of a single layer of endothelial cells held together by 

a basement membrane and the occasional pericyte. However, the capillary plays a critical 

role in cardiac homeostasis as it is responsible for oxygen and nutrient exchange between 

the arterial blood and the ever-hungry myocardium. Despite its simple morphological 

structure, capillaries are also involved in regulating coronary resistance, as they can open 

and close depending on blood pressure - a process referred to as capillary twinkling.

Given the complex physiological properties of the coronary microcirculation, could it 

be that the classical focus on the large epicardial coronary arteries, described by the 

‘stenosis-ischemia model’, is overly simplistic? Indeed, previous experimental and clinical 



9

Introduction and Thesis outline

observations alike, confirm that the microcirculation is not an innocent bystander 

in the epidemic that is coronary artery disease. In the setting of an acute myocardial 

infarction, even after swift restoration of coronary blood flow by immediate percutaneous 

coronary intervention, prognosis is severely compromised if blood flow to the myocardial 

microcirculation is impaired.2 This process is referred to as the no-reflow phenomenon or 

microvascular obstruction. However, experimental observations have revealed that the 

disrupted myocardial perfusion in fact represents severe destruction of the microcirculation 

along with extensive intramyocardial hemorrhage.3 Therefore, microvascular injury may be 

a more appropriate name to describe this unfavorable phenomenon. The importance of the 

microcirculation is further illustrated by clinical observations from patients with a coronary 

stenosis and stable symptoms of angina pectoris.4 Here, the presence of microcirculatory 

dysfunction is defined by a blunted vasodilator response to a pharmacological stimulus. 

Furthermore, the flow limiting capacity of the coronary stenosis was measured and defined 

to be functionally significant if it was responsible for a reduction of at least 20% of coronary 

blood flow in a maximally vasodilated state. Strikingly, patients with microcirculatory 

dysfunction but without a functionally significant stenosis, were found to have a worse 

long-term clinical outcome as compared to patients with a significant stenosis but without 

microcirculatory dysfunction. Together, these independent observations in two different 

pathophysiological manifestations of coronary artery disease, suggest that there might be 

more to the classical ‘stenosis-ischemia’ model than previously suspected. Nevertheless, 

many of the intricacies in the relationship between the epicardial coronary artery disease 

and the downstream microcirculation remain unresolved until today.

In this thesis entitled: ‘The heart of the matter: Exploring the interaction between the 

coronary artery and the downstream microcirculation’ the author seeks to investigate the 

relationship between the epicardial coronary artery and the downstream microcirculation. 

For this purpose, a variety of studies was performed. Firstly, data derived from multiple 

clinical studies done in both patients with either stable ischemic heart disease or acute 

myocardial infarction were used. In these studies, a coronary guidewire equipped with 

both a blood flow sensor as well as a blood pressure sensor was used to measure the 

hemodynamic conditions within the coronary artery. During the measurement acquisition, 

hemodynamics can be manipulated by injecting pharmacological agents for example 

adenosine, which is a powerful vasodilator that incites the hyperemic state. Additionally, 

two imaging modalities were used in multiple studies of this thesis. [15O]H2O positron 

emission tomography myocardial (PET) perfusion imaging is the golden standard for non-

invasive quantification of myocardial perfusion.5 In this thesis, it will therefore often serve 

as a benchmark test, against which other tests can be compared. The other non-invasive 

imaging modality is cardiac magnetic resonance imaging. With this tool, the structure and 

1
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function of the cardiac tissues can be beautifully visualized in real-time.6 Finally, several 

experimental studies were conducted to address a set of more fundamental questions. These 

studies were done in the animal laboratory or by performing histopathological analysis of 

myocardial tissue from deceased patients.

Thesis outline
The overall aim of this thesis is to enhance the understanding of the interaction 

between atherosclerotic disease in the epicardial coronary artery and the downstream 

microcirculation. The author seeks to address this aim by focusing on three distinct sub-

questions that each represent one of the parts of this thesis.

Part 1 – Microcirculatory changes after acute myocardial infarction
The first part focuses on the most dramatic manifestation of coronary artery disease; 

the acute myocardial infarction. In Chapter 2, the pathophysiology and consequences of 

microvascular injury leading up to intramyocardial hemorrhage after an acute myocardial 

infarction are reviewed. Chapter 3 describes an experimental study, that aimed to unravel 

whether ischemia alone is responsible for microvascular injury and intramyocardial 

hemorrhage, or whether subsequent reperfusion is mandatory for the detrimental effects 

to occur. In Chapters 4 and 5, the value of measuring microvascular resistance immediately 

after a myocardial infarction to predict clinical outcomes is tested. The final chapter of 

this part, Chapter 6, investigates the development of coronary blood flow after an acute 

myocardial infarction. Using propensity score matching and verification in an animal 

model of acute myocardial infarction, the study addressed the fundamental question of 

how coronary flow develops secondary to a myocardial infarction.

Part 2 – Coronary hemodynamics in the stable coronary artery 
disease
The second part of this thesis describes coronary hemodynamics in stable coronary artery 

disease. This part focuses on tools to quantify the functional severity of coronary stenoses 

and the interaction with the coronary microcirculation. Chapter 7 is a narrative review, 

which explains how autoregulation can be employed for measurement of functional 

stenosis severity without the need for mimicking exercise by pharmacological vasodilators. 

In Chapter 8, patterns of coronary hemodynamics classified according to the severity of 

stenoses are studied. This study demonstrates for the first time, the mechanism of coronary 

autoregulation in human subjects. Chapter 9 provides an overview of the instantaneous 

wave-free ratio, which is a vasodilator-free tool to detect the functional significance of 

coronary stenoses examined in the following Chapter 10. In Chapter 11, a novel index 

of microvascular resistance is proposed that could be particularly useful in the setting of 
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an obstructive coronary stenosis. Chapter 12, is a histopathology study that addresses 

the question of whether the presence of an epicardial stenosis triggers downstream 

remodeling of the microcirculation. These results provide credibility to the findings in the 

previous chapter. Finally, Chapter 13 addresses the fundamental question of how coronary 

autoregulation can be circumvented in order to actually determine functional stenosis 

significance from the measurement of flow without vasodilators!

Part 3 – Comparing methods to measure coronary hemodynamics
In the final part of this thesis, various methodologies to quantify coronary microvascular 

resistance or the coronary flow reserve are compared against each other. The aim of this 

part of the thesis is to determine which methods are to be used if the implementation of 

diagnostic coronary physiology into routine clinical practice were to be pursued. Chapters 

14 and 15 compare the two presently available methods to determine coronary blood flow 

invasively against [15O]H2O PET in stable patients and patients with acute myocardial 

infarction respectively. Chapter 16 investigates a novel method to quantify flow and 

microvascular resistance invasively. This method could potentially solve the problems 

with the two aforementioned intracoronary measurements.

Chapter 17 provides the summary and future perspectives of this thesis.
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CHAPTER 2

Intramyocardial haemorrhage after 
acute myocardial infarction.

Guus A. de Waard*, Ryanne P. Betgem*, Robin Nijveldt,               
Aernout M. Beek, Javier Escaned and Niels van Royen                       

*First two authors contributed equally to the manuscript

Nature Reviews Cardiology 2015 Mar;12(3):156-67 (Review)

Abstract
In patients with acute myocardial infarction (AMI), the guideline-recommended treatment 

is mechanical revascularization by percutaneous coronary intervention (PCI), which is 

effective at reducing mortality. However, a substantial proportion of patients with AMI 

develop chronic cardiac failure due to poor restoration of microvascular function and 

myocardial perfusion, despite restoration of epicardial vessel patency. This occurrence 

is called the no-reflow phenomenon. Although pathological and clinical observations 

initially seemed to support the hypothesis that no-reflow was the result of microvascular 

obstruction, irreversible microvascular injury and subsequent intramyocardial haemorrhage 

are now also thought to be important factors in this process. Intramyocardial haemorrhage 

shares several pathophysiological features with the haemorrhagic transformation that 

occurs after ischaemic stroke. Understanding of the role of intramyocardial haemorrhage 

in the no-reflow phenomenon and myocardial injury is crucial to the development of new 

therapeutic strategies to treat AMI. In this Review we provide a comprehensive overview 

of the pathogenesis and clinical relevance of intramyocardial haemorrhage, and discuss 

diagnostic options and future therapeutic strategies.
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Introduction
Mortality associated with ST-segment-elevation myocardial infarction (STEMI) has 

steadily declined in the past 40 years because of improved pharmacological treatment and 

the introduction of percutaneous coronary intervention (PCI).1–3 Although timely primary 

PCI restores epicardial patency effectively in most cases,1 in 50% of reperfused patients 

cardiac function does not fully recover owing to impairment of microvascular flow, known 

as the no-reflow phenomenon. This event is poorly understood and is a matter of much 

debate, but can largely nullify the benefits of early intervention.2 Although no-reflow was 

first reported in animal models, interest has resulted mainly from it being acknowledged 

as a major clinical problem related to PCI.3 Substantial evidence has supported the concept 

that no-reflow arises owing to blockage of the coronary microcirculation by downstream 

embolization of microthrombi or atheroma dislodged from the culprit lesion, either 

spontaneously or as a result of manipulation during PCI.4–9 In serial cardiac MRI studies 

of patients successfully treated with primary PCI, the effects of the no-reflow phenomenon 

on the myocardium can be visualized.10 The use of late gadolinium-enhancement cardiac 

MRI shows a hypoenhanced core within a hyperenhanced region that is often also referred 

to as microvascular obstruction. This terminology reflects the original hypothesis of 

microvascular blockage as the underlying cause of no-reflow. Use of a T2-weighted MRI 

sequence shows intramyocardial haemorrhage because of paramagnetic effects elicited 

by haemoglobin breakdown products.11,12 In 2013, new evidence emerged that indicates 

the areas of the microvascular obstruction and intramyocardial haemorrhage largely 

overlap, and together indicate myocardial tissue with vascular damage and extravasation 

of erythrocytes, rather than microvascular occlusion.12

Visualization of intramyocardial haemorrhage on cardiac MRI indicates severe 

microvascular injury. This finding is associated with increased risk of hospital readmissions 

due to cardiac failure, major adverse cardiac events, and death.11,13,14 Left ventricular wall 

motion is restricted because of massive erythrocyte accumulation in the interstitium.13,15–17 

Biodegradation of haem molecules leads to deposition of cytotoxic levels of iron in the 

myocardium. This accumulation triggers macrophage influx and, consequently, a chronic 

phase involving the generation of reactive oxygen species,18–20 necrosis, inflammation, and 

fibrosis follows. Prevention of microvascular injury and intramyocardial haemorrhage 

in the acute phase could, therefore, be of benefit to patients with STEMI. Furthermore, 

as intramyocardial haemorrhage is emerging as an important feature of myocardial 

damage during STEMI, the use of antithrombotic agents in these patients might have to 

be reappraised. Moreover, strategies aimed specifically at attenuating endothelial damage 

and disruption of vascular integrity might be beneficial in patients with STEMI. In this 

Review we provide an overview of current knowledge on the pathophysiology, diagnostic 

2
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options, and clinical relevance of intramyocardial haemorrhage. We also discuss potential 

future perspectives for therapy and research.

Pathophysiology in animal models
Reperfusion by means of CABG surgery and thrombolysis were introduced in the 1980s 

and led to a marked improvement in clinical outcomes in patients with STEMI.21,22 

However, not all the endangered ischaemic myocardium could be salvaged, and reperfusion 

was even deemed harmful in some cases.23 The damaging effects of instant reperfusion 

following coronary occlusion observed in clinical studies had previously been described 

in animal studies. In 1960, Jennings and colleagues were among the first to describe the 

histological features of reperfusion injury in canine hearts.24 The investigators noticed 

that intramyocardial haemorrhage occurred after 50–60 min of ischaemia followed by 

reperfusion. Kloner and colleagues introduced the term no-reflow in their landmark paper 

published in 1974.3 They investigated the role of microvascular damage in the reperfused 

infarcted myocardium by occluding the left circumflex coronary artery in 57 dogs for 

90 min followed by reperfusion.3 In histological findings, intramyocardial haemorrhage 

was present in the central core of the infarct. Upon ultrastructural analysis of the infarcted 

myocardium, endothelial cells showed intraluminal protrusions, free-floating membrane 

bodies, nuclear chromatin, decreased amounts of pinocytotic vesicles, and, at some points, 

gaps in the endothelial lining. Although intramyocardial haemorrhage was clearly visible, 

it was not judged to be a potential target to improve outcome after ischemia–reperfusion 

at that time.25 Subsequently, experimental research has provided more insight into the 

pathophysiology of endothelial injury and intramyocardial haemorrhage. In multiple 

clinical studies, intramyocardial haemorrhage has substantial effects on cardiac function 

and eventual prognosis and, therefore, understanding the underlying pathophysiology is 

of paramount importance.

The role of ischaemia
During coronary occlusion, the cardiovascular endothelium is subject to hypoxia and a 

loss of shear stress. Consequently, the microvascular endothelium becomes vulnerable, 

leaky, and eventually necrotic.3,25 This microvascular injury is accompanied by decreases 

in cellular density,26 structural integrity,27,28 and perfusion capacity29,30 as well as loss of 

vasodilator response.32

The occurrence of intramyocardial haemorrhage following microvascular injury 

can be explained by a loss of endothelial integrity, which probably arises due to the 

hypoxic conditions.32,33 In the first hours after infarction, the hypoxic conditions in the 

microvasculature lead to increased formation of reactive oxygen species and production 

of cytokines, such as thrombin, histamine, tumour necrosis factor, and bradykinin.34,35 
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Paracellular permeability is increased by inactivation of cadherin-5 (also known as 

vascular endothelial cadherin).34,35 Cytokines and growth factors influence vascular 

leakage by induction of transcellular transport through the formation of caveolae or 

paracellular transport due to cleavage of adherence and tight-junction proteins.34 Release 

of angiopoietin-2 attenuates leakage induced by histamines, vascular endothelial growth 

factor (VEGF), and, potentially, bradykinin.36–39 When VEGF binds to VEGF receptor 2, 

it activates the Scr/phosphoinositiol-4,5-bisphosphate 3-kinase pathway, which causes 

phosphorylation of cadherin-5 from the stabilizing p120 and catenin β molecules, resulting 

in uncoupling of cadherin-5 from the important tight-junction protein claudin-5, which 

leads to increased vascular permeability.40,41

In addition to the increase of reactive oxygen species, concentrations of lipid 

peroxidation molecules rise, vitamin levels drop, total antioxidant capacity is upregulated, 

and various antioxidant enzymes, such as ischaemia-modified albumin, are activated.42,43 

These features are indicative of myocardial ischaemia.42,43 Additionally, release of the 

vasoconstrictor endothelin-1 from the endothelium is intensified. Elevated concentrations 

of endothelin-1 might aggravate reperfusion injury and are associated with an increased 

risk of no-reflow and long-term mortality.44 Endothelin-1 protein might, therefore, be a 

suitable diagnostic marker for intramyocardial haemorrhage.

Although sustained periods of ischaemia are associated with an increased risk of 

intramyocardial haemorrhage, ischaemia alone does not lead to this outcome.45–47 Fixed 

occlusion without reperfusion results in intracellular swelling of the cardiomyocytes 

and endothelial cells but no haemorrhage.48,49 Therefore, reperfusion is mandatory for 

initiation of intramyocardial haemorrhage.28,50 Upon reperfusion, erythrocytes escape 

from the leaking microvasculature into the myocardium, which is accompanied by 

oedema formation, and, ultimately, restricts myocardial healing.32,47,51,52 Intramyocardial 

haemorrhage has, therefore, been interpreted as a hallmark of severe microvascular 

damage.53–55

The role of reperfusion
In cases of coronary occlusion, reperfusion occurs spontaneously or can be achieved with 

thrombolysis or PCI. The latter treatment is the most effective and the most commonly 

used in patients with STEMI.1 Final infarct size and left ventricular ejection fraction are 

critically related to prognosis, and depend upon the total ischaemic time. The clinical 

adage states that time is muscle and, therefore, reperfusion must be established as fast as 

possible. However, in view of its role in intramyocardial haemorrhage, reperfusion is not 

always beneficial for the ischaemic myocardium (Figure 1).47,56–58

2
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Figure 1: Possible mechanisms underlying the development of intramyocardial haemorrhage. During 
ischaemia, absence of blood flow results in an absence of shear stress, which might lead to swelling of 
the hypoxic endothelial cells and endothelial blebbing, loss of pinocytotic vesicles, and, consequently, 
vulnerable interendothelial junctions owing to upregulation of VEGF and Ang2. Reperfusion is thought 
to further damage these interendothelial junctions, leading to gaps in the endothelium, extravasation of 
erythrocytes and EMPs, microvascular destruction, oedema, and myocardial necrosis. Breakdown of the 
basal membrane due to the influx of neutrophil granulocytes increases vascular leakage. Abbreviations: 
Ang1, angiopoietin‑1; Ang2, angiopoietin‑2; EMPs, endothelial microparticles; MMP‑9, matrix metallopro-
teinase 9; VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2.

Reperfusion of the ischaemic myocardium is accompanied by a complex cascade 

of events, including endothelial swelling and destruction, platelet and neutrophil 

plugging, rouleaux formation of erythrocytes, and injury to the glycocalyx that lines 
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the endothelium.59–62 Reperfusion might, therefore, lead to mechanical destruction of 

the injured microvasculature. An early expression of endothelial distress and potential 

injury is the formation of endothelial blebs.63 In addition, neutrophil extravasation and 

subsequent release of matrix metalloproteinases (MMPs), lead to active breakdown of 

the basal membrane, which allows erythrocytes to escape from the microvaculature.29 

The increased release of endothelial microparticles from the endothelium and MMP 

concentrations, therefore, might provide predictive tools for the development of 

intramyocardial haemorrhage.64–68

Mechanical revascularization by primary PCI is the treatment of choice for acute 

myocardial infarction (AMI). Nevertheless, by the time complete necrosis of the regional 

myocardium has occurred, reperfusion therapy will no longer reduce the final infarct 

size.28,69,70 This outcome might be explained by the myocardium being more vulnerable to 

ischaemia than the endothelium.71 In a canine study, infarct size could be attenuated by 

establishing reperfusion after 2 h of ischaemia, but not after 5 h.58 Such late reperfusion 

is characterized by a higher incidence of ventricular arrhythmias and a greater extent 

of necrosis than early treatment, and more frequently results in heart failure, although 

mortality is not affected.23,28,58,71,72

Atherothrombotic microembolization
Although in their experimental work on no-reflow, Kloner and colleagues dismissed 

thrombotic occlusion of the microcirculation as the dominant cause of no reflow,25 a second 

wave of evidence support to this aetiological mechanism. Data derived from pathological 

studies on the causes of acute coronary syndromes and from direct observations during 

PCI in patients with STEMI greatly influenced physicians and clinical scientists.7

In response to vessel manipulation during PCI, no-reflow can develop in a dramatic 

fashion and presents with stagnation of contrast medium in epicardial arteries, 

persistent myocardial blush, and frequently, electrocardiographic and haemodynamic 

changes.2,73 This sequence reinforces a causative link between the culprit lesion and no-

reflow. In pathological studies of patients who died after acute coronary syndromes, 

microembolization of thrombus and atheromatous gruel were frequent findings, which 

suggests that these features could be causal factors in no-reflow.8 Numerous clinical 

observations support this hypothesis. In angiographic and intracoronary imaging studies, 

including a substudy of the HORIZONS trial,6 an association between the development 

of no-reflow during primary PCI in patients with STEMI and the presence of high 

atherothrombotic burden in the treated culprit artery has been seen.7 Reduced risk of 

no-reflow was reported with the use of embolic protection devices during PCI in patients 

at high risk of microembolization, such as recipients of saphenous vein grafts. Embolic 

protection devices have also been used to decrease the risk of no-reflow in primary PCI, 

2
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although the clinical or angiographic benefits are unclear.4,74 Reduced thrombotic burden 

in the culprit artery in patients with and without STEMI have also been reported with use 

of aspiration thrombectomy5 or pharmacological prevention strategies,75 which has been 

associated with decreased risk of no-reflow. All this evidence supports the hypothesis that 

embolization of microthrombi and plaque components from the culprit coronary segment 

are causative in no-reflow after PCI in patients with STEMI. The possibility of concomitant 

in situ thrombosis in the microcirculation during STEMI has also been proposed and is 

supported by the finding that intracoronary administration of thrombolytic agents after 

primary PCI improves microcirculatory function.76

Anatomical distribution of haemorrhage
During AMI, myocardial necrosis expands as a wavefront from the subendocardium 

towards the epicardium. Perhaps unsurprisingly, intramyocardial haemorrhage follows a 

regional distribution pattern similar to that of the myocardial necrosis.77 In the transversal 

plane, intramyocardial haemorrhage is present in the infarct core and resolves gradually 

towards the peripheral margins of the infarct area, termed the border zone.78 The core and 

border zones are distinct (Figure 2).

Figure 2: Histopathological differences between the core and border zones in infarcted porcine myocardi-
um. The top panels (magnification ×200) show the core zone with characteristic oedema and contraction 
band necrosis on PTAH staining (left) and destroyed microvasculature on anti‑CD31 staining (right). The 
bottom panels show the border zone, with accumulation of granulation tissue and neutrophils on PTAH 
staining (left) and intact microvasculature with occasional microthrombotic plugging on anti‑CD31 staining 
(right). Abbreviations: PTAH, phosphotungstic acid–haematoxylin staining.
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In dogs with haemorrhagic myocardial infarction, haemoglobin levels were 10-fold greater 

in the infarct zone and 3.5-fold greater in the entire left ventricle than in dogs with no 

haemorrhage, which indicates that intramyocardial haemorrhage is primarily located in the 

central core.28 On macroscopic inspection, the core zone comprises autolytic myocardium 

that is pale because of loss of perfusion due to vessel destruction.77 Impairment of flow 

might also be due partly to compression caused by the haemorrhage or myocardial oedema.

In the chronic phase after AMI, changes in the border zone are important. In contrast 

to the core, no intramyocardial haemorrhage is seen in this area and the microvasculature 

remains intact, which increases the influx of inflammatory cells during ventricular 

remodelling, starting within 2 days.77,78 Erythrocyte stasis and neutrophil accumulation are 

frequently seen in the border zone, although some studies have shown no erythrocytes,30,79 

and increase as time to reperfusion lengthens. In contrast to the infarct core, the border 

zone is potentially salvageable.

Intramyocardial haemorrhage in humans
Autopsy studies with findings regarding intramyocardial haemorrhage are scarce because 

of medical advances have notably reduced in-hospital mortality in patients with AMI. 

The interest in autopsies of these patients has also decreased because the cause of death is 

unequivocal in most cases. However, many autopsy studies are available from the 1980s, 

and these and a few later case reports confirm that the findings in animals are similar in 

humans: haemorrhagic areas in the human myocardium are confined to the necrotized 

infarct core.80

Thrombolysis era
Before reperfusion therapy was introduced in the 1980s, haemorrhagic infarctions were 

rarely reported. The implementation of thrombolysis by streptokinase, urokinase, or 

recombinant tissue plasminogen activator, resulted in a surge of massive haemorrhagic 

infarctions.80,81 If reperfusion-induced injury to the ischaemic microvasculature is 

indeed the cause of intramyocardial haemorrhage, this outcome would be expected to 

be absent if reperfusion therapy were not applied. This theory was confirmed in a large 

necropsy study, in which no haemorrhaging was observed in patients with untreated 

AMI.82 With thrombolytic therapy, the occurrence of intramyocardial haemorrhage 

depends to a substantial degree on whether revascularization was successful: in patients 

in whom restoration of perfusion was unsuccessful, intramyocardial haemorrhage was 

seen much less frequently.83–85 In patients with partial occlusion before treatment or 

angiographically unsuccessful reperfusion, fewer cases of intramyocardial haemorrhage 

and less contraction band necrosis were seen than in patients with complete occlusion or 

successful reperfusion.82,83
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When thrombolysis is concomitantly applied with PCI, extensive haemorrhagic 

infarctions occur.85 Consequently, some reports ascribed intramyocardial haemorrhage 

to the side-effects of thrombolytics, whereas others connected this outcome with 

reperfusion.15,86 However, interest in this reason for intramyocardial haemorrhage declined 

because it was assumed that PCI without thrombolysis would largely resolve the problem 

of intramyocardial.25,47,85

PCI era
Autopsy studies after the introduction of PCI are scarce, and specific reports on 

intramyocardial haemorrhage are lacking. Advances in the technical aspects of this 

technique and knowledge of cardiac MRI, however, have provided substantial information 

on intramyocardial haemorrhage in patients with reperfused STEMI. Intramyocardial 

haemorrhage is still observed in up to 50% of patients despite the use of primary PCI without 

thrombolysis (Table 1). The presence of intramyocardial haemorrhage in angiographically 

successfully primary PCI for STEMI is associated with large infarct size, as reflected by 

high cardiac enzyme activity.11,13,14,87–89 Moreover, intramyocardial haemorrhage results in 

worse cardiac function, independent of infarct size, as shown by greater left ventricular 

end diastolic and systolic volumes and lower ejection fractions than in patients without 

intramyocardial haemorrhage. Ultimately, therefore, intramyocardial haemorrhage is 

related to poor clinical outcomes and death (Table 1).11,13,89 Randomized, controlled trials 

demonstrating that primary PCI has superior clinical outcome to thrombolysis have not 

specifically determined the occurrence of intramyocardial haemorrhage and, therefore, 

whether PCI or thrombolysis are related to a larger extent of intramyocardial haemorrhage 

is unknown.90

Table 1: Studies on the patients characteristics and prognostic value of CMR defined IMH

Study Study goals CMR 
sequence

Incidence 
of IMH

Results Follow-up

Ganame 
et al., 200913 
(n = 98)

Effect of IMH 
on adverse LV 
remodelling

T2 25% IMH associated with large infarct 
sizes and LV volumes, increased 
transmurality, wall thinning, and 
decreased LVESV and LVEF

4 months

Beek, et al., 
201089 
(n = 45)

Effect of IMH 
on infarct size, 
MVO, and cardiac 
function

T2 49% IMH associated with large infarct 
sizes and LV volumes, increased 
MVO, reduced LVEF and little 
improvement at follow-up

4 months

Bekkers 
et al., 
2010100 
(n = 90)

Effect of IMH and 
MVO on clinical 
outcome

T2 43% Patients with IMH have larger areas 
of MVO, an extended infarct size 
and increased LVEDV and LVESV

103 days
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Study Study goals CMR 
sequence

Incidence 
of IMH

Results Follow-up

Marra 
et al., 201056 
(n = 108)

Use of CMR to 
detect IMH and 
prognostic value 
of IMH over MVO

T2 30% T2-weighted CMR detects IMH with 
good prognostic value, correlating 
with poor reperfusion profile on 
angiography in patients with IMH

Unknown

Weaver 
et al., 
2011102 
(n = 41)

Effect of grade 
3 ischaemia 
STsegment 
changes on IMH 

T2 41% Grade 3 ischaemia associated with 
increased incidence of IMH

ECG at 1, 24, 
and 48 h, 
and CMRI 
on day 4 

Eitel et al., 
2011101 
(n = 346)

Effect of IMH on 
prognosis and 
determinants of 
IMH

T2 35% IMH predicts adverse LV 
remodelling, and it is associated 
with large infarct sizes, increased 
MVO, poor myocardial salvage, and 
impaired LV function

6 months

Husser 
et al., 201214 
(n = 304)

Effect of IMH 
on prediction 
of MACE and 
adverse cardiac 
remodelling, and 
relation between 
IMH with MVO

T2 34% IMH is an independent predictor of 
MACE and adverse LV remodelling, 
and correlates strongly with MVO; 
T2-weighted CMRI did not improve 
predictive value when added to 
cine-MRI or LGE-CMR

6 months

Amabile 
et al., 201211 
(n = 114)

Incidence, 
predictors, and 
prognostic value 
of IMH on CMR

T2 10% IMH associated with large infarct 
sizes and average LV mass, 
increased MVO, high levels of 
glucose at admission, and increased 
incidence of adverse events

1 year 

Mather 
et al., 201217 
(n = 48)

Effect of IMH 
on ventricular 
remodelling 
and risk of late 
ventricular 
arrhythmia

T2 and 
T2*

25% IMH is a strong independent 
predictor of adverse ventricular 
remodelling, with patients being at 
risk of for developing arrhythmias 
owing to prolonged QRS duration

92 days

Kali et al., 
201387 
(n = 15)

Effect of IMH 
on regional iron 
deposition*

T2* 73% Patients with IMH are at high risk 
of developing iron deposits in the 
chronic phase after AMI

6 months

Malek 
et al., 
2013103 
(n = 48)

Effect of IMH on 
platelet reactivity, 
measured by 
impedance 
aggregometry

STIR 33% Patients with IMH had reduced 
platelet aggregation induced by 
thrombin receptor activating 
peptide compared with those 
without IMH

Unknown 

Kidambi 
et al., 201388 
(n = 39)

Effect of IMH 
on myocardial 
contractile 
function, 
measured by CMR 
tissue tagging

T2 and 
T2*

36% IMH associated with poor 
contractile function in the infarct 
zone from day 7 onwards

Days 7–10, 
30, and 90 

Table legend: IMH was defined as a hypointense zone on CMR within the infarcted area and the 
infarcted area defined as 2 SD above the mean signal in the remote myocardium in all studies. *Proof-of-
concept study. Abbreviations: AMI, acute myocardial infarction; CMR, cardiac MRI; IMH, intramyocardial 
haemorrhage; LGE, late gadolinium-enhancement; LV, left ventricle; LVEDV, left ventricular end diastolic 
volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end systolic volume; MACE, major 
adverse cardiac events; MVO, microvascular obstruction; STIR, short tau inversion recovery.
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Imaging
Shortly after reperfusion is established, microcirculatory injury can trigger intramyocardial 

haemorrhage. The small quantities of erythrocytes that are present at this early stage 

can be difficult to visualize. Alternative methods that may be used to assess the risk of 

intramyocardial haemorrhage are measurement of microcirculatory function, including 

angiographic parameters, measurement of intracoronary blood flow and pressure, and 

myocardial contrast echocardiography. However, these techniques assess microvascular 

perfusion rather than haemorrhage.2,91,92 In the first week following reperfusion, cardiac 

MRI is considered to be the gold standard method of assessment, and its specificity to 

detect haemorrhage has been validated in experimental studies.12,79,93,94 The different MRI 

sequences, T1, T2, and T2* can all be used to assess intramyocardial haemorrhage and 

have been validated by comparisons with histopathological findings. The T2 and T2* 

sequences are used most often, owing to their greater diagnostic value for the detection of 

intramyocardial haemorrhage than the T1 sequence.46,54,55,88,95,96

Visualization of intramyocardial haemorrhage is possible because of the degradation of 

erythrocytes: following deoxygenation, haemoglobin is broken down into oxyhaemoglobin, 

deoxyhaemoglobin, and eventually, methaemoglobin. These breakdown products produce 

different signal intensities on cardiac MRI and, therefore, imaging of intramyocardial 

haemorrhage is time and sequence dependent. Deoxyhaemoglobin is best detected with a 

T2 sequence and methaemoglobin with T1 (Table 2).97 Deoxygenation eventually leads to 

lysis of the erythrocyte’s membrane, which exposes the iron-breakdown products ferritin 

and haemosiderin. Iron deposition can be detected by T2-weighted or T2*-weighted cardiac 

MRI in the first 4 weeks after treatment.46 However, the presence of myocardial oedema in 

the acute phase limits specific delineation of a hypointense core with the T2 sequence due 

to low contrast resolution, while a substantial number of artefacts with the T2* sequence 

limits quantification of intramyocardial haemorrhage in a high number of patients.17,54,96,98 

Despite the technical limitations, T2* seems to be the most sensitive cardiac MRI sequence 

to detect intramyocardial haemorrhage. The limitations might be overcome by use of high-

pass filtered processing, which would increase sensitivity for haemosiderin.19 High-pass 

filtered processing can also quantify the extent of intramyocardial haemorrhage over time 

and, therefore, can be used to monitor effects of medication.19
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Table 2: Optimum imaging techniques for IMH according to stages of erythrocyte breakdown

Erythrocyte breakdown 
stage and post-AMI phase

Event T1-weighted 
cardiac MRI

T2-weighted 
cardiac MRI

None (ischaemia) No microvascular leakage No signal No signal

Extravasation
Hyperacute 
(>1 day)

Increased intracellular 
oxyhaemoglobin levels

Isointense Slightly hyperintense

Deoxygenatation
Acute 
(1–3 days)

Increased intracellular 
deoxyhaemoglobin levels

Slightly hypointense Very hypointense

Early subacute 
(>3 days)

Increased intracellular 
methaemoglobin levels

Very hyperintense Very hyperintense

Late subacute 
(>7 days)

Increased extracellular 
methaemoglobin levels

Very hyperintense Very hypointense

Lysis
Chronic (>2 days) Iron breakdown into ferritin 

and haemosiderin
Ferritin isointense, 
haemosiderin 
slightly hypointense

Ferritin slightly 
hyperintense, 
haemosiderin very 
hypointense

Table legend: Abbreviations: AMI, acute myocardial infarction; IMH, intramyocardial haemorrhage. 
Permission obtained from Radiological Society of North America © Bradley W.G. MR appearance of 
hemorrhage in the brain. Radiology 189, 16 (1993).

Microvascular obstruction
In ~50% of all patients with STEMI, late gadolinium-enhancement cardiac MRI reveals 

a hypoenhanced core within the hyperenhanced region.89 This hypoenhanced region is 

referred to as microvascular obstruction and is widely thought to cause the no-reflow 

phenomenon. The different areas have been presented as two distinct entities, because in 

patients with microvascular obstruction, intramyocardial haemorrhage is not necessarily 

visible with T2-weighted cardiac MRI.13 By contrast, patients with intramyocardial 

haemorrhage on T2-weighted cardiac MRI almost always exhibit microvascular obstruction 

on late gadolinium-enhancement cardiac MRI.13,89,99–102 However, in a study that included 

human and porcine data, we found that when T2-weighted imaging is matched with 

late gadolinium-enhancement cardiac MRI, the overall regions of intramyocardial 

haemorrhage and microvascular obstruction are strikingly similar and correspond to 

intramyocardial haemorrhage confirmed by histopathology.12 The discrepancy between 

the two regions on different types of imaging might be explained by how the techniques 

show intramyocardial haemorrhage. With late gadolinium-enhancement cardiac MRI, 

contrast washout is used to define the area of intramyocardial haemorrhage, whereas with 

T2-weighted cardiac MRI, the tissue characteristics of the myocardium and blood are 
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visualized.10 Another explanation is that the specificity of late gadolinium-enhancement 

cardiac MRI for small areas of microvascular obstruction is low and that T2-weighted 

cardiac MRI detects only major regions of intramyocardial haemorrhage.12 Because studies 

consistently demonstrate microvascular destruction in areas indicated as microvascular 

obstruction on late gadolinium-enhancement cardiac MRI, microvascular injury might 

be a more appropriate term.16,48,101,103–105 Intramyocardial haemorrhage can, therefore, be 

taken as a sign of severe myocardial injury.

In the clinical setting, microvascular obstruction and intramyocardial haemorrhage 

both strongly correlate with adverse outcomes, as indicated by high troponin I levels, 

reduced Thrombolysis In Myocardial Infarction flow grades, decreased left ventricular 

ejection fraction, and increased incidence of major adverse cardiac events.11,100,106–108 

Ultimately, with use of combined T2 and T2* sequences in late gadolinium-enhancement 

cardiac MRI, four different areas within the myocardium can be specifically distinguished 

and delineated: oedema, intramyocardial haemorrhage, infarct tissue, and microvascular 

injury (Figure 3).

Figure 3: Intramyocardial haemorrhage on cardiac MRI. a | On T2‑weighted cardiac MRI, intramyocardial 
haemorrhage appears as a hypointense core within a hyperintense border zone where oedema is present. 
b | On T2*‑weighted cardiac MRI, the area of intramyocardial haemorrhage is more easily detectable, 
as this sequence has a low affinity for oedema c | On late gadolinium‑enhancement cardiac MRI, the 
hypointense core indicates microvascular injury and the hyperintense border zone indicates the overall 
infarction area, around which is a clear hypointense region that is viable myocardium (*). Abbreviations: 
IMH, intramyocardial haemorrhage; LV, left ventricle; MVI, microvascular injury; RV, right ventricle. White 
arrows mark oedema, black arrows mark intramyocardial haemorrhage.
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Experimental imaging studies
In animal studies, examination of the true region of intramyocardial haemorrhage and its 

expansion can be investigated with histochemical staining of erythrocytes. Quantification 

of intramyocardial haemorrhage is commonly achieved macroscopically with use of 

triphenyl-tetrazolium chloride, which stains the entire infarcted myocardium except for 

haemorrhagic areas.52 Alternatively, haematoxylin and eosin staining allows microscopic 

quantification. These methods are nonspecific and time consuming, as no functional 

erythrocyte staining exists due to the absence of specific surface molecules. Instead, 

erythrocyte compounds, such as haemoglobin, or iron deposits can be stained with a 

haemoglobin antibody or Perl’s Prussian blue staining, which stains ferritin deposits.18,20,109 

Erythrocytes can also be labelled with radioisotopes or erythrocyte extravasation can be 

mimicked by injection of radioactive or gold-labelled microspheres, and may be visualized 

with spectroscopy.47,51,110–113

Predicting the risk of haemorrhage
No specific baseline parameters accurately predict the occurrence of intramyocardial 

haemorrhage. However, associations have been made between infarctions in the left anterior 

descending artery, low initial Thrombolysis In Myocardial Infarction flow grades, high 

plasma glucose levels at the time of hospital admission, long ST-segment resolution times 

and increased risk of intramyocardial haemorrhage.11 Moreover, the extent of collateral 

flow has been related to the development of intramyocardial haemorrhage—patients with 

well-developed coronary collateral circulation are more likely to have preserved blood 

supply to the jeopardized myocardium than patients with poor circulation.51,114 The extent 

of the collateral circulation is heterogeneous between patients, and anatomical variations 

in the coronary vasculature could underlie differences in the extent of intramyocardial 

haemorrhage.11,115

Cardiac biomarkers, such as peak creatine kinase, creatine kinase MB and B-type 

natriuretic peptide levels, are substantially increased in patients with intramyocardial 

haemorrhage, but cannot accurately predict the occurrence of this outcome following 

primary PCI.73,116 As mentioned previously, pre-existing microvascular dysfunction 

increases the risk of intramyocardial haemorrhage. Conclusions about whether metabolic 

syndrome or smoking influence the development of intramyocardial haemorrhage have so 

far been conflicting, and these factors need to be assessed further.11,14,117

Similarities to cerebral infarction
Similarly to AMI, acute cerebral infarction should be treated by timely reperfusion therapy 

with intravenous tissue plasminogen activator, urokinase, or streptokinase. If treatment is 

initiated beyond 3 h of ischaemia, haemorrhagic transformation of the initial ischemic event 
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occurs in ~30% of patients.118,119 This phenomenon is associated with increased morbidity 

and mortality. Cerebral infarction can be predicted by a large infarct size, occlusion of the 

proximal middle cerebral artery, delayed reperfusion (>6 h after infarction), and absence 

of collateral flow.120–125 These findings correspond well with the features associated with 

the development of intramyocardial haemorrhage after AMI, because intramyocardial 

heamorrhage most frequently occurs in extensive infarctions located in the anterior 

ventricular wall in patients with poor coronary collateral circulation.11

Reperfusion therapy is widely believed to be the cause of haemorrhagic transformation. 

Vasospasm upon infarction of the cerebral artery might lead to migration of thrombi to 

the distal capillaries, which become ischaemic and haemorrhagic during reperfusion.125 If 

the ischaemic state alters the coagulant and anticoagulant characteristics of the blood, it 

could contribute to haemorrhage.126

Therapeutic targets
Although preclinical studies to investigate reperfusion-mediated myocardial injury 

have shown promising results, the transition from bench to bedside has been largely 

disappointing. Administration of anti-inflammatory pharmaceuticals has yielded neutral or 

even negative results, possibly owing to the late influx of inflammatory cells in the infarcted 

area.26 Endothelial injury is seen early in the haemorrhagic process, which might explain 

why therapies such as ischaemic preconditioning and postconditioning, hypothermia, and 

hyperoxia potentially reduce final infarct size.127,128 Whether they would lessen the risk of 

intramyocardial haemorrhage is unknown, but the potential protection of microvasculature 

from the effects of reperfusion might prevent extravasation of erythrocytes and lessen the 

risk of cardiomyocyte injury.129–132 

Protection of the microvasculature
Endothelium
Ischaemia triggers the release of cytokines from the endothelium, which destabilizes 

cadherin-5 activity and leads to microvascular leakage.34,35 Prevention of the disruption 

to cadherin-5 activity and, consequently, intramyocardial haemorrhage, can be achieved 

by targeting VEGF or angiopoietin-2.36–39,133,134 The Src-kinase inhibitor angiopoietin-

related protein 4, administered before or after reperfusion of the myocardium, or the 

tyrosine-kinase inhibitor imatinib, which can prevent VEGF-induced leakage, have shown 

promising effects in vivo: in a myocardial and a cerebral infarction rat model, angiopoietin-

related protein 4 reduced the degree of vascular leakage and lessened the extent of no-

reflow.40,41,135
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Angiopoietin-2 concentrations following myocardial infarction in rats are increased in the 

infarct zone but decreased in the border zone.36,136 Administration of angiopoietin-1was 

associated with a reduced degree of vascular leakage and myocyte necrosis, and preserved 

cardiac function. Clinical testing of this treatment is still awaited.136,137

Basal membrane
Upon reperfusion, upregulation of MMP activity is seen in patients with cerebrovascular 

and myocardial infarctions.138,139 MMPs, and especially MMP-9, have the potential to 

break down the vascular basal lamina, which allows extravasation of the intravascular 

contents.140 In animal cardiac and cerebral infarction models, the risk of haemorrhage can 

be decreased by inhibition of MMP-9. Inhibition might be achieved by the depletion of 

leukocyte concentrations before reperfusion141–143 or by the use of pharmaceutical MMP-9 

inhibitors, such as atorvastatin, edaravone, melatonin, minocycline, and rimonabant. 

Improved outcomes have been reported after MMP-9 inhibition.144–150 The beneficial 

effects of pharmaceutical MMP-9 inhibitors are probably most pronounced when they 

are administered early during reperfusion, but more research is needed to establish the 

clinical implications of their use.151 Glibenclamide is being tested for safety in patients 

with severe ischaemic stroke in a phase II clinical trial.152

Pericytes
In the basal membrane, pericytes support microvessels and interact closely with the 

endothelium. In addition to their role in proliferation, pericytes can control blood flow 

and might contribute to VEGF-induced vascular leakage, mediated by the platelet-

derived growth-factor signalling pathway.153,154 Loss of pericytes is associated with 

retinal haemorrhage, and research has indicated that pericyte death with subsequent 

capillary constriction owing to pericyte contraction could be responsible for the no-reflow 

phenomenon in the brain.155,156 Control of pericyte contraction might, therefore, prevent 

vascular leakage and reduce the risk of intramyocardial haemorrhage.157

Reperfusion strategies
Ischaemic conditioning
Gradual reperfusion, intermittent occlusion, and even permanent reocclusion have all been 

associated with reduced infarct size in experimental models compared with reperfusion 

without conditioning.47,158,159 Remote ischaemic preconditioning uses alternating cycles 

of ischaemia and reperfusion in a remote vascular bed before coronary reperfusion is 

established. The most common method is repeated inflation and deflation of a blood 

pressure cuff around the upper extremity.160 Cycles of ischemia and reperfusion of the 

culprit vessel after PCI are also feasible, which is termed ischaemic postconditioning.160 
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Many clinical trials have been performed to investigate the implications of remote 

preconditioning and postconditioning, but results have been conflicting.160 Primary end 

points have mainly been changes in cardiac enzymatic biomarkers and microvascular 

obstruction identified with cardiac MRI, but a study of ischaemic postconditioning showed 

no effect on the occurrence of intramyocardial haemorrhage by the latter assessment.161

Regulation of blood pressure
Apart from gradual restoration of coronary blood flow following reperfusion, the 

maintenance of low blood pressure can reduce the extent of intramyocardial haemorrhage 

and swelling of endothelial cells in patients undergoing CABG surgery.162 The detrimental 

impact of high blood pressure during reperfusion has been demonstrated in multiple 

myocardial ischemia–reperfusion models, in which the incidence of intramyocardial 

haemorrhage was notably higher in hypertensive than in normotensive animals.163 In line 

with the hypothesis that the microvasculature becomes damaged upon reperfusion, low 

blood pressure is thought to lessen the risk of microvascular injury.164,165 In experimental 

studies, the calcium-antagonist diltiazem and the vasodilatory agent glyceryl trinitrate 

attenuated infarct size, and use of methoxamine resulted in reduced endothelial injury, 

and all were associated with reduced risk of intramyocardial haemorrhage.164,165 Aggressive 

reduction of blood pressure through administration of high-dose calcium antagonists, β 

blockers, or angiotensin-converting-enzyme inhibitors has shown promising effects in the 

reduction of final infarct size.2,166–172

Antiplatelet therapy
For the acute care of patients with STEMI, clinical guidelines recommend the 

periprocedural administration of dual antiplatelet therapy and to consider maintenance 

therapy with a glycoprotein IIb/IIIa inhibitor.173 Of note is that these drugs are associated 

with an increased risk of bleeding, because they aggressively reduce platelet reactivity to 

prevent thrombus formation.174 Low platelet reactivity might be beneficial for reducing 

infarct size when administered in the acute setting,175 but might aggravate development 

of intramyocardial haemorrhage. After PCI, patients who develop intramyocardial 

haemorrhage have a lower platelet aggregation than those without haemorrhage, but 

this difference is not observed before reperfusion.102 Presumably excessive antiplatelet 

therapy could be involved in the development of intramyocardial haemorrhage. In support 

of this hypothesis, use of intracoronary glycoprotein IIb/IIIa inhibition in addition to 

bivalirudin in a porcine model was associated with a significant increase in the frequency 

of intramyocardial haemorrhage compared with bivalirudin alone.176 In the setting of 

haemorrhagic transformation, tissue plasminogen activator impairs the integrity of the 

blood–brain barrier and induces haemorrhage. Tissue plasminogen activator, therefore, 
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might conceivably increase production of endogenous platelet-derived growth factor, as 

has been noted in patients with haemorrhagic transformation after stroke.177–179 This effect 

led to activation of the platelet-derived growth factor receptor α in vitro. Inhibition of the 

platelet-derived growth factor pathway with imatinib reduced the risk of haemorrhagic 

transformation after stroke in experimental studies.180

Clinical implications
The current therapeutic strategy for treatment of AMI is focused on establishing 

revascularization by PCI with adjunctive administration of platelet inhibitors and 

anticoagulants to attenuate final infarct size.173 Cardiomyocytes are more sensitive than 

the endothelium to ischaemic conditions.71 Early reperfusion, therefore, can salvage 

the myocardium when the endothelium is still intact, whereas later reperfusion might 

result in erythrocyte extravasation to already necrotized myocardium and have reduced 

or no benefit. Moreover, the excessive use of anticoagulative and platelet-inhibiting 

therapies could increase the extent of intramyocardial haemorrhage. Development of 

pharmacological therapies aimed at protecting the microvasculature or adjusting the 

way reperfusion is established might prevent microvascular injury and reduce the risk of 

intramyocardial haemorrhage.

Conclusions
Intramyocardial haemorrhage is caused by reperfusion therapy following a period of 

severe ischaemia that causes microvascular injury, characterized by swollen endothelial 

cells and gaps within the endothelial lining. Reperfusion of the injured microvasculature 

causes extravasation of erythrocytes, which damages cardiomyocytes and results in 

adverse cardiac remodelling. This harmful effect might be attenuated by several therapeutic 

interventions: gradual instead of abrupt reperfusion, use of preconditioning to prevent 

endothelial damage, or use of pharmaceutical therapies, blood-pressure-lowering drugs, 

and antiplatelet agents. Promising targets for microvascular protection are the basal 

membrane protein MMP-9 and vascular permeability molecules, such as VEGF and 

angiopoietin-2. Moreover, striking similarities between haemorrhagic transformation 

after ischaemic stroke and intramyocardial haemorrhage suggest that interdisciplinary 

research and exchange of ideas might be beneficial for the development of novel treatments.
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Abstract
Background Microvascular injury (MVI) after coronary ischemia-reperfusion is associated 

with high morbidity and mortality. Both ischemia and reperfusion are involved in MVI, 

but to what degree these phases contribute is unknown. Understanding the etiology is 

essential for the development of new potential therapies.

Methods and findings Rats were divided into 3 groups receiving either 30 minutes 

ischemia, 90 minutes ischemia or 30 minutes ischemia followed by 60 minutes reperfusion. 

Subsequently hearts were ex-vivo perfused in a Langendorff-model. Fluorescence and 

electron microscopy was used for analysis of capillary density, vascular permeability and 

ultrastructure. Most MVI was observed after 30 minutes ischemia followed by 60 minutes 

reperfusion. In comparison to the 30’ and 90’ ischemia group, wall thickness decreased 

(207.0±74 vs 407.8±75 and 407.5±71, p=0.02). Endothelial nuclei in the 30’-60’ group 

showed irreversible damage and decreased chromatin density variation (50.5±9.4, 35.4±7.1 

and 23.7±3.8, p=0.03). Cell junction density was lowest in the 30’-60’ group (0.15±0.02 

vs 2.5±0.6 and 1.8±0.7, p<0.01). Microsphere extravasation was increased in both the 

90’ ischemia and 30’-60’ group.

Conclusions Ischemia alone for 90 minutes induces mild morphological changes to 

the coronary microcirculation, with increased vascular permeability. Ischemia for 30 

minutes, followed by 60 minutes of reperfusion induces massive MVI. This shows the 

direct consequences of reperfusion on the coronary microcirculation. These data imply 

that a therapeutic window exists to protect the microcirculation directly upon coronary 

revascularization.
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Introduction
ST-segment elevated myocardial infarction (STEMI) is treated with direct revascularization 

by percutaneous coronary intervention (PCI). Although PCI has dramatically improved 

outcome in STEMI patients, it poses a new challenge. Despite a successful opening of the 

culprit vessel, in 40-50% of patients a part of the cardiac microvasculature remains non-

perfused 1. This is known as the no-reflow phenomenon and because it mostly affects the 

microvasculature, it is also referred to as microvascular injury (MVI)2. In the past decades 

it has become apparent that the presence of MVI is associated with a high morbidity and 

mortality 3, 4. The worldwide prevalence of coronary artery disease affirms the urgency of 

adequate therapy. Unfortunately, despite several efforts no such therapy is available yet, 

because of limited knowledge on the pathophysiological mechanisms leading to MVI.

Evidently, the manifestation of MVI follows a period of ischemia and since MVI is 

predominantly located in the infarct core, it is theorized that ischemia plays a role in 

the development of MVI. This is demonstrated by Tarantini et al. who found a positive 

correlation of duration of ischemia and microvascular obstruction with magnetic resonance 

imaging 4. However the effects of ischemia on cardiomyocytes and endothelial cells are 

not equivalent. While infarct size mostly develops during ischemia5, 6 the maximum 

extent of MVI is not found directly after ischemia, but rather develops over time after 

reperfusion. Several animal and clinical studies have shown that peak size of MVI lies >2 

hours post infarction 7, 8. This suggests that reperfusion has an additive harmful effect on 

the microvasculature. Because both phases are thought to play a role in the occurrence of 

MVI, the cascade is labeled as ischemia-reperfusion damage.

One of the hallmarks of MVI is the extravasation of erythrocytes and the development 

of intramyocardial hemorrhage (IMH)9. Experiments from over 4 decades ago show the 

presence of IMH in the area of no-reflow10 and more recent studies have further linked 

CMR based MVI with the extravasation of erythrocytes11, 12. This contradicts the paradigm 

that MVI is based on obstruction (e.g. by erythrocyte plugging), and suggests that the 

microvascular integrity itself is affected (i.e. there is vascular leakage), already in the very 

early phases of reperfused STEMI. It is evident that both ischemia and reperfusion are 

essential for the occurrence of MVI, but it remains unclear to what degree both phases 

contribute to the damage of the microvascular wall and its integrity.

Previous pathophysiological studies on this topic have used several in-vivo models, 

either with ischemia alone or followed by reperfusion. Although this approach is insightful, 

it fundamentally cannot discriminate the effects of both phases. Ischemia-induced vascular 

leakage only becomes visible when flow (i.e. reperfusion) is administered, but in-vivo this 

induces possible additional damage. Also, only a few studies have focused specifically on 

vascular wall integrity and occurrence of IMH and most ultrastructural analyses are not 

qualitative.
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This study is designed to compare the in-vivo effects of ischemia alone or ischemia-

reperfusion in a rat model, with the addition of ex-vivo reperfusion and microsphere 

infusion in a Langendorff set-up. This allows the vascular leakage to become apparent, 

without introducing potential additional harmful effects of in-vivo reperfusion and 

it facilitates quantification of vascular leakage. Also, ultrastructural analysis of the 

microvasculature was performed via transmission electron microscopy (TEM).

Methods
Animals
All experiments were conducted with the approval of the Animal Welfare Committee of 

the VU University Amsterdam. 30 male Wistar rats (Harlan Laboratories, age 10 weeks, 

weight 300-400 gram) were acclimatized for two weeks and housed in groups of four 

animals. Group size was estimated based on 0.20 difference in mean, with an standard 

error of 0.15 and 0.8 power. Diet consisted of CHOW pallets and water ad libitum. Rats 

were housed in a temperature-controlled room (20-23°C; 40-60% humidity) under a 

12/12h light/dark cycle starting at 6.00 am and inspected and weighed daily.

Ischemia-reperfusion
Rats were divided in three groups. The first group (n=10) received 30 minutes of cardiac 

ischemia and 0 minutes of in-vivo reperfusion, the second group (n=10) received 90 minutes 

of cardiac ischemia and 0 minutes of in-vivo reperfusion, the third group (n=10) received 

30 minutes of cardiac ischemia, followed by 60 minutes of in-vivo reperfusion.

All rats were anesthetized with 5% isoflurane in an induction box and received a 

subcutaneous injection of buprenorphine (0.003mg/mL/100gBW). Subsequently rats 

were intubated and ventilated with 3% sevoflurane in oxygen enriched air (frequency 

70/min). Rats were partly shaved and fixated on a heated table. Animals were connected 

to a 3 lead electrocardiographic continuous monitoring system (LabChart software, 

AdInstruments, Colorado Springs, CO). Chest wall was opened as described previously13 

and the pericardium was removed to bring the left anterior descending coronary artery 

(LAD) in sight. LAD was then ligated proximally, 1 mm below the left atrium, with a 

suture (5-0 Prolene) and a temporary ligation device. In the third group, after 30 minutes of 

ischemia, the ligation was removed, and animals received 60 minutes of in-vivo reperfusion.

Langendorff model
The Langendorff set-up enables controlled ex-vivo coronary perfusion with a perfusion 

medium. The main part of the installation consists of a steel fixation cannula, a pressure 

transducer, a fluid access valve, a heat exchanger and a height adjustable heated flow-

over reservoir. The reservoir was continuously filled by a peristaltic pump with perfusion 
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medium. The perfusion medium was a modified Krebs-Henseleit buffer (MKHB), which 

consisted of (in mM) 118.5 NaCl, 4.7 KCl, 1.4 CaCl2, 25 NaHCO3, 1.2 MgCl2, 1.2 

KH2PO4, and 11 glucose, which was freshly prepared and continuously oxygenated with 

carbogen gas (95% O2, 5% CO2), as described earlier14. Both the heat exchanger and the 

heated reservoir were set on such a temperature that the perfusion medium exiting the 

system was constantly 37°C. At the start of each experiment the system was cleaned, 

filled with fresh modified Krebs-Henseleit Buffer and air bubbles were filtered out. Also 

the pressure transducer was calibrated and monitored using Powerlab instrumentation 

(ADinstruments, Colorado Springs, CO).

After the above described periods of ischemia (and reperfusion) the aorta was cut 

distally of the aortic arch. In the 30-0 and 90-0 group, the temporary ligation device was 

then removed and the heart was excised as quickly as possible, taking care the myocardium 

and ascending aorta were not damaged. The excised heart was submerged directly in 

ice-cold perfusion medium to induce cardioplegia. Thereafter any unwanted tissue was 

removed and the ascending aorta dissected, leaving approximately 4mm for the fixation 

onto the cannula. The ascending aorta and the cannula were filled with perfusion fluid 

to prevent air embolisms. The heart was mounted onto the cannula and fixed with silk 

thread. The pressure of the perfusion medium was then slowly raised using a roller clamp 

until the heart started contracting again. Perfusion pressure was then steadily increased 

to 90 mmHg (Safedraw Transducer Blood Sampling Set, Argon Medical Devices, Texas, 

USA). Perfusion in the Langendorff setup was continued for 5 minutes.

Fluorescent microspheres
For the quantification of vascular leakage fluorescent microspheres (Fluospheres® 

carboxylate-modified, 0.1µm, 540/560; Life Technologies, Thermo Fisher Scientific, MA, 

USA) were used in 12 rats (4 per group). After mounting in the Langendorff setup, the 

hearts were perfused with MKHB until heart rate was stable. Subsequently a Fluosphere 

mix (3.6x1012 microspheres suspended in 1mL MKHB) was slowly added to the perfusion 

medium. After the addition of the mix, the heart was perfused with normal MKHB for 5 

minutes, to remove any microspheres from inside the vasculature.

Tissue preparation
After 5 minutes of Langendorff perfusion protocol, the heart was removed from the 

cannula and submerged in ice-cold MKHB to induce cardioplegia. Then the heart was 

transected into 5 slices of approximately equal thickness. Of each slice a biopsy (1x2mm) 

was taken from the center of the infarct zone, and one additional biopsy was taken from 

the posterior wall of the most basal slice, which served as a control. The biopsies were then 
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fixed in 3% glutaraldehyde for ultra-structural analyses on the electron microscope. The 

remaining slices were snap frozen in liquid nitrogen for immunohistochemistry.

Transmission electron microscopy
After adequate fixation in glutaraldehyde the biopsies underwent a secondary fixation with 

osmium tetroxide, dehydrated and embedded in epoxy resin (EPON, Miller-Stephenson, 

USA). After curing, 60-80 nm thick slices were cut with a Leica UC Ultra Microtome 

and placed on grids. Grids were then positively post stained with lead acetate and uranyl 

acetate. All samples were analyzed with a transmission electron microscope (CM 100 

Bio, Philips, Eindhoven, The Netherlands), attached with a side-mounted TEM CCD 

camera (Morada G2, Olympus, Tokyo, Japan). Images were taken from capillaries at a 

magnification ³5200x, with an exposure time of 200ms. For image processing and analysis 

iTEM software (OSIS, Tokyo, Japan) was used. Quantification of vessel characteristics was 

done in a blinded manner. Total vessel area, lumen area and nucleus area were manually 

delineated. Per animal 20 capillaries were analyzed. Endothelial cytoplasm area (including 

organelles) was calculated by subtracting lumen and nucleus area from the total vessel 

area. Mean cytoplasm thickness was calculated by dividing the cytoplasm area by the 

cytoplasm perimeter. Caveolae were counted and defined as total number per capillary. 

Chromatin density variation was determined by calculating the standard variation of grey 

values with the nuclear area.

Immunohistochemistry
Frozen tissue samples were sectioned in slices of 5 micrometer. Sections of all samples 

were stained with hematoxilin and eosin (HE) and scanned with a Mirax slide scanner 

system using a 20× objective (3DHISTECH, Budapest, Hungary). Based on the HE images 

tissue samples with the largest area of infarction (containing infarct core) were selected for 

further immunohistological analysis. For the detection of smooth muscle cells, sections 

were stained using an antibody for smooth muscle actin (clone 1A4, Dako, 1:100). For the 

detection of endothelial cells (e.g. capillaries) an antibody for CD31 was used (PECAM-

1, M20, Lot C0514, Santa Cruz Biotechnology, 1:50). Nuclei were stained with Hoechst 

(1:50000). Capillary density was calculated in a blinded manner as the average number 

of CD31+ SMA- vessels per mm2, using a fixed frame of 200x200 mm2. Capillary density 

was calculated for the infarct core and the border zone, as well as controls.

Statistics
To test for differences between three groups and control, a one-way analysis of variance 

(ANOVA) was used. When the ANOVA was significant, post-hoc analyses was performed 

according to Tukey’s method to compare between groups. Only significant post-hoc 
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p-values are depicted in the figures. All results were considered statistically significant if 

the two-sided P-value was <0.05. For separate comparison of means between two groups 

a student’s t-test was used. Statistical analysis was performed with Statistical Package for 

Social Sciences software (SPSS 20.0 for Windows, SPSS Inc).

Results
Vascular leakage
Vascular leakage was quantified ex vivo by the detection of fluorescent microspheres 

extravasation in a Langendorff perfusion setting after excision of the infarcted rat hearts 

from the 3 groups. Mean fluorescent intensity (MFI) of the microspheres was calculated 

in the infarct zone and control zone (Figure 1A-B), and expressed as a ratio between both 

zones (Figure 1C) In the 30-0 group MFI was comparable with control (ratio 1.2). The 

90-0 group showed a 3 fold increase of MFI in the infarct zone as compared to control. 

This increase was also present in the 30-60 group, where the ratio between infarct and 

control was comparable to the 90-0 (Figure 1C). In the 30-60 group microspheres were 

found to be heterogeneously distributed in the infarct zone. Mean fluorescence intensity 

in the border zone of the infarct area in the 30-6- group was significantly increased, as 

compared with core of the infarct area (p=0.02; Figure 1D). This difference was not found 

in the groups that underwent 30 or 90 minutes of ischemia, without in-vivo reperfusion. All 

vascular lumina were devoid of microspheres, indicating successful coronary rinsing with 

normal perfusion fluid after perfusion with microsphere mix. Pixel-based colocalisation 

of microspheres and CD31 positive cells were similar in all groups (≈25%), indicating the 

extravasation of microspheres (Figure 1E).
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Figure 1: Distribution of fluorescent microspheres A-B Images of transverse slices of the left ventricle, 
showing distribution of fluorescent microspheres (white). Nuclei are stained with Hoechst (blue). Red 
arrow: infarct zone, asterisk: control zone. A-B represents group 90‑0 and 30‑60 respectively. White bars 
represent 1mm. C Distribution of MFI within the 90-0 and 30-60 group D Mean fluorescent intensity (MFI) 
of fluorescent microspheres, expressed a ratio between infarct area and control area. E Pixel-based colo-
calisation analysis of fluorescent microspheres and CD31 positive tissue for extravasation.
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Capillary density
Using immunohistochemistry, the mean number of CD31+ SMA- capillaries (per square 

millimeter (i.e. capillary density) was quantified in both infarct area and control area 

in all groups. IHC based capillary density in control samples was equal in all groups 

(p=0.36)(Figure 2A). Within groups capillary density was comparable in 30-0. In the 

90-0 and 30-60 group there was a significant decrease in the capillary density in the 

infarct zone, as compared with control (1283±57.9 vs 638.1±66.3, p=0.02). Capillary 

density was also quantified using transmission electron microscopy and defined as the 

number of visible capillaries per square millimeter. The TEM based capillary density 

was comparable between control samples of all groups (p=0.71). In the infarct tissue the 

capillary density differed between groups. In the 30-0 group the infarct zone capillary 

density was 1586±435, which was statistically comparable to the 90-0 group (1716±283) 

and 30-60 group (1185±172.6). Only the 30-60 group showed a significant decrease in 

capillary density compared to control (p<0.01, Figure 2B).

Interestingly, in all groups capillary density as was lower when measured with IHC, 

as compared to TEM (p<0.01; Figure 2C).

Figure 2: Capillary density. Immunohistochemical analysis of frozen tissue samples. A Quantification of 
capillary density by immunohistochemistry (IHC). B Quantification of capillary density by Transmission 
Electron Microscopy (TEM). C Comparison of capillary density between TEM and IHC. Capillary density is 
expressed as the number of capillaries per square millimeter.
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Ultrastructural analysis
Transmission electron microscopy images showed no clear pathologic characteristics of 

vascular structures in the 30-0 group, which received 30 min ischemia without reperfusion 

(Figure 3A). All blood vessels were intact and showed complete absence of blood cells, 

which affirms adequate and complete Langendorff perfusion. Cardiomyocytes were 

normally aligned and showed clear Z- and M-bands. Mitochondria also showed normal 

structure and size. Overall there were no differences with the paired control samples. 

In the infarct zone of the 30-0 group a similar pattern could be seen, with erythrocytes 

occasionally visible, but always within the vasculature (Figure 3B). In the 90-0 group 

which received 90 minutes ischemia without reperfusion, blood vessel integrity was also 

intact. Furthermore, lumina were completely empty, indicating successful Langendorff 

perfusion with transparent buffer. Macroscopically, there were no signs of ischemic damage 

to cardiomyocytes at 90 minutes of ischemia (Figure 3C). In the 30-60 group cardiac tissue 

in the infarct zone was clearly disrupted, showing extensive damage with misalignment 

of cardiomyocytes, disruption of capillaries and massive extravasation of erythrocytes 

(i.e. intramyocardial hemorrhage)(Figure 3D). When studied in more detail, endothelial 

cells, displayed normal morphology in the control samples and in the infarct zone of the 

30-0 group (Figure 4A-B). In the infarct zone of the 90-0 group capillary endothelial 

cells showed clear cytoplasmatic blebbing and an increase in number of caveolae, both 

signs of endothelial cell activation (Figure 4C and E). Besides this, nuclear characteristics 

also showed marked alteration. In the 30-60 group, clear morphologic alterations 

were observed. Mitochondria were swollen and showed loss of cristae. Furthermore, 

mitochondria contained electron dense depositions as a sign of irreversible damage (Figure 

4D). The nuclei of endothelial cells also showed signs of cell death, namely chromatin 

condensation. Vessel walls were generally thinner (Figure 4F) than normal and in some 

areas showed severe damage and loss of vascular integrity with erythrocytes located in the 

perivascular space (i.e. intramyocardial hemorrhage). No extravascular lymphocytes were 

observed. Ultra-high magnification TEM imaging allowed detailed quantitative analysis 

of capillaries, of which results are listed below.
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Figure 3: Overview of TEM Images. Transmission 
electron microscopy images, overview images, 
magnification 560x. A Images from control sam-
ples. B-D Images from infarct zone samples. B 
30‑0 group, C 90‑0 group, D 30‑60 group. Massive 
tissue damage is visible (asterisk), with extravasa-
tion of erythrocytes (red arrow), and intraluminal 
erythrocytes (yellow arrow). White bar represents 
10 micrometer.

Figure 4: Ultrastructural images. Magnification 
A-D 10500x. A Capillary in the control tissue. B Cap-
illary from infarct zone of the 30‑0 group. In both 
A and B an intact continuous vessel wall can be 
seen. C Image depicts the 90-0 group and shows 
activated endothelium with abundant presence of 
caveolae and vesicles. Cytoplasm shows great va-
riety in thickness, with multiple protrusions (white 
triangles). D Capillary from group 30-60 which 
shows severely damaged vessel wall with disrup-
tion of the basal membrane. E and F show detailed 
images with numerous caveolae (red arrows) and 
destruction of the vessel wall (asterisk). Also an 
erythrocyte can be seen (star). Nucleus indicated 
with the letter N. White bars represent 2 microm-
eter. Magnification E‑F 24.500x.

Mean vessel area
When different groups were compared no significant difference in mean vessel area in the 

infarct zone and the control zone was observed (infarct: 36.8±8.6 nm2 vs 30.2±7.9 nm2 vs 

49±20 nm2; control 19.56±3.0 nm2 vs 13.7±3.1 nm2 vs 19.7±4.0 nm2, p=0.33; Figure 5A). 

When all groups were taken together, mean infarct vessel area was significantly higher 

than mean control vessel area (P=0.04). This significance was not reached when infarct and 

control were compared within groups (Figure 5A). Between groups, lumen area showed 

no difference (17.9±8.3 nm2 vs 9.75±3.4 nm2 vs 35.6±15.2 nm2, NS; Figure 5B). In all 

groups the infarct zone lumen area was significantly increased as compared to the control 

zone (mean difference 15.7 nm2, 8.8 nm2 and 33.8 nm2, p=0.012, p=0.046 and p=0.011 

respectively; Figure 5B).
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Endothelial cytoplasm and nucleus area
Between groups there was no difference in endothelial cytoplasm area in the infarct zone 

(infarct: 13.4±3.3 nm2, 9.0±2.6 nm2 and 7.8±3.3 nm2, NS; data not shown). Also within 

groups there was no difference in total cytoplasm area between infarct zone and control 

(mean difference 4.4 nm2, 2.0 nm2 and -3.7 nm2, NS; data not shown). Compared between 

groups there were no differences in the nucleus size in the infarct zone (infarct 8.4±2.6 

nm2, 9.9±2.2 nm2 and 7.7±2.8 nm2, NS; Figure 5C). Also within groups there was no 

difference in nuclear size between infarct zone and control (mean difference 0 nm2, 4.2 

nm2 and 1.2 nm2, all NS; Figure 5C).

When corrected for vessel circumference there was no difference in mean cytoplasm 

thickness (i.e. vessel wall thinkness) between groups in the control zone (Figure 5D). 

The mean cytoplasm thickness in the infarct zones of the 30-0 and 90-0 group was also 

comparable. In the 30-60 group however mean cytoplasm thickness is significantly lower 

than the other groups (Figure 5D).

Figure 5: Area measurements of microcirculation. A Total vessel area in nm2 (including cytoplasm, 
lumen and nucleus). B Area of vessel lumen in nm2. C Area of endothelial nuclei in nm2. D Mean thickness 
of the capillary cytoplasm in nm.

Endothelial cell nuclei characteristics
Although nuclei showed no differences in average size, their appearance on TEM imaging 

was different between groups. Nuclei in the 30-0 group had a normal morphology and 

were similar to control samples (Figure 6A-B). In the 90-0 group endothelial nuclei showed 
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some signs of early apoptosis, with DNA condensation on nucleus borders (Figure 6C). In 

the 30-60 group the morphologic changes were most dramatic, with a more homogenous 

appearance, indicative for end-stage apoptosis (Figure 6D). Control samples showed no 

signs of DNA degradation. DNA degradation resulted in less diverse chromatin distribution, 

which resulted in an uneven spread of grey intensity within the area of the nucleus between 

groups. The 30-0 group had a significantly higher chromatin density variation (CDV) than 

the 90-0 group (30-0: 50.5±9.4, 90-0: 35.4±7.1, p=0.03). The 30-60 group had the lowest 

CDV (23.7±3.8), which was significantly lower than both the 30-0 group (p≤0.01) and 

control (p=0.02), but not compared to the 90-0 group (p=0.08) (Figure 6E).

Figure 6: Endothelial cell nuclei characteristics. Top four images exemplify typical TEM images of infarct 
zone samples from different groups. A-D represent the control, and infarct zones of the 30‑0, 90‑0 and 
30‑60 group respectively. Magnification 12500x White bars represents 2 micrometer. E Quantification of 
chromatin density variation, using iTEM software.
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Cell-cell junctions and caveolae
Vascular integrity of the microcirculation is largely dependent on the endothelial cell-cell 

junctions, which limit interendothelial leakage of plasma components to the subendothelial 

space. At the capillary level these junctions can easily be seen with transmission electron 

microscopy, and quantified (Figure 7A). Number of visible junctions per capillary varied 

significantly between groups. The infarct zone of the 30-0 group showed a mean number 

of junctions per capillary of 2.5±0.6, which was comparable with the 90-0 group (1.8±0.7, 

NS; Figure 7B). In contrast, the 30-60 group showed the lowest number of junctions per 

capillary (0.15±0.2), which was significantly lower than both the 90-0 group (P<0.01) and 

the 30-0 group (P<0.001), indicating lower vascular integrity (Figure 7B). Transendothelial 

transport is facilitated by caveolae (transcytosis). The endothelial cells in the infarct area of 

the 30-60 group had significantly less caveolae than the 90-0 group (p=0.01, Figure 7C). In 

the 90-0 there appeared an increase in number of caveolae which did not reach significance 

due to high variability. The average size of the caveolae was comparable between groups 

(30-0: 100.2±12.35 nm, 90-0: 97.14±7.8 nm, 30-60: 81.25±26 nm, NS; Figure 7C).

Figure 7: Endothelial junctions and caveolae. Quantification of endothelial cell‑cell junctions. A Typical 
TEM image of a part of two endothelial cells with cell‑cell junctions (red arrows). Protruding into the lumen 
of the capillary (asterisk) marginal fold can be seen (blue arrow). White bar represents 100 nanometer. 
Magnification 17500x. B Quantitative analysis showing the mean number of cell‑cell junctions per capillary 
in the infarct zones in all three groups. C Mean number of endothelial caveolae per capillary, as determined 
with transmission electron microscopy.

Discussion
In this study, we aimed to investigate the specific effects of ischemia and reperfusion on 

the coronary microcirculation in an experimental rat model. By using the combination 

of in-vivo ischemia (and reperfusion) and controlled ex-vivo perfusion in a Langendorff 

set-up, we could discriminate between the effects of these two phases. We show that 

compared to ischemia alone, the addition of reperfusion inflicts major additional damage 

on endothelial cells and increases vascular permeability. In the in-vivo reperfusion group 

the capillary wall thinned significantly, with a loss of visible cell-cell junctions. Ischemia-

reperfusion damage has been well described in literature and its impact on infarct size 

and left ventricular remodeling is paramount 15, 16. The effects on the microcirculation 
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however are less well described. Recently we observed in a porcine ischemia-reperfusion 

model major loss of the vasculature, accompanied by intramyocardial hemorrhage (IMH)11. 

However, the etiology of this vascular leakage is still not clear. In literature it is postulated 

that the post-ischemic microvasculature –which relies on anaerobic metabolism- cannot 

cope with sudden influx of oxygen, which is induced by reperfusion17. As a consequence 

reactive oxygen species are formed, which are believed to induce cell death. However, in 

a clinical setting ischemic post-conditioning showed no beneficial effect18, which suggests 

other mechanisms are triggered after ischemia is relieved. Other factors that are suggested 

to play a role in ischemia-reperfusion damage are the influx of leukocytes, plasma proteins 

and the activation of the complement.

When the effects of ischemia-reperfusion on vascular integrity are studied in-vivo, it is 

however impossible to clearly distinguish the specific effects of ischemia and reperfusion. 

Without reperfusion vascular leakage does not become visible. This was recently elegantly 

shown by Fernández-Jiménez et al, who studied edema development during ischemia-

reperfusion in pigs19. Also, intramyocardial hemorrhage does not occur in the infarct 

core (or only to a very limited extent) if the epicardial vessel is not reopened. However, 

the absence of vascular leakage or hemorrhage does not exclude ischemic damage to 

the vasculature. The Langendorff set-up allowed us to detect ischemia induced vascular 

permeability, without introducing potential additional harmful effects of in-vivo reperfusion 

(caused by thrombocytes, leukocyte invasion20 or erythrocyte extravasation12). Data from 

our study show that in-vivo reperfusion has a clear and large additional damaging effect 

on the coronary microcirculation. The increased vascular permeability in the 30-60 group 

is in line with other studies that report peak microvascular obstruction after >60 minutes 

of reperfusion 7, 8.

Endothelial cells
In the acute setting, ischemia leads to morphologic changes of the endothelium. In all 

groups the lumina of the infarct-related capillaries were enlarged. This contradicts 

some studies that report vasoconstriction 21-23, but these studies are based on pressure 

measurements or done in hindlimb models. The enlarged lumina in our study maybe 

the result of transient post-occlusive hyperemia24. Ambrosio et al. showed that after 

coronary ischemia, regional microvascular blood flow increased during the early phase of 

reperfusion and remained upregulated even after 210 minutes of reperfusion25. This study 

also showed with transmission electron microscopy that after reperfusion the cytoplasm 

of endothelial cells is thinned and disrupted with a noticeable absence of transcytotic 

vesicles i.e. caveolae. Our data shows identical findings in the 30-60 group, underlining 

the additional destructive effects of reperfusion on the microvasculature.
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Chromatin condensation
We find considerable alterations in nuclear chromatin distribution of endothelial cells, 

most pronounced in the 30-60 group, followed by the 90-0 group and normal in the 

30-0 group. Chromatin condensation (i.e. clumping) is indicative for irreversible cell 

damage and characterized by an irregular distributed chromatin in the nucleus. These 

changes are well described26, but remain mostly qualitative. Some scoring techniques 

for electron microscopy images have been proposed27, 28but these remain subjective to 

some degree. There are other, more quantitative methods29 but these rely on complex 

fluorescence imaging. We present a simple but quantitative method to investigate chromatin 

condensation and nuclear distribution, by analyzing the dispersion of grey values with 

the nucleus. To some degree, the endothelial cells in the 90-0 group showed also vascular 

and endothelial damage, but not to the extent of the 30-60 group. The 90-0 group did 

show an increase in the number of cytoplasmatic caveolae, which implies endothelial 

activation. The exact role of these vesicles remains unclear, but they are associated with 

cardiac pathology and currently widely studied30, 31. Alteration in the number of caveolae 

after ischemia was already described by Kloner several decades ago10. More recently it is 

suggested that the formation of chains of caveolae creates transcytoplasmic pores, that 

accelerate vascular permeability32 and that caveolae are also an essential component of 

endothelial cell signaling after abrupt reduction of flow33.

Vascular leakage
In our study vascular leakage was quantified using the ex-vivo administration of fluorescent 

microspheres. Most of the microspheres (0.1 micrometer) extravasated in the 90-0 and 

30-60 group. Interestingly, in the 30-60 group the infarct core contained hardly any 

fluorescent spheres and the border zone showed to have a 3-fold increase in MFI, as 

compared to control. This heterogeneous distribution was not seen in the other groups. 

This means that after 90 minutes of ischemia alone, the spheres were able to reach the 

complete infarct area, but after 30 min of ischemia followed by 60 minutes of reperfusion, 

the infarct core was not accessible for the spheres, indicating no-reflow. This very much 

resembles the clinical situation, showing increased magnetic resonance imaging contrast 

accumulation in the border zone of the infarct and absence on contrast in the core of 

the infarct11. The increased vascular permeability was accompanied by a decrease in the 

number of visible cell junctions per vessel after 60 minutes in-vivo reperfusion. These 

junctions play an important role in vascular integrity34. Comparable data on junction 

loss is described in an ischemia-reperfusion model in the lung35, brain36,37 and kidney38. 

Interestingly the microspheres extravasation in the 90-0 group was not accompanied with 

a loss of visible junctions. Possibly the very small size of the microspheres (100nm) allowed 

for early extravasation, even when number of endothelial cell-cell junctions is not visibly 
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decreased. Alternatively, they can be transported via transcytosis based on the apparent 

increased number of caveolae specifically in the 90-0 group.

Capillary density
Functional capillary density is known to decrease as early as 20 min after coronary artery 

clamping followed by short reperfusion 39. In our study we don’t see a decrease of capillary 

density after 30 minutes of ischemia. Capillary density was found to be significantly 

decreased in the infarct zone of the 30-60 group, compared to control and measured by 

both immunohistochemistry and TEM. In the 90-0 group, a similar effect was also seen 

with IHC indicating ischemia alone does affect the microvasculature. Interestingly, in our 

study, capillary density did differ between imaging techniques. In all groups the capillary 

density measured by TEM was significantly higher than measured by IHC (Figure 2C), 

which could be explained by a change in CD31 activity/availability or an incomplete 

antibody binding with CD31 molecules and/or an partial binding of secondary antibodies.

Clinical implications
Although first established in preclinical setting, MVI is nowadays acknowledged as a 

serious complication of coronary revascularization in patients with acute myocardial 

infarction. MVI has a poor prognostic value and is associated with adverse cardiac 

remodeling and mortality40. Several therapies has been investigated in clinical setting, 

which rely on different pathophysiological processes, such as limiting oxidative stress41, 

42, apoptosis suppression43, and reduction of embolization by thrombotic material44-46. 

Although some promising results have been obtained, none of these therapies are currently 

standard practice, possibly based on the questionable additive value of MVI therapy. 

Data from this study suggests that at the moment of revascularization, the cardiac 

microvasculature is still mostly intact. This implies that vascular protecting strategies 

could be beneficial on top of mechanical revascularization. Recent findings linking MVI 

to intramyocardial hemorrhage47 suggests protecting vascular permeability could be a 

potential therapy. Endothelial integrity and vascular permeability have been studied in a 

wide variety of research fields, such a pulmonary edema, oncology and the blood-brain 

barrier48-50. This has produced multiple candidates for the therapy of microvascular injury, 

such as the use of imatinib 51 statins 52 and complement inhibitors53, Furthermore, the 

presence of intramyocardial hemorrhage11 suggests the current use of peri-procedural 

anticoagulant drugs in patients undergoing angioplasty needs to be further investigated. 

There are some limitations to the current study. First, microsphere size was very small (0.1 

µm), which is considerably smaller than erythrocytes (±7µm). Microsphere extravasation 

may therefore not be extrapolated to intramyocardial hemorrhage in animals that did 

not have in-vivo reperfusion. Because vascular leakage increases gradually microsphere 
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extravasation can therefore be seen as early loss of endothelial integrity. In a study assessing 

reperfusion damage in mice, it is shown that infarct size is finalized after 60 minutes, as 

compared to 24 hours 54. Endothelial apoptosis also follows this time course, with a peak 

at 1 hour after ischemia55. This does not mean however that vascular integrity is stable 

60 minutes after reperfusion. Our data shows that 60 minutes of reperfusion have an 

additional harmful effect on endothelial cells, as compared to ischemia alone. However, 

there are several studies indicating that the extent of MVI reaches it maximum in the 

period after 1h of reperfusion 7, 8.

Conclusion
In the acute setting of myocardial infarction reperfusion is mostly responsible for the 

damage to the coronary microcirculation, inducing endothelial cell dysfunction and death, 

and increased vascular leakage, whereas ischemia alone has limited effect. This implies 

that a therapeutic window is available to maintain endothelial integrity directly upon 

coronary revascularization.
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Abstract
Background 40 to 50% of ST-segment Elevation Myocardial Infarction (STEMI) 

patients develop microvascular injury (MVI) despite angiographically successful primary 

percutaneous revascularization (PCI). We investigated whether hyperemic microvascular 

resistance (HMR) immediately following angiographically successful PCI predicts MVI 

at cardiovascular magnetic resonance (CMR) and reduced myocardial blood flow (MBF) 

at positron emission tomography (PET).

Methods and Results 60 STEMI patients were included in this prospective study. 

Immediately after successful PCI, intracoronary pressure-flow measurements were 

performed, and analyzed off-line to calculate HMR and indices derived from the pressure-

velocity loops, including zero flow pressure (PZF). CMR and H2
15O PET imaging were 

performed 4-6 days after PCI. Using CMR, MVI was defined as a subendocardial recess 

of myocardium with low signal intensity within a gadolinium-enhanced area. Myocardial 

perfusion was quantified using H2
15O PET. Reference HMR values were obtained in 16 

stable patients undergoing coronary angiography. Complete datasets were available in 48 

patients of which 24 developed MVI. Adequate pressure-velocity loops were obtained in 29 

patients. HMR in the culprit artery in patients with MVI was significantly higher than in 

patients without MVI (MVI: 3.33±1.50 mmHg×cm-1×s vs. no MVI: 2.41±1.26 mmHg×cm-

1×s, p=0.03). MVI was associated to higher PZF (45.68±13.16 vs. 32.01±14.98mmHg, 

p=0.015). Multivariable analysis showed HMR to independently predict MVI (p=0.04). 

The optimal cut-off value for HMR was 2.5mmHg∙cm-1∙s. High HMR was associated with 

decreased MBF on PET (MPR<2.0: 3.18±1.42 mmHg×cm-1×s vs. MPR≥2.0: 2.24±1.19 

mmHg×cm-1×s, p=0.04).

Conclusion Doppler-flow-derived physiological indices of coronary resistance (HMR) 

and extravascular compression (PZF) obtained immediately after successful primary PCI 

predict MVI and decreased PET MBF.
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Introduction
Between 40 and 50% of patients with acute myocardial infarction (AMI) develop 

cardiovascular magnetic resonance (CMR)-defined microvascular injury (MVI), despite 

successful treatment with primary percutaneous coronary intervention (PCI) and complete 

restoration of epicardial coronary flow as visualized by standard coronary angiography 1. 

CMR-defined MVI is assessed by T2-weighted imaging and late gadolinium enhancement 

(LGE). MVI refers to the areas within the infarcted myocardium where wash-in of 

contrast medium is severely impaired, as opposed to the wash-in (and delayed wash-out) 

of the contrast medium in the remaining areas of the infarct. It has been postulated that 

within these areas devoid of contrast, the microvasculature is obstructed, hence the term 

microvascular obstruction (MVO). Recently, however, it was shown that CMR-defined 

MVO actually contains intramyocardial hemorrhage (IMH) and complete microvascular 

destruction 2. Therefore, the term MVI appears to be more appropriate.

The occurrence of MVI is linked to negative remodeling and left ventricular 

dysfunction, leading to decreased long-term survival, increased morbidity and reduced 

quality of life as compared with ST-segment Elevation Myocardial Infarction (STEMI) 

patients without MVI 3. MVI is related to ischemia-reperfusion damage and can potentially 

be reversed by pharmacological treatment in addition to the standard PCI treatment. To 

develop additional therapies to prevent MVI, identification of patients at risk is necessary. 

Ideally, this identification takes place immediately following PCI in order to expand the 

therapeutic window and still have the opportunity of local delivery of the compound of 

choice.

Although established angiographic parameters like myocardial blush grade and 

corrected Thrombolysis In Myocardial Infarction (TIMI) flow have been used to predict 

long-term clinical outcome after AMI in the past, recent studies have shown the inaccuracy 

of these parameters to reliably predict occurrence of MVI as visualized by CMR in the 

days after the acute event 4, 5.

A dysfunctional microvasculature in patients that develop MVI should be reflected 

by higher microvascular resistance. The main purpose of the current study was to assess 

whether increased hyperemic microvascular resistance (HMR) derived from Doppler-

flow velocity measurements is related to the occurrence of MVI as determined by CMR 

at day 4-6 in patients with angiographic optimal restoration of flow after primary PCI. A 

secondary objective was to assess the relationship between HMR and absolute myocardial 

perfusion as quantified by H2
15O positron emission tomography (PET) 4 to 6 days after 

primary PCI.
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Methods
Patient population
In this prospective study, 60 consecutive patients with acute ST-segment elevation 

myocardial infarction (STEMI) presenting at the catheterization laboratory within 6 hours 

after onset of symptoms and successfully treated by primary PCI, were included in this 

study between December 2011 and February 2013. Exclusion criteria are specified in the 

Supplemental Methods. To define normal values of HMR, 16 patients referred for invasive 

coronary angiography due to anginal complaints, from a cohort described earlier 6 served 

as a control group. In this group, fractional flow reserve (FFR), coronary flow reserve 

(CFR) and HMR were measured in 1 to 3 coronary arteries. For the present study, vessels 

without angiographic abnormalities were selected.

Study protocol
Immediately after successful PCI following standard procedures, patients were asked for oral 

informed consent at the catheterization laboratory, which was witnessed by an independent 

person. After informed consent was obtained, intracoronary pressure-flow measurements 

were performed in the infarct related artery and in a reference artery. Written informed 

consent was obtained at the cardiac care unit within 24 hours after PCI. H2
15O PET and 

CMR were performed 4-6 days after PCI, within 24 hours from each other. The protocol 

was approved by the Medical Ethics Review Committee of the VU University Medical 

Center in Amsterdam and was in line with the principles of the Declaration of Helsinki 7.

Coronary intervention and pressure and flow measurements
Primary PCI procedure and medication administration were performed according to 

standard procedures and are specified in the Supplemental Methods. Angiographic estimates 

of myocardial flow, TIMI flow, corrected TIMI frame count (cTFC), myocardial blush grade 

(MBG) and Quantitative Blush Evaluator (QuBE) were obtained and are specified in the 

Supplemental Methods. Immediately after successful revascularization and stent-placement, 

intracoronary nitrates (300 µg) were administered and a 0.014-inch pressure-flow sensor-

tipped wire (ComboWire Guide Wire REF 9500, Volcano Corporation, San Diego, CA, USA) 

was inserted in the culprit artery via a guiding catheter. Three combined pressure and flow 

velocity recordings were performed at baseline. Pressure and flow velocity measurements were 

repeated under conditions of pharmacologically induced peak hyperemia by intracoronary 

injection of 150 μg of adenosine. In addition, baseline and hyperemic measurements were 

performed in a coronary artery without a significant stenosis (>50% angiographic stenosis) to 

serve as reference values. Detailed information about the computation of HMR, CFR, FFR, 

instantaneous hyperemic diastolic velocity-pressure slope (IHDVPS) and pressure at zero flow 

(PZF) as well as ST-segment resolution analysis can be found in the Supplemental Methods.
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Cardiovascular magnetic resonance imaging
CMR was performed both between 4 and 6 days, as well as 3 months after PCI using a 

1.5 Tesla MR-scanner (Magnetom Avanto, Siemens, Erlangen, Germany). Microvascular 

injury was identified in LGE images as hypointense recesses within the hyperenhanced 

myocardium. The size of the area of MVI was calculated by manual delineation of the 

hypointense areas on LGE images, and was expressed in square centimeter. The total 

volume of MVI in cubic centimeter was calculated by multiplying the area size with [slice 

thickness + slice gap]. Further details on acquisition and analysis and definitions of CMR 

parameters are specified in the Supplemental Methods.

H2
15O positron emission tomography imaging

All patients were scanned on a hybrid PET/CT device (Philips Gemini TF 64, Philips 

Healthcare, Best, The Netherlands) according to a scan protocol described previously 8. 

Myocardial perfusion reserve (MPR) was defined as the ratio of hyperemic and baseline 

MBF. A MPR cut-off of 2.0 was used to differentiate between normal and abnormal 

myocardial perfusion 9, 10. Further details on acquisition and measurement of regional 

myocardial blood flow are specified in the Supplemental Methods.

Statistical analysis
All study data were entered in a dedicated electronic database (Castor Electronic Data 

Capture, Ciwit B.V., Amsterdam, The Netherlands). Continuous variables were tested for 

normality using the Shapiro-Wilk test and presented as mean±S.D. when data was normally 

distributed or as median with inter-quartile range in case of non-normal distribution. 

Clinical demographics and angiographic characteristics of patients with and without MVI 

were compared. Moreover, the relationship between incomplete ST-segment resolution and 

MVI was assessed. Two-tailed independent Student’s T-tests, or Mann-Whitney U tests 

in case of not normally distributed data, were used to compare means between groups 

of continuous variables and paired sample’s T-test was used to compare hemodynamic 

parameters between intracoronary measurements and PET imaging. Relationships between 

categorical variables were tested with the Chi-square test or Fisher’s exact if expected cell 

counts were low (<5). Pearson’s (r) – or Spearman (ρ) when needed – method was used to 

calculate correlations between continuous variables and to analyze trends between ordinal 

variables. Invasive and non-invasive parameters that were available directly after PCI and 

furthermore, variables known from literature to possibly influence MVI were compared 

with MVI on CMR using univariable logistic regression analysis. To select the parameters 

that were most predictive of MVI and available directly after successful PCI we used the 

following selection procedure to prevent for incorrect regression coefficients estimates 

(overfitting) due to the small sample size. First, parameters were tested for significance 
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in univariable models. From these analyses the parameters that were significant were 

introduced in a multivariable regression model and finally selected by backward regression 

(p<0.10). A ROC curve analysis was used to define an optimal cut-off value for HMR in 

the current study population. Presence of CMR-defined MVI and PET-derived abnormal 

MBF were compared using Chi-square test. Statistical significance was set at p less than 

0.05. All statistical analyses were performed using the IBM SPSS software package (IBM 

SPSS Statistics 22, Chicago, IL, USA). The posterior power calculations were done in 

SAS 9.3 with the Proc Power Logistic procedure with as input parameters the OR, the 

response probability of MVI, the mean and standard deviation of the predictor HMR and 

the number of patients.

Results
60 patients (47 males) were included in this study (mean age of 59±9 years; range 45 to 83). 

In 52 patients CMR scanning was performed. In 1 patient, technical problems occurred 

during scanning, 4 patients refused CMR scanning because of anxiety or claustrophobia 

and 2 patients did not fit in the MRI scanner due to obesity. In 1 patient, a proximal 

dissection of a coronary artery occurred during the procedure. For patient safety and 

to prevent invalid data, no invasive measurements were performed and this patient was 

excluded from further analysis. Clinical demographics and angiographic characteristics 

are shown in Tables 1 and 2. Typical examples of combowire measurements, LGE CMR 

imaging and PET imaging are shown in Figure 1.

Clinical characteristics
Cardiac catheterization was performed via the radial approach in 55 patients (93%) and via 

femoral approach in 4 patients (7%). Left anterior descending artery (LAD), right coronary 

artery (RCA) or left circumflex artery (LCX) were considered to be the culprit artery in 30 

(51%), 24 (41%) and 5 (9%) patients, respectively. Mean time between onset of symptoms 

and start of primary PCI was 1.9±1.3 hours. Mean time to reperfusion was 2.2±1.5 hours. 

Median creatine kinase-myocardial band (CK-MB) peak was 127 U/L (IQR 40-205).

Angiographic estimates of microvascular function
After PCI, TIMI flow grade was 3 in 57 patients (97%) and 2 in 2 patients (3%). MBG 

was scored as 3 in 48 patients (81%) and as 2 in 11 patients (19%). Using QuBE, a mean 

score of 17.7±8.1 was obtained. Mean cTFC was 25.7±11.7. Angiographic parameters were 

not significantly different between patients with and without MVI (TIMI 3 flow in 23 vs. 

23 patients, p=1.00; cTFC 24.4±9.9 vs. 27.7 ±13.1, p=0.33; MBG 3 in 17 vs. 19 patients, 

p=0.39, MVI vs. no MVI respectively).

4
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ST-segment resolution
ST-resolution was complete (>70%) in 44% of patients immediately after PCI, in 51% 

of patients at 90 minutes and in 70% of patients at 24 hours after PCI. There was no 

significant relationship between the presence of MVI and incomplete ST-segment resolution 

(≤70%) immediately after PCI and 24 hours after PCI. In contrast, there was a significant 

relationship between presence of MVI and incomplete ST-segment resolution (<70%) after 

90 minutes (p=0.01).

Table 1: Clinical demographics, angiographic characteristics and ST-segment resolution of the 48 STEMI patients.

Characteristic MVI at 4-6 days 
(n=24)

No MVI at 4-6 days 
(n=24)

p-value

Male sex 21 (88%) 15 (63%) 0.09

Age (years) 58±8 60±10 0.35

Weight (kg) 85±12 84±17 0.83

BMI (kg/m2) 27±2 28±4 0.58

CAD risk factors

Diabetes 1 (4%) 5 (21%) 0.19

Hypertension 4 (17%) 5 (21%) 1.00

Hypercholesterolemia 2 (8%) 6 (25%) 0.25

Smoking history 18 (75%) 20 (83%) 0.72

Family history 16 (67%) 10 (42%) 0.15

Functional parameters assessed by CMR at 4-6 days

LVEDV (ml) 94.1±13.0 86.1±21.5 0.12

LVESV (ml) 50.5±11.7 40.1±19.4 0.03

LVEF (%) 46.8±6.3 55.0±8.0 <0.001

Infarct size (% of the LV) 24.6±10.4 10.2±6.9 <0.001

Volume of MVI (cm3) 4.2±3.5 n.a. n.a.

Duration of symptoms (hours) 1.8±1.3 1.6±1.0 0.59

Time to reperfusion (hours) 2.0±1.4 2.1±1.4 0.74

CK-MB peak (U/L) 263±220 79±73 <0.01

Infarct-related artery

LAD 16 (67%) 11 (46%) 0.24

LCx 2 (8%) 3 (13%) 1.00

RCA 6 (25%) 10 (42%) 0.36

Platelet glycoprotein IIb/IIIa inhibitors 12 (50%) 2 (8%) <0.01

TIMI 3 flow grade post-PCI 23 (96%) 23 (96%) 1.00

cTFC 24.4±9.9 27.7±13.1 0.33

Incomplete (≤70%) ST-segment resolution post-PCI 16 (67%) 11 (46%) 0.24
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Table 2: Clinical demographics of the 16 control patients.

Characteristic Controls (n=16)

Male sex 5 (31%)

Age (years) 56±10

Weight (kg) 76±10

BMI (kg/m2) 26±4

CAD risk factors

Diabetes 2 (13%)

Hypertension 10 (62%)

Hypercholesterolemia 1 (6%)

Smoking history 11 (69%)

Family history 11 (69%)

Intracoronary flow and pressure measurements
Mean HMR in control patients without angiographic abnormalities was 2.26±0.83 

mmHg×cm-1×s. In the STEMI patients, invasive measurements were of sufficient quality 

for analysis in 55 out of 59 patients. In 4 patients, the quality of Doppler flow-velocity 

tracings recorded was insufficient and these tracings were discarded from further analysis. 

The HMR in the culprit artery of STEMI patients was significantly increased as compared 

to control patients (2.87±1.45 mmHg×cm-1×s, p=0.02). The HMR in the reference artery of 

STEMI patients was not significantly increased as compared to control patients (2.58±1.18 

mmHg×cm-1×s, p=0.15), but a significant trend was found with increase in HMR from 

normal coronary arteries, reference arteries from STEMI patients and finally culprit 

arteries (p<0.01). Mean CFR in control patients was 2.87±0.81, which was significantly 

higher than CFR in the culprit artery of STEMI patients (1.80±0.80, p<0.01) and also 

significantly higher than CFR in the reference artery of STEMI patients (1.84±0.67, 

p<0.01). Data are shown in Figure 2.
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Figure 2: Hyperemic microvascular resitance (HMR) and coronary flow reserve (CFR) invasively measured 
in coronary arteries in 16 control patients and in a reference artery and in the culprit artery of 48 patients 
with myocardial infarction immediately after PCI.

Increased HMR is associated with occurrence of MVI
CMR parameters of left ventricular end diastolic volume (LVEDV), left ventricular 

end systolic volume (LVESV), left ventricular ejection fraction (LVEF), infarct size and 

area of MVI are shown in Table 1. 24 of the 48 patients had CMR-defined MVI (50%). 

Hemodynamic data in patients with and without MVI and impaired PET MBF respectively, 

are shown in Tables 3 and 4 and Figure 3A-D. In the culprit artery, mean HMR was 

significantly higher in patients with MVI compared to those without MVI whilst CFR 

and FFR were comparable between both groups. In the reference artery HMR, CFR and 

FFR were not significantly different between patients with and without MVI.

In a univariable analysis, sex, family history of CAD and HMR were predictors of 

MVI. In a multivariable analysis, HMR and sex remained independent predictors of 

MVI. Data are shown in Table 5. The area-under-the-ROC curve (AUC) of HMR for the 

detection of MVI was 0.681 (95% confidence interval [CI], 0.53–0.83, p=0.03) (Figure 

4A). The best cut-off value for HMR was 2.5 mmHg×cm-1×s, giving a sensitivity of 71% 

(95% CI 58-84%) and a specificity of 63% (95% CI 49-77%).

When stratifying between extensive and mild/absent total volume of MVI using the 

mean of 2.1±3.2 cm3, extensive MVI significantly predicts impaired LVEF and increased 

final infarct size at 3 months follow-up CMR (43.9±7.0 vs. 55.4±8.3 %, p<0.001 for LVEF 

and 17.9±6.1 vs. 10.2±6.4, p<0.001 for final infarct size respectively). The AUC for HMR 

to predict extensive volumetric MVI was 0.80 (95% CI 0.67–0.93, p<0.01), yielding again 

an optimal cut-off of 2.5 mmHg·cm-1·s, with a sensitivity of 93% (95% CI 87-99%) and a 

specificity of 65% (95% CI 52-78%) (Figure 4B). We also found a significant correlation 

between HMR and total volume of MVI (r=0.46, p<0.01). Using the 2.5 cut-off value, 
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volume of MVI was clearly increased in patients with an elevated HMR (HMR≥2.5 

mmHg×cm-1×s: 3.3±3.7 cm3 vs. HMR<2.5 mmHg×cm-1×s: 0.6±1.7 cm3, p<0.01) (Figure 5).

Table 3: Pressure/flow measurements in patients with and without CMR-derived MVI 4 to 6 days after PCI.

Parameter MVI at 4-6 days
(n=24)

No MVI at 4-6 days
(n=24)

p-value

Culprit artery

Hyperemic microvascular resistance 3.33±1.50 2.41±1.26 0.03

Coronary flow reserve 1.60±0.41 1.89±0.96 0.19

Fractional flow reserve 0.99 (0.94-1.00) 0.95 (0.91-0.99) 0.10

Resting flow velocity (cm/s) 19.1±12.1 23.6±12.2 0.20

Resting Pa (mmHg) 86.7±10.3 83.7±10.6 0.32

Resting Pd (mmHg) 84.4±10.4 81.7±11.7 0.40

Hyperemic flow velocity (cm/s) 31.1±18.7 41.9±23.0 0.02

Hyperemic Pa (mmHg) 82.2±13.9 82.0±12.3 0.98

Hyperemic Pd (mmHg) 78.9±13.8 77.0±12.6 0.64

Reference artery

Hyperemic microvascular resistance 2.83±1.06 2.34±1.27 0.17

Coronary flow reserve 1.69±0.48 2.01±0.86 0.14

Fractional flow reserve 1.00 (0.98-1.00) 0.98 (0.93-1.00) 0.06

Resting flow velocity (cm/s) 19.1±7.2 21.9±11.4 0.35

Resting Pa (mmHg 87.1±11.1 86.8±11.3 0.91

Resting Pd (mmHg) 85.8±11.5 84.9±11.1 0.81

Hyperemic flow velocity (cm/s) 31.5±13.3 40.6±19.9 0.09

Hyperemic Pa (mmHg) 80.4±10.9 82.3±15.3 0.64

Hyperemic Pd (mmHg) 78.6±11.6 78.2±12.9 0.91

Table 4: Pressure/flow measurements in patients according to PET MBF 4 to 6 days after PCI.

Parameter Abnormal MBF Normal MBF p-value

Culprit artery

Hyperemic microvascular resistance 3.18±1.42 2.24±1.19 0.04

Coronary flow reserve 1.59±0.46 2.02±1.09 0.07

Fractional flow reserve 0.98 (0.91-1.00) 0.95 (0.92-0.99) 0.10

Resting flow velocity (cm/s) 20.0±13.9 24.1±11.9 0.33

Resting Pa (mmHg) 86.4±11.4 84.0±9.9 0.50

Resting Pd (mmHg) 84.5±11.5 81.3±11.5 0.40

Hyperemic flow velocity (cm/s) 29.1±15.0 45.7±23.3 0.03

Hyperemic Pa (mmHg) 82.6±13.9 84.7±10.6 0.62

Hyperemic Pd (mmHg) 79.0±15.1 79.6±11.6 0.89



73

Coronary hemodynamics and clinical applications after acute myocardial infarction

Parameter Abnormal MBF Normal MBF p-value

Reference artery

Hyperemic microvascular resistance 2.68±0.81 2.17±1.12 0.11

Coronary flow reserve 1.77±0.53 2.10±1.00 0.30

Fractional flow reserve 0.98 (0.92-1.00) 1.00 (0.98-1.00) 0.06

Resting flow velocity (cm/s) 18.1±6.3 23.6±12.8 0.19

Resting Pa (mmHg) 87.6±12.1 87.5±11.3 0.99

Resting Pd (mmHg) 86.3±12.4 85.1±11.0 0.77

Hyperemic flow velocity (cm/s) 30.2±7.1 44.9±21.5 0.04

Hyperemic Pa (mmHg) 82.1±12.7 82.2±14.0 0.99

Hyperemic Pd (mmHg) 79.4±11.2 77.1±12.4 0.57

              

Figure 3: HMR and coronary flow reserve CFR in-
vasively measured in STEMI patients and PET‑de-
rived MBF in patients with and without MVI on 
CMR (3A‑E), as well as patients with and without 
decreased myocardial blood flow on PET (3B‑F).

Figure 4: ROC curves for (A) HMR to determine 
the presence of microvascular injury and (B) 
HMR to determine extensive volumetric MVI of 
≥ 2.1 cm3.
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Figure 5: Volume of MVI stratified according to HMR 
cut‑off.

Figure 6: Patients with MVI and abnormal PET 
perfusion demonstrate significantly elevated 
HMR compared to patients with no MVI and 
normal PET.

HMR and other CMR parameters
A significant correlation was found between HMR and CMR-defined infarct size as a 

percentage of LV (r=0.41, p<0.01). When using the 2.5 cut off, CMR-defined infarct 

size was strongly increased in patients with an elevated HMR (HMR≥2.5 mmHg×cm-

1×s: 22.1±12.5% vs. HMR<2.5 mmHg×cm-1×s: 12.5±7.3%, p<0.01). For 768 analyzed 

segments, segmental wall thickening was significantly lower in patients with an elevated 

HMR (HMR≥2.5 mmHg∙cm-1∙s: 3.13±2.14 mm vs. HMR<2.5 mmHg∙cm-1∙s: 3.49±1.87 

mm, p=0.01). Increased HMR was also associated with a worse outcome as assessed by 

CMR at 3 months follow-up, showing increased final infarct size and an impaired LVEF 

(Table 6). Patients with an HMR in the culprit artery above the cut-off value of 2.5 

mmHg×cm-1×s had a significantly higher CK-MB peak as compared to their counterparts 

with normal HMR (229±231 vs. 92±108, p=0.02).

Table 6: Functional parameters assessed by CMR stratified according to HMR cut-off.

Parameter HMR≥2.5 mmHg·cm-1·s HMR<2.5 mmHg·cm-1·s p-value

CMR at 4-6 days post PCI

LVEDV (ml) 95.0±21.4 84.4±10.9 0.42

LVESV (ml) 50.2±20.0 39.5±9.1 0.19

LVEF (%) 48.7±8.9 53.5±6.5 0.38

Infarct size (% of LV) 22.1±12.5 12.5±7.3 <0.01

Myocardial oedema (cm3) 46.9±37.8 28.1±15.9 0.04

Myocardial salvage index (%) 35.3±29.0 51.8±23.3 0.04

Total volume of MVI (cm3) 3.3±3.7 0.6±1.7 <0.01

Segmental wall thickening (mm) 3.13±2.14 3.49±1.87 0.01

4
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Parameter HMR≥2.5 mmHg·cm-1·s HMR<2.5 mmHg·cm-1·s p-value

CMR at 3 months post PCI

LVEDV (ml) 101.5±24.5 85.9±13.5 0.02

LVESV (ml) 54.4±21.4 39.0±12.5 <0.01

LVEF (%) 48.1±9.2 55.7±8.6 0.01

Final infarct size (% of LV) 15.1±7.2 9.9±6.4 0.02

Increased HMR is associated with decreased regional MBF
PET scanning was performed 4 to 6 days after PCI in 51 out of the 52 patients that had 

CMR scans (one patient refused PET). In the infarcted region, baseline and hyperemic 

MBF were 0.94±0.20 mL·min-1·g-1 and 1.66±0.55 mL·min-1·g-1, respectively, resulting in a 

MPR of 1.81±0.61. In the remote region, baseline MBF, hyperemic MBF, and MPR were 

0.96±0.30 mL·min-1·g-1, 2.20±0.56 mL·min-1·g-1, and 2.42±0.76, respectively. Mean HMR 

was significantly higher in patients with abnormal perfusion than in patients with normal 

myocardial perfusion (MPR<2.0: 3.26±1.41 vs MPR≥2.0: 2.24±1.19, p=0.03). The CFR 

and FFR in the infarct area were comparable in patients with abnormal perfusion and 

normal myocardial perfusion. In the reference area, HMR, CFR and FFR were similar 

between patients with an abnormal and a normal myocardial perfusion in the infarct area. 

Data are shown in Table 4. In a univariable analysis, HMR was a predictor of decreased 

MPR on PET imaging. In a multivariable analysis, HMR remained an independent 

predictor of decreased MPR on PET imaging. Data are shown in Table 5. Invasively 

measured hyperemic Doppler flow velocity was significantly correlated to PET-derived 

MPR (r=0.56, p<0.001). Also a significant correlation was found between HMR and 

PET-derived hyperemic coronary resistance (r=0.40; p=0.01) (Supplemental Figure 1).

The presence of CMR-derived MVI was related to decreased PET-derived hyperemic 

MBF (MVI: 1.43±0.45 vs. no MVI: 1.85±0.55 mL·min-1·g-1, p<0.01) and depicted in 

Figures 3E and 3F. Figure 6 shows HMR in patients divided into groups of patients 

with normal PET perfusion and no MVI, patients with discordant PET perfusion and 

MVI measurements and patients with both abnormal PET perfusion and MVI. HMR 

was significantly higher in patients with abnormal PET perfusion and MVI compared 

to patients with normal PET perfusion and no MVI (p=0.01). Furthermore, a significant 

trend was found with increase in HMR from patients with abnormal PET perfusion and 

no MVI, patients with discordant PET perfusion and MVI measurements and patients 

with abnormal PET perfusion and MVI (p<0.01).

Pressure-flow velocity relationship
Of the 48 patients used for the primary analysis, IHDVPS and PZF could be determined in 

29 patients according to the predefined selection criterion requiring the linear relationship 
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to have a coefficient of determination (r2) ≥ 0.90. A significant, negative correlation was 

observed between HMR and IHDVPS (ρ=-0.52, p=0.004), while a significant, positive 

correlation was observed between HMR and PZF (r=0.55, p=0.002). No relationship was 

found between IHDVPS and PZF (r=0.29, p=0.13). IHDVPS did not discriminate between 

patients with or without the development of MVI (1.47 (IQR 0.82–2.69) vs. 1.39 (IQR 

0.99–2.55) mmHg·cm−1·s−1 respectively, p=0.77). PZF was significantly higher in patients 

with MVI (45.68±13.16 vs. 32.01±14.98 mmHg, p=0.015 for presence or absence of MVI, 

48.54±13.72 vs. 34.01±13.67 mmHg, p=0.009 for extensive MVI; Figure 7). The AUC for 

PZF to predict MVI was 0.75 (95% CI 0.55–0.89, p=0.01) and for extensive MVI 0.77 

(95% CI 0.58–0.91, p<0.01).

Figure 7: Patients with both (A) MVI and (B) extensive MVI (≥ 2.1 cm3) show significantly elevated zero flow 
pressure (PZF) in comparison to patients without MVI and no extensive MVI respectively.

Discussion
The key finding of this study is that Doppler derived indices of coronary resistance (HMR) 

and extravascular compression (PZF), measured immediately after successful primary 

PCI, can predict the occurrence of CMR-defined microvascular injury and PET derived 

flow impairment in the first days following myocardial infarction. The present study is 

the first to provide an HMR cut-off value for the prediction of MVI at 4-6 days. This is a 

step forward towards identification during the acute STEMI phase of patients who may 

benefit from adjunctive therapy following PCI to prevent or attenuate MVI. Besides the 

relationship that we demonstrate between HMR and CMR-defined MVI in a categorical 

approach, we also found a clear correlation when MVI was expressed as a continuous 

variable.

Angiographic overt no-reflow is associated with high mortality and morbidity 
11. Occurrence of angiographically detected no-reflow is rare and most patients show 

complete angiographic restoration of epicardial flow after primary PCI 12. Nevertheless, 

as illustrated by the CMR findings in our study, in these patients myocardial damage and 

4
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MVI frequently develops despite successful revascularization. MVI or “hidden no-reflow” 

is related to left ventricular dysfunction, heart failure and mortality 13.

Of importance is the finding that MVI is only in part established at the time of 

reperfusion 14. In the first two days after reperfusion, a delayed decrease in flow to initially 

adequately reperfused areas, causes for additional myocardial damage 15. This knowledge 

of the progressive development of MVI over time has led to several experimental and 

clinical attempts to detect MVI at an early stage and to prevent further increase of MVI.

Unfortunately, normalization of ECG or more elaborate angiographic parameters 

like corrected TIMI frame count or myocardial blush grade do not accurately predict 

occurrence of MVI 4. Therefore, it is important to develop additional diagnostic tools to 

predict occurrence of MVI already in the catheterization laboratory prior to initiating 

trials aiming to prevent MVI.

Measurements of coronary flow and microvascular 
resistance in STEMI-patients
In previous studies, Doppler-flow derived CFR was identified as a prognostic marker 

for LV function recovery after STEMI 16-20. Bax et al. studied 73 patients with an acute 

anterior myocardial infarction, who were successfully treated by primary PCI. Using 

echocardiography, recovery of left ventricular function was measured and immediately 

after PCI, intracoronary CFR, cTFC, TIMI flow and MBG were assessed. In a multivariate 

analysis, CFR was shown to be the only independent predictor of LV function recovery 

at six months 21. In a 10-year follow-up of this cohort, CFR defined as abnormal (<2.1) 

measured in a reference artery directly after PCI was associated with an increased cardiac 

mortality 22. However, no CMR was performed and it is thus unknown whether there 

was an association with MVI. In a study by Hirsch et al. intracoronary measurements 

of CFR, performed 4-8 days after primary PCI, corresponded well to the assessment of 

MVI by CMR 23. At this time however, the window of opportunity for early treatment 

has passed. The results of our study showed a trend towards decreased CFR in patients 

who developed MVI. HMR appears to be a more sensitive predictor of MVI than CFR 

and this can possibly be explained by the incorporation of actual distal pressure into the 

calculation of HMR, and the fact that it is not influenced by natural variations in baseline 

flow or residual epicardial stenoses. For example, increased baseline blood flow in the 

reference artery during the acute phase after reperfused STEMI, results in a low CFR. 

A low CFR in the reference artery is also related to a global decrease in hyperemic flow 

during the acute phase as shown by Uren and Bax 9, 24.

Indices derived from intracoronary pressure-velocity loops can be also used to 

assess microcirculatory function. The diagnostic value of IHDVPS, which measures 

microcirculatory conductance in mid- and late diastole, has been validated against findings 
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in endomyocardial biopsies25. Other authors have found a significant relationship between 

impaired microcirculatory conductance and estimates of myocardial salvage in STEMI 26, 

27. Although in our study the expected inverse relationship between resistance (HMR) and 

conductance (IHDVPS) was confirmed, we did not identify IHDVPS as a predictor of MVI. 

Zero flow pressure, derived from PV loop analysis, informs on the effect of intraventricular 

and interstitial myocardial pressure over collapsible elements of the microcirculation 28, 29. 

The latter aspect is key in our study population since, as illustrated by MRI imaging, both 

oedema and intramyocardial haemorrhage develop in a variable extent during STEMI and 

might cause microcirculatory compression 25, 26. The relation between PZF and development 

of MVI in our study receives support from previous research, reporting a relationship 

between PZF after primary PCI and amount of viable myocardium assessed with PET or 

MRI 26, 30. Further research is warranted to clarify whether IHDVPS and PZF can provide 

complementary information to HMR. At present, the clinical applicability of IHDVPS and 

PZF in the setting of acute STEMI is hampered by the difficulties associated to acquiring 

high-quality, artefact-free Doppler tracings that are required to generate PV loops suitable 

for analysis.

Index of Microcirculatory Resistance (IMR) is a thermodilution-based technique to 

measure microvascular resistance 31. In several clinical studies in patients with AMI, 

IMR measured immediately after primary PCI was linked to myocardial damage 32, 33. 

A recently published report on 253 patients elegantly showed that IMR predicts clinical 

outcome at a mean follow-up of 2.8 years 34. Furthermore, McGeoch et al. showed that 

IMR after PCI was elevated in patients who developed MVI compared with those who 

did not 35. Of note, in that study not only patients with primary PCI were included, but 

also patients with successful thrombolysis or rescue PCI after failed thrombolysis. Payne 

et al. showed that IMR was linked to MVI as assessed by CMR in a more homogeneous 

group of STEMI patients treated by primary PCI 36. Doppler-flow velocity is an alternative 

technique to measure microvascular resistance 37, 38. The Combowire has both a pressure 

and a Doppler-flow sensor. HMR is the ratio of distal coronary pressure and hyperemic 

flow velocity. In a relatively small study with 27 patients by Kitabata et al., HMR, CFR 

and PZF were shown to all be related to CK-MB peak, infarct size and transmural extent 

of infarction, but HMR was the best predictor 30. In a later study, this same group found 

HMR measured directly after primary PCI, but not CFR, to be a predictor of CMR defined 

left ventricular remodeling at 8 months.39

Measurement of HMR in patients without epicardial coronary artery disease, as 

performed in our study in the control group, has not been performed before. It provides 

the opportunity to compare HMR in a normal situation to HMR in patients following a 

myocardial infarction.
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HMR and PET-derived myocardial blood flow
Another important finding of the present study is that an elevated HMR predicts 

abnormal myocardial blood flow as measured by PET.

To the best of our knowledge, this is the first time CMR and PET imaging were 

performed shortly after primary PCI and within 24 hours of each other. Hyperemic MBF 

was clearly reduced in patients with MVI. The highest HMR values were found in patients 

with both MVI and reduced myocardial blood flow. This corroborates results from earlier 

studies suggesting decreased or absent flow in CMR-defined myocardial regions with MVI.

Limitations
Due to the comprehensive study protocol, the number of patients that could be included was 

limited. A posterior power analysis revealed a power of 61% of HMR as a predictor of MVI 

using the OR of 1.66 that was found in the univariable analysis as performed in our study. This 

implies that validation studies are warranted to corroborate our findings. The use of Doppler 

flow-velocity comes with specific methodological considerations. Firstly, Doppler flow-velocity 

tracings of sufficient quality must be obtained to accurately reflect true coronary flow velocity 

and to calculate HMR and CFR. To account for this, a stringent quality selection was applied 

in the present study. This possibly hampers the routine application of the Combowire in the 

clinical situation. To avoid biased and inaccurate estimations of PZF and IHDVPS, we set 

as inclusion criteria a strong linearity between flow velocity and pressure within mid-to-late 

diastole, with a regression coefficient r2 ≥ 0.90 in more than three beats. Consequently, the 

parameters could be calculated in only 29 patients. It cannot be excluded that this stringent 

selection criterion produced misclassification bias. However, this seems unlikely, as most of the 

exclusions were more likely related to the technical demands of stabilizing the sampling region 

of the Doppler sensor within the coronary artery. Also, in one patient, a dissection occurred 

during positioning of the Doppler wire. Furthermore, the control patients in the present study, 

who presented with chest pain and were referred for cardiac catheterization, might have had 

impaired endothelial and microvascular dysfunction, also due to a relatively high incidence of 

smoking and hypertension. As such, these values are not true control values.

Conclusion
Doppler-derived intracoronary indices provide important predictive information on the 

development of myocardial injury and the restoration of myocardial blood flow. Elevated 

HMR (above 2.5 mmHg×cm-1×s) predicts MVI and is clearly related to other CMR parameters 

like LVEF, segmental wall thickening and infarct size, both at early as well as late follow-up. 

Finally, elevated HMR relates to PET-quantified perfusion deficits. The early availability of 

this tool, already in the catheterization laboratory, opens a window of opportunity for early 

adjunctive therapy aiming to prevent MVI and further improve outcome in primary PCI.
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Supplemental Appendix for Chapter 4

Supplemental Methods
Patient population
Patients with three-vessel disease and hemodynamically unstable patients were excluded 

from the study. Other exclusion criteria were previous myocardial infarction in the culprit 

coronary artery, previous coronary artery bypass graft (CABG) surgery, unsuccessful 

PCI (TIMI 0 or 1 flow after procedure) and refusal or inability to give informed consent.

Medication
In the ambulance, all patients received 5000 units of intravenous heparin, 500 mg of 

intravenous acetylsalicylic acid and 60 mg of prasugrel according to the local ambulance 

protocol for acute coronary syndromes. During the procedure 1.75 mg·kg-1·h-1 bivalirudin 

was administered intravenously and continued at a dosage of 0.25 mg·kg-1·h-1for 4 hours. 

Use of a glycoprotein-IIb/IIIa inhibitor was left to the discretion of the operator. After 

successful PCI, aspirin, prasugrel, beta-blocker, ACE-inhibitor and statin therapy were 

prescribed to all patients according to current ACC/AHA/ESC guidelines 1.

Coronary intervention and intracoronary pressure and flow 
measurements
Cardiac catheterization was performed by either a transradial or a transfemoral approach, 

depending on the preference of the operators. Standard PCI procedures, including 

thrombus aspiration, were used to obtain coronary patency. Immediately after successful 

revascularization and stent-placement, intracoronary nitrates (300 µg) were administered to 

ensure maximal epicardial coronary dilation and a 0.014-inch pressure-flow sensor-tipped 

wire (ComboWire Guide Wire REF 9500, Volcano Corporation, San Diego, CA, USA) was 

inserted in the culprit artery via a guiding catheter. Pressure equalization of this wire was 

performed with the sensor at the tip of the catheter before advancing the wire distal to 

the coronary stent. Three combined pressure and flow velocity recordings were performed 

at baseline. Pressure and flow velocity measurements were repeated under conditions of 

pharmacologically induced peak hyperemia by intracoronary injection of 150 μg of adenosine. 

In addition, baseline and hyperemic measurements were performed in a coronary artery 

without a significant stenosis (>50% angiographic stenosis) to serve as reference values.

Off-line analyses of intracoronary pressure and flow measurements
Computation of hyperemic microvascular resistance (HMR), coronary flow reserve (CFR) 

and fractional flow reserve (FFR) were performed off-line by two experienced analysts 

(GW and PT) blinded to CMR and PET results using custom software (written in Delphi 
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v. 2010; Embarcadero, San Francisco, CA, USA). In case of disagreement, consensus was 

reached between the readers. Cycle averages of aortic pressure (Pa), distal pressure (Pd) 

and flow velocity were determined during at least three consecutive cycles of both resting 

and hyperemic conditions. HMR was defined as the ratio between Pd and flow velocity, 

CFR as the ratio between flow velocity during peak hyperemia and the flow velocity 

under resting conditions and FFR as the ratio between Pd and Pa during peak hyperemia. 

Physiological indices derived from the pressure-flow velocity relationship were calculated 

off-line at Hospital Clinico San Carlos (Madrid, Spain) by two investigators (ME and AQ) 

blinded to the results of other tests (CMR, PET) performed to the study population. Firstly, 

raw data was filtered according to Savitzky-Golay2, to increase the signal-to-noise ratio 

without distorting the signals. The instantaneous hyperemic diastolic velocity-pressure 

slope (IHDVPS)3, equivalent to hyperemic diastolic conductance, was calculated from at 

least three beats as the slope of the distal pressure-flow velocity relationship during mid-

to-end diastole under hyperemia. The diastolic period was identified using as reference 

the highest flow velocity (beginning of mid-diastole) and the sharp decrease in diastolic 

velocity at the end of diastole. Afterwards, the linearity of the pressure and flow velocity 

relationship within this fiducial part of the cardiac cycle was assessed with the coefficient 

of determination (r2), and a threshold of r2≥0.90 was set for including the beat in further 

analyses. Linear regression analyses were performed to the selected data, and the slope of 

the regression line (hyperemic diastolic coronary conductance, cm·s-1·mmHg-1) computed. 

The pressure at zero flow (PZF) is defined as the distal pressure at which the extrapolated 

linear distal pressure-flow velocity relationship intercepts a flow velocity of zero.

Angiographic measurements
TIMI flow 4 was assessed by two experienced readers (PB and MH) and in case of 

disagreement, consensus was reached between the readers. Corrected TIMI framecount 

(cTFC) and myocardial blush grade (MBG) were performed offline by the same readers, 

blinded to CMR and PET results, according to methods described previously 5,6. Automatic 

myocardial blush quantification was also performed offline using the ‘Quantitative Blush 

Evaluator’ (QuBE) software package 7 (PB and MH). All angiographic metrics were 

obtained after maximal epicardial vasodilation induced by intracoronary nitroglycerine.

ST-resolution
ST-resolution analyses were performed by two experienced readers (LV and PT) and in case 

of disagreement, consensus was reached between the readers. The ST-segment resolution 

was evaluated on a 12-lead electrocardiogram acquired pre-PCI and 1 hour after PCI. The 

sum of ST-segment elevation was measured 60 ms after the J point in leads I, aVL, and 

V1 to V6 for anterior and leads II, III, aVF, V5, and V6 for non-anterior acute myocardial 
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infarctions, respectively. The percentage resolution of ST-segment elevation from before 

to after PCI was calculated and categorized as complete (≥70%), partial (30% to <70%), 

or no (<30%) ST-segment resolution. Incomplete reperfusion was defined as <70% ST-

segment resolution on electrocardiography 8.

CMR acquisition
CMR was performed both between 4 and 6 days, as well as 3 months after PCI using a 

1.5 Tesla MR-scanner (Magnetom Avanto, Siemens, Erlangen, Germany) and a dedicated 

phased array cardiac receiver coil. Functional imaging was performed using retrospectively 

ECG-gated steady-state free precession cine imaging with breath-holding. Standard 3 

long axis orientations (4-, 3- and 2-chamber view) and short axis orientation with full LV 

coverage were obtained (typical parameters: voxel size ~1.6x1.9x5.0 mm, slice thickness 

5.0 mm, slice gap 5.0 mm, TR/TE 3.2/1.6 ms, flip angle 75°, field of view 360x400 mm, 

temporal resolution <50 ms).

After administration of 0.2 mmol/kg Gd-DOTA (Dotarem, Guerbet, Villepinte, 

France), LGE images were acquired after 10-15 minutes, using a 2-dimensional segmented 

inversion-recovery gradient-echo pulse sequence, with individual correction of the inversion 

time to null the signal of normal myocardium (slice thickness 5.0 mm, slice gap 5.0 mm, 

field of view 360x400 mm, pixel size ~1.4x1.4 mm, TR 2x RR interval, typical inversion 

time 250-400 ms). Cine and LGE images of each patient were matched by slice position.

Analysis and definitions of CMR parameters
All analyses were performed by two experienced readers (LR and AB), blinded to the 

intracoronary measurements and PET results, using dedicated off-line software (QMassMR 

v7.5, Medis, Leiden, the Netherlands). In case of disagreement, consensus was reached 

between the readers. Cine images were analyzed by manually tracing the endocardial and 

epicardial myocardial borders in both end-diastolic and end-systolic phases, providing 

myocardial volumes, end-diastolic myocardial mass and ejection fraction. Segmental wall 

thickening was calculated by subtracting end-diastolic from end-systolic wall thickness. 

Quantification of infarct size and size of the area containing microvascular injury (MVI) 

was performed on short axis LGE images. The total infarct size was standardized by 

dividing the infarct mass by the total left ventricular mass. In the Gadolinium-enhanced 

area, a region of interest (ROI) was drawn, containing myocardium with visually the 

highest signal intensity, whilst avoiding any MVI. A second ROI was drawn in a distant, 

unenhanced area of myocardium without artefacts. Quantification was performed using 

the full-width at half-maximum (FWHM) technique 9,10. Microvascular injury was 

identified in LGE images as hypointense recesses within the hyperenhanced myocardium. 

The size of the area of MVI was calculated by manual delineation of the hypointense areas 
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on LGE images, and was expressed in square centimeter. The total volume of MVO in 

cubic centimeter was calculated by multiplying the area size with [slice thickness + slice 

gap]. Myocardial oedema and myocardial salvage were derived from the T2w-images and 

myocardial salvage index was then calculated as previously described 11.

H2
15O positron emission tomography image acquisition

A scout computed tomography (CT) scan was performed for positioning, after which a 

dynamic H2
15O PET perfusion scan was performed during resting conditions. This dynamic 

scan sequence was followed immediately by a respiration-averaged low dose CT scan to 

correct for attenuation during normal breathing. After an interval of 10 min to allow for 

decay of radioactivity an identical H2
15O PET sequence was performed during hyperemia 

induced by intravenous adenosine infusion (140 µg·kg-1·min-1).

Measurement of Regional Myocardial Blood Flow using H2
15O PET

Images were reconstructed using the 3D row action maximum likelihood algorithm into 

22 frames (1 x 10, 8 x 5, 4 x 10, 2 x 15, 3 x 20, 2 x 30, and 2 x 60), applying all 

appropriate corrections. Parametric myocardial blood flow (MBF) images were generated 

and quantitatively analyzed using in-house developed software, Cardiac VUer 12. MBF per 

perfusable muscle within the voxel was converted to flow per perfusable mass of myocardial 

tissue (ml∙min-1∙g-1) using a conversion factor of 1.04 and analyzed on a per-segment basis 

according to the 17-segment model of the American Heart Association 13. Myocardial 

perfusion reserve (MPR) was defined as the ratio of hyperemic and baseline MBF. A MPR 

cut-off of 2.0 was used to differentiate between normal and abnormal myocardial perfusion 
14,15. PET-derived coronary resistance was approximated by dividing hyperemic mean 

arterial blood pressure during PET by absolute PET-derived hyperemic MBF.

Supplemental Figure 1: PET‑derived coronary resistance was approximated by dividing mean arterial 
blood pressure during PET by absolute hyperemic PET flow. A significant association exists between HMR 
and PET‑derived coronary resistance.
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Abstract
Objectives Early detection of microvascular dysfunction after acute myocardial infarction 

(AMI) could identify patients at high-risk of adverse clinical outcome, who may benefit 

from adjunctive treatment. Our objective was to compare invasively measured coronary 

flow reserve (CFR) and hyperaemic microvascular resistance (HMR) for their predictive 

power of long-term clinical outcome and cardiac magnetic resonance (CMR) defined 

microvascular injury (MVI).

Methods Simultaneous intracoronary Doppler flow velocity and pressure measurements 

acquired immediately after revascularization for AMI from 5 centers were pooled. Clinical 

follow-up was completed for 176 patients (mean age 60±10 years; 140 [80%] male; STEMI 

130 [74%] and NSTEMI 46 [26%]) with median follow-up time of 3.2 years. In 110 

STEMI patients, additional CMR was performed.

Results The composite endpoint of death and hospitalization for heart failure occurred in 

seventeen patients (10%). Optimal cut-off values to predict the composite endpoint were 

1.5 for CFR and 3.0 mmHg·cm-1·s for HMR. CFR <1.5 was predictive for the composite 

endpoint (hazard ratio 3.5: 95%CI: 1.1-10.8), but not for its individual components. HMR 

≥3.0 mmHg·cm-1·s was predictive for the composite endpoint (hazard ratio: 7.0 [95%CI: 

1.5-33.7]) as well as both individual components. HMR had significantly greater area-

under-the-receiver-operating-characteristic curve for MVI than CFR. HMR remained an 

independent predictor of adverse clinical outcome and MVI, whereas CFR did not.

Conclusions HMR measured immediately following percutaneous coronary intervention 

for AMI with a cut-off value of 3.0 mmHg·cm-1·s, identifies patients with microvascular 

injury who are at high-risk of adverse clinical outcome. For this purpose, HMR is superior 

to CFR.
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Introduction
Coronary microvascular dysfunction frequently occurs following successful angioplasty for 

acute myocardial infarction (AMI). The proposed mechanisms underlying microvascular 

dysfunction in this setting include capillary plugging with thromboembolic material and 

leukocytes, extravascular compression by oedema, haemorrhagic microvascular destruction 

and an elevated left ventricular pressure.1-3 Microvascular dysfunction after AMI can be 

assessed by cardiac magnetic resonance imaging (CMR) and is referred to as microvascular 

injury (MVI). MVI is encountered in up to 50% of ST-segment elevation myocardial 

infarction (STEMI) patients despite TIMI III flow1, 2 and in 14% of non ST-segment 

elevation myocardial infarction (NSTEMI) patients.4 Strategies aimed at counteracting 

microvascular dysfunction and improving myocardial perfusion are being investigated, 

for example ischemic postconditioning, pressure-controlled intermittent coronary sinus 

occlusion and adjunctive pharmacological treatment.5-8 Because microvascular dysfunction 

does not occur in all AMI patients, the design of such studies could be improved by 

initial selection of patients at increased risk, in whom adjunctive treatment could actually 

be beneficial. The therapeutic window for treatment of microvascular dysfunction after 

AMI occurs immediately after reperfusion has been established.9 CMR defined MVI is 

unsuitable for the purpose of risk stratification, since it is not available at the time of 

angioplasty. Coronary flow reserve (CFR) and hyperaemic microvascular resistance (HMR) 

can be both measured with coronary pressure-flow guidewires immediately after epicardial 

patency has been restored and inform on microvascular dysfunction.10-15. Alternatively, 

these measurements could also be used as endpoint to evaluate therapeutic efficacy of 

intracoronary pharmacological interventions.

In this study, we pooled simultaneous measurements of coronary pressure and Doppler 

flow velocity from all currently available AMI datasets. The primary objective was to 

investigate whether CFR or HMR is superior in predicting adverse clinical outcome as 

well as CMR defined MVI as previous work by Carrick et al. has already determined that 

a combination of microvascular resistance and CFR does not have improved prognostic 

utility compared to microvascular resistance alone.16

Methods
Study population
Prospectively collected data was pooled from patients in whom combined coronary 

pressure and Doppler flow velocity measurements were performed for research purposes.10, 

12, 13, 17 Both STEMI and NSTEMI patients were analysed. Stable patients without coronary 

artery disease served as a reference cohort (details can be found in the Supplements).18 Study 

protocols including documentation of clinical follow-up, were approved by the institutional 

review boards and complied with the principles of the Declaration of Helsinki.
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Acute myocardial infarction patients
Patient were treated according clinical guidelines.19, 20 Further details on treatment are in the 

Supplements. After angiographic reperfusion was established, simultaneous intracoronary 

Doppler flow velocity and distal pressure measurements were performed. TIMI flow grade, 

corrected TIMI frame count (cTFC) and ST segment resolution of more than 70% one 

hour after reperfusion were defined as previously described.21 Cardiac enzymes Troponin-I, 

Troponin-T and CK-MB were determined according to the respective study protocol.

Invasive measurements
Invasive measurements were obtained in similar fashion in both AMI and stable 

control patients. Prior to the measurements, 200 to 300 µg nitrates were administered 

intracoronary. Aortic pressure was recorded from the guiding catheter. A 0.014 inch 

guidewire (ComboWire, Volcano Phillips, USA) equipped with both a distal pressure 

sensor and a Doppler crystal was passed through the guiding catheter. Distal pressure 

was equalized with aortic pressure at the tip of the guiding catheter. Then, the guidewire 

was passed just distal to the site of intervention and the wire was manipulated to obtain 

a high quality Doppler signal. Average Doppler flow peak velocity (APV), mean aortic 

pressure and mean distal pressure were simultaneously recorded with the ComboMap 

console (Volcano Phillips, USA; Figure 1). Recordings were made during resting conditions 

and during hyperaemia induced by intracoronary bolus injection of 150 µg adenosine or 

15 to 20 mg papaverine, or intravenous infusion of 140 µg/kg/min adenosine or 150 µg/

kg/min adenosine triphosphate. Fractional flow reserve (FFR) was calculated as the ratio 

between hyperaemic mean distal pressure and aortic pressure. CFR was calculated as the 

ratio between hyperaemic and resting APV. HMR was calculated as the ratio between 

hyperaemic mean distal pressure and hyperaemic APV. Hyperaemic stenosis resistance 

index was calculated as the ratio between the hyperaemic pressure gradient (mean aortic 

- distal pressure) and APV.22

5
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Figure 1 – Example STEMI patient enrolled into the study This patient presented with acute chest 
pain for 180 minutes and ST segment elevation in the anteroseptal leads, with reciprocal depression in 
the inferior leads (Panel A). Emergency coronary angiography was performed showing a proximal left 
anterior descending artery occlusion (Panel B). After primary percutaneous coronary intervention, TIMI 
III flow was restored (Panel C). Simultaneous Doppler flow velocity and distal pressure measurements 
were performed in the distal LAD with intracoronary adenosine 150 µg, yielding a CFR of 1.7 and HMR of 
5.2 mmHg·cm-1·s (Panel D). Panels E and F: Cardiac magnetic resonance imaging with late gadolinium 
enhancement showed a large area of hyperenhancement consistent with an anteroseptal infarction. 
Within this area, a hypoenhanced core is visible consistent with extensive microvascular injury (indicated 
by arrows). Panel E is a short‑axis view and Panel F is a long‑axis view.

Clinical outcomes
To evaluate clinical outcome, a composite endpoint consisting of death and hospitalization 

resulting from congestive heart failure was used. Follow-up was retrospectively obtained 

for AMI patients by the local investigators (GF, DdW, HK, RW, MS) via visitation of the 

outpatient clinic, telephone contact or review of the medical record. The local investigators 

did not have access to the merged invasive measurement dataset when endpoints were 

ascertained. Hospitalization for heart failure was defined as hospitalization because of 

symptoms of heart failure in combination with a positive chest radiograph and a clinical 

diagnosis of congestive heart failure.

CMR imaging protocol
For STEMI patients, CMR imaging was performed according to the different protocols 

at each site as described in the previous publications.10, 12, 13 CMR was performed between 

24 hours and 2 weeks (when MVI most frequently occurs23) after the index procedure 

and analysed by the local investigators. In brief, CMR cine images were acquired to 

calculate left ventricular end systolic and diastolic volumes and left ventricular ejection 

fraction. Late gadolinium enhancement imaging was performed 10 to 15 minutes after 

intravenous administration of a gadolinium-based contrast agent to calculate the infarct 

size as percentage of the left ventricle and to assess MVI.
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Statistical analysis
Details on statistical analysis are found in the Supplements.

Results
Patient characteristics
The flow of patients through the study is shown in Figure 2. After exclusion of 16 patients, 

176 patients remained for analysis (131 STEMI and 45 NSTEMI). The reference cohort 

consisted of 51 stable patients with 96 measurements in normal coronary arteries. Table 

1 describes the baseline characteristics.

Table 1: Baseline characteristics

AMI patients (n=176)
Stable patients (n=51)

n=96 measured arteries

Age (years) 59.5 ± 10.3 57.3 ± 9.0

Male 140 (80%) 22 (43%)

Body Mass Index (kg/m²) 26.5 ± 3.8 26.5 ± 3.7

Hypertension 72 (41%) 23 (45%)

Hyperlipidaemia 74 (42%) 15 (29%)

Current smoker 89 (51%) 13 (26%)

Diabetes Mellitus 40 (23%) 6 (12%)

Family history of CAD 93 (53%) 29 (57%)

Previous myocardial infarction 15 (9%) 0 (0%)

Culprit or measured artery:

 Left Anterior Descending 110 (63%) 36 (38%)

 Right Coronary Artery 48 (27%) 28 (29%)

 Left Circumflex 18 (10%) 27 (28%)

Clinical outcomes of AMI patients
Median follow-up time was 3.2 years [interquartile range 2.0-5.1], with a maximum 

follow-up time of 9.2 years. The composite endpoint of death and hospitalization for 

heart failure occurred in 17 patients (9.7%). Eight patients (4.5%) died during the follow-

up time (5 STEMI and 3 NSTEMI). Nine patients (5.1%) underwent hospitalization for 

heart failure (6 STEMI and 3 NSTEMI). For CFR, the optimal cut-off value to predict the 

composite endpoint was 1.5 or lower, with a sensitivity of 53% and specificity of 77%. 

The composite endpoint occurred in 14.9% when CFR was low and in 4.5% when CFR 

was high. The optimal cut-off value for HMR to predict the composite endpoint was 3.0 

mmHg·cm-1·s or higher, with a sensitivity of 77% and specificity of 69%. The composite 

endpoint occurred in 3.6% when HMR was low and in 20.3% when HMR was high. 

For CFR, Kaplan-Meier analysis stratified according to cut-off values (Figure 3A) showed 

5
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Figure 2 – Flow diagram This diagram shows the enrolment and flow of patients through the study.

progressive divergence of the curves throughout the entire follow-up duration. Kaplan-

Meier analysis for HMR (Figure 3B) showed a similar pattern, but with more pronounced 

divergence of the curves. CFR at a cut-off of 1.5 was not significantly associated with either 

of the individual components of the composite endpoint: hazard ratio 2.8 [95% CI 0.6-

14.2] for death and 4.0 [95% CI 0.8-19.4] for hospitalization for heart failure. HMR ≥3.0 

mmHg·cm-1·s was significantly associated with both individual endpoints of the composite 

endpoint: hazard ratio 6.4 [95% CI: 1.3-32.0] for death and 7.0 [95% CI: 1.5-33.7] for 

hospitalization for heart failure.

Angiographic characteristics and biomarkers
Table 2 shows the infarct characteristics of patients with AMI for the whole group and 

stratified according to the HMR cut-off. Patients with high HMR had significantly greater 

cardiac enzyme release than patients with low HMR and more signs indicative of the no-reflow 

phenomenon, with lower cTFC, less frequent TIMI flow grade III and less frequent ST segment 

resolution >70%. Table 3 and Supplementary Table 1 show the multivariable models for the 

prediction of the composite endpoint and CMR defined MVI. HMR, but not CFR, remained 

an independent predictor for both outcome and MVI after correction for other significantly 

predictive clinical and hemodynamic variables available immediately after revascularization.
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Figure 3 – Kaplan Meier for composite of death and hospitalization for heart failure                                            
Kaplan‑Meier analysis for the composite endpoint consisting of death and hospitalization for heart fail-
ure. Panel A shows the Kaplan‑Meier curves for CFR stratified according to the optimal cut‑off value of 
1.5. Panel B shows the Kaplan‑Meier curves for HMR stratified according to the optimal cut‑off value of 
3.0 mmHg·cm-1·s.

Table 2: Infarct characteristics

Whole group
(n=176)

HMR ≥ 3.0 
mmHg·cm-1·s

(n=64)

HMR < 3.0 
mmHg·cm-1·s

(n=112) P-value‡

CK-MB peak (ug/L)* 167 [84 - 359] 262 [155 - 451] 118 [42 - 232] 0.001

Troponin-I peak (ng/L)* 220 [90 - 614] 264 [165 - 5327] 130 [37 - 458] 0.007

Troponin-T peak (ug/mL)* 1.15 [0.29 - 3.17] 3.70 [1.10 - 7.24] 0.65 [0.17 - 2.00] < 0.001

TIMI flow grade II 17 (10%) 12 (19%) 5 (4%) 0.002

TIMI flow grade III 159 (90%) 52 (81%) 107 (96%) 0.002

cTFC 17 [12 - 27] 24 [13 - 30] 14 [10 - 24] 0.002

Heart rate (bpm) 78.8 ± 13.0 78.3 ± 15.4 79.3 ±11.5 0.66

Mean aortic pressure (mmHg) 96.3 ± 18.0 97.8 ± 17.3 95.3 ± 18.3 0.42

FFR 0.94 ± 0.07 0.95 ± 0.07 0.93 ± 0.08 0.06

CFR 1.63 ± 0.69 1.43 ± 0.41 1.75 ± 0.78 0.001

Variables pertaining to STEMI patients n=130 n=57 n=73

 Complaints to balloon time (minutes) 150 [120 - 236] 150 [120 - 240] 165 [120 - 223] 0.74

 ST segment resolution >70%† 56 (50%) 16 (29%) 40 (71%) 0.004

 Thrombus aspiration 118 (91%) 52 (91%) 66 (90%) 0.87

 Glycoprotein IIB/IIIA inhibitor 19 (15%) 15 (26%) 4 (6%) < 0.001

Table 2 legend:
* CK-MB, Troponin-I and Troponin-T measurements were available in 78, 55 and 93 out of 176 patients 
respectively
† ST segment resolution >70% data were available in 112 of 130 STEMI patients
‡ P-values represent comparison between patients with HMR ≥ 3.0 mmHg·cm-1·s and HMR < 3.0 mmHg·cm-1·s

5
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Table 3: Cox proportional hazard model for prediction of death and hospitalization for heart failure in AMI 
patients.

Significant univariable 
predictors

Significant multivariable 
predictors

Parameter* Hazard ratio 
and 95% CI

P-value Hazard ratio 
and 95% CI

P-value

Female gender 2.54 [0.94 – 6.91] 0.07 3.27 [1.15 – 9.28] 0.03

Previous myocardial infarction 4.28 [1.45 – 12.6] 0.008 5.03 [1.65 – 15.3] 0.004

CFR (per unit increase) 0.36 [0.12 – 1.09] 0.07

HMR (per 1 mmHg·cm-1·s increase) 1.41 [1.10 – 1.81] 0.006 1.55 [1.18 – 2.04] 0.002

Table 3 legend:
* Univariable association with the composite endpoint was tested for all clinical and hemodynamic 
parameters of tables 1 and 2, but only parameters with an estimated P < 0.10 are shown and were entered 
into the multivariable model.

Occurrence of CMR defined MVI
Among STEMI patients, CMR imaging was performed in 110 patients. MVI occurred 

in 56 patients (51%). Figure 4 shows the receiving-operating-characteristic analysis for 

CMR defined MVI. HMR had a significantly better diagnostic performance than CFR 

for identification of MVI.

Figure 4 – Receiver-operating-characteristic curves for CMR defined MVI   
HMR has a significantly greater area‑under‑the‑receiver‑operating‑characteristic curve than CFR for the 
prediction of CMR defined MVI in STEMI patients.

Invasive hemodynamics
Hemodynamic characteristics in AMI culprit vessels as compared to normal coronary 

arteries in stable patients are shown in Supplementary Table 2. CFR was significantly lower 
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and HMR was significantly higher in AMI patients compared to control patients. In Figure 

5, CFR and HMR are stratified according to pathophysiological manifestation: STEMI 

with the presence of MVI, STEMI without the presence of MVI, NSTEMI and control 

patients. CFR is depressed in all manifestations of AMI as compared to control patients, 

but no differences in CFR were detected across to the three AMI groups. In 4 STEMI 

patients (2.3%), CFR was <1.5 and FFR was <0.75 and 2 of these patients had CMR 

defined MVI. HMR was significantly increased in STEMI patients with MVI compared 

to the other three groups. HMR was not elevated in STEMI patients without MVI or 

NSTEMI patients compared to stable patients. The optimal cut-off value for HMR to 

predict CMR defined MVI was 3.1 mmHg·cm-1·s, with a sensitivity of 64% and specificity 

of 81%. This HMR value was close to the optimal cut-off for the composite endpoint of 

3.0 mmHg·cm-1·s, that had a sensitivity of 67% and specificity of 72% to predict MVI. 

Other CMR data stratified according HMR are shown in Supplementary Table 3. STEMI 

patients with HMR ≥3.0 mmHg·cm-1·s had worse CMR infarct parameters compared to 

patients with low HMR.

Figure 5 – Different pathophysiological manifestation of AMI and stable patients  
CFR and HMR are stratified according to four different groups: STEMI patients with and without CMR de-
fined MVI (n=56 and n=54 respectively), NSTEMI patients (n=45) and stable patients without obstructive 
CAD (n=96). STEMI patients without CMR were not included in this analysis. Panel A: CFR was significantly 
lower in all clinical manifestations of AMI as compared with stable control patients. Among the different 
manifestations of AMI, no significant differences in CFR were observed suggesting that a decreased CFR 
is not specific indicator of microcirculatory injury. Panel B: HMR was significantly higher in STEMI patients 
with MVI as compared to the other three groups, indicating that HMR is specifically increased in AMI pa-
tients with microcirculatory injury.       
Boxes represent median and interquartile range, with whiskers as the 10th through 90th percentile. The 
dashed line indicates cut‑off values for CFR at 1.5 and for HMR at 3.0 mmHg·cm-1·s.   
*** indicates a significance level of P < 0.05 after post‑hoc comparison with Bonferroni correction. 
+ represents the mean.
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Discussion
This patient-level pooled analysis combines all available studies that have performed 

simultaneous Doppler flow velocity and distal pressure assessments immediately after 

revascularization of AMI. Our findings are: 1. CFR and HMR are both predictive for a 

composite of death and hospitalization for heart failure, but HMR remains independently 

associated with the composite outcome after correction for baseline and procedural 

characteristics. 2. HMR, but not CFR, is a significant predictor for both individual 

components of the composite endpoint. 3. HMR is a superior predictor for CMR defined 

MVI compared to CFR. 4. A well-defined cut-off value for HMR of 3.0 mmHg·cm-1·s exists 

that can be used to identify patients at high risk for adverse outcome.

HMR predicts adverse outcome better than CFR
Among AMI patients, both CFR at a cut-off of 1.5 and HMR at a cut-off of 3.0 mmHg·cm-

1·s are associated with the composite endpoint of death and hospitalization for heart failure. 

However, high HMR is associated with a higher hazard ratio for the occurrence of the 

composite endpoint than low CFR and also with both individual components of the endpoint, 

whereas low culprit CFR is not. These findings corroborate earlier studies performed with 

Doppler flow wires, but without a pressure sensor. Jin et al. also found that hyperemic coronary 

resistance predicted a composite of cardiac death and re-hospitalization for heart failure.24 Van 

de Hoef et al. reported long-term follow-up of an earlier study by Bax et al.25 and also found 

that culprit CFR was not predictive of cardiac mortality alone, although non-culprit CFR was.26 

Furthermore, HMR, but not CFR, remained an independent predictor for adverse outcome 

and MVI after multivariable correction. The analysis according to AMI group in Figure 5 

clarifies why HMR is a superior predictor of long-term adverse clinical outcome, despite both 

CFR and HMR being significantly altered in the setting of AMI. After stratification of AMI 

patients, CFR was equally depressed in all clinical manifestations of AMI compared with stable 

patients. HMR however, was specifically elevated in STEMI with MVI and was not increased 

in STEMI without MVI or NSTEMI patients, with stable controls as reference. Together, these 

findings suggest that CFR is generally decreased in the setting of AMI and not specifically in 

patients with MVI. However, HMR is only elevated in patients with MVI and remains within 

normal range if the microvasculature is unharmed. Based on our findings, we presume that the 

superior performance of HMR in identification of patients with MVI in whom microvascular 

dysfunction occurs at the most extreme levels, translates into better prediction of long-term 

adverse clinical outcome. This is supported by earlier work that has shown the prognostic 

utility of CMR defined MVI for adverse clinical outcome.27

Why is HMR superior to CFR for prediction of microvascular injury?
CFR quantifies the amount of autoregulatory reserve that the microvascular bed harbours.18 

To meet the metabolic demand of the underlying myocardium, arterioles vasodilate in 
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the presence of a coronary stenosis diminishing the autoregulatory reserve.18 Therefore, 

CFR not only represents microvascular dysfunction, but is also lowered when residual 

coronary narrowing is present. On average, FFR was slightly lower and the hyperaemic 

stenosis resistance index was slightly higher in revascularized culprit vessels than in normal 

control arteries, reflecting minor residual stenosis (Supplementary Table 2). A second 

explanation relates to the fact that the metabolic myocardial demand is typically increased 

after AMI leading to reactive hyperaemia.28 We found a significantly higher heart rate and 

an increased APV in AMI patients as compared to stable controls. CFR is calculated as the 

ratio of hyperaemic and resting APV. In AMI patients resting APV is increased, leading 

to a decrease in CFR. However, we have previously shown that there is no relationship 

between resting flow immediately after AMI and infarct size.29 Residual stenosis and 

increased metabolic demand thus both affect CFR18, but are not restricted to patients 

with MVI specifically. This is illustrated by Figure 5A, where CFR was reduced in all 

pathophysiological manifestations of AMI as compared to stable patients, but could not 

accurately discriminate patients with MVI. In contrast, residual stenosis only influences 

HMR if it is functionally severe with FFR <0.6030, which never occurred in our study. 

Also, the issue of reactive hyperaemia does not apply to HMR since it is measured during 

hyperaemia where autoregulation is exhausted by administration of a hyperaemic agent. 

Since HMR is not influenced by residual stenosis or increased baseline flow, it is the better 

parameter to identify AMI patients with microvascular dysfunction than CFR.

Other measures of microvascular dysfunction
Besides CFR and HMR, risk stratification is also possible based on cTFC, ST segment 

resolution of 70%, various CMR parameters, cardiac enzyme release, temporal evolution 

of CFR or the pressure at zero flow.3, 10, 31 However, all of these parameters are either 

not available immediately after revascularization or require offline calculation. The fact 

that HMR is immediately available after revascularization is of paramount importance, 

since a window for adjunctive therapy still exists. Physiological measurements in non-

culprit vessels also provide prognostic information26, but are not indicative of CMR 

defined MVI.10 Index of microcirculatory resistance (IMR) is another method to quantify 

microvascular resistance. IMR is measured with a wire that combines a distal pressure 

sensor and a temperature sensor to measure coronary flow through the thermodilution 

technique. Studies by Fearon et al. and Carrick et al. have shown that IMR predicts adverse 

clinical outcome at a threshold >40.16, 32 Carrick et al. also showed that IMR was predictive 

of various CMR outcomes and that a combination of IMR and CFR did not confer 

improved prognostic utility as compared with IMR alone. Despite similarities, notable 

differences with the study by Carrick et al. are that we measured Doppler flow velocity, 

performed a multicentre study, omitted heart-failure during the index procedure from 

our endpoint, enrolled a smaller cohort and also evaluated NSTEMI and stable patients 
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to better understand the pathophysiology. In a meta-analysis on study level, Bulluck et 

al. found IMR >41 to be predictive of CMR defined MVI.33 However, IMR was not 

found to be predictive of MVI in two of the six included studies.11, 34 Furthermore, in a 

comparative study between HMR and IMR, Patel et al. found HMR to be predictive of 

infarct transmurality and size, whereas IMR was not.13 A difference between HMR and 

IMR is that Doppler velocity measurements are indexed to vessel size, whereas IMR uses 

mean transit time as a surrogate of absolute coronary flow. Therefore, contrary to HMR, 

IMR depends not only on microvascular function, but theoretically also on subtended 

myocardial mass. However, measuring HMR is probably more challenging than measuring 

IMR, with higher failure rates related to measurement quality. Additional studies are 

needed to establish whether HMR or IMR is better suited for identification of patients at 

increased risk after AMI. Our study demonstrates that HMR is also predictive of clinical 

outcome and provides a clear cut-off value for this purpose. As such, HMR and IMR can 

now both be used for risk stratification after AMI.

Limitations
Firstly, the centers participating in this study did not use a uniform study protocol. 

However, acquisition methodology of the invasive and imaging data was similar and all 

centres used contemporary Doppler flow and pressure wires as well as advanced CMR 

imaging techniques. Secondly, invasive measurements had to be excluded in 8% either due 

to poor Doppler flow signals or iatrogenic coronary dissection related to the measurement 

in one patient,. Thirdly, no core laboratory analysis of the invasive measurements and 

CMR was performed and data were used as reported in the original publications. However, 

the studies all used a similar protocol and HMR remained strongly predictive of clinical 

outcome and CMR defined MVI even without core laboratory analysis, supporting 

routine clinical use. Fourth, no clinical events committee to adjudicate the endpoints was 

in place. Finally, although this study is the largest study to perform detailed physiological 

characterization by combined Doppler flow velocity and pressure measurement in the 

context of AMI, sample size remains limited.

Conclusion
Invasive HMR measured immediately after revascularization for acute myocardial 

infarction is predictive of death and hospitalization for heart failure. HMR has superior 

predictive value to CFR, presumably through better identification of patients suffering 

from microcirculatory injury. This is evidenced by the finding that HMR has a better 

performance to detect CMR defined MVI than CFR. For risk stratification in clinical 

practice, a cut-off value of 3.0 mmHg·cm-1·s can be used for HMR to identify patients at 

high risk who might benefit from adjunctive treatment.
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Supplemental Appendix for Chapter 5

Supplemental Methods
AMI patients
Diagnosis of AMI was based on cardiac biomarker elevation in combination with 

characteristic electrocardiographic changes and/or typical symptoms of myocardial 

ischaemia. Upon diagnosis, all patients received heparin or bivalirudin and a loading 

dose of both aspirin and a P2Y12 inhibitor. The culprit artery was treated by percutaneous 

coronary intervention according to standard procedures. Choice of stent type, thrombus 

aspiration, glycoprotein IIB/IIIA inhibitors and access route were at the discretion of the 

operator, but complied with clinical guidelines.

Stable control patients without coronary artery disease
The reference cohort consisted of stable control patients referred for coronary angiography 

because of suspected CAD (all VU University Medical Center, Amsterdam, The 

Netherlands). Patients had no history of structural or valvular heart disease or myocardial 

infarction and had normal left ventricular function. The patients in this cohort did not 

have angiographically identifiable CAD in any of the coronary arteries.

Statistical analysis
Categorical data are presented as frequencies and percentages and continuous data as mean 

and standard deviation or median and interquartile range according to normality of data. 

To test for differences between two groups of categorical variables the Chi-Square test was 

used to test differences between categorical variables and the independent sample’s T-test or 

Mann-Whitney U test for continuous variables. Receiver-operating-characteristic analysis 

was done to calculate optimal cut-off values (value with the highest combined sensitivity 

and specificity) for CFR and HMR to predict the composite endpoint and MVI, DeLong’s 

test was done to compare area-under-the-receiver-operating-characteristic curves. Cox 

regression analysis was done to calculate hazard ratio’s and 95% confidence interval (95% 

CI) for the composite endpoint according to HMR and CFR groups. Kaplan-Meier curves 

were generated groups of CFR and HMR and compared by log-rank test. The association 

between clinical variables available at the time of revascularization (listed in Table 1 along 

with hemodynamic parameters: FFR, CFR, HMR, aortic pressure and heart rate) and 

the time to event was tested by univariable Cox regression. If the P-value was <0.10, the 

variable was entered into a multivariable forward stepwise model to determine independent 

predictors. A similar multivariable analysis was done for CMR defined MVI, but using 

logistic regression analysis instead of Cox regression. Analysis of variance was used for 

multiple group comparison with post-hoc Bonferroni correction. A two-sided P-value of 
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<0.05 was considered statistically significant. Statistical analyses were performed with 

SPSS Statistics V.20.0 (IBM Corp., Armonk, New York, USA) or Stata Statistical Software 

(Release 14. College Station, Texas, USA).

Supplementary Table 1: Logistic regression model for cardiac magnetic resonance imaging defined 
microvascular injury.

Significant univariable predictors Significant multivariable predictors

Parameter* Odds ratio     
and 95% CI

P-value Odds ratio     
and 95% CI

P-value

Female gender 0.43 [0.17 – 1.10] 0.08

Diabetes Mellitus 0.45 [0.18 – 1.12] 0.09

CFR (per unit increase) 0.29 [0.12 – 0.66] 0.003

HMR (per 1 mmHg·cm-1·s 
increase)

2.23 [1.54 – 3.24] < 0.001 2.23 [1.54 – 3.24] < 0.001

* Univariable association with the composite endpoint was tested for all clinical and hemodynamic 
parameters of tables 1 and 2 of the manuscript, but only parameters with an estimated P < 0.10 are shown 
and were entered into the multivariable model.

Supplementary Table 2: Hemodynamic characteristics

AMI patients
(n=176)

Measurements in
stable patients (n=96)

P-value

Heart rate (bpm) 78.8 ± 13.0 68.0 ± 10.8 < 0.001

Resting aortic pressure (mmHg) 96.3 ± 18.0 98.5 ± 14.9 0.31

Resting distal pressure (mmHg) 92.2 ± 18.3 97.3 ± 15.2 0.02

Resting APV (cm·s-1) 23.2 ± 12.8 16.1 ± 5.5 < 0.001

Hyperaemic aortic pressure (mmHg) 85.8 ± 17.1 90.8 ± 15.0 0.02

Hyperaemic distal pressure (mmHg) 80.5 ± 17.9 87.6 ± 14.7 0.001

Hyperaemic APV (cm·s-1) 35.3 ± 17.7 41.5 ± 12.5 0.001

FFR 0.94 ± 0.07 0.97 ± 0.05 < 0.001

HSR (mmHg·cm-1·s) 0.20 ± 0.29 0.09 ± 0.12 < 0.001

CFR 1.63 ± 0.69 2.70 ± 0.80 < 0.001

HMR (mmHg·cm-1·s) 2.81 ± 1.42 2.29 ± 0.78 < 0.001

5
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Supplementary Table 3: Cardiac magnetic resonance imaging

STEMI patients 
with CMR
(n= 110)

HMR ≥ 3.0 
mmHg·cm-1·s

(n= 52)

HMR < 3.0 
mmHg·cm-1·s

(n= 58)

P-value*

Days between procedure and CMR 4.0 [2.0 - 7.0] 4.0 [2.0 - 7.0] 4.0 [2.0 - 7.0] 0.74

Infarct size as % of LV 23.0 [13.0 - 34.0] 29.0 [21.0 - 38.2] 16.9 [7.8 - 27.1] < 0.001

LV ESV (ml) 85.0 ± 32.6 87.5 ± 25.4 82.8 ± 38.0 0.45

LV EDV (ml) 158 ± 47 159 ± 41 158 ± 52 0.85

LVEF (%) 46.8 ± 9.9 44.6 ± 10.2 48.8 ± 9.2 0.02

Microvascular injury 56 (51%) 37 (71%) 19 (33%) < 0.001

* P-values represent comparison between patients with HMR ≥ 3.0 mmHg·cm-1·s and HMR < 3.0 mmHg·cm-

1·s

Abbreviations – APV: average peak velocity, AMI: acute myocardial infarction, bpm: 

beats per minute, CFR: coronary flow reserve, CI: confidence interval CMR: cardiac 

magnetic resonance imaging, EDV: end diastolic volume, ESV: end systolic volume, FFR: 

fractional flow reserve, HMR: hyperaemic microvascular resistance, HSR: hyperemic 

stenosis resistance index LV: left ventricle, LVEF: left ventricular ejection fraction
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Abstract
Objectives To determine the effects of an acute myocardial infarction (AMI) on baseline 

and hyperemic flow in both culprit and non-culprit arteries.

Background An impaired coronary flow reserve (CFR) after AMI is related to worse 

outcomes. The individual contribution of resting and hyperemic flow to the reduction in 

CFR is unknown. Furthermore, it is unclear whether currently used experimental models 

of AMI resemble the clinical situation with respect to coronary flow parameters.

Methods Intracoronary Doppler flow velocity measurements were obtained in culprit and 

non-culprit arteries immediately after successfully revascularized STEMI (n=40). Stable 

patients without obstructive coronary artery disease served as controls and were selected 

by propensity score matching (n=40). Similar measurements in an AMI porcine model 

were taken both before and immediately after 75 minute balloon occlusion of the left 

circumflex artery (n=11).

Results In the culprit artery, CFR was 36% lower than in matched controls (∆ = -0.9; 

1.8±0.9 vs. 2.8±0.7; P < 0.001) with consistent observations in swine (∆ = -0.9; 1.5±0.4 

vs. 2.4±0.9 for after and before AMI respectively; P = 0.04). An increased baseline and a 

decreased hyperemic flow contributed to the reduction in CFR in both patients (baseline 

flow: ∆ = +5 and hyperemic flow: ∆ =  -7 cm/s) and swine (baseline flow: ∆ = +8 and 

hyperemic flow: ∆ = -6 cm/s). Similar changes were observed in non-culprit arteries (CFR: 

2.8±0.7 vs. 2.0±0.7 for STEMI patients and controls; P < 0.001). CFR was significantly 

correlated to infarct size as a percentage of left ventricle in both patients (r =  -0.48; 

P = 0.001) and swine (r = -0.61; P = 0.047).

Conclusion CFR in both culprit and non-culprit coronary arteries decreases after AMI 

with contributions of both an increased baseline flow and a decreased hyperemic flow. The 

decreased CFR after AMI in culprit and non-culprit vessels is not a result of pre-existent 

microvascular dysfunction, but represents a combination of post-occlusive hyperemia, 

myocardial necrosis, hemorrhagic microvascular injury, compensatory hyperkinesis and 

neurohumoral vasoconstriction.
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Introduction
Outcomes after acute myocardial infarction (AMI) have been drastically improved owing 

to timely primary percutaneous coronary intervention (PCI) and this is recommended by 

clinical guidelines.1 Although primary PCI successfully restores epicardial coronary blood 

flow in the majority of the cases, microcirculatory disturbances can still adversely affect 

myocardial perfusion.2, 3 Patients with a blunted vasodilatory response after successful 

revascularization of the culprit artery, in other words a decreased coronary flow reserve 

(CFR), have worse functional and clinical outcomes.4, 5 The development of coronary 

flow before acute myocardial infarction (AMI) to immediately after revascularization 

remains unclarified in patients however. Knowledge on the changes of flow could help 

better understand the value of intracoronary physiological parameters in the acute phase 

after ST-segment elevation myocardial infarction (STEMI) for two reasons. Firstly, in 

order to use CFR as a risk stratification tool and select patients who might benefit from 

adjunctive therapy, it is imperative that the foundations of the development of CFR due 

to AMI are fully understood. Secondly, recent trials suggest that revascularization of not 

only the culprit artery but all significantly obstructed coronary arteries, is associated with 

an improved clinical outcome.6-8 In intermediate stenoses, revascularization should be 

guided by the fractional flow reserve (FFR).7 Because FFR measurements are influenced by 

microvascular behavior(9), knowledge on flow changes during AMI in non-infarct related 

arteries could be helpful to better interpret the intracoronary hemodynamic measurements 

in the acute phase.

In addition, studies aiming to improve outcomes after STEMI have recently had much 

attention for reducing microvascular injury.2, 3 Many of these studies are conducted in 

animal models of reperfused AMI. It remains unclear to what extent these experimental 

models resemble the coronary and systemic hemodynamics in patients suffering from 

STEMI. Especially, it is unclear how these measurements relate to final infarct size.

The primary objective of the present study was to investigate the changes in coronary 

blood flow before and after AMI in order to gain further insight into the microcirculatory 

behavior after AMI. This was done by studying Doppler flow velocity measurements 

obtained immediately after successful revascularization for STEMI to stable control 

subjects with a similar risk profile but without obstructive coronary artery disease (CAD). 

Similar measurements were obtained in a porcine model before and after reperfused AMI, 

which permitted investigation of the histopathological characteristics in relation to the 

flow responses after AMI. Secondly, we aimed to compare the coronary and systemic 

hemodynamics in this frequently used porcine model of reperfused AMI to the changes 

observed in patients. Finally, we investigated the development of neurohumoral activation 

as a possible contributor to the reduced CFR after AMI.
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Methods
For the present study, we compared intracoronary Doppler flow velocity measurements 

in three settings: 1) immediately following successful primary percutaneous coronary 

intervention (PCI) for STEMI (n=40), 2) from a propensity score matched group of 

control subjects without coronary artery disease on angiography (n=40), and 3) in an 

experimental porcine AMI model, pre and post reperfusion (n=11). Details on the flow 

acquisition protocol are provided in the section on hemodynamic recordings in animals and 

patients. Flow measurements were compared to infarct size as percentage of left ventricle 

(IS%LV) in patients using CMR imaging and in swine by histopathology. Examples of 

these measurements are shown in Figure 1. All patients gave written informed consent 

and the local ethics committee approved the study. Animal experiments conformed to the 

Position of the American Heart Association on research animal use10 and were approved 

by the local Animal Ethics Committee.

Figure 1: Examples of data acquired ‑ Upper left panel: CMR LGE to determine IS%LV at 7 days. Lower left 
panel: immunohistology with phosphotungstic acid-hematoxylin staining of the infarcted porcine heart at 
7 days to calculate IS%LV, with in pink the infarcted, and in purple the viable myocardial tissue, separated 
by the manually drawn green line. Right panels: simultaneous intracoronary Doppler flow velocity and 
pressure measurements, during both resting and hyperemic conditions.    
CMR LGE = cardiac magnetic resonance late gadolinium enhancement; IS%LV = infarct size percentage of 
left ventricle
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STEMI cohort
For the STEMI cohort, data from the previously published PREDICT-MVO (Pressure-Flow 

Measurements Directly after Primary PCI to Predict Late Occurrence of Microvascular 

Obstruction) study was used (Clinical trial registration: http://www.trialregister.nl: 

NTR3164).11 In brief, STEMI patients presenting within 6 hours after symptom onset 

and successfully treated with primary PCI according to standard procedures and clinical 

guidelines were enrolled.1 Successful PCI was defined as a TIMI flow grade III12 after 

revascularization. Exclusion criteria were an inability to provide informed consent, 

hemodynamic instability, a history of AMI in the culprit artery, coronary artery bypass 

grafting, three vessel disease and a poor renal function. Immediately after PCI, all patients 

gave oral informed consent, which was witnessed by an independent person and written 

informed consent was obtained within 24 hours after oral consent. In the ambulance, 

all patients received 5000 IE heparin IV, acetylsalicylic acid 500 mg IV and prasugrel 

60 mg po along with 1.75 mg/kg/h bivalirudin during the PCI procedure. Immediately 

after primary PCI, intracoronary Doppler flow velocity measurements were obtained in 

both the culprit artery and an angiographically unobstructed non-culprit artery supplying 

non-infarcted myocardium. After the procedure, standard maintenance medication was 

prescribed. Corrected TIMI frame count (cTFC) immediately after primary PCI and ST 

segment resolution at one hour after primary PCI were analyzed as previously described.13, 

14 Because acquiring high quality Doppler flow velocity measurements is challenging in 

the acute setting, the forty measurements with the highest quality were selected from the 

sixty patients enrolled in the PREDICT-MVO study prior to data analysis. CMR was 

performed between 4 and 6 days after PCI, using a 1.5 Tesla MR-scanner (Magnetom 

Avanto, Siemens, Erlangen, Germany). CMR defined IS%LV, left ventricular end-diastolic 

and systolic volume, left ventricular ejection fraction and the presence of microvascular 

injury were determined using cine and late gadolinium enhancement imaging as previously 

described.11 Myocardial salvage index (MSI) was calculated as the difference between 

edema (gram), which was manually delineated as the hyperintense area on T2-weighted 

turbo spin-echo with fat suppression, and scar size (gram) quantified on late gadolinium 

enhancement, divided by edema and multiplied by 100. CMR imaging could not be 

obtained in six patients due to technical failure of CMR acquisition in one case, waist 

circumference exceeding the maximum of the CMR bore in one case, claustrophobia in 

three cases and because the patient declined CMR acquisition in one case.

Control cohort
Forty control patients with thoracic complaints suspected to be CAD, without a history 

of ischemic, structural or valvular heart disease and with a good left ventricular function 

were selected by propensity score matching. Control patients were drawn from a cohort 
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of simultaneous intracoronary Doppler flow velocity and pressure measurements in 519 

coronary arteries in 218 patients. In 182 arteries, there was absence of focal stenoses, 

angiographically detectable collateral artery formation, severe calcification and diffuse 

atherosclerotic narrowing and these measurements were used for propensity score matching. 

Propensity score matching was based on gender, age and the classic cardiovascular risk 

factors to select control patients that best matched the patients in the STEMI cohort.

Porcine model of reperfused AMI
The development of intracoronary Doppler flow velocity was studied in an AMI model of 75 

minute balloon occlusion of the left circumflex artery (LCx) with subsequent reperfusion, 

in eleven female Yorkshire swine. Doppler flow velocity measurements were taken in the 

infarct related artery before and immediately after the AMI. IS%LV was determined 

histopathologically at 7 days after AMI. To be able to compare animal results to patients, 

a similar medication regimen was given. The evolution of neurohumoral activation was 

determined by consecutive measurement of endothelin-1 levels and plasma renin activity 

(PRA) at different time-points. A detailed methodology on aneasthesia, the experimental 

procedure, termination of life, quantification of IS%LV and hemorrhage as a percentage 

of the infarct size are provided in the Supplemental Methods.

Hemodynamic recordings in animals and patients
To measure Doppler flow velocity a similar methodology was used for both patient cohorts 

and the porcine reperfused AMI model. A 0.014-inch guidewire equipped with both a 

pressure and Doppler flow velocity sensor (ComboWire XT, Volcano Corp, San Diego, 

CA, USA) was placed in the coronary artery. The wire was placed just distal to the site 

of balloon occlusion (porcine model) or just distal to the site of PCI in the culprit artery 

(STEMI patients), and in the distal third of the vessel in the non-obstructed non-culprit 

arteries (STEMI patients) as well as vessels of the propensity matched controls. Prior to 

all measurements, intracoronary nitrates 200-300 µg were administered. The Doppler 

wire was manipulated until an optimal and stable Doppler flow signal was obtained. 

Doppler flow velocity, aortic and distal pressure traces were recorded both during baseline 

and hyperemic conditions induced by intracoronary bolus injection of 150 µg adenosine. 

Instantaneous values of ECG voltage, peak Doppler flow velocity, aortic and distal coronary 

pressure were continuously acquired at a sampling rate of 200 Hz using the ComboMap 

console (Volcano Corp, San Diego, CA, USA) and extracted for offline analysis. Mean 

Doppler flow velocity was averaged over a minimum of three consecutive heart beats 

(average peak velocity; APV) for both baseline (b-APV) and hyperemic conditions (h-APV) 

using custom software (written in Delphi v. 2010; Embarcadero, San Francisco, CA, USA). 

Coronary flow reserve (CFR) was defined as the ratio between h-APV and b-APV.
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Statistical analysis
Categorical data are presented as frequencies and percentages, while continuous data are 

presented as mean and standard deviation. To test for differences between two groups of 

unpaired categorical variables, either Chi-Square or Fisher’s exact test was used. Means of 

continuous variables were compared between groups using the independent sample’s T-test 

or paired sample’s T-test in case of paired data. Propensity scores were used for matching 

each patient in the STEMI cohort to a single patient in the control cohort (1:1-matching). 

Propensity score matching was performed in SPSS version 22 (SPSS, Chicago, IL, USA) 

with the propensity scores based on the following variables: gender, age and the classic 

risk factors of smoking history, diabetes mellitus, hypertension, family history of CAD 

and hypercholesterolemia. Differences in the outcome variables CFR, b-APV and h-APV 

were compared between the STEMI patients and the propensity score matched controls 

using the paired sample’s T-test. Associations between two continuous variables were tested 

using linear regression analysis and the Pearson’s correlation coefficient was determined 

to quantify the strength of the relationships. Temporal development of endothelin-1 and 

PRA levels was assessed by repeated measures analysis of variance. A two-sided P-value 

of <0.05 was considered statistically significant. All statistical analyses were performed 

using SPSS version 20 (SPSS, Chicago, IL, USA).

Results
STEMI and control patient characteristics
Baseline variables of the STEMI patients and the matched control patients are shown 

in Table 1. Of the 40 STEMI patients included, 31 were male (78%) with a mean age 

of 59.3±9.4 years. In control patients, 33 were male (83%) and mean age was 58.0±8.8 

years. No significant differences were observed between any of the baseline variables that 

matching was applied for. Scar tissue was 23.6±18.8 gram on average while IS%LV was 

17.5±12.4%.

Table 1: Baseline patient characteristics

Characteristic AMI patients (n=40) Controls (n=40) P-value

Male sex * 31 (78%) 33 (80%) 0.58

Age (years)* 59.3 ± 9.4 58.0 ± 8.8 0.51

Mass (kg) 84.5 ± 14.1 78.7 ± 10.2 0.08

Height (cm) 176 ± 8.5 174 ± 9.6 0.32

Body mass index (kg/m2) 27.3 ± 3.8 26.1 ± 3.2 0.17

CAD risk factors

 Diabetes mellitus * 4 (10%) 4 (10%) 1.00

 Hypertension * 10 (25%) 15 (38%) 0.23
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Characteristic AMI patients (n=40) Controls (n=40) P-value

 Hypercholesterolemia * 8 (20%) 10 (25%) 0.59

 Smoking history * 11 (28%) 13 (33%) 0.63

 Family history of CAD * 19 (48%) 19 (48%) 1.00

Coronary artery
(culprit in STEMI patients)

 RCA 14 (35%) 10 (35%) 0.33

 LAD 21 (53%) 24 (60%) 0.50

 LCx 5 (13%) 6 (15%) 0.75

Hemodynamics

 Heart rate (bpm) 74.6 ± 11.9 69.0 ± 13.0 0.06

 Mean arterial pressure (mmHg) 86.3 ± 9.5 96.0 ± 14.1 0.001

Table legend:
* indicates matching was performed for this variable
AMI = acute myocardial infarction; CAD = coronary artery disease; LAD = left anterior descending; LCx = left 
circumflex; RCA = right coronary artery

Changes in coronary flow and CFR in the culprit artery
In STEMI patients, mean b-APV was 32% higher in STEMI patients as compared to non-

occluded control vessels in propensity matched stable subjects (21.2±11.7 vs. 16.1±6.3 cm/s 

respectively; P = 0.009). Mean h-APV was significantly lower by 6.6 cm/s (18%) in STEMI 

patients in comparison to control subjects (42.5±13.0 vs. 35.9±18.3 cm/s respectively; 

P = 0.03). CFR is calculated using both b-APV and h-APV, and the increased b-APV 

together with the trend towards a lower h-APV, resulted in a significant decrease in CFR. 

In the culprit artery, CFR was 36% lower compared to stable controls (1.8±0.9 vs. 2.8±0.7 

respectively; P < 0.001).

Changes in coronary flow and CFR in non-infarct related territories
The changes of CFR in the non-culprit coronary artery showed a similar, but less 

pronounced reduction as in the culprit artery. CFR was 2.0±0.7 vs. 2.8±0.7 in non-culprit 

vs. control arteries (P < 0.001), which amounted to a 29% reduction after STEMI. This 

reduction was driven by a non-significant 12% increase in b-APV (18.0±7.6 vs. 16.1±6.3 

cm/s for non-culprit and control arteries respectively; P = 0.24) in combination with a 

significant 16% reduction in h-APV (34.1±14.8 vs. 42.5±13.0 cm/s for non-culprit and 

control arteries respectively; P = 0.003). Figure 2 shows blood flow for both the culprit 

as well as the unobstructed non-culprit artery for the STEMI patients in comparison to 

the propensity matched stable control subjects. No significant differences were observed 

between infarct related and non-culprit CFR. When only patients with a large myocardial 

infarction (≥15 IS%LV) were evaluated, infarct related CFR was significantly lower than 

non-culprit CFR (1.5±0.4 vs. 1.8±0.5 respectively; P = 0.04).
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Figure 2: Measurements in STEMI patients and matched controls ‑ Coronary flow reserve (panel A), 
b‑APV (panel B), and h‑APV (panel C) according to culprit, unobstructed non‑culprit artery and propensity 
matched control subjects. While significant differences in CFR and its individual components were found 
between the culprit or non‑culprit artery and the control situation, differences were less pronounced 
between the culprit and the non-culprit artery.      
The box shows the median, 1st and 3rd quartile with whiskers as the 10th – 90th percentile, and + as the 
population mean.

Characteristics of the porcine model
Swine had an age ranging between 11 and 14 weeks with a weight ranging between 27 and 

40 kg. In two pigs, ventricular fibrillation occurred during AMI, which was successfully 

terminated by cardiac defibrillation and administration of amiodarone. After swift 

restoration of sinus rhythm, the remaining study procedures were carried as described in 

the protocol. Before AMI, mean heart rate was 65±10 beats per minute, which increased 

to 87±24 beats per minute after AMI (P = 0.02). Mean arterial pressure was 87±13 mmHg 

before and 74±14 mmHg immediately after reperfusion (P = 0.06). b-APV increased by 

44% from pre-AMI to post-reperfusion (17.1±5.5 vs. 24.6±9.3 cm/s respectively; P = 0.06). 

h-APV decreased by 14%, from 39.9±6.3 cm/s pre AMI to 34.2±3.0 cm/s post AMI, but 

this was not statistically significant (P = 0.38). Similar to patients, CFR in swine decreased 

by 37%, from 2.4±0.9 pre AMI to 1.5±0.4 post AMI (P = 0.04). Figure 3 summarizes the 

changes in flow and CFR induced by AMI for both patients and swine.

Comparison of hemodynamics between patient study and porcine 
model
Tables 2 and 3 describe the hemodynamic characteristics in both the two patient cohorts, 

and the porcine AMI model. Hemodynamic characteristics were compared between the 

controls and the situation before AMI in the porcine model, and no significant differences 

in the variables heart rate, mean arterial pressure, b-APV, h-APV and CFR were noted. 

This comparison was also made between AMI patients and the situation post AMI in 

the porcine model, where mean arterial pressure was the only different hemodynamic 

parameter (86±10 versus 74±14 mmHg respectively; P = 0.04).
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Figure 3 – Changes in coronary blood flow parameters after AMI ‑ For patients, panel A to C depict the 
differences in infarct related CFR, baseline and hyperemic flow velocity respectively, between propensity 
matched control and AMI patients. For the porcine model, panel D to F illustrate these same parameters 
before and after AMI. Error bars represent standard error of the mean.

Table 2: Hemodynamic characteristics in propensity score matched controls and porcine model pre AMI

Characteristic Human controls Pig pre AMI P-value

Heart rate (bpm) 69±13 65±10 0.43

Mean arterial pressure (mmHg) 96±14 87±13 0.10

b-APV (cm/s) 16.1±6.3 17.1±5.5 0.68

h-APV (cm/s) 42.5±13.0 39.9±18.9 0.63

CFR 2.8±0.7 2.4±0.9 0.15

Table 3: Hemodynamic characteristics in STEMI patients and porcine model post AMI

Characteristic STEMI patients Pig post AMI P-value

Heart rate (bpm) 75±12 87±24 0.16

Mean arterial pressure (mmHg) 86±10 74±14 0.04

b-APV (cm/s) 21.2±11.7 24.6±9.3 0.43

h-APV (cm/s) 35.9±18.3 34.2±9.2 0.80

CFR 1.8±0.9 1.5±0.4 0.27
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Prognostic implications of CFR and its individual components
A significant, inverse relationship between the culprit post AMI CFR value and IS%LV was 

observed in both patients: r =-0.48; P = 0.005, and swine r =-0.61; P = 0.047 (Figure 4). A 

significant correlation was also found between the CFR after AMI in the non-culprit artery 

and IS%LV in patients (r =-0.37; P = 0.04). No significant relationship was present between 

MSI and culprit CFR after AMI in patients (r = 0.22; P = 0.23). For patients, outcomes 

were stratified according to the median of CMR defined IS%LV in Table 4. In comparison 

to the subgroup with IS%LV below median, the CK-MB peak was higher, left ventricular 

ejection fraction and MSI were decreased and CMR defined microvascular injury occurred 

more often in the subgroup with IS%LV above median. Of the flow parameters specifically 

investigated in this study, CFR was 1.5±0.4 in subgroup with IS%LV above the median and 

2.2±1.2 in the subgroup with IS%LV below the median (P = 0.02). This difference in CFR 

could mainly be attributed to a significantly lower h-APV in the subgroup with IS%LV 

above median (29.7±11.0 versus 42.5±22.7 cm/s; P = 0.04), while b-APV was statistically 

equivalent in both subgroups (20.9±8.0 versus 21.7±13.9 cm/s for upper versus lower 

median of IS%LV respectively; P = 0.84). For the non-culprit coronary artery, similar 

observations for CFR, h-APV and b-APV were made when stratified according to median 

of IS%LV. This stratification according to functional outcome could not be performed for 

the porcine model due to insufficient data.

Figure 4: Relationships between CFR and infarct size ‑ The relationship between CFR after AMI and IS%LV 
for A) STEMI patients, and B) the experimental porcine model. In figure 4A, one outlier with a CFR of 
6.4 and IS%LV of 1.1% is not shown because it was more than 2 standard deviations outside the range 
of CFR. In figure 4B, the two pigs in whom successfully terminated ventricular fibrillation occurred are 
highlighted in red.
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Table 4: Infarct related parameters in STEMI patients

Subgroup with IS%LV 
above median (n=17)

Subgroup with IS%LV 
below median (n=17)

P-value

Duration of symptoms to reperfusion (min) 124±86 88±50 0.17

Peak CK-MB (U/L) 280±130 66±87 < 0.001

TIMI flow grade III post PCI 17 (100%) 17 (100%) 1.00

cTFC 26.7±8.9 23.9±12.8 0.47

<70% ST segment resolution post PCI 10 (59%) 7 (41%) 0.30

Hemodynamic parameters

 Heart rate (bpm) 73.6±14.1 77.2±17.5 0.53

 Mean arterial pressure (mmHg) 83.9±11.6 83.2±14.8 0.87

 b-APV (cm/s) 20.9±8.0 21.7±13.9 0.84

 h-APV (cm/s) 29.7±11.0 42.5±22.7 0.04

 CFR 1.5±0.4 2.2±1.2 0.02

 Non-culprit b-APV (cm/s) 16.1±5.4 19.7±9.8 0.19

 Non-culprit h-APV (cm/s) 26.2±6.7 42.2±18.4 0.004

 Non-culprit CFR 1.7±0.5 2.3±0.8 0.02

CMR parameters

 LV EDV (ml) 191±31 176±59 0.36

 LV ESV (ml) 104±25 85±51 0.18

 LV EF (%) 46.0±6.4 53.9±8.9 0.01

 IS%LV 27.1±7.9 7.9±4.7 < 0.001

 Presence of microvascular injury 15 (88%) 3 (8%) < 0.001

 Myocardial salvage index (%) 30.1±21.7 63.9±19.6 < 0.001

Neurohumoral activation
In the porcine model, concentrations of the vaso-active substances endothelin-1 and PRA 

(as a marker for activation of the renin-angiotensin-aldosteron-system) were determined 

at consecutive time-points (Figure 5). Endothelin-1 concentration showed a significant 

rise-and-fall over time (repeated measures analysis of variance P = 0.02). Immediately 

after AMI a significant rise occurred in comparison to before AMI (4.4±1.3 vs. 2.7±0.7 

pg/mL; P = 0.001), which remained significant after 3 hours (5.9±2.9 vs. 2.7±0.7 pg/mL; 

P = 0.02). After 24 hours, endothelin-1 values returned to normal (3.1±1.1 vs. 2.7±0.7 pg/

mL; P = 0.46), which persisted at 7 days after AMI (3.1±1.1 vs. 2.7±0.7 pg/mL; P = 0.19). 

PRA concentration remained stable over time (ranging between 0.20±0.13 and 1.03±1.13 

pmol Ang 1/mL*hr; repeated measures analysis of variance P = 0.08). 
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Figure 5 – Neurohumoral development ‑ The development over time of plasma endothelin‑1 and plasma 
renin activity (as a marker of renin‑angiotensin‑aldosteron‑system activation) in swine are shown in panels 
A and B. Error bars represent standard error of the mean. * indicates the difference is significantly different 
(P < 0.05) compared to pre‑AMI.

Development of coronary flow in relation to intramyocardial 
hemorrhage
Intramyocardial hemorrhage was present in all swine and the mean hemorrhage as a 

percentage of the infarct size was 30.7±13.4%. Hemorrhage as a percentage of the infarct 

size was significantly correlated to CFR after AMI (r =-0.71; P = 0.02) (Figure 6). 

Figure 6: CFR and hemorrhagic microvascular injury – The relationship between culprit CFR in the por-
cine model and the amount of hemorrhagic myocardium expressed as a percentage of the infarction is 
depicted.

Discussion
In the present study, we investigated changes in myocardial blood flow in successfully 

reperfused AMI by using paired observations in patients with STEMI and a matched, 

control cohort, as well as an experimental porcine model of reperfused AMI. Our findings 

are: 1. A reduction in CFR is observed after AMI both because of an increase in b-APV 

and a decreased h-APV. 2. CFR is significantly and inversely related to infarct size, driven 

by a lower h-APV in the large infarctions. 3. In non-culprit vessels, b-APV, h-APV and 
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CFR developed similarly as in the culprit vessel, but with less pronounced changes. 4. 

The porcine model and patient study showed remarkable concordance with respect to the 

coronary blood flow responses to AMI. The clinical implications of each of the conclusions 

are discussed below.

Changes in hyperemic and resting component of CFR after AMI
h-APV was significantly lower immediately after AMI and showed a numeric, non-

significant decrease in the experimental porcine study. When stratified according to median 

of CMR defined IS%LV, patients suffering from larger infarctions had a significantly 

lower h-APV with more frequent occurrence of CMR defined microvascular injury in 

comparison to patients with smaller infarctions. The reduced hyperemic flow in these large 

infarctions is likely governed by injury to the microvasculature, while in smaller infarctions, 

h-APV remained similar.2 Previously, we found that CMR defined microvascular injury 

is comprised almost exclusively of intramyocardial hemorrhage.15 Histopathological 

examination of the porcine model, revealed that the percentage of hemorrhage within 

the infarcted myocardium was related to lower values of CFR, pointing to an important 

role of hemorrhagic microvascular injury in the observed reduction of CFR after AMI. 

b-APV, in contrast to its hyperemic counterpart, markedly increased immediately 

following AMI in both the experimental model and patients. This may be caused by 

reactive hyperemia, in which metabolites with vasodilatory properties, such as endogenous 

adenosine, build up due to prolonged ischemia.16 The degree of resting myocardial perfusion 

after AMI is not static, but develops over time and varies depending on the timing of the 

measurement. In an experimental animal study, Ambrosio et al. demonstrated that upon 

reperfusion after ischemia, an initial steep increase in myocardial blood flow occurs, 

which dissipates over time and eventually decreases below pre-ischemia myocardial flow.17 

In both the patient and porcine study, we obtained Doppler flow velocity measurements 

immediately after reperfusion was established and as such, the baseline flow was likely 

increased due to post-occlusive vasodilation. Interestingly, b-APV was similar in small 

and large infarctions (as defined by the median of IS%LV), suggesting that the increase 

in b-APV due to myocardial ischemia, is not necessarily related to myocardial necrosis.

Together, the decrease in h-APV along with the increase in b-APV, resulted in a 36% 

mean decrease in CFR after AMI. Possibly the increased vaso-active state as indicated 

by the temporary increase in endothelin-1 levels immediately after AMI could have acted 

to globally reduce CFR by invoking arteriolar vasoconstriction and thereby contribute 

towards the no-reflow phenomenon. PRA levels remained constant however and only 

showed a modest (non-significant) increase at 7 days post AMI. As such, renin-angiotensin-

aldosteron-system mediated arteriolar vasoconstriction unlikely contributed much to the 

immediate reduction in CFR. 
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Prognostic implications of CFR
Our study demonstrates that culprit Doppler flow velocity derived CFR measured 

immediately after revascularization was significantly correlated with functional outcome 

after STEMI, not only in patients, but this finding was confirmed in the experimental 

porcine model. While the correlation between CFR and IS%LV was significant, it was only 

modest, likely because CFR is influenced by a multitude of factors. In a recent study, Cuculi 

et al. did not find invasive CFR measured immediately after revascularized STEMI by 

thermodilution, to predict functional outcome.15 While methodological differences in the 

quantification of CFR could perhaps explain the discrepant results, the overall variability 

in CFR might preclude clinical adoption as risk stratification tool for AMI patients.  Culprit 

CFR showed no significant relationship with CMR defined MSI in patients. It is expected 

that CFR is lower in the infarctions with the least amount of myocardium salvaged due to 

the no-reflow phenomenon. The fact that no such relationship was found, can also be of 

methodological nature, since Kim et al. recently showed that CMR defined edema (used 

in the calculation of MSI) is actually a poor reflection of true area at risk.19 

Changes of flow parameters in non-culprit vessels
CFR was not only decreased in the culprit artery, but also in the unobstructed non-culprit 

coronary artery in comparison to stable control patients. This reduction was predominantly 

driven by an attenuated h-APV especially in the infarctions with IS%LV above the median. 

This finding has implications for physiology guided revascularization of non-culprit 

arteries in the setting of STEMI. Three recent randomized clinical trials6-8 found favorable 

results for complete revascularization in comparison to culprit only revascularization. 

In one of these studies, the DANAMI3—PRIMULTI (Primary PCI in Patients With ST-

elevation Myocardial Infarction and Multivessel Disease: Treatment of Culprit Lesion Only 

or Complete Revascularizationtrial) trial6, revascularization of non-culprit arteries was 

guided by physiological interrogation using FFR. Because lesion assessment by FFR relies 

on induction of the maximal hyperemic state to correctly estimate the flow downstream of a 

stenosis20, an attenuated microcirculatory response to adenosine in the non-culprit arteries 

could lead to underestimation of stenosis severity. Hyperemic flow steadily normalizes 

in the months following AMI21 and an initial negative FFR result, may become positive 

as the coronary flow response to hyperemia are restored. Revascularization guided by 

resting physiological indices such as the instantaneous wave-free ratio however22, could 

lead to overestimation of hemodynamic stenosis significance in the acute phase because 

our findings show that non-culprit resting flow is increased after AMI. In this study, a 

numerically lower CFR after AMI was in the infarct related in comparison to the non-

infarct related artery, however this different was not statistically significant while previous 

work had demonstrated significant differences.21, 23 It is conceivable that the wide range of 

6
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infarct sizes in this study (range 1 – 50% IS%LV) causes heterogeneity in CFR values as 

observed by large standard deviations, precluding statistical significance. This is evidenced 

by a significantly lower culprit CFR compared to non-culprit CFR, when only patients 

with ≥15 IS%LV are evaluated.

Porcine model of AMI is a reliable method to study myocardial 
reperfusion injury
Both the initial hemodynamic status prior to AMI, as well as the hemodynamic changes 

after AMI showed remarkable concordance between the experimental porcine and the 

patient study. This concordance support the validity of the conclusions drawn on the 

changes in coronary blood flow before AMI and after reperfusion. Furthermore, it shows 

that the experimental porcine myocardial infarction and reperfusion model using balloon 

occlusion of the LCx, is a robust method to study the microcirculatory disturbances after 

reperfused AMI.

Reduced CFR can exist independently of pre-existent 
microcirculatory dysfunction
CFR in an unobstructed non-culprit coronary artery was significantly lower than CFR 

of propensity matched control patients. This implies that microcirculatory function in a 

non-culprit artery, does not accurately reflect the microcirculatory status prior to AMI. 

Studies have shown that alterations of microvascular tonus and structure after AMI 

extend to noninfarcted territory. We find that CFR after AMI in the non-culprit artery 

was also decreased and significantly related to IS%LV. In the acute phase, increased left 

ventricular fillings pressures, compensatory hyperkinesis of remote areas takes place24 

and neurohumoral activation causes global coronary arteriolar vasoconstriction25, 

which might explain the decreased CFR in non-culprit arteries. In the chronic phase 

an altered neurohumoral activation persists26 and ventricular remodeling of infarcted 

as well as noninfarcted myocardium occurs.27 In 1994, Uren et al. already noted that 

CFR in remote, non-infarcted regions was lower than in healthy control subjects and 

did not fully recover over time.23 However, by design of that study, it was not clear 

whether this could be attributed to pre-existing impairment of microvascular function 

or to the neurohumoral and structural changes from the myocardial infarction itself. In 

the present study, we studied CFR after AMI, but used patients with a comparable risk 

profile for microcirculatory dysfunction for comparison with the STEMI patients instead 

of healthy control patients. Similar alterations for CFR and its individual components 

were found in the patient study, with unknown pre-existent microcirculatory status, and 

the healthy porcine model, where coronary microvascular dysfunction is certainly not 

existent. In addition, similar relationships between a reduced CFR and functional outcome 
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defined by IS%LV were found in patients and animals. These two observations suggest 

that a reduction in CFR attributable to AMI can occur independently of pre-existing 

microvascular dysfunction. 

Conclusion
CFR in both culprit and non-culprit coronary arteries decreases after AMI with 

contributions of both an increased b-APV as well as a decreased h-APV.  The decreased 

culprit CFR after AMI is not a result of pre-existent microvascular dysfunction, but rather 

represents a combination of post-occlusive hyperemia, the extent of myocardial necrosis 

and hemorrhagic microvascular injury. In non-culprit arteries, the CFR was also related 

to the size of the infarction which may be attributed to compensatory hyperkinesis and 

neurohumoral mediated vasoconstriction.

Limitations
An a priori imperfect match due to an abundance of unknown variables that influence 

microcirculatory function, inherently limits the use of a propensity score matching in 

this study. The validity of the study results however, are supported by closely matching 

baseline variables between STEMI and control patients. Further support to our conclusion 

is provided by similar results in the porcine model and patient study. A second limitation 

of the study is that Doppler flow velocity measurements in an unobstructed non-culprit 

artery were not obtained in the porcine model. Thirdly, due to the complexity of the 

study protocol, the sample size was relatively small. This should be taken into account 

when interpreting the results of the study, especially in the analyses that stratified patients 

according to median of IS%LV. Finally, it would be of interest to have intracoronary 

physiological measurements at later points in time. The invasive nature of these 

measurements however, precludes follow-up measurements based on ethical reasons.

6
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Supplemental Appendix for Chapter 6

Porcine model of reperfused AMI
Sedation was induced by administration of 10–15 mg/kg ketamine, 0.5–2 mg/kg 

midazolam and 0.5 mg atropine. A fentanyl patch of 25 μg was given 24 hours prior to 

surgery. Intratracheal intubation was performed and animals were ventilated with 45-50% 

O2 and a tidal volume of 10 ml/kg bodyweight. Anesthesia was induced and maintained 

with intravenous administration of 15–20 mg etomidate, 0.5 mg/kg/h midazolam, 6–7 

μg/kg/h sufentanyl and ventilation of 1.2–1.8% sevoflurane. To reduce the occurrence of 

cardiac arrhythmias, 400 mg amiodarone was given orally once daily for 7 days prior to 

intervention, in addition to 400 mg IV amiodarone and 5-15 mg IV metoprolol during 

intervention. The right internal carotid artery was cannulated and a guiding catheter 

was placed in the coronary main stem. A coronary guidewire was passed through the 

guiding catheter into the LCx and an over-the-wire balloon (2.5x10.0 mm, Maverick, 

Boston Scientific, USA) was inflated in the proximal segment. Total luminal occlusion 

was confirmed by angiogram and ECG changes. After 75 minutes the balloon was 

deflated to establish reperfusion, which was angiographically confirmed.  Doppler flow 

velocity measurements were obtained prior to coronary occlusion and immediately after 

reperfusion. Due to logistic reasons, Doppler flow velocity measurements prior to induction 

of AMI were not obtained in two swine. In accordance with the STEMI patients, animals 

were treated with 5000 IU heparin, 300 mg acetylsalicylic acid and 300 mg clopidogrel, 

followed by 80 mg acetylsalicylic acid and 75 mg clopidogrel daily. 

Seven days after the intervention, animals were sedated by intravenous administration of 

6 mg/kg tiletamine/zolazepam and 2 mg/kg xylazine, after which termination of life was 

performed by intravenous administration of 200 mg/kg pentobarbital. To determine infarct 

size as a percentage of the left ventricle (IS%LV), hearts were excised and transversally 

cut into short-axis slabs with a thickness of 0.3 to 1.5 cm, which were photographed 

and fixated in formaldehyde. Slabs were embedded in paraffin and cut into 4 µm slices, 

which were stained using phosphotungstic acid–hematoxylin to detect the extent of the 

myocardial infarction.(1) Phosphotungstic acid–hematoxylin stains vital myocardium blue, 

infarcted tissue pink and fibrosis red (Figure 1 of manuscript).  Within the infarction, 

the region containing extravasated erythrocytes were microscopically identified under a 

magnification of 100 times. The stained slices were digitally scanned with a Mirax slide 

Scanner system (3DHISTECH, Budapest, Hungary). Total infarct size was determined by 

measuring the infarcted area on the scanned slices using Image J software (ImageJ 1.45, 

National Institute of Mental Health, Bethesda, Maryland, USA). Total left ventricle size 

was calculated from the size of the left ventricle on the photographs of the slabs (using 
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ImageJ 1.45), multiplied by the thickness of those slabs. IS%LV was determined as the 

ratio between total infarct size and total left ventricle size, multiplied by 100. Hemorrhage 

as a percentage of the infarct size was defined as the ratio between the region containing 

extravasated erythrocytes (determined using ImageJ 1.45) and the total infarct region, 

multiplied by 100.

To determine endothelin-1 levels and plasma renin activity (PRA), the right jugular vein 

was cannulated to collect central venous blood in citrate tubes before AMI, immediately 

after AMI, at 3 hours, 24 hours and 7 days after AMI. Blood was centrifuged at 15 °C 

for 20 minutes at 1700 g, then platelet poor plasma was prepared and centrifuged at 15 

°C for 15 minutes at 2000 g and frozen at -80 °C. In three swine, venous blood could 

not be collected at all time-points. Endothelin-1 levels were determined using Enzyme-

Linked Immuno Sorbent Assay (Endothelin-1 Quantikine ELISA Kit, R&D Systems Inc. 

Minneapolis, MN, USA). PRA was measured by enzyme-kinetic assay as described earlier.

(2) 
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CHAPTER 7

Coronary autoregulation and assessment of 
stenosis severity without pharmacological 

vasodilation

Guus A. de Waard, Christopher M. Cook, Niels van Royen, Justin E. Davies

European Heart Journal 2018 Dec 7;39(46):4062-4071.

Abstract
For identification of myocardial ischemia by non-invasive imaging or invasive physiological 

assessment, administration of a vasodilating or positive inotropic agent is often considered 

indispensable to exhaust the cardiac compensation mechanisms. Indeed, microcirculatory 

dilatation is needed for assessment of myocardial perfusion or coronary blood flow. However, 

three different modalities exist that quantify myocardial ischemia without recourse to 

pharmacological stress agents, using either myocardial contrast echocardiography, imaging of 

myocardial blood volume or invasive coronary pressure measurement with the instantaneous 

wave-free ratio (iFR). The theoretical framework of these vasodilator-free modalities 

revolves around the two innate mechanisms that protect the myocardium from ischemia at 

rest: coronary autoregulation and arteriogenesis. Coronary autoregulation and metabolic 

dilatation form the putative processes that regulate microvascular tone and constitute of 

a complex interplay between metabolic factors, myogenic control and endothelium-based 

control that each interact with coronary arterioles of a different size. Arteriogenesis describes 

the development of large calibre collateral arteries from a pre-existing network, triggered by 

occlusive coronary artery disease. Following these descriptions, the fundamental principles 

and the existing evidence of these three diagnostic modalities are reviewed. Emphasis is 

placed on iFR, which is clinically best applicable. iFR has proven to be an effective method 

to determine the hemodynamic significance of coronary stenoses in two recent large 

randomized clinical trials, together enrolling over 4.500 patients. Ultimately, this review 

aims to clarify the theoretical rationale and to describe the clinical implications of functional 

stenosis assessment under resting conditions.
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Introduction
A variety of methods are available to assess the presence and extent of myocardial ischemia 

including electrocardiographic exercise testing, perfusion imaging and invasive coronary 

physiology indices such as the fractional flow reserve (FFR). These methods presume that 

myocardial ischemia can be induced or mimicked by either exercise or pharmacological 

agents that cause vasodilation or possess positive inotropic properties. However, this 

may lead to unwanted symptoms such as chest pain, nausea, vomiting with the danger 

of aspiration, flushing, dyspnea or atrioventricular nodal disturbances.1 The vasodilator 

papaverine and the positive inotropic agent dobutamine, may even invoke life threatening 

cardiac arrhythmia’s.2, 3 By ingenious use of the biological cardiac compensation 

mechanisms that are at work in the resting state, the need for pharmacological stress agents 

to invoke ischemic responses may be avoided. Myocardial contrast echocardiography 

(MCE), imaging of myocardial blood volume and invasive coronary pressure measurement 

with the instantaneous wave-free ratio (iFR) are methods capable of assessing the ischemic 

potential of coronary stenoses without pharmacological stress agents or exercise. In this 

review, we discuss the homeostatic mechanisms governing coronary blood flow regulation 

and demonstrate how these processes act as the theoretical background for MCE, imaging 

of myocardial blood volume and iFR. 

Coronary vascular structure
The coronary arteries are the conduit vessels located on the epicardial surface of the heart. 

These vessels subsequently split into the epicardial arterioles.4-6 Arterioles branch off into 

smaller arterioles that penetrate the myocardium towards the subendocardium followed 

by branching into capillaries and finally convergence into venules and veins. Although 

the number of arteries is only a fraction of the number of arterioles and capillaries, the 

arteries harbor a low resistance to flow and are responsible for approximately 5% of total 

coronary resistance under resting conditions.7, 8 The arterioles outnumber the arteries5, 

but account for approximately 60% of the resting vascular resistance.8 The capillaries 

represent approximately 25% of resting vascular resistance, whereas venules and veins 

represent the remaining 10%.7-10 The Hagen-Poiseuille equation describes the pressure 

drop across a cylindrical pipe (∆𝑃)11 (Equation 1) and offers insight into the coronary 

resistance distribution:

Equation 1:  

,where μ is the viscosity of the blood, Q the volumetric flow rate of the blood, L the length 

of the vessel and d the diameter of the vessel (the latter two are the resistive components of 

the vessel). The equation states that pressure drop is inversely proportional to the diameter 

7
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to the fourth power, meaning that a small decrease in the internal diameter of the vessel 

yields a significant increase the pressure drop. Because the proximal coronary arteries 

have a diameter of 3 to 4 millimetres12, they offer much less resistance to flow, than the 

arterioles with a diameter ranging between 20 and 200 µm.13

The coronary arterioles act as the principal resistance vessels and modulate coronary 

blood flow.14 Arterioles have a muscular wall and the vascular tone can be adapted rapidly 

to accommodate both coronary autoregulation and metabolic dilatation.15 Coronary 

autoregulation describes the capacity of the heart to maintain steady myocardial perfusion 

across a range of perfusion pressures.16, 17 Through metabolic dilatation, coronary blood 

flow can increase three to fivefold during exercise in a healthy heart.14 Because the arterioles 

penetrate the myocardium, systole causes compression of the intra-myocardial arterioles by 

both the surrounding myocardium18 and the high intracavitary left ventricular pressures 

transmitted across the left ventricular wall19, 20. Although this systolic compression only 

causes the diameter of the arterioles to decrease by 10 to 30%18, this small decrease in 

diameter profoundly decreases volumetric flow, as can be inferred from Equation 1. Indeed, 

compression of the arterioles can momentarily cause pressure and flow waves to travel in 

a retrograde direction from the small resistance arterioles into the larger arterioles.4, 21 As 

such, approximately 80 to 85% of the coronary blood flow takes place during diastole, 

when the myocardium is relaxed and the arterioles are unimpeded.22, 23 

Capillaries are the smallest components of the vascular tree at 5 to 10 µm in diameter, 

but despite their small diameter, only represent 25% of vascular resistance because they 

exist in parallel and are abundantly available: 2000 to 3000 capillaries per mm2 are 

observed in structurally normal hearts24, 25. The abundance of capillaries also means that 

approximately 90% of the myocardial blood volume resides in the capillaries.5 Capillaries 

can open and close in response to changes in the trans-capillary pressure gradient to 

maintain a constant mean hydrostatic capillary pressure.8 Since 90% of the myocardial 

blood volume is held in the capillaries and only the remaining 10% in the arterioles and 

venules, the opening and closure of capillaries influences the myocardial blood volume 

more so than the tone of the arterioles. When coronary driving pressure remains between 

45 and 120 mmHg, arteriolar autoregulation ensures that capillary driving pressure and 

blood volume remain unaltered.26 Outside this range, autoregulatory mechanisms are 

depleted and the opening or closure of capillaries to maintain a constant hydrostatic 

capillary pressure will directly increases or decreases capillary blood volume. 

Autoregulation and metabolic dilatation under physiological 
conditions
Local mechanisms controlling vascular tone can be classified into three groups: metabolic, 

myogenic and endothelium-based factors.16 These three groups of factors interact with 
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coronary arterioles of different sizes. Based on vascular diameter, arterioles can roughly 

be classified into three groups: small arterioles (less than 40 µm in diameter), medium-

sized arterioles (40 to 100 µm) and large arterioles (more than 100 µm).13 Figure 1 shows 

the categories of vessel sizes with the corresponding modes of control discussed below.

Metabolic factors and small arterioles
Metabolic factors released by adjacent cardiomyocytes, predominantly interact directly 

with the small arterioles.27, 28 When myocardial metabolism increases, metabolites such 

as adenosine29 and carbon dioxide28 are released, and the acidity level may increase30, 31. 

These metabolites cross the interstitial space and interact with the smooth muscle cells of 

arterioles32 leading to vasodilation and increased perfusion. Oxygen concentration27 and 

ATP dependent K+ channels33 are also involved in the metabolic regulation of arteriolar 

tone. 

Myogenic control and medium-sized arterioles
The dominant control mechanism in medium-sized arterioles is myogenic.34, 35 Voltage-

gated channels regulate the Ca2+ concentration within the vascular smooth muscle 

cells and these channels open in response to increased stretch. When the intracellular 

Ca2+ concentration increases, the vascular smooth muscle cell contracts. As such, when 

intraluminal blood pressure increases, vasoconstriction occurs. Conversely, when blood 

pressure decreases, intracellular Ca2+ concentration decreases causing smooth muscle cells 

relaxation and arteriolar vasodilation. Ultimately, this endothelium-independent36 form 

of myogenic control keeps arteriolar radial wall stress at a stable level and constitutes one 

of the pathways to control vascular tone. 

Endothelial control and large arterioles
Large arterioles, but also the coronary arteries, are predominantly under endothelial 

control. In the nitric oxide (NO) pathway, shear-stress caused by friction between the 

coronary blood flow and the endothelial vascular lining, triggers endothelial cells to 

produce NO from L-arginine signalled by endothelial nitric oxide synthase (eNOS).37 NO 

then diffuses to the underlying vascular smooth muscle cells and activates the enzyme 

soluble guanylyl cyclase (sGC). In turn, sGC converts guanosine triphosphate (GTP) to 

the second messenger cyclic guanosine monophosphate (cGMP). Finally, cGMP signals 

the vascular smooth muscles cells to relax resulting in vasodilation. This endothelium-

dependent cascade ensures shear stress in these larger vessels is kept at a constant level 

and this process is termed flow-mediated vasodilation. Other factors that influence 

endothelium-dependent control of vascular tone are endothelium-derived hyperpolarizing 

factor (EDHF), endothelin-1 and prostaglandins.14 
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Autonomic regulation of coronary flow
The autonomic nervous system influences coronary flow both indirectly and directly.38 

Indirectly, sympathetic nervous system activation increases heart rate, cardiac contractility 

and left ventricular afterload, all of which lead to increased release of metabolites that 

active metabolically controlled vasodilation. The sympathetic nervous system also has 

nerve endings on vascular smooth muscle cells and thereby is able to influence vascular 

tone directly through the β- and α-adrenoceptors.39

The homeostatic system of coronary flow regulation
The previously discussed factors that control vascular tone, form a homeostatic system 

and the factors involved all influence one another.40 For example, if the heart rate increases 

secondary to β-adrenergic stimulation, the metabolic demand of the myocardium 

concomitantly increases. An excess of metabolites will be released in the myocardium 

that triggers the small arterioles to vasodilate, leading to increased coronary flow. This 

vasodilation of the small arterioles will decrease blood pressure upstream in the medium-

sized arterioles, triggering vasodilation through myogenic control. Finally, the reduction 

in microvascular resistance is further amplified by endothelium-dependent vasodilation 

in the large arterioles secondary to increased shear stress. Together, the different modes 

that control vasomotor tone work together to balance myocardial perfusion and demand. 

Autoregulation and coronary atherosclerosis
Stenosis resting flow is preserved through autoregulation
Gould and Lipscomb studied the coronary pressure and flow relationships in coronary 

artery disease in open-chest dogs with an external constrictor around the coronary artery 

to create a stenosis.41-43 The constrictors were set progressively tighter in order to study the 

whole range of stenosis severities, albeit focally and artificially induced in an otherwise 

disease free artery. Resting blood flow was found to remain stable until the diameter 

stenosis exceeded ~85%. If stenosis severity was further increased, resting flow decreased. 

The total vascular resistance is composed of the epicardial stenosis resistance and the 

microcirculatory resistance.8 Although epicardial stenosis resistance was progressively 

increased, total vascular resistance remained stable up to 85% diameter stenosis, because 

the microcirculation dilated to compensate through coronary autoregulation. Animals 

typically used in these kinds of experiments, are young and have no microvascular 

dysfunction. Therefore, the IDEAL study was done to understand coronary autoregulation 

in patients suffering from coronary artery disease.44 In a large population of stable patients 

with and without coronary artery stenoses, intracoronary pressure and Doppler flow 

velocity measurements were acquired. The results of both the IDEAL study and a more 

recent study45, confirmed in the human model the earlier findings of Gould and Lipscomb. 

7
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Patients with tighter stenoses had increased trans-stenotic pressure gradients, but stable 

coronary blood flow was maintained by compensatory reduction of microcirculatory 

resistance. Furthermore, adenosine was administered to induce hyperemia and diminish 

the vasodilator reserve ensuring that microcirculatory resistance remains unchanged with 

increasing stenosis severity (although hyperemic microcirculatory resistance increases 

during systole in severe stenoses46). In contrast to resting conditions, coronary flow under 

hyperemic conditions progressively declines with advancing stenosis severity. Collectively, 

the experimental animal and patient data show that coronary autoregulation ensures 

that resting myocardial perfusion remains preserved in stenoses of moderate severity 

(Figure 2). This observation provides insight into the clinical presentation of ischemic 

heart disease. Because of coronary autoregulation, the microcirculation can compensate 

for coronary stenoses of moderate severity. Under resting conditions, such stenoses will 

not cause myocardial ischemia and the patient remains asymptomatic. However, when 

exercise is initiated and both myocardial demand and wall stress increase, the stenosis 

becomes a limiting factor for sufficient coronary blood flow. The subsequent mismatch 

between demand and supply gives rise to myocardial ischemia and associated symptoms 

such as angina pectoris. 

Collateral arteries
Coronary autoregulation is not the only compensatory mechanism to protect the 

myocardium from ischemic conditions. A network of pre-existing collateral connections 

between the coronary arteries can alternatively ward off myocardial ischemia (Figure 3).47-49 

The concept of arteriogenesis describes the development of large calibre collateral arteries 

from a pre-existing network, in response to arterial occlusive disease. Arteriogenesis 

commences when progression of the stenosis severity in the recipient artery leads to an 

increased pressure gradient between the donor and recipient artery across the collateral 

artery. Secondary to the increased pressure gradient, unidirectional flow occurs across the 

collateral artery imposing augmented shear-stress on the endothelium.50 This activates the 

endothelium leading to expression of surface adhesion molecules that bind monocytes.51, 

52 Monocytes subsequently transmigrate into the perivascular space to differentiate into 

macrophages that secrete growth factors and cytokines to attract additional monocytes. 

Ultimately, the macrophages stimulate proliferation of smooth muscle and endothelial cells 

to increase the lumen of the collateral artery, completing the cascade of arteriogenesis.48  

From studies of post-mortem coronary angiography, collateral arteries were demonstrated 

to have either a superficial course on the epicardial surface of the heart, or a deeper 

course, penetrating the myocardium.47 Routine coronary angiography is limited in only 

being able to reveal spontaneously visible collateral arteries. However, collateral arteries 

that are otherwise angiographically hidden can be recruited by occlusion of the recipient 
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artery.53 The protective effect of collateral arteries was shown by Werner et al., who 

observed that the developmental stage of the collateral connections corresponds well 

with the preservation of regional left ventricular function in patients with chronic total 

occlusions.54 However, not all individuals have a similar network of pre-existent coronary 

collaterals and the degree of arteriogenesis varies considerably between individuals.49, 55-57

Figure 2: The behavior of coronary flow, microvascular resistance and the trans‑stenotic pressure gradient 
are drawn schematically according to the severity of stenosis based on the IDEAL study and the results of 
Gould et al.41, 44 Left panel: Under resting conditions, coronary flow is kept stable despite an increasing 
trans‑stenotic pressure gradient by reduction of microvascular resistance through the autoregulatory 
compensation mechanisms. Right panel: When the vasodilator reserve is abolished by administration 
of a pharmacological vasodilator, microvascular resistance is minimized and coronary flow is maximal. As 
the trans‑stenotic pressure gradient increases, coronary blood flow concomitantly reduces. 
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Figure 3: Panel A shows the anatomic distribution of pre‑existing collateral vessels in the heart. Panel 
B shows a post‑mortem angiogram with pre‑existing collateral vessels in absence of coronary artery 
disease. Panel C shows the outgrowth of collateral vessels in presence of a stenosis in the left anterior 
descending artery (white circle).        
LCx: left circumflex artery; LV: left ventricle; IVS: intraventricular septum; RDP: posterior descending 
artery; RPL: right posterolateral artery; RV: right ventricle; RVA: right ventricular artery.  
Reprinted with permission of van Royen et al.48 and Elsevier.     
Compensation mechanisms need to be abolished by hyperemia for perfusion imaging 

The physiological understanding of coronary autoregulation and collateral arteries offers 

insight into the principles of non-invasive myocardial perfusion imaging. Because of these 

two compensation mechanisms, perfusion based imaging modalities cannot identify 

ischemia under resting conditions until the stenosis has progressed to an extent where the 

compensation mechanisms are exhausted.58 In clinical practice, a potent vasodilator such as 

adenosine (or a positive inotropic agent such as dobutamine) can be administered to exceed 

the capacity of the aforementioned compensatory mechanisms and unmask perfusion 

deficits not present in the resting state.59, 60 Alternative non-pharmacological methods 

to establish hyperemia are vigorous exercise, temporary coronary balloon occlusion61 

and to lesser extent, radiographic contrast62. Under true hyperemic conditions, coronary 

blood flow is directly proportional to perfusion pressure63 and a reduction in perfusion 

pressure due to a coronary stenosis will thus proportionally decrease coronary flow during 

hyperemia.44 In severe coronary artery disease, collateral artery supply may also decrease 

during hyperemia, because the myocardium subtended by the coronary artery that feeds 

the collateral artery is also maximally vasodilated. This paradoxical diversion of coronary 

blood flow away from the collateral artery and into the non-obstructed myocardium is 

termed collateral steal.64 Induction of the hyperemic state through a vasodilator medication 

of exercise abolishes both of the innate compensation mechanisms and thereby permits 

assessment of inducible myocardial ischemia through measurement of perfusion.
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Resting echocardiography to detect ischemia 
Principles of myocardial contrast echocardiography
MCE is a technique that quantifies both myocardial blood flow and myocardial blood 

volume, typically performed using pharmacological stressors.65, 66 During MCE, 

microbubbles with similar intravascular rheology as erythrocytes67 are continuously 

administered intravenously. After several minutes, the number of microbubbles entering 

and leaving the myocardium reaches a steady state.68 The acoustic intensity of the 

microbubbles at the steady state is measured with low-mechanical index ultrasound to 

quantify myocardial blood volume. The intramyocardial microbubbles are destroyed by 

a pulse of high-mechanical index ultrasound and are replenished into the myocardium 

after destruction. Using low-mechanical index ultrasound, the rate at which the acoustic 

intensity recovers in the elevation of the ultrasound beam provides an indication of 

myocardial blood flow velocity. For example, if the ultrasound beam elevation is 5 mm 

and it takes 5 seconds for the acoustic energy to recover to the plateau phase, the mean 

flow velocity is 1 mm·s-1. By normalizing the acoustic intensity at the plateau phase to the 

acoustic intensity within the left ventricular cavity, the myocardial blood volume fraction 

is calculated. The product of the myocardial blood volume fraction and myocardial flow 

velocity provides an estimate of myocardial blood flow.65 Although theoretically sound, 

factors hampering the reliability of the myocardial blood volume measurement are the 

unpredictable influences of the contrast agent, echocardiographic scanner settings and 

acoustic tissue properties. However, refinements in the calculation algorithm have enabled 

absolute quantification of myocardial blood flow in actual mL·min-1·g-1 of perfusable 

tissue.69, 70 These advances have even enabled the measurement of collateral flow by MCE 

during coronary angioplasty.71

Myocardial contrast echocardiography at rest
Although hyperemic agents were initially thought necessary for the assessment of 

myocardial perfusion deficits downstream of coronary stenoses, Wei et al. hypothesized a 

similar goal could be achieved using MCE under resting conditions (Figure 4).72 Because the 

total capillary area is large and the trans-capillary pressure gradient is relatively low, blood 

travels at a low velocity across the capillaries of approximately 1 mm·s-1. Conversely, blood 

flow velocity is higher in the intramyocardial arterioles. By using the intervals at which the 

high-mechanical index pulses are provided, the arteriolar blood volume can be measured. 

Because arteriolar blood volume comprises only 10% of myocardial volume, microbubble 

signals from these vessels are usually negligible during the steady state. However, if a very 

short pulsing interval between the high-mechanical index ultrasound pulses is used, the 

signal obtained is derived only from vessels that fill in this short period of time. Because 

capillaries fill at a slow rate of approximately 1 mm·s-1 and blood only reaches the venules 

7
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after the capillaries have been filled, the low-mechanical index ultrasound signal represents 

solely arteriolar blood volume during these short pulsing intervals. Antegrade flow in large 

intramyocardial vessels occurs during diastole and arteriolar blood volume signals on MCE 

are seen predominantly during diastole. During systole, a fraction of the arteriolar blood 

is displaced in a retrograde direction into larger intramyocardial vessels. In the absence of 

coronary artery disease, this retrograde displacement results in a small ultrasound signal 

and the ratio between the systolic and diastolic arteriolar blood volume is low. In the 

presence of a stenosis, the autoregulatory processes will cause vasodilation of the small 

arterioles and the arteriolar blood volume increases. Under these conditions, the systolic 

signal increases because more blood is propelled in a retrograde direction.4 Although the 

diastolic signal also increases, the systolic signal increases relatively more.73 Therefore, the 

ratio between systolic and diastolic arteriolar blood volume (S/D aBV ratio) informs on 

the degree of autoregulatory compensation and on the functional severity of the stenosis. 

The S/D aBV ratio was validated in both experimentally72 and in a clinical study of 44 

patients.74. However, there has been a lack of clinical studies to replicate these findings and 

to validate S/D aBV ratio in the presence of structural or valvular heart disease, during 

arrhythmia or in patients with significant development of collateral arteries. Furthermore, 

the requirement for sufficient image quality to measure S/D aBV ratio, in addition to 

inadequately designed coronary echo filters, represent important limitations in patients 

with suboptimal echocardiographic windows, precluding clinical implementation. 

Imaging of myocardial blood volume
In the presence of a flow limiting stenosis, the arterioles vasodilate and the intramyocardial 

blood volume is enlarged. Multiple groups have proposed imaging of the myocardial 

blood volume as a non-invasive tool to detect the presence of coronary artery disease.75-79 

Imaging modalities that can document myocardial blood volume include MCE76, 78, 

computed tomography perfusion imaging defined contrast density75, and cardiac magnetic 

resonance imaging with either T1 mapping79 or deoxyhemoglobin measurement with T2*77. 

In theory, measuring myocardial blood volume presents an elegant method to determine 

the presence of coronary artery disease in a non-invasive manner by imaging modalities 

capable of also providing additional structural and functional information. However, 

the theoretical assumptions that underlie these techniques remain imperfect. If a stenosis 

of intermediate severity was to be detected, increments in arteriolar blood volume that 

reflect autoregulatory compensation would need to be measured. As discussed, capillary 

blood volume comprises approximately 90% of myocardial blood volume, with arteriolar 

blood volume and venules comprising the remaining 10%.7 As such, the error margins 

of the non-invasive imaging techniques would need to be very small to detect changes in 

arteriolar blood volume. Secondly, if the coronary stenosis was severe and autoregulation 
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could not compensate further, resting coronary blood flow would fall and the capillary 

blood volume would decline.26 Because the aforementioned imaging tools are unable to 

distinguish between the arteriolar and capillary compartments that make up myocardial 

blood volume, a simultaneous increase in arteriolar blood volume and decrease in capillary 

blood volume, distorts the measurements. Finally, the development of collateral arteries 

possibly also interferes with the accuracy of the measurements, because an appropriate 

amount of coronary blood flow (and thereby blood volume) can be maintained by collateral 

artery supply at rest despite the presence of coronary artery disease. The methods described 

above only underwent validation in either controlled experimental settings or with selected 

patient populations and more rigorous scientific validation addressing the stated concerns 

is needed before the use of myocardial blood volume can be used for clinical decision-

making purposes.

Figure 4: Schematic illustration of the rationale for myocardial contrast echocardiography without vaso-
dilatory agents to detect coronary stenoses. Panel A shows the situation in the absence of a stenosis. The 
small arterioles are relatively vasoconstricted and not much blood is displaced retrogradely into larger 
arterioles during systole. Hence, only a small systolic acoustic intensity is observed as compared to the 
diastolic acoustic intensity, resulting in a low S/D aBV ratio. Panel B shows the situation in the presence of 
a flow limiting stenosis. Due to coronary autoregulation, the small arterioles vasodilate and more blood is 
displaced in retrograde direction during systole, resulting in higher systolic acoustic intensity. Although 
the diastolic acoustic intensity also increases, this increment is comparatively less than the increase in 
systolic acoustic intensity allowing for detection of the stenosis by the elevated S/D aBV ratio.

7
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Invasive pressure assessment under resting conditions
Functional lesion assessment
Estimating the functional severity of a coronary artery stenosis is unreliable when using the 

coronary angiogram alone and invasive measurement of coronary haemodynamics is needed 

for accurate assessment.80, 81 FFR is defined as the ratio between distal coronary pressure 

and proximal aortic pressure during maximal pharmacological vasodilation measured with 

a pressure-sensor tipped guidewire.63 Randomized clinical trials have reported favorable 

outcomes of a FFR guided revascularization strategy compared with a strategy guided by 

the coronary angiogram alone82, 83, leading to guideline recommendations.84, 85 However, 

the adoption of coronary physiology to guide decision-making is estimated at fewer than 

10% in many parts of the world.86, 87 The necessity to establish hyperemia represents 

a major barrier that precludes universal adoption of FFR, predominantly because the 

administration of potent vasodilators adds time to the procedure and may cause unpleasant 

patient side-effects. 

Instantaneous wave-free ratio
iFR was proposed as a method to assess functional stenosis significance under resting 

conditions and to improve adoption of physiology guided revascularization.88 Using wave-

intensity analysis to characterize the pressure and flow waves occurring during the cardiac 

cycle, a period was identified where pressure and flow waves were quiescent during mid-

to-late diastole. This period was termed the wave-free period and was defined to start 

25% of the way into diastole and to end 5 milliseconds before the start of systole. Because 

microvascular resistance is stable during the wave-free period, it provides seemingly ideal 

conditions for physiological lesion assessment without the need for pharmacologically 

induced hyperemia. The iFR is measured using a pressure-sensor tipped guidewire and 

calculated as the ratio between distal and proximal coronary artery pressure during the 

wave-free period of diastole (Figure 5). Prior to the validation of iFR, the need for maximal 

vasodilation was broadly thought to be essential for accurate hemodynamic assessment 

of coronary stenoses. However, the RESOLVE study demonstrated that iFR had a good 

concordance with FFR.89 Furthermore, iFR showed excellent diagnostic test characteristics 

when compared with other invasive and non-invasive measures of stenosis severity and 

myocardial ischemia such as the hyperemic stenosis resistance index, coronary flow reserve, 

positron emission tomography.90-93 
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Resting conditions Intracoronary adenosine Stable hyperemia Return to resting conditions

iFR = 0.83

Fractional Flow Reserve = Pd / Pa  
Calculated during stable hyperemia

FFR = 0.77

Instantaneous wave-free ratio = Pd / Pa

Calculated over the wave-free period at rest

Figure 5: A tracing obtained with a pressure‑sensor tipped guidewire (distal pressure; red line) and aortic 
pressure measured at the guiding catheter (blue line) during coronary angiography. iFR is calculated 
under resting conditions. FFR is calculated during hyperemia mediated by intracoronary injection of 150 
μg adenosine in this example.

Theoretical concerns with iFR
Despite the excellent results achieved with iFR in diagnostic studies, theoretical concerns 

have been expressed for iFR. Initial results of Sen et al. suggested that iFR was analogous 

to FFR because a strong correlation coefficient was found. However, two other studies 

using different iFR algorithms could not replicate the strong correlation coefficient between 

iFR and FFR.94, 95 Also, the finding by Sen at al. that microvascular resistance measured 

during the iFR window is similar to microvascular resistance during the FFR window88 

was challenged by Johnson et al. who found lower microvascular resistance for the FFR 

window.95 Finally, Westerhof et al. deduced that the wave-free period during which iFR 

is calculated, is actually not entirely free of pressure and flow waves.96 However, other 

work suggests that during the wave-free period, the heart is in a phase of stasis and new 

wave activity is quiescent.21 Thus any wave activity during the wave-free period represents 

remnants of wave activity originating from earlier in the cardiac cycle. The conflicting 

evidence and critique on iFR theory prompted a refinement of the mechanistic rationale 

for iFR, the explanation of which lays in the overarching homeostatic process previously 

described - coronary autoregulation.

Reappraisal of the theory underlying iFR
The IDEAL study provided two important insights into the conflicting evidence pertaining 

to microvascular resistance.44 Firstly, both under resting and hyperemic conditions, 

microvascular resistance is lower during the wave-free period than during the whole 
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cardiac cycle, irrespective of stenosis severity. As opposed to systole, the myocardium 

is relaxed during diastole and the intramural arterioles offer little resistance to flow. 

Therefore, microvascular resistance is lower during the diastolic wave-free period, than 

during the whole cardiac cycle, which includes systole. The second insight pertains to 

coronary autoregulation. Vasodilators such as adenosine, minimize microvascular 

resistance irrespective of whether or not a stenosis is present.46, 59 In mild coronary artery 

disease, arterioles are vasoconstricted as autoregulatory compensation is not required 

and vasodilatory agents can drastically lower microvascular resistance. In severe stenoses 

however, the autoregulatory reserve is diminished and the arterioles are already almost 

maximally vasodilated at rest.44 In this instance, pharmacological vasodilators have 

little effect on microvascular resistance. The absolute difference between microvascular 

resistance during the iFR window and the FFR window thus depends on the severity of the 

stenosis. The reason why Johnson et al.95 found a lower microvascular resistance during 

the FFR window than during the iFR window, whereas Sen et al.90 found no difference, 

was likely due to more advanced coronary artery disease in the study by Sen et al. than in 

the population of Johnson et al. 

Contemporary iFR theory
The results of the IDEAL study44 prompted a reevaluation of the iFR theory. The 

contemporary understanding is that as iFR in fact informs on the downstream effect that 

a coronary stenosis exerts on the coronary microcirculation (Figure 6). Because iFR is a 

continuous measurement between 0.01 and 1.00, lower values correspond to increased 

compensatory arteriolar vasodilation and thus increased functional severity of the stenosis. 

An iFR of 0.89 or lower indicates that the measured lesion of haemodynamically significant 

and could benefit from revascularization.88, 89 Support for the contemporary iFR theory 

can be inferred from the JUSTIFY-CFR study.91 In this study, coronary flow reserve (CFR) 

was defined as the ratio of hyperemic to resting flow and expresses the capacity of the 

coronary bed to increase flow in response to a vasodilatory agent. CFR can be depleted by 

both an increase in functional stenosis severity as well as by a decreased capability of the 

microcirculation to respond to vasodilatory stimuli due to microcirculatory dysfunction. 

The concordance between iFR and CFR was found to be better than the agreement between 

FFR and CFR. Because CFR essentially informs on the autoregulatory reserve harbored 

by the coronary microcirculation, the finding that iFR corresponds well with CFR lends 

support to the idea that iFR informs on the downstream effect that the stenosis has on 

autoregulatory vasodilation. In the reappraised iFR theory, the contribution of collateral 

arteries is taken into account in the iFR value, but future studies are needed for verification.
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Figure 6: This figure depicts the rationale of iFR by showing resting coronary hemodynamics (Panels A 
and B) and the degree of resting arteriolar vasodilation (Panel C). Panel A shows the aortic pressure (red 
lines) and the distal coronary pressure (blue lines). The shaded areas represent the wave‑free period 
window when iFR is calculated as the ratio between mean distal coronary and mean aortic pressure. As 
stenosis severity increases, iFR worsens. The iFR cut‑point for revascularization is 0.89. Panel B shows 
that coronary flow is maintained at a stable level despite worsening of stenosis severity. If the stenosis be-
comes functionally severe and the autoregulatory reserve is almost depleted however, resting flow starts 
to fall. Panel C depicts that with worsening of stenosis severity, the arterioles progressively vasodilate.

Clinical data investigating iFR
Because of the favorable results reported by studies comparing iFR to various invasive 

and non-invasive measures of myocardial ischemia or hemodynamic stenosis significance, 

iFR was studied in two randomized clinical trials.97, 98 The DEFINE-FLAIR trial enrolled 

2492 patients with both stable ischemic heart disease and non-ST segment elevation acute 

coronary syndromes scheduled to undergo physiological lesion assessment of non-culprit 

stenoses.97 In this study, patients were randomized in 1:1 fashion to either an iFR or an FFR 

guided revascularization strategy. The primary endpoint was a composite of death from 

any cause, nonfatal myocardial infarction, or unplanned revascularization at 1 year. The 

primary endpoint occurred in 78 of 1148 patients (6.8%) in the iFR group and in 83 of 1182 

patients (7.0%) in the FFR group (Δ−0.2% [95% confidence interval (CI) −2.3 to 1.8%; 

P<0.001 for noninferiority], with a hazard ratio of 0.95 [95% CI 0.68 to 1.33; P=0.78]). 

Significantly less patients in the iFR group experienced adverse procedural symptoms 

including chest pain and dyspnea, compared to the FFR group: 39 patients (3.1%) versus 

385 patients (30.8%), P<0.001. Furthermore, median procedural time was significantly 

shorter in the iFR group than in the FFR group: 40.5 versus 45.0 minutes, P=0.001. The 

iFR-SWEDEHEART study used the Swedish Coronary Angiography and Angioplasty 

Registry to randomize 2037 patients to either an iFR or FFR guided revascularization 
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strategy.98 In line with DEFINE-FLAIR, iFR-SWEDEHEART also found an iFR-guided 

revascularization strategy to be non-inferior to an FFR-guided strategy with respect to the 

same primary endpoint and patients also experienced less procedural symptoms with iFR 

guided revascularization. The results of these two large trials support the routine clinical 

use of an iFR-guided revascularization strategy and suggest it may be associated with less 

procedural side-effects than a revascularization strategy guided by FFR.

Conclusion
The compensatory mechanisms of coronary autoregulation and remodeling of collateral 

arteries through arteriogenesis both aim to preserve adequate perfusion to the underlying 

myocardium in response to coronary stenoses. These mechanisms aim to provide adequate 

myocardial perfusion under resting conditions, even in the case of a stenosis that limits 

coronary flow during exercise or at increased myocardial demand. For this reason, 

diagnostic modalities that measure coronary flow or myocardial perfusion can only provide 

adequate diagnostic information when the compensatory mechanisms are exhausted 

by the means of pharmacological agents, physiological exercise or in the case of a very 

severely obstructive stenosis. As such, the historical paradigm dictated that assessment 

of functional severity of intermediate coronary artery stenoses required pharmacological 

stress agents. However, in contrast to flow-based indices, pressure based indices do not 

require pharmacologically induced vasodilation. This is because the pressure gradient 

across the stenosis rises at rest with increasing stenosis severity, mirroring the drop in 

distal microvascular resistance owing to coronary autoregulation. MCE and imaging of 

myocardial blood volume also interrogate stenosis severity under resting conditions but 

are limited by a difficulty to obtain sufficient image quality and lack rigorous scientific 

validation in different pathophysiological settings. The clinical application of a non-

hyperemic iFR-guided strategy for coronary revascularization has recently been proven in 

multiple diagnostic studies as well as in two large randomized clinical trials involving over 

4.500 patients. From these studies, iFR has emerged as a safe and efficacious alternative 

to FFR that is ready to be used in routine clinical practice. Advantages of an iFR-guided 

over an FFR-guided revascularization strategy include a significantly shorter procedural 

time and reduced vasodilator side-effects. In conclusion, the paradigm that hyperemia is 

mandatory for assessment of functional stenosis severity is refuted both on theoretical 

grounds as evidenced by the existence of three diagnostic modalities that operate under 

hemodynamic resting conditions, as well as on practical grounds, as shown in randomized 

clinical trials that have demonstrated the efficacy of an iFR-guided strategy for coronary 

revascularization.
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Abstract
Background Our understanding of human coronary physiological behavior is derived from 

animal models. We sought to describe physiological behavior across a large collection of 

invasive pressure and flow velocity measurements, to provide a better understanding of 

the relationships between these physiological parameters and to evaluate the rationale for 

resting stenosis assessment. 

Methods and Results 567 simultaneous intracoronary pressure and flow velocity 

assessments from 301 patients were analyzed for coronary flow velocity, trans-stenotic 

pressure gradient (TG) and microvascular resistance (MVR). Measurements were made 

during baseline and hyperemic conditions. The whole cardiac cycle and the diastolic wave-

free period were assessed. Stenoses were assessed according to fractional flow reserve (FFR) 

and quantitative coronary angiography DS%. With progressive worsening of stenoses, from 

unobstructed angiographic normal vessels to those with FFR≤0.50, hyperemic flow falls 

significantly from 45 to 19 cm/s, (Ptrend<0.001) in a curvilinear pattern. Resting flow was 

unaffected by stenosis severity and was consistent across all strata of stenosis (Ptrend>0.05 

for all). TG rose with stenosis severity for both rest and hyperemic measures (Ptrend<0.001 

for both). MVR declines with stenosis severity under resting conditions (Ptrend<0.001), but 

was unchanged at hyperemia (2.3±1.1 mmHg/cm/s; Ptrend=0.19).

Conclusions With progressive stenosis severity, TG rises. However, while hyperemic flow 

falls significantly, resting coronary flow is maintained by compensatory reduction of MVR, 

demonstrating coronary auto-regulation. This data supports the translation from coronary 

physiological concepts derived from animals to patients with coronary artery disease and 

furthermore, suggests that resting pressure indices can be used to detect the hemodynamic 

significance of coronary artery stenoses.
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Introduction 
The physiological behavior of human coronary stenoses has been inferred from animal 

experiments that studied changes of flow velocity and pressure in the presence of artificially 

created stenoses.1-3 These experiments determined that stenoses created by external 

constriction or ligation had a non-linear relationship between the degree of coronary 

narrowing and trans-stenotic flow velocity and pressure gradient.3 Early attempts to 

replicate this across patients with coronary artery disease were unsuccessful, presumably 

due to the effect of atherosclerosis and cardiovascular risk factors on other domains of 

the coronary circulation.4, 5 Nevertheless, animal models continue to be used to describe 

human physiology.

Since plotting pressure-flow relationships can be challenging in clinical practice, 

indices have been formulated to describe the importance of stenoses.6, 7 Those involving 

both pressure and flow velocity measurement have predominantly been used in a research 

setting.8-10 Pressure-only measurements, being easier to perform, have gained more common 

clinical application. Fractional flow reserve (FFR), a pressure-only hyperemic measure 

is treated as a simplified surrogate for flow based upon assessments in animals. It has 

compelling outcome data and is widely advocated to guide coronary assessment.11 Another 

newer pressure-only index, instantaneous wave-free ratio (iFR)12, 13 is measured under 

resting conditions, obviating the need for hyperemic vasodilators such as adenosine. While 

the rationale for the hyperemic physiological assessment of coronary artery stenosis has 

been extensively validated, resting stenosis assessment has been less extensively explored.

The aim of this study is to investigate the coronary pressure-flow relationship in patients 

with and without angiographic evidence of obstructive atherosclerosis under resting and 

hyperemic conditions. The IDEAL dataset is used to analyze 567 human coronary artery 

intracoronary pressure and flow velocity recordings to revisit pressure-flow relationships 

in a large clinical cohort of patients with stable coronary artery disease, representative of 

the clinical ‘real world’. 

Methods
Study population
This study incorporates prospectively collected data from a total of 567 combined pressure 

and Doppler flow velocity measurements in 301 patients scheduled for elective coronary 

angiography at the Amsterdam Medical Center Amsterdam, The Netherlands (n=161), 

Imperial College London, UK (n=160), Hospital Clinico San Carlos, Madrid, Spain 

(n=21) and VU University Medical Center, Amsterdam, The Netherlands (n=225). All 

patients recruited were scheduled for elective coronary angiography with physiological 

stenosis assessment by FFR and gave written informed consent for acquisition of additional 

physiological data for study purposes. While acquisition methodology of physiological 

8
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data was similar for all participating centers, the study protocol was different for each 

center. Individual center recruitment criteria are shown in the Supplementary Appendix. 

Composite exclusion criteria were severe valvular heart disease, weight >200 kg (determined 

by the catheter laboratory table capacity), previous coronary artery bypass surgery, vessels 

with angiographically identifiable myocardial bridging or collateral arteries and vessels 

with a previous myocardial infarction. Patients with an acute myocardial infarction within 

48 hours were not included.

Coronary catheterization
Coronary angiography and pressure-flow assessments of coronary stenoses were 

performed using conventional approaches.14 Intracoronary nitrates (200-300 mcg) were 

administered in all cases. Contemporary combined pressure and Doppler flow velocity 

wires (ComboWire XT, Volcano Corporation, San Diego, California) were used and the 

distal pressure sensor was equalized with the aortic guiding pressure at the coronary 

ostium before distal passing of the wire. Measurements were made distal to the stenosis at 

least three vessel diameters from the stenosis. Adenosine was administered by intravenous 

infusion in 234 measurements (140 mcg/kg/min) and by intracoronary bolus injection 

in 333 measurements (60-150 mcg). Doppler signals were optimized carefully to ensure 

adequate tracking profiles were observed. Electrocardiogram (ECG), pressures and flow 

velocity signals were directly extracted from the device console (ComboMap, Volcano 

Corporation, San Diego, California). At the end of each recording, the pressure sensor was 

returned to the catheter tip to assess pressure drift. If pressure drift was identified (greater 

than 2 mmHg) measurements were repeated or corrected for upon analysis. Data were 

analyzed off-line, using a custom software package designed with MATLAB (Mathworks, 

Inc, Natick, Mass). A total of 653 cases were originally acquired, but 86 vessels (13.2%) 

were excluded because of poor Doppler flow velocity or uncontrollable pressure drift 

leaving 567 vessels for final analysis. Resting indices were calculated at a time of stability, 

without any preceding injection of contrast or saline. Hyperemic indices were calculated 

during stable hyperemia, excluding ectopy and conduction delay.

Stenosed and reference vessels
567 coronary assessments were made. 366 vessels had an angiographically visible stenosis. 

201 vessels had no angiographic obstruction as determined by the physician performing 

the procedure and confirmed by two observers (S.N. and G.d.W.).

Stenosis stratification
Both FFR and diameter stenosis assessed by quantitative angiography (QCA) were used 

to stratify stenosis severity. Myocardial FFR measurements were performed, using the 
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ratio of distal coronary pressure to proximal pressure during stable hyperemia. QCA 

parameters (diameter stenosis % (DS%), minimal lumen diameter, minimal lumen area, 

area stenosis and lesion length) were calculated for stenoses using dedicated workstations 

(CAAS II, Pie Medical, Maastricht, The Netherlands or McKesson, San Francisco, USA), 

which performed automated contour analysis with manual correction limited to situations 

causing artifacts or very tight stenoses.

Calculation of hemodynamic parameters
Flow velocity was assessed over four periods; first, flow velocity at rest over the entire 

cardiac cycle and secondly over the specific diastolic wave-free period (during which iFR 

is calculated), which was detected using the ECG signals. Flow velocity was also assessed 

during adenosine-mediated hyperemia over the whole cardiac cycle and the wave-free 

period. The same two time periods in the cardiac cycle, both at rest and hyperemia, were 

used to derive measures of microvascular resistance (MVR) and trans-stenotic pressure 

gradient (TG). Figure 1 shows an example of simultaneous pressure and flow velocity 

measurements, together with the cardiac phases over which the study parameters were 

calculated. MVR (mmHg/cm/s) is calculated by dividing distal pressure (Pd, mmHg) by 

flow velocity (cm/s). When calculated for the whole cardiac cycle, values of pressure and 

flow velocity were averaged over an entire heart beat; typically measurements were made 

as an average over 5 beats. When calculated over the wave-free period, pressure and flow 

velocity data was constrained to that averaged over the diastolic wave-free period. For all 

measurements, computation of the parameters was performed by a single analyst blinded 

to the coronary angiograms or patient specific factors, using an automated MATLAB 

script (MathWorks, Natick, MA, USA) with built-in wave-free algorithm (developed 

at Imperial College, London and licensed to Volcano Corp, San Diego, CA, USA), as 

previously described.12

Statistical analysis
Categorical data are presented as numbers and percentages, while continuous data are 

presented as mean ± standard deviation. Regression analysis was performed between 

quantitative values to determine the coefficient of determination. Curve fitting was achieved 

by applying 2nd and 3rd order and fractional polynomials. Association between flow velocity 

(dependent variable) and strata of stenosis severity were assessed by analysis of variance 

(ANOVA) with correction for repeated measures followed by post-hoc pairwise methods, 

including Bonferroni, Sidak and Scheffe; this was followed by Tukey HSD testing where 

appropriate. Findings were confirmed using Kruskal-Wallis testing to avoid assumptions 

of normality. Trends across strata were assessed with regression and a non-parametric 

extension of the Wilcoxon signed-rank test (nptrend) and also with generalized estimating 
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equations; in all analyses, the findings were the same suggesting a robust analysis. The 

analysis was repeated for TG or MVR as dependent variables. A p-value of <0.05 was 

considered statistically significant. All statistical analyses were performed using Stata 11.2 

(StataCorp, Texas, USA).

Figure 1: Top panel: Example of simultaneous coronary pressure and flow velocity measurement obtained 
distal to a LAD stenosis of 69% diameter stenosis by QCA with FFR of 0.79. Bottom panel: The analyzed 
phases during the resting and hyperemic state respectively are shown.

Results
Patient and vessel characteristics
567 coronary assessments were derived from 301 patients (age 60.6±9.6 years old, 69% 

male, Table 1). No patients had hypertrophic cardiomyopathy or gross hypertrophy 

secondary to hypertension. Characteristics of patients and vessels is shown per 

participating center in Supplementary Table 1. 366 (65%) were from vessels with a visible 

stenosis, with 85 measurements taken post percutaneous coronary intervention (PCI). 201 

(35%) measurements were from vessels free from angiographic disease, which served as 

reference vessels. For the 366 vessels with a stenosis, the FFR ranged from 0.28 to 1.07. 

The distribution of stenoses was consistent with that typically found in clinical practice 

with mean FFR 0.81±0.16 and mean QCA diameter stenosis of 48.5±25.2%, indicating the 

majority was of intermediate severity (Figure 2). In the 201 reference vessels, FFR ranged 

from 0.85 to 1.08 with a mean FFR of 0.96±0.04. Overall these findings confirmed the 

absence of obstructive epicardial disease. In 23 (11%) of the reference cases, an FFR >0.80 
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and ≤0.90 was documented, suggesting the existence of abnormal epicardial conductance. 

FFR >1.0 was noted in 30 vessels despite careful drift assessment. This predominantly 

occurred in the LCx (18 cases, 60%) and in reference vessels (26 cases, 87%) and was likely 

due to hydrostatic consequences of the wire being in a distal vessel below the position of 

the transducer. For the stenosed vessels, the relationship between FFR and anatomical 

DS% demonstrated significant scatter (r² = 0.23, P < 0.01; Figure 3). Similar findings were 

noted when plotting FFR and anatomical minimal luminal diameter (r² = 0.19, P < 0.001; 

Supplementary Figure 1).

Table 1: Baseline characteristics

Patients n=301

Age (years) 60.6 ± 9.6

Male 209 (69%)

Hypertension 157 (52%)

Hyperlipidemia 172 (57%)

Current or ex-smoker 128 (43%)

Diabetes Mellitus 67 (22%)

Chronic renal impairment 5 (2%)

Family history of CAD 129 (43%)

Previous myocardial infarction 34 (11%)

Impaired LV function EF<30% 2 (0.7%)

Stable angina 290 (96%)

Unstable angina 11 (4%)

Vessels n=567

Angiographic stenosis 366 (65%)

Angiographically unobstructed 201 (35%)

Coronary artery

Left Anterior Descending 277 (49%)

Left Circumflex 172 (30%)

Right Coronary Artery 118 (21%)

Adenosine administration

Central intravenous 234 (41%)

Intracoronary bolus 333 (59%)

Coronary stenoses

% Diameter stenosis 46 ± 21

% Area stenosis 69 ± 23

Minimal lumen diameter (mm) 1.5 ± 0.8

Minimal lumen area (mm2) 2.1 ± 2.2

Stenosis length (mm) 17 ± 12

8
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Figure 2: Distribution of the coronary arteries measured stratified according to both DS% (upper panel) 
and FFR (lower panel).

Figure 3: Distribution of DS% and FFR in the stenosed vessels. Despite a significant inverse correlation 
between DS% and FFR, a substantial variability between the two parameters is noted (r²=0.23, p<0.01). 
The curve was fitted by 2nd order polynomial.



161

Coronary hemodynamics and clinical applications in stable ischemic heart disease

Whole cycle pressure-flow velocity relationships
A given stenosis has a unique curvilinear relationship between the flow velocity and the TG 

across the stenosis. Pressure-flow velocity relationships over the whole cardiac cycle were 

calculated both during resting and hyperemic conditions, and averaged for each stratum 

of stenosis severity. Mean pressure-flow velocity relationships were stratified according 

to DS% (Figure 4, left panel) and according to FFR classification (Figure 4, right panel).

Figure 4: Relationships between TG and flow velocity for coronaries grouped by stenosis severity (left 
panel according to anatomical severity by QCA, and right panel according to physiological severity by 
FFR). Relationships are described by TG = A*flow + B*flow2 and can be fitted by three points: the zero TG – 
zero flow crossing, the mean TG and flow during whole cycle at rest, and during hyperemia. The TG and 
flow during the wave‑free period closely follow these relationships, both at rest and during hyperemic 
conditions. Curves are fitted by 2nd and 3rd order and fractional polynomials.

Diastolic pressure and flow velocity relationships
Pressure-flow velocity relationships were calculated over the wave-free period specifically, 

both at rest and hyperemia. For each stratification, these relationships closely fit the 

pressure-flow velocity curves derived from whole-cycle physiology (Figure 4). Resting 

wave-free period flow velocity was significantly higher than whole cycle resting conditions 

(p<0.05 for each FFR or QCA stratum), and consistently produced a higher TG, both at 

rest and during hyperemia (p<0.05 for each FFR or QCA stratum). The only exception was 

TG in reference vessels and FFR >0.91 under resting conditions, where TG was equivalent 

for whole cycle and wave-free period (1.5±2.5 vs. 1.6±2.8 mmHg respectively; P = 0.53, 
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and 1.2±2.3 vs. 1.5±2.4 mmHg; P = 0.08) as there was no stenosis sufficient to cause 

diastolic pressure separation. Under hyperemic conditions, both a consistently higher flow 

velocity and TG were found during the wave-free period than during whole cycle (p<0.05 

for each FFR or QCA stratum).

Influence of stenosis severity on coronary flow velocity
Resting flow velocity stratified according to angiographic and FFR strata, is depicted 

in Figure 5, upper panel. Numerical relationships between stenosis severity and the 

analyzed parameters, as well as the physiological indices, are shown in Tables 2 and 

3. Resting flow velocity has no significant relationship with stenosis severity whether 

assessed by FFR or anatomical severity (Ptrend = 0.16). Hyperemic flow velocity, over the 

whole cycle and the wave-free period shows a strong statistical association and trend to 

decline with incremental stenosis severity (P < 0.001 for all assessments). MVR (Figure 

5, middle panel) measured at rest showed highly significant trends to fall with increasing 

stenosis severity, during both whole cycle and wave-free period specifically (Ptrend < 0.001). 

Hyperemic MVR over the whole cycle was low for all stenosis severities, but showed a 

trend to increase in the most severe strata of stenosis severity (Ptrend = 0.01). This trend was 

not observed during the wave-free period under hyperemic conditions, which remained 

consistent across all strata of stenosis severity (Ptrend = 0.89 for FFR, and Ptrend = 0.82 for 

anatomical stratification). The trend toward higher values of hyperemic MVR over the 

whole cycle but not during the wave-free period, arises from an increasing MVR under the 

systole specifically (Supplementary Figure 2). Findings shown in Figure 5 are maintained 

when post-PCI measurements are excluded or when only the post-PCI measurements 

are analyzed (Supplementary Figure 3). In contrast, TG (Figure 5, lower panel) whether 

measured at rest or hyperemia, had strong and significant relationships with stenosis 

severity and followed identical trends, also for the wave-free period (Ptrend < 0.001 for 

all assessments). Hyperemic TG was strongly related to FFR (r2 = 0.95, P < 0.001). The 

behavior of flow, MVR and TG over the whole cycle under resting conditions for the entire 

study cohort is summarized in Figure 6. A natural incremental hierarchy exists between 

the physiological states assessed: resting whole cycle, resting wave-free period, hyperemic 

whole cycle and hyperemic wave-free period physiology. This was true for flow velocity 

and TG (P < 0.001 for both), while for MVR the same hierarchy exists in reverse (P < 

0.001). When stenoses had diameter stenosis >90% or FFR ≤0.50, the hierarchy was no 

longer valid with resting flow velocity exceeding hyperemic and MVR being lower at rest 

than during hyperemia.
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Anatomical stenosis severity
When analyzed according to area stenosis or minimal lumen diameter the same 

physiological outcomes for flow velocity, MVR and TG were observed (Supplementary 

Table 2) as when analyzed according to FFR or DS%. When data was analyzed according 

to lesion length, resting flow velocity decreased numerically slightly but statistically 

significantly with increasing stenosis length (Supplementary Figure 4). Very long lesion 

lengths were the main contributor to this trend. In stenoses up to 40 mm long, resting 

wave-free flow velocity was preserved at 24.1±12.6 cm/s; in stenoses over 40 mm, flow 

velocity was 19.1±7.9 cm/s, creating a significant trend (P = 0.01) although not a significant 

difference in mean values by ANOVA (P = 0.62) or T-test (P = 0.15). The same was true for 

whole cycle resting flow velocity (18.3±8.7 vs 15.4±1.9 cm/s, P = 0.23). Hyperemic flow 

velocity similarly diminished from 39.4±22.4 to 26.7±18.8 cm/s, demonstrating a strong 

trend. MVR appeared to be unrelated to lesion length, with no significant trends noted 

for rest or hyperemia. TG was strongly related to length for all four physiological states 

(Ptrend < 0.001 for all). Minimal lumen diameter and area were in keeping with results as 

stratified according to FFR or DS% (Supplementary Table 2).

Overall trends and relationships observed remain unchanged when data is stratified 

according to the presence of diffuse and focal disease (Supplementary Figure 5) or 

according to singular and serial stenoses (Supplementary Figure 6).

8
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Figure 5: Behavior of phasic coronary flow velocity, MVR and TG according to stenosis severity (left panel 
diameter stenosis by QCA, and right panel by FFR). Parameters are shown for resting and hyperemic 
conditions, both during whole cycle and wave‑free period only. Curves are fitted by 2nd and 3rd order 
fractional polynomials.
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Figure 6: Mean TG, flow velocity and MVR data under resting conditions over the whole cardiac cycle, 
stratified according to angiographic stenosis severity. With progressive stenosis severity, TG increases, 
while flow velocity is maintained at a stable level by progressive compensatory reduction of MVR. Curves 
are fitted by 2nd and 3rd order fractional polynomials.

Table 2: Flow velocity, TG, MVR and physiological indices according to lesion severity defined by FFR

FFR
≤0.50

FFR
0.51-0.60

FFR
0.61-0.70

FFR
0.71-0.80

FFR
0.81-0.90

FFR
>0.91

Flow velocity (cm/s)

Resting whole cycle 14.8 15.5 18.6 21.9 18.9 19.1

Resting wave-free period 18.7 20.3 24.6 29.1 25.4 25.1

Hyperemic whole cycle 18.5 22.8 28.3 36.9 38.9 48.2

Hyperemic wave-free period 21.0 25.7 34.1 45.0 50.4 61.4

Transtenotic gradient (mmHg)

Resting whole cycle 45.6 26.0 15.5 9.81 5.19 1.17

Resting wave-free period 55.5 35.1 20.7 13.2 6.88 1.48

Hyperemic whole cycle 54.6 42.6 30.17 22.2 13.0 4.71

Hyperemic wave-free period 61.1 51.2 37.9 30.4 17.6 6.34

Microvascular Resistance (mmHg/cm/s)

Resting whole cycle 4.20 5.55 5.04 5.61 5.80 6.09

Resting wave-free period 2.04 3.22 3.19 3.76 3.93 4.27

Hyperemic whole cycle 2.65 2.97 2.37 2.36 2.32 2.20

Hyperemic wave-free period 1.22 1.55 1.37 1.41 1.45 1.49
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FFR
≤0.50

FFR
0.51-0.60

FFR
0.61-0.70

FFR
0.71-0.80

FFR
0.81-0.90

FFR
>0.91

Indices

Pd/Pa 0.56 0.74 0.84 0.91 0.95 0.99

iFR 0.39 0.60 0.76 0.84 0.92 0.98

FFR 0.42 0.54 0.66 0.75 0.85 0.95

HSR (mmHg/cm/s) 3.92 2.49 1.23 0.78 0.40 0.12

BSR (mmHg/cm/s) 3.83 2.02 0.88 0.55 0.32 0.07

CFR 1.26 1.51 1.61 1.81 2.16 2.62

Anatomical parameters

% Diameter stenosis 71.3 65.0 60.0 51.8 43.3 33.4

% Area stenosis 90.1 87.8 78.0 77.2 66.7 57.7

Minimal lumen diameter (mm) 0.80 0.93 1.01 1.20 1.53 1.87

Minimal lumen area (mm2) 0.63 0.76 0.94 1.26 2.23 3.13

Stenosis length (mm) 26.7 32.4 20.9 19.5 15.0 12.9

Adenosine administration route
Stratification of data by adenosine administration route according to FFR, showed findings 

in keeping with the overall dataset for flow velocity and TG (Ptrend < 0.001 for all phases) 

(Supplementary Figure 7). Hyperemic whole cycle MVR significantly increased with 

progressive stenosis severity for intracoronary administration (Ptrend = 0.04), but remained 

consistent for intravenous administration (Ptrend =  0.35). During the wave-free period, 

hyperemic MVR was consistent for the intracoronary route (Ptrend = 0.17), but showed a trend 

to being lower with progressive stenosis severity with intravenous adenosine (Ptrend = 0.03).

Table 3: Flow velocity, TG, MVR and physiological indices according to lesion severity defined by anatomical 
stenosis severity (% diameter stenosis)

QCA
≥90%

QCA
80 – 89%

QCA
70 – 79%

QCA
60 – 69%

QCA
50 – 59%

QCA 
≤49% Reference

Flow Velocity (cm/s)

Resting whole cycle 16.4 17.5 14.9 19.4 17.7 20.0 17.8

Resting wave-free period 23.7 21.4 19.5 25.3 23.1 26.5 23.3

Hyperemic whole cycle 24.7 24.1 23.5 31.1 35.0 45.4 44.9

Hyperemic wave-free period 28.8 27.7 28.8 38.6 44.4 57.8 58.1

Trans-stenotic gradient (mmHg)

Resting whole cycle 34.7 29.5 22.8 13.4 8.10 4.42 1.53

Resting wave-free period 47.4 35.9 28.8 17.9 10.8 5.64 1.58

Hyperemic whole cycle 41.9 37.5 32.4 24.9 18.0 10.8 3.55

Hyperemic wave-free period 52.1 43.1 39.3 31.3 23.5 14.2 4.04
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QCA
≥90%

QCA
80 – 89%

QCA
70 – 79%

QCA
60 – 69%

QCA
50 – 59%

QCA 
≤49% Reference

Microvascular Resistance (mmHg/cm/s)

Resting whole cycle 4.9 4.22 5.50 5.30 6.27 5.73 6.16

Resting wave-free period 1.93 2.45 3.38 3.41 4.25 3.92 4.38

Hyperemic whole cycle 2.84 2.65 2.69 2.52 2.56 2.14 2.18

Hyperemic wave-free period 1.07 1.44 1.49 1.47 1.58 1.38 1.48

Indices

Pd/Pa 0.68 0.72 0.77 0.87 0.92 0.96 0.98

iFR 0.51 0.60 0.67 0.80 0.87 0.93 0.98

FFR 0.55 0.60 0.64 0.73 0.80 0.88 0.96

HSR (mmHg/cm/s) 3.33 2.34 1.22 0.78 0.78 0.32 0.09

BSR (mmHg/cm/s) 3.26 2.22 0.91 0.55 0.55 0.25 0.09

CFR 1.37 1.36 1.65 1.67 2.12 2.39 2.64

Table 2 and 3 legend:
Hyperemic stenosis resistance (HSR) is defined as the ratio between the TG and flow velocity under hyperemic 
conditions, while baseline stenosis resistance (BSR) is calculated the same way but under resting conditions 
instead. Coronary flow reserve (CFR) is defined as the ratio between hyperemic and resting flow velocity.

Discussion
In this study we describe the relationship between coronary flow velocity, TG and MVR, 

estimated from measurements obtained over the whole cardiac cycle or selectively within 

the wave-free period, under resting and hyperemic conditions. Firstly, we show that non-

hyperemic flow velocity remains constant across the full spectrum of stenosis severities. 

Secondly, this preservation of flow velocity is mediated by a reduction in resting MVR in 

response to increasing stenosis resistance. Thirdly, the maintenance of resting flow velocity 

occurs at the expense of distal coronary pressure, which falls with widening TG as stenosis 

severity increases. The capacity for resting gradients to increase while preserving flow 

velocity, lends support to clinical use of invasive resting coronary pressure assessment 

to determine functional stenosis significance. Finally, we provide reference values of 

parameters used in physiological assessment of the coronary circulation stratified according 

to stenosis severity (Tables 2 and 3). Auto-regulation ensures that resting myocardial blood 

flow remains stable. Maintenance of resting coronary flow is regulated by endogenous 

adenosine release, changes in intrinsic myogenic tone, endothelial cell signaling and 

neurohumoral control, which combine to produce continuous auto-regulatory adaption 

of arteriolar vessel diameter.15 In this study, we use invasively measured resting flow 

velocity and found that this was stable in human coronary arteries across a wide range 

of stenosis severities. Whilst the resistance imposed by a stenosis rises according to the 

Hagen-Poiseuille equation,16 we observe a reduction in MVR to compensate (Figure 6 
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summarizes the results for whole cycle resting conditions). This reduction is closely related 

to stenosis severity keeping resting flow stable and therefore, for the majority of moderate 

stenoses, a vasodilator reserve should be expected. This is observed by a reduction in 

MVR in presence of a hyperemic agent, such as adenosine. For stenoses with very little 

physiological impact, a large vasodilatory reserve is present meaning a large potential 

increase in flow during hyperemia. In more significant stenoses however, vasodilatory 

reserve will become progressively exhausted, with limited increase in flow response to an 

exogenous vasodilator. When a critical stenosis severity is reached (likely to be exceeding 

85-90% diameter by formal QCA measurement, or FFR values below 0.60), coronary 

auto-regulation becomes saturated with limited vasodilatory response to exogenous agents. 

When a stenosis is beyond this critical point, resting flow velocity is expected to fall. 

Clinically this may manifest as angina on increasingly lower levels of exertion.

Anatomical and physiological markers of stenosis severity
Cursory assessment of Figure 4 may suggest that FFR and anatomical classification of 

stenoses are equivalent as the same patterns of change in flow and MVR are observed. 

However, as shown by many authors, there is a limited relationship between FFR and 

anatomical severity, which is confirmed in this cohort (Figure 3). The assessment is 

presented, not to state that anatomy and physiology are equivalent, rather because the 

overall trends are so strong that they are preserved even when the random scatter of the 

FFR-DS% relationship limits the potential relationship. Since anatomical assessment of 

stenoses remains mainstay and is readily understood by clinicians, it is appropriate to 

consider the underlying physiological response to anatomical parameters, despite the crude 

limitations of diameter stenosis. When study outcomes are analyzed according to other 

parameters that describe lesion tightness (minimal lumen diameter, minimal lumen area 

and area stenosis) similar findings are noted. This is also true for the presence of diffuse 

compared to focal disease and singular compared to serial stenoses. Resting flow velocity 

showed a trend to falling with very long lesion lengths (over 40 mm) but only showed a 

small change, while hyperemic flow diminished significantly. Figures 4 and 5 visually show 

that when stratified according to DS%, a remarkable overlap with respect to the TG for the 

50 – 59 and 60 – 69% groups as well as the 70 – 79 and 80 – 89% groups is present. This 

observation reinforces that in stenosis of intermediate severity, physiological assessment 

is required to inform on hemodynamic significance.

The use of resting parameters to assess stenoses
The stability of resting flow velocity for the majority of stenoses means that resting flow 

alone cannot distinguish between stenosis severities. However, since distal coronary 

pressure falls with increasing stenosis severity, a combined pressure and flow velocity 
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measurement such as baseline stenosis resistance or a resting pressure-only index such as 

iFR, can distinguish stenosis severity. This implies that non-invasive imaging modalities 

such as positron emission tomography, that measure myocardial perfusion without 

knowledge of distal coronary pressure, require induction of the hyperemic state, to yield 

satisfactory diagnostic accuracy.17 The change in resting TG is predominantly driven by a 

change in MVR and resistance imposed by the stenosis. Since the impact of physiological 

vasodilation at rest on the proximal driving pressure is negligible, changes in distal 

pressure represent the true physiological impact of the stenosis on the distal coronary 

bed. Small gradients at rest suggest little compensatory vasodilatation is required, while 

large gradients indicate substantial compensation. For a stenosis to have a physiological 

impact upon the vessel, it should therefore have a gradient that is detectible at rest and 

the induction of hyperemia will only exacerbate this gradient. Stenoses without a resting 

gradient which manifests only upon vasodilator administration more likely represents a 

situation in which the microcirculatory bed retains the capacity to dilate significantly and 

high flow velocities can be generated across a trivial stenosis with subsequent turbulence 

and pressure loss by the Bernoulli phenomenon.18 These changes may manifest as a high 

coronary flow reserve (CFR), but a low FFR value. Human data with 10-year follow-up 

confirm that when such patients are deferred from PCI, the clinical event rate remains low, 

demonstrating a clear paradox between hyperemic measurements of pressure and flow.19

Microvascular remodeling
Resting MVR reduces with increasing stenosis severity. Theoretically, microcirculatory 

angiogenesis and arteriogenesis could explain this.20 However, if this phenomenon 

applies, it would not be restricted to the resting situation and a substantial reduction in 

MVR would remain during hyperemia in severe stenoses. Our results indicate that this 

is not the case and instead we confirm observations from smaller studies, that hyperemic 

MVR increases in critical stenoses.8, 10, 21 The increased hyperemic in severe stenoses, is 

primarily a systolic phenomenon (Supplementary Figure 2). We presume this observed 

rise in hyperemic MVR, can be attributed to the contribution of collateral circulation. 

Because collateral arteries connect with the receiving vessel distal to the position of the 

pressure-flow wire, flow supplied by the collateral arteries will not be detected, while 

collateral pressure is transmitted through the vessels and can be detected by the wire. 

MVR is calculated as the ratio of distal pressure (elevated by collateral supply) and flow, 

and the calculated MVR will falsely rise accordingly.22 Naturally, when using whole cycle 

pressure values, the contribution of the elevated pressures is higher than when using the 

lower diastolic pressure values as collateral pressure is elevated mainly during systole and 

much less so during diastole.23 Moreover, in the intracoronary adenosine subgroup, a trend 

was observed towards higher MVR during hyperemia whole cycle, while in the intravenous 
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adenosine subgroup, hyperemic whole cycle MVR was consistent across stenosis severities. 

In the intravenous subgroup, collateral supply may be diminished due to the coronary steal 

phenomenon during hyperemia and thereby the MVR in these severe stenoses remains at 

normal values. However, this analysis has the limitation that coronary steal phenomenon 

might still apply in the intracoronary subgroup for the left coronary artery. Further work to 

assess the collateral flow or pressure during diastole is required to understand this in detail.

Clinical implications
In this study, we provide flow velocity and resistance data from a wide spectrum of 

coronary stenoses and reference vessels. This data is valuable for accurate development and 

improvement of computer flow dynamics models. For current flow models, such as CT-FFR, 

data were derived from animals and small human studies without significant disease.24, 25 

Our data demonstrate that unobstructed vessels have a mean CFR of 2.64±0.76 in contrast 

to older data informing CT-FFR, which assumes flow rises of 3.5 fold.26 Similarly, early CT 

systems assume resistance falls by 4.5 fold with adenosine, while our data show whole cycle 

MVR is reduced by 2.8 fold. Secondly, the data presented here provides reference values 

stratified according to stenosis severity for the most commonly used physiological indices. 

Exploration of less commonly used physiological parameters such as the instantaneous 

hyperemic diastolic velocity-pressure slope (IHDVPS) and zero-flow pressure (ZFP) may 

be of future interest to better indicate their clinical applicability. Finally, the data supports 

the concept that stenosis interrogation under resting conditions, as suggested by iFR, BSR 

or baseline Pd/Pa
10, 12, 13

 has clinical utility beyond comparisons of classification match with 

hyperemic measures. Furthermore, our findings demonstrate that the wave-free period 

consistently provides a higher flow velocity and a lower MVR than assessment over the 

whole cardiac cycle at rest. This means wave-free period gradients are consistently larger 

than over the whole cycle and iFR may provide greater sensitivity in moderate stenoses as 

compared to baseline Pd/Pa. To provide a definitive answer to which physiological index is 

preferable, randomized clinical outcome data is needed.

Conclusion
This large multicenter study of coronary pressure-velocity measurements shows that with 

progressive stenosis severity, the TG rises, while resting coronary flow is maintained by 

compensatory reduction of MVR. This suggests that resting pressure indices can be used 

to detect the hemodynamic significance of coronary artery stenoses. Our results confirm 

the applicability of the general principles of coronary physiology determined in animals to 

patients with atherosclerotic lesions. The main difference observed is a relatively blunted 

response to hyperemia as flow velocity rose to half what has been observed in animal 

models in vessels with less than 50% diameter stenosis.
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Limitations
This study has a number of limitations. Volumetric flow was not assessed because 

of the limitations of accurate stenosis and vessel dimension calculation, as well as 

determining the mass of the subtended myocardium which can only be estimated from 

angiographic parameters. Since vessels taper, flow velocity will fall less than volumetric 

flow however and without knowledge of subtended mass, flow velocity might be more 

insightful than volumetric flow.26-28 Wedge pressure was not routinely measured and 

therefore definitive assessment of the impact of collaterals on the results cannot be made. 

However, measurements were not made in vessels with visible collaterals. While reference 

vessels were free of angiographic disease, intravascular ultrasound studies demonstrated 

significant burden of atherosclerosis in apparently unobstructed coronary arteries.29 

Diffuse atherosclerosis can cause pressure loss and this may account for the wide-range 

of FFR values observed in reference vessels (lowest obtained 0.85). It remains uncommon 

to routinely perform intravascular imaging in unobstructed vessels and therefore, together 

with the large number of unobstructed vessels, our findings should be applicable to patients 

undergoing coronary angiography. Although we stratified data according to FFR and 

QCA DS%, both are imperfect measures. In the presence of microcirculatory dysfunction, 

FFR may underestimate true hemodynamic stenosis significance.30 QCA provides limited 

information of the physiological impact of a given stenosis. However, both measures are 

easy to comprehend and familiar to clinicians providing a familiar conceptual framework 

to interpret the data. Finally, it must be borne in mind however, that our results are 

inferred on group basis and heterogeneous factors such as microvascular dysfunction 

and diffuse epicardial disease could obscure these findings on a patient specific level.31, 

32 Theoretically however, any factor that impairs auto-regulatory responses to a stenosis 

could also impact upon microcirculatory responses to vasodilators such as adenosine. 

When there are discrepancies between resting and hyperemic factors, it remains unclear 

which parameters provide prognostic information. Randomized clinical outcome studies 

are currently being undertaken to assess the safety and performance of resting parameters 

to guide revascularization.33, 34
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Supplementary Appendix for Chapter 8

Supplementary Methods
In- and exclusion criteria per site

Imperial College London, London, United Kingdom
Data from ADVISE Family of studies12, including the CLARIFY10 and JUSTIFY18 sub-

studies.

Eligible for study:

 • Aged over 18 and under 90 years of age

 • Both genders eligible for study

 • Sampling method: non-probability sample

Inclusion criteria:

 • Patient with coronary artery stenosis

Exclusion criteria:

 •  Unable to consent

 •  Acute myocardial infarction

 •  Patent surgical grafts

 •  Cardiac pacemaker

 •  Significant valvular heart disease

 •  Chronic renal failure prohibiting coronary angiography

 • Contraindications to adenosine

 • Contraindications to cardiac MRI

 • Weight > 200 kilograms

Academic Medical Center, Amsterdam, The Netherlands
The simultaneously acquired Doppler flow velocity and coronary pressure subset of two 

earlier published studies.13, 19

Eligible for study:

 • No age restriction

 • Both genders eligible for study

 • Sampling method: non-probability sample

Inclusion criteria:

 • One or more coronary stenoses (40-70% diameter stenosis at visual assessment).

Exclusion criteria

 • Ostial stenoses

 • Significant left main stenosis

 • Serial stenoses
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 • Severe renal function impairment (GFR <30mL/min per 1.73m2)

 • Atrial fibrillation

 • Recent myocardial infarction within 6 weeks

 • Prior coronary artery bypass surgery

 • Visible collateral development to the perfusion territory of interest

 • Significant valvular abnormalities

VU University Medical Center, Amsterdam, The Netherlands
Eligible for study:

 • Aged over 40 years of age

 • Both genders eligible for study

 • Sampling method: non-probability sample

Inclusion criteria:

 • First presentation to cardiologist with suspected coronary artery disease

 • No documented prior history of coronary artery disease

 • Clinically referred for invasive coronary angiography

Exclusion criteria:

 • History of severe chronic obstructive pulmonary disease (COPD) or chronic asthma

 • Pregnancy

 • Renal failure ( i.e. estimated glomerular filtration rate < 45 mL/min)

 • Allergic reaction to iodized contrast

 • Concurrent or prior (within last 30 days) participation in other research studies  

 using investigational drugs

 • Significant co-morbidities

 • Atrial fibrillation, second or third degree atrioventricular block

 • Tachycardia

 • Acute myocardial infarction

 • Heart failure

 • Left ventricle ejection fraction estimated < 50%

 • Cardiomyopathies

 • No informed consent
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Hospital Clinical San Carlos Madrid, Spain
Eligible for study:

 • No age restriction

 • Both genders eligible for study

 • Sampling method: non-probability sample

Inclusion criteria:

Non-probability, non-consecutive sampling of patients (both genders) with a   

clinical indication for FFR assessment in one or more stenosed coronary arteries.

Exclusion criteria:

 • Patients with myocardial infarction <5 days

 • Contraindications to adenosine or pharmacological hyperemia

 • Left ventricle ejection fraction <30%

 • Left main disease

 • Significant valvular pathology

 • Vessels supplying previously known infarcted territories

 • Serial stenoses

 • Marked diffuse narrowings

 • Patent surgical grafts

Supplementary tables
Supplementary Table 1: Baseline characteristics according to recruiting institution

Imperial 
College 
London

Amsterdam 
Medical 
Centre

VU University 
Medical Centre

Hospital 
Clinico San 
Carlos

Patients

Patients 85 92 103 21

Age (years) 62.9 59.4 58.4 67.1

Male sex 69 (81.2%) 58 (63.0%) 67 (65.0%) 15 (71.4%)

Hypertension 57 (67.1%) 41 (44.6%) 48 (46.6%) 11 (52.4%)

Hyperlipidaemia 65 (76.5%) 60 (65.2%) 35 (34.0%) 12 (57.1%)

Current or ex-smoker 44 (51.8%) 49 (53.3%) 27 (26.2%) 8 (38.1%)

Diabetes Mellitus 23 (27.1%) 23 (25.0%) 17 (16.5%) 4 (19.0%)

Chronic renal impairment 5 (5.9%) 0 0 0

Family history of CAD 27 (31.8%) 48 (52.2%) 53 (51.5%) 1 (04.8%)

Previous MI 12 (14.1%) 12 (13.0%) 0 10 (47.6%)

Impaired LV function EF<30% 2 (2.4%) 0 0 0

Stable Angina 81 (95.3%) 92 (100.0%) 103 (100.0%) 14 (66.7%)

Unstable angina 4 (4.7%) 0 0 7 (33.3%)
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Imperial 
College 
London

Amsterdam 
Medical 
Centre

VU University 
Medical Centre

Hospital 
Clinico San 
Carlos

Vessels

Vessels 160 161 225 21

Left Anterior Descending 107 (66.9%) 69 (42.9%) 86 (38.2%) 15 (71.4%)

Left Circumflex 26 (16.3%) 63 (39.1%) 79 (35.1%) 4 (19.1%)

Right Coronary Artery 27 (16.9%) 29 (18.0%) 60 (26.7%) 2 (9.5%)

Central intravenous 152 (95%) 0 61 (27.1%) 21 (100%)

Intracoronary bolus 8 (5%) 161 (100%) 164 (72.9%) 0

Angiographic stenosis 145 (90.6%) 88 (54.7%) 112 (49.9%) 21 (100%)

FFR of stenoses 0.82 ± 0.13 0.76 ± 0.19 0.82±0.16 0.84±0.12

Stenosis Diameter (%) 43.5±23.3 41.5±24.1 50.1±15.4 71.0±10.9

Single stenosis 111 (76.5%) 83 (94.3%) 99 (88.4%) 21 (100%)

Serial stenosis 34 (23.5%) 5 (5.7%) 13 (11.6%) 0

Focal disease 104 (71.7%) 82 (93.2%) 101 (90.2%) 17 (81.0%)

Diffuse disease 41 (28.3%) 6 (6.8%) 11 (9.8%) 4 (19.0%)

Angiographically unobstructed 15 (9.4%) 73 (45.3%) 113 (50.2%) 0

FFR of reference vessels 0.97±0.04 0.95±0.04 0.96±0.05 -

Supplementary Table 2: Trend analysis for the relationship between flow velocity, microvascular resistance 
and trans-stenotic gradient with stenosis anatomical parameters

Quantitative Angiographic Parameters
Stenosis 

appearance

% 
Diameter 
Stenosis

% Area 
Stenosis

Lesion 
Length 
(mm)

Minimal 
lumen 

diameter 
(mm)

Minimal 
lumen 
area 

(mm2)
Diffuse 
Disease

Focal 
Disease

Ptrend Ptrend Ptrend Ptrend Ptrend Ptrend Ptrend

Flow velocity

Resting whole cycle 0.168 0.27 0.02 0.28 0.20 0.72 0.13

Resting wave-free period 0.161 0.31 0.01 0.31 0.30 0.96 0.25

Hyperemic whole cycle <0.001 <0.001 <0.001 <0.001 <0.001 0.007 <0.001

Hyperemic wave-free period <0.001 <0.001 <0.001 <0.001 <0.001 0.001 <0.001

Microvascular resistance

Resting whole cycle <0.001 0.03 0.76 0.02 0.04 0.05 0.03

Resting wave-free period <0.001 <0.001 0.47 <0.001 <0.001 0.003 0.001

Hyperemic whole cycle 0.001 <0.001 0.06 <0.001 <0.001 0.93 0.14

Hyperemic wave-free period 0.60 0.59 0.33 0.17 0.20 0.14 0.21
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Quantitative Angiographic Parameters
Stenosis 

appearance

% 
Diameter 
Stenosis

% Area 
Stenosis

Lesion 
Length 
(mm)

Minimal 
lumen 

diameter 
(mm)

Minimal 
lumen 
area 

(mm2)
Diffuse 
Disease

Focal 
Disease

Ptrend Ptrend Ptrend Ptrend Ptrend Ptrend Ptrend

Transtenotic gradient

Resting whole cycle <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001

Resting wave-free period <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001

Hyperemic whole cycle <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001

Hyperemic wave-free period <0.001 <0.001 0.002 <0.001 <0.001 <0.001 <0.001

Supplementary figures

Supplementary Figure 1: Minimum lumen diameter (MLD, mm) and fractional flow reserve. A significant 
relationship was noted (R² 0.19, p<0.001).
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Supplementary Figure 2: Phasic microvascular resistance and FFR are regressed. With increasing stenosis 
severity, hyperemic MVR rises during systole (dashed line), while a more consistent flat pattern is observed 
during the wave‑free period (purple line). Overall, the greater impact on systole means that overall whole 
cycle MVR rises in severe lesions during hyperemia (blue line).
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Supplementary Figure 3: Flow velocity, trans-
stenotic pressure gradient and microvascular 
resistance across for the entire cohort, only the 
pre-PCI measurements and only the post-PCI 
measurements demonstrating that the overall 
physiological findings are preserved regardless of 
the post-PCI measurements.

Supplementary Figure 4: Relationship between 
lesion length (mm) with flow velocity, microvascular 
resistance and trans-stenotic gradient.
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Supplementary Figure 5: Relationship between 
dif fuse and focal disease with f low velocity, 
microvascular resistance and trans-stenotic 
gradient.

Supplementary Figure 6: Relationship between 
serial and singular stenoses with flow velocity, 
microvascular resistance and trans-stenotic 
gradient. 
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Supplementary Figure 7: Relationship between flow velocity, trans‑stenotic gradient and microvascular 
resistance stratified according to administration route of adenosine.
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Instantaneous wave‑free ratio to guide coronary 
revascularization: physiological framework, 

validation and differences with fractional flow 
reserve

Guus A. de Waard, Carlo Di Mario, Amir Lerman, Patrick W. Serruys, 
Niels van Royen

EuroIntervention. 2017 Jul 20;13(4):450-458.

Abstract
Determining the optimal treatment strategy for revascularization of coronary artery 

stenosis involves the use of fractional flow reserve (FFR). To improve the low clinical uptake 

of physiological lesion assessment to guide revascularization, the instantaneous wave-free 

period (iFR) was proposed as a simpler alternative to FFR that does not require adenosine 

administration. iFR is calculated as the ratio of blood pressure distal and proximal to a 

coronary artery stenosis during the diastolic wave-free period. The wave-free period is a 

part of the cardiac cycle where generation of new pressure wavefronts does not occur and 

resting microvascular resistance is relatively minimized. iFR indicates the hemodynamic 

severity of a stenosis, by assessing the extent to which the epicardial stenosis depletes 

the microcirculatory, autoregulatory reserve. The introduction of iFR and the potential 

to assess hemodynamic stenosis severity without the need for administration of potent 

vasodilators such as adenosine, sparked an interesting debate about the fundamentals of 

human coronary physiology. Outcomes of two randomized clinical trials investigating iFR 

are pending. These studies are designed to evaluate whether iFR guided revascularisation 

is non-inferior to an FFR guided approach. The purpose of this review article is to discuss 

the physiological concepts underlying iFR, examine the existing validation studies and 

discuss the advantages and disadvantages of iFR as compared to FFR.
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Introduction
Visual angiographic assessment of whether a stenosis impedes myocardial perfusion is 

subjective and imprecise.1, 2 Physiological interrogation by coronary artery pressure or 

blood flow more accurately reflects the hemodynamic significance of coronary stenoses. In 

clinical practice, myocardial fractional flow reserve (FFR) determines stenosis significance 

and guides coronary revascularization.3, 4 FFR expresses the maximal flow in the presence 

of a stenosis compared to the maximal flow in the hypothetical absence of the stenosis.5 

FFR is determined as the ratio between mean pressure distal to a coronary stenosis and 

mean pressure measured at the tip of the guiding catheter proximal to the stenosis during 

hyperemia. To establish maximal vasodilation, administration of a pharmacological 

agent with potent vasodilatory properties, typically adenosine, is required. After an 

extensive experimental validation process, clinical guidelines recommended FFR to guide 

coronary revascularization based upon the two FAME trials.6, 7 Despite these stringent 

recommendations, adoption of FFR guided revascularization is limited in clinical practice 

and estimated to range between 5 and 10%.8 Several factors could explain the poor 

penetrance of FFR. Firstly, substantial costs of pressure wires may prevent widespread 

application of FFR. However, these costs are offset by a clear reduction in costs when 

PCI can be deferred, as well as fewer hospital readmissions associated with adverse 

coronary events. Secondly, the technical steps of normalization of pressure wave-forms, 

appropriate establishment of hyperemia and assessment of pressure drift must be done 

with precision to avoid errors in FFR assessment.9 Thirdly, interventional cardiologists still 

largely underestimate the advantage of physiology and primarily rely upon angiography 

to guide revascularization.10 Finally, the establishment of adenosine mediated hyperemia 

is time consuming, costly, alters systemic hemodynamics11 and causes unpleasant side 

effects, such as atrioventricular nodal conduction disturbances, chest discomfort, nausea, 

dyspnea, dizziness, flushing and headache.12, 13 For the latter issue, multiple solutions have 

been proposed, such as using regadenoson14, nicorandil15 or contrast medium16 to induce 

hyperemia. Avoiding hyperemia altogether by using the instantaneous wave-free ratio (iFR) 

for assessment of hemodynamic stenosis significance is another option (Figure 1).17 iFR is 

defined as the ratio between distal and proximal coronary pressure during the diastolic 

‘wave-free period’ under resting conditions over at least five heartbeats (Figure 2, further 

measurement instructions are provided in the supplements).

The purpose of this review is to provide an overview of the theoretical framework of iFR, 

presently existing evidence and future perspectives. Furthermore, the claimed advantages 

of iFR compared to FFR and the critique that has been cast on the theoretical concepts 

behind iFR, will be discussed.

9
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Figure 1 - Example of iFR and FFR measurements      
Both iFR and FFR of LAD were significant. After PCI of stenosis 1, both iFR and FFR slightly improved, but 
were still abnormal. After successful revascularization of both stenoses, iFR and FFR increased to normal 
values.

Historical perspective of baseline stenosis assessment
Andreas Gruentzig already used a fluid filled catheter to measure blood pressure proximal 

and distal to the lesion prior to intervention in the 1970’s.18 Gruentzig recognized that 

the trans-stenotic pressure gradient was an important indicator of lesion severity and 

of procedural efficacy. Although highly innovative, the measurement via fluid filled 

microcatheter was far from perfect as the microcatheter itself physically obstructs the 

coronary lumen, causing overestimation of the pressure gradient.19 Additionally, it was 

too bulky to pass tighter and more distal lesions. About ten years later, the development of 

thin guidewires equipped with a pressure sensor, allowed measurement of distal coronary 

pressure with minimal interference of the physical presence of the instrument across the 

stenosis. With this pressure wire, Pijls and colleagues first laid out the theoretical and 
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experimental basis for the FFR in 1993.5 By inducing pharmacological vasodilation, 

autoregulation is abolished and the relationship between distal perfusion pressure and 

blood flow is linear. Under these conditions, the ratio between aortic and distal pressure 

can serve as a surrogate for the relative maximal flow limitation. Unlike other invasive 

tools to measure stenosis severity such as coronary flow velocity reserve (CFR), slope of the 

instantaneous hyperemic diastolic coronary flow velocity-pressure relation and hyperemic 

stenosis resistance, FFR is easy to measure and together with the compelling outcome 

data, FFR became the preferred physiological measurement. The resting trans-stenotic 

pressure gradient only gained renewed attention more than three decades after Gruentzig 

had recognized its importance. In 2010, Mamas et al. found a strong concordance 

between the baseline Pd/Pa ratio and FFR.20 In 2012, Sen and colleagues employed wave-

intensity analysis to find a suitable window during the cardiac cycle where disturbances in 

microvascular resistance were minimal.21 Wave-intensity analysis was done by calculating 

the intensity and direction of coronary wavefronts using the derivatives of intracoronary 

flow velocity and pressure. Wavefronts are concomitant changes in both pressure and 

flow velocity wavelets, that can travel in either forward or backward direction through 

the coronary artery.22 During mid-to-late diastole, Sen et al. identified a period where 

wavefronts did not appear, which they termed the wave-free period (Figure 2).21 The 

wave-free period starts 25 percent of the way into diastole and ends 5 milliseconds before 

the start of systole. During the wave-free period, microvascular resistance is stable and a 

linear relationship exists between distal pressure and flow velocity.23 Furthermore, because 

resting phasic microvascular resistance is relatively minimized during the wave-free period 

(for that cardiac cycle), both flow velocity and the trans-stenotic pressure gradient are at 

their relative peak.24 The stable and maximized trans-stenotic gradient provides seemingly 

ideal conditions for resting stenosis assessment and iFR was defined as the ratio between 

distal and aortic pressure during the wave-free period (Figure 2).

iFR validation
Initial attempts to compare iFR and FFR were undertaken by three different research 

groups.21, 25, 26 While highly significant correlations between iFR and FFR were consistently 

found, the strength of relationship varied between r=0.79 and r=0.90 depending on the 

distribution of stenoses. The RESOLVE study was conducted to provide a definitive answer 

with respect to the iFR-FFR relationship.27 In this large retrospective study, a correlation 

coefficient between FFR and iFR of r=0.81 (P<0.001) with a classification agreement of 

80.4% was found. In Table 1, an overview of studies comparing iFR and FFR is presented. 

The interpretation of these studies is difficult however, since it is unclear whether or not 

the advantage of obviating hyperemia is worth the loss in diagnostic accuracy with FFR 

as reference standard. However, it should be questioned whether direct comparison with 

9
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Figure 2 – Example of wave-intensity analysis to determine the wave-free period  
Panel A: Wave‑intensity analysis is performed in a single heartbeat in a 63% stenosis of the first diagonal 
branch using instantaneous measurements of intracoronary Doppler flow velocity and distal coronary 
artery pressure. As can be seen, in mid‑to‑late diastole, no wavefronts occur and the wave‑free period is 
defined to start 25% the way into diastole and ends 5 milliseconds before the start of the next systole. 
Panel B: iFR is calculated as the ratio between the aortic and distal pressure during the diastolic wave‑free 
period.

FFR should be used to evaluate the clinical applicability of iFR guided revascularization. 

Firstly, FFR is prone to an intrinsic variability of around 4% that a priori precludes perfect 

classification agreement with iFR.28, 29 Furthermore, notwithstanding the clinical benefits 

of FFR guided revascularization, FFR should not be considered the gold standard of 

inducible ischemia on the myocardial level.30 As such, definitive conclusions with respect to 

the clinical applicability of iFR should not be drawn solely on the basis of its relationship 

or diagnostic classification agreement with FFR.

Several studies were conducted using different surrogate measures of myocardial 

ischemia. A diagnostically equivalent performance of FFR and iFR was found when 

compared against both non-invasively determined myocardial perfusion impairment as 

documented by positron emission tomography31, 32 or single positron emission computed 

tomography.33 Similar findings were found using invasive measures of hemodynamic 
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stenosis significance in the CLARIFY17 and JUSTIFY-CFR34 studies. In the CLARIFY 

study, iFR and FFR showed equivalent diagnostic agreement with hyperemic stenosis 

resistance determined by simultaneous assessment of Doppler flow velocity and the 

trans-stenotic pressure gradient. Earlier work had already shown that hyperemic stenosis 

resistance index may be diagnostically superior to FFR35. This provides support to the 

use of the hyperemic stenosis resistance as reference standard in the CLARIFY study. 

Of note, in the CLARIFY study iFR measured with adenosine did not show a better 

classification agreement with HSR than that of iFR or FFR. In the JUSTIFY-CFR, FFR 

and iFR were related to Doppler defined CFR as the external reference standard. A large 

burden of evidence suggests that CFR has important prognostic implications, suggesting 

it may be a reasonable reference standard. In the JUSTIFY-CFR study, iFR had a higher 

diagnostic classification agreement with CFR than FFR. The superior performance of 

iFR was predominantly attributed to false positive FFR results in trivial stenoses with 

a preserved microvascular function and high CFR (Figure 3). In these lesions, strongly 

increased magnitudes of hyperemic flow cause turbulence and exacerbate the pressure 

gradient across the stenosis. Under resting conditions, coronary flow is relatively low 

and pressure losses due to flow separation and turbulence at the exit of the throat of 

such trivial stenosis are minimized. In these cases of high CFR and abnormal FFR, the 

presence of ischemia is unlikely and PCI does not appear indicated. Consequently, iFR 

may provide a more accurate assessment in these cases. This phenomenon is comparable 

to the elevated pressure gradient found across the aortic valve in high-flow states such as 

hyperthyroidism, fever or anemia that normalizes when a normal-flow state is restored by 

reversal of the condition.36 In conclusion, while iFR perhaps yields underwhelming results 

when directly compared with FFR, it is an equally accurate index when compared with 

external surrogate measures of myocardial ischemia. Although the surrogate measures of 

myocardial ischemia used in the iFR validation studies all have specific drawbacks, the 

fact that iFR consistently showed either diagnostic equivalence or superiority over FFR, 

suggests randomized clinical testing is warranted to determine appropriateness of iFR 

guided revascularization.

9
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Figure 3 – FFR can overestimate stenosis severity in non-flow limiting lesions   
This figure shows how FFR can overestimate stenosis severity as indicated by CFR in non‑flow limiting 
lesions.

Rationale for hyperemia-free lesion assessment
Ever since the introduction of FFR, the need for hyperemia to assess lesion severity 

has been undisputed. This belief was reinforced by the need for hyperemia to yield 

diagnostically sufficient accuracy when performing assessment of myocardial perfusion 

by non-invasive imaging.37 iFR challenged the paradigm that hyperemia is indispensable 

to assess hemodynamic stenosis significance. Results of the IDEAL study shed light on 

why coronary hyperemia may not be necessary to indicate stenosis severity when using 

coronary pressure specifically.24 The IDEAL study showed that with increasing stenosis 

severity, the trans-stenotic pressure gradient concomitantly increases and stable resting 

coronary flow is maintained by compensatory reduction of microvascular resistance (Figure 

4). During hyperemia however, the autoregulatory reserve is exhausted and microvascular 

resistance does not depend on lesion severity. Instead, hyperemic flow velocity decreases 

with incremental stenosis severity. The hyperemic trans-stenotic pressure gradient is larger 

than during resting conditions, but also increases with worsening of stenosis severity . In 

conclusion, for assessment of stenosis severity, a diagnostically sufficient pressure gradient 

seems to exist under resting conditions. However, when coronary flow or myocardial 

perfusion is assessed instead of coronary pressure, a hyperemic agent is unequivocally 

needed to exhaust the autoregulatory reserve and unmask the presence of myocardial 

ischemia. iFR was initially proposed as a method to estimate FFR without the need for 

hyperemia, but the results of the IDEAL study considerably changed how the conceptual 

framework of iFR should be conceived. Based on the IDEAL study, we propose that 

the theoretical framework of iFR should state that iFR informs on the effect a given 

9
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epicardial stenosis exerts on the depletion of the autoregulatory capacity that the subtended 

microcirculation harbors, whereby lower values of iFR correspond to increasing depletion 

of autoregulatory reserve under resting conditions. This is a key difference with the 

theoretical framework of the FFR and explains why the correlation coefficient between FFR 

and iFR is not perfect. Notably, this theoretical framework parallels that of myocardial 

contrast echocardiography acquired under resting conditions to detect coronary artery 

stenoses.38, 39

Figure 4 – Rationale behind resting pressure assessment     
The behaviour of coronary flow velocity, microvascular resistance and the trans‑stenotic pressure gradient 
according to stenosis severity is shown in panel A during the resting wave‑free period (iFR window) and 
in panel B, during whole cycle under hyperemic conditions (FFR window) is shown. During both the wave‑
free period and hyperemia, a trans‑stenotic pressure gradient is detectable that increases with stenosis 
severity. During the wave‑free period under resting conditions, coronary flow velocity is maintained stable 
by compensatory reduction of microvascular resistance through coronary autoregulation. Data used in 
this figure are derived from the IDEAL study.24

iFR controversy
Because hyperemia to assess stenosis significance was broadly presumed to be indispensable, 

the introduction of iFR elicited skepticism. This paragraph provides a summary of the 

criticism cast on the foundations of iFR and its use as clinical tool. Criticism with respect 

to whether the iFR algorithm is required or baseline Pd/Pa could also be used is presented 

in the supplements.

Natural hyperemia during the wave-free period?

Findings of the initial ADVISE study showed that microvascular resistance during the 

wave-free period and hyperemic whole cardiac cycle were equal in a subset of 39 stenoses 

with flow velocity and pressure measurements.21 This observation hinted that during the 

diastolic wave-free period, sufficient vasodilation existed naturally to obviate the need for 

hyperemia. Johnson et al. later disputed this finding in a larger cohort of 120 patients and 

noted that resting diastolic resistance was significantly higher than hyperemic mean cycle 
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resistance.26 These discrepant findings are unlikely to be a consequence of methodological 

inaccuracies in either study. The most logical explanation for the discrepancy is that a 

different population of stenoses was used. In the IDEAL study, microvascular resistance 

is stratified according to worsening degrees of stenosis severity.24 In unobstructed 

vessels, microvascular resistance was approximately twofold higher during the resting 

wave-free period as compared to hyperemia over the whole cardiac cycle. As stenosis 

severity increases, hyperemic whole cycle microvascular resistance remains relatively 

similar while resting wave-free period microvascular resistance declines. Equipoise 

between microvascular resistance during the hyperemic whole cycle and resting wave-free 

period is reached at approximately 80% diameter stenosis, after which wave-free period 

microvascular resistance becomes even lower than hyperemic whole cycle microvascular 

resistance. Thus if a population of relatively mild stenoses is selected, microvascular 

resistance during the wave-free period is higher than during whole cycle hyperemia. 

However, if a population of severe stenoses is selected, microvascular resistance during the 

wave-free period and hyperemic whole cycle is equal. As such, the assumption that during 

the wave-free period a phase of ‘natural hyperemia’ exists is incorrect. However, during the 

wave-free period microvascular resistance is stable and minimized for that cardiac cycle. In 

several studies it was observed that in some stenoses, iFR was actually lower than FFR27, 

40 The IDEAL study demonstrates that this predominantly occurs in severe stenoses where 

the autoregulatory reserve has been exhausted and no increased flow response occurs in 

response to hyperemia.24 In these stenoses, adenosine barely lowers resistance or increases 

the pressure gradient and iFR is lower than FFR because it is calculated during diastole 

instead of the whole cardiac cycle.

Wave-free period: free of waves?

Westerhof et al. critiqued the very foundation of iFR as outlined in the ADVISE study 

and argued that during the presumed wave-free period, waves actually do occur.41 By 

applying wave separation analysis, which is another method to analyze pressure and flow 

waves, it was reasoned that backward and forward travelling waves in fact do occur 

during the wave-free period. However, wave intensity calculation is unable to identify these 

waves because it uses differentiation, whereby the slow changes in diastole are relatively 

suppressed. Westerhof et al. thus claim that pressure and flow waves are present in diastole 

and the wave-free period is not free of waves. However, the physiological principles of the 

application of wave separation analysis to diastole have also been criticized.42 Tyberg et al. 

postulated that much of this controversy may be explained by a difference in the definition 

of a wave.43 For now, consensus on whether or not the ‘wave-free period’ is actually free 

of pressure and flow waves has not been reached. Westerhof et al. also criticized the use of 

the law of Ohm during selected parts of the cardiac cycle and stated that this is physically 

9
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incorrect and the law of Ohm can only be applied to mean values of pressure and flow. To 

prove this, they argued that if peripheral systemic resistance in the ascending aorta would 

be calculated during the diastole specifically, it would be infinite because diastolic flow is 

negligible, while blood pressure is preserved. Clearly, peripheral resistance is not infinite at 

any point throughout the cardiac cycle and the value of microvascular resistance can only 

be correctly derived when averaged over the whole cardiac cycle. Nevertheless, ascending 

aorta physiology clearly differs from coronary physiology. Westerhof et al. note that their 

criticism is of fundamental nature and if clinical results are satisfying, the use of iFR in 

clinical practice should not be deterred. 

FFR and iFR in various anatomical and pathological conditions
FFR has been extensively validated in a variety of different anatomical and pathological 

conditions. Similar research is steadily being acquired for iFR. In this paragraph, 

conditions where either iFR or FFR could have an advantage of the other are discussed 

(non-culprit stenosis assessment in the setting of acute myocardial infarction and aortic 

valvular stenosis are discussed in the supplements).

Diffuse disease and serial stenosis

Diffuse disease and serial stenosis are frequently encountered in clinical practice. By 

pulling back the pressure wire from the distal end of the vessel towards the ostium of the 

coronary artery, FFR step ups can be detected under stable hyperemic conditions.44 The 

operator can then assess where in the vessel the biggest FFR step-ups occur and look for 

optimal locations to perform PCI. In the case of serial stenosis, the assessment of FFR 

is complicated by its dependence on the hyperemic flow across the lesions. Eliminating 

one stenosis by PCI causes the total resistance of the vessel to decrease with a subsequent 

increase in hyperemic flow across the second stenosis. Because the trans-stenotic pressure 

gradient depends on flow velocity (according to the water hammer equations41), the 

pressure gradient across the remaining stenosis will increase by an unpredictable amount. 

For this reason, accurate prediction of the contribution of either stenosis towards the 

overall FFR cannot be done prior to PCI. Resting flow on the other hand, is maintained 

at stable conditions by coronary autoregulation. Because iFR uses resting conditions, it 

appears less prone to interdependence of flow and may better lend itself to predict coronary 

hemodynamics in PCI of serial stenoses (Figure 5).45 Nijjer et al. performed motorized 

pressure wire pullbacks along diffusely diseased vessels or vessels with serial stenoses to 

map iFR along its length.46 Based on this map, the expected iFR after PCI of one of the 

stenoses was calculated. The expected iFR before PCI, matched the observed iFR after 

PCI strikingly well (r=0.96, P<0.001). These results suggest that iFR pullback may have 

an advantage over FFR pullback when guiding PCI in serial stenoses and diffuse disease. 



195

Coronary hemodynamics and clinical applications in stable ischemic heart disease

This could be of clinical importance in order to minimize stent length and avoid stent 

related complications while obtaining a satisfactory physiological result after PCI. An 

iFR pullback modality is now commercially available (iFR Scout™ Pullback Technology; 

Phillips Volcano, San Diego, United States) and a system that incorporates the iFR pullback 

data into the coronary angiogram is in the final stages of development. This pullback 

module improves the graphical interface of iFR and makes it easier to obtain pullback 

curves.

Figure 5 – Physiological assessment of serial stenosis     
This figure schematically shows how iFR can accurately predict the physiological results after PCI of one 
stenosis in the presence of serial stenoses by pullback of the pressure wire. Because hyperemic flow, 
is affected by stenosis cross‑talk, prediction of the physiological result is less accurate for FFR. Panel A 
depicts three consecutive steps in the revascularization of two serial stenoses. Panel B shows the classic 
relationship between flow velocity and pressure gradient as described by Gould et al.55 The squares 
represent resting conditions and the circles represent coronary hyperemia. Panel C shows that resting 
flow is kept stable across stenosis severities, while hyperemic flow gradually falls. Because resting flow 
is similar in scenario 1 and 2, the pressure gradient across the proximal stenosis does not change when 
the distal stenosis is treated by PCI. However, hyperemic flow rises by an unpredictable magnitude if the 
distal stenosis is treated and the trans-stenotic gradient across the proximal stenosis concomitantly is 
increased by an unpredictable amount.

Influence of hemodynamic fluctuations
Fluctuations in heart rate and filling state frequently occur in the catheterization 

laboratory, for example due to anxiety, pain or prehydration to prevent contrast induced 

nephropathy. Changes in heart rate and loading conditions influence myocardial oxygen 

demand. Coronary blood flow changes accordingly to match demand by autoregulation 

(Figure 6A).47 When the hyperemic state is pharmacologically induced, autoregulation 

is exhausted and fluctuations in heart rate and filling state will not affect blood flow. 

As explained earlier, the trans-stenotic pressure gradient is dependent on the velocity of 

coronary flow across the lesion. Therefore, hemodynamic variability has been suggested 

as a source of error to iFR.25, 26 This reasoning is physiologically sound, but evidence 

9
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pertaining to the diagnostic impact of hemodynamic variability on iFR is conflicting. The 

ADVISE study found no correlation between either heart rate, systolic or diastolic pressure 

and iFR.21 This is confirmed in the CLARIFY study, showing that heart rate variability 

does not appreciably influence the relationship between iFR and either FFR or HSR.17 The  

VERIFY study contravenes these findings and shows that the relative difference between 

iFR and FFR is significantly correlated with both resting heart rate and blood pressure.25 

In atrial fibrillation, it is claimed that iFR can still be calculated accurately and registry 

studies comparing iFR and FFR did not exclude atrial fibrillation patients. It can be 

envisaged however, that if heart rate is not appropriately controlled pharmacologically, 

myocardial oxygen demand increases. This renders a pseudo hyperemic state that is not 

representative of true resting conditions, which could lead to a falsely decreased iFR. 

At present, additional evidence is needed to learn whether iFR is truly susceptible to 

hemodynamic variability.

 
Figure 6 – iFR and FFR in specific hemodynamic circumstances            
Panel A : When myocardial demand increases , rest ing f low adapts according-
ly through coronar y autoregulation. Because the trans‑stenotic pressure gradi -
ent is dependent on f low velocity, iFR may be prone to hemodynamic variability. 
Panel B: If maximal hyperemia is insufficiently induced, FFR can underestimate stenosis severity.

Attenuated response to adenosine
Establishing maximal coronary hyperemia is crucial to reliable estimation of stenosis 

severity by FFR and if hyperemia is not sufficiently established, FFR may underestimate 

stenosis severity (Figure 6B). However, microcirculatory dysfunction secondary to 

hypertrophic or dilated cardiomyopathy, or clinical risk factors such as diabetes mellitus 

or hypercholesterolemia, can attenuate maximal hyperemic coronary flow.48 Also, not 

all patients have a response to adenosine that mimics the hyperemic coronary response 

to vigorous exercise.49 This resistance to adenosine depends on genetic background.50 

Furthermore, caffeine and theophylline both competitively antagonize the adenosine-

receptor and thereby interfere with the actions of adenosine.13 As such, insufficient 

establishment of hyperemia can occur when theophylline containing medication or caffeine 

products are consumed prior to intervention. Therefore, it is advised to discontinue these 
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substances 12 hours prior to FFR measurement.13 These examples illustrate that maximal 

hyperemia is not always established when measuring FFR. These considerations are not 

applicable to iFR and this may speaks to its advantage. 

Future of iFR
The compiled evidence discussed in this review, indicates that iFR is a promising novel 

tool that can be readily employed to guide coronary revascularization. Before iFR is 

used routinely, randomized clinical testing is required and two randomized clinical trials 

are being performed. Both trials assess non-inferiority of iFR compared to FFR guided 

revascularization of intermediate stenoses with respect to clinical outcomes. Functional 

Lesion Assessment of Intermediate Stenosis to Guide Revascularisation (DEFINE-FLAIR; 

ClinicalTrials.gov Identifier: NCT02053038) randomizes 2500 patients 1:1 to either iFR or 

FFR guided revascularization.51 The trial recruits patients from 47 centers in 18 countries 

across Europe, North-America, Africa and Asia. The primary endpoint is a composite of 

death, myocardial infarction and unplanned revascularization at 1 year follow-up. Results 

are expected to be available in the beginning of 2017. The Evaluation of iFR vs FFR in 

Stable Angina or Acute Coronary Syndrome study (iFR-SWEDEHEART; ClinicalTrials.

gov Identifier: NCT02166736) has a similar design as DEFINE-FLAIR but randomizes 

2000 patients in Scandinavia instead.52 iFR-SWEDEHEART derives its clinical outcomes 

from registry data acquired in the Swedish Coronary Angiography and Angioplasty 

Registry (SCAAR) and results are also expected in 2017. If the DEFINE-FLAIR and iFR-

SWEDEHEART trial demonstrate non-inferiority of iFR guided revascularization, it may 

receive a similar IA recommendation in clinical guidelines as is currently issued for FFR.3, 

4 Operators will then be faced with selecting the appropriate physiological modality for 

each individual patient. As discussed throughout this review, evidence suggests there may 

be a preference for iFR over FFR in specific situations and vice versa in other situations 

(Figure 7). Another option is a hybrid FFR and iFR strategy which is further discussed in 

the supplements.53 In patients with clear contra-indications to adenosine such as severely 

obstructive pulmonary disease, high-grade atrioventricular nodal blocks or profound 

arterial hypotension, FFR measurement cannot be performed. Because regulatory agencies 

of both Europe (CE-Mark) and the United States (Food and Drug Administration) in 

patients with contra-indications to adenosine. Finally, it should be kept in mind that while 

a rigid, dichotomous cut-point of 0.80 or less to indicate revascularization is used for FFR, 

the value of FFR represents a continuum where lower values indicate myocardial perfusion 

is increasingly compromised.5 For instance, a FFR value of 0.83 corresponds to a 17% 

reduction in coronary blood flow caused by the stenosis. For iFR, a dichotomous cut-point 

of 0.90 exists that corresponds to the FFR cut-point of 0.80.27 However iFR does not have 

a similar conceptual framework where values of iFR represent a given loss in coronary flow. 

9



198

Part 2 - Chapter 9

Furthermore, lower FFR directly associates with worse outcomes.54 As such, the clinical 

implications both in terms of reduction in blood flow and prognostic value of specific FFR 

results are ingrained into the minds of physicians. However, the conceptual framework of 

iFR should be interpreted different than that of FFR. iFR relies on the downstream effects 

of the epicardial stenosis on the microcirculatory autoregulatory reserve and therefore, 

measured iFR values can not be tied directly to a given reduction in coronary blood flow. 

Furthermore, in contrast to FFR, the prognostic implications for specific iFR values is not 

investigated yet. Future scientific efforts should be expanded towards further delineation 

of the conceptual and prognostic framework of iFR to help physicians better understand 

the implications of specific iFR values.

Impact on clinical practice
iFR is a promising new physiological tool to guide revascularization of intermediate 

coronary artery disease that does not rely on pharmacological hyperemia, but on the 

natural depletion of the autoregulatory reserve owing to the stenosis instead. FFR and 

iFR have similar diagnostic accuracy when compared to different surrogate measures of 

myocardial ischemia, but have different strengths and weaknesses. Non-inferiority of 

iFR compared to FFR guided revascularization is being investigated in two clinical trials 

and the outcome will decide whether iFR guided revascularization can be used in clinical 

practice.

Figure 7 – Advantages and disadvantages of iFR compared to FFR    
Long arrows indicate that existing evidence strongly favours the modality, while the short arrows indicate 
some advantage. Question marks (?) indicate that the presumed advantage is based on observed flow 
changes, that were theoretically extended to changes in the pressure ratio’s iFR and FFR
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Supplementary Appendix for Chapter 9

Measurement of iFR
With the exception of hyperemia, measurement of iFR is largely similar to FFR and proper 

normalization of aortic and distal pressure, administration of nitrates and pressure drift 

assessment are imperative. iFR should be measured under true coronary resting conditions: 

i.e. no immediately preceding intracoronary injections of saline, contrast agent or other 

substances. A specialized iFR algorithm embedded within the iFR console (proprietary 

to Phillips Volcano, San Diego, USA) identifies the wave-free period window is detected 

based on the ECG. iFR is calculated as the ratio of mean distal to mean aortic pressure 

during the wave-free period window. Of note, the iFR algorithm does not perform wave-

intensity analysis to detect the patient specific wave-free period, but uses the definition of 

25% the way into diastole through 5 ms before the start of systole.

The iFR and baseline Pd/Pa relationship
The need to assess the wave-free period specifically in order to obtain diagnostically 

accurate resting measurements has been called into question.26 Both the retrospective 

RESOLVE study and the meticulously conducted prospective ADVISE II study failed 

to demonstrate superiority of iFR over baseline Pd/Pa calculated over the whole cardiac 

cycle when compared to FFR.27, 56, 57 While the correlation coefficient between iFR and 

baseline Pd/Pa is strong (r = 0.97; P<0.001 as reported in the RESOLVE study27), it is 

important to note that iFR and baseline Pd/Pa are not interchangeable. Discordance does 

occur and divergence between the indices is most pronounced at lower values. The group 

that proposed iFR stated that it is less sensitive to measurement errors and pressure drift 

than Pd/Pa, because the resting trans-stenotic pressure gradient is larger during the wave-

free period than during the whole cycle.53, 58 Furthermore, the values of the baseline Pd/

Pa are spread across a narrower range of values when compared to iFR, again suggesting 

that baseline Pd/Pa is more prone to pressure drift.40, 59 Further work is needed to determine 

whether the iFR algorithm is truly needed to accurately perform pressure measurements 

under resting conditions or if using the simpler baseline Pd/Pa would suffice. However, the 

aforementioned discordance between iFR and baseline Pd/Pa means that the upcoming 

randomized clinical trials investigating iFR, do not apply to baseline Pd/Pa. Dedicated 

studies would need to be undertaken before baseline Pd/Pa could be clinically implemented.

Lesion assessment in the setting of aortic valvular stenosis
While autoregulation may impact the iFR results under variable hemodynamic resting 

conditions, it may conversely ensure that structural cardiac alterations will have a reduced 

impact on resting in comparison to hyperemic conditions. Wiegerinck et al. recently 

9
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demonstrated that in patients undergoing transcatheter aortic valve implantation, the 

procedure did not alter coronary flow velocity nor microvascular resistance under resting 

conditions in unobstructed coronary arteries.60 Under hyperemic conditions however, 

coronary flow velocity rose while microvascular resistance declined after the procedure. 

This was attributed to normalization of the left ventricular end-diastolic pressure that 

relieves the extravascular compression of the coronary microvasculature during hyperemia. 

Under resting conditions however, autoregulation ensures that the myocardial perfusion 

remains preserved irrespective of the left ventricular end-diastolic pressure. This could be 

important in the context of physiological assessment to indicate concomitant coronary 

artery bypass grafting in the work-up of surgical aortic valve replacement. FFR could 

initially be negative secondary to a relatively low flow across the stenoses and become 

positive after hyperemic flow increases when the aortic stenosis is relieved. Consequently, 

concomitant bypass grafting may be ‘falsely’ deferred. Resting modalities such as iFR may 

be preferable in this setting, because resting flow, and iFR by extension, does not change 

after relieving aortic stenosis. It must be kept in mind however, that the expected change 

in trans-stenotic pressure gradient in the setting of aortic valve replacement is a theoretical 

extension of observed changes in coronary flow. Further work is needed to definitively 

establish the actual FFR and iFR changes in this context.

Non-culprit lesion assessment in the setting of acute myocardial 
infarction
In the acute phase of ST segment elevation myocardial infarction, an immediate increase 

in resting flow, as well as a reduction in hyperemic flow are observed.61 This is not only 

observed in culprit arteries, but also in non-culprit arteries. Recent clinical trials have 

shown that rapid revascularization of obstructed non-culprit arteries in addition to the 

culprit artery, is beneficial to clinical outcomes.62-64 Ideally, revascularization of coronary 

artery disease is guided by physiological lesion assessment.6, 7 However, the alterations in 

coronary flow could theoretically lead to overestimation of non-culprit stenoses by iFR 

and underestimation by FFR in the acute phase. Baseline flow swiftly restores to definitive 

values, which may permit accurate assessment by iFR briefly after the event.65 Non-culprit 

hyperemic flow gradually increases up until 6 months after acute myocardial infarction.65-67 

Thereby, revascularization on the basis of FFR may be deferred in the acute phase, but 

become indicated if it were measured at a later stage when hyperemic flow has restored 

to definitive values. Despite these considerations, a study by Ntalianis et al. indicates that 

FFR in intermediate non-culprit stenoses remained unchanged between the acute moment 

and approximately one month later.68 For iFR, such study has not yet been conducted. 

Dedicated studies are needed to establish whether FFR or iFR guided revascularization is 
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preferable in the setting non-culprit revascularization in the setting of acute myocardial 

infarction.

FFR and iFR hybrid approach
Another proposed approach is to employ a hybrid iFR and FFR strategy. With this strategy, 

iFR is measured first and if it is below 0.86, revascularization is indicated and if its above 

0.93, deferral of revascularization is indicated. When iFR falls within its diagnostic ‘grey-

zone’ between 0.86 and 0.93, revascularization will be guided by FFR measurement and 

adenosine is administered.53 With this hybrid approach, iFR alone is measured in 57 to 

68% of cases and adenosine can be thus be obviated.26, 53, 56, 69, 70 Nevertheless, a good 

classification agreement with FFR only guided revascularization of 91 to 95% is retained. 

The hybrid iFR and FFR strategy has been endorsed in the ongoing SYNergy between 

percutaneous coronary intervention with TAXus and cardiac surgery II (SYNTAX II) 

study.71 This study investigates the treatment of three vessel disease with contemporary 

PCI techniques in patients with an intermediate anatomical SYNTAX score. Because 

procedural times are relatively long in patients with three vessel disease, the potential to 

obviate adenosine administration in up to three vessels, will significantly expedite the 

procedure and enhance feasibility of the study. The SYNTAX II study demonstrates how 

uptake of physiological interrogation of coronary artery disease may be improved by 

refraining from the time consuming process of establishing coronary hyperemia. 
9
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Abstract
Aims Guidelines recommend the use of fractional flow reserve (FFR) to guide percutaneous 

coronary intervention. For this purpose, physiological lesion assessment without adenosine 

may have a similar diagnostic accuracy as FFR. We aimed to investigate the performances 

of FFR, resting instantaneous wave-free ratio (iFR) and resting Pd/Pa compared to [15O]

H2O positron emission tomography (PET) perfusion imaging.

Methods and results [15O]H2O PET and intracoronary pressure measurements were 

evaluated in 320 coronary arteries (of which 136 coronary stenoses) in 129 stable patients. 

The primary analysis consisting of the area-under-the-receiver-operating-characteristic 

curve for impaired PET hyperemic myocardial blood flow (MBF)  <2.3 mL·min-1·g-1 in 

coronary stenoses was 0.78 (95% confidence interval (CI): 0.70-0.85) for FFR, 0.74 

(95%CI: 0.66-0.81) for iFR and 0.75 (95%CI: 0.67-0.82) for Pd/Pa. No significant 

differences between area-under-the-receiver-operating-characteristic curve were observed 

for any two indices compared. In a secondary analysis, the diagnostic accuracy compared 

to impaired PET hyperemic MBF in coronary stenoses was 72% (95%CI: 64-79%, κ: 0.44) 

for FFR ≤0.80, 72% (95%CI: 64-80%, κ: 0.44) for iFR ≤0.89, and 70% (95%CI: 62-78%, 

κ: 0.40) for Pd/Pa ≤0.92. Other secondary analyses included a comparison of physiological 

indices with PET hyperemic MBF in all vessels and all of the aforementioned analyses using 

PET MPR as comparator. Statistical testing for the secondary analyses, showed results 

that were consistent with the results of the primary analysis.

Conclusion FFR, iFR and Pd/Pa showed a similar performance when compared with PET 

imaging. Our results support the validity of invasive physiological lesion assessment under 

resting conditions by iFR or Pd/Pa.
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Introduction
Invasive physiological assessment can be used to identify stenoses responsible for inducible 

myocardial ischemia and guide percutaneous coronary intervention (PCI).1 Fractional 

flow reserve (FFR) is a physiological measurement that uses invasively measured coronary 

blood pressure to assess the proportion of maximal myocardial flow in the presence of a 

stenosis compared to the theoretical absence of that stenosis.2, 3 Randomized clinical trials 

have shown that clinical outcomes are influenced favourably when FFR is used to guide 

PCI.4, 5 In clinical practice however, FFR measurement is not performed in all patients 

in whom it is a guideline-based recommendation.6-8 A reason for the suboptimal clinical 

guideline adherence could be the requirement of vasodilating agents such as adenosine to 

measure FFR. These vasodilating agents can invoke side-effects.9, 10 Instantaneous wave-

free ratio (iFR) was introduced as an alternative to FFR that does not require vasodilatory 

medication, since iFR is measured in the resting state.11 Studies have found classification 

agreement between FFR and iFR in approximately 80% of the cases.11, 12 Randomized 

clinical trials have demonstrated that FFR and iFR guided PCI yield similar clinical 

outcomes, and that iFR guided PCI was associated with reduced procedural time and 

less adverse procedural symptoms compared with FFR guided PCI.9, 13 Finally, it is of 

importance to understand the diagnostic accuracy of iFR and FFR to detect myocardial 

ischemia. For this purpose, several studies have been undertaken.14-17 Unfortunately, all 

of these studies have used imperfect external measurements of myocardial ischemia: 

hyperemic stenosis resistance index is not a surrogate for myocardial ischemia as does not 

take into account the microcirculation14, the coronary flow velocity reserve is influenced 

by loading conditions and coronary hemodynamics16, 18, single-photon emission computed 

tomography has limited spatial resolution and relies on qualitative rather than quantitative 

evaluation of perfusion15, 19, and 13N-ammonia positron emission tomography (PET) 

requires a tracer correction model to account for the incomplete and curvilinear uptake 

of 13N-ammonia in myocardial tissue at higher myocardial flow rates17, 20.

We aimed to evaluate the diagnostic performance of FFR and iFR compared with [15O]H2O 

PET myocardial perfusion imaging. [15O]H2O PET imaging has been extensively validated 

both in both experimental as well as clinical studies and it is the only diagnostic modality 

that reliably quantifies myocardial perfusion in absolute fashion.20, 21 In addition to FFR 

and iFR, we also interrogate the non-hyperemic Pd/Pa, to analyse whether this simple 

index might achieve similar diagnostic accuracy compared with [15O]H2O PET imaging.

10
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Methods
Study population
This study represents a sub-study of the PACIFIC trial of which the protocol has been 

described previously (trial registration: clinicaltrials.gov identifier: NCT01521468).22 

In summary, 208 stable patients referred for invasive coronary angiography due to 

suspected coronary artery disease with an intermediate pre-test probability of coronary 

artery disease as defined by the Diamond and Forrester criteria23, were enrolled into the 

PACIFIC trial. Important exclusion criteria for enrollment in the PACIFIC trial were: 

history of myocardial infarction, history of coronary revascularization, (supra)ventricular 

arrhythmias, heart failure or left ventricular ejection fraction <50%, second or third degree 

atrioventricular block, renal insufficiency and contra-indications to intravenous adenosine. 

Patients underwent [15O]H2O PET imaging to determine absolute regional resting and 

hyperemic myocardial blood flow (MBF). Subsequently, invasive coronary angiography 

was performed within two weeks after [15O]H2O PET imaging. Intracoronary physiological 

measurements were performed in all three coronary arteries after diagnostic angiography 

if permitted by coronary anatomy. All enrolled subjects gave written informed consent 

and the study was performed in accordance with the Declaration of Helsinki. The local 

ethics committee of the VU University Medical Center approved the PACIFIC trial. No 

complications related to any of the study procedures occurred in the PACIFIC trial.22

Study aims
The present study aimed to investigate the diagnostic performance of FFR, iFR and Pd/

Pa compared with impaired [15O]H2O PET myocardial perfusion in the PACIFIC trial 

population. This sub-study was designed in April 2013. Afterwards, the measurement of 

coronary pressure under resting conditions was added to the study protocol. Prior to April 

2013, resting measurements were not routinely performed and therefore, not all data of 

the 208 PACIFIC trial patients is available for analysis in present study. Figure 1 shows 

an example of the measurements used.
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Figure 1: An example of the measurements used in this study is shown. Invasive coronary angiography 
in two different projections demonstrates that this patient has an intermediate stenosis (indicated by 
the asterisk) in the left anterior descending artery. [15O]H2O PET imaging is shown for parametric resting, 
hyperemic and myocardial perfusion reserve measurements. Invasive pressure measurements are shown 
for resting conditions, and during hyperemic conditions after bolus injection of 150 µg of adenosine.

Invasive coronary angiography and haemodynamic recordings
Invasive coronary angiography was performed according to standard procedures. First, 

200 µg intracoronary nitrates were administered. Then, a 0.014-inch wire equipped 

with a pressure sensor (Primewire or Combowire XT, Philips Volcano, San Diego, USA) 

was passed through the aortic guiding catheter. Pressure was equalized with the aortic 

pressure sensor at the tip of the guiding catheter and the wire was placed at the distal 

end of the coronary artery. Instantaneous aortic and distal pressure traces were recorded 

at a sampling rate of 200 Hz and contained at least 10 resting heartbeats and 10 beats 

under hyperemic conditions. Hyperaemia was induced through high dose adenosine, either 

by intracoronary bolus injection of 150 µg or intravenous infusion of 140 µg·kg-1·min-1 

adenosine. At the end of the procedure, pressure drift was assessed and in case of >2 

mmHg drift, the measurement was either repeated or pressure drift was corrected for in 

the final analysis.

Pressure index calculations
For each of the included vessels, FFR, iFR and Pd/Pa were calculated using an automated 

Mathlab script (MathWorks, Natick, MA, USA) with built-in iFR algorithm (proprietary 

to Volcano Corp, San Diego, CA, USA), as previously described.11 All pressure-indices were 

calculated as the ratio between time-averaged distal pressure and aortic pressure. FFR and 

10
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Pd/Pa were computed over the entire cardiac cycle. iFR was computed during the wave-free 

period window. The wave-free period window is defined to start at 25% of the diastolic 

period and ends 5 milliseconds before the start of systole.11 iFR and Pd/Pa were determined 

under resting conditions, where care was taken to avoid preceding intracoronary saline or 

contrast injection. FFR was determined during hyperemic conditions. Physiological indices 

were calculated by a core-laboratory (Imperial College London, UK) who received separate 

and coded hyperemic and resting pressure traces, and were blinded to the angiography or 

PET results. Predefined cut-off threshold were in accordance with literature: FFR ≤0.804, 

5, iFR ≤0.8912, 14 and Pd/Pa ≤0.9212.

Quantitative coronary angiography
Quantitative coronary angiography (CAAS II, Pie Medical, Maastricht, The Netherlands) 

was performed in all coronary stenoses. The following parameters were reported if 

quantitatively determined diameter stenosis percentage exceeded 30%: diameter stenosis 

percentage, minimal and reference lumen diameter, area stenosis, and minimal and 

reference lumen area, and stenosis length.

PET acquisition
The [15O]H2O PET sequence has previously been described in detail.24 Images were first 

obtained under resting conditions and then under hyperemic conditions established 

through intravenous administration of 140 µg·kg-1·min-1 adenosine. A low-dose computed 

tomography was performed to correct for attenuation. Parametric MBF images, showing 

MBF at a voxel level, were generated with corrections for spillover and partial volume 

effects. In-house developed software (Cardiac VUer) was used to quantitatively analyse 

parametric MBF images. Myocardial segments were defined according to the 17 segment 

model of the American Heart Association. To ensure the location of the stenosis 

interrogated by physiological measurement corresponded with the PET imaging, PET scans 

were reviewed together with the coronary angiogram for this study without disclosure of 

the physiological measurement results to the PET scans analysts. For statistical analysis, 

two PET parameters were averaged over a minimum of two adjacent myocardial segments: 

hyperemic MBF (expressed in mL·min-1·g-1) and myocardial perfusion reserve (MPR), 

calculated as the ratio between hyperemic and resting MBF. PET hyperemic MBF was 

used because it most accurately corresponds with significant coronary artery disease.25 

PET MPR was used because it has been repeatedly shown to have significant prognostic 

implications in the setting of stable ischemic heart disease.26, 27 Predefined threshold values 

were <2.3 mL·min-1·g-1 for hyperemic MBF and <2.5 for MPR, which were identified as 

the most accurate cut-off values for [15O]H2O PET perfusion imaging in previous work.25 

In a separate analysis, resting MBF was corrected for the rate-pressure product, which 
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is a measure of myocardial oxygen consumption, and is defined as the product of heart 

rate and systolic blood pressure. Corrected resting MBF28 was defined as: 104 * resting 

MBF / resting rate-pressure product. Corrected MPR was defined as: hyperemic MBF / 

corrected resting MBF.

Statistical analysis
Categorical data are presented as numbers and percentages. Continuous data are presented 

as mean ± standard deviation for normal distribution variables or median with interquartile 

range (IQR) otherwise. Statistical analysis was done on a per-vessel basis. Generalized 

estimating equation (GEE) models were used to account for potential correlation of 

outcomes obtained on multiple vessels within the same patient. For the primary analysis, 

receiver operating characteristic (ROC) curves were generated for each physiological index 

to identify the presence of PET hyperemic MBF in coronary stenoses using predicted values 

obtained from GEE models. DeLong’s test was used to compare area-under-the-receiver-

operating-characteristic curve. Multiple secondary analyses were performed. Firstly, the 

primary analysis was repeated using impaired PET MPR as outcome instead. Second, 

GEE models were used to estimate diagnostic performance characteristics (diagnostic 

accuracy, sensitivity, specificity, positive predictive value and negative predictive value) of 

the physiological indices according to PET defined perfusion impairment (both for PET 

hyperemic MBF and PET MPR) in coronary stenoses. Diagnostic performance of the 

physiological indices was compared using GEE models with an indicator for the index 

as the independent variable. Bonferroni correction for multiple comparison was applied. 

An exchangeable working correlation matrix was used for all GEE models, apart from 

those comparing the positive and negative predictive value models, where an independent 

working correlation matrix was used instead.29 The final secondary analyses included all 

of the aforementioned analyses using the entire study population instead. Cohen’s kappa 

coefficient (κ) was reported to estimate the level of agreement beyond agreement occurring 

by chance. To assess the strength of the relationship between two continuous variables, 

the non-parametric Spearman’s rank correlation coefficient was calculated. A two-sided 

P-value of <0.05 was considered statistically significant. Statistical analyses were performed 

using SPSS V.20 (SPSS, Chicago, IL, USA) and MedCalc Statistical Software V.16.4.3 

(MedCalc Software bvba, Ostend, Belgium).

10
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Table 1: Baseline characteristics on per-patient basis (n=129)

Variable

Male 83 (64%)

Female 46 (36%)

Age (years) 58 ± 8.6

BMI (kg/m2) 27 ± 3.6

Risk factors

 Current or ex-smoker 60 (47%)

 Diabetes Mellitus 20 (16%)

 Hypertension 60 (47%)

 Hypercholesterolemia 48 (37%)

 Family history of CAD 66 (51%)

Medication at time of elective angiography

 Statin 95 (74%)

 Beta blocker 85 (66%)

 ACE inhibitor 24 (19%)

 Angiotensin II receptor blocker 26 (20%)

 Calcium channel blocker 37 (29%)

 Aspirin 111 (86%)

Results
Baseline and procedural characteristics
Analyzable resting and hyperemic physiological measurements were available in 320 

coronary arteries from 129 patients. A flowchart of the patients included in this study is 

presented as Supplementary Figure 1. Table 1 shows the baseline characteristics. Mean age 

was 58 ± 8.6 years and 83 patients were male (64%). Table 2 shows the characteristics of 

the intracoronary physiological measurements and PET imaging on a per-vessel basis. Of 

the 320 physiological measurements, 136 (43%) were in a coronary artery with at least 

30% diameter stenosis and 184 (57%) were in an unobstructed coronary artery. Of the 

measurements taken in coronary stenoses, 53 (39%) stenoses had a proximal lesion location 

and 19 (14%) were serial stenoses. Stenosis diameter was 2.81 mm (IQR 2.30-3.38), 

stenosis area was 1.13 mm2 (0.59-1.88) and stenosis length was 9.73 mm (IQR 7.40-15.3). 

Diameter stenosis percentage was 54±14, and area stenosis percentage was 76 (IQR 69-87).
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Table 2: Procedural characteristics of intracoronary measurements and PET imaging on per-vessel basis

Variable
Whole group

(n=320)

Unobstructed 
coronary 

arteries (n=184)

Coronary 
arteries with a 

stenosis 30-50% 
diameter (n=58)

Coronary 
arteries with a 
stenosis ≥50% 

diameter (n=78)

Target coronary artery

 Right coronary artery 105 (33%) 69 (38%) 16 (28%) 20 (26%)

 Left anterior descending 108 (34%) 44 (24%) 27 (47%) 37 (47%)

 Left circumflex 107 (33%) 71 (39%) 15 (26%) 21 (27%)

Physiological measurements

Resting heart rate (bpm) 68 ± 12 68 ± 11 69 ± 12 69 ± 14

Resting Pa (mmHg) 96 ± 15 96 ± 15 97 ± 13 95 ± 15

Resting Pd (mmHg) 90 ± 18 95 ± 15 93 ± 15 79 ± 22

Hyperaemic heart rate (bpm) 72 ± 13 72 ± 12 72 ± 12 73 ± 16

Hyperaemic Pa (mmHg) 89 ± 15 88 ± 16 89 ± 12 89 ± 15

Hyperaemic Pd (mmHg) 79 ± 19 85 ± 15 78 ± 16 63 ± 20

FFR 0.94 (0.85 - 0.98) 0.97 (0.94 – 1.00) 0.89 (0.82 - 0.96) 0.77 (0.61 - 0.86)

iFR 0.98 (0.93 – 1.00) 0.99 (0.97 – 1.00) 0.96 (0.92 – 0.99) 0.87 (0.77 - 0.94)

Pd/Pa 0.98 (0.94 – 1.00) 0.99 (0.97 - 1.01) 0.97 (0.94 - 1.00) 0.91 (0.83 - 0.96)

Intracoronary 150 µg 
adenosine 230 (72%) 139 (76%) 41 (71%) 50 (64%)

Intravenous 140 µg·kg-1·min-1 
adenosine 90 (28%) 45 (25%) 17 (29%) 28 (36%)

PET measurement

Hyperaemic heart rate (bpm) 80 ± 13 79 ± 13 81 ± 13 79 ± 12

Hyperaemic systolic pressure 
(mmHg) 118 (106 – 126) 118 (106 – 126) 118 (105 – 126) 116 (104 – 127)

Hyperaemic diastolic 
pressure (mmHg) 63 (58 – 69) 63 (58 – 69) 65 (58 – 74) 60 (55 – 67)

Resting MBF (mL·min-1·g-1) 0.90 ± 0.23 0.93 ± 0.25 0.90 ± 0.23 0.83 ± 0.18

Hyperaemic MBF (mL·min-1·g-1) 2.74 ± 1.00 3.07 ± 0.96 2.61 ± 0.90 2.11 ± 0.83

Impaired hyperemic MBF 
<2.3 mL·min-1·g-1 105 (33%) 35 (19%) 21 (37%) 49 (63%)

Myocardial perfusion reserve 3.10 ± 1.06 3.39 ± 1.05 2.93 ± 1.00 2.58 ± 0.78

Impaired MPR <2.5 87 (27%) 30 (16%) 18 (32%) 39 (50%)

Corrected MPR 2.91 ± 1.16 3.18 ± 1.15 2.78 ± 1.05 2.42 ± 1.07

Impaired corrected MPR <2.5 109 (34%) 42 (23%) 22 (38%) 45 (58%)

10
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Comparison of PET and the physiological parameters in coronary 
stenoses
In the coronary stenoses, median values are close to the respective cut-off values for all 

physiological indices; FFR: 0.82 (IQR 0.70-0.91), iFR: 0.92 (IQR 0.83-0.97), and Pd/Pa; 

0.94 (IQR 0.89-0.98). The relationships between the physiological pressure indices and 

PET hyperemic MBF are shown in Figure 2A – 2C, and the relationships between the 

physiological indices and PET MPR are shown in Figure 2D – 2F. The primary analysis 

is shown in Figure 3A and represents ROC curves for the physiological indices to predict 

impaired PET hyperemic MBF: ROC AUC was 0.78 (95% confidence interval (CI): 0.70 

to 0.85) for FFR, 0.74 (95% CI: 0.66 to 0.81) for iFR and 0.75 (95% CI: 0.67 to 0.82) for 

Pd/Pa. No statistically significant differences were observed between ROC AUC. Figure 

3B shows the diagnostic test characteristics for the dichotomized physiological indices to 

predict impaired PET hyperemic MBF: diagnostic agreement with PET MBF was 72% 

(95% CI: 64 to 79) for FFR, 72% (95% CI: 64 to 80) for iFR and 70% (95% CI: 67 to 

78) for Pd/Pa, with no significant differences between diagnostic agreements. Figure 3C 

shows ROC curves for the physiological indices to predict PET MPR <2.5. ROC AUC 

was 0.69 (95% CI: 0.59 to 0.78) for FFR, 0.71 (95% CI: 0.62 to 0.80) for iFR, and 0.69 

(95% CI: 0.59 to 0.78) for Pd/Pa. Figure 3D shows the diagnostic test characteristics for 

the dichotomized physiological indices compared to PET MPR <2.5. Diagnostic accuracy 

was 66% (95% CI: 58 to 74) for FFR, 71% (95% CI: 62 to 78) for iFR and 67% (95% CI: 

59 to 75) for Pd/Pa, with no significant differences between diagnostic agreements. Positive 

and negative likelihood ratios are shown in Supplementary Table 1.

Comparison of PET and the physiological parameters in all vessels
In Figure 4, relationships between the physiological pressure indices and PET imaging 

is shown. Figure 5 shows PET hyperemic MBF as well as PET MPR for coronary 

stenoses stratified according to stenosis diameter percentage with a cut-off value of 

50%, and according to the dichotomized physiological indices. The difference in PET 

hyperemic MBF between a positive and negative result was largest for FFR, followed 

by iFR, then 50% stenosis diameter, and smallest for Pd/Pa. For PET MPR, the largest 

difference was tied between FFR and iFR, followed by 50% stenosis diameter and 

smallest for Pd/Pa. Supplementary Figure 2 depicts scatter-dot plots for the correlation 

between the pressure indices. Categorization disagreement between PET hyperemic MBF 

and one or more pressure index was observed in 92 measurements (29%). The result 

of the three physiological indices for these misclassifications is shown on individual 

basis in Supplementary Table 2 for cases with an impaired PET hyperemic MBF and in 

Supplementary Table 3 for cases with a normal PET hyperemic MBF. Figure 6 shows the 

diagnostic test characteristics for the three physiological indices compared with impaired 
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PET hyperemic MBF (Figure 6A) and impaired PET MPR <2.5 (Figure 6B). No statistically 

significant differences were observed between the diagnostic accuracy of the physiological 

indices. Notably, the specificity and positive predictive value for impaired PET hyperemic 

MBF and the specificity for impaired PET MPR was superior for FFR as compared with 

Pd/Pa. Additionally, iFR had a superior specificity and positive predictive value for PET 

MPR than Pd/Pa. Finally, the results of the analysis using corrected MPR as outcome were 

consistent with the results of the analysis using uncorrected MPR (Supplementary Figures 

3 and 4).

Figure 2: Individual data points show of the physiological indices and PET hyperemic MBF (Panels A-C) 
or PET MPR (Panels D-F) for coronary stenoses. Dashed lines represent the cut‑off values and divide the 
panels into quadrants. Cases with classification agreement between PET and the physiological index are 
in the top‑right and bottom‑left quadrants. Classification disagreements are in the lower‑right and top‑left 
quadrants. The number of classification agreements is shown in each quadrant.
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Figure 3:          
Panels A and C show ROC curves for the physiological indices to correspond with an impaired PET hyperemic 
MBF or PET MPR. P‑values express the probability of a true difference in the area under the ROC curve for 
the physiological indices compared according to DeLong’s test. Panels B and D show the estimated diag-
nostic properties with 95% confidence interval for agreement of the physiological indices with PET perfusion 
imaging. Significance testing was performed between the pressure indices with Bonferroni correction and 
P‑values are shown if P <0.05. Cohen’s kappa coefficient (κ) is shown for the diagnostic accuracy.
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Figure 4:          
This figure is similar to Figure 2, but shows only the individual data points for all included vessels.
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Figure 5:          
This figure shows both PET hyperemic MBF (Panel A) and PET myocardial perfusion reserve (Panel B) as 
characterized by a negative or positive test result for diameter stenosis percentage with a cut‑off of 50%, 
FFR, iFR and Pd/Pa. ∆ indicates the difference between the mean PET values of a positive and negative test 
result with the 95% confidence interval for that difference. Boxes represent median and interquartile range 
with whiskers as the 10th to 90th percentile. Values outside of this range are shown as individual dots. + 
indicates the mean.
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Figure 6:          
This figure show the diagnostic properties with 95% confidence interval for agreement of the physiological 
indices with PET perfusion imaging. The statistical plan is similar to Figure 3B and 3D.

Discussion
In this study, we compared FFR, iFR and Pd/Pa to [15O]H2O PET myocardial perfusion 

imaging. We found that FFR, iFR and Pd/Pa have a similar agreement with PET perfusion, 

whether measured by hyperemic MBF or MPR. Furthermore, these two observations were 

consistent for the analysis involving coronary arteries with a stenosis specifically, as well 

as the analysis involving all available measurements.

Rationale for using [15O]H2O PET perfusion imaging as reference 
standard
The diagnostic accuracy of iFR and Pd/Pa compared to FFR was estimated at 80% in a 

previous study.12 This observation led to the suggestion that the convenience of avoiding 

hyperemic medication with iFR or Pd/Pa, does not weigh up to a diagnostic inaccuracy in 

20% of cases. However, we postulate that it is erroneous to assume that FFR can be used 

as the gold-standard test for diagnostic evaluation of iFR and Pd/Pa and we provide two 

arguments to support this postulate. Firstly, it is impossible for a new test to achieve better 

diagnostic performance than the original test, if the original test is used as the reference 

standard. Secondly, myocardial dysfunction secondary to myocardial ischemia is governed 

by a reduction in coronary flow and not necessarily by changes in coronary pressure as is 

measured by FFR.30 For these two reasons, it seems appropriate to compare the diagnostic 

characteristics of iFR and Pd/Pa against an external reference standard that quantifies 

myocardial perfusion. In our study, PET imaging was used as the reference standard 



221

Coronary hemodynamics and clinical applications in stable ischemic heart disease

since it can reliably measure myocardial perfusion as has been shown experimentally.20 

[15O]H2O was used as PET tracer, because it is metabolically inert and a freely diffusible 

molecule with complete extraction into the myocardium, independent of flow rate and 

metabolic state.31 Therefore, [15O]H2O is the ideal tracer and gold standard for absolute 

quantification of MBF21, without the need for correction models as required with other 

tracers such as 13N-ammonia.

Agreement and disagreement between PET and physiological 
pressure indices
Figures 2 and 4 reveal that the pressure indices do not always agree with the PET 

myocardial perfusion imaging result. However, the misclassifications located in the upper-

right and lower-left quadrants, do not necessarily reflect measurement inaccuracies. These 

misclassifications can represent distinct pathophysiological entities of stable ischemic heart 

disease manifested by a focal stenosis, diffuse atherosclerotic narrowing, microcirculatory 

dysfunction or a combination thereof.32 Misclassifications encountered in the lower-right 

quadrants of Figures 2 and 4, have a reduced myocardial stress perfusion as defined by 

impaired PET perfusion, but are not recognized by the pressure index as such, given 

minor trans-lesional pressure gradients. According to a previously proposed model33, these 

coronary arteries are affected by diffuse atherosclerotic narrowing and/or microcirculatory 

dysfunction. Diffuse atherosclerotic narrowing impairs the coronary volumetric flow 

rate secondary to a reduced luminal area, but blood pressure is relatively spared as flow 

separation losses do not occur. Microcirculatory dysfunction functions as a resistor limiting 

maximal achievable myocardial blood flow without being measured by the intracoronary 

pressure indices and simultaneously attenuates trans-lesional pressure losses by restricting 

coronary flow velocity. Measurements in the upper-left quadrant of Figures 2 and 4 with 

an abnormal pressure index but normal PET perfusion, may reflect coronary arteries 

affected by a focal coronary stenosis but with a preserved microcirculatory function. 

In these cases, coronary revascularization appears futile, since myocardial perfusion is 

already within normal range.

Comparison between iFR and Pd/Pa

Initial studies comparing iFR and Pd/Pa with FFR as reference standard, found comparable 

correlation coefficients and classification agreements.12 However, it remained unclear 

whether or not iFR was superior to Pd/Pa, which does not require a specialized algorithm 

for calculation. Our study shows that the diagnostic test characteristics of iFR tended to 

be numerically superior than those of Pd/Pa. However, the specificity and positive predictive 

value for impaired PET MPR in all vessels were the only analyses where this numerical 

difference also translated into a statistically significant difference. Furthermore, the 

10
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difference in mean PET hyperemic MBF and PET MPR between a positive and negative 

test result was smaller for Pd/Pa than for iFR, and in fact was even smaller for Pd/Pa than 

for 50% diameter stenosis by quantitative coronary angiography. A possible explanation 

for the slightly better performance of iFR compared with Pd/Pa could be that iFR is less 

prone to drift of the distal pressure sensor and artefacts in the pressure curves than Pd/Pa.
34

Clinical implications
With 320 unique measurements from all three coronary arteries, the present study is the 

largest study to compare physiological pressure measurements to an external reference 

standard. In addition, it is the first study to compare these pressure indices to the gold 

standard of myocardial perfusion assessment: hyperemic myocardial blood flow measured 

by [15O]H2O PET imaging. The results of our study suggest that invasive physiological 

assessment by iFR or Pd/Pa does not perform differently from FFR for the evaluation 

of hemodynamically significant ischemic heart disease. This finding implicates that 

adenosine administration can be obviated in clinical practice to increase the convenience 

of physiological lesion assessment for both patient and operator. Our studies corroborate 

the results of the DEFINE-FLAIR and iFR-Swedeheart trials.9, 13 These trials showed 

non-inferiority of an iFR guided PCI strategy compared with a FFR guided strategy with 

respect to clinical outcomes. Also, these studies confirmed that less adverse procedural 

symptoms and signs occurred for iFR than for FFR, and that procedural length is shorter 

with iFR. Finally, the finding that FFR performed similarly to iFR and Pd/Pa for the 

purpose detecting impaired myocardial perfusion, provides support to the hypothesis 

that myocardial ischemia can be detected without the requirement of a pharmacological 

stress agent or exercise.35, 36

Limitations
Firstly, we were required to select predefined cut-off values to dichotomously classify 

stenoses as either normal or abnormal for both the invasive pressure indices and PET 

perfusion imaging parameters. In truth, perfusion impairment and myocardial ischemia 

should not be classified by dichotomous variables, but rather by continuous measures. 

Moreover, studies in structurally normal hearts have documented that PET hyperemic 

MBF has innate inter-individual variability.37 As such, a given PET hyperemic MBF or 

MPR value may represent myocardial ischemia for one patient, but could be sufficient to 

maintain myocardial homeostasis for a different patient. Nevertheless, clinical medicine 

mandates dichotomous decisions and coronary physiology adapted by using a fixed cut-

off value for FFR (0.80) to identify stenoses eligible for PCI.4, 6, 7 We designed this study 

with similar considerations in mind and predefined fixed dichotomous cut-off values for 

both PET and the invasive physiological indices were used based on available literature. 
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Secondly, not all patients in the PACIFIC trial could be analyzed in the present study 

because resting pressure measurements were not recorded in all enrolled subjects. Third, 

the inclusion of only patients with an intermediate pre-test likelihood for coronary artery 

disease, no prior revascularization or known structural heart disease potentially affects 

the external validity of our findings, specifically in high risk individuals in whom a higher 

incidence of diffuse coronary artery disease and coronary microvascular dysfunction may 

be present.

Conclusion
We performed a head-to-head comparison of FFR, iFR and resting Pd/Pa compared with the 

gold standard of myocardial perfusion assessment; [15O]H2O PET imaging. The primary 

analysis, consisting of a comparison between ROC AUC for impaired PET hyperemic MBF 

in coronary stenoses, yielded no significant differences between FFR, iFR and resting Pd/

Pa. Secondary analyses involving all vessels, using impaired PET MPR as comparator and 

comparing the different diagnostic test characteristics of the physiological indices were 

consistent with the findings of the primary analysis. Therefore, our results support the 

validity of adenosine-free physiological lesion assessment by iFR or resting Pd/Pa to guide PCI.
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Supplementary Appendix for Chapter 10

Supplementary Figure 1:        
This flowchart describes the selection of the population used in present study from the original PACIFIC 
trial patient population.

Supplementary Figure 2: Individual data points of the correlation between the physiological indices is 
shown for all vessels (n=320). Dashed lines represent the cut‑off values and the lines divide the panels 
into quadrants. Cases with classification agreement between PET and the physiological index are in the 
top‑right and bottom‑left quadrants. Classification disagreements are in the lower‑right and top‑left 
quadrants. The number of classification agreements is shown in each quadrant. Dashes lines indicate 
the respective cut‑off values for the pressure indices.
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Supplementary Figure 3: Individual data points are shown of the physiological indices and PET corrected 
MPR for all vessels (Panels A‑C) and coronary stenoses (Panels D‑F). Dashed lines represent the cut‑off 
values and divide the panels into quadrants. Cases with classification agreement between PET and the 
physiological index are in the top‑right and bottom‑left quadrants. Classification disagreements are in the 
lower‑right and top‑left quadrants. The number of classification agreements is shown in each quadrant.
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Patient 
number Coronary

FFR 
≤0.80

iFR 
≤0.89

Pd / Pa 
≤0.92

1 RCA + + +

5 RCA + + +

5 LAD + + +

6 LAD + + +

7 RCA + + +

11 LAD + + +

12 RCA + + +

13 RCA + + +

13 LCx + + +

14 RCA + + +

14 LCx - + +

16 LAD + + +

16 LCx + + +

20 RCA + + +

20 LCx + + +

24 RCA + + +

28 LCx + + +

33 LAD + + +

37 LCx + - -

38 RCA + + +

38 LAD + + +

38 LCx + + +

45 LCx + - +

48 RCA + + +

48 LAD + + +

48 LCx + + +

56 LAD + + +

56 LCx + + +

57 RCA + + +

60 LCx + + +

69 RCA - + +

79 RCA + + +

79 LAD + + +

79 LCx + + +

83 LCx + + +

89 LCx + - -

Supplementary Table 2: Cases with PET 
hyperemic MBF <2.3 mL·min-1·g-1 and a classification 
disagreement with at least of the pressure indices

Supplementary Table 3: Cases with PET 
hyperemic MBF ≥2.3 mL·min-1·g-1 and a 
classification disagreement with at least of the 
pressure indices

Patient 
number Coronary

FFR 
≤0.80

iFR 
≤0.89

Pd / Pa 
≤0.92

2 LAD - + +

24 LAD - + +

25 LAD - - +

36 LCx - - +

42 RCA + + +

42 LAD + + +

52 LAD + + +

59 LAD - + +

61 LCx + + -

62 LAD + + +

65 LCx - + +

65 RCA + + +

77 LAD - - +

80 LAD - + +

82 LAD + + +

87 RCA - - +

94 LAD + - +

95 LAD + + +

99 LAD - - +

100 LAD + - -

107 LCx - + +

115 LAD - + +

118 LAD + + +

125 LAD + + +

126 LCx + - -

126 RCA - + +

128 LAD - - +
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 + indicates misclassification with PET;
 - indicates no misclassification with PET

Patient 
number Coronary

FFR 
≤0.80

iFR 
≤0.89

Pd / Pa 
≤0.92

90 LAD + + +

92 RCA + + +

94 LCx + + +

96 RCA + + +

96 LAD + + +

96 LCx + + +

97 RCA + + +

97 LAD + + +

97 LCx + + +

99 RCA + + +

99 LCx + + +

101 RCA + + +

101 LAD + + +

101 LCx + + +

108 RCA + + +

108 LAD - + +

111 RCA + + +

111 LCx + + +

112 RCA + + +

113 LCx + + -

114 LCx + + +

114 LAD + - +

119 LCx + + +

119 LAD - - +

120 LAD + + +

121 RCA + + +

121 LCx + + -

122 RCA + + +

124 RCA + + +

10
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CHAPTER 11

Invasive minimal Microvascular Resistance (mMR) 
is a new index to assess microcirculatory function 

independent of obstructive coronary artery 
disease

Guus A. de Waard, Sukhjinder S. Nijjer, Martijn A. van Lavieren, Nina 
W. van der Hoeven, Ricardo Petraco, Tim P. van de Hoef, Mauro 

Echavarria‑Pínto , Sayan Sen, Peter M. van de Ven, Paul Knaapen, 
Javier Escaned, Jan J. Piek, Justin E. Davies and Niels van Royen

Journal of the American Heart Association 2016 Dec 22;5(12). pii: 
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Abstract
Background Coronary microcirculatory dysfunction (MCD) portends a worse 

cardiovascular outcome. Invasive assessment of MCD by coronary flow reserve (CFR) and 

hyperemic microvascular resistance (HMR) is affected by coronary artery disease (CAD). 

In this study, we propose minimal microvascular resistance (mMR) as a new measure of 

MCD and aim to determine whether mMR is influenced by CAD.

Methods and Results 482 simultaneous measurements of intracoronary Doppler flow 

velocity and pressure were obtained. mMR is defined as the ratio between distal coronary 

pressure and flow velocity during the hyperemic wave-free period. Measurements were 

divided into two cohorts. Cohort 1 was a paired analysis involving 81 pairs with both a 

vessel with and without CAD to investigate whether HMR, CFR and mMR are modulated 

by CAD. CFR was lower and HMR was higher in vessels with CAD than vessels without 

CAD: 2.12±0.79 vs. 2.56±0.63; P<0.001 and 2.61±1.22 vs. 2.31±0.89 mmHg·cm-1·s; 

P = 0.04 respectively. mMR was equal in vessels with and without CAD: 1.54±0.77 vs. 

1.53±0.57 mmHg·cm-1·s; P = 0.90. Differences for CFR occurred when FFR was 0.60-

0.80 or ≤0.60, but not when FFR≥0.80. For HMR, the difference only occurred when 

FFR≤0.60. For mMR, no difference was observed in any FFR stratum. Cohort 2 was used 

for validation and showed significant relationships for CFR and HMR with FFR: Pearson’s 

r = 0.488, P < 0.001 and -0.159, P = 0.03 respectively. mMR had no association with FFR: 

Pearson’s r = 0.055; P = 0.32.

Conclusion mMR is a novel index to assess MCD and is not modified by the presence of 

obstructive CAD.
11



234

Part 2 - Chapter 11

Introduction
The presence of inducible myocardial ischemia adversely affects patient prognosis.1 

Myocardial ischemia is orchestrated by a complex interplay between both obstructive 

coronary artery disease (CAD) as well as microcirculatory dysfunction (MCD).2 In the 

absence of angiographic CAD, an impaired coronary flow reserve (CFR) is a predictor 

of major adverse cardiac events.3 The presence of MCD thus bears important prognostic 

implications and its documentation could aid in identifying patients at high risk of 

adverse outcome. Moreover, a reduced CFR is associated with cardiovascular outcomes 

independently of angiographic CAD.4, 5 Unfortunately, a distinction between the 

contributions of the epicardial and microcirculatory vasculature to myocardial ischemia 

cannot be made on the basis of CFR alone given that its influenced by both.6 Knowledge 

of the invasively measured distal coronary pressure is required to make this distinction.6 

By simultaneous acquisition of coronary blood flow and pressure distal to the stenosis, the 

resistance of the microcirculatory compartment can be calculated. For this reason, invasive 

measurement of microcirculatory resistance better delineates the specific contribution 

of the microcirculatory compartment to myocardial ischemia. Nevertheless, multiple 

studies have demonstrated that invasive hyperemic microcirculatory resistance is higher 

in hemodynamically severe stenosis.7-11 For this reason, it is difficult to assess whether a 

high microcirculatory resistance is due to MCD or because of obstructive CAD. By taking 

into account wedge pressure, microcirculatory resistance may not depend on epicardial 

stenosis severity.7, 12 However, assessment of wedge pressure requires balloon occlusion 

of the coronary artery and is therefore laborious. Alternatively, a correction formula has 

been proposed by Yong et al. that does not require balloon occlusion.13 However, it has 

been contested whether wedge pressure accurately reflects the pressure generated by the 

collateral arteries in the first place.14

An alternative approach for the assessment of microcirculatory resistance is phasic 

analyses of the coronary pressure and flow relationship during diastole, because the 

exclusion of systole could provide more detailed insights into determinants of myocardial 

perfusion than traditional means-per-beat methods.15, 16 Here we propose the minimal 

Microvascular Resistance (mMR) as a method to identify MCD measured during the wave-

free period window. In this study, we investigate the hypothesis that mMR is not modulated 

by the presence of obstructive CAD, unlike CFR and HMR that are traditionally used to 

assess MCD.
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Methods
Study population
For this study, data was used from the Iberian-Dutch-English (IDEAL) collaborators 

study.9 In brief, the IDEAL study involved simultaneously acquired coronary pressure 

and flow velocity data collected in four European academic hospitals. Exclusion criteria 

were significant valvular heart disease, weight >200 kg, previous coronary artery bypass 

surgery, non-ischemic cardiomyopathy and acute myocardial infarction within 48 hours 

of the procedure. Measurements were not acquired in vessels supplying previously known 

infarcted territories, angiographically identifiable myocardial bridging or collateral 

arteries. The study was approved by the institutional review committees and all subjects 

gave informed consent.

Coronary catheterization
Coronary angiography and pressure-flow assessments of coronary stenoses were performed 

using conventional approaches via either the femoral or radial artery. Measurements were 

obtained using a coronary guidewire equipped with a distal pressure and Doppler flow 

velocity sensor (Combowire XT, Volcano Corporation, San Diego, California) after the 

administration of intracoronary nitrates (200 to 300 µg). After coronary angiography, the 

Combowire was introduced and the pressure sensor was equalized with aortic pressure. 

Subsequently, the wire was advanced at least 3 vessel diameters distal to the stenosis, or 

in the distal third part of the coronary artery if angiographic CAD was absent. Doppler 

flow velocity, aortic and distal pressure were first measured under resting conditions. 

Subsequently, hyperemia was induced by administration of adenosine either intracoronary 

(60-150 µg bolus injection) or intravenously (140 µg/kg/min), and measurements were 

repeated. At the end of the procedure, pressure drift was assessed. If pressure drift was 

identified (>2 mmHg) measurements were repeated or corrected for during off-line analysis.

Hemodynamic parameters
Phasic analysis was done using an automated MATLAB script (MathWorks, Natick, 

MA, USA) with built-in algorithm to detect the wave-free period window (developed 

at Imperial College, London and licensed to Volcano Corp, San Diego, CA, USA) as 

previously described.17 Aortic pressure, distal coronary pressure and instantaneous peak 

Doppler flow velocity were averaged over a minimum of three heartbeats during resting 

and hyperemic conditions. This was done for the whole cardiac cycle, as well as the wave-

free period window and the systolic window specifically. The wave-free period window 

was identified as starting 25% the way into diastole (marked by the aortic dicrotic notch) 

and ending 5 milliseconds before systole. Systole was defined as starting at the R peak on 

the electrocardiogram and ending at the dicrotic notch on the aortic pressure trace. Three 

11



236

Part 2 - Chapter 11

indices to measure MCD were calculated: CFR, HMR and mMR (Figure 1). CFR was 

defined as the ratio between hyperemic and resting averaged peak Doppler flow velocity 

(APV). HMR was calculated as the ratio between hyperemic distal coronary pressure and 

hyperemic APV but during the whole cardiac cycle instead. mMR was calculated as the 

ratio of hyperemic distal coronary pressure and hyperemic APV, both measured during 

wave-free period window. Because flow and pressure are linearly related during mid-to-late 

diastole, with stable resistance during this period, patient-specific wave-intensity analysis 

(to precisely define the wave-free period) is not required for calculation of mMR. The 

difference between wave-free period window mMR and whole cycle HMR is that mMR 

measures microcirculatory resistance only in the diastolic window when resistance is at its 

lowest. Myocardial fractional flow reserve (FFR) was calculated as the ratio of hyperemic 

distal coronary and aortic pressure. Instantaneous wave-free ratio (iFR) was calculated as 

the ratio of resting distal coronary and aortic pressure during the wave-free period window. 

Quantitative coronary angiography (CAAS II, Pie Medical, Maastricht, The Netherlands; 

or McKesson, San Francisco, USA) was performed in angiographic stenoses to describe 

diameter stenosis percentage (DS%), minimal and reference lumen diameter, area stenosis, 

minimal and reference lumen area and stenosis length.

Study cohorts
The IDEAL study involved 482 simultaneous intracoronary Doppler flow velocity and 

pressure measurements before percutaneous coronary intervention in 301 patients. We 

aimed to investigate whether CFR, HMR and mMR are modulated by the presence of 

obstructive CAD. Measurements were divided into Cohort 1, which was the primary 

analysis, and Cohort 2, which served as a validation analysis for Cohort 1. Below we 

describe how patients were divided among the cohorts and the merged analyses (this is 

summarized in Figure 2).

Cohort 1
Cohort 1 was used to analyse differences in the parameters of MCD in vessels with 

obstructive CAD and unobstructed vessels within the same patient. From the 482 

measurement taken in 301 patients, 141 paired measurements were available in 61 patients. 

Because in some patients multiple stenoses or reference measurements were taken, a total 

of 81 pairs could be formed. These additional pairs were formed to increase the statistical 

power of the analysis. The paired analysis was also stratified into three group according to 

FFR: ≥0.80, 0.60 – 0.80 and ≤0.60. These groups were chosen because 0.80 is the clinical 

cut-off value for FFR and it was previously reported that collateral flow only affects HMR 

in stenoses with FFR ≤0.60.18
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Figure 1: Exemplary data from a patient of Cohort 1. Coronary angiography is shown in the left panel, 
with a 77% diameter stenosis in the mid LAD and no obstructions in the LCx. Invasive measurements of 
hyperemic pressure, Doppler flow velocity and instantaneous microcirculatory resistance are shown in 
the right panels. HMR was sampled during the whole cardiac cycle (shaded in green), while mMR was 
sampled during the hyperemic wave‑free period (shaded in blue). Both HMR and mMR were calculated 
as the ratio of distal pressure and flow velocity. The LAD stenosis was hemodynamically severe with a 
FFR of 0.53, while FFR was 0.99 in the unobstructed LCx. HMR is numerically higher in the LAD than in the 
unobstructed LCx: 3.60 and 2.61 mmHg·cm-1·s respectively, attributable to higher systolic resistance. mMR 
was comparable in the LAD and LCx at 1.50 and 1.60 mmHg·cm-1·s respectively.

Cohort 2
Cohort 2 was used as validation for Cohort 1 and involved the remaining 341 measurements 

in 240 patients. The measurements that were used in Cohort 1, were not used in Cohort 

2 to provide an unbiased analysis. In Cohort 2, the relationships between the parameters 

CFR, HMR and mMR with both DS%, as well as FFR were assessed. In a regression 

model, the relationship between mMR and DS% was also assessed when corrected for 

the influence of risk factors for atherosclerosis. Both FFR and DS% were used to indicate 

stenosis severity in this study. FFR because it best indicates hemodynamic stenosis severity 

and DS% because it its assessment does not involve pressure of flow data that are also used 

in the calculation of CFR, HMR and mMR.

Merged analyses of both cohorts:
Finally, the measurements of Cohorts 1 and 2 were merged in order to better understand 

the clinical applicability of mMR and to further explore the phasic nature of coronary flow 

velocity, pressure and microcirculatory resistance. First, HMR and mMR in all stenoses 

(n=281) were analysed according to the four quadrant FFR and CFR relationship19, 20 as 

divided by the respective cut-off points of 0.80 for FFR and 2.0 for CFR. Only stenoses 

were included in this analysis in order to not skew the FFR and CFR relationship. 

11
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Second, regression analysis was performed between hyperemic APV, distal pressure and 

microcirculatory resistance with DS% according to three phases of the cardiac cycle: whole 

cardiac cycle, diastolic wave-free period window and the systolic window. For this phasic 

analysis, the whole study cohort was used (n=482 measurements). Third, we assessed whether 

mMR was positively associated with the presence of uncorrected hypertension, since it 

has been reported that hypertension is causally related to microvascular dysfunction.21 For 

this analysis, three groups were defined: 1. Patients with a history of hypertension that is 

uncontrolled, defined as systolic blood pressure ≥140 mmHg and/or diastolic blood pressure 

≥90 mmHg (n=82, 27%), 2. Patients with a history of hypertension that has been adequately 

managed, defined as systolic blood pressure <140 mmHg and diastolic blood pressure <90 

mmHg (n=75, 25%) and 3. Patients without a history of hypertension (n=144, 48%).

Statistical analysis
Categorical data are presented as numbers and percentages. Continuous data were visually 

assessed for normality using histograms and Q-Q plots. Continuous data are presented 

as mean ± standard deviation for normally distributed data or median with interquartile 

range. Associations were tested using generalized estimating equations (GEE) with an 

exchangeable working correlation matrix to take into account correlation between 

observations because multiple vessels per patient were used in some cases. Relationships 

between two continuous variables were estimated using regression models including 

linear and quadratic terms. Quadratic terms were only included in the model when the 

corresponding regression coefficient was statistically significant. Heteroscedasticity was 

visually assessed for the regression models by plotting standardized residuals versus the 

standardized predicted values. The P-value of these models were determined using GEE. 

Pearson’s correlation was added to quantify the strength of the association. In Cohort 1, 

statistical differences between the vessels with a stenosis and the unobstructed vessels were 

tested using paired samples T-test or Wilcoxon signed-rank test in case of non-normally 

distributed values. In Cohort 2, the association between mMR and DS% in addition to 

risk factors for cardiovascular disease was analyzed using multivariate GEE analysis. In the 

first block, risk factors for cardiovascular disease were entered and backward elimination 

of variables based on P-value was performed. At each step, the risk factor with the highest 

P-value was eliminated until only variables with a significant P-value remained. In the 

second block, the association between mMR and DS% was assessed when corrected for 

the remaining significant cardiovascular risk factors from the first block. In the merged 

analyses, Bonferroni’s post-hoc correction was used to detect differences for the FFR-

CFR quadrant analysis and the hypertension analysis. A two-sided P-value of <0.05 was 

considered statistically significant. Statistical analyses were performed using SPSS V.20 

(SPSS, Chicago, IL, USA).
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 Figure 2: The flow of patients through the study is depicted in this flowchart.

Results
Patient characteristics
Patient as well as measurement characteristics are shown for both the complete cohort 

(age: 61±9.6 years and a majority of male patients, 69%) and also stratified according to 

Cohort 1 and 2 in Table 1. Measurements were most frequently taken in the left anterior 

descending coronary artery (n=226, 47%). In the vessel with an angiographic obstruction, 

FFR and iFR were within the grey-zone, 0.78±0.17 and 0.84±0.20 respectively. This 

corresponded to a mean DS% of 55±16, indicating that on average, the stenoses were of 

intermediate physiological and anatomical severity. Heart rate and aortic pressure did 

not differ in vessels with an angiographic stenosis and unobstructed vessels. Patient and 

measurement characteristics were comparable in Cohort 1 and Cohort 2.

Cohort 1: Paired analysis of vessels with a stenosis and non-
obstructed coronary arteries
For the paired analysis, anatomic characteristics and hemodynamic parameters are shown 

in Table 2 for both the vessel with an angiographic stenosis as well as the unobstructed 

11



240

Part 2 - Chapter 11

artery. On average, the vessels with an angiographic stenosis had an intermediate DS% of 

54±17. Mean FFR was below the ischemic cut-off at 0.73±0.21 and this was significantly 

lower than the mean FFR in unobstructed reference vessels at 0.95±0.04, P < 0.001. The 

paired analysis for the study parameters CFR, HMR and mMR is shown in Figure 3 and 

parameters were stratified according to a FFR groups. CFR was significantly lower in 

vessels with a stenosis than unobstructed vessels: 2.12±0.79 vs. 2.56±0.63, P < 0.001. 

HMR was also significantly higher in stenoses than in unobstructed coronary arteries: 

2.61±1.22 vs. 2.31±0.89 mmHg·cm-1·s; P = 0.04. mMR was the only parameter that 

was equal in vessels with a stenosis and unobstructed reference vessels: 1.54±0.77 vs. 

1.53±0.53 mmHg·cm-1·s; P = 0.90. After stratification according to FFR, CFR was equal 

in stenosis and unobstructed vessels in the FFR ≥0.80 stratum: 2.59±0.70 vs. 2.48±0.63; 

P = 0.40), but significantly lower in the FFR 0.60 – 0.80 and FFR ≤0.60 strata (2.02±0.55 

vs. 2.46±0.54; P = 0.03 for FFR 0.60 – 0.80, and 1.42±0.47 vs. 2.75±0.68; P < 0.001 

for FFR ≤0.60). HMR was equal in stenosis and unobstructed vessels in the FFR ≥0.80 

stratum: 2.54±0.94 vs. 2.67±1.02 mmHg·cm-1·s; P = 0.34, and FFR 0.60 – 0.80: 2.71±1.66 

vs. 2.26±0.47 mmHg·cm-1·s; P = 0.26. However, HMR as significantly higher in stenosis 

than reference vessels if FFR ≤0.60: 2.65±1.34 vs. 1.76±0.52 mmHg·cm-1·s; P = 0.004. 

mMR was equivalent in stenosis and reference for all FFR strata (FFR ≥0.80: 1.66±0.66 vs. 

1.75±0.61 mmHg·cm-1·s; P = 0.42, FFR 0.60 – 0.80: 1.67±1.09 vs. 1.52±0.38 mmHg·cm-1·s; 

P = 0.53, and FFR ≤0.60: 1.26±0.65 vs. 1.18±0.39 mmHg·cm-1·s; P = 0.53).

Table 1: Demographics and stenosis characteristics

All patients
Cohort 1:

Paired analysis
Cohort 2:

Influence of DS%

Patients 301 61 240

 Male sex 209 (69%) 49 (80%) 160 (67%)

 Female sex 92 (31%) 12 (20%) 80 (33%)

 Hypertension 157 (52%) 23 (38%) 134 (56%)

 Hypercholesterolemia 172 (57%) 36 (59%) 136 (57%)

 Smoking history 128 (43%) 22 (36%) 106 (44%)

 Diabetes Mellitus 67 (22%) 7 (12%) 66 (25%)

 Family history of CAD 129 (43%) 34 (56%) 95 (40%)

 Previous myocardial infarction* 34 (11%) 4 (6.6% 30 (13%)

 Age (years) 61±9.6 59±8.7 61±10.3
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Coronary arteries 482 141 341

Coronary artery

 Left anterior descending 226 (47%) 59 (42%) 167 (49%)

 Left circumflex 147 (31%) 50 (36%) 97 (28%)

 Right coronary artery 101 (21%) 28 (20%) 73 (21%)

 Intermediate artery 8 (1.7%) 4 (2.8%) 4 (1.2%)

Adenosine administration

 Intravenous 188 (39%) 23 (16%) 165 (48%)

 Intracoronary 294 (61%) 118 (84%) 176 (52%)

Angiographic stenosis 281 (58%) 72 (52%) 209 (61%)

 Fractional flow reserve 0.83 [0.69-0.90] 0.80 [0.52-0.90] 0.84 [0.72-0.90]

 Instantaneous wave-free ratio 0.91 [0.81-0.96] 0.90 [0.70-0.96] 0.92 [0.84-0.96]

 Heart rate (bpm) 75±19 84±27 70±12

 Aortic pressure (mmHg) 99±15 97±14 99±15

 Diameter stenosis % 55±16 55±17 54±15

 Minimal lumen diameter (mm) 1.22±0.52 1.15±0.51 1.27±0.52

 Reference lumen diameter (mm) 2.81±0.77 2.91±0.84 2.80±0.75

 Area stenosis % 80 [70-88] 77 [70-91] 80 [70-87]

 Minimal lumen area (mm2)  0.99 [0.60-1.73] 0.99 [0.62-1.87] 1.01 [0.61-1.77]

 Reference lumen area (mm2) 5.71 [3.89-8.46] 5.68 [3.82-8.31] 5.70 [3.90-8.51]

 Stenosis length (mm) 13.9 [8.0-23.1] 8.14 [6.30-11.9] 17.0 [8.86-24.8]

Angiographically unobstructed 201 69 (48%) 132 (39%)

 Fractional flow reserve 0.97 [0.93-0.99] 0.97 [0.93-0.98] 0.97 [0.93-0.99]

 Instantaneous wave-free ratio 0.98 [0.96-1.00] 0.99 [0.97-1.00] 0.98 [0.96-1.00]

 Heart rate (bpm) 76±21 83±25 72±17

 Aortic pressure (mmHg) 99±16 98±14 99±16

*Only measurements with a previous myocardial infarction in a territory different than the interrogated 
vessel were used in this study.

Cohort 2: Influence of stenosis severity on study parameters
Relationships between both DS% and FFR, and the indices of MCD are plotted in Figure 

4. For both DS% and FFR, significant correlations were found with CFR and HMR. 

DS% and FFR were not significantly correlated with mMR. Multivariate analysis was 

performed to investigate whether mMR was influenced by risk factors for cardiovascular 

disease, anatomic DS% and the presence of a previous myocardial infarction in a different 

territory (Table 3). mMR was only associated with a history of myocardial infarction in 

a different vessel and showed no significant association with DS%.
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Table 2: Paired analysis

Parameter

Vessel with a 
stenosis

mean ±SD or 
median [IQR]

Unobstructed 
reference vessel

mean ±SD or 
median [IQR]

Mean difference 
and 95% CI P-value

FFR 0.80 [0.52-0.90] 0.97 [0.93-0.98] N/A < 0.001

iFR 0.90 [0.69-0.96] 0.90 [0.69-0.96] N/A < 0.001

CFR 2.12 ± 0.79 2.56 ± 0.63 0.44 [0.23 – 0.66] < 0.001

HMR (mmHg·cm-1·s) 2.61 ± 1.22 2.31 ± 0.89 -0.30 [-0.58 – 0.01] 0.04

mMR (mmHg·cm-1·s) 1.54 ± 0.77 1.53 ± 0.57 -0.01 [-0.17 – 0.15] 0.90

Hyperemic Pa (mmHg) 90 ± 12 90 ± 12 -0.1 [-2.1 – 1.9] 0.94

Hyperemic Pd (mmHg) 65 ± 19 86 ± 12 20.9 [16.3 – 25.5] < 0.001

Hyperemic flow velocity (cm/s) 30.4 ± 18.0 42.4 ± 17.0 12.0 [7.1 – 16.9] < 0.001

Hyperemic wave-free period 
Pa (mmHg) 78 ± 10 79 ± 11 0.7 [-1.3 – 2.6] 0.50

Hyperemic wave-free period 
Pd (mmHg) 48 ± 20 74 ± 12 25.5 [20.4 – 30.6] < 0.001

Hyperemic wave-free period 
velocity (cm/s) 36.8 ± 22.9 54.7 ± 23.1 17.9 [10.8 – 24.8] < 0.001

Table 3: Regression model for minimal Microvascular Resistance

Multivariate GEE model with all 
parameters

Multivariate GEE model after 
backward elimination

Parameter Beta ± 
standard error

Beta 95% CI P-value Beta ± 
standard error

Beta 95% CI P-value

Male sex -0.077 ± 0.079 -0.232 to 0.078 0.33

Age (per year increase) 0.003 ± 0.001 0.000 to 0.005 0.09

Hypercholesterolemia -0.157 ± 0.090 -0.333 to 0.017 0.08

Family history of CAD 0.057 ± 0.080 -0.099 to 0.212 0.48

Diabetes Mellitus 0.011 ± 0.095 -0.175 to 0.196 0.91

Hypertension 0.108 ± 0.089 -0.067 to 0.282 0.23

Smoking history 0.005 ± 0.087 -0.165 to 0.175 0.90

Previous myocardial 
infarction*

-0.251 ± 0.121 -0.489 to -0.013 0.04 -0.260 ± 0.110 -0.475 to -0.045 0.02

Diameter stenosis (per 
1% increase)

0.002 ± 0.001 0.000 to 0.005 0.09 0.002 ± 0.001 -0.001 to 0.004 0.15

*Only measurements with a previous myocardial infarction in a territory different than the interrogated 
vessel were used in this study.
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Figure 3 – Cohort 1: Paired analysis       
Panel A: Parameters for quantification of MCD are shown for the paired analysis in Cohort 1. CFR was sig-
nificantly lower in arteries with a coronary stenosis than in unobstructed reference arteries (black bars), 
while HMR was significantly higher in stenoses (white bars). mMR did not differ in stenoses and reference 
arteries. Panel B shows the parameters stratified according to FFR values of ≥0.80, 0.60 – 0.80 and ≤0.60. 
Lower values of CFR were observed in stenoses with FFR 0.60 – 0.80 and ≤0.60, while higher values of HMR 
were observed in pairs with FFR ≤0.60. mMR remained equivalent in stenoses and reference arteries after 
stratification based on FFR. Bars represent mean with error bars as standard deviation.

Merged Cohorts 1 and 2
Mean mMR for the entire population was 1.46±0.70 mmHg·cm-1·s and was almost 

threefold lower than mMR calculated under resting conditions instead of hyperemic 

conditions at 4.03±1.93 mmHg·cm-1·s (P < 0.001). Figure 5 depicts the relationship between 

FFR and CFR for all stenoses in Cohorts 1 and 2 together. Based on the respective cut-off 

values of 0.80 for FFR and 2.0 for CFR, the stenoses were divided into four quadrants. In 

65% of stenoses, FFR and CFR were in concordance (FFR and CFR both normal: 33% 

and FFR and CFR both abnormal: 32%). In 35%, FFR and CFR were discordant (FFR 

abnormal and CFR normal: 11%, and FFR normal and CFR abnormal: 24%). Significant 

differences for both HMR and mMR were observed across the quadrants (P < 0.001 for 

both HMR and mMR), but the distribution differed. HMR was low in the quadrant with 

concordantly normal CFR and FFR. However, HMR was unable to discriminate the 
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stenoses with normal FFR and abnormal CFR from the two quadrants with abnormal 

FFR. mMR was significantly higher in the quadrant with normal FFR and abnormal 

CFR, compared to any of the three other quadrants. mMR was thus able to specifically 

identify the stenoses with normal FFR and abnormal CFR, in which the microcirculatory 

domain provides the greatest contribution to myocardial ischemia. Nevertheless, it is 

expected that MCD exists in a proportion of patients located in the lower left quadrant 

with concordantly abnormal CFR and FFR. mMR is modestly higher in this quadrant 

than the two quadrant with normal CFR. However, this modest did not reach statistical 

significance. Figure 6 shows the phasic relationships between DS % plotted with hyperemic 

distal coronary pressure, APV and microcirculatory resistance. It can be seen that during 

the whole cycle microcirculatory resistance increases as stenosis severity increases (Figure 

6A). This increase in microcirculatory resistance is observed in the systolic window 

and hyperemic APV declines disproportionally compared to hyperemic distal pressure 

(Figure 6B). During the wave-free period window, hyperemic APV and distal pressure 

decline proportionally with increasing stenosis severity (Figure 6C). As such, there is no 

relationship between hyperemic microcirculatory resistance and DS% during the wave-free 

period window. Finally, we analyzed the relationship between hypertension and mMR in 

all measurements of Cohorts 1 and 2 combined (P for interaction based on GEE < 0.001). 

In patients with uncontrolled hypertension mMR was: 1.73±0.95 mmHg·cm-1·s, and 

significantly higher than in patients with controlled hypertension: 1.36±0.57 mmHg·cm-

1·s (P = 0.004) or patients without hypertension: 1.36±0.54 mmHg·cm-1·s (P = 0.001). 

mMR was not found to differ in patients with controlled hypertension and patients without 

hypertension (P = 1.00).

Figure 4 – Cohort 2: Regression analysis       
Stenosis severity defined by both fractional flow reserve (Panel A‑C) and diameter stenosis % (Panel D‑F) 
was plotted with the three parameters of MCD. Panels A and D show that there is a significant correlation 
between CFR and either FFR or DS%. The same is true for HMR in Panels B and E. For mMR, there is no 
correlation with either FFR (Panel C) nor DS% (Panel F). Regression lines were calculated by standard linear 
regression, with P‑values estimated from generalized estimating equations. Measurements in reference 
vessels were graded as 0% DS.
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Figure 5 – FFR and CFR relationship in all stenoses      
A: The relationship between FFR and CFR for all stenoses in Cohorts 1 and 2 is depicted. Dashed lines 
indicate the clinical cut‑off values of FFR at 0.80 and CFR at 2.0 respectively and divide the stenoses into 
four quadrants. In the right upper quadrant, CFR and FFR are concordantly negative (red circles), while in 
the left lower quadrant, CFR and FFR are concordantly positive (blue circles). In the left upper quadrant, 
CAD is predominantly located in the epicardial domain (orange circles). In the right lower quadrant, dis-
ease is predominantly located in the microcirculatory domain (yellow circles). B: HMR values are shown 
for the FFR‑CFR quadrants. HMR is only able to discriminate the right lower FFR‑CFR quadrant (yellow bar) 
from the right upper quadrant (red bar), but is unable to distinguish the right lower quadrant from the 
two quadrants with a positive FFR. C: mMR values for the quadrants are shown. mMR is able to clearly 
identify the involvement of primarily microcirculatory disease as mMR is significantly higher in the right 
lower quadrant (yellow bar) in comparison to the other quadrants. In contrast to HMR, mMR is able to 
discriminate between the right lower quadrant (yellow bar) and the quadrants with positive FFR, because 
mMR is not modified by the presence of epicardial CAD.     
* indicates P<0.05 after Bonferroni correction for multiple comparison. GEE: generalized estimating equa-
tions.
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Figure 6 – Phasic APV, distal pressure and microcirculatory resistance    
Regression lines for the relationships between distal pressure (blue lines), APV (green lines) and microcir-
culatory resistance (red lines) for all measurements made in both reference vessels and coronary arteries 
with a stenosis in Cohort 1 and 2 are shown. Regression lines were estimated for three phases: whole 
cardiac cycle (panel A), systolic window (panel B) and wave‑free period window (panel C). Correlation co-
efficients (r) and P‑values (estimated by GEE) are shown for the microcirculatory resistance in each panel.
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Discussion
In this study, we introduce the mMR as a new hyperemic measure to quantify MCD. mMR 

uses the wave-free period to detect a sampling period when microcirculatory resistance 

is minimized. We find that in contrast to CFR and HMR, mMR is not influenced by the 

presence of obstructive CAD.

CFR and HMR are modified by the presence of obstructive CAD
There is an unmet clinical need for a tool that discriminates between the epicardial and 

microcirculatory contribution to myocardial ischemia.2 As shown by the results of our 

study and those of others, CFR and HMR values are both modified by the presence of 

obstructive CAD. CFR can be determined invasively or non-invasively and informs on 

the degree of autoregulatory reserve that exists within the perfusion territory. CFR is not 

only diminished by MCD, but also by obstructive CAD, that exhaust the autoregulatory 

reserve. As such, CFR is unable to distinguish between the relative contributions of 

the epicardial coronary artery and the coronary microcirculation towards an impaired 

myocardial perfusion. Of note, the aforementioned concept also applies to mMR when 

measured under resting conditions instead of hyperemic conditions. MCD can also be 

studied by the assessment of coronary flow and pressure simultaneously. HMR combines 

hyperemic flow and pressure and is less modified by the presence of obstructive CAD 

than CFR. HMR is analogous to the index of microcirculatory resistance (IMR), which 

is measured using the thermodilution principle. In severe stenoses with FFR below 0.60, 

IMR and HMR are augmented however,18 for which two underlying mechanisms have 

been proposed. Firstly, collateral arteries develop to protect the underlying myocardium 

from ischemic conditions in severely obstructive CAD.22 Collateral arteries complicate the 

assessment of microcirculatory resistance, because coronary flow velocity is measured at 

the location of the sensor and flow arising from collateral arteries that connect to distal 

to the sensor is not measured. Pressure that is generated by collateral arteries on the other 

hand, is transmitted through the coronary artery and detected by the pressure sensor. This 

results in overestimation of microcirculatory resistance in stenoses with collateralization. 

Correction methods to account for the pressure generated by collateral arteries have been 

proposed, but require balloon occlusion of the coronary artery to measure wedge pressure.7, 

12 Although measurements with visible coronary collaterals were excluded in the IDEAL 

collaborators study, hidden collateralization could still be present.22 The second hypothesis 

assumes that the coronary circulation is pressure distensible and that if distal coronary 

pressure is low due to a significant stenosis, the microvessels will decrease in diameter 

and may even collapse when distal pressure is severely reduced, causing microcirculatory 

resistance to increase.14, 23 Regardless of the underlying mechanism, we find that both 

CFR and HMR are modulated by the presence of coronary artery disease. Stratification 

11



248

Part 2 - Chapter 11

according to hemodynamic stenosis severity (Figure 3) reveals that severe stenoses with 

FFR ≤0.60 drive the modification of HMR. This confirms earlier work by Verhoeff et 

al. who found that correction of HMR with wedge pressure was only needed in stenoses 

with FFR below 0.60.18

mMR does not have an association with obstructive CAD
As outlined above, the clinical need to be able to conveniently discriminate between the 

contribution of MCD and obstructive CAD towards myocardial ischemia is not fulfilled 

by CFR or HMR. In our study, we demonstrate that mMR is not influenced by obstructive 

CAD and provide evidence in two separate cohorts. In Cohort 1, mMR did not differ in 

obstructed and reference coronary arteries within the same patient with a trivial mean 

difference between obstructed and reference mMR of -0.01 [95% CI -0.17 to 0.15] 

mmHg·cm-1·s. In Cohort 2, stenosis severity (both by FFR and DS%) did not correlate 

with mMR in either bivariate or multivariate analysis, validating the findings of Cohort 

1. Cohort 2 was also used to investigate whether clinical risk factors that concomitantly 

promote atherosclerosis as well as MCD, such as hypercholesterolemia and diabetes 

mellitus24, confound the relationship between obstructive CAD and mMR. Because the 

association between mMR and DS% remained non-significant in the regression model after 

correction for risk factors, the non-existent relationship between mMR and obstructive 

CAD likely represents a valid finding. The findings of Cohort 1 and 2 together demonstrate 

that mMR is not modified by the presence of obstructive CAD and mMR could be used 

as a clinical measure of MCD in both the presence and absence of obstructive CAD. The 

clinical applicability of mMR is further illustrated by the fact that it is able to identify 

stenoses with a predominant contribution of the microcirculatory domain towards 

myocardial ischemia in the FFR and CFR quadrant model (Figure 5). HMR on the other 

hand, was unable to identify this group as HMR was not statistically different in stenoses 

with abnormal FFR but normal CFR (predominant epicardial disease) and stenoses with 

a normal FFR but abnormal CFR (predominant MCD).20

Elevated microcirculatory resistance is dependent on the cardiac 
phase
Our data indicates that HMR is elevated in obstructive CAD, while this is not observed for 

mMR. As such, the increase in hyperemic resistance in the presence of obstructive CAD 

appears to be a systolic phenomenon. During systole, the resistive intramyocardial arterioles 

are compressed due to the contraction of the left ventricle, whereas during diastole, 

arterioles are not compressed and blood flow is unimpeded.25 Because myocardial perfusion 

predominantly occurs during diastole25, it seems intuitive to measure microcirculatory 

resistance during this phase. Our findings indicate that taking into account systole, leads 
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to overestimation of microcirculatory resistance in the presence of obstructive CAD 

and makes it difficult to assess whether an elevated microcirculatory resistance is due to 

MCD or because of the stenosis (Figure 6). Despite an absent association between mMR 

and obstructive CAD, this does not exclude the possibility that passive microcirculatory 

collapse attributable to pressure distensibility, also occurs during diastole.23 Theoretically, 

an increase in diastolic resistance due to a lower perfusion pressure in the presence of 

obstructive CAD could be balanced by microcirculatory remodelling to result in a net 

maintenance of resistance. The literature is inconclusive whether adaptive remodeling in 

the presence of a flow limiting stenosis increases or decreases the resistive capacity of the 

microcirculation.26, 27 Future work should focus on elucidating this concept.

Relationships of risk factors and microcirculatory dysfunction
To evaluate the relationship between mMR and angiographic stenosis severity, multivariate 

regression analysis was performed (Table 3). Previous myocardial infarction in another 

vessel than the target coronary artery had an independent relationship with lower mMR. 

Although our study was not designed to address this question, this observation may be 

linked to myocardial hypertrophy of non-infarcted segments to compensate for the loss 

of myocardial contractility in the infarcted territory.28 Experimental work suggests this 

compensatory hypertrophy of non-infarcted segments occurs in tandem with increased 

capillary density to account for the additional myocardial perfusion demand.29 The 

increased capillary density could in turn lead to lower mMR values. Furthermore, no 

relationship between mMR and risk factors for cardiovascular disease such as hypertension, 

hypercholesterolemia, diabetes mellitus and a history of smoking was observed in the 

multivariate analysis. Our findings are in line with results of Melikian et al., who found 

an association between thermodilution IMR and the presence of obstructive CAD, but 

no association between IMR and any of the cardiovascular risk factors.10 However, it 

should be taken into account that in some patients risk factors were corrected medically 

or through lifestyle adaptations, whereas in other patients risk factors were not sufficiently 

corrected. Whether risk factors were corrected was not documented in the IDEAL study 

and this precluded depth analysis of the relationship between risk factors and mMR. To 

test associations between mMR and risk factors such as smoking history, diabetes mellitus 

and hypercholesterolemia, dedicated intervention studies are needed that take into account 

factors such as the number of pack-years, oral glucose tolerance test and serum levels of 

Hb1AC, low-density lipoprotein and cholesterol. For hypertension however, invasive blood 

pressure was measured during coronary catheterization and we could assess whether 

hypertension was corrected with medical therapy. mMR was significantly higher in patients 

with uncontrolled hypertension compared to patients with controlled hypertension or 

patients without hypertension. Because a causal relationship between microvascular 
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dysfunction exists21, this finding supports the assumption that mMR is truly reflective of 

MCD. This assumption is further strengthened by the finding that mMR is specifically 

elevated in the quadrant with abnormal CFR and normal FFR.

Limitations
This study has several limitations. First, the measurement of coronary wedge pressure 

by balloon occlusion was not available precluding further insight into the mechanistic 

underlying the relationship between coronary collaterals and the parameters of MCD. 

Secondly, mMR could theoretically be further minimized by adjunctive administration 

of vasodilatory agents on top of adenosine and nitrates, such as alpha-adrenergic receptor 

blockers. Previous research however, has demonstrated that this does not affect FFR and 

IMR measurements to a clinically relevant extent.30 Third, our study was not designed 

to investigate the influence of risk factors for cardiovascular disease on mMR and hard 

conclusions on this dependence can therefore not be made from the regression model. 

Dedicated studies involving sequential mMR measurements in patients with uncorrected 

risk factors, which are then corrected medically or through lifestyle adaptation are required 

to draw definitive conclusions. Fourth, experimental validation of mMR could not be 

performed, because no adequate experimental models exists to study MCD. Furthermore, 

animal species have different coronary collateralization than humans.31 Further validation 

of mMR and mechanistic studies investigating coronary pressure and flow wave analysis 

are required before clinical implementation is considered. Fifth, our study is of retrospective 

nature and the findings should be replicated in a dedicated, prospective study. Furthermore, 

the predictive power of mMR for clinical outcome should be explored and the applicability 

of mMR should be investigated in different clinical settings such as acute myocardial 

infarction and patients with typical symptoms but no obstructive CAD who are likely 

to suffer from MCD. Finally, adequate technical measurements are required for accurate 

measurement of mMR. The use of mMR is limited by insufficient measurement quality in 

a proportion of cases. (13.2% in the IDEAL study).9

Clinical implications
Although our findings need to be replicated, mMR could potentially be used for 

comprehensive physiological assessment. The individual contributions of epicardial CAD 

and MCD can be reliably determined by combined FFR and mMR assessment with just 

one measurement. This could be helpful to predict residual ischemia caused by MCD 

after revascularization without the need for another measurement after the intervention 

that might also be influenced by periprocedural embolization or myocardial infarction. 

Furthermore, in patients with significant CAD in three coronary arteries who require 

coronary artery bypass grafting, measurement cannot be obtained after revascularization. 
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Finally, the finding that the apparent overestimation of microcirculatory resistance is not 

observed during the wave-free period enhances the fundamental understanding of the 

coronary microcirculation.

Conclusion
CFR and HMR have been traditionally used to assess MCD, but are modified by the 

presence of obstructive CAD. The relationship between microcirculatory resistance and 

obstructive CAD however, is only observed when measured during whole-cycle, whereas 

no relation is observed during the diastolic wave-free period window in hyperemic 

conditions. Based on this observation, we propose mMR as a new hyperemic index to 

assess microcirculatory dysfunction that is calculated during this diastolic wave-free period 

window. mMR possesses the unique property that it is unaffected by the presence of 

obstructive CAD and could be a more accurate measure MCD in this context.
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Abstract
Background Inducible myocardial ischemia is influenced by contributions of both the 

epicardial artery and the coronary microcirculation. Experimental studies have found 

adverse microcirculatory remodeling to occur downstream of severe coronary stenoses. 

Coronary physiology studies in patients contradict the experimental findings, as the 

minimal microvascular resistance is not modified by stenoses. The objective was to 

determine whether microcirculatory remodeling occurs downstream of coronary stenoses 

in the human coronary circulation.

Methods and Results Myocardium corresponding to 115 coronary arteries in 55 deceased 

patients was investigated. Histopathological staining of the microcirculation was done 

using antibodies for smooth muscle actin-α and CD31, to stain arterioles and capillaries 

respectively. The following parameters were analyzed: ratio between lumen and wall area; 

ratio between lumen and wall thickness diameter (both ratio’s for arterioles of <40, 40-100 

and 100-200 µm diameter); arteriolar density; and capillary density. From the 55 patients, 

32 pairs of an unobstructed coronary artery and a coronary artery with a stenosis, as 

confirmed by coronary angiography prior to death, were formed. No statistically significant 

differences between any of the microcirculatory parameters were found. A confirmatory 

unpaired analysis compared three groups: 1) Coronary stenoses (n=39), 2) Unobstructed 

coronary arteries in patients with a stenosis in one of the other coronary arteries (n=23), 

and 3) Coronary arteries in patients without coronary artery disease (n=53). Again, no 

statistically significant differences were observed.

Conclusion Our findings demonstrate that downstream remodeling of the microcirculation 

distal to non-critical stenoses does not occur in the human coronary circulation. 12
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Introduction
The coronary arterial circulation can be divided into the epicardial artery and the coronary 

microcirculation, and both components can contribute to inducible myocardial ischemia.
(1) The pathophysiology of epicardial coronary artery disease has been extensively studied 

leading to the development of effective treatment strategies.2-5 Less is known about the 

pathophysiology of microvascular dysfunction and the implications for myocardial 

ischemia. Experimental studies in swine have been done with occluder devices to create 

severe coronary narrowings, in order to investigate the interaction between epicardial 

stenoses and microcirculatory remodeling. It was observed that microcirculatory 

remodeling of the arterioles takes place downstream of a flow limiting stenosis.6-8 This 

microcirculatory remodeling consists of an increase in arteriolar wall thickness together 

with a decrease in luminal area6, 7, and is accompanied by blunted myogenic responses and 

enhanced vasoconstrictor responses8. These structural and functional changes could be 

clinically important, because further restriction of blood flow by adverse microcirculatory 

remodeling, could amplify myocardial ischemia caused by the stenosis. Studies in patients 

using intracoronary flow and pressure wires found that the microvascular resistance after 

maximal vasodilation is also increased distal to stenoses.9-11 However, this increased 

resistance is not observed for minimal microvascular resistance measured in diastole, 

when the myocardium is non-contracted.10 Additionally, the increased microvascular 

resistance is immediately reversible after treatment of the stenosis by percutaneous 

coronary intervention, which would refute the hypothesis that structural microvascular 

remodeling in patients.11 As such, the findings in patients appear to contravene those 

from the experimental studies. Of note, other experimental studies done with ameroid 

constrictors in dogs and swine to create chronic total occlusions, showed angiogenesis 

rather than adverse remodeling, distal to the stenosis in ischemic tissue.12-16

Our aim was to resolve whether structural remodeling and/or vasculogenesis of the 

coronary microcirculation downstream of stenoses occurs in patients. To address this 

question, we performed histopathological analyses of coronary arterioles and capillaries 

in deceased patients who underwent coronary angiography prior to death as well as post-

mortem examination of the heart.

Methods
Patient selection
We identified deceased patients in whom both an autopsy with histopathological 

examination of the heart, as well as a coronary angiography prior to death was performed 

at the VU University Medical Center. Eligibility criteria were a coronary angiography 

within two years prior to death and no structural or infiltrative myocardial disease (such as 

cardiomyopathies, myocarditis, malignant infiltration or metastasis). Patients with chronic 
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total occlusion or thrombotic occlusions in all three coronary arteries were excluded. 

Vessels in which revascularization by coronary artery bypass grafting or percutaneous 

coronary intervention was performed between the coronary angiogram and time of death 

were excluded. Additionally, a group of deceased patients without a history of cardiac 

disease and without evidence of coronary artery disease or myocardial infarction on 

histopathological examination, but who had not underwent coronary angiography, served 

as control patients. All patients included in the study deceased between January 2000 

and June 2016. The study was done retrospectively. The use of leftover material from the 

pathological examination for scientific purposes is part of the patient contract in the VU 

University Medical Center.

Analysis of coronary angiography
 Coronary angiography was performed for clinical indication according to standard fashion 

via either the radial or femoral artery. Quantitative coronary angiography (QCA) was 

performed for angiographic stenoses using CAAS II software (Pie Medical, Maastricht, 

The Netherlands) in two orthogonal projections. QCA parameters described diameter 

stenosis percentage, minimal and reference lumen diameter, area stenosis, minimal and 

reference lumen area and stenosis length. Figure 1A through 1D show examples of the 

coronary angiography and QCA. The analyst performing QCA analysis was blinded to 

the histopathological results.

Figure 1 – Example of coronary angiography and histopathological measurements of the down-
stream microcirculation        
Panels A and B show an example of coronary angiography prior to death, with a stenosis in the LAD and 
an unobstructed LCx. Panels C and D show the quantitative coronary angiography (QCA), which is done 
in two orthogonal angiographic projections. Panels E and F show the SMA‑a antibody staining for the ar-
teriolar quantifications distal to the stenotic LAD and the unobstructed LCx for the same patient. Finally, 
panels G and H show the CD31 antibody staining for the capillary density quantifications. * indicates the 
stenosis in panels A and B, P indicates proximal in panels C and D, D indicates distal in panels C and D.

12
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Autopsy
Post-mortem, the heart was excised and nitro blue tetrazolium chloride staining was applied 

to macroscopically assess for myocardial infarction. Subsequently, myocardial tissue of the 

left ventricle corresponding to the left anterior descending coronary artery (LAD, anterior 

wall), right coronary artery (RCA, posterior wall) and left circumflex coronary artery 

(LCx, lateral wall) was cut perpendicular to the longitudinal axis containing myocardial 

tissue from epicardium to endocardium. Immediately after the autopsy, the myocardial 

tissue was fixed into 4% formalin and embedded into paraffin.

Histochemical stainings
Different histochemical stainings were performed for each of the three embedded 

myocardial tissues: anti-CD31 for quantification of capillary density, smooth muscle actin 

alpha (SMA-a) for quantification of arteriolar wall dimensions and arteriolar density, and 

haematoxylin & eosin (H&E) for the assessment of clinically relevant myocardial disease 

and/or myocardial necrosis. Formalin-fixed, paraffin embedded tissue was cut into 4 to 

5 µm thick sections, deparaffinized, rehydrated and incubated in methanol/H2O2 (0.3%) 

for 30 minutes to block endogenous peroxidases. For the CD31 staining, pretreatment 

with heat-induced epitope retrieval was performed in a citrate buffer (10mM, pH 6.0). 

Slides stained with SMA-a antibody did not require pre-treatment. Slides were incubated 

with either rat anti-mouse CD31 antibody (1:40; DAKO, Eindhoven, the Netherlands), or 

mouse anti-human SMA-a antibody (1:400; DAKO), for one hour at room temperature. 

Slides were then washed with phosphate-buffered saline and incubated with EnVision HRP 

α-mouse/rabbit (undiluted; DAKO) for 30 minutes at room temperature. The staining 

was visualized using 3’3-diaminobenzidine (0.1 mg/ml, 0.02% H2O2). Slides were then 

counterstained with haematoxylin, dehydrated, and covered. With each staining, a 

phosphate-buffered saline control was included and all these controls yielded negative 

results. Figure 2 shows examples of the anti-CD31 and anti-SMA-a stainings. For the H&E 

staining, slides were deparaffinized, rehydrated and incubated in Mayer’s haematoxylin 

for five minutes. After rinsing in tap water for five minutes, slides were rinsed in ethanol 

80% and subsequently counterstained with eosin-G Azophloxin solution for 30 seconds. 

Finally, slides where rinsed in ethanol 80%, dehydrated and covered.

Capillary and arteriolar density quantification
The slides stained with both the CD31 and SMA-α antibody were digitally scanned 

using a digital microscope equipped with a slide scanner system (Mirax, 3DHISTECH, 

Budapest, Hungary). From the digitalized slides, two regions of interest corresponding 

to the endocardial and epicardial sections of the myocardium were selected for each slide 

using Pannoramic Viewer (3DHISTECH, Budapest, Hungary). For the slides stained with 
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Figure 2 – Control stainings        
This figure shows the two histopathological stainings used in this study along with the negative reagent 
and positive control staining.

the CD31 antibody, only regions were selected where the slide was cut perpendicular 

to the length of the myocardial cells and along the short axis of the capillaries to avoid 

underestimation of true capillary density. As such, regions containing longitudinally cut 

myocardium and capillaries were not analyzed. Furthermore, for all slides regions with 

extensive myocardial necrosis, fibrosis or infiltration with adipose tissue as verified by the 

12
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H&E slides were excluded. For each of the regions of interest belonging to the CD31 slides, 

the number of capillaries was manually counted using the cell counting tool of ImageJ 

(ImageJ version 1.5.1, NIH Bethesda, Maryland, USA). Arteriolar density was quantified 

using the slides stained with SMA-a antibody. Arteriolar density quantifications were done 

in similar fashion as the capillary density quantifications, except that tissue that was not 

cut perpendicular to the length of the myocardial cells was also used. Capillary density and 

arteriolar density were expressed as number/mm2 and were defined as the ratio between 

the number of either capillaries or arterioles within the region of interest and the area of 

the region of interest in mm2.

Morphometry and classification of arterioles
Intramyocardial arterioles were classified according to size, using a classification system 

previously reported by Herrmann et al.17 This classification system divides arterioles 

into three groups: <40 mm, 40 - 100 mm and 100 - 200 mm cross-sectional short-axis 

diameter using the SMA-a staining. Pre-arterioles and arteries with diameter great than 

200 mm were not analyzed in this study. For each slide stained with SMA-a antibody, 

5 arterioles per size classification were randomly selected and photographed using a 

computer-integrated digital microscope at 40 times magnification (Leica DM 4000B 

with Leica IM50 4.0 software). Vessels with a long-to-short axis ratio exceeding 1.5, 

indicating oblique cutting, were not included.18 The digitalized pictures of arterioles were 

analyzed using ImageJ (ImageJ version 1.6.0, NIH Bethesda, Maryland, USA) and manual 

delineation of total vessel area, lumen area and both the short- and long-axis of both the 

vessel diameter and lumen diameter were performed (Figure 3A). The following parameters 

were specified to analyze microcirculatory remodeling normalized for vessel size: 1) the 

ratio between lumen area and wall area, and 2) the ratio between lumen diameter and wall 

thickness diameter. Both parameters were analyzed for the three categories of arteriolar 

size described by Herrmann et al.17 The analyst used coded slides and was blinded to the 

coronary angiography and any other results.

Data analysis
Two different analyses were done to address the question whether microcirculatory 

remodeling occurs downstream of an angiographic stenosis. In the paired analysis, the 

coronary angiogram was used to form pairs within the same patient of an angiographic 

stenosis (diameter stenosis ≥30%) and a reference artery (diameter stenosis <30% or if the 

paired diameter stenosis percentage was at least 25% greater than the reference artery). 

Because there are three coronary arteries, patients in this group had either two coronary 

arteries with a stenosis and one unobstructed coronary artery, or one coronary artery with 

a stenosis and two unobstructed coronary arteries. As such, two pairs consisting of an 
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unobstructed coronary artery and an angiographic stenosis could potentially be formed 

per patient. In the second unpaired analysis, three groups were formed: 1) Control patients 

without coronary artery disease, 2) Coronary arteries without a stenosis in the target 

artery, but with an angiographic stenosis in one or two of the other coronary arteries, 

and 3) Coronary arteries with a stenosis confirmed by coronary angiography. For both 

the paired and the unpaired analysis, the following outcome parameters were investigated: 

the ratio between lumen area and wall area, the ratio between lumen diameter and wall 

thickness diameter (both for each of the three classes of arteriolar short-axis diameters 

(<40 mm, 40 - 100 mm and 100 - 200 mm), capillary density and arteriolar density.

Statistical analysis
Categorical data are presented as numbers and percentages. Continuous data are presented 

as mean ± standard deviation or median with interquartile range (IQR), according to 

normality of the data. For the paired analysis, the paired sample’s T-test was used in case 

of normally distributed data and the Wilcoxon signed-rank test in case of non-normally 

distributed data. A power calculation for the paired analysis was performed in PASS 12 

(NCSS, LLC. Kaysville, Utah, USA). For the unpaired analysis, generalized estimating 

equations were used. For the generalized estimating equations, an exchangeable working 

correlation matrix was used to take into account correlation between observations because 

multiple vessels per patient were sometimes used. A value of P <0.05 was considered 

statistically significant. For both the paired and the unpaired analysis, Bonferroni 

correction was applied to account for multiple testing. Statistical analysis was performed 

using SPSS statistics (Version 20.0.0, IBM Corp., Armonk, USA).

Results
Study population
55 patients were included in this study corresponding to a total of 165 coronary arteries. 

Mean age at death was 70.2 ± 13.1 years. 32 patients (58%) were male. Baseline 

characteristics are shown in Table 1. Of the total of 165 coronary arteries, 50 arteries were 

excluded: myocardial tissue could not be identified for 39 coronary arteries, 8 coronary 

arteries were excluded because of either extensive myocardial necrosis on the H&E staining 

or a thrombotic occlusion on the coronary angiogram, 1 coronary artery was excluded 

because the left internal mammary artery was placed on the LAD between the coronary 

angiogram and the time of death, 1 RCA was excluded because it only gave rise to right 

ventricular branches with a left dominant coronary anatomy, and 1 coronary artery was 

excluded because the myocardial tissue quality was insufficient for analysis. Ultimately, 

115 coronary arteries remained for analysis. Vessel characteristics are shown in Table 2.

12
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Table 1: Patient characteristics (n=55) 

Variable

Arteries of control patients 
without CAD 53

Right coronary artery 12 (23%)

Left anterior descending artery 12 (23%)

Left circumflex artery 14 (26%)

Unknown 15 (28%)

Unobstructed reference arteries 23

Right coronary artery 7 (30%)

Left anterior descending artery 7 (30%)

Left circumflex artery 9 (39%)

Stenotic arteries 39

Right coronary artery 16 (41%)

Left anterior descending artery 11 (28%)

Left circumflex artery 12 (31%)

Chonic Total Occlusion 9 (23%)

Minimal lumen diameter (mm) 1.12 ± 0.64

Reference diameter (mm) 2.79 ± 0.81

Diameter stenosis % 70 ± 21

Minimal area stenosis (mm2)
0.85 [IQR: 

0.35 to 1.39]

Reference area (mm2)
5.39 [IQR: 

3.87 to 8.17]

     Table 2: Vessel characteristics (n=115)

Variable

Age (years) 70.2 ± 13.1

Male sex 32 (58%)

Length (centimeters) 172 ± 11

Weight (kilogram) 73.6 ± 14.8

Body mass index (kg/m2) 25.5 ± 5.1

History of hypertension 25 (46%)

History of hypercholesterolemia 7 (13%)

History of diabetes mellitus 5 (14%)

Angiographic characteristics

No angiographic coronary 
artery disease 29 (53%)

Single- or two-vessel 
disease 19 (35%)

Triple-vessel disease 7 (13%)

Cause of death

 Death from cardiac cause 25 (46%)

 Death from vascular cause 13 (24%)

Paired analysis
For the aired analysis, 32 pairs from 19 different patients were formed with a stenosis and 

unobstructed coronary artery within the same patient. Given the sample size of 32 paired 

observations, differences between means of at least 0.52 times the standard deviation of the 

within-subject difference can be detected with 80% power, corresponding to a moderate 

effect size (Cohen’s D of 0.52). Median percentage diameter stenosis was 62% [IQR: 49 

to 80%] in coronary stenoses and 0% [IQR: 0 to 0%] in unobstructed arteries. Figure 

3 shows the results of the arteriolar dimension analysis. No significant differences were 

observed between the artery with a stenosis and the unobstructed coronary artery for the 

ratio between lumen area and wall area, and also for the ratio between lumen area and 

wall area, in all size classifications (Figure 3B and 3C). Figure 4 shows that no significant 

differences were observed for capillary density (Figure 4A) and arteriolar density (Figure 

4B) between the artery with a stenosis and the unobstructed coronary artery.
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Figure 3 – Arteriolar dimensions in the paired analysis (n=28)    
The paired analysis for the arteriolar dimensions of a stenosis and an unobstructed coronary artery within 
the same patient is shown. Panel A shows the manual arteriolar dimension quantifications: the yellow and 
green lines represent short‑ and long‑axis vessel diameter, the red and blue lines represent the short‑ and 
long‑axis lumen diameters, and the orange and purple lines represent the vessel and lumen areas. Panel 
B shows the ratio between lumen area and wall area for the three different arteriolar size classifications. 
Panel C shows the ratio between lumen diameter and wall thickness diameter.   
Boxes indicate the median and interquartile range. + indicates the mean. Whiskers represent the 10 to 
90th percentiles.

Figure 4 – Vascular densities in the paired analysis (n=32)     
The paired analyses of the downstream microcirculation of stenoses and unobstructed coronary arteries 
within the same patient are shown for the capillary density (Panel A) and the arteriolar density (Panel B). 
Boxes indicate the median and interquartile range. + indicates the mean. Whiskers represent the 10 to 
90th percentiles.

Unpaired analysis
The unpaired analysis involved the myocardium subtended by all 115 included coronary 

arteries. Table 3 shows the outcome parameters categorized as 1) Coronary arteries in 

patients without coronary artery disease (negative control patients), 2) Unobstructed reference 

arteries in patients with a stenosis in another coronary artery, and 3) Coronary arteries with 

a stenosis. Of the eight parameters tested, only the ratio between lumen and wall diameter 

for arterioles between 40 and 100 µm in diameter showed a statistically significant difference 

across the three groups. However, the ratio between lumen area and wall area for arterioles 

between 40 and 100 µm in diameter was not statistically significantly different according to 

12
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groups. Figure 5 shows the correlation between the stenosis severity expressed by diameter 

stenosis percentage and the investigated microcirculatory parameters, demonstrating no 

statistically significant correlations after Bonferroni correction.

Table 3: Non-paired analysis: quantitative and morphometric results

Coronary arteries 
in patients without 

coronary artery 
disease (n=53)

Unobstructed reference 
arteries in patients with 

a stenosis in another 
coronary artery (n=23)

Coronary 
arteries with a 
stenosis (n=39)

Overall 
P-value

Capillary density (number/mm2) 1641 ± 502 1565 ± 427 1525 ± 509 0.55

Arteriolar density (number/mm2) 25.5 ± 12.9 30.3 ± 8.2 29.1 ± 10.3 0.12

Arterioles <40 µm diameter

Ratio between lumen area and wall 
area

0.30 ± 0.08 0.32 ± 0.06 0.32 ± 0.06 0.43

Ratio between lumen diameter and 
wall diameter

0.54 ± 0.08 0.56 ± 0.05 0.56 ± 0.08 0.45

Arterioles 40 to 100 µm diameter

Ratio between lumen area and wall 
area

0.36 ± 0.09 0.39 ± 0.11 0.40 ± 0.08 0.17

Ratio between lumen diameter and 
wall diameter

0.56 ± 0.10 0.62 ± 0.11 0.62 ± 0.10 0.01*

Arterioles 100 to 200 µm diameter

Ratio between lumen area and wall 
area

0.43 ± 0.15 0.46 ± 0.12 0.48 ± 0.14 0.20

Ratio between lumen diameter and 
wall diameter

0.61 ± 0.15 0.66 ± 0.09 0.66 ± 0.14 0.14

* : P <0.05 for the Control patients without CAD group compared to the Arteries with a stenosis groups after 
Bonferroni correction.

Discussion
In this study, we examined the intramyocardial microcirculation by histology of deceased 

patients who either underwent coronary angiography prior to death or had no signs of 

coronary artery disease during histopathological examination of the heart. In the paired 

analysis, involving a comparison between the myocardium subtended by a coronary artery 

with a stenosis and an unobstructed artery within the same patient, no differences in 

any of the investigated microcirculatory parameters were found. The unpaired analysis 

showed confirmatory results. Collectively, our results indicate that remodeling of the 

microcirculation does not occur downstream of a coronary artery stenosis.
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Figure 5 – Correlation between stenosis severity and microcirculatory parameters in the unpaired 
analysis          
This figure shows the correlation between stenosis severity and microcirculatory parameters in coronary 
stenoses. The only significant correlation was between diameter stenosis percentage and the lumen to wall 
area ratio in arterioles between 40 and 100 µm. However, after application of Bonferroni correction for 
multiple testing, the threshold for statistical significance threshold corresponded to a P‑value of 0.00625 
so the correlation is not considered statistically significant.

Remodeling of the microcirculation
Previous experimental studies have used external constrictors to create flow-limiting stenoses 

in the left anterior descending coronary artery in swine and observed wall thickening of 

the downstream arterioles6-8. In contrast, we did not observe arteriolar wall thickening 

downstream of a coronary stenosis in our study and we did not observe a correlation between 

parameters of microcirculatory remodeling and stenosis severity. The discrepancy between 

our results and the previous experimental studies could relate to fundamental differences in 

the porcine model and the clinical population of patients with coronary artery disease. The 

external constrictor used in the porcine model, creates a critical coronary stenosis, leading 

to hibernating myocardium with wall motion abnormalities. In patients, the presence of a 

critical stenosis that causes myocardial ischemia at rest would typically prompt consultation 

of medical care for treatment of the coronary stenosis. As such, it is to be expected that 

hibernating myocardium with ischemic wall motion abnormalities at rest are uncommon 

findings in patients with coronary artery disease in general and also in our study population. 

Another discrepancy between our study and the experimental animal studies is that swine 

have poor pre-existent coronary collateral networks compared with humans. As such, the 

swine are less well protected from myocardial ischemia that could stimulate microcirculatory 

remodeling.19 For these reasons, the results of our study do not exclude the possibility of 

microcirculatory remodeling happening downstream of a critical stenosis associated with 

myocardial ischemia at rest. However, based on the results of our study we can conclude 

that microcirculatory remodeling downstream of coronary stenoses is not a typical feature of 

12
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coronary artery disease. The validity of this conclusion is supported by studies investigating 

invasive coronary microcirculatory resistance with the use of guidewires equipped with 

pressure and flow sensors. In one of these studies, we showed that although whole-cycle 

microvascular resistance after pharmacologically induced vasodilatory hyperemia is higher 

in severe coronary stenoses, this was attributable to systole.10 If hyperemic microvascular 

resistance is measured over diastole specifically, defined as the minimal Microvascular 

Resistance (mMR), it is equivalent in stenoses and non-obstructed arteries within the 

same patient.10 Verhoeff et al. showed that although hyperemic microvascular resistance is 

higher in severe stenoses, the hyperemic microvascular resistance immediately normalizes 

after percutaneous coronary intervention.11 Finally, a large study by Lee et al. found no 

relationship between the hyperemic index of microcirculatory resistance and the severity 

of coronary artery disease.20 Collectively, the present findings paired with the invasive 

microvascular resistance studies, show that microcirculatory remodeling does not appear 

to occur downstream of non-critical coronary stenoses in humans.

Angiogenesis and arteriogenesis
Experimental studies done with ameroid constrictors to create chronic total occlusions 

around coronary arteries of swine and dogs demonstrated angiogenesis formation of new 

capillary networks, referred to as angiogenesis, and enlargement of pre-existing subendothelial 

arterioles as well as arteriolar anastomoses, referred to as arteriogenesis.16 Angiogenesis is 

driven by ischemia whereas arteriogenesis is driven by pressure-gradients and shear stress. In 

patients with non-critical coronary stenoses, myocardial ischemia typically occurs during 

strenuous exercise or at times of increased myocardial demand.9, 21 We found the density of 

both capillaries as well as arterioles to be equal in non-obstructed vessels and vessels with a 

stenosis. As such, our observations demonstrate that vasculogenesis does not occur distal to 

non-total coronary stenoses. The number of total coronary occlusions in our analysis is too 

small to reach definitive conclusions with respect to angiogenesis in the myocardium distal to a 

CTO. Also, in our histopathological analysis we did not assess arteriogenesis, which typically 

takes place in the border zone of the ischemic territory, rather than in the core of the ischemic 

territory. However, numerous post-mortem and angiographic studies have firmly established 

the occurrence of arteriogenesis in patients with stenotic coronary artery disease.12-16

Clinical implications
The implications of our findings are twofold. Firstly, adverse microcirculatory remodeling 

could represent a therapeutic target to ameliorate myocardial ischemia imposed by coronary 

artery disease not eligible for revascularization, but our findings exclude microcirculatory 

remodeling as a therapeutic target. Secondly, the observation that microcirculatory 

remodeling does not occur distal to coronary artery stenoses supports the rationale of 
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physiological indices to assess the coronary circulation such as fractional flow reserve 

(FFR)22 and mMR10. FFR is measured as the ratio between the coronary pressure distal 

and proximal to the stenosis under maximally vasodilated conditions and expresses the 

maximal flow down a vessel in the presence of a stenosis compared to the maximal flow in 

the hypothetical absence of the stenosis. The theoretical framework of FFR relies on equal 

microvascular resistance downstream of a stenosis compared to unobstructed arteries and 

the results of our study justify this assumption.22 A novel method is to incorporate FFR 

into coronary computed tomography angiography (FFR-CT), to inform on the functional 

significance of the observed coronary stenoses.23, 24 FFR-CT employs computer modeling 

of the microcirculation based on mass and several assumptions. However, FFR-CT does 

not take into account potential remodeling of the microcirculation and our results confirm 

that this approach is justifiable.24 Finally, contrary to whole cycle hyperemic microvascular 

resistance, mMR is a method to invasively determine the microvascular resistance that is 

not influenced by the presence of a stenosis. The present findings also validate the mMR.10

Study limitations
Several methodological issues limit our study. Firstly, we could not assess whether plaque 

progression of the coronary stenosis may have occurred between the time of coronary 

angiography and the time of death. However, we mitigated the ramifications of this 

limitation by excluding patients when the time between coronary angiography and death 

exceeded 2 years. The 2-year timespan appears to be reasonable since plaque progression is 

typically a slow process may take decades to develop.5 Secondly, the study is able to detect 

moderate effect sizes with standardized effect sizes of 0.52 and higher. This limitation was 

mitigated by the unpaired analysis to enhance internal validity, as well as the inclusion 

negative control of patients without coronary artery disease in the unpaired analysis. 

Thirdly, digital pathology of the epicardial coronary arteries was not prospectively 

performed. Instead, in vivo quantitative coronary angiography was performed in two 

orthogonal projections. Finally, an inherent limitation of studying human histopathology is 

that perfusion fixation can not be performed and perfect morphology can not be preserved. 

Although this may affect arteriolar remodeling parameters, this limitation is expected to 

equally impact myocardium distal to either unobstructed vessels or vessels with a stenosis.

Conclusion
The findings of this study implicate that downstream remodeling of the microcirculation 

distal to coronary artery stenoses does not occur, neither at the level of capillaries nor at the 

level of arterioles. Thereby, our findings exclude modification of microcirculatory remodeling 

as a potential therapeutic target.

12
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Abstract
Background Diastolic-systolic velocity ratio (DSVR) is a resting index to assess stenoses 

in the LAD. DSVR can be measured by echocardiographic or intracoronary Doppler flow 

velocity. The objective of this cohort study was to elucidate the fundamental rationale 

underlying the decreased DSVR in coronary stenoses.

Methods In cohort 1, simultaneous measurements of intracoronary Doppler flow 

velocity and pressure were acquired in the LAD of 228 stable patients. Phasic stenosis 

resistance, microvascular resistance and total vascular resistance (defined as stenosis and 

microvascular resistance combined) were studied during physiological resting conditions. 

Stenoses were classified according to severity by strata of 0.10 fractional flow reserve 

(FFR) units.

Results DSVR was decreased in stenoses with lower FFR. Stenosis resistance was equal 

in systole and diastole for every FFR stratum. Microvascular resistance was consistently 

higher during systole than diastole. In lower FFR strata, stenosis resistance as percentage 

of the total vascular resistance increases both during systole and diastole. The difference 

between the stenosis resistance as a percentage of total vascular resistance during systole 

and diastole increases for lower FFR strata, with an accompanying rise in diastolic-systolic 

resistance ratio. A significant inverse correlation was observed between DSVR and the 

diastolic-systolic resistance ratio (r=0.91, P<0.001). In cohort 2, DSVR was measured both 

invasively and non-invasively in 23 patients by transthoracic echocardiography, yielding a 

good correlation (r=0.82, P<0.001).

Conclusion The rationale by which DSVR is decreased distal to coronary stenoses is 

dependent on a comparatively higher influence of the increased stenosis resistance on total 

vascular resistance during diastole than systole. 13
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Introduction
The physiological process of coronary autoregulation ensures that coronary blood flow 

is kept constant across a wide range of coronary perfusion pressures by compensatory 

vasodilation of the coronary microcirculation.1, 2 Through coronary autoregulation, the 

presence of a coronary stenosis does not alter coronary blood flow unless the stenosis 

totally or subtotally obstructs the coronary lumen. Typically, a pharmacological 

vasodilatory agent is required to unmask functionally significant coronary artery disease 

by flow or perfusion based methods. Despite coronary autoregulation, the ratio between 

diastolic and systolic coronary flow velocity (DSVR) measured under physiological resting 

conditions is actually decreased in the presence of obstructive coronary artery disease3, 

4, 5, 6, 7, 8, 9, 10, 11 DSVR is an index that can either be measured invasively with a Doppler 

flow velocity guidewire, or non-invasively in the left anterior descending artery (LAD) 

with echocardiography. DSVR assessed by echocardiography could potentially represent 

an inexpensive, quick and broadly available application to detect LAD stenoses without 

exposing patients to ionic radiation, contrast medium or pharmacological stress agents 

in specific clinical settings. However, the fundamental rationale to explain the apparent 

paradox between coronary autoregulation maintaining flow at a stable level and the 

ratio between diastolic and systolic flow falling distal to a coronary stenosis is presently 

unknown. Moreover, DSVR has only been investigated in smaller studies, and has not been 

tested against invasive measurements of functional stenosis severity such as the guideline 

recommended fractional flow reserve (FFR) measurement.12

In this study, we examined DSVR using the multicenter Iberian-Dutch-English (IDEAL) 

collaborators registry.1 The IDEAL registry comprises a large collection of combined 

invasively measured coronary pressure and Doppler flow velocity measurements. This 

registry provides an opportunity to study the physiological mechanism underlying DSVR 

since coronary resistance measurements were available (cohort 1). Additionally, we report 

the diagnostic performance of invasive DSVR compared with the fractional flow reserve 

(FFR). Furthermore, we studied a separate cohort of patients in whom both invasive and 

non-invasive measurements of DSVR were acquired (cohort 2), in order to explore whether 

our findings translate to DSVR assessed non-invasively by transthoracic echocardiography.

Methods
Cohort 1 used the IDEAL collaborators registry, which involves 301 patients undergoing 

elective coronary angiography for suspected symptomatic coronary artery disease in four 

European academic hospitals.1 Exclusion criteria for IDEAL were significant valvular 

disease, previous coronary artery bypass surgery, acute heart failure, acute myocardial 

infarction within 48 hours of the procedure and prior anterior wall myocardial infarction. 
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Measurements were not acquired in vessels with angiographically identifiable myocardial 

bridging or collateral arteries. Cohort 2 represents a separate cohort of patients with 

chest pain and positive functional test scheduled for elective coronary angiography, 

enrolled in a previous study.13 Exclusion criteria for this study were known ischemic 

heart disease, valvular pathology, evidence of regional wall motion abnormalities, and 

renal impairment (creatinine >120 μmol/l). In cohort 2, both invasive and non-invasive 

Doppler measurements of coronary flow velocity were obtained. For both cohorts, only 

measurements in the LAD were used since the LAD is the only coronary artery in which 

echocardiographic DSVR can be reliably assessed.10 In cohort 1, 228 patients were included 

since measurements were taken in the LAD in 228 of 301 patients (76%) in the IDEAL 

registry. The different study protocols were approved by the respective institutional review 

committees and complied with the principles of the Declaration of Helsinki. All subjects 

gave written informed consent.

Invasive flow velocity measurements
Coronary angiography was performed according to standard procedures. After 

angiography, a 0.014-inch guidewire equipped with both a distal pressure sensor and 

Doppler crystal (Combowire XT, Philips Volcano, San Diego, USA), was inserted into 

the LAD. In the coronary ostium, the pressure sensor was equalized with the pressure of 

the aortic guiding catheter. Then, the wire was advanced beyond the stenosis or beyond 

the proximal segment of the LAD if there was no stenosis. Doppler flow velocity, distal 

coronary pressure and aortic pressure were measured under true resting conditions. In 

cohort 1, 200 to 300 mcg of intracoronary nitrates were administered prior to the resting 

measurements and the measurements were repeated during pharmacological hyperemia, 

induced either by intracoronary injection of adenosine (60 to 150 mcg) or intravenous 

adenosine administration (140 mcg/kg/min). In cohort 2vasodilator drugs were not 

administered.13 Pressure drift was assessed at the end of the procedure and if pressure 

drift was identified (>2 mmHg), measurements were repeated or corrected for during 

off-line analysis.

Non-invasive echocardiography measurements
In cohort 2, transthoracic echocardiography was performed as described in an earlier 

study.13 In brief, a Philips ie33 (Amsterdam, The Netherlands) or Esaote MyLab Twice 

(Genova, Italy) device was used for echocardiography. Starting in the parasternal long axis 

view, the probe was rotated clockwise and moved laterally across the chest wall until the 

LAD was clearly in view with an angulation of <20° to the probe. Pulse-wave Doppler was 

applied with a sampling width of 7.5–10 mm to record coronary flow velocity signals. Data 

13
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were exported as high-resolution images and digitalized for data analysis using a MATLAB 

algorithm (MathWorks, Natick, MA, USA) with smoothing by a Savitsky-Golay filter.

Data analysis
For cohort 1, quantitative coronary angiography (using either CAAS II, Pie Medical, 

Maastricht, The Netherlands; or McKesson, San Francisco, USA) was performed in 

angiographic stenoses to quantify diameter stenosis percentage (DS%), minimal and 

reference lumen diameter, area stenosis, minimal and reference lumen area and stenosis 

length. For both cohorts, data were analysed using an automated MATLAB script 

(MathWorks, Natick, MA, USA) as previously described.1, 14 Phasic analysis yielded 

average values of aortic pressure, distal coronary pressure and average peak Doppler flow 

velocity for the whole cardiac cycle, systole specifically and mid-to-late diastole specifically. 

Systole was identified starting at the R peak on the electrocardiogram and ending at the 

dicrotic notch on the aortic pressure trace. Mid-to-late diastole corresponded with the 

wave-free period, which starts at 25% of diastole, as marked by the aortic dicrotic notch, 

and ends 5 milliseconds before systole.14, 15 Both invasively and non-invasively measured 

DSVR were calculated as the ratio between time-averaged mid-to-late diastolic and 

systolic peak Doppler flow velocity. Figure 1, which provides two exemplary cases along 

with the angiogram and hyperemic pressure tracings. Formulas used for the calculations 

of all parameters used in this study are shown in Table 1. DSVR, stenosis resistance, 

microvascular resistance, total vascular resistance and diastolic-systolic resistance ratio 

were calculated during the resting state. FFR16 was calculated during the hyperemic state. 

Stenosis resistance, microvascular resistance and total vascular resistance were examined 

during both diastole and systole specifically. FFR was used as reference standards to test 

the diagnostic accuracy of DSVR, using the FFR threshold of 0.75, which corresponds 

best with myocardial ischemia.16, 17 For cohort 1 both pressure and Doppler flow velocity 

data were analysed, thereby also yielding resistance data. For cohort 2, only Doppler flow 

velocity data was available, precluding calculation of resistance values.
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Figure 1 – Example of measurements: Examples of two patients included in the study. Shown are the 
Doppler flow velocity measurements during resting conditions, the coronary angiogram and the pressure 
tracing during hyperemic conditions after injection of 150 mcg of adenosine.

Table 1: Calculations

Resting conditions:

Hyperemic conditions:

13
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Statistical analysis
Categorical data are presented as numbers and percentages. Continuous data are presented 

as mean ± standard deviation or median with interquartile range (IQR) according to 

normality of the data. To analyse the diagnostic performance of DSVR, receiver operating 

characteristic analysis was performed. The optimal DSVR cut-off value was defined as 

the value with the highest combined specificity and sensitivity. Analysis of variance was 

used to test for differences across multiple groups. Bonferroni correction was applied for 

comparison across multiple groups. Linear regression was performed to test the association 

between two continuous variables. Log transformation was applied to independent and 

dependent variables in order to achieve linearity of the relationship as required for linear 

regression analysis. Intraclass correlation coefficients were calculated using a two-way 

mixed model. A two‐sided  P‐value of <0.05 was considered statistically significant. 

Statistical analyses were performed using SPSS Version 22.0 (Armonk, NY, USA: IBM 

Corp.).

Results
Study population
In this study, two cohorts were used and for both cohorts, patient characteristics are 

shown in Table 2. Cohort 1 consisted of 228 patients with a mean age of 60.3 ± 9.7 years 

and of whom 163 males (71%) and 65 females (29%). For the invasive cohort, vessel and 

stenosis characteristics are shown in Table 3. 153 (67%) measurements were taken in a 

vessel with an angiographic stenosis and 75 (33%) in unobstructed reference vessels. In 

cohort 2, consisting of patients in whom both invasive and non-invasive measurements of 

DSVR were obtained, 24 subjects were included. Of these 24 subjects, 1 had to be excluded 

because of poor echocardiographic Doppler flow envelopes precluding DSVR calculation, 

leaving 23 for final analysis. Mean age of these 23 patients was 61.0 ± 11.0 years of whom 

16 males (70%) and 7 females (30%).

Cohort 1: Invasive DSVR according to stenosis severity
Figure 2 shows invasive DSVR classified according to FFR values as 0.10 unit groups. In 

LAD branches with FFR > 0.95, a DSVR of 2.10 ± 0.42 is observed that gradually decreases 

to 1.55 ± 0.25 with FFR < 0.65 (Ptrend <0.001). Similar observations are made when 

DSVR is classified according to the instantaneous wave-free ratio and to the hyperemic 

stenosis resistance index instead of FFR (Supplementary Figures 2 and 3 respectively). 

Supplementary Figure 1 shows the correlation between FFR and DSVR. Figure 3 shows 

the receiver operating characteristic curve for invasive DSVR to predict FFR at its ischemic 

threshold with a C-statistic of 0.76 (95% confidence interval: 0.69 to 0.82). The optimal 

cut-off value for DSVR was 1.74 yielding a sensitivity of 65% and specificity of 80%.
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Table 2: Patient characteristics 

Variable
Cohort 1

228 patients
Cohort 2

23 patients

Age (years) 60.3 ± 9.7 61.0 ± 11.0

Male gender 163 (71%) 16 (70%)

Female gender 65 (29%) 7 (30%)

Hypertension 117 (51%) 10 (43%)

Hypercholesterolemia 131 (58%) 12 (52%)

Smoking history 88 (39%) 1 (4%)

Diabetes Mellitus 49 (22%) 1 (4%)

Previous myocardial 
infarction

18 (8%) 0 (0%)

Aspirin 133 (58%) 14 (61%)

Beta-blocker 102 (45%) 3 (13%)

Statin 110 (48%) 14 (61%)

ACE inhibitor 33 (15%) 6 (26%)

Calcium antagonist 38 (17%) 3 (13%)

Table 3: Vessel characteristics of cohort

Variable

Intracoronary adenosine 121 (53%)

Intravenous adenosine 107 (47%)

Unobstructed vessels 75 (33%)

FFR 0.94 (IQR 0.90 - 0.98)

DSVR 2.08 ± 0.47

Resting APV (cm-1·s) 16.1 (IQR 12.3 - 22.1)

Diastolic APV (cm-1·s) 21.1 (IQR 16.3 - 29.5)

Systolic APV (cm-1·s) 10.7 (IQR 7.8- 15.6)

Coronary flow reserve 2.80 ± 0.86

Obstructed vessels 153 (67%)

Minimal lumen diameter 
(mm) 1.18 ± 0.51

Reference diameter (mm) 2.73 ± 0.75

Diameter stenosis % 55 ± 15

Minimal area stenosis 
(mm2) 0.98 (IQR 0.57 - 1.63)

Reference area (mm2) 5.5 (IQR 3.7 - 7.9)

Area stenosis % 79 (IQR 70 – 88)

Stenosis length (mm) 16 (IQR 8.0 – 24)

FFR 0.81 (IQR 0.65 - 0.88)

DSVR 1.72 ± 0.39

Resting APV (cm-1·s) 15.9 (IQR 11.4 - 21.4)

Diastolic APV (cm-1·s) 19.7 (14.6 - 28.4)

Systolic APV (cm-1·s) 12.0 (8.8 - 16.8)

Coronary flow reserve 2.03 ± 0.83

APV: average peak velocity

Cohort 1: Phasic coronary resistance
Figure 4 shows the relationship between resting flow velocity and total vascular resistance 

for diastole (Figure 4A) and systole (Figure 4B). Strong inverse relationships between flow 

velocity and vascular resistance are observed for both phases (r=0.95, P<0.001 for diastole 

and r=0.93, P<0.001 for systole). Figure 4C shows the relationship between DSVR and the 

diastolic-systolic resistance ratio. In line with the inverse relationships between the diastolic 

and systolic components of these ratio’s, a strong inverse relationship between DSVR and 

the diastolic-systolic resistance ratio is also observed: r=0.91, P<0.001.Because of the strong 

correlation between DSVR and the diastolic-systolic resistance ratio, we used resistance data 

13
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Figure 2 - Invasive DSVR according to FFR 
classification in cohort 1: Bars represent 
mean and error bars represent standard error 
of the mean.

Figure 3 - Diagnostic performance of invasive 
DSVR in cohort 1: Receiver‑operating‑char-
acteristic curves for DSVR in LAD branches to 
predict FFR at its ischemic threshold of 0.75.

to further explore the potential mechanism driving the lower DSVR in functionally significant 

stenoses. Figure 5 shows resting vascular resistance for both the microvascular and stenosis 

components stratified according to FFR values. Figure 5A shows that microvascular resistance 

is consistently significantly lower during diastole than systole for each FFR group (P<0.001 for 

all). In contrast, Figure 5B shows that stenosis resistance is generally not significantly different 

between diastole and systole (P>0.05 for all, apart from the FFR 0.85-0.95 group with P<0.05). 

Figure 5C integrates the previous panels to show the contribution of microvascular and stenosis 

resistance to overall vascular resistance for diastole and systole in each FFR group. Figure 5D 

depicts the stenosis resistance as percentage of total resistance classified according to FFR value 

for both diastole and systole. It can be observed that stenosis resistance represents a higher 

percentage of the total vascular resistance during diastole than during systole for all FFR groups 

(P<0.001 for all apart from the FFR >0.95 group). Figure 5E shows the difference between 

diastolic and systolic stenosis resistance as a percentage of total vascular resistance according to 

FFR. A gradual increase in the difference between diastolic and systolic stenosis resistance as a 

percentage of total vascular resistance is observed as FFR worsens (Ptrend <0.001). Finally, Figure 

5F shows that a gradual increase of the diastolic-systolic resistance ratio occurs with worsening 

of FFR group (Ptrend <0.001). Together, Figure 5 shows that with increasing functional stenosis 

severity, the stenosis resistance has greater impact on total vascular resistance during diastole 

than systole. Because DSVR is inversely related to the diastolic-systolic vascular resistance 

ratio, this observation likely extends to DSVR and explains why DSVR is decreased in more 

severe stenoses (Figure 6).
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Figure 4 - Relationship between invasive phasic flow and resistance in cohort 1:   
Panel A shows a strong inverse relationship between diastolic flow velocity and diastolic vascular re-
sistance. Panel B shows similar results for systole. Panel C demonstrates a strong inverse relationship 
between DSVR and the ratio between diastolic and systolic vascular resistance.

13
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Figure 6 - Summary of the DSVR rationale:      
This figure illustrates the shift in resting resistance distributions during diastole and systole averaged for 
the group of unobstructed LAD branches with FFR >0.95 and DSVR of 2.1 (Panel A) and averaged for the 
group with obstructed LAD branches with FFR <0.65 and DSVR of 1.5 (Panel B). Because stenosis resistance 
(blue area in pie charts) is negligible in unobstructed LAD branches, its contribution to total vascular re-
sistance is low during both diastole and systole (both 1%). In LAD branches with a stenosis, the stenosis 
resistance represents 47% of total vascular resistance during diastole when the microvasculature is open 
and microvascular resistance is low (red area in pie charts). During systole however, the microvasculature 
is compressed by the contracting myocardium resulting in high microvascular resistance. Because stenosis 
resistance does not appreciably differ during diastole and systole, the stenosis resistance has a much 
smaller impact during systole and only represents 23% of total vascular resistance. As such, in stenosis 
the diastolic‑systolic resistance ratio is increased compared to unobstructed vessels.

Cohort 2: Correlation between invasive and non-invasive DSVR
In this paragraph, results are describes for the patients in cohort 2 with paired invasive 

and non-invasive echocardiographic measurements. Table 4 describes hemodynamic data 

for both the invasive and non-invasive echocardiographic measurements. A reasonable 

correlation was observed between invasive and non-invasive DSVR: r=0.82, P<0.001, with 

a good intraclass correlation coefficient of 0.80 (95% CI: 0.59-0.91), and a small mean 

difference of 0.11 ± 0.24 DSVR units (Figure 7).

13



282

Part 2 - Chapter 13

Table 4: Hemodynamic characteristics of cohort 2

Variable Invasive measurements
Non-invasive echocardiographic 

measurements

DSVR 1.96 (IQR 1.77 – 2.40) 2.02 (IQR 1.70 – 2.18)

Resting APV (cm-1·s) 24.4 (IQR 15.6 – 29.7) 21.5 (IQR 17.0 – 27.6)

Diastolic APV (cm-1·s) 32.0 (IQR 22.9 - 42.2) 27.6 (IQR 22.8 - 37.5)

Systolic APV (cm-1·s) 14.7 (IQR 10.8- 20.7) 14.9 (IQR 11.3- 19.2)

APV: average peak velocity, IQR: interquartile range

Figure 7 - Correlation between invasive and non-invasively measured DSVR in cohort 2:  
This figure shows DSVR measured both invasively and non‑invasively by transthoracic echocardiography 
within the same patient from the separate cohort.

Discussion
In this study, we investigated theoretical rationale of DSVR and sought to determine the 

concordance between invasively and non-invasively measured DSVR. Our findings are: 1. 

Invasive DSVR has reasonable diagnostic properties to detect functionally significant stenoses 

in the LAD compared with FFR. 2. The rationale to explain why DSVR in the LAD corresponds 

to functional stenosis severity is related to a progressively higher impact of stenosis resistance 

on diastole than on systole with worsening of functional stenosis severity. 3. Invasively and 

non-invasively measured DSVR correlate well with one another. The interpretation, potential 

clinical implications and limitations of our work are discussed below.

Diagnostic accuracy of DSVR
Several smaller previous studies investigating DSVR, measured invasively or by 

echocardiography, documented acceptable diagnostic accuracy when compared to thallium 

scintigraphy, coronary angiography and echocardiographic coronary flow velocity reserve.5, 7, 9, 
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10 Our study adds to the existing body of evidence that invasively measured DSVR in the LAD 

provides reasonable diagnostic accuracy when compared with FFR at its ischemic threshold.

Rationale underlying DSVR
Although the diagnostic performance of DSVR was already explored in previous studies, 

the rationale behind DSVR remained hypothetical as tangible evidence was lacking.4, 6 It 

may seem counter-intuitive that the functional significance of a stenosis can be assessed 

from resting coronary blood flow, since coronary autoregulation keeps resting mean flow 

at a stable plateau despite pressure losses incurred by the stenosis.1, 2 Nevertheless, our 

results confirm that invasive DSVR decreases gradually alongside worsening of functional 

stenosis significance. Because phasic distal coronary flow velocity data as well as proximal 

and distal coronary pressure data is available in the IDEAL registry, stenosis resistance and 

microvascular resistance could be distinguished for both diastole and systole. Therefore, 

we were able to establish the theoretical rationale by which DSVR informs on functional 

stenosis significance in the LAD. The finding that DSVR is inversely related to the diastolic-

systolic vascular resistance ratio implies that phasic changes of coronary resistances across the 

stenosis and microvascular compartments underlie the reduced DSVR in obstructive stenoses. 

Inspection of the resistance distribution presented in Figure 5 reveals that microvascular 

resistance is consistently lower during diastole than systole, but stenosis resistance is generally 

similar during diastole and systole. Therefore, the stenosis resistance constitutes a higher 

proportion of total resistance during diastole than during systole. As such, in functionally 

severe stenoses, the high stenosis resistance has greater impact on total diastolic resistance 

than on systolic resistance. Consequently, the diastolic-systolic resistance ratio increases as 

stenosis severity progresses. Finally, because of the inverse relationship between DSVR and the 

diastolic-systolic resistance ratio, DSVR decreases with worsening of FFR group (Figure 6).

Clinical implications
In line with earlier studies5, 7, 9, 10, we report that invasive DSVR can be used to identify LAD 

stenoses responsible for inducible myocardial ischemia with an optimal cut-off value of 1.74. 

These observations could warrant consideration for clinical use of DSVR, specifically for 

non-invasively measured DSVR. Non-invasively measured DSVR, could be useful in certain 

clinical scenarios to assess the presence of a functionally significant LAD stenosis. For 

instance, DSVR could be easily accessible information during routine echocardiography. A 

second potential application is to use DSVR for patients with previous LAD revascularization 

if in-stent restenosis is suspected. Thirdly, non-invasive measurement of DSVR is also possible 

in left internal mammary artery bypass grafts. In this context, DSVR could inform on 

whether or not competitive flow from the LAD occurs.18

13
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Limitations
The present study has a number of limitations. First, despite invasive assessment of coronary 

Doppler flow velocity, signal quality was not always optimal and 13%g of patients had to 

be excluded from the original IDEAL registry for this reason.1 Although similar concerns 

exists for echocardiography derived DSVR, earlier studies have reported success rates of 

echocardiography derived DSVR of around 85% in the LAD.6, 10 The most frequent reason 

for failure of DSVR measurement in these studies, was total or subtotal obstruction of 

the LAD, meaning that the immeasurable DSVR in fact correctly identified the absence of 

coronary flow patterns. Second, we calculated DSVR using time-averaged peak values of 

Doppler flow velocity, whereas other studies have used single peak-values.6, 9, 10 Although 

using single peak-values could be more convenient for clinical practice, it could also be 

more susceptible to measurement artefacts such as spikes. This hypothesis was confirmed 

by Daimon et al.7, who showed that echocardiographic DSVR calculated using mean values 

compared with peak values had superior test characteristics to detect thallium scintigraphy 

defined myocardial ischemia. Third, altered myocardial contractility may influence DSVR 

but we could not study this issue since pressure and flow assessments were not made in 

patients with anterior or septal regional wall motion abnormalities. Fourth, although 

invasively and non-invasively measured DSVR correlated reasonably well, the agreement 

was not perfect. Possibly, hemodynamic fluctuations in heartrate, blood pressure and 

myocardial contractibility precluded better agreement. Also, small artefacts in the Doppler 

flow velocity tracings for both methods of flow velocity assessment could have contributed 

to the imperfect agreement. Fifth, our study did not address the correlation between DSVR 

measured by echocardiography and the fractional flow reserve, which should be subject to 

future studies. Finally, coronary venous pressure, wedge pressure and left ventricular end 

diastolic pressure were not available for resistance calculations. However, co-morbidities 

with expected alterations of these pressures such as acute heart failure, angiographically 

visible collaterals and severe aortic valvular disease were exclusion criteria. Therefore, we 

assumed that the effect of venous, wedge and left ventricular end diastolic pressure on 

coronary pressure and resistance were negligible.

Conclusion
The findings of this study show that the fundamental rationale by which DSVR is able to 

detect the presence of LAD stenoses is because the stenosis resistance has a comparatively 

greater influence on total vascular resistance during diastole, when microvascular resistance is 

low, than during systole, when microvascular resistance is high. Because invasively measured 

DSVR correlates reasonably well with non-invasive DSVR, our findings using invasively 

measured coronary hemodynamics should hypothetically also apply to non-invasive DSVR.
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Supplementary Appendix for Chapter 13

    

Supplemental Figure 1 – Correlation be-
tween FFR and DSVR in cohort 1: In this 
figure, the correlation between FFR and 
DSVR is shown.

Supplemental Figure 2 – DSVR according to iFR in 
cohort 1: Bars represent mean and error bars repre-
sent standard error of the mean.

Methodology for calculation of the instantaneous wave-free ratio1:

Supplemental Figure 3 – DSVR according to HSR in cohort 1:      
Bars represent mean and error bars represent standard error of the mean.

Methodology for calculation of the hyperemic stenosis resistance index2:
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Abstract
Objectives: To compare Doppler flow velocity reserve (CFRDoppl) and thermodilution derived 

coronary flow reserve (CFRthermo) head-to-head with the gold standard for quantification 

of myocardial perfusion, [15O]H2O positron emission tomography (PET).

Background: Coronary flow reserve (CFR) is an important parameter for assessing 

coronary vascular function. To date, two techniques are available for invasive assessment 

of CFR: Doppler flow velocity and thermodilution. Although these techniques have been 

compared with each other, neither has been compared with [15O]H2O PET perfusion 

imaging.

Methods: CFR was assessed in 98 vessels of 40 consecutive stable patients with suspected 

coronary artery disease. Patients underwent [15O]H2O PET, followed by invasive 

angiography in conjunction with simultaneous measurements of fractional flow reserve 

(FFR), CFRDoppl and CFRthermo. Both normal and obstructed arteries were included.

Results: The quality of Doppler flow velocity traces was significantly lower than that of 

thermodilution curves (p<0.001). A moderate correlation was observed between CFRDoppl 

and CFRthermo (r=0.59; p<0.001). CFRDoppl correlated well with PET derived CFR (CFRPET) 

(r=0.82, p<0.001). In contrast, the correlation between CFRthermo and CFRPET was only 

modest (r=0.55; p<0.001). This difference in correlation with CFRPET was significant (t=4.9, 

df=95, p<0.001). Bland-Altman analysis revealed a tendency of CFRthermo to overestimate 

flow reserve at higher values.

Conclusions: Coronary flow reserve, determined using Doppler flow velocity, has superior 

agreement with [15O]H2O PET in comparison with thermodilution derived CFR.
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Introduction
Coronary flow reserve (CFR) reflects the capacity of the coronary circulation to increase 

flow and, as such, is an important indicator of coronary vascular function. Attenuated 

CFR is one of the key concepts of ischemia and a growing body of evidence illustrates 

that CFR is a powerful independent predictor of prognosis1. Most available data on CFR 

are obtained from studies using positron emission tomography (PET), which allows for 

absolute quantification of myocardial perfusion and thus CFR. Several PET flow tracers 

are available, but oxygen-15 labeled water ([15O]H2O) most reliably quantifies CFR as 

extraction of this freely diffusible tracer is complete and independent of flow2. [15O]H2O 

PET perfusion imaging is therefore considered to be the gold standard for quantification 

of CFR.

CFR can also be determined invasively, providing prognostic information complementary 

to fractional flow reserve (FFR) 3,4. An advantage of invasively measured CFR is that it is 

obtained during cardiac catheterization and can thus immediately aid decision making 

or provide prognostic information. To date, two techniques are available for invasive 

assessment of CFR. Firstly, CFR can be measured using a guidewire tipped with a Doppler 

crystal 5. Alternatively, CFR can be determined by calculating the mean transit time of a 

bolus of saline, which is injected into the coronary artery through the guiding catheter at 

rest and during hyperemia. Previous studies have reported moderate agreement between 

both techniques 6,7. However, combined measurements of Doppler flow velocity reserve 

(CFRDoppl) and thermodilution derived coronary flow reserve (CFRthermo) have not been 

compared with PET derived CFR measurements (CFRPET).

The objective of the present study was to perform a head-to-head comparison of Doppler 

flow velocity and thermodilution with [15O]H2O PET perfusion imaging for the assessment 

of CFR in patients with stable coronary artery disease.

Methods
Patient population and study design
This is a sub-study of the PACIFIC trial, which compared the diagnostic performances of 

several non-invasive imaging modalities for diagnosing obstructive coronary artery disease 

and demonstrated superiority of PET over single-photon emission tomography and coronary 

computed tomography angiography. The main results of this trial have been reported 

previously 8. In summary, 208 stable patients referred for invasive coronary angiography 

due to suspected coronary artery disease were enrolled prospectively. Exclusion criteria 

were: history of myocardial infarction, percutaneous coronary intervention or coronary 

14
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artery bypass grafting, (supra)ventricular arrhythmias, heart failure or left ventricular 

ejection fraction <50%, second or third degree atrioventricular block, renal insufficiency 

(eGFR <45 mL/min) and contra-indications to intravenous adenosine. Patients underwent 

[15O]H2O PET imaging, followed by invasive coronary angiography in conjunction with 

physiological assessment within 2 weeks. The trial was conducted in accordance with 

the Declaration of Helsinki and the study protocol was approved by the Medical Ethics 

Review Committee of the VU University Medical Center. All patients provided written 

informed consent prior to the study.

PET imaging
Patients underwent a [15O]H2O PET/computed tomography (CT) scan using a hybrid PET/

CT device (Philips Gemini TF 64, Philips Healthcare, Best, the Netherlands). Patients 

were instructed to avoid products containing caffeine or xanthine 24 hours prior to 

scanning. The scanning protocol has been described in detail before9. In short, 370 MBq 

of [15O]H2O was injected intravenously during resting conditions as a 5 mL bolus (0.8 

mL/s), immediately followed by a 35 mL saline flush (2 mL/s). A dynamic PET emission 

scan was started simultaneously with the administration of the tracer. After a delay of 

15 min, an identical PET sequence was performed during vasodilator stress, which was 

induced through intravenous infusion of 140 µg/kg/min of adenosine. Adenosine was 

started 2 minutes prior to dynamic PET scanning to ensure maximal hyperemia. To 

correct for photon attenuation and scatter, low-dose (10 mA) respiration-averaged CT 

scans were acquired during normal breathing just before the resting PET sequence and 

again immediately after the stress scan.

Invasive physiological measurements
Patients were instructed to avoid products containing caffeine or xanthine 24 hours prior to 

invasive assessment. After diagnostic angiography, a 6F guiding catheter was advanced into 

the coronary ostium and an intracoronary bolus of 200 µg of nitrates was administrated. 

A 0.014-inch guidewire equipped with both a pressure sensor and a Doppler crystal 

(ComboWire® XT, Philips Volcano Corporation, Del Mar, California, United States of 

America) was advanced to the distal third part of the coronary artery. The Doppler guidewire 

was manipulated until an optimal and stable Doppler flow signal was obtained. Doppler 

flow velocity, electrocardiographic signals, aortic pressure and distal coronary pressure were 

simultaneously recorded using the ComboMap™ system (Philips Volcano Corporation, Del 

Mar, California, United States of America). Thereafter, a pressure/temperature sensor-tipped 

guidewire (PressureWire™ X wired, Abbott St. Jude, Minneapolis, Minnesota, United States 

of America) was placed next to the Doppler wire and connected to a RadiAnalyzer™ interface 

(Abbott St. Jude, Minneapolis, Minnesota, United States of America). The guiding catheter 
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was then flushed with saline. Next, 3 mL of saline at room temperature was rapidly injected 

through the guiding catheter. This process was repeated twice, yielding three thermodilution 

curves. Operators were encouraged to replace discordant values by repeating injections. 

After baseline measurements, hyperemia was induced through intravenous infusion of 

adenosine using the exact same protocol as during PET imaging. Doppler flow velocity, 

electrocardiographic signals, distal coronary pressure and aortic pressure were obtained 

along with three thermodilution curves during steady-state maximum hyperemia. Care was 

taken to maintain wires in the same position during all measurements.

Data analysis
Parametric PET perfusion images of myocardial blood flow (MBF) were generated and 

quantified using an in-house developed software package, Cardiac VUer10. MBF was 

expressed in milliliters per minute per gram of perfusable tissue. Anatomical information 

(e.g. coronary dominance) obtained from invasive coronary angiography was used to allocate 

vessels to their subtending myocardium based on the 17-segment model of the American 

Heart Association11. Vessels not subtending to the left ventricle were excluded from analysis. 

CFRPET was defined as the ratio between stress and resting MBF in the perfusion area of 

the investigated vessel. Post-processing of PET perfusion images was performed by a single 

observer (RD), who was blinded to the results of the invasive techniques. Data collected 

during invasive assessment were extracted from the ComboMap and RadiAnalyzer systems 

for offline analysis. FFR was defined as the ratio of distal coronary to aortic pressure 

during maximal hyperemia. Doppler peak flow velocities were averaged over 3 consecutive 

heartbeats. For each investigated vessel, baseline and hyperemic average peak velocity (APV) 

were determined twice and subsequently averaged. CFRDoppl was defined as the ratio of 

hyperemic over baseline APV. Transit times were calculated from the thermodilution curves as 

previously described12. Mean transit times (Tmn) were computed at rest and during hyperemia 

by averaging three transit times. Subsequently, CFRthermo was calculated by dividing resting 

Tmn by hyperemic Tmn. Quality of Doppler flow velocity and thermodilution data were graded 

per vessel as good, intermediate or poor. Doppler flow velocity traces were classified as good 

if the systolic and diastolic phases were clearly identifiable and if the diastolic flow trace 

showed an early peak followed by a gradual decline. Thermodilution curves were graded 

as good if the curve had an unimodal shape without distortion. Vessels with Doppler flow 

velocity and thermodilution data of poor quality were excluded from analysis in order to 

optimize comparison with PET. If collateral arteries were visible on coronary angiography, 

both feeding and receiving arteries were excluded. Offline analysis of Doppler flow velocity 

and thermodilution data was performed independently by two observers (GW and HE), 

blinded to the results of the other techniques. Offline post-processing of thermodilution data 

solely consisted of excluding thermodilution curves of poor quality.

14
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Statistical analysis
Continuous variables are presented as mean ± standard deviation or median with inter-

quartile range, whereas categorical variables are expressed as frequency with percentage. 

Variability of Doppler flow velocity and thermodilution measurements was assessed as follows:

Paired samples T-tests were used to compare variability between resting and hyperemic 

measurements, and to compare variability between APV and Tmn. Log transformation was 

applied to both resting and hyperemic Tmn to obtain a normal distribution for parametric 

testing. Pearson’s correlation was used to quantify association between continuous variables. 

Pearson Chi-Square was used to assess differences in quality between Doppler flow velocity 

and thermodilution data. Agreement between CFRDoppl, CFRthermo and CFRpet was assessed 

by Bland-Altman analysis using a two-way mixed effects model with measures of absolute 

agreement. Averages of CFR obtained through Doppler flow velocity, thermodilution and 

PET imaging were compared between vessels with and without hemodynamically significant 

stenosis using a mixed linear model with a random effect for patient. Williams’ test was 

used to compare differences between correlations coefficients13. All statistical tests were two 

tailed and a p-value of <0.05 was considered statistically significant. Statistical analysis was 

carried out with SPSS (IBM SPSS statistics 22 for Windows).

Results
Ninety-eight coronary arteries were investigated in 40 consecutive patients. Four vessels were 

excluded because of visual collaterals on angiography. One patient refused PET imaging 

and in another patient PET perfusion data were unreliable due to caffeine consumption 

just before scanning. A case example of invasive assessment with Doppler flow velocity 

and thermodilution and non-invasive assessment with [15O]H2O PET is depicted in Figure 

1. Baseline characteristics of the patient cohort are summarized in Table 1. Median FFR 

was 0.93 [0.84-0.97]and 18 (19%) vessels had hemodynamically significant stenosis (FFR 

≤0.80). Table 2 lists the quality of Doppler flow velocity and thermodilution data. Overall, 

the quality of Doppler flow velocity data was significantly lower than that of thermodilution 

(p<0.001). Poor quality Doppler flow velocity traces were obtained in thirteen vessels from 

thirteen individual patients. In contrast, poor quality thermodilution data was only obtained 

in six vessels from six individual patients. No adverse events occurred during either PET 

scanning or invasive assessments. Figure 2 displays the individual hyperemic responses as 

measured with PET, Doppler flow velocity and thermodilution.
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Variability of invasive measurements
Figure 3 depicts the intra-observer agreement of Doppler flow velocity and thermodilution 

measurements. The second and third transit times are used for thermodilution, as these 

showed the least variability. Agreement between the first and second, and the first and 

third thermodilution measurements are provided in the supplementals. The intra-observer 

variability of Doppler flow velocity was 4.8±3% at rest and 5.3±4% during hyperemia 

(p=0.305), with a 6.6±5% variability of CFRDoppl. The intra-observer variability of 

thermodilution was 11.5±7% at rest and 14.6±9% during hyperemia (p=0.016), with a 

18.8±11% variability of CFRthermo. Transit times showed higher intra-observer variability 

compared to APV, both at rest (p<0.001) and during hyperemia (p<0.001). CFRthermo also 

demonstrated higher variability than CFRDoppl (p<0.001). Figure 4 illustrates the inter-

observer agreement for offline analysis of Doppler flow velocity and thermodilution data. 

The inter-observer variability for offline analysis was significantly higher for Doppler flow 

velocity compared to thermodilution (8.8 ± 7.0% vs 3.6 ± 7%; p<0.001).

Figure 1: Case example of agreement between PET imaging and invasive measurements  
Coronary angiography (A) shows a lesion in the LAD (white arrow), which is confirmed as hemodynamically 
significant by FFR (in yellow, B). Thermodilution (B), PET (C) and Doppler flow velocity (D) all demonstrate 
a diminished CFR of approximately 2.0.

14
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Table 1: Baseline characteristics Table 2: Quality of invasive measurements on a 
per vessel level

 

Characteristic

No. of patients
Age (years)
Male gender
Body mass index (kg/m2)
Risk factors
 Family history of CAD
 Hypertension
 Hypercholesterolemia
 Diabetes mellitus
 Smoking
Medication
 ACE inhibitor or ATII antagonist
 Aspirin
 Beta-blocker
 Statin
No. of interrogated vessels
 LAD
 LCx
 RCA

40
58 ± 7

30 (75%)
27 ± 4

22 (55%)
21 (53%)
15 (38%)
6 (15%)

17 (43%)

22 (55%)
40 (100%)
31 (78%)
 32 (80%)

94
31 (33%)
32 (34%)
31 (33%)

Figure 2: Hyperemic responses of the individual vessels     
Hyperemic responses of the individual vessels as measured with PET (left), Doppler flow velocity (middle) 
and thermodilution (right). APV: average peak velocity, MBF: myocardial blood flow, Tnm: mean transit 
time

Quality
(n=94)

 Doppler 
flow velocity

Thermodilution

Good
Intermediate
Poor

54 (57%)
27 (29%)
13 (14%)

79 (84%)
9 (10%)
6 (6%)
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Figure 3: Intra-observer variability of invasive techniques     
Bland‑Altman plots demonstrating the intra‑observer variability of Doppler flow velocity (left) and ther-
modilution (right). The second and third transit times are used for thermodilution.

Figure 4: Inter-observer variability for offline analysis of the invasive techniques  
Bland‑Altman plots demonstrating the agreement between two observers for offline analysis of Doppler 
flow velocity (Panel A) and thermodilution (Panel B) derived coronary flow reserve.

14
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Agreement between thermodilution and Doppler flow velocity
Thermodilution derived CFR displayed a wider range than Doppler derived CFR (0.9-7.1 

vs 1.1-4.3). Average CFRthermo was significantly higher than CFRDoppl  (3.2 ± 1.4 vs 2.6 

± 0.8; p<0.001). A moderate correlation was found between CFRthermo and CFRDoppl (r=0.59; 

p<0.001) (Figure 5A). The corresponding Bland-Altman plot showed an overall bias of 16.1 

± 36 % (intraclass coefficient [ICC] =0.45; p<0.001) (Figure 5B). Thermodilution tended 

to provide higher CFR values than Doppler flow velocity in the highest range of values.

Figure 5: Doppler flow velocity and thermodilution derived coronary flow reserve  
Scatter (Panel A) and Bland‑Altman plot (Panel B) of thermodilution and Doppler flow velocity derived 
coronary flow reserve.

Comparison with [15O]H2O PET imaging
PET derived CFR ranged from 1.1 to 5.6. A good correlation was present between Doppler 

and PET derived CFR (r=0.82; p<0.001) (Figure 6A). The corresponding Bland-Altman 

plot showed an overall bias of -12.7 ± 20 % (ICC =0.76; p<0.001) (Figure 6B). In contrast, 

the correlation between CFRthermo and CFRPET was only modest (r=0.55; p<0.001) (Figure 

6C). The Bland-Altman plot revealed an overall bias of -0.2 ± 40 % (ICC=0.49; p<0.001) 

and a tendency of CFRthermo to overestimate flow reserve at higher values (Figure 6D). The 

correlation between CFRDoppler and CFRPET was significantly stronger than that between 

CFRthermo and CFRPET (t =4.9; df=95; p<0.001).

CFR in vessels with hemodynamically significant stenosis
CFRPET, CFRDoppler and CFRthermo were all significantly reduced in vessels with 

hemodynamically significant stenosis, resulting from diminished hyperemic perfusion 

and flow (Table 3). The correlation between CFRthermo and CFRDoppl deteriorated when 

only vessels with FFR>0.80 were included (r=0.49; p<0.001), with an average difference 

between measurements of 13.6 ± 37 % (ICC=0.38; p<0.001). Similarly, the correlation 

between CFRthermo and CFRPET deteriorated (r=0.48; p<0.001), with an average difference of 

1.7 ± 40 % (ICC=0.41; p<0.001). In contrast, the correlation between CFRDoppl and CFRPET 
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remained similar when only vessels with FFR>0.80 were included (r=0.79; p<0.001), with 

an average difference between measurements of -11.8 ± 17 % (ICC=0.73; p<0.001).

Figure 6: Doppler flow velocity, thermodilution and PET derived coronary flow reserve  
Scatter (A and C) and Bland‑Altman (B and D) plots demonstrating the relationship of Doppler flow velocity 
(A and B) and thermodilution (C and D) derived coronary flow reserve with PET perfusion imaging.

Table 3: Coronary flow reserve stratified according to fractional flow reserve

All
FFR>0.80

(n=76)
FFR≤0.80

(n=18) P Value

Diameter stenosis (%)
Fractional flow reserve
CFRPET

     baseline MBF (mL/min/g)
     hyperemic MBF (mL/min/g)
CFRDoppl

     baseline APV (cm/s)
     hyperemic APV (cm/s)
CFRthermo

     baseline Tmn (s)
     hyperemic Tmn (s)

31 [0-55]
0.93 [0.84-0.97]

3.0 ± 0.9
0.88 ± 0.3
2.55 ± 0.9
2.6 ± 0.8

14 ± 5
36 ± 12

3.2 ± 1.4
0.72 [0.50-1.09]
0.26 [0.18-0.35]

0 [0-44]
0.94 [0.88-0.97]

3.2 ± 0.8
0.88 ± 0.3
2.69 ± 0.9
2.7 ± 0.8

14 ± 5
37 ± 13

3.4 ± 1.4
0.76 [0.50-01.15]
0.24 [0.17-0.32]

62 [53-76]
0.70 [0.60-0.74]

2.1 ± 0.9
0.86 ± 0.2
1.81 ± 0.6
1.8 ± 0.4

15 ± 5
28 ± 9

2.1 ± 0.9
0.68 [0.53-1.09]
0.37 [0.23-0.59]

<0.001
─

<0.001
0.753

<0.001
<0.001
0.230
0.012

<0.001
0.113
0.039
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Discussion
The present study is the first to compare Doppler flow velocity and thermodilution head-to-

head with [15O]H2O PET imaging for assessment of coronary flow reserve. The main results 

of the study can be summarized as follows: (1) there was a modest correlation between 

CFRDoppl and CFRthermo; (2) there was a strong correlation between CFRDoppl and CFRPET, 

but only a modest one between CFRthermo and CFRPET; (3) CFRthermo overestimated CFR at 

higher values; (4) the relationship between CFRthermo and CFRPET got even worse when only 

vessels with FFR>0.80 were included, whilst the relationship between CFRDoppl and CFRPET 

remained constant; (5) the quality of Doppler flow velocity data was significantly poorer 

than that of thermodilution; (6) measurements of Doppler flow velocity showed lower intra-

observer variability than thermodilution; (7) the inter-observer variability of offline post-

processing was higher for Doppler flow velocity than thermodilution.

The incremental value of coronary flow reserve
The concept of coronary flow reserve was developed more than 4 decades ago as an index of 

functional stenosis severity14. Gould et al. demonstrated that flow reserve gradually decreases 

with progressive narrowing of the coronary artery lumen. Based on the complexity of flow 

measurements together with the relative ease of pressure-based indexes, FFR subsequently 

replaced CFR as an instrument to evaluate epicardial stenosis. However, although FFR 

informs clinicians to what extent coronary flow can be optimized by eliminating epicardial 

obstructions, it does not account for alterations in the microvasculature15. On the other 

hand, CFR encompasses both epicardial and microvascular compartments16. Discordance 

between CFR and FFR has been reported in 20-40% of cases as a result of differences 

in the relative contributions of epicardial and microvascular disease to ischemia15-18. 

Attenuated vasodilator response of the microvascular bed may result in normal FFR values 

in severe stenosis. Conversely, a strong hyperemic response may result in normal CFR values 

while FFR is well below the clinical threshold15. Although FFR-guided revascularization 

is known to improve patient outcome19,20, it has been shown that CFR further aids risk 

stratification in patients with normal FFR. Meuwissen et al. and van de Hoef et al. showed 

that among patients with high FFR, CFR obtained with Doppler flow velocity was able to 

identify patients at risk for future events4,17. This incremental value of CFR has also been 

demonstrated for thermodilution. Lee et al. reported that patients with high FFR, but low 

CFRthermo had poorer outcome than patients with preserved CFRthermo
3. CFR thus provides 

information complementary to FFR in the context of stable coronary artery disease. In 

addition, reduced CFR predicts occurrence of major adverse cardiac events after ST-segment 

elevation myocardial infarction21,22.

Although the prognostic ability of CFR is well established, it should be noted that CFR 

is hampered by several limitations. CFR is inherently dependent on resting flow, which 
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is known to fluctuate according to metabolic demand. In addition, attenuated hyperemic 

responses caused by caffeine or xanthine consumption may inadvertently reduce CFR23. In 

order to overcome these limitations, Johnson and Gould devised the coronary flow capacity 

(CFC)24. CFC is a comprehensive physiological framework integrating both CFR and 

hyperemic flow, which relies on the understanding that truly ischemic myocardium exhibits 

both reduced CFR and hyperemic flow. In a recent study, van de Hoef et al. performed 

Doppler flow velocity measurements in 228 patients with stable coronary artery disease 

and classified vessels according to both CFR and CFC25. CFC was shown to be superior to 

CFR in predicting major adverse cardiac events. This incremental value of CFC over CFR 

however, could not be demonstrated for thermodilution26.

One limitation that remains is that CFR and CFC are influenced by both epicardial and 

microvascular disease. Without pressure based indices, one is not able to differentiate between 

the two entities. However, when both CFR and FFR are available, CFR in the hypothetical 

absence of stenosis is easily calculated by dividing CFR by the FFR27. Alternatively, one could 

assess the minimal microvascular resistance, which is independent from epicardial stenosis 

and thus solely reflects microvascular function28.

Thermodilution vs Doppler flow velocity
Previous studies comparing Doppler flow velocity and thermodilution measurements of 

CFR have reported markedly higher concordance than that observed in the present study6,7. 

However, selection bias may have affected results of those studies. Barbato et al. enrolled 86 

patients, but only 34 were considered for combined measurements of Doppler flow velocity 

and thermodilution7. This approach was justified because in the absence of a true gold 

standard (i.e. [15O]H2O PET), patient and vessel selection had to be optimized in order to 

compare these two surrogate techniques. In the present study, 40 consecutive patients were 

enrolled without applying stringent inclusion criteria, which could explain why the present 

results do not corroborate earlier findings. In fact, only a moderate correlation between 

thermodilution and Doppler derived flow reserve was found. Furthermore, the correlation 

between CFRthermo and CFRPET was also modest. In line with previous observations, these 

results indicate that thermodilution tends to overestimate flow reserve at higher values. 

However, the exact CFR value is of less importance in these cases as flow reserve is well 

beyond the ischemic threshold.

Contrary to thermodilution, CFRDoppl correlated strongly with CFRPET. The main 

disadvantage of Doppler flow velocity, however, is the challenge to obtain high quality 

signals, which in turn depends highly on the skill and experience of the operator. Insufficient 

quality of Doppler traces is reported to occur in up to 30% of measurements7. In the present 

study, flow velocity measurements were performed by operators with ample experience and 

still 14% of Doppler traces had to be excluded due to poor quality. For this reason, routine 

14
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measurement of CFR by thermodilution appears to be technically more feasible than Doppler 

flow velocity measurements.

Limitations
As mentioned before, CFR is sensitive to changes in cardiac workload29. Serial measurements 

of CFR can therefore vary and some of the discordance between PET and invasive 

measurements in the present study may be due to variations in resting flow. However, changes 

in resting hemodynamics between PET imaging and invasive assessment should not have 

affected the head-to-head comparison of thermodilution and Doppler flow velocity with 

PET. Secondly, quality assessment of thermodilution and Doppler flow velocity data was 

subjective. Observers were however, blinded to PET data and angiographic information (i.e. 

vessel). Four vessels had severe functional impairment with FFR values below 0.6. Additional 

data of these 4 vessels are provided in supplementals. In vessels with such severe stenosis, 

flow is redistributed and pre-existent collateral arteries develop into functional conduit 

arteries30. As a corollary, myocardial blood flow no longer equals coronary blood flow but 

is calculated as the sum of coronary and collateral flow. This phenomenon was accounted 

for by excluding both feeding and receiving vessels with visible collaterals. Nevertheless, 

flow through ‘hidden’ collaterals could still have affected results. Nitrates were administrated 

during invasive assessment, but not during PET. This may have contributed to differences 

between invasive and non-invasive measurements. Inter-observer variability of the invasive 

measurements could not be evaluated as the measurements were not repeated by different 

operators. Therefore, only the inter-observer variability of the offline post-processing is 

provided. Hyperemic and resting components of CFR could not be compared between the 

three techniques, as the subtending myocardial mass of the individual coronary arteries is 

unknown. Finally, intra-observer variability of PET could not be assessed as imaging was 

not repeated in order to reduce patient radiation exposure. However, a previous study by 

Kaufmann et al. reported low intra-observer variability for both resting and hyperemic 

measurements of [15O]H2O PET perfusion31. In addition, the present study sought to 

investigate invasive techniques for assessment of CFR. PET was solely used as reference.

Conclusions
Coronary flow reserve, determined using Doppler flow velocity, has superior agreement 

with [15O]H2O PET in comparison to thermodilution derived CFR. Nevertheless, feasibility 

of measuring thermodilution derived CFR is higher than that of Doppler derived CFR, 

indicating that further improvements in the Doppler technique are required before widespread 

clinical implementation.
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Supplementary Appendix for Chapter 14

Supplemental Figure 1 – Intra-observer variability of thermodilution measurements  
Bland‑Altman plots demonstrating the intra‑observer variability ofthermodilution measurements. The 
left panel represents measurements 1 and 2, and the right panel measurements 1 and 3. CFR = coronary 
flow reserve.

Supplemental Figure 2 – Invasive coronary angiography of the four vessels with severe functional 
impairment:         
End‑diastolic angiographic still images of the four vessels with FFR values below 0.60.

14



306

Part 3 - Chapter 14

Supplemental Table 1: Data of the four vessels with severe functional impairment

Vessel 1 Vessel 2 Vessel 3 Vessel 4

Diameter stenosis (%)
Fractional flow reserve
CFRPET

      Baseline MBF (mL/min/g)
      hyperemic MBF (mL/min/g)
CFRDoppl

      baseline APV (cm/s)
      hyperemic APV (cm/s)
CFRthermo

      baseline Tmn (s)
      hyperemic Tmn (s)

87
0.17
1.8

1.03
1.86
1.6
8

13
1.2

2.57
2.22

74
0.30
1.7

0.98
1.67
1.3
7
9

1.4
0.56
0.39

79
0.54
1.9

0.92
1.75
1.2
16
19
1.1

0.68
0.61

76
0.59
2.2

0.68
1.47
1.7
15
26

1.33
0.26
0.20



307

CHAPTER 15

Doppler versus thermodilution‑derived coronary 
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Abstract
Background Coronary microvascular resistance is increasingly measured as a predictor of 

clinical outcomes, but there is no accepted gold-standard measurement.

Methods and Results We compared the diagnostic accuracy of 2 invasive indices of 

microvascular resistance, Doppler-derived hyperemic microvascular resistance (hMR) 

and thermodilution-derived index of microcirculatory resistance (IMR), at predicting 

microvascular dysfunction. A total of 54 patients (61 ± 10 years) who underwent cardiac 

catheterization for stable coronary artery disease (n = 10) or acute myocardial infarction 

(n = 44) had simultaneous intracoronary pressure, Doppler flow velocity and thermodilution 

flow data acquired from 74 unobstructed vessels, at rest and during hyperemia. Three 

independent measurements of microvascular function were assessed, using predefined 

dichotomous thresholds: (1) coronary flow reserve (CFR), the average value of Doppler- 

and thermodilution-derived CFR; (2) cardiovascular magnetic resonance (CMR) derived 

myocardial perfusion reserve index; and (3) CMR-derived microvascular obstruction. 

hMR correlated with IMR (rho = 0.41, p <0.0001). hMR had better diagnostic accuracy 

than IMR to predict CFR (area under curve [AUC] 0.82 vs 0.58, p <0.001, sensitivity 

and specificity 77% and 77% vs 51% and 71%) and myocardial perfusion reserve index 

(AUC 0.85 vs 0.72, p = 0.19, sensitivity and specificity 82% and 80% vs 64% and 75%). 

In patients with acute myocardial infarction, the AUCs of hMR and IMR at predicting 

extensive microvascular obstruction were 0.83 and 0.72, respectively (p = 0.22, sensitivity 

and specificity 78% and 74% vs 44% and 91%).

Conclusion We conclude that these 2 invasive indices of coronary microvascular resistance 

only correlate modestly and so cannot be considered equivalent. In our study, the 

correlation between independent invasive and noninvasive measurements of microvascular 

function was better with hMR than with IMR.
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Introduction
Up to 50% of patients have microvascular obstruction (MVO)1 after primary percutaneous 

coronary intervention (PPCI), resulting in worse clinical outcomes.2  MVO reflects 

microvascular dysfunction (MVD) due to distal embolization of the thrombus, endothelial 

dysfunction, reperfusion injury, and intramyocardial hemorrhage.3 MVD also indicates 

an adverse prognosis in the setting of stable coronary artery disease.4 Elevated coronary 

microvascular resistance (MVR) is the hallmark of MVD. Two invasive indices of MVR are 

now described. Both derive MVR from simultaneous distal coronary artery measurements 

of pressure and flow during hyperemia using intra-coronary guidewires. However, the 

index of microcirculatory resistance (IMR)5 estimates flow with thermodilution, whereas 

hyperemic microvascular resistance (hMR) incorporates Doppler flow velocity.6 Both 

indices have separately been shown to predict infarct size,7,  8  MVO,8  regional wall 

motion,7 and adverse left ventricular (LV) remodeling.7 However, to date, no study has 

compared hMR and IMR against invasive and noninvasive measurements of MVD in 

humans. Our study aims were to determine the level of agreement between IMR and hMR 

across a range of MVR and to compare the ability of IMR and hMR to predict independent 

invasive and noninvasive measurements of MVD.

Methods
In this prospective, 2-center study, patients who underwent coronary angiography were 

enrolled at St Thomas Hospital, London, United Kingdom, and at the VU University 

Medical Center, Amsterdam, The Netherlands. To sample a wide range of MVR, 

we enrolled 2 groups: those with stable angina and those presenting with an acute 

myocardial infarction (AMI), defined as a cardiac biomarker elevation in association 

with characteristic electrocardiographic changes and/or typical symptoms. In patients 

with AMI, measurements were made in the infarct artery after percutaneous coronary 

intervention and in an angiographically normal reference artery when feasible. Exclusion 

criteria were hemodynamic instability or cardiogenic shock, significant LV dysfunction, 

previous coronary artery bypass grafting, severe co-morbidity, left main stem disease, and 

standard contraindications to cardiovascular magnetic resonance (CMR). The protocols 

were approved by the NRES London Westminster Medical Ethics Review Committee and 

the Institutional Review Board of VU University Medical Center in Amsterdam. All patients 

were asked to give a written informed consent. Measurements were taken in coronary 

arteries without hemodynamically significant coronary artery disease (defined as fractional 

flow reserve >0.80), or immediately after a successful percutaneous coronary intervention 

in patients with a significant coronary artery stenosis. After calibrating and normalizing 

to aortic root pressure through a 6-F guiding catheter, a 0.014-inch dual pressure and 

Doppler flow velocity tipped sensor guidewire (ComboWire Guidewire; Philips Volcano, 

15
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San Diego, California) and a 0.014-inch pressure wire (with temperature thermistors 

on the distal shaft and tip; St Jude Medical, St. Paul, Minnesota) were advanced to the 

distal vessel (>5 cm from the coronary ostia). The pressure transducers of each wire were 

positioned adjacent to each other (Figure 1). The following measurements were taken after 

the administration of intracoronary nitrates (200 to 300 mcg): aortic pressure (Pa), distal 

coronary artery pressure (Pd), Doppler-derived average peak velocity, and thermodilution-

derived transit mean time.5, 9 Measurements were taken at rest and during peak hyperemia 

with intravenous adenosine (140 mcg/kg/min). The following were then calculated as 

previously described in all patients: fractional flow reserve,10 hMR,11  IMR,5 and the 

Doppler-12 and thermodilution-derived coronary flow reserve (CFR)9. In patients with 

AMI the corrected TIMI frame count was also calculated.13  Doppler flow velocity 

tracings of insufficient quality were discarded from the analysis. CFR was then calculated 

as the average of Doppler-derived CFR and thermodilution-derived CFR. Investigators 

performing data analyses were blinded to all clinical data. CMR scans were performed 

using either a 3-T magnetic resonance (MR) scanner (St Thomas’ Hospital, London: 

Achieva; Philips Healthcare, Best, The Netherlands) or a 1.5-T MR scanner (VU University 

Medical Center, Amsterdam: Magnetom Avanto; Siemens, Erlangen, Germany). Cine 

images were acquired in 2-, 3-, and 4-chamber orientations and in a whole LV short-axis 

stack using a steady-state free precession sequence. CMR high-resolution stress (adenosine 

140 mcg/kg/min for 4 minutes) and rest perfusion scans were performed exclusively on 

a 3-T MR scanner, within 48 hours of MVR measurements, using gadolinium contrast. 

In patients with AMI, late gadolinium enhancement images were obtained 15 minutes 

after the last CMR contrast injection. LV ejection fraction and LV mass were calculated 

from cine images. The myocardial perfusion reserve index (MPRI) was derived from 

the semiquantitative perfusion analysis, as previously described, to provide territory-

specific values to match invasive data, using a 16-segment American Heart Association 

model.14 MVO was manually delineated from late gadolinium enhancement images as an 

area of hypoenhancement within an infarcted LV mass (Figure 1).15 Extensive MVO was 

a predefined dichotomous variable when there was >2 ml MVO volume present.16 Further 

details on the methods can be found in the supplements.
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Figure 1: Cardiac catheterization protocol used to derive invasive measurements of microvascular resis-
tance. Panel A: Combomap Console (Volcano Corporation, San Diego, California) displaying continuous 
aortic and Pd and Doppler flow velocity. Panel B: Coronary angiographic image demonstrating a 0.014‑inch 
ComboWire (Volcano Corporation) and a 0.014‑inch pressure wire (St Jude Medical, Uppsala, Sweden) 
placed in equivalent positions in the distal circumflex artery. Panel C: St Jude Console (St Jude Medical) 
displaying aortic and Pd, and 3 Tmn measurements at both baseline and during steady‑state hyperemia. 
Panel D: Late gadolinium enhancement cardiac magnetic resonance image 5 days after a revascularized 
acute ST‑segment elevation myocardial infarction of the left anterior descending coronary artery. This 
short‑axis view shows a hypoenhanced core of microvascualar obstruction (MVO) within a hyperenhanced 
area of infarcted tissue in the anteroseptal myocardium.

Statistics
Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad, San Diego, 

California) and MedCalc Statistical Software version 12.7.8 (MedCalc Software, Ostend, 

Belgium). Continuous variables were tested for normality using the Shapiro-Wilk test and 

were presented as mean ± standard deviation when data were normally distributed or as 

median with interquartile range when data were non-normally distributed. Correlations 

between hMR and IMR, and each with CFR, MPRI, and MVO, were assessed using 

Spearman (rho) analyses. MVD was defined dichotomously for each independent 

outcome variable: CFR <2.0,17 MPRI <1.0,14, 18 and extensive MVO.16 Receiver operating 

characteristic analysis was performed to determine the best cut-off values for predicting 

MVD using each method, and comparisons were made using the DeLong method. P values 

of <0.05 were considered significant.
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Results
The flow of patients through the study is shown in Figure 2. Two patients (4%) were 

excluded because of poor quality Doppler traces, leaving 54 patients (10 patients with stable 

angina and 44 patients with AMI: 33 with ST-segment elevation myocardial infarction 

[STEMI] and 11 with non-STEMI) with 74 complete invasive physiology datasets (Table 1). 

Invasive and CMR physiologic data were acquired in 40 patients (8 patients with stable 

angina and 32 patients with AMI: 27 with STEMI and 5 with non-STEMI; Table 2). The 

time between invasive measurements and CMR scans was 24 hours (7 to 49 hours). In 

the enrolled population (see Table 1), the hMR was 2.60 (1.99 to 3.43) mm Hg·cm-1·s and 

the IMR was 19.0 (13.0 to 29.8) U. hMR significantly correlated with IMR (rho = 0.39, 

p = 0.0006; Figure 3). Baseline and hyperemic thermodilution transit mean time values 

were 0.56 (0.35 to 0.92) seconds and 0.27 (0.18 to 0.39) seconds, respectively. Baseline 

and hyperemic Doppler average peak velocity values were 15.3 (12.0 to 20.7) cm·s-1 and 

29.4 (21.5 to 37.6) cm·s-1, respectively. Transit mean time values correlated significantly 

with values at baseline (rho = −0.36, p = 0.002) and hyperemia (rho = −0.41, p = 0.0003). 

There was a strong correlation between Doppler-derived CFR 1.90 (1.46 to 2.21) and 

thermodilution-derived CFR 1.82 (1.50 to 2.47) (rho = 0.61, p <0.0001).

Figure 2: Flow of patients through the study. Two patients (4%) were excluded because of poor quality 
Doppler traces, leaving 54 patients (10 patients with stable angina and 44 patients with AMI: 33 with 
STEMI and 11 with non‑STEMI) with 74 complete invasive physiology datasets (Table 1; those with a full 
hMR, an index of microcirculatory resistance, and a coronary flow reserve dataset from at least 1 vessel). 
Invasive and CMR physiologic data were acquired in 40 patients (Table 2; 8 patients with stable angina 
and 32 patients with AMI: 27 with STEMI and 5 with non‑STEMI). Fourteen patients were excluded be-
cause of claustrophobia, patient preference (decreased), being too obese to have a CMR scan (logistics), 
or because of poor quality perfusion data from an inadequate breath‑hold. * CMR infarct size and MVO 
measurements were obtained in all 32 patients with AMI (27 with STEMI and 5 with non‑STEMI), whereas 
CMR perfusion was only performed on high-resolution 3-T perfusion scans in 23 patients (8 patients with 
stable angina and 15 patients with AMI).



313

Comparing methods to measure coronary hemodynamics

Table 1: Clinical demographics and angiographic characteristics of the 54 patients

Variable AMI Patients (n=44) Angina pectoris (n=10)

Men 40 (90) 9 (90)

Age (years) 60.2 ± 10.6 61.7 ± 9.0

Body Mass Index (kg/m2) 26.9 ± 3.7 29.8 ± 3.4

 Hypertension 29 (64) 7 (64)

 Diabetes Mellitus 21 (47) 3 (27)

 Hypercholesterolemia 36 (80) 9 (82)

 Smoker 30 (67) 8 (73)

Non-culprit/Non-treated Measurements

 LAD / LC / Right 9/2/7 6/3/0

 Fractional Flow Reserve 0.95 ± 0.06 0.89 ± 0.04

Culprit/treated Measurements

 LAD / LC / Right 24 / 7 / 10 3 / 0 / 3

Table 2: Cardiac magnetic resonance imaging data

Variable All patients

Duration between invasive measurements and CMR, hours 24 (7 - 49)

Semi-quantitative CMR analysis (31 datasets from 23 patients*)

Myocardial Perfusion Reserve Index 1.07 (0.86- 1.49)

Volumetric analysis (40 datasets from 40 patients)

Left Ventricular End Diastolic Volume, ml 174 (150 - 200)

Left Ventricular End Systolic Volume, ml 81 (55 - 119)

Left Ventricular Ejection Fraction, % 52 (41 - 63)

Microvascular Obstruction (32 datasets from 32 patients)

Evidence of Microvascular Obstruction, number 13

Evidence of extensive† Microvascular Obstruction, number 10

Quantitative infarct size analysis (32 datasets from 32 patients)

Infarct size, g 22.5 (5.1 - 35.2)

Infarct size % of Left Ventricular mass 14.3 (4.5 - 24.8)

*Includes MPRI values from corresponding culprit / non-culprit vessels.
†More than 2mls volume.
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Figure 3: Correlation of hMR versus the IMR.

hMR and IMR correlated with CFR (hMR, rho = −0.52, p <0.0001; IMR, rho = −0.24, 

p = 0.04). hMR values were higher in patients with MVD defined dichotomously by CFR 

(3.16 vs 2.12 mm Hg·cm-1·s, p <0.0001; Figure 4), but there was no difference between 

groups using IMR (22 vs 19 U, p = 0.25; Figure 4). DeLong receiver-operator characteristic 

analysis demonstrated that hMR had superior diagnostic accuracy compared with IMR 

at predicting MVD: area under curve (AUC) 0.82 versus 0.58, p <0.001 (Figure 5). A 

threshold of ≥ 2.5 mm Hg·cm-1·s for hMR provided the highest sensitivity (0.77) and 

specificity (0.77) for detecting MVD, whereas the optimal threshold for IMR was ≥21.5 U, 

with a sensitivity of 0.51 and a specificity of 0.71.

hMR was significantly correlated with MPRI (rho = −0.58, p <0.001), but IMR was 

not (rho = −0.27, p = 0.15). hMR and IMR values were higher in patients with MVD, 

defined dichotomously by MPRI (hMR: 3.43 vs 2.11 mm Hg·cm-1·s, p <0.001, IMR: 27.0 

vs 18.4 U, p = 0.02; Figure 4). Receiver-operator characteristic analysis showed that hMR 

had a numerically superior diagnostic accuracy over IMR to predict MPRI, although the 

difference did not reach statistical significance (AUC, 0.85 vs 0.72, p = 0.19) (Figure 6). 

A threshold of ≥2.5 mm Hg·cm-1·s for hMR provided the optimal sensitivity (0.82) and 

specificity (0.80) for predicting MVD. The best cut-off value for IMR was ≥24.0 U, with 

poorer sensitivity (0.64) and specificity (0.75).



315

Comparing methods to measure coronary hemodynamics

Figure 4: hMR and IMR invasively measured in patients with and without evidence of microvascular dys-
function as evidenced by invasive CFR (Panel A), noninvasive myocardial perfusion reserve index (Panel 
B), and noninvasive extensive microvascular obstruction (Panel C). Boxes represent the median and the 
interquartile range with whiskers as the 10th to 90th percentiles, and values outside the 10th to the 90th 
percentiles are presented as individual data points.

In the patients with AMI with invasive and CMR data (see Figure 2), MVO was visible 

in 42% of the patients. In these patients, the MVO volume was 3.2 ml (2.0 to 5.2). 

Both infarct-related artery hMR and IMR measurements correlated with MVO volume 

(hMR, rho = 0.46, p = 0.001; IMR, rho = 0.36, p = 0.01). hMR and IMR values were 

both significantly higher when there was evidence of extensive MVO (hMR 3.74 vs 

2.60 mm Hg·cm-1·s, p = 0.003; IMR 23.5 vs 19.0 U, p = 0.04; Figure 4). Receiver-operator 

characteristic analysis demonstrated that hMR had a numerically superior diagnostic 
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accuracy over IMR to predict the presence of extensive MVO (superior sensitivity), but 

this was not significant (AUC 0.83 vs 0.72, p = 0.22) (Figure 6). A threshold of ≥ 3.25 mm 

Hg·cm-1·s provided the highest sensitivity (0.78) and specificity (0.74) for detecting extensive 

MVO. The best cutoff for IMR was ≥40 U with sensitivity (0.44) and specificity (0.91). In 

addition, hMR had superior diagnostic accuracy over IMR to predict the presence of any 

MVO, but this difference was not significant (AUC 0.75 vs 0.66).

Figure 5: Performance of invasive indexes of microvascular resistance versus an invasive standard of 
coronary microvascular dysfunction: receiver operating characteristic analysis. Accuracy of hMR versus 
IMR in predicting a CFR of < 2.0 in vessels with a fractional flow reserve of >0.80. The optimal thresholds 
were ≥2.5 mm Hg·cm-1·s for hMR and ≥21.5 U for IMR.

Figure 6 Performance of invasive indexes of microvascular resistance versus noninvasive markers of 
coronary microvascular dysfunction: receiver operating characteristic analysis. Panel A: Accuracy of hMR 
and IMR in predicting the myocardial perfusion reserve index of <1.0, a noninvasive marker of coronary 
microvascular dysfunction. The calculated cut‑off values were ≥2.5 mm Hg·cm-1·s for hMR and ≥25 U for 
IMR. Panel B: Accuracy of hMR and IMR in predicting the presence or the absence of extensive microvascu-
lar obstruction (>2ml),19 a noninvasive standard of coronary microvascular dysfunction in acute myocardial 
infarction. The best cut‑off values were ≥3.25 mm Hg·cm-1·s for hMR and ≥40 U for IMR.
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Discussion
To our knowledge, this is the first study in humans to have simultaneously assessed the 

correlation of 2 invasive indices of MVR, Doppler-derived hMR and thermodilution-

derived IMR, against each other and against independent measurements of MVD. The 

main findings of this study are (1) hMR and IMR correlate modestly with each other, 

and therefore cannot be considered equivalent predictors of MVD; (2) hMR had superior 

diagnostic accuracy over IMR to predict MVD determined invasively by CFR; (3) hMR 

had a clinically superior sensitivity over IMR to predict MVD determined by cardiac 

magnetic resonance-derived MPRI and extensive MVO, but there were no statistically 

significant differences observed; (4) an hMR threshold of ≥2.5 mm Hg·cm-1·s and an IMR 

threshold from 21.5 to 24 U were optimal for predicting MVD determined by CFR and 

MPRI; (5) in the infarct related artery after an AMI, an hMR threshold of ≥3.25 mm 

Hg·cm-1·s and an IMR threshold of ≥40 U were optimal for predicting MVD determined 

by extensive MVO.

Optimal assessment of MVD enables better risk stratification for adverse cardiovascular 

outcomes. In addition, in the setting of AMI after PPCI, instant MVR measurement 

could help select patients most likely to benefit from adjunctive pharmacotherapy (e.g., 

intracoronary GpIIbIIIa inhibitors19, 20). An accurate assessment of MVR can be performed 

safely in the cardiac catheter laboratory, across a broad spectrum of MVD in patients 

with AMI and stable angina, using either hMR or IMR. However, although equivalent 

hyperemic distal pressures were obtained from the 2 intracoronary guidewires, the 

overall correlation between hMR and IMR was far from strong (rho = 0.39). Therefore, 

discrepancies in the MVR measurements relate to differences in the estimation of flow. 

Each technique has inherent theoretical assumptions that are challenged in varying 

pathophysiologic states. Thermodilution-derived transit time is a surrogate of absolute 

coronary blood flow and is not indexed to the amount of myocardium subtended. Doppler 

flow velocity, however, decreases only by a fraction as branching occurs. Therefore, hMR 

may be less influenced by the amount of myocardium subtended than IMR.

Previous investigators have reported a wide range of prognostic thresholds for both 

hMR (2.5 to 3.6 mm Hg·cm-1·s16) and IMR (32 to 40 U7,21) in patients who have experienced 

a recent AMI. The thresholds we identified for hMR and IMR to predict the presence of 

MVO are similar to that previously reported.8, 16, 22 The thresholds for predicting MVD 

with CFR and MPRI, which are more sensitive measurements of MVD, are understandably 

lower for both hMR and IMR. Recently, Patel et al measured hMR and IMR directly 

after PPCI in 34 patients recruited with STEMI.23 Patel et al demonstrated that hMR had 

a superiority trend over IMR in predicting parameters of infarct size and impaired LV 

ejection fraction, but this failed to reach statistical significance.23 However, they did not 

include measurements of MVD in this comparison.
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Limitations
Several study limitations should be acknowledged. First, notwithstanding the detailed 

physiologic characterization of our study cohort, this is a study with a relatively small 

sample size. Second, there is currently no true reference standard measurement of 

microvascular function. In our study, we used multiple distinct methods of assessing 

microvascular function, which we believe represents the best available composite clinical 

surrogate for a true reference standard. CFR was chosen as the invasive measurement of 

MVD because it was readily obtainable in every patient and is utilized in clinical practice as 

a marker of MVD.17 Although a CFR threshold of <2.0 in unobstructed coronary arteries 

to predict MVD is somewhat controversial, hMR also performed better than IMR to 

predict CFR thresholds of <2.3 and <2.5 (used in previous studies to define MVD). Third, 

although we acknowledge that CFR can be affected by several hemodynamic factors and 

loading conditions, these conditions were minimized by ensuring that (1) baseline and 

peak measurements for Doppler and thermodilution were taken immediately after each 

other; (2) all hyperemic measurements were taken during steady-state hyperemia with 

intravenous adenosine; and (3) no other drugs or intravenous fluids were administered 

between Doppler and thermodilution measurements. Fourth, CMR late gadolinium 

enhancement was performed up to 6 days after AMI and therefore the measurements 

may be confounded by partial resolution of transient MVD after AMI. Nevertheless, this 

would be expected to affect both hMR and IMR to the same extent. Finally, it should be 

noted that there is no accepted dichotomous threshold for defining MPRI and MVO, and 

the values we have used may differ from some studies.

Conclusion
This prospective 2-center study assessed the correlation between Doppler-derived 

hyperemic MVR and thermodilution-derived IMR against each other and against 

independent reference measurements of MVD. We found that these 2 invasive indices are 

both predictors of MVD. However, only a modest correlation was found between hMR and 

IMR. Therefore, these measurements cannot be considered equivalent predictors of MVD.
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Supplementary Appendix for Chapter 15

Methods
In patients presenting with an acute ST-segment-elevation myocardial infarction (STEMI), 

verbal informed consent was sought in the cardiac catheterization laboratory followed by 

written informed consent within 24 hours of percutaneous coronary intervention, in line 

with other STEMI studies.10 A minimum of 3 Tmn measurements were acquired at rest 

and hyperemia, and Tmn measurements were repeated until the variability between the 3 

Tmn values was minimal.12 Doppler data were sampled at 200 Hz. A polynomial filter was 

applied to refine the derivates of the velocity signal and then analysed offline with custom 

designed software (written in Matlab, Delphi v. 2010; Embarcadero, San Francisco, CA, 

USA). Three to six consecutive cardiac cycles were selected to obtain baseline and hyperemic 

APV. Doppler-derived hMR was calculated as Pd divided by APV at hyperemia (Figure 1A: 

mmHg·cm-1·sec),1 and thermodilution-derived IMR calculated as Pd divided by the inverse 

of the hyperemic average Tmn (Figure 1C: mmHg·seconds, or units [U]).2 Doppler-derived 

CFR was calculated by the ratio of APV at hyperemia and at baseline,3 and thermodilution-

derived CFR was calculated by the ratio of mean Tmn at baseline and hyperemia.4 For the 

AMI patients, the TIMI flow grade 5 and corrected TIMI frame count6 were also calculated 

as previously described. CMR high-resolution perfusion measurements were made in 3 

LV short-axis slices using 0.075mmol/kg gadobutrol bolus injections (Gadovist®, Bayer 

Healthcare, Leverkusen, Germany). A saturation recovery gradient echo method was used 

(repetition time/echo time 2.7ms/0.9ms, flip angle 20°, 5x k-t BLAST acceleration, 11 

interleaved training profiles, spatial resolution 1.3 x 1.3 x 8mm3, 90 dynamic images). 

The stress perfusion scan was performed during steady state hyperemia with peripheral 

intravenous adenosine (140mcg/kg/min). The rest perfusion scan was performed 15 minutes 

later to allow CMR contrast redistribution. In AMI patients, late gadolinium enhancement 

images were obtained 15 minutes following 0.2 mmol/kg gadobutrol injection (Gadovist®, 

Bayer Healthcare, Leverkusen, Germany or Dotarem®, Guerbet, Villepinte, France). In 

patients who underwent perfusion-CMR the late gadolinium enhancement images were 

acquired 15 minutes following rest perfusion imaging. (In these patients a 0.05 mmol/kg 

gadobutrol top up injection was given immediately after the rest perfusion scan, so that 0.2 

mmol/kg gadobutrol was given in total.) Functional analysis of CMR data was performed 

offline by blinded investigators using dedicated software (CMR 42, Circle Cardiovascular 

Imaging, Calgary, Canada and QMassMR v7.5, Medis, Leiden, the Netherlands). Endo- 

and epicardial contours were drawn on cine short-axis images in systole and diastole to 

calculate volumetric LV ejection fraction, LV mass and regional wall motion assessment 

(via 16-segment American Heart Association (AHA) model segmentation). MPRI was 

derived from semi-quantitative perfusion analysis of the upslope of myocardial versus LV 
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blood-pool signal intensity curves during the first pass of the CMR contrast agent through 

the myocardium as previously described (data supplement).7 MPRI was calculated the ratio 

of perfusion at hyperemia to that at rest, using a 16-segment AHA model. Quantification 

of late gadolinium enhancement to derive infarcted LV mass was performed as previously 

described.8 Briefly, infarcted tissue was defined as having a signal intensity > 5 standard 

deviations above remote normal myocardium (Figure 1D). MVO was manually delineated 

as an area of hypoenhancement within infarcted LV mass (Figure 1D).9 The MVO volume 

(in milliliters) was then quantified using the dedicated CMR software above. Extensive 

MVO was a pre-defined dichotomous variable when there was > 2mls MVO volume 

present.10

Supplementary Figure 1 – Quantitative analysis of cardiac magnetic resonance imaging perfusion 
scans: Panel A: 3‑Tesla high‑resolution perfusion, visually demonstrating an inferior perfusion defect. 
Panel B: Manual delineation of endocardial, epicardial and left ventricular (LV) blood pool contours, prop-
agated throughout every image acquired in the scan. Panel C: Myocardial and blood pool signal intensity 
curves derived for 16 myocardial segments across 3 short‑axis LV slices, using the American Heart Asso-
ciation (AHA) model. Panel D: Maximal upslope of myocardial signal intensity is calculated for all 16 AHA 
segments separately for the stress and rest perfusion scans. Panel E: Myocardial perfusion reserve index 
(MPRI) is calculated as stress divided by rest myocardial signal intensity. It is calculated for 16 AHA seg-
ments (calculated to 2 decimal point when highlighted). Reduced MPRI is shown in the inferior segments.
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Abstract
Aims Continuous thermodilution is a novel technique to quantify absolute coronary flow 

and microvascular resistance (MVR). Notably, intracoronary infusion of saline elicits 

maximal hyperaemia, obviating the need for adenosine. The primary aim of this study was 

to validate continuous thermodilution in humans by comparing invasive measurements 

to [15O]H2O positron emission tomography (PET). As a secondary goal, absolute flow 

and MVR were compared between invasive measurements obtained with and without 

adenosine.

Methods and Results Twenty-five patients underwent coronary computed tomography 

angiography (CCTA), [15O]H2O PET and invasive assessment. Absolute coronary flow 

and MVR were measured in the left anterior descending and left circumflex artery using 

a dedicated infusion catheter and a temperature/pressure sensor-tipped guidewire. Invasive 

measurements were performed with and without adenosine. In order to compare invasive 

flow measurements with PET perfusion, subtending myocardial mass of the investigated 

vessels was derived from CCTA using the Voronoi algorithm. Invasive and non-invasive 

measurements of adenosine-induced hyperaemic flow and MVR showed strong correlation 

(r=0.91; p<0.001 for flow and r=0.85; p<0.001 for MVR) and good agreement (intraclass 

correlation coefficient [ICC]=0.90; p<0.001 for flow and ICC=0.79; p<0.001 for MVR). 

Absolute flow and MVR also correlated well between measurements with and without 

adenosine (r=0.97; p<0.001 for flow and r=0.98; p<0.001 for MVR) and showed good 

agreement (ICC=0.96; p<0.001 for flow and ICC=0.98; p<0.001 for MVR).

Conclusion Continuous thermodilution is an accurate method to measure absolute 

coronary flow and MVR, which is evidenced by strong agreement with [15O]H2O PET 

derived flow and resistance. Absolute flow and MVR correlate highly between invasive 

measurements obtained with and without adenosine, which confirms that intracoronary 

infusion of room temperature saline elicits steady-state maximal hyperaemia.

16
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Introduction
Coronary microvascular dysfunction is an important contributor to myocardial ischaemia 

in the context of stable coronary artery disease1, 2 and various cardiomyopathies.3 

Furthermore, the microvasculature plays a pivotal role in determining clinical outcome 

after acute myocardial infarction4, 5 and heart transplantation.6 Microvascular function 

can be evaluated by calculating the minimal microvascular resistance (MVR), which is 

defined as the pressure gradient across the microvasculature divided by coronary flow 

during maximal vasodilation. As coronary back pressure is usually very low it is often 

assumed to be zero, simplifying MVR to the ratio of distal coronary pressure (Pd) to 

flow. Simultaneous measurement of pressure and flow is thus needed to quantify MVR. 

Although coronary pressure can be easily and reliably obtained, invasive quantification of 

coronary flow is challenging. Several methods have been developed, but all have technical 

shortcomings and quantify mere surrogates of absolute coronary blood flow.7, 8 Absolute 

coronary flow can be quantified using continuous intracoronary infusion of saline.9 This 

method has been validated in vitro,10, 11 in a canine model,9 and in humans.9, 12, 13 Yet, 

technical constraints hampered clinical applicability. Recently, progress has been made 

that allows the technique to be easily and safely applicable in patients.13 First, a dedicated 

monorail catheter has been developed to infuse saline through four side holes.11 Second, 

it has been established that infusion of room temperature saline at a rate of 20 mL/min 

through these four side holes induces steady-state maximal hyperaemia equivalent to that 

obtained with adenosine.14 Finally, dedicated software and hardware have been developed 

to instantaneously display coronary flow and MVR.13 To date, absolute flow measurement 

through continuous thermodilution has not been directly validated in humans. The primary 

goal of the present study was to compare invasive measurements of absolute hyperaemic 

flow and MVR to [15O]H2O positron emission tomography (PET), the gold standard for 

quantification of myocardial perfusion.15 As a secondary goal, absolute hyperaemic flow 

and MVR were compared between invasive measurements performed with and without 

adenosine.

Methods
Patient population and study design
Twenty-five patients referred for invasive coronary angiography were prospectively enrolled. 

Since PET measures myocardial perfusion in mL/min/g and absolute flow is quantified 

in mL/min, subtending myocardial mass is required in order to compare the techniques. 

Patients were therefore recruited from coronary computed tomography angiography 

(CCTA). Patients were only considered for enrollment if CCTA demonstrated single vessel 

disease with a focal lesion in the proximal or mid part of the left anterior descending 

(LAD) or left circumflex artery (LCx). Exclusion criteria were: previous revascularization 
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or myocardial infarction, left ventricular dysfunction, valvular disease and chronic total 

occlusion. Patients were also excluded if collaterals were identified upon visual assessment 

of the invasive coronary angiogram. All patients underwent [15O]H2O PET followed 

by invasive assessment within 7 days. The right coronary artery was not subjected to 

physiological assessment as PET only measures perfusion of the left ventricle. In addition, 

invasive flow measurement was not performed in the LCx if this vessel subtended ≤10% 

myocardium. The study was conducted in accordance with the Declaration of Helsinki and 

the protocol was approved by the Medical Ethics Review Committee of the VU University 

Medical Center. All patients gave written informed consent.

Coronary computed tomography angiography
CCTA was performed as part of standard care using a 256-slice computed tomography 

scanner (Philips Brilliance iCT, Philips Healthcare, Best, the Netherlands), with a 

collimation of 128 x 0.625 mm, a gantry rotation time of 2.7 s, a tube voltage of 120 kV 

and a tube current of 200-360 mAs. Patients with a heartrate >60 bpm one hour prior to 

scanning received 50-150 mg of oral metoprolol. If necessary, another dose of 5-25 mg 

metoprolol was administered intravenously during scanning to maintain a heart rate <65 

bpm. All patients were given 800 µg of sublingual nitroglycerine at the start of CCTA. 

Prospective electrocardiogram gating was performed at 75% of the R-R interval. A 100 mL 

bolus of iobitidol (Xenetix 350) was intravenously injected (5.7 mL/s) for opacification of 

the coronary artery lumen, followed by a 50 mL saline chaser. The scan was triggered using 

an automatic bolus tracking technique with a region of interest placed in the descending 

thoracic aorta at a threshold of 150 Hounsfield units.

Positron emission tomography
[15O]H2O PET was performed using a Gemini TF 64 hybrid PET/CT scanner (Philips 

Healthineers, Best, the Netherlands). Patients were instructed to refrain from products 

containing caffeine or xanthine 24 hours prior to scanning. The scanning protocol has been 

described in detail previously.16 Briefly, 370 MBq of [15O]H2O was intravenously injected as 

a 5 mL bolus (0.8 mL/s), followed by a 35 mL saline flush. A dynamic PET emission scan 

of 6 minutes was started simultaneously with the tracer administration. Hyperaemia was 

induced by continuous infusion of adenosine through a second venous cannula at a dose of 

140 µg/kg/min. To ensure maximal vasodilation, adenosine was started 2.5 minutes prior 

to dynamic PET scanning. A single low-dose (10 mA) respiration-averaged CT scan was 

acquired immediately after PET-scanning to correct for photon attenuation and scatter. 

Peripheral mean arterial pressure (MAP) was measured 3 minutes into scanning.

16
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Invasive physiological measurements
Again, patients were instructed to refrain from products containing caffeine or xanthine 

for 24 hours. The left coronary artery was intubated with a 6F guiding catheter and an 

intracoronary bolus of nitrates was administered. A guidewire equipped with a pressure 

and temperature sensor (PressureWire™ X wireless, St. Jude Medical, St. Paul, United 

States of America) was advanced into the stenotic vessel. The sensor of the wire was 

positioned approximately 5 cm distal to the lesion. Coronary pressure and temperature 

were wirelessly transmitted to a dedicated console (CoroFlow™ v2.04, Coroventis, Upsala, 

Sweden). Hyperaemia was induced through intravenous adenosine infusion using the same 

protocol as applied during PET. Fractional flow reserve (FFR) was acquired after 2 minutes 

of adenosine infusion. Subsequently, a monorail infusion catheter (Rayflow®, Hexacath, 

Paris, France) was advanced over the pressure/temperature wire. The tip of the infusion 

catheter, which determines the location of flow measurement, was positioned just proximal 

to the lesion in order to match invasive flow measurement with the perfusion defect on 

PET. Saline infusion was then started by an automated injection system (Medrad® Mark 

7 Arterion®), using an infusion rate of 20 mL/min for the LAD or dominant LCx, and 

15 mL/min for a non-dominant LCx. Infusion rates were adjusted in steps of 5 mL/min 

if mixed temperature did not exceed 0.3 ºC below reference temperature. After recording 

mixed temperature for 30-45 s, the pressure/temperature wire was pulled back into the 

tip of the infusion catheter and temperature of the infusate was measured. Infusion of 

adenosine and saline was thereafter ceased. Next, the pressure/temperature wire was 

repositioned distally and flow measurement was repeated without using adenosine. Care 

was taken to position the sensor of the guidewire at the same location as during the 

previous measurement and to avoid displacement of the infusion catheter during wire 

advancement. Flow measurement without adenosine was followed by drift assessment. 

This entire process was repeated for the reference vessel (LAD or LCx). In the reference 

vessel, the tip of the infusion catheter was positioned close to the ostium. The sensor of 

the guidewire was again positioned 5 cm distal to the tip of the infusion catheter.

Data analysis
Parametric PET images of quantitative myocardial blood flow (MBF) were generated 

using an in-house developed software package, Cardiac VUer.17 Anatomical information 

obtained from invasive coronary angiography was used to allocate lesions and vessels 

to their subtending myocardium based on the 17-segment model of the American Heart 

Association (AHA).18 Perfusion in the reference vessel was calculated by averaging 

perfusion of all segments in the vascular territory of the corresponding artery. In the 

stenotic vessel, perfusion was calculated by averaging hyperaemic MBF over the segments 
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distal to the lesion. Relative flow reserve (RFR) was defined as the ratio of hyperaemic 

MBF in the stenotic vessel to hyperaemic MBF in the reference vessel.19

CCTA data were sent to a core laboratory for analysis (Ehime University Graduate 

School of Medicine, Ehime, Japan), along with angiographic still images marked with the 

position of flow measurement. Myocardial mass distal to the point of flow measurement was 

calculated using the Voronoi algorithm, which was previously validated.20, 21 Subsequently, 

coronary flow was calculated by multiplying perfusion with subtending myocardial mass. 

Pd during PET scanning was estimated by multiplying peripheral MAP with FFR of the 

corresponding vessel. Absolute MVR, which is expressed in mmHg·min/L or Wood units, 

was computed as the ratio of Pd to coronary flow.

Data of invasive physiological measurements were processed offline using the 

CoroFlow™ console. Coronary flow, Qb, can be measured during continuous 

thermodilution with the following equation:9

where Qi represents the infusion rate, Ti represents the temperature of the infusate and 

Tmix represents the distal temperature during infusion. Ti and Tmix are both expressed in 

degrees Celsius respective to blood temperature. The constant 1.08 is used to correct 

for the difference in specific heat between saline and blood.22 The maximal flow in the 

hypothetical absence of stenosis, Qn, is than calculated as follows:

where FFRflow is the FFR during continuous infusion of saline. It is important to note that 

the infusion catheter itself limits flow and consequently causes a drop in distal pressure. 

FFR during continuous infusion is thus lower than “true” FFR. The hyperaemic flow in 

the presence of stenosis, Qc, thus follows as:

where FFRtrue is the FFR measured without the infusion catheter in situ. Finally, absolute 

MVR is calculated as the ratio of Pd, obtained without the infusion cathether in situ and 

during maximal hyperaemia, over Qc.

Analyses of PET, CCTA and invasive measurements were performed independently by 

3 different observers (S.S., A.K. and H.E., respectively), who were blinded to the results 

of the other techniques.
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Statistical analysis
Continuous variables are presented as mean ± standard deviation or median [inter-quartile 

range]. Categorical variables are expressed as frequency with percentage. Pearson’s 

correlation was used to quantify association between continuous variables. Agreement 

between measurements of hyperaemic flow and MVR was assessed by intraclass correlation 

coefficients (ICCs) and visually by Bland-Altman analysis. ICCs for absolute agreement 

of single measurements were estimated using a two-way mixed effect model. Means of 

coronary flow, MVR, FFR, aortic pressure and distal coronary pressure were compared 

between invasive measurements obtained with and without adenosine using a mixed linear 

model with a fixed effect for adenosine and random effects for patient and vessel nested 

within patient. All statistical tests were two tailed and a p-value of <0.05 was considered 

statistically significant. Statistical analysis was performed using SPSS (version 22 for 

Windows, IBM, Armonk, New York).

Results
Table 1: Baseline characteristics

Variables

No. of patients 25

Age (years) 61 ± 8

Male gender 17 (68%)

Body mass index (kg/m2) 27 ± 3

Risk factors

      Family history of CAD 14 (56%)

      Hypertension 13 (52%)

      Hypercholesterolemia 10 (40%)

      Diabetes mellitus 1 (4%)

      Smoking 13 (52%)

Medication

     ACE inhibitor or ATII antagonist 4 (16%)

     Aspirin 21 (84%)

     Beta-blocker 18 (72%)

     Clopidogrel or ticagrelor 3 (12%)

     Statin 18 (72%)

All twenty-five patients successfully underwent [15O]H2O PET. Invasive absolute flow 

measurements were performed with adenosine in 44 vessels and without adenosine in 

46 vessels. In two patients, invasive assessment was not performed in the reference vessel 

(LCx) because this vessel did not subtend >10% myocardium. In another patient, study 

measurements could not be performed because a 5F diagnostic catheter had to be used 
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due to radial artery spasm. In a fourth patient, absolute flow measurements were only 

performed without adenosine as the patient requested termination of adenosine infusion 

due to dyspnoea. Clinical characteristics of the patient cohort are presented in Table 

1. Median delay between PET and invasive assessment was 1 [0-6] day. Table 2 lists 

the characteristics of the investigated vessels along with data obtained from PET and 

CCTA. Haemodynamically significant stenosis, defined as FFR≤0.80, was present in 

11 (24%) vessels. FFR in the reference vessels was 0.96 [0.91-1.00] and ranged from 

0.84 to 1.00. FFR during continuous thermodilution was slightly lower compared to 

FFR obtained without the infusion catheter in situ (0.86 [0.72-0.92] vs 0.91 [0.81-0.96], 

p<0.001). Consequently, hyperaemic flow in the presence of the infusion catheter (Qb) was 

significantly lower than the corrected hyperaemic flow (Qc) (166 ± 71 vs 179 ± 73 mL/min, 

p<0.001), with a median difference of 8 [2-17] mL/min. In contrast, minimal MVR was 

similar in the presence and absence of the infusion catheter (521 ± 271 vs 528 ± 296 Wood 

units, p=0.388, Supplementary Figure 1). No atrioventricular conduction disturbances 

occurred during invasive assessment. Figure 1 depicts a typical case example.

Table 2: Characteristics of investigated vessels along with PET and CCTA data

Variables Stenotic vessel (n=24) Reference vessel (n=22)

Target vessel
 LAD
 LCx
Vessel diameter (mm)
Angiographic diameter stenosis (%)
FFR
[15O]H2O PET
 Rest MBF (mL/min/g)
 Hyperaemic MBF (mL/min/g)
 CFR
CCTA
 Subtending myocardial mass (g)

17 (%)
7 (%)

3.1 ± 0.5
55 ± 16

0.81 [0.76-0.91]

0.96 ± 0.25
2.64 ± 0.78
2.82 ± 0.77

72 ± 29

7 (%)
15 (%)

3.0 ± 0.6
-

0.96 [0.91-1.00]

0.98 ± 0.19
3.22 ± 0.90
3.29 ± 0.74

55 ± 26
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Figure 1: Typical case example Invasive coronary angiography demonstrates a lesion in the mid LAD 
(A). FFR, obtained without the infusion cathether in situ, is measured to be 0.67. Myocardial mass distal to 
the lesion is derived from coronary CT angiography using the Voronoi algorithm and is calculated to be 
56.5 g (B). Positron emission tomography shows a perfusion defect in the LAD territory with an average 
hyperaemic MBF of 1.61 mL/min/g (C). After combining the information of these two imaging techniques, 
the non‑invasively assessed absolute hyperaemic flow is determined to be 1.61 mL/min/g × 56.5 g = 91.0 
mL/min. Panel D depicts the invasive measurement of absolute hyperaemic flow using continuous ther-
modilution. Absolute hyperaemic flow in the mid LAD is invasively quantified on 79 mL (D). Note however 
that the infusion catheter limits hyperaemic flow, since FFR during continuous thermodilution is lower 
compared to FFR obtained without the infusion catheter in situ. Maximal flow in the hypothetical absence 
of stenosis and infusion catheter (i.e. assuming an FFR of 1.00) is calculated to be 79 mL/min ÷ 0.65 = 122 
mL/min. Absolute hyperaemic flow, corrected for the presence of the infusion cathether, is thereafter 
determined to be 0.67 × 122 mL/min = 81.7 mL/min.

Agreement between invasive and non-invasive assessment
Figure 2 displays the relationship between invasive and non-invasive measurements of 

absolute flow, both obtained during administration of adenosine. Invasive and non-invasive 

measurements of absolute flow correlated significantly (r=0.91; p<0.001) and showed 

good agreement (ICC=0.90; p<0.001). Bland-Altman analysis revealed an overall bias of 

−0.9 ± 35 mL/min. The relationship between invasive and non-invasive measurements of 

minimal MVR is displayed in Figure 3. Minimal MVR correlated significantly (r=0.85; 

p<0.001 for MVR) and agreed well (ICC=0.79; p<0.001) between non-invasive and 

invasive measurements. Bland-Altman analysis demonstrated an overall bias of −47 ± 
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216 Wood units. Supplementary Figure 2 displays the relationship between RFR and 

FFR in the stenotic vessels. RFR and FFR correlated significantly (rho=0.72, p<0.001). 

The Bland-Altman plot however demonstrated a bias of 0.13 ± 0.13 towards measuring 

higher values with RFR compared to FFR. Median RFR was indeed significantly higher 

than FFR (0.93 [0.81-1.04] vs 0.81 [0.75-0.91]; p<0.001).

Figure 2: Patients with a single focal lesion on CCTA underwent [15O]H2O PET (upper, middle) followed 
by invasive absolute flow measurements using continuous infusion of saline (upper, right). As PET mea-
sures myocardial blood flow in mL/min/g and invasive flow measurements quantify absolute coronary 
flow in mL/min, subtending myocardial mass of the investigated coronary artery is required in order to 
compare the techniques. This was derived from CCTA using the Voronoi segmentation algorithm (upper, 
left). Non‑invasively assessed flow was subsequently calculated by multiplying PET perfusion with the 
subtending myocardial mass. The scatter (lower, left) and Bland‑Altman (lower, right) plots demonstrate 
a strong correlation and high agreement between non‑invasively and invasively assessed absolute hy-
peraemic flow, both obtained during intravenous administration of adenosine. In the Bland‑Altman plot, 
the solid red line indicates the mean bias and the dashed black lines indicate the limits of agreement

16
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Figure 3 – Non-invasively and invasively assessed microvascular resistance: Scatter and Bland‑Altman 
plots comparing non‑invasively and invasively assessed microvascular resistance. In the Bland‑Altman 
plot, the solid red line indicates the mean bias and the dashed black lines indicate the limits of agreement. 
HRU = hybrid resistance units; MVR = microvascular resistance.

Invasive assessment without adenosine
Table 3 presents data of continuous thermodilution measurements performed with and 

without adenosine. Hyperaemic flow, Pa, and Pd were lower during intravenous infusion of 

adenosine (all p<0.001). In contrast, minimal MVR did not differ between measurements 

obtained with and without adenosine (521 ± 271 vs 531 ± 286 Wood units; p=0.11). 

Moreover, in vessels with a stenosis, FFR during continuous thermodilution was similar 

between measurements performed with and without adenosine (0.78 [0.60-0.85] vs 0.76 

[0.60-0.86]; p=0.20). Figure 4 displays the scatter and Bland-Altman plots of invasive 

measurements obtained with and without adenosine. Hyperaemic flow and MVR showed 

strong correlation (r=0.97; p<0.001 for hyperaemic flow and r=0.98; p<0.001 for MVR) 

and agreement (ICC=0.96; p<0.001 for hyperaemic flow and ICC=0.98; p<0.001 for MVR). 

Bland-Altman plots revealed an overall bias of 10.6 ± 18 mL/min for hyperaemic flow and 

15 ± 60 Wood units for MVR. Hyperaemic flow and minimal MVR, acquired without 

adenosine, also demonstrated strong agreement with non-invasive assessment (Figure 5).

Table 3: Continuous thermodilution measurements

Variables With adenosine (n=44) Without adenosine (n=46) P-value

Pd (mmHg)
Pa (mmHg)
FFR
Ti (ºC respective to blood)
Tmix (ºC respective to blood)
Qb (mL/min)
Qn (mL/min)
Absolute hyperaemic flow* (mL/min)
Absolute minimal MVR (Wood units)

68 ± 19
84 ± 15

0.86 [0.72-0.92]
−5.29 ± 1.17
−0.79 ± 0.37

161 ± 70
205 ± 92
174 ± 72

521 ± 271

75 ± 18
92 ± 14

0.86 [0.74-0.92]
−5.29 ± 1.11
−0.74 ± 0.33

170 ± 72
216 ± 97
184 ± 75

531 ± 286

<0.001
<0.001

0.09
0.38

0.006
0.001
0.001

<0.001
0.11
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Figure 4: Invasive measurements with and without adenosine    
Scatterplots and corresponding Bland‑Altman plots comparing invasive measurements of absolute hyper-
aemic flow (Panel A) and microvascular resistance (MVR) (Panel B) obtained with and without adenosine. 
In the Bland‑Altman plots, the solid red lines indicate the mean bias and the dashed black lines indicate 
the limits of agreement.

Figure 5: Adenosine free invasive measurements and non‑invasive measurements   
Scatterplots and corresponding Bland‑Altman plots comparing invasive measurements of absolute hyper-
aemic flow (Panel A) and microvascular resistance (Panel B), obtained without adenosine, to non‑invasive 
measurements. In the Bland‑Altman plots, the solid red lines indicate the mean bias and the dashed black 
lines indicate the limits of agreement.
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Discussion
In the present study, the technique of continuous thermodilution was validated by 

comparing invasive measurements of absolute hyperaemic flow and minimal microvascular 

resistance with  [15O]H2O PET. The main finding is that invasive measurements of absolute 

flow and MVR show strong agreement with [15O]H2O PET derived flow and resistance. 

Furthermore, absolute flow and MVR correlate highly between invasive measurements 

performed with and without adenosine. This confirms that intracoronary infusion of room 

temperature saline induces steady-state maximal hyperaemia.

Invasive quantification of flow
During the last decades, Doppler flow velocity and mean transit time have been introduced 

as surrogates of coronary flow.7, 8 The former technique uses a guide wire equipped with 

a Doppler crystal to measure average peak flow velocity.7 The latter technique uses a 

temperature sensor-tipped guidewire to track the mean transit time of a bolus of saline, 

which is injected into the ostium of the coronary artery.8 Shortcomings of both techniques 

have prevented wide-spread adoption. The main disadvantage of Doppler flow velocity is 

that it is challenging to perform. Accurate physiological interrogation is not only dependent 

on the experience and skill of the operator, but also on technical issues resulting in poor 

signal in a significant proportion of patients.23, 24 Mean transit times are much easier to 

obtain, but demonstrate relatively high intra-observer variability.23, 24 Nevertheless, both 

Doppler flow velocity and mean transit times provide important prognostic information 

in stable coronary artery disease1, 2 and acute coronary syndromes.4, 5 Absolute flow 

measurement through continuous thermodilution overcomes the shortcomings of the 

aforementioned techniques. Previous studies have shown that absolute flow measurements 

are independent of wire location and infusion rate when the sensor is positioned 3-6 cm 

distal to the tip of the infusion catheter and infusion rate is kept above 15 mL/min.9-11 

Excellent agreement between measured flow and actual flow was reported both in canines 

and in vitro.9, 11 In the present study, absolute flow measurement through continuous 

thermodilution was validated in vivo. Moreover, the CCTA-based Voronoi algorithm was 

indirectly validated. The reproducibility of continuous thermodilution measurements was 

not investigated in the present study, since duplicate measurements would considerably 

prolong procedural times. However, Xaplanteris et al. recently investigated the safety 

and reproducibility of this novel technique by performing duplicate measurements in 

129 vessels.13 Importantly, the pressurewire, infusion catheter and guiding catheter were 

removed after completion of the first measurement and the target vessel was thereafter 

reinstrumented. Duplicate measurements of absolute flow and MVR showed high 

agreement. In addition, no significant side effects were observed during invasive assessment 

indicating that continuous thermodilution can be safely performed. The technique of 



337

Comparing methods to measure coronary hemodynamics

continuous thermodilution has some intrinsic limitations nonetheless, which may hamper 

clinical implementation. First, the sensor of the pressurewire should be positioned at least 

3 cm distal to the tip of the infusion catheter,9, 11 which precludes flow measurement in 

short vessels and in distal coronary segments. Second, large side branches just distal to 

the infusion catheter may influence flow measurements since complete mixing between 

blood and saline may not yet have occurred. Third, the technique requires that a dedicated 

infusion catheter is inserted into the coronary artery. Continuous thermodilution is 

therefore less applicable in tortuous vessels, vessels with tight ostial lesions and in vessels 

smaller than 2 mm in diameter. The infusion catheter has a diameter of only 0.86 mm, 

which corresponds to an area stenosis of 18% in vessels with a diameter of 2 mm. Coronary 

flow is therefore not majorly affected in vessels ≥2 mm. In the present study, mean diameter 

of the investigated vessels was 3.1 ± 0.6 mm and hyperaemic coronary flow decreased by 8 

[2-17] mL/min due to the presence of the infusion catheter. Of note, hyperaemic coronary 

flow (Qb) can be easily corrected using FFR obtained with and without the infusion catheter 

in situ. In the present study, PET derived RFR was significantly higher than invasively 

measured FFR, which presumably results from diffuse disease in the reference artery. 

Although the reference artery was free from apparent stenosis, FFR ranged from 0.84 

to 1.00, with a median of 0.95 [0.90-1.00]. This is in keeping with prior findings of De 

Bruyne et al., who documented a mean FFR of 0.89 in atherosclerotic vessels without 

focal angiographic stenosis.25 We also observed that minimal MVR was similar in the 

presence and absence of the infusion catheter, which corroborates that minimal MVR is 

independent from epicardial resistance.26, 27

Saline induced hyperaemia
In a recent study, De Bruyne et al. investigated the effects of intracoronary infusion of saline 

at room temperature on the coronary circulation.14 Intracoronary Doppler flow velocity 

measurements were performed during increasing infusion rates of saline. Continuous 

infusion of saline through an infusion catheter with four side holes induced hyperaemia 

equivalently to that obtained with adenosine at infusion rates above 15 mL/min. Coronary 

flow reserve (CFR), derived from Doppler flow velocity, was the same when hyperaemia 

was induced through adenosine as when hyperaemia was induced through saline infusion. 

The findings of the present study are in line with the observations of De Bruyne et al., 

as invasive measurements performed with and without adenosine correlated highly. Of 

interest, hyperaemic flow was significantly lower during infusion of adenosine, whereas 

FFR and minimal MVR did not differ between invasive measurements acquired with and 

without adenosine. This is explained as FFR and minimal MVR are not affected by changes 

in haemodynamics, whereas hyperaemic coronary flow is.28, 29 Intravenous infusion of 

adenosine causes a drop in arterial driving pressure, which decreases hyperaemic flow. In 

16
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contrast, FFR and minimal MVR remain stable as Pd decreases proportionally to the change 

in hyperaemic flow. The finding that saline has the intrinsic capability to elicit hyperaemia 

means that resting flow cannot be determined. Continuous thermodilution consequently 

does not allow to quantify CFR. This is a limitation of the technique given the wide body 

of evidence supporting the prognostic importance of CFR.1, 2, 5, 30 However, CFR evaluates 

the capacity of the total coronary circulation (i.e. macrocirculation and microcirculation) 

to increase flow and is therefore influenced by both epicardial and microvascular disease.2 

Additionally, CFR is sensitive to resting haemodynamics.28, 29 The minimal MVR on the 

other hand is independent of epicardial stenosis26, 27 and haemodynamic variation29 and 

may therefore be better suited for assessing microvascular function.

Study limitations
The sample size of our study is relatively small and patient selection was subject to 

substantial bias in order to optimize agreement between invasive measurements, CCTA 

and PET. We exclusively enrolled patients with simple coronary anatomy. In addition, 

haemodynamically significant stenosis was present in only 11 (24%) vessels and only 1 

patient had diabetes mellitus. The present results may therefore not reflect the accuracy of 

continuous thermodilution in patients encountered in clinical practice, whom have more 

complex lesions and comorbidities. It should be noted however that invasive measurements, 

CCTA and PET all have a certain variability and differences between invasive and non-

invasive assessment can therefore not solely be attributed to imprecision of a single 

technique. For instance, consecutive [15O]H2O PET measurements of hyperaemic MBF 

show a mean variability of 10%.31 Second, continuous thermodilution and [15O]H2O PET 

can only be compared through correcting for subtending myocardial mass. In the present 

study, subtending myocardial mass was derived from CCTA using the Voronoi algorithm. 

The addition of CCTA however introduces more variability which may have affected our 

results. Third, hyperaemic perfusion was determined using the AHA 17-segment model18. 

Although care was taken to match myocardial segments to their corresponding coronary 

arteries, myocardial segments are an oversimplification of vascular territories. This may 

have led to a mismatch in subtending myocardium between CCTA and PET. Fourth, Pd 

was not measured invasively during PET scanning, but was estimated by multiplying FFR 

with peripheral MAP during PET scanning. Peripheral arterial pressure, however, does 

not equal central arterial pressure and distal coronary pressure is preferably measured 

invasively. Finally, invasive absolute flow measurements were only performed in the LAD 

and LCx and consequently accuracy of invasive flow measurements in the right coronary 

artery was not assessed.
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Clinical implications
The present methodology allows quantitative invasive assessment of the coronary 

microcirculation. Absolute flow measurements offer the prospect to evaluate patients 

with microvascular angina and stratify patients at risk for future cardiac events after 

myocardial infarction. When absolute flow measurements are performed in conjunction 

with FFR, invasive diagnostic procedures involve a complete physiological interrogation 

of both the epicardial and microvascular compartment. Finally, our data confirm that 

no additional pharmacological microvascular vasodilator is required to conduct absolute 

flow measurements. This substantially simplifies the technique and improves its feasibility. 

However, it should be noted that continuous thermodilution measurements have limited 

value in guiding revascularization since absolute coronary flow is highly dependent on 

subtending myocardial mass and is also affected by microvascular disease.

Conclusions
Continuous thermodilution is an accurate technique to measure absolute coronary flow 

and MVR, which is evidenced by strong agreement with [15O]H2O PET derived flow 

and resistance. Absolute flow and MVR correlate highly between invasive measurements 

obtained with and without adenosine, which confirms that continuous thermodilution can 

be performed without using a pharmacological microvascular vasodilator. However, as 

continuous intracoronary infusion of room temperature saline elicits steady-state maximal 

hyperaemia, the technique does not allow quantification of resting flow and consequently 

CFR.
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Supplementary Appendix for Chapter 16

Supplemental Figure 1 – Invasive MVR in the presence and absence of the infusion catheter: 
Scatter and Bland‑Altman plots comparing invasive MVR in the presence and absence of the infusion 
catheter. Invasive MVR in the presence of the infusion catheter was directly displayed on the screen of the 
Coroventis console and was calculated as the ratio of Pd during continuous thermodilution to Qb.  Invasive 
MVR in the absence of the infusion catheter was calculated as the ratio Pd, obtained without the infusion 
catheter, to Qc. Qb = absolute hyperaemic flow in the presence of the infusion catheter and stenosis; Qc = 
absolute hyperaemic flow corrected for the presence of the infusion catheter.

Supplemental Figure 2 – Relative flow reserve and fractional flow reserve: Scatter and Bland‑Altman 
plots comparing RFR, derived from [15O]H2O positron emission tomography, to invasively measured FFR.

16



344

CHAPTER 17

General summary

The aim of this thesis entitled: ‘The heart of the matter: Exploring the interaction between 

the coronary artery and the downstream microcirculation’, was to unravel the interplay 

between the coronary artery and the downstream myocardial microcirculation in the 

presence of ischemic heart disease. Because ischemic heart disease is manifested by 

two major pathophysiological entities: acute myocardial infarction and stable coronary 

artery disease, both manifestations are investigated separately the first and second 

part of the thesis. The final part of the thesis examines how measurements of coronary 

microcirculatory dysfunction can be implemented in clinical practice by comparing and 

validating various methods to assess the coronary microcirculation.

Part 1 – Microcirculatory changes after acute myocardial 
infarction
In the first part of this thesis, the impact of an acute myocardial infarction on the coronary 

microcirculation was investigated. This part starts with a comprehensive overview of 

intramyocardial hemorrhage presented in Chapter 2. Decades ago, it was observed that 

even after successful revascularization of an acute myocardial infarction, hypoperfusion 

at the core of the infarcted myocardium could still occur. It was thought this happened 

because the microcirculation was obstructed by clumps of thromboemoblic debris and 

inflammatory cells. However, animal experiments and observations from non-invasive 

imaging work suggest that hypoperfusion at the core of the infarction in fact represents 

severe microvascular injury and intramyocardial hemorrhage. Multiple cohort studies have 

demonstrated that the occurrence of microvascular injury or intramyocardial hemorrhage 

is associated with an adverse clinical outcome. Based upon the literature review of Chapter 

2, we hypothesized that the cascade leading up to microvascular injury commences with 

ischemia, subsequently requires reperfusion (so-called reperfusion injury) and ultimately 

results in microcirculatory destruction with intramyocardial hemorrhage. This hypothesis 

was investigated in Chapter 3, in which an experimental study was conducted, using a 

rodent model of myocardial ischemia by coronary ligation with subsequent reperfusion 

after terminating the ligation. Using a Langendorff heart setup and immunohistochemistry 

as well as electron microscopy, we discovered that ischemia alone resulted in mild 

microcirculatory injury irrespective of whether it was given during a short duration or over 
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a prolonged period. However, if a short bout of ischemia was followed up by reperfusion, 

severe damage to the microcirculation ensued. These findings imply that a therapeutic 

window exists that coincides either before or immediately after reperfusion is established. 

During this window, an intervention can be applied to potentially rescue the coronary 

microcirculation from lethal reperfusion injury. In Chapter 4, a prospective study was done 

in patients with an ST segment elevation myocardial infarction in whom swift reperfusion 

by primary percutaneous intervention was accomplished. Immediately following 

reperfusion, intracoronary measurements of pressure and flow were taken in the culprit 

artery and an unobstructed reference artery. The aim of this study was to establish whether 

hemodynamic markers could predict the occurrence of microvascular injury at an early 

stage. Indeed, we found that patients with an elevated hyperemic microvascular resistance 

in the coronary circulation, were at increased risk of exhibiting microvascular injury on 

cardiac magnetic resonance imaging acquired several days later. As such, we concluded that 

hyperemic microvascular resistance is capable of accurately selecting patients at increased 

risk of developing microvascular injury who may be eligible for immediate adjunctive 

intervention. Chapter 5 addressed a logical follow-up question of whether the finding of 

an elevated hyperemic microvascular resistance in the culprit artery of an acute myocardial 

infarction translates to a worse long-term clinical outcome. To answer this question, a 

pooled multicenter study was undertaken involving all combined intracoronary pressure 

and flow velocity measurements in patients who suffered an acute myocardial infarction 

published in the literature to date. Indeed, an elevated hyperemic microvascular resistance 

at a cutoff value of 3.0 mmHg·cm-1·s or greater, was found to accurately predict long-

term clinical outcome. In this study, the pathophysiological rationale by which hyperemic 

microvascular resistance was predictive of adverse clinical outcome was found to be related 

to more frequent microvascular injury observed on cardiac magnetic resonance imaging. 

Chapter 6, the final chapter of this first part of the thesis, describes a translational study 

that aimed to unravel the development of coronary hemodynamics before the infarction and 

immediately following successful revascularization. This study asks a question that seems 

nigh impossible to answer given that a patient only presents to the hospital at the time he 

or she experiences a myocardial infarction – not before that time! In order to address this 

seemingly unanswerable question, we conducted two different experiments. In the first 

experiment, hemodynamic measurements immediately following successful reperfusion 

were linked to measurements in stable patients without obstructive coronary artery disease 

using propensity score matching. As such, each myocardial infarction patient was paired 

with a lookalike stable control patient that acted as a pseudo control measurement before 

the myocardial infarction occurred. To validate this first experiment, a second experiment 

was conducted in a porcine model whereby coronary hemodynamics were measured before, 

and immediately after acute myocardial infarction induced by coronary balloon occlusion. 

17
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Strikingly, in both the patient data and the porcine experiment, the coronary flow reserve 

decreased following a myocardial infarction. This reduction was caused by a pronounced 

increase in resting flow in combination with a reduced maximal hyperemic flow.

Part 2 – Coronary hemodynamics in stable coronary artery disease
The second part of this thesis describes the interaction between the epicardial coronary 

artery and the downstream coronary microcirculation. In Chapter 7, the cellular machinery 

that governs myocardial perfusion is described as a review of the literature. In this chapter 

attention is devoted to the two innate compensation mechanisms that protect the heart 

from ischemia: arteriogenesis and coronary autoregulation. Understanding of these 

two compensation mechanisms, in particular the latter, is required to comprehend the 

theoretical basis for functional stenosis severity assessment without recourse to hyperemic 

pharmacological agents. Hitherto, descriptions of coronary autoregulation stem solely from 

animal experiments. Chapter 8 is a collaborative study involving four European academic 

hospitals. In this study, the pressure gradient across the stenosis, coronary flow velocity 

and microvascular resistance was measured in over five hundred coronary arteries. These 

measurements were stratified according to functional and anatomical stenosis severity. 

The results of the study indicate that as the pressure gradient across the stenosis increases, 

coronary flow is kept stable by reduction of microvascular resistance - thereby validating 

the principle of coronary autoregulation for the first time in humans. At present, various 

diagnostic modalities are capable of assessing myocardial ischemia without mandating 

maximal vasodilation induced by exercise or pharmacological agents. One of these tests is 

the recently developed instantaneous wave-free ratio, which is calculated from an invasive 

coronary pressure measurement. The instantaneous wave-free ratio is an alternative to the 

fractional flow reserve, which requires maximal vasodilation. Both tests are used to help 

guide the clinical decision to perform percutaneous coronary intervention for the treatment 

of stable ischemic heart disease. Chapter 9 provides an update of the collectively compiled 

knowledge on the instantaneous wave-free ratio and reviews the similarities and differences 

with the fractional flow reserve. Two massive randomized clinical trials have recently 

shown that guidance of percutaneous coronary intervention by instantaneous wave-free 

ratio is non-inferior to the use of fractional flow reserve.  A key question that remains 

unanswered however, is how the instantaneous wave-free ratio compares to the fractional 

flow reserve with respect to objective identification of myocardial ischemia. This question 

was addressed in the study presented in Chapter 10 by comparing these indices (as well as 

the resting distal coronary to aortic pressure ratio) with the gold standard for quantification 

of myocardial perfusion: [15O]H2O positron emission tomography myocardial (PET) 

perfusion imaging. The key finding of this study was that the instantaneous wave-free ratio 

and resting distal coronary to aortic pressure ratio had a similar diagnostic accuracy to 
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identify myocardial ischemia as the fractional flow reserve. Pharmacological vasodilatory 

agents may therefore not be needed for the guidance of percutaneous coronary intervention 

in clinical practice. In Chapter 11, a novel index to evaluate coronary microvascular 

resistance obtained from intracoronary pressure and flow measurements is proposed, 

termed the minimal microcirculatory resistance (mMR). The unique aspect of this index 

is that it is not influenced by the presence of upstream stenosis. In contrast, the hyperemic 

microvascular resistance is increased to a variable extent giving rise to uncertainty whether 

the elevated resistance is caused by the microcirculation or by the stenosis. In our study, 

mMR was equal in a perfusion territories with an upstream stenosis and unobstructed 

coronary arteries. This was confirmed by an absence of a correlation between mMR 

and stenosis severity. These previous findings would suggest that microcirculatory 

remodeling downstream of a stable coronary stenosis does not occur. Chapter 12 describes 

a histopathology study conducted using myocardial tissue of deceased patients who either 

had coronary artery disease confirmed by premortal coronary angiography or without 

appreciable coronary artery disease. Using a similar design as in the previous chapter, 

the results of this study show that microcirculatory remodeling indeed does not appear to 

occur. The capillary density was similar in myocardial beds with and without a coronary 

stenosis. Furthermore, thickening of the arteriolar wall was also not demonstrated distal to 

coronary stenoses. An older, less frequently used index to evaluate the functional severity 

of coronary stenosis is the diastolic-systolic velocity ratio (DSVR). This index represent 

the ratio between diastolic and systolic flow velocity in the left anterior descending artery 

and bears two unique features. The first is that it can be either computed using invasive 

intracoronary measurements, but also from non-invasive Doppler echocardiography. The 

second is that it is measured in the resting state, without vasodilatory medication. This 

second feature is remarkable since coronary flow is kept stable by coronary autoregulation, 

unless the occlusion is subtotal or total. Chapter 13 examines the fundamental rationale 

of why DSVR is capable of assessing functional stenosis severity from measurements of 

flow, despite omitting vasodilatory drugs. In this study, it was elucidated that the rationale 

by which DSVR is decreased distal to coronary stenoses is dependent on a comparatively 

higher influence of the increased stenosis resistance on total vascular resistance during 

diastole than systole.

Part 3 – Comparing methods to measure coronary hemodynamics
In the third and final part of this thesis, methods to measure coronary hemodynamics are 

studied. Chapter 14 describes a study that was conducted to compare which of the presently 

available guidewires to measure the coronary flow reserve invasively is the most accurate: 

the Doppler wire or the thermodilution wire. Patients with stable anginal symptoms were 

enrolled. [15O]H2O PET perfusion imaging was used as the reference standard in this 
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study. The main finding here was that the Doppler wire was more accurate than the 

thermodilution wire. The flipside was that the Doppler wire was associated with a higher 

rate of measurement failures. Chapter 15 evaluated the same two techniques, but used a 

different study design. Instead, the study population consisted of patients with an acute 

myocardial infarction. The parameter of interest here, was microvascular resistance at 

maximal vasodilation. As compared to the thermodilution measurement, microvascular 

resistance measured with the Doppler wire had a superior agreement with cardiac magnetic 

resonance imaging defined microvascular injury. Chapter 16 represents a validation study 

of a novel technique that uses continuous infusion of saline and the measurement of the 

temperature of the coronary blood to quantify absolute coronary flow. This technique was 

proposed to overcome limitations associated with the two existing methods to measure 

coronary flow inside the coronary artery. [15O]H2O PET perfusion imaging was again used 

as the reference standard, given that it accurately measures myocardial perfusion. A strong 

correlation between the absolute flow measurements and [15O]H2O PET defined perfusion 

was found. A second key finding of this study was that the use of a pharmacological 

compound to achieve vasodilation was not necessary and continuous infusion of saline at 

room temperature was sufficient to establish maximal vasodilation. The findings of this 

study validate this novel technique as a useful adjunct technique to study the coronary 

hemodynamics in vivo.

Future perspectives
Microvascular injury after acute myocardial infarction: can we identify it?
The hypothesis that reperfusion after a period of ischemia due to a myocardial infarction 

is necessary for microvascular injury to occur, was confirmed by the results of the 

experimental rodent study. These results suggest a therapeutic window to rescue the 

microcirculation exists. Identification of patients at high risk for developing microvascular 

injury with a subsequent impaired long-term prognosis can be achieved by measuring the 

hyperemic microvascular resistance immediately after successful primary angioplasty. 

Previously, microvascular injury could only be diagnosed using cardiac magnetic resonance 

imaging, which is not immediately available when is treated in the catheterization 

laboratory. By the time a cardiac magnetic resonance imaging scan has been completed, 

the therapeutic window has already passed and transcatheter access has been closed. By 

providing confirmatory evidence for a therapeutic window as well as by identifying high 

risk patients, two goals in the quest to eliminate microvascular injury have been resolved. 

However, the most important goal has not been achieved, which is finding a therapeutic 

agent or treatment strategy that could prevent or attenuate microvascular injury. Future 

research should be dedicated towards identifying suitable therapeutic targets. It can be 

envisaged that if this target were to be identified, rapid primary percutaneous coronary 
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intervention for patients presenting with ST-segment elevation myocardial infarction, 

would be followed up by the measurement of hyperemic microvascular resistance to 

determine whether the patient is at increased risk for microvascular injury and amendable 

to adjunctive therapy. 

Is it primetime for the instantaneous wave-free ratio?
Decades of research into coronary physiology, and fractional flow reserve in particular, 

led to the paradigm that maximal vasodilatation is required for accurate identification of 

functional stenosis significance. The finding that the instantaneous wave-free ratio could 

identify functional stenosis significance as well, came as a surprise to many researchers 

studying this field. In this thesis, the rationale by which the instantaneous wave-free ratio 

is capable of detecting the hemodynamic consequences of coronary stenoses has been 

clarified. In this thesis, it is postulated that the instantaneous wave-free ratio informs on 

the degree of compensatory microcirculatory vasodilation in response to the upstream 

coronary stenosis mediated by coronary autoregulation. The major benefit of using 

instantaneous wave-free ratio instead of the fractional flow reserve in clinical practice, 

is that it does not require pharmacological induction of the hyperemic state. Findings in 

this thesis demonstrate that the instantaneous wave-free ratio performed similarly to the 

fractional flow reserve in the detection of ischemic myocardial perfusion deficits on [15O]

H2O PET. Similarly, large randomized clinical trials also report favorable findings for the 

instantaneous wave-free ratio. For these reasons, I would argue that the primetime for the 

instantaneous wave-free ratio has indeed arrived and moving forward, the instantaneous 

wave-free ratio can be implemented in clinical practice.

Is microvascular resistance influenced by the presence of a coronary stenosis?
A topic of intense scientific debate in the previous decades has been whether the 

microvascular resistance at maximal vasodilation is augmented by the presence of a 

coronary stenosis. This question is relevant for multiple reasons, including to the theoretical 

framework of the fractional flow reserve, which assumes no interaction between the 

coronary stenosis and the subtended microcirculation. Findings in this thesis showed that 

the microcirculation distal to coronary stenoses demonstrated no histopathological signs 

of remodeling. Secondly, in vivo measurements of intracoronary microvascular resistance 

showed that whole cycle resistance during maximal vasodilation is elevated distal to a 

coronary stenosis. However, if only mid-to-late diastole was assessed by the minimal 

Microvascular Resistance (mMR), microvascular resistance is not influenced by epicardial 

coronary artery disease. Taken together, the histopathology and mMR studies thus provide 

two separate lines of evidence that demonstrate an absent hemodynamic or structural 

interaction between the epicardial stenosis and the underlying microcirculation. It should 
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be kept in mind, that critical stenoses were not investigated in the aforementioned studies. 

Henceforth, mMR could be applied in clinical practice and research alike, to provide an 

estimate of coronary microcirculatory dysfunction, that is not influenced by the presence 

of an upstream coronary artery stenosis.

What measurement technique should be used to measure intracoronary flow 
moving forward?
At present, intracoronary flow can be measured using a coronary guidewire equipped 

with either a temperature sensor or a Doppler crystal. As became clear in this thesis 

and in many previous studies, the measurement of coronary flow can provide a wealth 

data that can be used to further the mechanistic knowledge of coronary artery disease. 

Furthermore, intracoronary hemodynamic measurements can provide valuable diagnostic 

and prognostic information in both the acute and stable manifestations of coronary artery 

disease. Results in this thesis show that flow measurements ascertained with the Doppler 

crystal provided more accurate information than with the thermodilution technique. 

Henceforth, Doppler flow based measurements should likely be the preferred measurement 

of choice for evaluation of intracoronary flow and microvascular resistance. However, high 

fidelity measurements can not always be obtained with the Doppler wire with failure rates 

of approximately 20%. Moreover, flow velocity albeit indexed to vessel size, can only serve 

as a surrogate of true volumetric coronary blood flow. The novel methodology to determine 

absolute volumetric flow by continuous saline infusion, proved to be an extremely accurate 

and reliable measurement. Further research should ideally find a suitable way to index 

the volumetric flow to subtended myocardial mass. If this condition is met, diagnostic 

and prognostic implications of volumetric coronary flow could be investigated with the 

ultimate goal of integrating comprehensive coronary physiology by combined assessment 

of pressure and flow to the workflow of the catheterization laboratory. 

Conclusions
The aim of this thesis entitled: ‘The heart of the matter: Exploring the interaction between 

the coronary artery and the downstream microcirculation’, was to elucidate the interaction 

between the epicardial coronary artery and the downstream microcirculation. With respect 

to these research questions, four key conclusions can be drawn on the basis of the results 

from the studies embedded in this thesis. Firstly, for microvascular injury to occur after 

an acute myocardial infarction, reperfusion is mandatory, suggesting that a therapeutic 

window exists in which adjunctive intervention could be effective. Patients at high risk of 

microvascular injury can be identified early by measuring the hyperemic microvascular 

resistance. Secondly, the functional significance of a stenosis can be reliably assessed 

using the instantaneous wave-free ratio. This pressure index measured under physiological 
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resting conditions, informs on the degree of autoregulatory compensation imposed on 

the coronary microcirculation by the stenosis. Thirdly, microvascular remodeling 

downstream of a non-critical stenosis does not occur. Unlike existing indices to quantify 

microcirculatory dysfunction, minimal Microvascular Resistance can be reliably assessed 

in the presence of a flow limiting stenosis. The fourth and final conclusion is that moving 

forward, intracoronary flow is most reliably assessed using a guidewire equipped with a 

Doppler sensor. Given the difficulty to obtain high quality signals however, the promising 

results observed with the novel volumetric flow assessment merit further investigation. 

Taken together, measurements of intracoronary hemodynamic indices provides information 

on both the epicardial coronary artery as well as the microcirculation. This information 

is useful to identify patients at high risk for microvascular injury after acute myocardial 

infarction or aiding in the decision making of revascularization in stable ischemic heart 

disease. For this purpose, useful indices as well as the best way to accurately measure these 

indices have been explored and validated in this thesis.

17
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Samenvatting en toekomstperspectieven
Het doel van dit proefschrift, getiteld: ‘The heart of the matter: Exploring the interaction 

between the coronary artery and the downstream microcirculation’, was om de interactie 

tussen coronair arterieel vaatlijden en de onderliggende myocardiale microcirculatie 

te ontrafelen. Omdat ischemisch hartlijden kan worden onderverdeeld in het acute 

myocardinfarct en stabiel coronairlijden, werden beide manifestaties apart onderzocht 

in respectievelijk het eerste en tweede deel van dit proefschrift. Het derde deel van 

dit proefschrift bestudeert hoe metingen van coronaire microcirculatoire dysfunctie 

geïmplementeerd kunnen worden in de dagelijkse klinische praktijk, door het vergelijken 

en valideren van verschillende methoden om de coronaire microcirculatie te onderzoeken.

Deel 1 – Microcirculatoire veranderingen na een acuut 
myocardinfarct
In het eerste deel van dit proefschrift, werd de invloed van een acuut hartinfarct op de 

coronaire microcirculatie onderzocht. Allereerst werd hier een gedetailleerd overzicht 

met betrekking tot intramyocardiale hemorragie gegeven in hoofdstuk 2. Tientallen jaren 

geleden werd de observatie gedaan dat zelfs na succesvolle revascularisatie van een acuut 

myocardinfarct, hypoperfusie in de kern van het geïnfarceerde myocard nog steeds kan 

voorkomen. Er werd gedacht dat de genese hiervan in obstructie van de microcirculatie 

door trombo-embolisch debris en ontstekingscellen ligt. Echter, dierexperimenteel 

onderzoek en observaties vanuit niet-invasieve beeldvormende studies suggereerden dat 

hypoperfusie in de kern van het infarct eigenlijk bestaat uit ernstige microvasculaire 

schade en intramyocardiale hemorragie. Meerdere cohortstudies toonden dat het 

optreden van microvasculaire schade en intramyocardiale hemorragie voorspellend zijn 

voor een slechtere klinische uitkomst. Gebaseerd op het literatuuroverzicht in Hoofdstuk 

2, was onze hypothese dat de cascade die leidt naar microvasculaire schade begint met 

ischemie, gevolgd door reperfusie en uiteindelijk resulteert in microvasculaire destructie 

met intramyocardiale hemorragie. Deze hypothese werd onderzocht in Hoofdstuk 3. 

Er werd gebruikgemaakt van een proefdier-model, waarbij myocardiale ischemie door 

coronaire ligatie opgevolgd werd door reperfusie na het doornemen van deze ligatie. 

Hiervoor werd een Langendorff-hart gebruikt en werd zowel immunohistochemie als 

ook elektronenmicroscopie toegepast. We ontdekten dat geïsoleerde ischemie alleen milde 

microvasculaire schade tot gevolg had onafhankelijk van de duur van de periode. Echter, als 

een korte episode van ischemie werd gevolgd door reperfusie, dan trad ernstige schade aan 

de microcirculatie op. Deze bevindingen impliceren dat er een therapeutische tijdspanne 

bestaat, die optreedt vlak voor of direct nadat reperfusie is bewerkstelligd. Gedurende 
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deze tijdspanne kan er een interventie worden toegepast die de coronaire microcirculatie 

eventueel kan redden van fatale reperfusie schade. In Hoofdstuk 4 werd een prospectieve 

studie uitgevoerd bij patiënten met een ST-segment elevatie mycoardinfarct bij wie het 

lukte om snelle reperfusie toe te passen door primaire percutane coronaire interventie. 

Direct na reperfusie werden intracoronaire metingen van druk en bloedstroom verricht in 

de geoccludeerde arterie en in een niet geobstrueerde referentie-arterie. Het doel van deze 

studie was om erachter te komen of er hemodynamische markers zijn die het optreden 

van microvasculaire schade in een vroeg stadium kunnen voorspellen. En inderdaad, we 

constateerden dat patiënten met een verhoogde hyperemische microvasculaire weerstand 

in de coronaire circulatie een verhoogd risico hadden om microvasculaire schade op de 

MRI-scan te laten zien enkele dagen na het hartinfarct. Derhalve kunnen we concluderen 

dat hyperemische microvasculaire weerstand gericht en betrouwbaar patiënten kan 

selecteren, die een verhoogd risico hebben om microvasculaire schade te ontwikkelen. 

Bij deze groep patiënten, zou het onmiddelijk toepassen van een additionele interventie 

gunstig kunnen zijn. In Hoofdstuk 5 werd de logische vervolgvraag bestudeerd: of een 

verhoogde hyperemische microvasculaire weerstand in de geoccludeerde arterie na een 

acuut hartinfarct, zich ook vertaalt in een slechte lange termijn prognose. Om deze vraag 

te beantwoorden werd er een studie opgezet waarin intracoronaire druk- en bloedstroom-

data verzameld werden vanuit meerdere centra. Inderdaad, een verhoogde hyperemische 

microvasculaire weerstand met een afkapwaarde van 3.0 mmHg·cm-1·sec of groter, was 

voorspellend voor een slechtere prognose. In deze studie werd ook de pathofysiologische 

verklaring gevonden waarom de hyperemische microvasculaire weerstand voorspellend 

is voor een slechte uitkomst. Dit bleek namelijk te berusten op het vaker optreden van 

microvasculaire schade bij deze groep patiënten, zoals gedocumenteerd met de MRI 

scan. Hoofdstuk 6, het laatste hoofdstuk van dit deel van het proefschrift, beschreef een 

translationele studie die als doel had om de ontwikkeling van de coronaire hemodynamiek 

voor een acuut hartinfarct en direct na revascularisatie te verhelderen. Het lijkt erop alsof 

deze studie een vraag tracht te beantwoorden die feitelijk niet beantwoord kan worden. 

Men weet namelijk van tevoren nooit welke patiënt een hartinfarct gaat krijgen, dus kan 

men deze patiënt ook niet onmiddellijk voor het hartinfarct bestuderen. Om deze vraag toch 

te beantwoorden, verrichtten wij twee verschillende experimenten. In het eerste experiment 

werden hemodynamische metingen direct na het hartinfarct gelinkt aan soortgelijke, 

maar stabiele patiënten door middel van een statistische methode genaamd ‘propensity 

score matching’. Zodoende vormde elke patiënt met een hartinfarct een paar met een 

vergelijkbare stabiele patiënt, die als controle functioneerde. Om dit eerste experiment 

te valideren werd er ook een tweede experiment verricht in een experimentele studie 

met proefdieren waarbij de coronaire hemodynamiek voor en direct na een hartinfarct 

werd gemeten. We vonden dat zowel in het patiënten-onderzoek als in varkensstudie, de 
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coronaire bloedstroomreserve verminderd werd door een hartinfarct. Deze vermindering 

werd veroorzaakt door een opvallende stijging in de bloedstroom tijdens rust, in combinatie 

met een daling van de maximale hyperemische bloedstroom.

Deel 2 – De coronaire hemodynamiek bij stabiel 
coronairlijden
Het tweede deel van dit proefschrift beschrijft de interactie tussen epicardiaal 

coronairlijden en de coronaire microcirculatie. Hoofdstuk 7 is een literatuurbeschouwing 

waarin de cellulaire processen beschreven worden die myocardiale perfusie aansturen. 

In dit hoofdstuk wordt aandacht geschonken aan de twee fysiologische compensatie-

mechanismen die het hart tegen ischemie beschermen: arteriogenese en coronaire 

autoregulatie. Begrip van deze twee compensatiemechanismen, en dan met name het 

laatste, is noodzakelijk om te kunnen begrijpen waarom de functionele ernst van een 

stenose gemeten kan worden zonder vaatverwijdende medicatie. Tot nu toe zijn alle 

beschrijvingen van coronaire autoregulatie afkomstig uit dierexperimenteel onderzoek. 

Hoofdstuk 8 is een studie waarin vier Europese academische centra hebben samengewerkt. 

In deze studie werden de drukgradiënt over een stenose, de coronaire stroomsnelheid en 

de microvasculaire weerstand gemeten in meer dan vijfhonderd coronairarteriën. Deze 

metingen werden onderverdeeld aan de hand van de functionele en de anatomische ernst 

van de stenose. De resultaten van deze studie laten zien dat wanneer de drukgradiënt 

over de stenose toeneemt, de coronaire bloedstroom constant gehouden wordt door een 

compensatoire vermindering van de microvasculaire weerstand. Hiermee werd het principe 

van coronaire autoregulatie voor het eerste gevalideerd bij patiënten. Op dit moment 

bestaan er verscheidene diagnostische modaliteiten waarmee myocardiale ischemie kan 

worden gemeten waarbij maximale vasodilatatie niet hoeft te worden bewerkstelligd door 

inspanning of medicatie. Eén van deze testen is de recent ontwikkelde ‘instantaneous wave-

free ratio’, die bepaald wordt met een invasieve drukmeting. De instantaneous wave-free 

ratio is een alternatief voor de ‘fractional flow reserve’ waarbij maximale vasodilatatie 

noodzakelijk is. Beide testen kunnen worden gebruikt om in de klinische setting een besluit 

te nemen of percutane coronaire interventie geïndiceerd is voor de behandeling van stabiel 

ischemisch hartlijden. Hoofdstuk 9 geeft een update van de verzamelde kennis omtrent deze 

instantaneous wave-free ratio en beschouwt de gelijkenissen en verschillen met de fractional 

flow reserve. Twee enorme gerandomiseerde klinische trials hebben recent aangetoond 

dat percutane coronaire interventie op basis van de instantaneous wave-free ratio niet 

inferieur is aan het gebruik van de fractional flow reserve. Een belangrijke resterende 

vraag is hoe de instantaneous wave-free ratio zich verhoudt ten opzichte van de fractional 

flow reserve met betrekking tot het detecteren van myocardiale ischemie. Deze vraag werd 

beantwoord in de studie van Hoofdstuk 10 waarin deze twee metingen (alsmede de rust 
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distale coronaire druk / aortadruk ratio) vergeleken werden met de gouden standaard: de 

[15O]H2O positron emissie tomografie myocardiale (PET) perfusiescan. De hoofdbevinding 

van deze studie was dat instantaneous wave-free ratio en rust distale coronaire druk / 

aortadruk ratio net zo nauwkeurig zijn in het identificeren van myocardiale ischemie als de 

fractional flow reserve. Vaatverwijdende medicatie is daarmee niet nodig in de beslissing 

of percutane coronaire interventie moet worden toegepast. In Hoofdstuk 11 wordt een 

nieuwe index voorgesteld om microvasculaire weerstand te meten, getiteld de minimale 

Microcirculatoire Weerstand (mMR). Het unieke aspect van deze index is dat deze niet 

wordt beïnvloed door de aanwezigheid van een coronaire stenose. Dit is in tegenstelling tot 

de hyperemische microvasculaire weerstand, die voor een onbekend deel wordt beïnvloed 

door de aanwezigheid van een stenose, waardoor het onduidelijk is of de weerstand vanuit 

de microcirculatie verhoogd is of dat dit komt door de ernst van de stenose. In onze 

studie was mMR gelijk in een perfusiegebied met een stenose ten opzichte van een niet 

geobstrueerde coronairarterie bij dezelfde patiënt. Deze bevinding werd bevestigd door de 

afwezigheid van een correlatie tussen stenose-ernst en mMR. De voorgaande bevindingen 

suggereren dat microcirculatoire remodellering distaal van een stabiele coronaire stenose 

niet voorkomt. Hoofdstuk 12 beschrijft een histopathologische studie uitgevoerd 

door bestudering van myocardweefsel van overleden patiënten met coronairlijden. De 

aanwezigheid van coronairlijden was hierbij bevestigd door een premortale coronair-

angiografie. Door middel van eenzelfde ontwerp als de voorgaande studie, toonden de 

resultaten van deze studie dat microcirculatoire remodellering inderdaad niet voorkomt. 

Ook de capillaire en arteriolaire dichtheid waren gelijk in myocardiale vaatbedden met 

en zonder stenose. Een oudere, minder vaak gebruikte index om de functionele ernst van 

een coronaire stenose te bepalen is de diastolische-systolische snelheidsratio (DSVR). Deze 

index beschrijft de ratio tussen de diastolische en systolische bloedstroomsnelheid in de 

ramus interventricularis anterior (LAD) en heeft twee unieke eigenschappen: allereerst 

kan deze index berekend worden uit zowel invasieve intracoronaire metingen, alsmede uit 

non-invasieve Doppler-echocardiografische metingen. De tweede unieke eigenschap is dat 

de DSVR gemeten kan worden onder rust-omstandigheden. Dit is opvallend, aangezien 

de coronaire bloedstroom gelijk blijft door coronaire autoregulatie, tenzij de vernauwing 

subtotaal of totaal is. Hoofdstuk 13 bestudeert de reden waarom DSVR in staat is om de 

functionele ernst van een stenose te kunnen inschatten vanuit metingen van de coronaire 

bloedstroom, zonder dat daarbij vaatverwijdende middelen noodzakelijk zijn. In deze 

studie werd opgehelderd dat de rationale waarom DSVR lager is distaal van een coronaire 

stenose, afhangt van een relatief toegenomen invloed van de stenose-ernst op de totale 

vasculaire weerstand tijdens de diastole, ten opzichte van de systole.
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Deel 3 – Vergelijking van meetmethoden van de coronaire 
hemodynamiek
In het derde en laatste deel van dit proefschrift werden verschillende methoden om de 

coronaire hemodynamiek te meten met elkaar vergeleken. Hoofdstuk 14 beschrijft een 

studie die gedaan werd om te vergelijken welke methode om intracoronair de bloedstroom 

te meten nauwkeuriger is: de Doppler-draad of de thermodilutie-draad. Patiënten met 

stabiele angina pectoris werden geïncludeerd. De [15O]H2O PET perfusiescan werd gebruikt 

als referentiestandaard in deze studie. De belangrijkste bevinding was dat de Doppler-

draad accurater was dan de thermodilutie draad. De keerzijde was dat de metingen 

vaker faalden met de Doppler draad. Hoofdstuk 15 evalueert dezelfde twee technieken, 

maar maakt gebruik van een ander studieontwerp. De studiepopulatie bestond hier uit 

patiënten met een acuut hartinfarct. De parameter waar onderzoek naar werd gedaan 

was de microvasculaire weerstand gedurende maximale microvasculaire vasodilatatie. 

Vergeleken met de thermodilutie-meting, had microvasculaire weerstand gemeten met 

de Doppler draad een superieure overeenkomst met de via MRI gemeten microvasculaire 

schade. Hoofdstuk 16 is een validatiestudie van een nieuwe techniek die gebruikmaakt 

van continue infusie van fysiologisch zout tezamen met de gemeten temperatuur van het 

coronaire bloed om zo de absolute coronaire bloedstroom te berekenen. Deze techniek was 

al eerder voorgesteld als antwoord op de limitaties van de twee bestaande methoden om de 

bloedstroom te meten in de coronaire arterie. De [15O]H2O PET perfusiescan werd opnieuw 

gebruikt als referentiestandaard aangezien hiermee de myocardiale perfusie betrouwbaar 

kan worden gemeten. Er werd een sterke correlatie tussen de absolute bloedstroommetingen 

en de [15O]H2O PET perfusiescan gevonden. Een tweede belangrijke bevinding van 

deze studie was dat vaatverwijdend medicijn niet nodig was en dat de continue infusie 

van fysiologisch zout op kamertemperatuur genoeg was om maximale vasodilatatie te 

bewerkstelligen. De bevindingen van deze studie valideren deze nieuwe techniek als een 

bruikbare toevoeging om de coronaire hemodynamiek te bestuderen.

Toekomstperspectieven
Microvasculaire schade na een acuut hartinfarct: kunnen we dit identificeren?
De hypothese dat reperfusie na een periode van ischemie door een hartinfarct noodzakelijk 

is voor het optreden van microvasculaire schade, werd bevestigd door de resultaten van de 

experimentele knaagdierenstudie. Deze resultaten suggereerden dat er een therapeutische 

tijdspanne bestaat waarin de microcirculatie gered kan worden. Identificatie van de 

patiënten die een hoog risico lopen om microvasculaire schade te ontwikkelen na een 

hartinfarct en een slechtere prognose hebben, kan gedaan worden door meting van de 

hyperemische microvasculaire weerstand onmiddellijk na revascularisatie. Tot op heden 

kon microvasculaire schade alleen maar gediagnosticeerd worden met behulp van een 
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MRI-scan. Echter, tegen de tijd dat de MRI-scan vervaardigd is, is de microvasculaire 

schade al opgetreden en is de arteriële coronaire toegangsweg gesloten. Doordat bewijs 

geleverd is dat het bestaan van de therapeutische tijdspanne bevestigt, alsmede van een 

manier om patiënten die een hoog risico lopen op microvasculaire schade te identificeren, 

zijn er twee belangrijke doelen in de strijd tegen microvasculaire schade bereikt. Echter, 

het belangrijkste doel is nog niet bereikt: de ontdekking van een therapeutisch middel 

of behandelingsstrategie om microvasculaire schade te voorkomen of te verminderen. 

Toekomstig onderzoek zal erop gericht moeten zijn om geschikte therapeutische 

mogelijkheden te exploreren. Als dit middel inderdaad gevonden wordt, dan kan in de 

toekomst bij een patiënt met een ST-segmentelevatie myocardinfarct snelle primaire 

percutane coronaire interventie gevolgd worden door meting van de hyperemische 

microvasculaire weerstand. Hiermee kan bepaald worden of de patiënt een risico heeft op 

microvasculaire schade en behandeld moet worden met de nieuwe therapie.

Is het moment aangebroken voor de instantaneous wave-free ratio toe te 
passen in de praktijk?
Decennia onderzoek naar coronaire fysiologie en met name naar de fractional flow 

reserve, hebben geleid tot het paradigma dat maximale vasodilatatie noodzakelijk is om 

accuraat de functionele ernst van een stenose te kunnen bepalen. De bevinding dat met 

de instantaneous wave-free ratio de ernst van een stenose ook kan worden ingeschat, was 

een verrassing voor veel onderzoekers in dit onderzoeksveld. In dit proefschrift wordt de 

rationale achter de instantaneous wave-free ratio opgehelderd. In dit proefschrift postuleer 

ik dat de instantaneous wave-free ratio informatie geeft over de mate van compensatoire 

vasodilatatie van de coronaire microcirculatie als antwoord op een bovenliggende stenose. 

Dit proces wordt gemedieerd door de coronaire autoregulatie. Het belangrijkste voordeel 

van het gebruik van de instantaneous wave-free ratio ten opzichte van de fractional flow 

reserve, is dat vaatverwijdende medicatie niet hoeft te worden gebruikt. Bevindingen in 

dit proefschrift laten zien dat de instantaneous wave-free ratio gelijkwaardig presteert ten 

opzichte van de fractional flow reserve voor de detectie van myocardiale perfusiedefecten 

op [15O]H2O PET perfusiescans. Grote gerandomiseerde onderzoeken laten ook gunstige 

resultaten zien voor de instantaneous wave-free ratio. Vanwege deze redenen zou ik willen 

stellen dat het moment is aangebroken voor de instantaneous wave-free ratio en dat deze 

index eigenlijk nu al geïmplementeerd kan worden in de klinische praktijk.

Wordt de microvasculaire weerstand beïnvloed door de aanwezigheid van een 
coronaire stenose?
Een onderwerp waar veel wetenschappelijke discussie over gevoerd is in de voorgaande 

decennia, is of de microvasculaire weerstand wordt beïnvloed door de aanwezigheid van een 
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coronaire stenose. Deze vraag is om meerdere redenen relevant, ook voor het belang voor 

de theoretische grondslag van de fractional flow reserve, waarin gesteld wordt dat er geen 

interactie bestaat tussen de coronaire stenose en achterliggende coronaire microcirculatie. 

Bevindingen in dit proefschrift lieten zien dat de microvasculatuur distaal van een stenose 

geen tekenen liet zien van verdikking van de vaatwand of toename van de capillaire of 

arteriolaire dichtheid. Ten tweede, in vivo metingen van intracoronaire microvasculaire 

weerstand lieten zien dat de weerstand gemeten tijdens de hele hartcyclus ten tijde van 

maximale vasodilatatie hoog is in de aanwezigheid van een stenose. Echter, als alleen 

de mid-tot-laat diastolische periode wordt gemeten met de minimale microcirculatoire 

weerstand (mMR), dan wordt de microvasculaire weerstand niet beïnvloed door een 

epicardiale coronaire stenose. Tezamen vormen de histopathologie- en mMR-studies twee 

afzonderlijke lijnen van bewijs dat er geen hemodynamische of structurele relatie bestaat 

tussen de epicardiale stenose en de onderliggende microcirculatie. Het is van belang hierbij 

te beseffen, dat kritieke stenoses niet specifiek werden bekeken in deze twee studies. In het 

vervolg zou mMR direct kunnen worden toegepast in zowel de klinische praktijk als in 

onderzoeksverband. De mMR kan hierbij een schatting geven van de mate van coronaire 

microcirculatoire dysfunctie, onafhankelijk van de aanwezigheid van een epicardiale 

coronaire stenose.

Welke meetmethode moet in het vervolg gebruikt worden om intracoronaire 
bloedstroom te meten?
Op dit moment kan de coronaire bloedstroom gemeten worden met een coronaire draad 

waarop een temperatuursensor of een Doppler-kristal gemonteerd is. Wat duidelijk is 

geworden uit dit proefschrift en vanuit meerdere voorgaande studies, is dat metingen van de 

coronaire bloedstroom belangrijke gegevens opleveren om de collectieve kennis ten aanzien 

van coronair lijden te verbeteren. Bovendien kunnen intracoronaire hemodynamische 

metingen waardevolle inzichten geven ten aanzien van zowel de diagnose als prognose in 

zowel de acute als stabiele variant van coronair vaatlijden. De resultaten in dit proefschrift 

tonen aan dat de bloedstroom gemeten met het Doppler-kristal, betrouwbaardere 

informatie gaf dan de meting met de thermodilutie-techniek. Aldus zal in de toekomst de 

Doppler-meting de meetmethode van eerste keuze moeten zijn om coronaire bloedstroom 

en microvasculaire weerstand te meten. Echter, het lukt niet altijd om hoogkwalitatieve 

metingen te verkrijgen met de Doppler-metingen en de meting faalt in ongeveer 20% van de 

gevallen. Verder is van belang te beseffen dat de Doppler-methode de bloedstroomsnelheid 

meet en slechts een surrogaat is voor de absolute volumetrische bloedstroom. De nieuwe 

methode om de absolute volumetrische bloedstroom te meten met continue fysiologische 

zoutinfusie bleek een extreem accurate en betrouwbare meetmethode te zijn. Toekomstig 

onderzoek moet zich idealiter richten op het vinden van een geschikte manier om de 
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volumetrische bloedstroom te indexeren aan myocardiale massa. Als dit doel bereikt wordt, 

dan kunnen de diagnostische en prognostische implicaties van de absolute flowmeting 

worden onderzocht. Het ultieme doel is om de coronair fysiologische metingen van 

coronaire bloeddruk en bloedstroom routinematig te integreren in het werk op het 

katheterisatie laboratorium.

Conclusies
Het doel van dit proefschrift getiteld: ‘The heart of the matter: Exploring the interaction 

between the coronary artery and the downstream microcirculation’, was om de interactie 

tussen de epicardiale coronaire arterie en de onderliggende microcirculatie te ontrafelen. Met 

het oog op deze onderzoeksvraag kunnen er op basis van dit proefschrift vier verschillende 

conclusies getrokken worden. Ten eerste, voor het ontstaan van microvasculaire schade 

na een acuut hartinfarct, is reperfusie noodzakelijk. Deze bevinding suggereert dat er een 

therapeutische tijdspanne bestaat waarin een toegevoegde interventie effectief zou kunnen 

zijn. Patiënten met een hoog risico op het ontwikkelen van microvasculaire schade kunnen 

dan al vroeg worden geïdentificeerd door het meten van de hyperemische microvasculaire 

weerstand. Ten tweede, het functionele belang van een stenose kan betrouwbaar worden 

ingeschat met de instantaneous wave-free ratio. Deze index is gebaseerd op bloeddruk. 

De index geeft informatie met betrekking tot de autoregulatoire compensatie die wordt 

opgelegd aan de microcirculatie door de bovenliggende stenose. Ten derde, microvasculaire 

remodelering distaal van een niet kritieke coronaire stenose vindt niet plaats. Ten opzichte 

van andere manieren om microcirculatoire dysfunctie te kwantificeren, kan de minimale 

microcirculatoire weerstand (mMR) betrouwbaar gemeten worden in de aanwezigheid van 

een coronaire stenose. De vierde en laatste conclusie is dat de intracoronaire bloedstroom 

momenteel het nauwkeurigst kan worden gemeten met de coronaire draad met een 

Doppler-kristal. Aangezien de meting met deze draad technisch gezien lastig kan zijn, 

lijkt het erop alsof de veelbelovende resultaten bereikt met de absolute volumetrische 

bloedstroom meting, toekomstig onderzoek rechtvaardigen.

Alles tezamen genomen, geven metingen van de intracoronaire hemodynamiek informatie 

over zowel de epicardiale coronair-arterie als ook de coronaire microcirculatie. Deze 

informatie is bruikbaar om patiënten te identificeren die een hoog risico hebben om 

microvasculaire schade na een hartinfarct te ontwikkelen. De metingen kunnen ook helpen 

in de besluitvorming om wel of niet te revasculariseren bij stabiel ischemisch hartlijden. 

Voor deze toepassing zijn er verscheidene indexen, maar ook de beste manier om deze te 

meten, voorgesteld en beschreven in dit proefschrift.



360

Curriculum Vitae
Guus de Waard was born on the 5th of November 

1986 in Heiloo, The Netherlands as child of Dick 

de Waard and Gerda de Waard-Schut. He spent his 

childhood in Heiloo with his two sisters (Ellen and 

Wietske) and his childhood friends (Seb, Joram and 

Michael). During his childhood, he already showed 

a keen interest in science. His father accompanied 

him to the Dutch Wetenschapweek (Scienceweek) 

on many occasions. These experiences alongside the 

profound impressions made on him by his childhood 

pediatrician, dr. Schilte, provided him with the 

motiviation to pursue a carreer in medicine. After high 

school at the Jac. P. Thijsse College in Castricum, he 

was granted the opportunity to study the Medicine at the VU University Medical Center 

and moved to Amsterdam. As his study progressed, he became increasingly interested 

in cardiology. He studied the clinical outcomes of patients that had undergone cardiac 

surgery or suffered a myocardial infarction together with dr. Victor Umans in Alkmaar. 

After he obtained his medical degree, he was granted the opportunity to pursue a PhD 

trajectory with prof. dr. Niels van Royen. During this period, he studied the hemodynamics 

of the coronary circulation in stable coronary artery disease and after acute myocardial 

infarction. During his PhD trajectory he published in multiple high impact scientific papers. 

Honours included winning the JACC Cardiovascular Interventions Young Author Award 

awarded at the ACC conference in 2015, the Snellen Posterprijs at the NVVC conference 

in 2015 and the Paul Dudley White Scholar Award at the AHA Scientific Session 2017. 

Furthermore, he was a finalist for the WCN Research Prize 2016, the Melvin Judkins 

Young Investigator Award at the AHA Scientific Sessions 2017, and the DRES Congress 

Holland’s Best Research 2019. During his PhD trajectory, he was awarded a Netherlands 

Heart Institute Fellowship Grant in 2016. This grant enabled him to spend 6 months at 

the prestigious Hammersmith Hospital affiliated to Imperial College London, where he 

was supervised by dr. Justin Davies and studied coronary physiology. During his PhD 

trajectory, he was involved in initiating the novel balloon pulmonary angioplasty for 

the treatment of chronic thromboembolic pulmonary hypertension at the VU University 

Medical Center. During his final year as a PhD student, he initiated the Absolute-PET 

study, wrote the studyprotocol and gathered the funding to perform the study. The study 

was published in the European Heart Journal by Henk Everaars. After working for 5 

months as a cardiology resident in Alkmaar, he began working as a specialist registrar in 

cardiology in December 2017 at the VU University Medical Center in Amsterdam.



361

Appendices

Dankwoord
Mijn tijd als promovendus bij het VU medisch centrum en bij het Imperial College London 

heb ik als een fantastische tijd ervaren. Dit is voor een groot deel te danken aan alle 

intelligente, bijzondere en gezellige mensen die ik heb leren kennen in deze tijd. Echter, 

ik had deze tijd nooit als zo prettig kunnen ervaren zonder een stabiel thuisfront en 

mijn fantastische jeugdvrienden. In dit dankwoord, wil ik mijn dank uitspreken aan de 

mensen die aan deze bijzondere tijd en aan de totstandkoming van dit proefschrift hebben 

bijgedragen.

Niels van Royen, mijn promotor, jij hebt me als net afgestudeerde arts onder jouw 

vleugels genomen. In de afgelopen jaren heb ik ontzettend veel van jou geleerd. Wat ik 

in jou enorm bewonder is jouw positiviteit en jouw geloof dat alles mogelijk is. Deze 

eigenschappen probeer ik mezelf ook eigen te maken. Je bent een onverzettelijke bestuurder, 

een fantastische onderzoeker, een intelligente dokter, maar bovenal een heel warm en 

positief mens.

Paul Knaapen, ik wil jou bedanken als copromotor. We hebben eindeloos gediscussieerd 

over de iFR en je hebt me altijd het gevoel gegeven een gelijkwaardige discussiepartner te 

zijn. Dat waardeer ik enorm. Jouw werkethiek is ongeëvenaard en vele wetenschappelijke 

en klinische successen zullen volgen. Bedankt ook voor de legendarische week in St. Louis, 

zelden heb ik zo gelachen.

Justin Davies, I want to thank you as copromotor. Even though you are quite possibly 

the busiest man alive, you have taught me invaluable lessons. I value the time we spent 

in London working on projects tremendously and have learned a great deal from you, 

especially your public speaking skills which are unparralled. Many thanks for hosting me 

in London, I had a wonderful time.

Graag wil ik de stafleden in het VU medisch centrum bedanken. In het bijzonder Bert van 

Rossum, hoofd van de afdeling en tevens mijn promotor. Mijn speciale dank gaat tevens 

uit naar interventiecardiologen Jorrit Lemkes, Alexander Nap, Yolande Appelman en Koen 

Marques. Jullie moeten meer dan eens gezucht hebben toen ik binnen kwam lopen, omdat 

dit weer een marathonsessie druk- en flowmetingen betekende! Voor dit laatste ook veel 

dank aan VUmc cathlab personeel. Dirk van der Heijden en Maarten van Leeuwen, met 

wie ik samen talloze uren op het cathlab heb gestaan, ook jullie bedankt! Maarten, ik 

bewaar warme herinneringen aan de tijd toen wij vlak bij elkaar woonden en ik regelmatig 

bij jou en Mirjam over de vloer kwam.



362

De overige leden van de promotiecommissie: prof. dr. P.L. Hordijk, prof. dr. C. Boer, 

prof. dr. L. Hofstra, prof. dr. S.A.J. Chamuleau en prof. dr. D.J.G.M. Duncker, ben ik 

zeer erkentelijk voor de inhoudelijke beoordeling van mijn proefschrift en deelname aan 

de oppositie.

Zonder de vele nationale en internationale samenwerkingsverbanden had dit proefschrift 

niet tot stand kunnen komen. Sukh, Ricardo and Shai, many thanks for the valuable 

collaborations. Chris, you are one of the kindest doctors I’ve met. I value our friendship 

greatly and want to thank you for your amazing hospitality in London. I wish to thank 

Javier Escaned for being a fantastic rolemodel as researcher, master clinician and educator; 

a true triple-threat. Mauro, thank you for your hospitalty in Spain, you are truly one of 

the brightest physcians I have met. Veel dank aan Jan Piek, Tim van der Hoef en Martijn 

van Lavieren. Onze samenwerking heeft mij enorm veel opgeleverd en hopelijk heb ik ook 

een bijdrage kunnen leveren aan jullie belangrijke wetenschappelijke gedachtegoed. In mijn 

begintijd als promovendus heb ik vele uren met Nico Westerhof doorgebracht, om de druk 

en de bloedstroom in de kransslagvaten beter te begrijpen. Het is een eer om met zo’n 

briljante fysioloog samengewerkt te mogen hebben. Hans Niessen, Jeroen Beliën en Elisa 

Meinster wil ik bedanken voor hun belangrijke hulp bij ons artikel betreffende de kleine 

vaatjes achter een stenose. Nogmaals dank aan Dirk Jan Duncker, maar ditmaal voor zijn 

hulp bij één van mijn eerste artikelen, het was een eer om met jou samen te werken. Nico 

Pijls en Frederik Zimmerman wil ik bedanken voor hun hulp en inzichten bij de Absolute-

PET studie, het is een prachtig artikel geworden! Akira Kurata, I also wish to thank you 

for your invaluable contributions to the Absolute-PET study.

Graag wil ik het Netherlands Heart Institute bedanken voor de financiële mogelijkheid 

om een half jaar onderzoek te mogen doen in Londen. Deze tijd heb ik als zeer waardevol 

beschouwd.

De staf van de cardiologie in Alkmaar wil ik ontzettend bedanken voor hun hulp bij 

de start van mijn carrière. Met Victor Umans en Maarten de Mulder heb ik mijn eerste 

artikel geschreven. Jan Hein Cornel heeft mij naar Niels van Royen verwezen; een betere 

verwijzing had ik me niet kunnen wensen! Ik kijk nu al uit naar het vierde jaar van mijn 

opleiding als ik terugkeer in Alkmaar. Ook bedankt aan alle gezellige collega’s bij de 

interne, ICU en longgeneeskunde in Alkmaar. Wat een fijn ziekenhuis is het toch!

Een belangrijke reden waarom ik mijn promotietijd zo ontzettend leuk was, zijn de 

fantastische collega’s. Ik zou willen dat ik over jullie allen een aparte alinea kon schrijven, 

maar dan zou ik een tweede boekje moeten laten drukken. Paul, je hebt me enorm geholpen 



363

Appendices

bij de start van mijn promotie, bedankt daarvoor! Jij bent dé aanjager en je zit vol met 

energie. Ondanks dat je naar Nijmegen bent vertrokken hoop ik dat we elkaar nog veel 

zullen zien in de toekomst. Maurits, Henryk Jan, Mischa, Wynand, Monique, Roel en 

Stefan, we hebben samen waanzinnig gelachen op alle congressen, de wintersport en de 

vrijmibeau’s die standaard uit de hand liepen. Jullie zijn voor mij echt vrienden geworden 

en iedere keer als ik één van jullie tegenkom, word ik blij. Ik prijs me gelukkig dat we elkaar 

in de toekomst zowel tijdens de opleiding en ook daarna als cardioloog nog vaak zullen 

tegenkomen. Maurits, bedankt voor onze prettige samenwerking op het lab! Ibrahim, als 

de European Heart Journal nog een nieuwe editor zoekt, ben jij kandidaat nummer 1. 

Wat een koning ben je. Michiel, Henk en Nina; wat een talent in één kamer. En dat meen 

ik oprecht! Onze kameruitjes en met name het TCT congres in San Diego waren enorm 

gezellig. Ik ga ervanuit dat we nog veel successen en feestjes gaan vieren in de toekomst. 

Henk, enorm bedankt voor je inzet tijdens de Absolute-PET studie, we mogen trots zijn op 

het resultaat! Nina, de samenwerking met jou verloopt nu echt super, bedankt hiervoor! 

LiNa, Ahmet en Sebastiaan waren daarvoor mijn kamergenootjes. Bedankt voor jullie 

gezelligheid en succes met jullie carrières! Gladys, ik heb genoten van jouw gastvrijheid 

en de boottochtjes op de warme zomeravonden, bedankt hiervoor! Ook veel dank aan 

de andere arts-onderzoekers Alwin, Raquel, Pepijn, Schumi, Anne-Lotte, Marthe, Mark, 

Pien, Arno, Rahana en de promovendi die net gestart zijn. Ik kijk ernaar uit om mijn 

promotiefeestje met jullie te vieren! Zonder de hulp van vele studenten zou dit proefschrift 

niet op deze manier tot stand zijn gekomen. Max, Ryanne, Lara, Douwe, Danique, Romain 

en Thomas bedankt voor jullie inzet. Ik hoop dat jullie er ook van geprofiteerd hebben en 

ik wens jullie allen een glansrijke carrière toe.

Ik prijs me gelukkig met twee hechte vriendengroepen. Seb, Joram en Michael ken ik al 

vanaf jonge leeftijd en ik vind het erg bijzonder dat we nog steeds zo goed bevriend zijn. 

Ook al zien we elkaar niet meer zoveel zoals in onze jonge jaren, toch is het iedere keer 

weer net alsof we elkaar gisteren nog gezien hebben. Michael, ik vond het erg leuk om 

jou en de familie op te mogen zoeken in Perth, maar ik heb je ook gemist de afgelopen 

tijd. Hopelijk kunnen we elkaar weer vaak zien nu je terug bent! Joram, ik koester onze 

vriendschap enorm en het betekent veel voor me dat je mijn paranimf wilt zijn. Seb, ik vind 

het bijzonder dat we elkaar al 32 jaar kennen, wie heeft er nou zo’n vriend? Ik bedank je 

voor het ontwerpen van de kaft van dit proefschrift. Ik had niet durven hopen dat de kaft 

zo mooi zou worden en het betekent persoonlijk veel voor mij dat jij hem hebt ontworpen. 

De Boysov Summer ook wel Polski genoemd, is een groep vrienden van de middelbare 

school waarmee we in onze studentenjaren een aantal prachtige reizen gemaakt hebben. 

Michael, Peter, Thijs, Jarl, Jasper, Floortje, Rick, Dorus en Olivier, bedankt voor alle 

leuke avonturen die we samen beleven en hopelijk zet dit zich de komende jaren nog door! 



364

Koen, jij bent sinds de studie één van mijn beste vrienden geworden. Het is een grote eer 

dat jij mijn paranimf wil zijn en ik koester onze vriendschap enorm. Ik hoop dat je snel 

terugkomt naar Amsterdam (no pressure)! Duncan, ook jou wil ik persoonlijk bedanken 

als één van mijn beste vrienden. Naar onze Magic avonden kijk ik steeds weer enorm uit.

Pap en mam, de laatste jaren besef ik me pas hoe bijzonder onze familieband is. Ik zie 

hoeveel liefde jullie ons hebben gegeven toen we jonger waren. Deze liefde geven jullie nog 

steeds. Jullie hebben me als kind enorm geholpen om mijn doelen te verwezenlijken, zonder 

jullie liefdevolle opvoeding en inzet had ik hier nooit gestaan. Ik ben enorm trots op jullie 

en ik ben er ook enorm trots op dat ik straks dit proefschrift mag verdedigen terwijl jullie 

in de zaal zitten. Ik houd heel veel van jullie en ik hoop dat jullie rustig van jullie oude 

dag mogen genieten. Mijn zusjes Ellen en Wietske wil ik ook bedanken. Jullie staan altijd 

voor me klaar als dat nodig is en ik hoop dat ik dat ook aan jullie kan teruggeven. Ik ben 

blij met onze familieband en hoop dat deze altijd zo sterk zal blijven.

Lieve Annabelle, wat hebben we het fijn samen. Jij bent echt een gezelligheidsmens en 

sleept me overal mee naar toe. Geen dag met jou is saai, want ieder vrij uurtje wordt 

besteed aan iets leuks. Onze tijd in Londen beschouw ik als de leukste tijd uit mijn leven. 

Annabelle, ik ben ontzettend verliefd op je. Ik hoop dat we nog veel avonturen kunnen 

beleven in Amsterdam en misschien ook nog in het buitenland. Dankzij jou heb ik er 

een lieve schoonfamilie bij met Henk, Cilia, Isabelle, Thijs, Bram en de hondjes. Het 

is geen makkelijke tijd, maar ik ben ervan overtuigd dat jullie er sterk doorheen zullen 

komen. Henk, jou wil ik in het bijzonder bedanken voor je hulp bij het nakijken van het 

proefschrift.



365

Appendices

List of publications

1. JACC Cardiovascular Interventions. 2016 Mar 28;9(6):602-13
 Changes in Coronary Blood Flow After Acute Myocardial Infarction: Insights From a Patient 

Study and an Experimental Porcine Model.
 de Waard GA, Hollander MR, Teunissen PF, Jansen MF, Eerenberg ES, Beek AM, Marques 

KM, van de Ven PM, Garrelds IM, Danser AH, Duncker DJ, van Royen N.
2. European Heart Journal 2015 Nov 26.
 Coronary pressure and flow relationships in humans: phasic analysis of normal and pathological 

vessels and the implications for stenosis assessment: a report from the Iberian-Dutch-English 
(IDEAL) collaborators.

 de Waard GA*, Nijjer SS*, Sen S, van de Hoef TP, Petraco R, Echavarría-Pinto M, van Lavieren 
MA, Meuwissen M, Danad I, Knaapen P, Escaned J, Piek JJ, Davies JE*, van Royen N*. *equal 
contributions

3. Nature Reviews Cardiology 2015 Mar;12(3):156-67
 Intramyocardial haemorrhage after acute myocardial infarction.
 de Waard GA*, Betgem RP*, Nijveldt R, Beek AM, Escaned J, van Royen N. *equal 

contributions
4. Neth Heart J. 2012 Mar;20(3):110-7
 Long-term outcomes of isolated aortic valve replacement and concomitant AVR and coronary 

artery bypass grafting.
 de Waard GA, Jansen EK, de Mulder M, Vonk AB, Umans VA.
5. Ned Tijdschr Geneeskd. 2016;160:A9807.
 Ballon pulmonalis angioplastiek voor chronische tromboembolische pulmonale hypertensie
 de Waard GA, Melenhorst MCAM, van Leeuwen MAH, Bogaard HJ, Lely RJ, van Royen N
6. EuroIntervention. 2017 Feb 14.
 Instantaneous wave-free ratio to guide coronary revascularization: physiological framework, 

validation and differences with fractional flow reserve
 de Waard GA, Di Mario C, Lerman A, Serruys PW, van Royen N
7. J Am Heart Assoc. 2016 Dec 22;5(12)
 Invasive minimal Microvascular Resistance (mMR); a new index to assess microcirculatory 

function independent on the presence of obstructive coronary artery disease
 de Waard GA, Nijjer SS, van Lavieren MA, van der Hoeven NW, Petraco R, van de Hoef TP, 

Echavarría-Pinto, Sen S, van de Ven M, Knaapen P, Escaned J, Piek JJ, Davies JE, van Royen N
8. Heart. 2018 Jan;104(2):127-134.
 Hyperemic Microvascular resistance is a predictor of clinical outcome after revascularization 

for acute myocardial infarction: A patient-level pooled analysis
 de Waard GA, Fahrni G, de Wit D, Kitabata H, Williams R, Patel N, Teunissen PF, van de 

Ven P, Umman S, Knaapen P, Perera D, Akasaka T, Sezer M, Kharbanda R, van Royen N
9. Eur Heart J. 2018 Dec 7;39(46):4072-4081.
 Fractional flow reserve, instantaneous wave-free ratio, and resting Pd/Pa compared with [15O]

H2O positron emission tomography myocardial perfusion imaging: a PACIFIC trial sub-study.
 de Waard GA, Danad I, Petraco R, Driessen RS, van Leeuwen MAH, Nap A, Teunissen PF, 

Lemkes LS, Appelman YA, Marques KM, Harms H, Raijmakers P, Lammertsma AA, Davies 
JE, Knaapen P, van Royen N



366

10. Neth Heart J. 2017 Apr;25(4):229-230
 Statins; the panacea of cardiovascular disease.
 de Waard GA, van Royen N
11. Open Heart. 2019 Mar 1;6(1)
 Diastolic-systolic velocity ratio to detect coronary stenoses under physiological resting 

conditions: a mechanistic study.
 de Waard GA, Petraco R , Cook CM , van de Hoef TP, Nijjer SS, Echavarría-Pinto, Sen S, 

Meuwissen M, Knaapen P, Escaned J, Piek JJ, van Royen N, Davies JE
12. Eur Heart J. 2018 Dec 7;39(46):4062-4071 (review article)
 Coronary autoregulation and assessment of stenosis severity without pharmacological 

vasodilation.
 de Waard GA, Cook CM, van Royen N, Davies JE
13. JACC Cardiovasc Interv. 2018 Oct 22;11(20):2044-2054.
 Doppler Flow Velocity and Thermodilution to Assess Coronary Flow Reserve: A Head-to-

Head Comparison With [15O]H2O PET
 de Waard GA*, Everaars H*,  Driessen RS, Danad I, van de Ven PM, Raijmakers PG, 

Lammertsma AA, van Rossum AC, Knaapen P, van Royen N. *equal contributions
14. JACC Cardiovasc Interv. 2018 Sep 24;11(18):1859-1861.
 Coronary Physiology in the Nonculprit Vessel After Acute Myocardial Infarction: To Go With 

the Flow or Unexpected Resistance?
 de Waard GA, van Royen N.
15. Am J Cardiol. 2018 Jan 1;121(1):1-8.
 Doppler Versus Thermodilution-Derived Coronary Microvascular Resistance to Predict 

Coronary Microvascular Dysfunction in Patients With Acute Myocardial Infarction or Stable 
Angina Pectoris.

16. de Waard GA*, Williams RP*, De Silva K, Lumley M, Asrress K, Arri S, Ellis H, Mir A, Clapp 
B, Chiribiri A, Plein S, Teunissen PF, Hollander M, Marber M, Redwood S, van Royen N, 
Perera D. *equal contributions

17. Submitted to Arteriosclerosis, Thrombis, and Vascular Biology
 The Downstream Influence of Coronary Stenoses on Microcirculatory Remodeling: A 

Histopathology Study
 de Waard GA, Hollander MR, Ruiter D, ten Bokkel Huinink T, Meer R, Meinster E, Beliën 

JAM, Niessen HW, van Royen N.
18. PLoS One. 2016 Jul 8;11(7):e0157233
 Dissecting the Effects of Ischemia and Reperfusion on the Coronary Microcirculation in a Rat 

Model of Acute Myocardial Infarction.
 Hollander MR, de Waard GA, Konijnenberg LS, Meijer-van Putten RM, van den Brom CE, 

Paauw N, de Vries HE, van de Ven PM, Aman J, Van Nieuw-Amerongen GP, Hordijk PL, 
Niessen HW, Horrevoets AJ, Van Royen N.

19. J Cardiovasc Transl Res. 2016 Apr 21
 Reducing Microvascular Dysfunction in Revascularized Patients with ST-Elevation Myocardial 

Infarction by Off-Target Properties of Ticagrelor versus Prasugrel. Rationale and Design of 
the REDUCE-MVI Study.

 Janssens GN, van Leeuwen MA, van der Hoeven NW, de Waard GA, Nijveldt R, Diletti R, 
Zijlstra F, von Birgelen C, Escaned J, Valgimigli M, van Royen N.



367

Appendices

20. Thromb Res. 2016 Jan;137:64-71. doi: 10.1016/j.thromres.2015.11.017.
 Kinetics of coagulation in ST-elevation myocardial infarction following successful primary 

percutaneous coronary intervention.
 Teunissen PF, Tijssen R, van Montfoort ML, Robbers LF, de Waard GA, van de Ven PM, Beek 

AM, Knaapen P, Meijers JC, van Royen N
21. Int J Cardiol. 2016 Jan 1;202:639-45.
 Fluoroscopy Assisted Scoring of Myocardial Hypoperfusion (FLASH) ratio as a novel predictor 

of mortality after primary PCI in STEMI patients.
 Biesbroek PS, Roos ST, van Hout M, van der Gragt J, Teunissen PF, de Waard GA, Knaapen 

P, Kamp O, van Royen N
22. Heart. 2015 Oct;101(19):1577-83.
 Coronary vasomotor function in infarcted and remote myocardium after primary percutaneous 

coronary intervention.
 Teunissen PF, Timmer SA, Danad I, de Waard GA, van de Ven PM, Raijmakers PG, 

Lammertsma AA, Van Rossum AC, van Royen N, Knaapen P
23. Circ Cardiovasc Interv. 2015 Mar;8(3):e001786.
 Doppler-derived intracoronary physiology indices predict the occurrence of microvascular 

injury and microvascular perfusion deficits after angiographically successful primary 
percutaneous coronary intervention.

 Teunissen PF, de Waard GA, Hollander MR, Robbers LF, Danad I, Biesbroek PS, Amier 
RP, Echavarría-Pinto M, Quirós A, Broyd C, Heymans MW, Nijveldt R, Lammertsma 
AA, Raijmakers PG, Allaart CP, Lemkes JS, Appelman YE, Marques KM, Bronzwaer JG, 
Horrevoets AJ, van Rossum AC, Escaned J, Beek AM, Knaapen P, van Royen N

24. Nat Rev Cardiol. 2015 Apr;12(4):198.
 T2 versus T2*: competitive or complementary sequences?
 Betgem RP, de Waard GA, Nijveldt R, Beek AM, Escaned J, van Royen N
25. Cardiology. 2011;120(4):227-34.
 Admission glucose does not improve GRACE score at 6 months and 5 years after myocardial 

infarction.
 de Mulder M, van der Ploeg T, de Waard GA, Boersma E, Umans VA
26. Circulation. 2019 Jan 29;139(5):636-646.
 Evaluation of Microvascular Injury in Revascularized Patients With ST-Segment-Elevation 

Myocardial Infarction Treated With Ticagrelor Versus Prasugrel.
 van Leeuwen MAH, van der Hoeven NW, Janssens GN, Everaars H, Nap A, Lemkes JS, de 

Waard GA, van de Ven PM, van Rossum AC, Ten Cate TJF, Piek JJ, von Birgelen C, Escaned 
J, Valgimigli M, Diletti R, Riksen NP, van Mieghem NM, Nijveldt R, van Royen N

27. EuroIntervention. 2018 Apr 24.
 Comprehensive physiological evaluation of epicardial and microvascular coronary domains 

using vascular conductance and zero flow pressure.
 van der Hoeven NW, de Waard GA, Quirós A, De Hoyos A, Broyd C, Nijjer SS, van de Hoef 

TP, Petraco R, Driessen RS, Mejía-Rentería H, Kikuta Y, Echavarría Pinto M, van de Ven 
PM, Meuwissen M, Knaapen P, Piek JJ, Davies JE, van Royen N, Escaned J



368

28. JACC Cardiovasc Interv. 2018 Apr 23;11(8):741-753.
 Influence of Microcirculatory Dysfunction on Angiography-Based Functional Assessment of 

Coronary Stenoses.
 Mejía-Rentería H, Lee JM, Lauri F, van der Hoeven NW, de Waard GA, Macaya F, Pérez-

Vizcayno MJ, Gonzalo N, Jiménez-Quevedo P, Nombela-Franco L, Salinas P, Núñez-Gil I, 
Del Trigo M, Goto S, Lee HJ, Liontou C, Fernández-Ortiz A, Macaya C, van Royen N, Koo 
BK, Escaned J

29. JACC Cardiovasc Interv. 2017 Dec 26;10(24):2514-2524.
 Fractional Flow Reserve/Instantaneous Wave-Free Ratio Discordance in Angiographically 

Intermediate Coronary  Stenoses: An Analysis Using Doppler-Derived Coronary 
Flow Measurements.

 Cook CM, Jeremias A, Petraco R, Sen S, Nijjer S, Shun-Shin MJ, Ahmad Y, de Waard GA, 
van de Hoef T, Echavarria-Pinto M, van Lavieren M, Al Lamee R, Kikuta Y, Shiono Y, Buch 
A, Meuwissen M, Danad I, Knaapen P, Maehara A, Koo BK, Mintz GS, Escaned J, Stone GW, 
Francis DP, Mayet J, Piek JJ, van Royen N, Davies JE

30. European Heart Journal 2019
 Continuous thermodilution to assess absolute flow and microvascular resistance: validation 

in humans using [15O]H2O PET
 Everaars H, de Waard GA, Schumacher SP, Zimmermann FM, Bom MJ, van de Ven PM, 

Raijmakers PG, Lammertsma AA, Götte MJ, van Rossum AC, Kurata A, Marques KMJ, Pijls 
NHJ, van Royen N, Knaapen P

31. Book Chapter in Physiological Assessment of Coronary Stenoses and the Microcirculation by 
Justin Davies and Javier Escaned

 Stenosis resistance estimated from coronary pressure and flow
 Chapter authors: de Waard GA, Westerhof N, Marques KM, van Royen N
32. JAMA Cardiol. 2019 Jul 3
 Temporal Changes in Coronary Hyperemic and Resting Hemodynamic Indices in Nonculprit 

Vessels of Patients With ST-Segment Elevation Myocardial Infarction.
 van der Hoeven NW, Janssens GN, de Waard GA, Everaars H, Broyd CJ, Beijnink CWH, van 

de Ven PM, Nijveldt R, Cook CM, Petraco R, Ten Cate T, von Birgelen C, Escaned J, Davies 
JE, van Leeuwen MAH, van Royen N.

33. JAMA Cardiol. 2019 May 1
 Association Between Physiological Stenosis Severity and Angina-Limited Exercise Time in 

Patients With Stable Coronary Artery Disease.
 Cook CM, Ahmad Y, Howard JP, Shun-Shin MJ, Sethi A, Clesham GJ, Tang KH, Nijjer SS, 

Kelly PA, Davies JR, Malik IS, Kaprielian R, Mikhail G, Petraco R, Warisawa T, Al-Janabi 
F, Karamasis GV, Mohdnazri S, Gamma R, de Waard GA, Al-Lamee R, Keeble TR, Mayet J, 
Sen S, Francis DP, Davies JE.


