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General introduction

A major shift is occurring in global causes of death, with more than 100 countries 
transitioning rapidly towards a larger proportion of deaths from non-communicable 
diseases and injuries instead of infectious diseases and related conditions.1 At least 
three quarters of the world´s deaths from cardiovascular disease occur in low- to 
middle-income countries. Cardiovascular diseases thereby can no longer be considered 
a ´Western world´ disease, but must be seen as a worldwide threat. Despite growing 
knowledge on risk factors for cardiovascular diseases in the general population, in 
2012 an estimated 17.5 million people died globally from this devastating condition, 
representing 31% of all global deaths.2 Of these deaths, 7.4 million were due to 
ischemic heart disease, making it the leading cause of mortality worldwide. 
Patients suffering from ischemic heart disease can have various clinical manifestations, 
encompassing chest pain at rest, effort-related angina pectoris, acute myocardial 
infarction and even sudden cardiac death. In a majority of cases, the pathophysiology 
is driven by atherosclerotic plaque development in the coronary arteries. When an 
atherosclerotic lesion ruptures, contact between blood and collagen in the damaged 
vessel wall leads to formation of an intracoronary thrombus, occluding the coronary 
artery and causing an acute myocardial infarction (AMI).
At present, percutaneous coronary intervention (PCI) is the gold standard for 
treatment of acute myocardial infarction.3 The introduction of this form of mechanical 
revascularization, in combination with pharmacological therapies such as beta 
blockers, angiotensin-converting-enzyme-inhibitors and statins, has led to an immense 
improvement in outcome for patients. In-hospital mortality of ST-elevation myocardial 
infarction is nowadays below 5%.4 However, besides benefits the introduction of PCI 
has also lead to the creation of a new problem. Microvascular injury (MVI), also referred 
to as no-reflow, has been designated the next challenge in interventional cardiology.5 
Notwithstanding successful treatment with primary PCI and subsequent complete 
restoration of epicardial coronary flow, between 40 and 50% of patients with AMI 
develop cardiovascular magnetic resonance-defined MVI.6 The occurrence of MVI 
is associated with negative remodeling and left ventricular dysfunction, leading 
to decreased long-term survival, increased morbidity and reduced quality of life.7 
Furthermore, the costs for lifelong treatment of these patients are enormous. 
Potentially, MVI can be reversed or even prevented by adjuvant pharmacological 
treatment on top of standard PCI treatment. In order to develop such additional 
therapies, identification of patients at risk is key. Ideally, this identification takes place 
immediately following PCI in order to expand the therapeutic window and furthermore, 
to have the opportunity of local delivery of the compound of choice.
A dysfunctional microvasculature in patients that develop MVI should be reflected 
by higher microvascular resistance. Physiology indices allow documenting the 
hemodynamic profile of coronary arteries. When the measurements of intracoronary 
pressure and flow are combined, epicardial coronary arteries as well as the 
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underlying microvasculature can be assessed. Validation of intracoronary indices as 
a predictor for development of microvascular injury and restoration of myocardial 
blood flow is important. The reference method for determining the occurrence of 
MVI, cardiovascular magnetic resonance with late gadolinium enhancement, cannot 
be performed in patients in the acute phase after AMI. Furthermore, the non-
invasive assessment of myocardial blood flow impairment following AMI by positron 
emission tomography (PET) perfusion imaging is also not readily available in patients 
immediately after PCI. 
Patients identified as being at risk of developing MVI potentially can benefit from 
adjuvant therapeutic strategies aiming to reduce, or if possible obviate, microvascular 
injury. Different pharmacological and mechanical strategies have been investigated, 
including vasodilatory therapy (i.e. calcium channel blockers, nitroprusside or 
adenosine), antiplatelet and thrombolytic therapy (i.e. abciximab, eptifibatide, 
tirofiban), thrombectomy and distal embolic protection devices. However, none of 
these have been incorporated into current clinical guidelines. Therefore, investigation 
to the mechanism of microvascular injury is warranted, to better focus therapy on 
underlying pathophysiology. 
Besides patients suffering from acute myocardial infarction, there is also a group of 
patients with ischemic cardiomyopathy in which mechanical revascularization has 
either already been performed, or is not possible due to co-morbidity or coronary 
anatomy. Despite maximal pharmacological therapy, their anginal complaints persist. 
These so called “no-option patients” have a poor outlook because currently no 
therapy is available to them. 
Arteriogenesis is a natural mechanism aimed to restore obstructed blood flow by 
remodeling of small, pre-existing collateral arterioles.8 In both the coronary as well as 
the peripheral circulation, numerous interarterial connections are present between 
the different vascular territories.9 Through arteriogenesis a circulatory system arises 
that bypasses arterial occlusions. In days to weeks following acute occlusion, full 
arterial function can be restored by arteriogenesis.10 In the presence of a sufficient 
collateral network, symptoms of ischemia and the extent of myocardial infarction can 
be reduced.11, 12 
Patients with coronary artery disease show a large heterogeneity in their arteriogenic 
response upon coronary obstruction. In some cases, a well-developed collateral 
network proves to be a safeguard, protecting patients with advanced coronary artery 
disease. In other cases however, the arteriogenic response is insufficient and large 
areas of myocardium are exposed to ischemia after which they eventually become 
dysfunctional. 
In search of therapeutic strategies to enhance arteriogenesis, many agents have been 
proposed. However, a downside of most pro-arteriogenic agents investigated in the 
past has been their pro-atherosclerotic properties, rendering them unsuitable for 
therapeutic application. These unwanted side effects on atherosclerosis have hitherto 
shown to form an impregnable obstacle. 
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Thesis outline

Part II. Microvascular injury following primary percutaneous coronary intervention
Chapter 1 provides an overview of currently available methods and parameters 
for assessing coronary microvascular resistance. In patients presenting with acute 
myocardial infarction, thermodilution based index of microcirculatory resistance and 
Doppler-flow derived hyperemic microvascular resistance (HMR) are parameters 
that can be measured invasively at the catheterization laboratory immediately 
after revascularization. Anatomical and functional aspects of the coronary 
microcirculation can be assessed by non-invasive techniques. Cardiovascular 
magnetic resonance (CMR) imaging with late gadolinium enhancement and 
positron emission tomography (PET) are gold standard techniques for respectively 
assessment of microvascular injury and quantification of myocardial blood flow. 
Chapter 2 reports a prospective clinical study of 60 patients presenting with ST-
elevation myocardial infarction (STEMI). HMR, measured immediately following 
angiographically successful percutaneous coronary intervention (PCI), predicts 
MVI as assessed by CMR and reduced myocardial blood flow as quantified by PET. 
Chapter 3 combines data from the clinical study with preclinical data in order to 
investigate the histopathological correlate of CMR findings of microvascular injury. 
This translational study shows that areas of CMR-defined areas of microvasacular 
obstruction after acute myocardial infarction actually represent microvascular 
destruction and intramyocardial hemorrhage. Chapter 4 details the temporal 
evolution of coronary vasomotor function in STEMI patients as assessed by PET in 
infarcted as well as remote myocardium from the acute phase to 3 months after 
successful PCI. The assessment of myocardial viability after acute myocardial 
infarction by PET-derived pefusable tissue index, in comparison to contrast enhanced 
CMR, is described in Chapter 5. The kinetics of important coagulation markers in 
PCI-treated STEMI patients over a period of 90 days are discussed in Chapter 6. A 
disbalance between ‘a disintegrin-like and metalloprotease with thrombospondin 
type motif no. 13’ (ADAMTS13) and von Willebrand factor towards a hypercoagulable 
sate occurs. Chapter 7 discusses a preclinical study investigating the benefits of 
treatment with recombinant ADAMTS13 in myocardial ischemia-reperfusion. In a 
translational approach, results from the porcine study as well as from the clinical 
cohort of STEMI patients are used to determine the role of ADAMTS13 in acute 
myocardial infarction. 

Part III. Restoration of perfusion through collateral development
Significant differences exist between patients with regards to their capacity to 
develop a collateral circulation in response to obstructed arteries. This heterogeneity 
in arteriogenic response is also found between and even within animal species. 
Chapter 8 presents a review of genetic as well as environmental determinants of 
the coronary collateral circulation in experimental models and in humans. Chapter 
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9 shows a striking example of the clinical importance of arteriogenesis. This case 
supports the notion that arteriogenesis is the prevailing mechanism to restore 
blood flow to hypoperfused myocardium. The identification of clinical parameters 
associated with collateral artery growth in patients is discussed in Chapter 10. 
Finally, Chapter 11 describes the effect of blocking the interferon alpha and beta 
receptor on arteriogenesis and atherosclerosis in several in vivo mouse models 
using monoclonal antibodies.
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Abstract

Up to 40% of acute myocardial infarction (AMI) patients develop microvascular 
obstruction (MVO) despite successfull treatment with primary percutaneous 
coronary intervention (PCI). The presence of MVO is linked to negative remodeling 
and left ventricular dysfunction, leading to decreased long-term survival, increased 
morbidity and reduced quality of life. The acute obstruction and dysfunction of 
the microvasculature can potentially be reversed by pharmacological treatment 
in addition to the standard PCI treatment. Identifying patients with post-PCI 
occurrence of MVO is essential in assessing which patients could benefit from 
additional treatment. However, at present there is no validated method to identify 
these patients. Angiographic parameters like myocardial blush grade or corrected 
TIMI-flow do not accurately predict the occurrence of MVO as visualized by MRI 
in the days after the acute event. Theoretically, acute MVO can be detected by 
intracoronary measurements of flow and resistance directly following the PCI 
procedure. In MVO the microvasculature is obstructed or destructed and will 
therefore display a higher coronary microvascular resistance (CMVR). The methods 
for intracoronary assessment of CMVR are based on either thermodilution or 
Doppler-flow measurements. The aim of this review is to present an overview of 
the currently available methods and parameters for assessing CMVR, with special 
attention given to their use in clinical practice and information provided by clinical 
studies performed in AMI patients. 
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Introduction

Since the arrival of primary percutaneous coronary intervention (PCI) for treatment 
of acute myocardial infarction (AMI), in-hospital mortality has steeply declined to 
about 5%. The direct angiographic succes is high, with full restoration of epicardial 
flow in more than 90% of patients1. Despite this fact, a significant number of these 
patients will display negative remodeling, aneurysm formation and heart failure, 
leading to decreased long-term survival, increased morbidity and reduced quality of 
life. Furthermore, the costs for lifelong treatment of these patients are enormous. 
This negative remodeling and subsequent left ventricular (LV) dysfunction is related 
to microvascular obstruction (MVO) which occurs in 40% of AMI-patients after 
angiographically successful PCI. Several factors like release of plaque debris, influx of 
leukocytes and formation of microthrombi contribute to this process2. 
Potentially, the obstruction and dysfunction of the microvasculature can be reversed or 
even prevented by additional treatment on top of mechanical revascularization by PCI 
which could further decrease morbidity and mortality in AMI patients. Many different 
pharmacological and mechanical treatments for MVO are being investigated, among 
which vasodilatory therapy (i.e. calcium channel blockers, nitroprusside or adenosine), 
antiplatelet and thrombolytic therapy (i.e. abciximab, eptifibatide, tirofiban), 
thrombectomy and distal embolic protection devices. Intracoronary administration 
of abciximab has been implemented in several clinical centres already3-5. In the recent 
INFUSE-AMI trial there was no effect of thrombectomy or intracoronary abciximab 
alone and only a modest effect on infarct size was noted when used in combination6. 
Since a well-developed collateral coronary circulation has a protective effect on the 
microcirculation 7, stimulation of collateral formation could be a way of preventing 
MVO. However no proven therapy to induce collateral artery growth is available and 
the formation of collateral arteries takes at least a few weeks, limiting the potential to 
prevent development of MVO in acute MI. 
At present there is no validated method to identify patients with post-PCI occurrence 
of MVO directly in the catheterization laboratory. Although established angiographic 
parameters like myocardial blush grade or corrected TIMI-flow have been used in the 
past to predict long-term clinical outcome after AMI, recent studies show they do not 
accurately predict the occurrence of MVO as visualized by MRI in the days after the 
acute event 8-10. Therefore they cannot be used for diagnostic or prognostic purposes 
in individual patients. 
Theoretically, acute MVO can be detected by intracoronary measurements of flow and 
resistance directly following the PCI procedure. These methods are based on either 
thermodilution or Doppler-flow measurements. The present review is dedicated to 
these techniques with special attention to their use in the setting of AMI patients. In 
order to fully appreciate the research data on CMVR parameters, an understanding 
of the gold standard non-invasive techniques is required and thus a short overview of 
these techniques is also included.
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Thermodilution

Thermodilution is a method based on the indicator dilution principle 11, 12, which 
states that by injecting a certain amount of indicator into the bloodstream and 
measuring the concentration of indicator over time distal to the injection site, 
volumetric flow can be quantified. It is based on the following basic relationship:  
Flow = volume/mean transit time (Figure 1). The indicator-dilution theory was first 
proposed by Stewart11 in 1897 for assessing cardiac output, but indicator-dilution 
techniques have later been validated for regional measurement of absolute 
blood flow and volume as well12. The thermodilution technique involves either 
continuous infusion or instantaneous injection of a certain amount of saline of 
a known temperature. When taking into account that greater flow causes more 
dilution of the saline and less temperature change, and quantity and temperature 
of the injected saline are known, it is quite comprehensible that analyzing the blood 
temperature vs. time curve allows for calculation of blood flow and volume13. In 
cardiology, the most widely applied thermodilution-based technique is cardiac 
output measurement using a Swan-Ganz catheter. However, also coronary blood 
flow and volume can be quantified by thermodilution. For this purpose, a coronary 
guidewire is used with a shaft that acts as a proximal thermistor and a combined 
pressure/temperature microsensor mounted close to the tip14-16. Thermodilution-
based parameters of CMVR will be discussed in following sections. 
There are some technical limitations and practical issues however to be considered 
when quantifying coronary blood flow and volume using this method. First, stable 

Fig 1.  Explanation of flow measurement using the indicator-dilution principle. From the concentration 
vs time curve and the known quantity of injected particles, volume and mean transit time can be 
calculated to measure flow.  
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positioning of the catheter is required, which might be challenging as the catheter 
should be kept in the same place during baseline and hyperemic measurements14, 

17. Also it is recommended to maintain a distance of at least 6 cm between the 
guiding catheter and the temperature sensor at the tip in order to allow adequate 
mixing of blood and saline14. Disappearing of saline into side-branches might lead 
to overestimation of blood flow. Injection of saline mainly during systole or diastole 
can be misleading, so measurements should be performed in triplicate to correct for 
this error which can occur especially in patients with bradycardia 14. Also the volume 
of injected saline itself should be sufficiently low as to not influence coronary blood 
flow. 

Thermodilution-derived CFR
Using the ratio of flow at maximal hyperemia and at baseline, thermodilution-
derived coronary flow reserve (CFR) can be calculated14. Under normal physiological 
circumstances, blood flow within an epicardial artery is determined by both 
epicardial and microvascular tonus and resistance. Administering nitroglycerin 
prior to the measurements causes the epicardial vessels to dilate maximally, 
so that when adenosine (or another vasodilatory agent) is administered in 
order to achieve maximal hyperemia, changes in vascular volume due to flow-
mediated vasodilatation are prevented during the measurements. Consequently, 
thermodilution-derived CFR can be defined as the ratio of hyperemic and resting 
mean transit time14, 15 without knowledge of absolute temperature or volume. The 
measurements require precise timing of the start of injection and the measurement 
of temperature changes of coronary blood14, 15.
Coronary thermodilution for assessing CFR has been validated in vitro, in animal 
models and in clinical studies. In vitro thermodilution-derived CFR correlates well 
with absolute flow values14. In a porcine model, thermodilution-derived CFR was 
compared to absolute flow-derived CFR, as measured by external flow probe, 
showing good correlation16. In clinical experiments thermodilution-derived CFR 
correlated fairly to Doppler-derived CFR14, 15, which will be discussed later. However, 
regardless of the method used to measure CFR (thermodilution, Doppler-flow or 
non-invasive methods), CFR has two well-recognized limitations when used to assess 
CMVR: (1) its inability to distinguish between relative epicardial and microvascular 
contribution to total resistance18 and (2) its dependence upon hemodynamic 
factors (i.e. blood pressure, heart rate etc.)19, affecting its reproducibility negatively  
(Figure 2). To circumvent these limitations, a novel index of microcirculatory 
resistance (IMR) was proposed by Fearon et al20.

Index of microcirculatory resistance
IMR is defined as distal coronary pressure multiplied by hyperemic mean transit 
time20, preferably measured using a combined pressure sensor/thermistor-tipped 
guidewire, as opposed to separate guidewires for pressure and temperature 
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measurement. As hyperemic mean transit ti me is inversely correlated to absolute 
fl ow 14, 15, 21, IMR provides a quanti tati ve measure of CMVR and displays neither 
of the limitati ons of CFR menti oned above (Figure 3). First of all, IMR is not 
signifi cantly aff ected by the presence of moderate to severe epicardial stenoses 
and therefore specifi cally measures microcirculatory resistance19. In more severe 
stenoses, distal coronary fl ow is infl uenced by fl ow through collateral vessels but 
IMR can be adjusted for collateral fl ow when also taking into account coronary 
wedge pressure22, 23 (Figure 4). Secondly, a study by Ng et al.19 which compared 
CFR and IMR under diff erent hemodynamic conditi ons (baseline, right ventricular 
pacing at 110 bpm, intravenous infusion of nitroprusside and dobutamine), 
showed that IMR demonstrates less intrinsic variability and bett er reproducibility 
than CFR and that IMR is largely independent of variati ons in hemodynamic state. 
This can be explained by the fact that IMR is derived at peak hyperemia, during 
which vascular tone and hemodynamic variables cannot infl uence fl ow, whereas 
CFR (rati o hyperemic to baseline fl ow) varies because baseline fl ow is aff ected by 
hemodynamic variables. IMR was validated in a porcine model20 and showed good 
correlati on to true microvascular resistance as measured by an external ultrasonic 
fl ow probe and a pressure wire. These data suggest IMR to be a reliable measure for 

Fig 2. An impaired CFR indicates an increased coronary resistance due to presence of a residual 
epicardial stenosis, MVO or both but cannot diff erenti ate between these situati ons, rendering it 
unsuitable for predicti ng MVO aft er PCI. 
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determining CMVR in AMI pati ents.
A possible limitati on might be that in the context of large myocardial infarcti on, 
distal intracoronary pressure measurement as well as coronary wedge pressure 
might refl ect transmural left  ventricular pressure rather than intracoronary pressure, 
which could theoreti cally introduce an error in the measurements. However, when 
measuring IMR in order to predict MVO in pati ents aft er successful PCI and full 
restorati on of fl ow, distal intracoronary pressure largely exceeds transmural left  
ventricular pressure. Coronary wedge pressure measurement is required only in 
the case of residual stenoses >70% which are left  untreated only in a minority in 
infarct related arteries. 
Another limitati on might arise from IMR being calculated using a single pressure 
rather than a pressure gradient according to Ohm’s law, and thus assuming the 
backpressure to be zero. As an alternati ve, one could presume venous pressure to be 
5mmHg in all pati ents or measure venous pressure, which will however make these 
already elaborate studies a litt le more complicated. Whether these theoreti cally 
possible limitati ons will give rise to signifi cant error in practi ce, will have to become 
clear from future studies. 

Fig 3. An increased IMR or HMR specifi cally indicates increased coronary  microvascular resistance, 
regardless the presence of a residual epicardial stenosis. 
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Doppler guidewire

With the use of a Doppler guidewire, blood flow velocity can be quantified 24-26. 
A 12-MHz piezoelectric transducer mounted at the top of a guidewire emits and 
receives pulsed ultrasound waves. The velocity of red blood cells flowing past the 
transducer can be calculated from the difference between frequency of the emitted 
and the returning signals; the so-called frequency shift 27. When catheter-based 
Doppler systems were first introduced in the 1970’s, a Doppler probe was mounted 
on a 3 French catheter, which caused disturbance of blood flow solely because of 
the size28. Currently available Doppler guidewires are much more manoeuvrable, 
resembling the routinely used interventional guidewires with a diameter of 0.014 
inch and thereby causing almost no flow disturbance29. 
When the luminal cross-sectional area of the vessel is assumed to remain unchanged 
during baseline and hyperemic measurements, Doppler flow velocities can be used 
as a surrogate for volumetric flow 27. Excellent correlation has been proven between 
Doppler flow velocity and absolute flow by in vitro and in vivo experiments29-32. 
Limitations of the Doppler technique include its high intrinsic variability of 15% 
to 20%15, its tendency to underestimate flow velocity in tortuous segments of the 
vessel29 and poor Doppler signal acquisition in 10% to 15% of patients 27. 

Conversion to absolute coronary blood flow
The essential difference with thermodilution is that the Doppler signal yields flow 
velocity only, whereas the thermodilution technique allows for measurement of 
volumetric flow. Doppler flow velocity can be converted to volumetric flow by 
multiplying mean flow velocity with cross-sectional area of the vessel lumen at the 

Fig 4. In severe stenoses >70% distal flow is influenced by collateral flow, which can be corrected for by 
taking into account coronary wedge pressure : IMRcoll ≈ Pa ∙ Tmn ((Pd – Pw)/(Pa – Pw)) where Pa=aortic 
pressure; Tmn= mean transit time; Pd= distal coronary pressure; Pw= coronary wedge pressure. 
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site where flow is measured: cm/s x cm2 = cm3/s. Both quantitative angiography 
(QCA) and intravascular ultrasound (IVUS) can be used to this end, however both 
have their respective limitations. Although IVUS provides images of high quality, 
it is quite costly and not readily available33. QCA on the other hand is relatively 
inexpensive but requires imaging from two or more angles and involves more time 
consuming post-processing34. Doucette et al. compared volumetric flow values 
derived from Doppler flow velocity combined with QCA to flow measured by an 
electromagnetic flowmeter in a canine model and found a good correlation29. 

Doppler-derived CFR 
Doppler-derived CFR is calculated as the ratio of hyperemic and baseline average 
peak velocity 27. Like thermodilution-derived CFR, Doppler-derived CFR also 
requires preceeding administration of nitroglycerin, so that measured change in 
flow is independent of changes in epicardial vascular volume and solely determined 
by changes in microvascular tonus. Dib et al.35 validated Doppler-derived CFR in a 
clinical study, showing a high, significant correlation (r=0,87) in both normal and 
stenotic arteries between CFR measured by Doppler flow wire and by 133Xe gas 
clearance, which is a well validated method for assessment of regional myocardial 
blood flow36.

Hyperemic microvascular resistance
Hyperemic microvascular resistance (HMR) is defined as distal coronary pressure 
divided by mean Doppler flow velocity. Currently a coronary guidewire with 
combined pressure sensor/Doppler transducer is available, which allows for 
simultaneous measurement of intracoronary pressure and flow velocity (Figure 5). 

Ohm’s law 
 

flow
pressure  Resistance   

IMR 

 

hyperemic it timemean trans
1 Flow    

Thus,  
hyperemic sit  timemean  tran   pressue  Resistance   

HMR 

 
hyperemic velocity  flow  Doppler Flow≈  

Thus,  

hyperemic velocity flow Doppler
pressure 

≈ Resistance  

 
By incorporating thermodilution- or Doppler-based surrogates of flow (mean transit time and flow 
velocity respectively), IMR and HMR can be calculated by application of Ohm’s law. 

Table 1. IMR and HMR are based on Ohm’s law
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Like IMR, HMR is based on application of Ohm’s law (resistance = pressure / flow) 
only substituting thermodilution-derived volumetric flow with Doppler-derived 
flow velocity (Table 1). 
The term HMR is actually a misnomer since it is not an absolute value but rather an 
index of CMVR. Alternative and more correct terms for HMR are MVRI (microvascular 
resistance index) and h-MR(v) (velocity-based index of hyperemic microvascular 
resistance), but HMR has become the prevailing term in the literature as well as in 
software programs used for the measurements.  The possible limitations mentioned 
in the IMR section apply to HMR as well. With experimental and clinical data on the 
accuracy of this parameter being scarce, its clinical use has been limited 17.
With use of Doppler flow velocity an index of baseline microvascular resistance can 
be calculated by dividing transvascular pressure gradient (mean aortic pressure – 
right atrial pressure) by baseline average peak velocity. The difference between 
baseline and hyperemic microvascular resistance index has been used to calculate a 
so-called variable resistance index in research regarding pathophysiological changes 
of the microcirculation in AMI37.  

Fig 5. Example of Doppler-trackings by a combowire (ComboMap® Pressure and Flow System, Volcano 
corporation, Rancho Cordova, California) in a culprit artery after PCI and a reference artery in the same 
patient. CFR is impaired in the culprit as well as the reference artery, whereas HMR is increased only 
in the culprit and displays a normal value in the reference artery.
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Doppler versus thermodilution

Both Doppler-derived flow velocity30 and thermodilution-derived mean transit 
time14 correlate excellent with absolute flow in vitro, and Doppler-derived flow 
velocity also in canine experiments32. Doppler-derived CFR and thermodilution-
derived CFR have been compared in several studies. In canine experiments Doppler-
derived CFR correlated significantly to thermodilution-derived CFR (r=0,76)14. In 
two studies in patients with stable coronary artery disease Doppler-derived CFR 
and thermodilution-derived CFR showed a fair correlation (r=0,8015 and r=0,7938), 
although one study did show a difference of >20% in CFR value in 26% of all 
measured arteries 15. However, showing that the two correlate fairly with each other 
still doesn’t answer the question which one provides more accurate information on 
CMVR. To be capable of doing so, comparison with a gold standard technique is 
necessary which unfortunately has been attempted in only one study. In 9 pigs both 
thermodilution- and Doppler-derived CFR were compared to CFR as measured by 
an external flow probe placed around the left anterior descending coronary artery 
and thermodilution-derived CFR showed closer correlation to absolute flow derived 
CFR (r=0,85) then Doppler-derived CFR (r=0,72)16. 
Taking into account the aforementioned limitations of CFR, the discussion whether 
IMR or HMR is a better measure of CMVR, is probably much more interesting 
(Table 2). Whereas IMR has been validated and tested in numerous studies, 
validation studies on accuracy and reliability of HMR as a measure for CMVR are 
scarce, making comparison of these two indices difficult. Both combine flow and 
pressure measurements at hyperemia, with the difference of HMR using Doppler 
flow velocity and IMR using thermodilution-derived hyperemic mean transit time, 
which are both good correlates of absolute volumetric flow. IMR has been proven to 
correlate well with true microvascular resistance and due to its similarity with IMR 
it is conceivable that HMR will correlate with true microvascular resistance as well. 
However, experimental and clinical studies are warranted to directly compare these 
two methods and assess their prognostic accuracy in the setting of AMI. 

Induction of maximal hyperemia

Measurement of CMVR requires induction of maximal hyperemia, which can be 
achieved  through several methods 27, 39. Most routinely used in clinical practice are 
intracoronary or intravenous adenosine and intracoronary papaverine. Adenosine 
activates adenosine receptors (A2) in vascular smooth muscle cells, causing maximal 
coronary microvascular dilatation27, 39. It is a safe and reliable agent for achieving 
maximal hyperemia40. Because accurate assessment of CMVR parameters relies 
on maximal hyperemia, it is essential to use a sufficient amount  of vasodilatory 
agent. The recommended dosage for intravenous adenosine is 140 mg/kg/min39, 

41. For intracoronary use a dosage of 30-60 mg adenosine has been proposed for 
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the left coronary artery and a dosage of 20-30 mg for the right coronary artery27. 
However, a study by Casella et al.40 showed that dosages as high as 150 μg might 
be necessary to attain maximal hyperemia in some patients. Recently De Luca et 
al.42 demonstrated that intracoronary dosage of up to 720 mg adenosine is safe 
and further increases the sensitivity of fractional flow reserve (FFR), a parameter 
of stenosis severity which also depends on achievement of maximal hyperemia. 
Although CFR was not assessed in this study, a similar relationship can be assumed 
for CFR. These data suggest that the currently recommended intracoronary dosage 
of adenosine is most likely not sufficient. When administered intracoronary the 
most important side-effect can be a transient AV-block of short duration, especially 
when injected into the right coronary artery39. This occurs much less frequent with 
intravenous infusion of adenosine39. However intravenous infusion is unsuitable 
for patients with severe obstructive pulmonary disease due to the possibility 
of inducing bronchoconstriction, although this complication rarely occurs 27, 39. 
Currently intravenous adenosine infusion is the preferred method of inducing peak 
hyperemia in clinical and experimental settings, as it has been proven to provide 
a more pronounced and steady-state hyperemia compared to intracoronary 
adenosine, which is crucial when assessing most CMVR parameters40, 41. 
Intracoronary papaverine elicits a hyperemic reaction similar to intravenous 
adenosine infusion 41. Recommended dosage for papaverine is 15 mg and 10 
mg for left and right coronary artery respectively 27. The half-life of papaverine is 
approximately four times longer than that of adenosine, causing longer waiting 
time between successive measurements27, 39. Moreover, papaverine can induce QT 
prolongation, leading to ventricular tachycardia and fibrillation 27, 43, 44. Papaverine 
used to be the preferred agent in measuring CFR, but because of practical and safety 
reasons, it has now been replaced by adenosine in most clinics. It remains of use 
when adenosine is contra-indicated. 

Non-invasive techniques to assess the coronary circulation

Anatomic and functional aspects of the coronary microcirculation can be assessed 
by non-invasive techniques. The apparent benefit is the potential to do serial 
measurements without need for intracoronary instrumentation. However, 
most of these techniques are not available at the catheterization laboratory for 
determination of CMVR directly following PCI. Although they do not provide the 
possibility of MVO risk stratification like intracoronary CMVR parameters, they are 
used very frequently in research regarding CMVR, thus worth reviewing.  

Positron emission tomography 
PET perfusion imaging currently serves as the gold standard for non-invasive absolute 
quantification of myocardial blood flow 45. It is based on administration of radiolabeled 
tracers with subsequent dynamic measurement of tracer activity concentration in 

Proefschrift Paul Teunissen_151027.indd   32 27-10-2015   19:27:54



Coronary microvascular resistance in STEMI

33

1
Param

eter 
M

ethod 
Definition 

Abnorm
al value 

Outcom
e 

Reproducibility 
Clinical value 

Lim
itations 

CFR 

Therm
odilution 

baseline

hyperem
ic

 
tim

e
 

transit
 

m
ean

 
tim

e
 

transit
 

m
ean

 

<2,0* 
Coronary 
resistance 

Reasonable; 
Values vary w

ith 
hem

odynam
ic 

status 

Predicts long-term
 

outcom
e 

 

Dependence 
hem

odynam
ic 

factors; 
No differentiation 

epicardial or 
m

icrovascular 
resistance 

Doppler 
baseline

hyperem
ic

 
velocity
 

flow
 

velocity
 

flow
 

IM
R 

Therm
odilution 

hyperem
ic

 
tim

e
 

transit
 

m
ean

× 
pressure
 

distal
 

 
>32-35U* 

M
icrovascular 
resistance 

Good 

 
Predicts m

yocardial 
dam

age, m
yocardial 

viability and LV 
function recovery. 

In addition IM
R 

predicts presence and 
extent of M

VO. 

? 
HM

R 
Doppler 

hyperem
ic

 
velocity
 

flow
 

m
ean

pressure
 

distal
 

>3,25 
m

m
Hg/cm

s* 

 Table 2. O
verview

 of CFR, IM
R and HM

R as a m
easure of CM

VR after AM
I

O
verview

 of CM
VR param

eters. *As research on IM
R and HM

R is scarce, no general cut-off values have yet been proposed. In clinical studies different 
cut-off values for IM

R betw
een 32 and 35 U

48, 58, 59 are used and for HM
R a cut-off value of 3,25 m

m
Hg/cm

×s
61, depending on the m

edian value in the 
respective study group and/or RO

C curves.  For CFR a cut-off value of 2,0 is generally accepted
37, 63

Proefschrift Paul Teunissen_151027.indd   33 27-10-2015   19:27:55



Chapter 1

34

the myocardium and in arterial blood. Combining these values with the known tracer 
extraction fraction, allows for quantification of flow. Two well-validated and routinely 
used tracers are oxygen-15 labeled water (H2

15O) and nitrogen-13 labeled ammonia 
(13NH3). Both tracers are equally accurate in their quantification of myocardial blood 
flow and have shown good correlation in experimental studies with radiolabeled 
microsphere-determined perfusion values 46. 

Cardiovascular magnetic resonance imaging
Contrast-enhanced cardiovascular magnetic resonance imaging (ce-CMR) is currently 
considered a gold standard for assessment of MVO and infarct size in the early days 
(day 5-10) after AMI47. Late gadolinium enhancement (LGE) imaging is clinically 
the most commonly applied technique for detecting the presence of MVO and 
quantifying its extent 8, 48-50. LGE imaging involves administration of an intravenous 
gadolinium-based contrast agent, serving as a paramagnetic tracer, followed by 
measurement of signal enhancement in the myocardium. After administration, 
gadolinium diffuses into the interstitium but is not trapped within the myocytes 
when cellular membranes are intact, therefore accurately depicts areas of cellular 
injury. So after AMI areas of hyperenhancement reflect infarct size and a dark 
hypoenhanced core reflects MVO51. This seems contradictory but gadolinium can 
not be transported into tissue areas with destructed or obstructed microvasculature, 
resulting in an area of hypoenhancement within the hyperenhanced area. 

PET or ce-CMR combined with arterial blood pressure to assess CMVR
By combining PET-derived myocardial blood flow with arterial (systemic) blood 
pressure, coronary resistance can be estimated. The so-called coronary vascular 
resistance (CVR, sometimes referred to as ‘minimal coronary resistance (MCR)) can 
be calculated by dividing mean arterial pressure by myocardial blood flow during 
hyperemia and provides information on the vasodilator capacity and regulatory 
function of the resistance vessels17, 52. CVR is a quantitative measure of the coronary 
microvascular function and is expressed in mmHg/mL/min/g of myocardium. In 
the presence of an epicardial stenosis, this method does not allow differentiation 
between increased CVR due to epicardial obstruction or to microvascular obstruction 
17. Ce-CMR first-pass perfusion also allows calculation of myocardial blood flow in 
mL/min/g of myocardium, however it is less well established.

CMVR and studies performed in AMI patients

Accurate assessment of CMVR could serve to detect the occurrence of MVO in PCI-
treated AMI patients. In MVO the microvasculature of the infarct-related artery 
is obstructed, so conceptually patients with MVO should have a higher CMVR 
compared to patients without MVO. Identifying these patients is essential when 
assessing which patients could potentially benefit from additional treatment. The 
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information provided by several studies that performed CMVR assessment in this 
acute phase of myocardial infarction, is discussed below. 

CFR
A clinical study with anterior AMI patients found that Doppler-derived CFR measured 
directly after PCI strongly predicted long-term adverse cardiac events, i.e. cardiac 
death, recurrent AMI, and congestive heart failure requiring hospitalization53. 
The mean follow-up period was 5 years and patients with a CFR ≤ 1,3 showed a 
significantly higher incidence of adverse cardiac events as compared to patients 
with a CFR >1,3. In addition, CFR was significantly correlated with peak CK, LV 
ejection fraction and left ventricular volume. Another study that involved anterior 
AMI patients undergoing PCI, compared CFR to standard angiographic parameters 
(i.e. corrected TIMI frame count, TIMI flow grade and myocardial blush grade) and 
only showed Doppler-derived CFR to be independently predictive of LV function 
recovery, as assessed by echocardiographic wall motion score index (WMSI) at 
6 months follow-up54. These studies show that CFR measured acutely can be 
considered a predictor of long-term clinical outcome. 

Coronary flow patterns
Although not a quantitative measure for CMVR, several Doppler-flow studies 
have shown that certain coronary flow patterns measured post-PCI can predict 
microvascular damage and myocardial recovery 55, 56. These studies in anterior AMI 
patients showed that average systolic peak velocity, systolic flow reversal and a 
rapid diastolic deceleration time measured by a Doppler guidewire predicted LV 
function recovery as measured by echocardiographic WMSI at 1-month follow up. 
Also in patients with TIMI 2 flow post-PCI, coronary flow patterns can differentiate 
a residual coronary stenosis from microvascular damage. Systolic flow reversal and 
rapid diastolic deceleration time were indicative of microvascular damage. More 
recently, a study by Hirsch et al. showed that these aforementioned coronary 
flow velocity patterns correspond with areas of microvascular injury by contrast 
enhanced cardiovascular magnetic resonance imaging (ce-CMR) when measured in 
the days following PCI in anterior AMI patients57. 

IMR
In a few clinical studies with AMI patients, IMR measured directly after primary PCI 
was linked to myocardial damage after AMI 48, 58, 59. IMR predicted infarct size, as 
shown by biomarkers including peak CK 58, 59 and troponin I 48, as well as severity of 
myocardial infarction, as shown by infarct volume 48 and LV function 48, 58, 59. IMR was 
predictive of LV function recovery as assessed by echocardiographic WMSI at 3- and 
6-month follow-up 58, 59 and contrast-enhanced cardiovascular magnetic resonance 
imaging (ce-CMR) at 3-month follow-up 48. Also myocardial viability measured by 
fluorodeoxyglucose positron emission tomography (FDG-PET) at 6-month follow-
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up was significantly correlated with IMR 59. When compared to thermodilution-
derived CFR, ST-segment resolution or angiographic parameters of microvascular 
dysfunction, IMR was the strongest and only significant predictor of peak CK and 
LV function recovery 58. Moreover, McGeoch et al.48 showed that patients who 
displayed MVO, as measured by ce-CMR, had higher IMR after PCI than patients in 
whom MVO did not occur. 
A recent study by Payne et al. 60 confirmed the ability of IMR to predict infarct size, 
left ventricular function and MVO determined by ce-CMR at 3-month follow-up in a 
larger group of AMI patients. IMR was linked to the presence of MVO as well as the 
extent of MVO as assessed by CMR. 

HMR
Kitabata et al.61 showed that HMR measured directly after primary PCI was 
significantly related to peak-CK-MB, infarct size as assessed by ce-CMR and 
transmural extent of infarction. Another study in a similar setting showed HMR 
to be related to myocardial viability as assessed by FDG-PET after 7 days and to 
recovery of LV contractility as measured by echocardiographic WMSI 62. 

Conclusion

Identification of MVO in the catheterization laboratory immediately after primary PCI 
would provide the opportunity to identify patients at higher risk for development 
of late complications of AMI (i.e. negative remodeling, aneurysm formation, heart 
failure) and to selectively treat these patients. CMR and also PET can detect MVO in 
the days following the acute event but are not readily available. Methods available 
in the cathlab, such as TIMI flow, myocardial blush grade and ST-segment regression, 
have been proven insufficient to detect MVO58. CFR provides an indication of 
microcirculatory status but cannot differentiate between epicardial and microvascular 
contribution to total coronary resistance. With the arrival of IMR and HMR, a direct 
assessment of CMVR is now feasible. IMR has been applied in clinical studies, 
suggesting its possible use in the future for identifying patients at risk for developing 
MVO. In the next years, studies comparing HMR and IMR in AMI-patients will define 
which methodology best predicts microvascular dysfunction and outcome in this 
group of patients. If proven to be accurate, it would enable already in the cathlab the 
identification of patients at risk for worse outcome after AMI. This could guide the 
design of future clinical trials on  adjunctive therapies to prevent MVO.
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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±1.50mmHg×cm-1×s vs. no MVI: 2.41±1.26mmHg×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±1.42mmHg×cm-1×s vs. MPR≥2.0: 
2.24±1.19mmHg×cm-1×s, p=0.04). 
Conclusions: 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)1. 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 intracoronary 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 ® – 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 in univariable models. From these 
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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 

 
Data are N or mean±SD. BMI = body mass index; CAD = coronary artery disease; CMR = cardiovascular 
magnetic resonance; LV = left ventricle; LVEDV = left ventricular end-diastolic volume; LVESV = left 
ventricular end-systolic volume; LVEF = left ventricular ejection fraction; MVI = microvascular injury; 
CK-MB = creatine kinase - myocardial band; PCI = percutaneous coronary intervention; cTFC = corrected 
TIMI frame count.

Table 1. Clinical demographics, angiographic characteristics and ST-segment 
resolution of the 48 STEMI patients.
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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 

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%) 

 

Table 2. Clinical demographics of the 16 control patients.

Data are N or mean±SD.
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demographics and angiographic characteristi cs are shown in Tables 1 and 2. Typical 
examples of combowire measurements, LGE CMR imaging and PET imaging are 
shown in Figure 1.

Clinical characteristi cs
Cardiac catheterizati on was performed via the radial approach in 55 pati ents (93%) 
and via femoral approach in 4 pati ents (7%). Left  anterior descending artery (LAD), 
right coronary artery (RCA) or left  circumfl ex artery (LCX) were considered to be the 
culprit artery in 30 (51%), 24 (41%) and 5 (9%) pati ents, respecti vely. Mean ti me 
between onset of symptoms and start of primary PCI was 1.9±1.3 hours. Mean ti me 

Figure 1: Invasive and non-invasive data collected in two representati ve pati ents of our study 
(referred to as pati ent 1 and 2) with and without MVI aft er primary PCI in anteroseptal myocardial 
infarcti on (panels A-E and F-J, respecti vely, for pati ents 1 and 2). The fi gure shows, from left  to right, 
intracoronary Doppler with pressure measurements, coronary pressure-velocity loop analysis, LGE 
CMR imaging, and PET imaging. Immediately aft er successful primary PCI, epicardial conductance 
(expressed by FFR) was restored in both pati ents (A,F). However, microcirculatory resistance (HMR) 
was markedly higher in pati ent 2. Compared with pati ent 1 (B), analysis of the pressure-velocity loops 
indicates that pati ent 2 had a worse microcirculatory conductance (IHDVPS) and more extravascular 
compression of the microcirculati on (PZF) than pati ent 1. (C) Although subsequent LGE CMR imaging 
revealed in both cases delayed gadolinium enhancement related to anteroseptal MI (C,H), a MVI 
patt ern (panel H, arrows) is observed only in pati ent 2. In pati ent 1 PET perfusion imaging shows a 
slightly compromised anteroseptal perfusion during pharmacological stress inducti on (top images), 
while absent at rest (lower images) (D). The MPR values of all three coronary fl ow areas are within 
normal range on the PET polar map indicati ng no major perfusion defi cit.  In pati ent 2, PET perfusion 
imaging shows anterior perfusion defi ciency at rest, which becomes more clearly apparent during 
stress (I). The culprit LAD territory demonstrates a decreased MPR, whilst in both reference vessels, 
the MPR remains within the normal range (J).
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to reperfusion was 2.2±1.5 hours. Median creati ne kinase-myocardial band (CK-MB) 
peak was 127 U/L (IQR 40-205). 

Angiographic esti mates of microvascular functi on 
Aft er PCI, TIMI fl ow grade was 3 in 57 pati ents (97%) and 2 in 2 pati ents (3%). MBG 
was scored as 3 in 48 pati ents (81%) and as 2 in 11 pati ents (19%). Using QuBE, 
a mean score of 17.7±8.1 was obtained. Mean cTFC was 25.7±11.7. Angiographic 
parameters were not signifi cantly diff erent between pati ents with and without MVI 
(TIMI 3 fl ow in 23 vs. 23 pati ents, p=1.00; cTFC 24.4±9.9 vs. 27.7 ±13.1, p=0.33; 
MBG 3 in 17 vs. 19 pati ents, p=0.39, MVI vs. no MVI respecti vely).

ST-segment resoluti on
ST-resoluti on was complete (>70%) in 44% of pati ents immediately aft er PCI, in 51% 
of pati ents at 90 minutes and in 70% of pati ents at 24 hours aft er PCI. There was no 
signifi cant relati onship between the presence of MVI and incomplete ST-segment 
resoluti on (≤70%) immediately aft er PCI and 24 hours aft er PCI. In contrast, there 
was a signifi cant relati onship between presence of MVI and incomplete ST-segment 
resoluti on (<70%) aft er 90 minutes (p=0.01). 

Intracoronary fl ow and pressure measurements
Mean HMR in control pati ents without angiographic abnormaliti es was 2.26±0.83 
mmHg×cm-1×s. In the STEMI pati ents, invasive measurements were of suffi  cient 
quality for analysis in 55 out of 59 pati ents. In 4 pati ents, the quality of Doppler 
fl ow-velocity tracings recorded was insuffi  cient and these tracings were discarded 
from further analysis. The HMR in the culprit artery of STEMI pati ents was 
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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. 

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%). 

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. Shown are mean±SEM.

Proefschrift Paul Teunissen_151027.indd   52 27-10-2015   19:27:56



The PREDICT-MVO trial

53

2

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, 

Figure 3: Hyperemic microvascular resistance (HMR) and coronary flow reserve (CFR) invasively 
measured in STEMI patients and PET-derived myocardial blood flow (MBF) in patients with and without 
MVI on CMR (Figure 3A, 3C and 3E), as well as patients with and without decreased myocardial blood 
flow on PET (3B, 3D and 3F). Shown are mean±SEM.
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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, 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) 

Resting Pa (mmHg) 

Resting Pd (mmHg) 

Hyperemic flow velocity (cm/s) 

Hyperemic Pa (mmHg) 

Hyperemic Pd (mmHg) 

19.1±12.1 

86.7±10.3 

84.4±10.4 

31.1±18.7 

82.2±13.9 

78.9±13.8 

23.6±12.2 

83.7±10.6 

81.7±11.7 

41.9±23.0 

82.0±12.3 

77.0±12.6 

0.20 

0.32 

0.40 

0.02 

0.98 

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) 

Resting Pa (mmHg) 

Resting Pd (mmHg) 

Hyperemic flow velocity (cm/s) 

Hyperemic Pa (mmHg) 

Hyperemic Pd (mmHg) 

19.1±7.2 

87.1±11.1 

85.8±11.5 

31.5±13.3 

80.4±10.9 

78.6±11.6 

21.9±11.4 

86.8±11.3 

84.9±11.1 

40.6±19.9 

82.3±15.3 

78.2±12.9 

0.35 

0.91 

0.81 

0.09 

0.64 

0.91 

 

 
Data are N or mean±SD or median and interquartile range.
MVI = microvascular injury; Pa = aortic pressure; Pd = distal pressure
Hyperemic microvascular resistance is expressed in mmHg∙cm-1∙s.
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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 

 

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) 

Resting Pa (mmHg) 

Resting Pd (mmHg) 

Hyperemic flow velocity (cm/s) 

Hyperemic Pa (mmHg) 

Hyperemic Pd (mmHg) 

20.0±13.9 

86.4±11.4 

84.5±11.5 

29.1±15.0 

82.6±13.9 

79.0±15.1 

24.1±11.9 

84.0±9.9 

81.3±11.5 

45.7±23.3 

84.7±10.6 

79.6±11.6 

0.33 

0.50 

0.40 

0.03 

0.62 

0.89 

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) 

Resting Pa (mmHg) 

Resting Pd (mmHg) 

Hyperemic flow velocity (cm/s) 

Hyperemic Pa (mmHg) 

Hyperemic Pd (mmHg)  

18.1±6.3 

87.6±12.1 

86.3±12.4 

30.2±7.1 

82.1±12.7 

79.4±11.2 

23.6±12.8 

87.5±11.3 

85.1±11.0 

44.9±21.5 

82.2±14.0 

77.1±12.4 

0.19 

0.99 

0.77 

0.04 

0.99 

0.57 

 

Table 4. Pressure/flow measurements in patients with normal and abnormal PET-
derived MBF 4 to 6 days after PCI.

Data are N or mean±SD or median and interquartile range.
MBF = myocardial blood flow; Pa = aortic pressure; Pd = distal pressure. Abnormal MBF: MPR<2.0; 
Normal MBF: MPR≥2.0.
Hyperemic microvascular resistance is expressed in mmHg∙cm-1∙s.
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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).

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-

Figure 4: ROC curves for (A) hyperemic microvascular resitance (HMR) to determine the presence of 
microvascular injury and (B) HMR to determine extensive volumetric MVI of ≥ 2.1 cm3.
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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 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 5: Volume of MVI stratified according to HMR cut-off. Shown are mean±SEM.
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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 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 

Figure 6: Patients with microvascular injury (MVI) and abnormal PET perfusion demonstrate 
significantly elevated hyperemic microvascular resitance (HMR) values compared to patients with no 
MVI and normal PET. Shown are mean±SEM.
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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 

 Microvascular injury on CMR Decreased myocardial perfusion on PET 

Variable Univariable analysis Multivariable analysis Univariable analysis Multivariable analysis 

 OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value 

Sex 0.24 (0.06-1.03) 0.06 0.17 (0.03-0.88) 0.04 0.54 (0.12-2.46) 0.43   

Family history of CAD 0.36 (0.11-1.16) 0.09 0.31 (0.08-1.16) 0.08 0.65 (0.18-2.37) 0.51   

Diabetes 6.05 (0.65-56.37) 0.11   0.890 (0.07-9.61) 0.86   

cTFC* 0.98 (0.93-1.03) 0.33   0.97 (0.92-1.03) 0.34   

Incomplete (≤70%) ST- 
segment resolution post-PCI 

0.79 (0.36-1.73) 0.55   0.76 (0.31-1.88) 0.55   

TIMI 3 flow grade after PCI 1.00 (0.06-16.97) 1.00   1.67 (0.10-28.66) 0.73   

HMR* 1.66 (1.04-2.64) 0.03 1.79 (1.03-3.11) 0.04 1.96 (1.05-3.63) 0.03 2.50 (1.15-5.41) 0.02 

 

Table 5. Univariable and multivariable analysis for predicting MVI and for 
predicting decreased myocardial perfusion on PET imaging.

CMR = cardiovascular magnetic resonance imaging; PET = positron emission tomography; OR = odds 
ratio; CAD = coronary artery disease; cTCF = corrected TIMI frame count; PCI = percutaneous coronary 
intervention; HMR = hyperemic microvascular resistance
* = odds ratio per unit increase
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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 tenosis. 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 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. 

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.
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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. 

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 
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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 MATERIAL

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-1 for 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 
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in Delphi 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 infarctions, respectively. The percentage 
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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 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 + 
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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.
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Supplemental Figure

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

Aims and Background: Lack of Gadolinium-contrast wash-in on Late Gadolinium 
Enhancement (LGE) Cardiovascular Magnetic Resonance (CMR) imaging after 
revascularized ST-elevation Myocardial Infarction (STEMI) is commonly referred 
to as microvascular obstruction (MVO). Additionally, T2-weighted imaging allows 
for the visualization of infarct-related oedema and intramyocardial haemorrhage 
(IMH) within the infarction. However, the exact histopathological correlate of the 
contrast-devoid core and its relation to IMH is unknown.
Methods: In 8 Yorkshire swine, the circumflex coronary artery was occluded for 
75 minutes by balloon catheter. After 7 days, CMR with cine imaging, T2-weighted 
turbospinecho and LGE was performed. CMR images were compared to histological 
findings after phosphotungstic acid-haematoxylin and anti-CD31/Hematoxylin 
staining. These findings were compared to CMR findings in 27 consecutive PCI-
treated STEMI-patients, using the same scanning protocol.
Results: In the porcine model, the infarct core contained extensive necrosis and 
erythrocyte extravasation, without intact vasculature and hence, no microvascular 
obstruction. The surrounding -Gadolinium-enhanced- area contained granulation 
tissue, leukocyte infiltration and necrosis with morphological intact microvessels 
containing microthrombi, without erythrocyte extravasation. Areas with IMH 
(median size 1.92 [0.36-5.25] cm2) and MVO (median size 2.19 [0.40-4.58] cm2) 
showed close anatomic correlation (ICC 0.85, r=0.85, p=0.03).
Of the 27 STEMI-patients, 15 had IMH (median size 6.60 [2.49-9.79] cm2) and 16 
had MVO (median size 4.31 [1.05-7.57] cm2). Again, IMH and MVO showed close 
anatomic correlation (ICC 0.87, r=0.93, p<0.001).
Conclusion: The contrast-devoid core of revascularized STEMI contains extensive 
erythrocyte extravasation with microvascular damage. Attenuating the reperfusion-
induced haemorrhage may be a novel target in future adjunctive STEMI treatment.
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Introduction

Although angioplasty in STEMI restores epicardial coronary flow, the microvascular 
perfusion may still be inadequate. This can be demonstrated by diminished 
myocardial blush or decreased epicardial flow after angioplasty, commonly referred 
to as angiographic no reflow1, 2 and is known to be associated with increased 
morbidity and mortality3-6. Animal models of myocardial infarction have shown 
that 20 minutes after reperfusion, areas of no reflow contain capillaries plugged 
by erythrocytes, platelets and fibrin thrombi, and swollen intraluminal endothelial 
protrusions, leading to further obstruction of the capillaries and the formation of 
microthrombi1, 2, 7, which are thought to play an important role in the development 
of the no reflow phenomenon. Additionally, the hypoxia disrupts the endothelial 
barrier and damages the microvasculature, facilitating extravasation of blood cells 
upon reperfusion, causing intramyocardial haemorrhage5, 8.
Contrast-enhanced CMR is a non-invasive technique that allows for the accurate 
visualization of regions with microvascular damage within the infarcted area. 
Because of strongly impaired myocardial perfusion, contrast wash-in into these 
areas is severely impaired. 9, 10. As a result, they can be seen as contrast devoid, 
low signal intensity regions within the high signal intensity infarcted areas. Slow 
contrast wash-in and low contrast concentration can be demonstrated with a 
number of CMR techniques: first pass imaging (image acquisition during contrast 
injection), early gadolinium enhancement (<2-3 minutes after contrast injection) 
and late gadolinium enhancement (LGE, >5-10 minutes after contrast injection)11, 12. 
Although LGE is generally slightly less sensitive for the detection of microvascular 
damage due to slow but on-going contrast wash-in, it was shown to have the greatest 
clinical significance in predicting functional recovery11-13. Additionally, pre-contrast 
T2-weighted CMR imaging allows for the visualization of infarct-related oedema 
and reperfusion-induced intramyocardial haemorrhage (IMH)14-17. In haemorrhage, 
local accumulation of paramagnetic haemoglobin breakdown products leads to 
shortening of T2-relaxation times, resulting in attenuation of the high signal intensity 
of infarct-related edema14, 18-21. The exact clinical relevance of these hypointense 
zones and their correlation with MVO remains debated. Some studies showed 
that these phenomena were closely related14, 16, 19, 21, 22, while others claim that, in 
addition, hypointense zones on T2-weiged images reflect a more severe form of 
reperfusion injury23, 24 and that its presence is related to an additional increase in 
infarct size and subsequent increase in morbidity and mortality25. Although these 
studies focused on the clinical value of MVO and IMH to predict functional recovery, 
the exact histopathological relation of these two findings remains debated20, 21, 26. 
We investigated the histological correlate of the CMR findings of IMH and MVO in 
a porcine model of coronary occlusion-reperfusion and compared this to CMR data 
performed in STEMI-patients.
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Methods

Porcine model
Approval was obtained from the local Animal Ethics Committee. Eight female 
Yorkshire swine (median age 83 [68-90] days, median weight 29 [24-35] kg), were 
treated with 400mg amiodarone 7 days before intervention. At the start of the 
procedure, 400 mg amiodarone, 5-15 mg metoprolol and 5000 IU heparin were 
given, followed by induction (ketamine, 10-15 mg/kg, midazolam, 0.5-2 mg/kg 
and atropine, 0.5 mg IV). Anaesthesia was maintained with sevoflurane (1.2-1.8%), 
etomidate (15-20 mg), midazolam (0,5 mg/kg/hr), and sufentanyl (6-7 μg/kg/
hr). Using a guiding catheter, an over-the-wire balloon was placed in the proximal 
left circumflex artery and inflated for 75 minutes. Total occlusion was monitored 
angiographically. After deflation, another bolus of 5000 IU of heparin was given, 
along with 300 mg acetylsalicylic acid and 300 mg clopidogrel, with daily doses of 
80 mg acetylsalicylic acid and 75 mg clopidogrel hereafter.  After 7 days, animals 
were again sedated and intubated (Zolazepam-Tiletamine, 6mg/kg, Virbac, Carros, 
France and Xylazine, 2 mg/kg). CMR imaging was performed using a clinical 1.5 
Tesla scanner (Avanto, Siemens, Erlangen, Germany) with a phased-array cardiac 
receiver coil. Breath-holds were performed uniformly by pausing the ventilator at 
the end-expiratory phase.

Patient study
To compare the CMR myocardial tissue characteristics of the porcine model to 
human CMR myocardial characteristics, 30 consecutive patients between 30 and 
75 years old presenting with a first STEMI during the time of the animal study, 
treated with primary PCI, were asked for participation. The study was conducted 
in accordance with the Declaration of Helsinki and the protocol was approved by 
the Institutional Review Committee. Main exclusion criteria were hemodynamic 
instability after PCI, severe comorbidity, and contraindications for CMR. All patients 
gave written informed consent and underwent CMR between 3-6 days after PCI in 
a clinical 1.5 Tesla scanner (Avanto, Siemens, Erlangen, Germany), similar to the 
animal study. 

CMR protocol
An identical CMR protocol was used in animals and patients. Cardiac function was 
assessed with ECG-gated, retrospectively triggered segmented steady-state free 
precession (SSFP) cine imaging with full short-axis coverage of the left ventricle 
(LV), starting at the mitral valve annulus and planning contiguous slices through 
the entire left ventricle. From these images, LV end-diastolic volume, end-systolic 
volume, stroke volume and ejection fraction were calculated. IMH was visualized 
using a segmented T2-weighted turbospinecho (T2w) sequence with fat suppression 
(Short Tau Inversion-Recovery, STIR), at similar slice positions as the cine images. 
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LGE imaging was performed 10-15 minutes after intravenous administration of 
a gadolinium-based contrast agent (0.2 mmol/kg Dotarem, Guerbet, Villepinte, 
France), using a 2-dimensional segmented T1-weighted segmented inversion-
recovery gradient echo pulse sequence, again at similar slice positions. Inversion 
times (TI) were individually adjusted to optimize nulling of unaffected myocardium. 
Sequence parameters are mentioned in table 1.

CMR analysis
Volumes and function were calculated on the end-diastolic and end-systolic phase 
of the cine images. Infarct size was calculated on LGE images by using the full-
width at half-maximum method and is expressed in grams27. MVO was identified 
in LGE images as hypointense recesses within the hyperenhanced myocardium  
(figure 1, panel 1/3). The area at risk (AAR) size was calculated from the T2w-
images28. Myocardial tissue with signal intensity of >2 SD from the unaffected 
myocardium was incorporated. The AAR is expressed in grams. IMH was identified on 
T2w-images as hypointense areas within the hyperintense signal of infarct-related 
oedema (figure 1, panel 2/4). The size of the areas of IMH and MVO was calculated 
by manual delineation of the hypointense areas on T2w-images (for IMH) and the 
LGE images (for MVO), respectively, and was expressed in cm2. The total volume of 
IMH and MVO in cm3 was calculated by multiplying the area size with [slice thickness 
+ slice gap]. The volumes were converted to grams of tissue by correcting for the 
myocardial tissue density (i.e. 1.05 g/cm3). To standardize the CMR parameters, the 
amounts of IMH and MVO were expressed as a percentage of the total infarcted 
area. The AAR and total infarct size were expressed as percentage of the LV mass. 
Delineation of IMH and MVO was performed by consensus of 2 experienced readers 
(LR, AB). Analysis of MVO and IMH series was performed independently from and 
blinded to the results of the other techniques. After measurement, the calculated 
areas of IMH and MVO were compared for size.

Histopathological analysis
After CMR imaging, the animals were sacrificed and hearts were transversally 
cut into short axis slabs (thickness 0.3–1.5 cm). The slabs were photographed 
for macroscopic assessment of infarct presence and location, and fixated in 
formaldehyde solution. The macroscopically infarcted area and its surrounding 
border zone were dissected, embedded in paraffin and subsequently cut into slices 
of 4 μm. Slices were stained with phosphotungstic acid-haematoxylin (PTAH) to 
detect the presence and extent of vital and necrotic cardiomyocytes, granulation 
tissue and fibrosis29. Two zones were identified in the PTAH slices for tissue analysis. 
The infarct core was defined as the area containing haemorrhage and positive 
staining for necrosis, without granulation tissue. The infarct border was defined as 
the surrounding area containing necrosis and granulation tissue (figure 2, panel 1).
An immunohistochemical stain for CD31, using a mouse anti-pig CD31 antibody 
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  Porcine model Patient study 

Sequence - Parameter   

Steady-state free precession (SSFP) cine imaging   

 Spatial resolution (frequency encoding dir.) 1.3 mm 1.3-1.6 mm 

 Spatial resolution (phase encoding dir.) 1.6 mm 1.8-2.2 mm 

 Slice thickness 6.0 mm 5.0 mm 

 Slice gap 0 mm 5 mm 

 Flip angle 60° 75° 

 Field-of-view matrix 256 x 256 256 x 256 

 Percentage phase field of view 50-100 % 80-90% 

 Temporal resolution 34-38 ms 34-38 ms 

Short Tau Inversion-Recovery (STIR)   

 Spatial resolution (frequency encoding dir.) 1.8 mm 1.3-1.6 mm 

 Spatial resolution (phase encoding dir.) 2.3 mm 2.3-2.7 mm 

 Slice thickness 6.0 mm 7.0 mm 

 Slice gap 0 mm 3.0 mm 

 Field-of-view matrix 256 x 256 256 x 256 

 Percentage phase field of view 62-100% 80-100% 

 Time of repetition (TR) 1000-1500 ms 1000-1500 ms 

 Echo Time (TE) 61 ms 61 ms 

 Inversion time (TI) 170 ms 170 ms 

T1-weighted inversion-recovery gradient echo (LGE)   

 Spatial resolution (frequency encoding dir.) 1.3 mm 1.3-1.6 mm 

 Spatial resolution (phase encoding dir.) 1.6 mm 1.6-1.9 mm 

 Slice thickness 5.0 mm 5.0 mm 

 Slice gap 0 mm 5.0 mm 

 Flip angle 25° 25° 

 Field-of-view matrix 256 x 256 256 x 256 

 Percentage phase field of view 62-81% 80-95% 

 Time of repetition (TR) 1 x RR-interval 1 x RR-interval 

 Echo Time (TE) 4.4 ms 4.4 ms 

 Inversion time (TI) 220-390 ms 250-400 ms 

 

Table 1. CMR parameters of sequences in the porcine model and patient study.
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(1:80 MCA1746G, Bioconnect, Huissen, the Netherlands) and Envision (Dako 
REALtmEnvision, Dako, Glostrup, Denmark) was performed to assess the presence 
of endothelium and microthrombi in the two defined regions30. In both the infarct 
core and the aforementioned border zone, four adjacent sections (magnification 
100x, area 31•103 µm2) were selected at random per animal. In each section, the 
number of (micro)vessels and thrombi was counted. From the section size and the 
average number of vessels and thrombi per section, the number of vessels and 
thrombi per mm2 was estimated for the infarct core and the border zone.
For comparison of the histopathological images and the CMR images, the 
histopathological slices were matched with the CMR images by consensus of 4 
experienced readers (LR, MJ, NR, AB), using various anatomical landmarks and the 
slice position in relationship to the mitral valve annulus and the apex.

Statistical analysis
Categorical data are presented as frequencies (percentage) and continuous data 
as mean±SD or median with [IQR]. Log transformation was applied for the area 
size of IMH and/or MVO to achieve normal distribution for parametric testing. To 
determine the level of agreement between continuous variables (i.e. MVO size, 
IMH size and general infarct size parameters), intraclass correlation coefficients 

Figure 1: Late Gadolinium Enhancement (LGE) images (top row) compared to T2-weighed turbospinecho 
(T2w) images (bottom row) in one animal (1 and 2) and one PCI-treated STEMI patient (54-year old 
male with anterior wall infarction). CMR was performed 5 days after PCI. LGE imaging (3) shows MVO 
(arrow), consistent with the hypointense area of haemorrhage on T2w-image (4). IMH and MVO are 
very comparable in size and location and show a close relationship.
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(ICC, single measures, absolute agreement) were calculated and Bland-Altman plots 
were made. ICC values of >0.80 were considered very good agreement between the 
variables. To compare two continuous variables, a Wilcoxon’s signed ranks test or 
Mann-Whitney U test was used, due to the small number of subjects. All P-values 
are two-sided and statistical significance was set at p<0.05. Statistical analysis was 
done with the Statistical Package for Social Sciences software (IBM SPSS Statistics 
20 for Windows).

Results

Close correlation of IMH and MVO in the porcine model
The mean infarct size measured on LGE was 7.8±2.5 g. Of the 8 animals, 6 animals 
showed both IMH and lack of contrast wash-in (MVO); no cases of IMH without 
areas lacking contrast wash-in or vice-versa were seen. The other two animals did 
not show either IMH or a lack of contrast wash-in in the infarct core. One animal 
did not have a substantial infarction (no systolic functional impairment, no contrast 
enhancement on LGE images, and no haemorrhage on histopathological analysis). 
The other animal did suffer a substantial infarction, but microscopic analysis of the 
infarct core showed that the hemorrhagic area was very small (670 x 364 µm) in 
size.
In the porcine model, no significant relationship was found between the infarcted 
area (as % of the LV) and the total MVO size for each animal (Spearman’s Rho=0.47, 
p=0.23). To investigate whether the relationship may exist on a per-slice basis, the 
correlation analysis was repeated in the 6 animals with MVO for each slice. A total 
number of 48 slices contained LGE. Within this set, 38 slices contained MVO within 

Figure 2: Histology of the porcine model (1) shows that the infarct core zone (red frame) is surrounded 
by a infarct border zone (green frame). The core zone corresponds on late Gadolinium Enhanced 
(LGE) images (2) with the area known as ‘MVO’. Microscopy reveals extensive haemorrhage on PTAH-
staining (3, 200x magn.) with a complete loss of the vascular integrity on anti-CD31-staining (4). The 
border zone corresponds with the enhanced area on LGE (2); this area contains myocyte necrosis, 
leukocyte influx and granulation tissue on PTAH (5), with intact vessels on anti-CD31-staining (6, 200x 
magn), of which some are plugged by microthrombi (arrow).
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the enhanced area. The median amount of LGE enhanced myocardium was 15 [9-
22] % of the total slice and the median size of the MVO area was 5 [4-8] % of the 
slice. On a per-slice basis, a significant relationship was now seen between the 
percentage of LGE and the percentage of MVO (Spearman’s Rho=0.51, p=0.001). 
However, after correcting for a cluster effect by means of a Spearman’s Rho with 
repeated measures, a Rho of 0.22 with a p-value of 0.32 was found.
There was an excellent anatomical correlation between the localization and extent 
of MVO and IMH (figure 1). Also, the total amounts of IMH (median size 1.92 [0.36-
5.25] cm3) and MVO (median size 2.19 [0.40-5.58] cm3) correlated very well (ICC 
0.85, r=0.85, p=0.03; figure 3, panel a).

Histological characterization
Haemorrhage was found in 7 out of 8 animals by macroscopic histopathological 
analysis in the centre of the infarction (figure 2, panel 1). The individual infarct size 
characteristics are mentioned in table 2a. PTAH staining showed extensive necrosis, 
cellular debris and large areas of extravasation of erythrocytes in the areas defined 
as infarct core (figure 2, panel 3). Anti-CD-31 staining of the infarct core revealed an 
almost complete disruption of vessels (median 0, range 0-2 vessels per animal) and 
no microthrombi in any section at all, indicating that in these areas, microvessels 
are no longer present (figure 2, panel 4).
PTAH staining of the border zone showed cellular necrosis and debris, granulation 
tissue, and granulocytes and monocytes infiltrating the tissue. In this area, almost 
no extravasation of erythrocytes was seen (figure 2, panel 5). Anti-CD31 staining of 
the border zone showed a median of 35 [27-44] vessels per animal and 13 [7-17] 
vessels per section (p=0.02). A median of 10 [7-18] microthrombi were found in the 
microvasculature per animal and 3 [1-6] microthrombi per section (figure 2, panel 
6). The amount of vessels and microthrombi was significantly higher in the border 
zone compared to the infarct core (infarct core versus border zone compared with 
Wilcoxon’s signed-rank test; vessels: p=0.02. thrombi: p=0.02. Table 2a, figure 4). 
Representative images of histology findings are shown in figure 2.

Figure 3: Bland Altman plots of the area size shows that in both the porcine (a) and the human group 
(b), MVO and IMH sizes are very comparable.
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General characteristics of the patient study
In 26 STEMI-patients, CMR data sets were available; one patient did not fit in the 
scanner and 2 patients withdrew consent for CMR after inclusion. Patients had CMR 
examination 5±2 days after primary PCI. All patients had clinical characteristics of a 
STEMI (rise in serum cardiac enzyme levels, impaired regional systolic function and 
contrast enhancement on MRI images. Patients had a mean indexed LV end-diastolic 
volume of 92±17 ml, indexed LV end-systolic volume of 46±15 ml, LV ejection fraction 
of 51±6%, indexed myocardial mass of 59±13 g and infarct percentage of 15±13% of 
the LV. The general characteristics and the infarct parameters are provided in table 2b.

CMR tissue characteristics in patients
In 2 patients, T2w- images were of insufficient quality for analysis. Of the 25 patients 
with evaluable T2w-images, 15 patients (60%) showed IMH (median amount 6.60 
[2.49-9.79] cm3). In 1 patient, a small hypointense region was seen within the 
hyperintense area of infarct-related oedema, without any signs of MVO on LGE 
images.
All patients showed regional contrast enhancement on LGE images. Sixteen patients 
(59%) had MVO (median amount 4.31 [1.05-7.57] cm3) on LGE images. Patients with 
MVO had larger infarctions (MVO+: 28±17 g; MVO-: 6±5 g, p=0.05) and lower LVEF 
(MVO+: 48±6%; MVO-: 55±4%, p=0.005) than patients without MVO. In the patient 
group, a strong correlation between the total amount of MVO (median 2 [1-4] % 
of the LV)  and the total infarct size (median 21 [11-30] % of the LV) was seen, with 
a Spearman’s Rho of 0.74 (p=0.001). Fourteen patients had both IMH and MVO. 
When both present, the amounts of IMH and MVO correlated well (ICC 0.87, r=0.93, 
p<0.001; figure 4, panel b). Visual assessment confirmed that areas of MVO on LGE 
images and areas of IMH on T2w-images show a very close anatomic relationship 
(figure 1).

Discussion

Using an in vivo porcine model of reperfused STEMI, we found that all LGE-defined 
areas of MVO show haemorrhage on (1) T2w-images, (2) macroscopic histological 
assessment and (3) microscopic histological assessment, and that areas of MVO and 
IMH show close anatomical correlation. Histological assessment of these areas show 
severe disruption of endothelial cells and absence of capillaries and microthrombi, 
suggesting that the commonly used term ‘microvascular obstruction’ for the lack of 
contrast wash-in on LGE images might not be completely appropriate. Instead, the 
area containing contrast enhancement, surrounding the infarct core, showed signs 
of morphological intact microvasculature with microthrombi and is therefore the 
‘true’ anatomical area of microvascular obstruction in the animal model.
When the myocardial tissue becomes hypoxic due to a coronary artery occlusion, 
the hypoxia disrupts the endothelial barrier and damages the microvasculature, 
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Parameter   

Age (days) 83 [68-90] days 

Weight (kg) 29 [24-35] kg 

   

Functional parameters   

LV end-diastolic volume (ml) 89 ± 13 ml 

LV end-systolic volume (ml) 44 ± 9 ml 

LV stroke volume (ml) 45 ± 9 ml 

LV ejection fraction (%) 51 ± 7 % 

LV mass (g) 50 ± 10 g 

   

CMR Infarct parameters   

LGE† present 7 (88%) 

AAR size (% of LV) 27 ± 9% 

LGE infarct size (% of LV) 15 ± 4% 

LGE infarct size (% of AAR) 57 [46-81] % 

Myocardial salvage index (% of AAR) 43 [24-57] % 

No. of animals with IMH (%) 6 (75%) 

No. of animals with MVO (%) 6 (75%) 

Total amount of IMH* (g) 2.02 [0.37-5.51] g 

Total amount of IMH* (% of LGE infarcted area) 53 [16-70] % 

Total amount of MVO* (g) 2.30 [0.42-4.81] g 

Total amount of MVO* (% of LGE infarcted area) 35 [18-45] % 

   

Histological parameters   

Microscopical infarct mass (gr) 4.0 ± 1.8 g 

Core microvessel density (no./mm2) 0 [0-64 /mm2] 

Core microthrombi density (no./mm2) 0 [0-0 /mm2] 

Border microvessel density (no./mm2) 1114 [859-1401 /mm2] 

Border microthrombi density (no./mm2) 318 [223-573 /mm2] 

 

Table 2a. Baseline characteristics of the porcine model (n=8).

LV=Left Ventricle, LGE=Late Gadolinium Enhancement, AAR=Area at Risk, IMH=Intramyocardial 
Haemorrhage, MVO=Microvascular obstruction. *Amounts calculated when present in the subject. 
Values are mentioned as mean±SD,  median with [interquartile range] or absolute number (with 
percentage).
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Parameter   

Age (years) 56 ± 13 years 

Male gender (%) 21 (78%) 

   

Functional parameters   

Indexed LV end-diastolic volume (ml/m2) 92 ± 17 ml/m2 

Indexed LV end-systolic volume (ml/m2) 46 ± 15 ml/m2 

Indexed LV stroke volume (ml/m2) 46 ± 6 ml/m2 

LV ejection fraction (%) 51 ± 6 % 

Indexed LV mass (g/m2) 59 ± 13 g/m2 

   

CMR Infarct parameters   

LGE present 27 (100%) 

Area at risk (% of LV) 35 ± 15% 

LGE infarct size (% of LV) 15 ± 13 % 

Infarct size (% of AAR) 31 [16-68] % 

Myocardial salvage index (% of AAR) 69 [33-84] % 

No. of subjects with IMH (%) 15 (60%) 

No. of subjects with MVO (%) 16 (59%) 

Total amount of IMH* (g) 6.93 [2.61-10.28] g 

Total amount of IMH* (% of LGE infarcted area) 23 [19-44] % 

Total amount of MVO* (g) 4.52 [1.09-7.95] g 

Total amount of MVO* (% of LGE infarcted area) 15 [10-22] % 

 

Table 2b. Baseline characteristics of the patient group (n=27).

LV=Left Ventricle, LGE=†Late Gadolinium Enhancement, AAR=Area at Risk, 
IMH=Intramyocardial Haemorrhage, MVO=Microvascular obstruction. *Amounts calculated 
when present in the subject. Values are mentioned as mean±SD,  median with [interquartile 
range] or absolute number (with percentage).
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facilitating extravasation of blood cells upon reperfusion8. Therefore, reperfusion 
after ischemia is a prerequisite for the presence of IMH31, 32. It seems that 
haemorrhage and destruction of the vascular integrity are closely related. Although 
it is most likely that haemorrhage is preceded by destruction of the vascular 
integrity, it is possible that activation of inflammation and coagulation leads to 
thrombosis, endothelial activation and subsequent consumption of coagulation 
factors. The consequent vessel injury by this thrombus formation may aggravate 
the haemorrhage. As the border of the infarcted area can still receive and produce 
coagulation factors, this may explain why thrombus formation was found in the 
border zone. Histopathology of animals with a reperfused myocardial infarction 
showed haemorrhage as early as 30 minutes to 3 hours after reperfusion, favouring 
the theory that reperfusion injury is associated with early loss of vascular integrity 
and subsequent hemorrhage8, 33, 34.

It should be noted that vessel injury and subsequent haemorrhage are only one 
component of reperfusion injury to the heart. Several other processes are considered 
to contribute, such as leukocyte activation and plugging, vasoconstriction, 
embolization of thrombotic debris, activation of inflammatory pathways and cellular 
oedema5, 35. Studies already stated that regions lacking contrast wash-in -referred to 
as MVO- can occur without signs of IMH on T2-weighted images21, 25. More recent 
studies have suggested that these two findings are closely correlated14, 23, 24, 34, 36, 

37. Most likely, visible IMH on T2w-images is a reflection of a larger infarction. A 
certain amount of haemorrhage is needed before the paramagnetic effects are 
significant enough to cause signal loss on T2w-images. This is in concordance 

Figure 4: On anti-CD31 stained slices, the number of arterial vessels in the core of the infarct zone was 
strongly reduced as compared to the border zone, using Wilcoxon’s signed rank test (p=0.02).
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with earlier findings that total infarct size and severity of haemorrhage are closely 
interdependent38. A recent study already showed that IMH and MVO show anatomic 
correlation, but a causal relationship was not established21. Our findings support 
these conclusions, but also demonstrate that at one week after reperfused STEMI, 
MVO and IMH are two CMR manifestations of the same pathophysiologic correlate, 
reflecting extensive coagulation necrosis with severe disruption of endothelial 
coherence and erythrocyte extravasation. The pathophysiology of the porcine 
occlusion-reperfusion model lacks the atherothrombotic component of the coronary 
occlusion in human acute myocardial infarction. However, the close relation of 
IMH and MVO in both animals and patients, and the development of MVO in the 
absence of an atherothrombotic occlusion in the animals suggest an important role 
for haemorrhage in the occurrence of MRI-defined MVO and its associated adverse 
ventricular remodelling.
In one patient, a small hypointense region was seen on T2w-images, without MVO on 
LGE. This may be caused by passive diffusion of contrast agent into the small infarct 
core, obscuring the presence of MVO on the LGE images. This may also explain why 
the average size of the IMH area was slightly larger than the average size of the 
MVO area. Other studies have already demonstrated slow but ongoing contrast 
wash-in into areas with microvascular injury11, 39. STIR does have some limitations in 
depicting small amounts of IMH15, often due to partial volume averaging; oedema-
related signal increase combined with haemorrhage-related signal decrease 
within one voxel leads to an intermediate signal intensity. Since haemorrhage 
and microvascular destruction are predictors of adverse ventricular remodelling 
coinciding with an increase in morbidity and mortality11, 12, 25, 36, assessment of the 
presence and extent of haemorrhage and microvascular destruction may be a more 
appropriate surrogate endpoint for therapeutic strategies than the gross infarct size 
or the myocardial salvage (index) in future studies. 

Conclusion

The infarct core on histology, the area of IMH on T2w-images and the area of MVO on 
LGE show close correlation in size and location. This infarct core contains disrupted 
microvasculature and large extravasated deposits of erythrocytes, while ‘genuine’ 
microvascular obstruction is found in the infarct border. Although its clinical significance 
remains to be established, our results suggest an important role for haemorrhage 
in the development of myocardial reperfusion injury. We therefore advocate the 
use of the term ‘microvascular destruction‘ or ‘intramyocardial haemorrhage’ for 
the area with impaired contrast wash-in on LGE images. This implies that future 
strategies aimed at preserving the vascular integrity33 may improve the outcome in 
revascularized STEMI-patients by reducing myocardial haemorrhage.
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Abstract

Objective: In patients with acute myocardial infarction (AMI), coronary vasomotor 
function is not only impaired in the myocardial territory supplied by the culprit-
artery but also in remote myocardium supplied by angiographically normal vessels. 
The aim was to investigate the temporal evolution of coronary vasodilatory reserve 
in patients with AMI by use of [15O]H2O positron emission tomography (PET), after 
successful percutaneous coronary intervention (PCI).
Methods: 44 patients with AMI and successful revascularization by PCI were 
included. Subjects were examined one week and three months after AMI with 
[15O]H2O PET to assess the coronary flow reserve (CFR). CFR was defined as the 
ratio of myocardial blood flow (MBF) during hyperemia and rest. Additionally, 45 
age and sex matched subjects underwent similar scanning procedures and served 
as controls.
Results: At baseline, CFR averaged 1.81±0.66 in infarcted myocardium versus 
2.51±0.81 in remote myocardium (p<0.01). In comparison, CFR in the control group 
averaged 4.16±1.45 (p=0.001 versus both). During follow-up, the CFR increased 
to 2.74±0.85 in infarcted myocardium (p<0.01), and to 2.85±0.70 in remote 
myocardium (p<0.01). This was predominantly due to an increase in hyperemic 
MBF, from 1.62±0.54 to 2.19±0.68 mL∙min-1∙g-1 in infarcted myocardium (p<0.001), 
and 2.17±0.54 to 2.60±0.65 mL∙min-1∙g-1 in remote myocardium (p<0.001).
Conclusions: Coronary flow reserve in both infarcted and remote myocardium is 
impaired one week after AMI. After three months vasomotor function partially 
recovers. However, as compared to control patients, myocardial blood flow remains 
impaired in both culprit and reference territories in AMI patients.
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Introduction

In patients with acute myocardial infarction (AMI), the coronary flow reserve (CFR) in 
the infarct territory is reduced immediately after angiographically successful coronary 
primary percutaneous coronary intervention (PCI). This is caused by an augmented 
vascular resistance due to vasomotor dysfunction of the coronary resistance vessels, 
embolization of thrombus debris and destruction of the microvascular bed distal to 
the occlusion site. During AMI, non-affected reference coronary arteries are also 
characterized by a marked reduction in CFR.1,2 The vasodilatory capacity of remote 
myocardium shows potential for recovery in the months following recanalization of 
the culprit artery. This points to the presence of additional systemic factors related 
to AMI that impede the vasomotor function of otherwise unaffected coronary 
resistance vessels.1,3 In addition, structural and functional adaptations of the non-
infarcted, remote myocardium after AMI may affect oxidative metabolism, and thus 
myocardial perfusion as well.4 Cardiac positron emission tomography (PET) using 
oxygen-15-labelled water ([15O]H2O) is the established gold standard for quantitative 
myocardial blood flow (MBF) assessment.5,6 Recent advances have made it possible 
to measure perfusion in myocardial layers.7-9 Because myocardial ischemia occurs 
primarily in the subendocardial layer of the myocardium before progressing to the 
subepicardial layer, subendocardial perfusion imaging could provide additional 
insights in the temporal evolution of vasomator function accross the LV wall.10 The 
purpose of the present study was to investigate the early temporal evolution of 
vasomotor function after successfully treated AMI by primary PCI, using [15O]H2O 
PET to asses MBF and coronary vascular resistance (CVR).

Methods

Study population
Forty-nine consecutive patients with an acute ST elevation myocardial infarction 
(STEMI) presenting at the catheterization laboratory within 6 hours after onset of 
symptoms and treated successfully by primary PCI (i.e. Thrombolysis In Myocardial 
Infarction (TIMI) III flow after coronary stenting) were included in this study. Patients 
with three-vessel disease and those who were hemodynamically unstable were 
excluded. Other exclusion criteria were previous myocardial infarction or coronary 
revascularization procedures. Patients were examined one week and three months 
after the cardiac event with [15O]H2O PET. No adverse events occurred between 
primary PCI and the follow-up imaging sessions and medication was not modified 
between scans. Five patients refused follow-up visits for PET and therefore, a total 
of 44 patients were available for the present analysis. Prior to intervention, all 
patients received 5000 units of intravenous heparin, 500 mg of intravenous aspirin 
and orally received 600 mg of clopidogrel according to the protocol for acute 
coronary syndrome. All patients had ST elevation on 12-lead electrocardiography 
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at presentation. Additionally, a control group of 45 patients was selected from a 
different study protocol 11 within comparable age range and with a comparable 
proportion of males. These patients underwent [15O]H2O PET once at referral for 
evaluation of CAD. None of these patients displayed obstructive CAD at CT or 
invasive coronary angiography, nor did they display any wall motion abnormalities 
at echocardiography. For this reason there was no follow-up imaging in the controls. 
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.

Characteristic AMI patients (n=44) Controls (n= 45) p-value 
Male gender 36 (82%) 29 (64%) 0.09 
Age (years) 59 ± 9 50 ± 7 0.15 
Weight (kg) 85 ± 13 77 ± 14 0.62 
BMI (kg/m2) 27 ± 3 25 ± 3 0.99 
CAD risk factors    

Diabetes 2 (5%) 7 (16%) 0.16 
Hypertension 8 (18%) 12 (27%) 0.45 
Hypercholesterolemia 6 (14%) 9 (20%) 0.57 
Smoking history 35 (80%) 13 (29%) <0.01 
Family history 21 (48%) 19 (42%) 0.67 

Medication    
Acetylsalicylic acid 44 (100%) 17 (38%) <0.01 
Beta-blockers 42 (96%) 18 (40%) <0.01 
Statins 44 (100%) 14 (31%) <0.01 
Thienopyridine 44 (100%) 0 (0%) <0.01 
ACE inhibitors 32 (73%)  8 (18%) <0.01 

Duration of symptoms (h)  1.7 ± 1.3 n/a  
Time to reperfusion (h) 2.2 ± 1.5 n/a  
CK-MB peak (U/L) 169 ± 143 n/a  
Infarct-related artery  n/a  

LAD 23 (52%)   
LCx 5 (11%)   
RCA 16 (36%)   

TIMI-3 flow after PCI 41 (93%) n/a  

 Data are N or mean ± SD. AMI, acute myocardial infarction; BMI, body mass index; CAD, coronary 
artery disease; CK-MB, creatine kinase-MB; LAD, left anterior descending; LCx, left circumflex; RCA, 
right coronary artery; TIMI, Thrombolysis In Myocardial Infarction; n/a, not applicable.

Table 1: Baseline characteristics of patients with AMI and control subjects.
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PET imaging
Patients were instructed to refrain from intake of products containing caffeine or 
xanthine 24 hours prior to the scan. All patients were scanned on a hybrid PET/CT 
device (Philips Gemini TF 64, Philips Healthcare, Best, The Netherlands). A dynamic 
PET perfusion scan was performed during resting conditions using 370 MBq of [15O]
H2O, which was injected as a 5 mL bolus (0.8 mL∙s-1), followed immediately by a 35 mL 
saline flush (2 mL∙s-1). A 6 minutes emission scan was started simultaneously with the 
administration of [15O]H2O. This dynamic scan sequence was followed immediately 
by a respiration-averaged slow low dose CT scan to correct for attenuation (30 mAs; 
rotation time, 0.5 s; pitch, 0.829; collimation, 64 ∙ 0.625) during normal breathing. 
After an interval of 10 minutes to allow for decay of radioactivity an identical PET 
sequence was performed during hyperemia induced by an intravenous adenosine 
infusion (140 µg. kg-1. min-1). Adenosine was started two minutes prior to the 
dynamic PET sequence to achieve maximum vasodilatation and was terminated 
after the slow low dose CT. 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 s), applying all appropriate corrections. Parametric MBF images were 
generated and quantitatively analysed using in-house developed software, Cardiac 
VUer.12 MBF was expressed in mL∙min-1∙g-1 of perfusable tissue. The subendocardial 
and subepicardial layers were identified automatically by midline delineation 
between inner and outer myocardial contours, ensuring equal division between 
the two compartments. Transmural, subendocardial, and subepicardial MBF were 
calculated for each of the three vascular territories (LAD, left anterior descending; 
Cx, circumflex; and RCA, right coronary artery. Transmural perfusion gradient (TPG) 
was defined as the ratio of subendocardial to subepicardial MBF.7 Coronary flow 
reserve (CFR) was defined as the ratio between hyperemic and baseline MBF. 
Resting coronary vascular resistance (CVR) was obtained by dividing mean arterial 
pressure (MAP) with MBF, whilst minimal CVR was derived in a similar fashion, but 
only during infusion of adenosine. During all PET studies the rate-pressure product 
was monitored. Infarcted myocardium was defined as myocardial tissue perfused 
by the culprit coronary artery. In case of single vessel disease, remote myocardium 
was defined as myocardial tissue perfused by the non-culprit coronary artery with 
the least amount of angiographically detectable disease and in case of two-vessel 
disease, as myocardial tissue perfused by the non-culprit coronary artery without 
significant stenosis.

Statistical analysis
Continuous variables are presented as mean ± SD, and categorical data are 
summarized as frequencies and percentages. Differences in hemodynamics, MBF, 
TPG and CVR between baseline and follow-up PET studies in the same study group 
were assessed using the paired Student’s t-test. Between-group differences in MBF, 
TPG and CVR, or intra-individual differences between myocardial regions, were 
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assessed using linear regression analysis with correction for the covariates sex, age 
and smoking history. A p value of < 0.05 was considered statistically significant. All 
statistical analyses were performed using the IBM SPSS software package (IBM SPSS 
Statistics 21.0, Chicago, IL).

Results

Baseline characteristics for patients and controls are shown in Table 1. The infarct-
related artery was the left anterior descending artery (LAD) in 23 patients (52%), 
the right coronary artery (RCA) in 16 patients (36%) and the left circumflex artery 

Figure 1. Myocardial blood flow (MBF) in AMI patients (open boxes) and control subjects (dotted box) 
at (A) rest and (B) during hyperemia, at one week and three months. The box defines the IQR with the 
mean indicated by the plus sign and the median indicated by the full crossbar. The whiskers indicate 
the 5th and the 95th percentiles. Outliers are indicated by black dots.
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(LCX) in 5 patients (11%). All patients underwent successful recanalization of the 
infarct-related artery, and TIMI-III flow was observed in 41 patients (93%) after PCI.

Hemodynamics
Hemodynamic parameters during the PET studies are listed in Table 2 for both study 
groups. At three months after AMI, patients had a significantly lower heart rate at 
rest, but not during hyperemia. Furthermore, there were significant increases in 
systolic and diastolic blood pressure, and MAP, both during rest and hyperemia. 
Nonetheless, rate pressure product (RPP) was not significantly altered at three 
months. In the control group, only heart rate and RPP increased between resting 
and hyperemic PET scans. Compared with hemodynamic measures of AMI patients 
at one week, control subjects had a significantly lower heart rate at rest and higher 
blood pressure and RPP during hyperemia, whereas at three months there were 
no significant differences in hemodynamics between AMI patients and control 
subjects. 

Regional myocardial blood flow
Myocardial blood flow values for both study groups are shown in Figure 1. In the 
culprit territory, MBF at rest was significantly reduced from baseline to follow-up 
(from 0.93 ± 0.22 to 0.83 ± 0.24 mL∙min-1∙g-1, p = 0.04), whereas hyperemic MBF was 
significantly increased from baseline (1.62 ± 0.54 mL∙min-1∙g-1) to follow-up (2.19 ± 
0.68 mL∙min-1∙g-1, p < 0.001). In the remote myocardium, there was no significant 
difference in MBF at rest between baseline (0.91 ± 0.27 mL∙min-1∙g-1) and follow-up 
(0.94 ± 0.28 mL∙min-1∙g-1, p = 0.69), while hyperemic MBF was significantly increased 
(from 2.17 ± 0.54 to 2.60 ± 0.65 mL∙min-1∙g-1, p < 0.001). As a result, CFR in both 
culprit (from 1.81 ± 0.66 to 2.74 ± 0.85) and remote (from 2.51 ± 0.81 to 2.85 ± 
0.70) territories increased significantly three months after AMI (p < 0.01 for both), 
but remained significantly reduced compared with controls (p < 0.001 for both, 
Figure 2A). The net increase in CFR was larger in culprit territory than in remote 
territory (0.93 ± 0.85 vs. 0.42 ± 0.78 in remote myocardium, p = 0.007, Figure 2B). 
In patients with single-vessel disease, there were no regional differences in resting 
and hyperemic MBF and CFR in non-infarcted myocardium at baseline, or during 
follow-up.
 
Transmural myocardial perfusion gradient
Subendocardial and subepicardial flow values, together with TPG, for both study 
groups are summarized in table 3. Subendocardial MBF during follow-up was 
significantly increased compared to baseline. However, this was accompanied by 
a similar increase in subepicardial MBF, thereby maintaining a TPG of greater than 
unity. A similar TPG pattern was observed in the remote myocardium and in control 
subjects. During hyperemia, subepicardial MBF slightly exceeded subendocardial 
MBF, resulting in a TPG below unity, except for remote myocardium at follow-up. 
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Heart rate (bpm
) 

 
 

 
 

 
Baseline 

65 ± 10 
61 ± 10 

0.007 
60 ± 8 

0.01  /  0.06 
Hyperem

ia 
79 ± 12 

76 ± 12 
0.202 

81 ± 13 
0.45  /  0.06 

p value (baseline vs. hyperem
ia) 

<0.001 
<0.001 

 
<0.001 

 
Systolic blood pressure (m

m
Hg) 

 
 

 
 

 
Baseline 

104 ± 13 
112 ± 13 

0.001 
106 ± 13 

0.47  /  0.03 
Hyperem

ia 
99 ± 14 

109 ± 17 
0.001 

111 ± 16 
0.003  /  0.56 

p value (baseline vs. hyperem
ia) 

0.09 
0.36 

 
0.11 

 
Diastolic blood pressure (m

m
Hg) 

 
 

 
 

 
Baseline 

58 ± 6 
62 ± 6 

0.002 
59 ± 9 

0.54  /  0.07 
Hyperem

ia 
55 ± 5 

58 ± 8 
0.007 

59 ± 8 
0.006  /  0.56 

p value (baseline vs. hyperem
ia) 

0.01 
0.01 

 
1.00 

 
M

ean arterial pressure (m
m

Hg) 
 

 
 

 
 

Baseline 
73 ± 8 

79 ± 8 
0.001 

75 ± 10 
0.30  /  0.04 

Hyperem
ia 

69 ± 8 
75 ± 10 

0.001 
76 ± 10 

< 0.001 / 0.64 
p value (baseline vs. hyperem

ia) 
0.02 

0.04 
 

0.63 
 

Rate-pressure product (m
m

Hg x m
in

-1) 
 

 
 

 
 

Baseline 
6744 ± 1434 

6781 ± 1480 
0.879 

6417 ± 1406 
0.28  /  0.24 

Hyperem
ia 

7841 ± 1768 
8339 ± 2187 

0.124 
8965 ± 1780 

0.004  /  0.14 
p value (baseline vs. hyperem

ia) 
0.002 

<0.001 
 

<0.001 
 

Table 2: Hem
odynam

ic values during PET studies of patients w
ith AM

I at one w
eek and three m

onths, 
and control subjects.

Data are m
ean ± SD. AM

I, acute m
yocardial infarction; n/a, not applicable. 
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There was a significant increase in hyperemic TPG in remote myocardium from 
baseline to follow-up, which was comparable with controls. Nonetheless, even 
though the transmural distribution of hyperemic perfusion returned to normal in 
remote myocardium during follow-up, the maximal MBF values in subendo- and 
subepicardial layers of the culprit territory remained severely depressed.

Coronary vascular resistance
Coronary vascular resistance during PET studies for both study groups is listed in 
table 4. At rest, CVR in the culprit territory was significantly increased from baseline 
to follow-up, which then was significantly higher than in controls. In contrast, CVR 
in remote myocardium remained unchanged between studies and was comparable 
to controls. During hyperemia, CVR was significantly higher in the culprit territory 
compared to remote myocardium. During follow-up, CVR was significantly reduced 
in both culprit and remote myocardium, although it still remained higher in both 
territories compared with controls.

Discussion

The main findings of this study are that 1) after AMI, there is a severe reduction in CFR 
of both the infarct-related artery as well as in coronary resistance vessels of remote, 
non-infarcted myocardium; 2) following successful recanalization of the culprit 
artery, CFR of both infarcted and remote myocardium increases over time, although 
no full recovery is observed three months after AMI; 3) coronary revascularization 
did not affect resting or hyperemic TPG in the infarcted myocardium, whereas 
during follow-up hyperemic TPG in remote myocardium was significantly increased 
and comparable with that in control subjects. 

Myocardial perfusion in infarcted versus remote myocardium
though resting MBF in the culprit territory was preserved shortly after AMI, a 
significant reduction was observed during follow-up. This presumably reflects 
reduced oxygen consumption in the infarcted tissue due to reduced contractility. 
Metabolic demand and myocardial perfusion during physiological conditions are 
closely matched by autoregulatory mechanisms of the vascular bed.13 Consequently, 
CVR was increased in infarcted myocardium, indicating that coronary flow was 
not limited by coronary perfusion pressure.14 In the remote myocardium, resting 
MBF and CVR were not altered between baseline and follow-up, suggesting that 
oxidative metabolism in remote myocardium is not affected by AMI, although 
substrate metabolism may be altered.4

The severe reduction in CFR in the culprit territory directly after AMI has been 
documented previously, using a variety of invasive and non-invasive imaging 
techniques.1,2,15-17 Although results of early thrombolysis studies are less reliable due 
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1.01 ± 0.29 
0.04 

1.15 ± 0.51
§ 

 

vs. cu (3m
o)  

Subepicardial M
BF 

0.85 ± 0.19 
0.82 ± 0.23 

0.54 
0.77 ± 0.23* 

0.87 ± 0.29 
0.09 

0.93 ± 0.37
§ 

 

vs. none 
TPG 

1.14 ± 0.14 
1.18 ± 0.10 

0.16 
1.15 ± 0.10 

1.18 ± 0.13 
0.26 

1.23 ± 0.15
§ 

 

vs. none 
p value (betw

een layers) 
0.01 

0.01 
 

0.05 
0.04 

 
 

 
 

 
 

 
 

 
 

 
 

Hyperem
ia 

 
 

 
 

 
 

 
 

Subendocardial M
BF 

1.59 ± 0.53 
2.13 ± 0.54 

< 0.001 
2.17 ± 0.63** 

2.65 ± 0.63** 
0.002 

4.19 ± 1.62
§ 

 

vs. all 
Subepicardial M

BF 
1.68 ± 0.59 

2.22 ± 0.57 
< 0.001 

2.28 ± 0.76** 
2.60 ± 0.75** 

0.04 
3.99 ± 1.46

§ 

 

vs. all 
TPG 

0.95 ± 0.12 
0.97 ± 0.12 

0.47 
0.97 ± 0.14 

1.04 ± 0.19* 
0.05 

1.05 ± 0.13
§ 

 

vs. cu, rem
 (1w

k) 
p value (betw

een layers) 
0.49 

0.48 
 

0.49 
1.00 

 
 

 

 
 

 
 

 
 

 
 

 

Coronary flow
 reserve 

 
 

 
 

 
 

 
 

Subendocardial 
1.69 ± 0.62 

2.34 ± 0.79 
< 0.001 

2.58 ± 0.74** 
2.70 ± 0.59** 

0.47 
4.03 ± 1.64

§ 

 

vs. all 
Subepicardial 

2.06 ± 0.79 
2.86 ± 0.89 

< 0.001 
3.07 ± 1.00** 

3.14 ± 0.88** 
0.75 

4.64 ± 1.65
§ 

 

vs. all 
TPG 

0.84 ± 0.14 
0.83 ± 0.12 

0.72 
0.86 ± 0.14 

0.89 ± 0.17* 
0.38 

0.87 ± 0.14 
vs. none 

p value (betw
een layers) 

0.02 
0.006 

 
0.01 

0.009 
 

 
 

Data are m
ean ± SD. * p < 0.05 vs. sam

e territory at 1 w
eek;  ** p < 0.01 vs. sam

e territory at 1 w
eek; § p < 0.05 vs. AM

I patients, see right colum
n for 

specification. Cu, culprit; rem
, rem

ote; n/a, not applicable.

Table 3. Regional subendo- and supepicardial blood flow
 in patients w

ith AM
I at one w

eek and three m
onths, and control 

subjects.
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to an undefined degree of residual epicardial stenosis,1,15 subsequent angioplasty 
studies revealed that CFR early after successful recanalization may be severely 
depressed, despite visual patency of the culprit artery.2,4 In the absence of an 
epicardial coronary stenosis, CVR is primarily determined by vasomotor function 
of resistance vessels (i.e. mainly arterioles) combined with the patency of the 
capillary bed. Elective angioplasty for obstructive, but stable CAD is also associated 
with a delayed recovery of CFR despite minimal residual stenosis.3,6 Although in 
the present study the severity of coronary stenosis prior to plaque rupture was 
unknown, vasomotor function distal from culprit lesion may have been exhausted 
already in order to maintain coronary flow. Second, coronary intervention by itself 
leads to release of vaso-active agents that may cause downstream vasoconstriction 
and augment CVR. Third, placement of a rigid metallic stent alters vessel geometry 
and may interrupt physiological cellular signalling pathways that impair its response 
to pharmacological vasodilators.7,9,18 At the microvascular level, prolonged ischemia 
results in inflammation and/or destruction of the capillary bed, and manipulation 
of the epicardial obstruction may lead to dislodgement of microthrombi and 
subsequently to occlusion of the capillary bed.5,10 
The finding of an impaired CFR in remote, non-infarcted myocardium indicates 
presence of additional factors related to AMI that impede vasomotor function. 
During AMI, the rise in circulating levels of cathecholamines and other vaso-
active agents such as angiotensin and vasopressin lead to vasoconstriction.8,11,19 In 
addition, an increase in neuronal sympathetic activity due to physical stress and 
pain may increase alpha-adrenergic vasoconstriction of the coronary vasculature. 

Recovery of myocardial perfusion after PCI
Following percutaneous revascularization, the increase in CFR was the highest in 
the myocardial territory of the culprit artery, and it could be ascribed mainly to 
a significant improvement in hyperemic MBF, and to a lesser degree to a limited 
decrease in resting MBF. This perfusion pattern is consistent with post-ischemic 
vascular stunning that gradually resolves and is presumably related to regression of 
the aforementioned factors that augment CVR in the culprit territory, such as recovery 
of vasomotor function after relief of epicardial obstruction and partial healing of 
microvascular circulation in the viable myocardium. In the remote myocardium, the 
increase in CFR could be attributed to an improvement in hyperemic MBF and was 
associated with a reduction in CVR as well, albeit to a lesser degree than in the 
culprit territory.
Nevertheless, follow-up CFR values rmained significantly lower compared with 
control values. This can presumably, for the large part, be attributed to endothelial 
dysfunction as a result of generalized CAD. It has been previously shown that in 
patients with non-significant CAD, myocardial perfusion in response to flow-
mediated or pharmacological vasodilation is significantly depressed. Indeed, 
coronary atherosclerosis is a diffuse process that causes a graded fall in perfusion 
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pressure along the entire arterial length, mounting up to 10 mmHg during 
pharmacologically induced hyperemia. These findings imply that endothelial 
dysfunction alone hampers the physiological response to coronary vasodilatory 
stimuli, even in the absence of angiographically detectable coronary stenosis. 
Nonetheless, other factors that may affect MBF, albeit likely to a lesser degree, 
should not be disregarded. For instance, increased activity of the neurohumoral axis 
may persist beyond the subacute phase of AMI and attenuate recovery of MBF.20 
Second, remodelling of the remote myocardium due to increased load may also 
induce structural alterations of the coronary vasculature, as seen in patients with 
arterial hypertension.21  

Transmural perfusion gradient
Recent advances in PET technology have made it possible to distinguish between 
subendocardial and subepicardial MBF.7 Several studies have demonstrated the 
feasibility of this approach in an experimental setting9 and in human subjects,22 
and under a wide range of flow values. In line with these studies, subendocardial 
perfusion was approximately 15-20% higher relative to the subepicardial layer under 
resting conditions. LV loading conditions (and consequently oxidative metabolism) 
are greater in the subendocardial layer of the myocardium, resting MBF will be 
augmented relative to the subepicardial layer. Interestingly, this perfusion pattern 
was maintained in the culprit territory during follow-up, despite a significant 
reduction in transmural MBF, indicating that vasomotor autoregulation remains 
intact after AMI in order to match perfusion, and thus TPG, to metabolic demand.
During hyperemia, TPG dropped below unity in both culprit and remote myocardial 
territories. Contrary to resting conditions, autoregulation becomes exhausted during 
hyperemia and myocardial perfusion is determined by the minimal CVR rather than 
metabolic demand. The more pronounced susceptibility of the subendocardium to 
myocardial ischemia has been attributed primarily to local augmented extravascular 
forces (i.e. diastolic perfusion time and end-diastolic wall stress), with an increased 
subendocardial vascular resistance and physiological drop in TPG as a result. Hence, 
the greater reduction in TPG and subendocardial flow during hyperemia in AMI 

 
 AMI patients (n = 44) Controls (n = 45) 

1 week p value 

(cu vs. rem) 

3 months p value 

(cu vs. rem) 

n/a p value remarks 
 culprit remote culprit remote  
CVR (mmHg∙min∙g/ml)         

Baseline  83.7 ± 22.4 85.7 ± 27.6 0.72 98.4 ± 26.4** 85.3 ± 17.5 0.02 81.3 ± 25.2§ 

 

vs. cu (3mo) 
Hyperemia 47.5 ± 17.4 34.0 ± 9.3 < 0.001 36.9 ± 9.9** 30.2 ± 8.0* 0.003 21.3 ± 6.5§ 

 

vs. all 
p value (between scans) < 0.001 < 0.001  < 0.001 < 0.001  < 0.001  

Data are mean ± SD. * p < 0.05 vs. same territory at 1 week;  ** p < 0.01 vs. same territory at 1 week; § p 
< 0.01 vs. AMI patients, see right column for specification. Cu, culprit; rem, remote; n/a, not applicable.

Table 4: Coronary vascular resistance (CVR) in patients with AMI at one week and 
three months, and in control subjects.
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patients as compared with controls is indicative of an elevated vascular resistance at 
the subendocardial layer, but affects both culprit and remote myocardial territories 
in a similar fashion. Since TPG was also slightly but significantly decreased during 
resting conditions, these findings may be explained by an elevation in LV loading 
conditions and wall stress due to a transient depression in global myocardial 
contractility and increased LV end-diastolic volumes. During follow-up, hyperemic 
TPG was increased only in remote myocardium, whereas TPG in the culprit territory 
remained unaltered. This apparent discrepancy between the different myocardial 
regions may be related to wall thinning of the infarcted tissue.

Figure 2. (A) Coronary flow reserve (CFR) in AMI patients (open boxes) and control subjects (dotted 
box) at one week and three months. The box defines the IQR with the mean indicated by the plus sign 
and the median indicated by the full crossbar. The whiskers indicate the 5th and the 95th percentiles. 
Outliers are indicated by black dots. (B) Net change in CFR in the culprit and remote myocardium of 
AMI patients. Data are mean ± SD.
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Reproducibility of PET measurements 
[15O]H2O PET measurements of resting and hyperemic MBF have been shown to 
have good reproducibility (approximately 10-13%).23 To further minimize incertitude 
in measurements, a significant part of the analyses, in particular generation of 
quantitative parametric perfusion images and placement of regions of interest, 
were performed in an automated fashion as described earlier.12 For transmural 
MBF measurements, Rimoldi and coworkers have shown that PET subendo- and 
subepicardial perfusion are in fairly good agreement with microsphere values, 
over a wide range of MBF (0.30 – 4.46 mL/min/g).9 Furthermore, intra- and inter-
observer readings show excellent intraclass correlation coefficients for TPG, with 
ICCs of 0.93 and 0.89, respectively.7 Hence, methodology and observer-dependency 
are expected to have limited effects on PET measurements.

Clinical implications
The observation of a transient vasomotor impairment in both culprit and remote 
myocardium may have several clinical implications. First, a satisfactory angiographic 
result (i.e. TIMI 3 flow) does not indicate the immediate return of ‘normal’ coronary 
circulatory function, because it may take up to several months before vasomotor 
function has fully recovered. Microvascular dysfunction after AMI has been shown 
to be of prognostic importance after AMI.24,25 Therefore, secondary preventive 
medical therapy may be aimed at a normalization of coronary microvascular 
function to potentially improve cardiovascular outcome. For statins and ACE 
inhibitors a beneficial effect on CFR has been shown to improve CFR. 26,27 The effects 
of thienopyridines on microvascular function are currently being investigated,28 but 
at this moment, no substantiated statement can be made about this relationship. 
Furthermore, an enhanced response of resistance vessels in remote myocardium 
due to neurohormonal vasoconstrictor stimuli could augment the extent of ischemia 
at the border zone of the infarct by reducing collateral flow to the infarct-related 
arterial bed.29 Finally, although not covered by the scope of this article, it should be 
noted that the results of myocardial stress testing early after AMI may be affected 
by delayed recovery of vasomotor function in both culprit and remote myocardium.

Limitations
Several limitations should be taken into account. Although transmural MBF 
measurements using quantitative [15O]H2O PET have been validated extensively, 
elaborate model-based spillover and partial volume corrections are incorporated 
to achieve this goal. Nonetheless, estimated flow differences between myocardial 
layers are underestimated to a limited degree and reasonable scatter is present in 
comparison with microspheres to detect the TPG.9 In the patient group, the majority 
of subjects were smokers, whereas only a minority of control subjects had a smoking 
history. Since smoking significantly reduces CFR, a certain degree of covariate bias 
may have been introduced, even though statistical correction was performed.30
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Conclusion

The coronary flow reserve in both infarcted and remote myocardium is impaired 
one week after AMI. After three months vasomotor function partially recovers. 
However, as compared to control patients, myocardial blood flow remains impaired 
in both culprit and reference territories in AMI patients. 
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Abstract

Rationale: Early recognition of viable myocardium after acute myocardial infarction 
(AMI) is of clinical relevance. Delayed contrast-enhanced magnetic resonance 
imaging (DCE-CMR) has been validated extensively for the detection of viability. 
An alternative parameter for detecting viability is the perfusable tissue index (PTI), 
derived using [15O]H2O positron emission tomography (PET), which is inversely 
related to the extent of myocardial scar (non-perfusable tissue). The aim of the 
present study was to investigate the predictive value of PTI on recovery of LV 
function against a background of DCE-CMR in patients with successful percutaneous 
coronary intervention (PCI) for AMI. 
Methods: 38 patients with AMI and successfully treated by PCI were prospectively 
recruited. Subjects were examined one week and three months after AMI using 
[15O]H2O PET and DCE-CMR to assess PTI, regional function and scar. Viability was 
defined as recovery of systolic wall thickening (SWT) ≥ 3.0 mm at follow-up. 
Results: A total of 588 segments were available for serial analysis. At baseline, 257 
segments were dysfunctional, of which 180 (70%) exhibited DCE and were located 
in the myocardial territory supplied by the culprit-artery. Seventy-three (41%) of 
these dysfunctional segments showed full recovery during follow-up (viable), 
whereas 107 (59%) segments remained dysfunctional (nonviable). Baseline PTI of 
viable segments was 0.94 ± 0.09 and was significantly higher compared to nonviable 
segments (0.80 ± 0.13, p < 0.001). The optimal cut-off value for PTI was ≥ 0.85 with a 
sensitivity of 85% and specificity of 72%, and an area under the curve (AUC) of 0.82. 
In comparison, a cut-off value of < 32% for the extent of DCE resulted in a sensitivity 
of 72% and a specificity of 69%, and an AUC of 0.75 (AUC PTI vs. DCE p = 0.14). 
Conclusion: Assessment of myocardial viability shortly after reperfused AMI is 
feasible using PET. PET derived PTI is a fairly good prognostic indicator for recovery 
of myocardial function, in excellent agreement with DCE-CMR.

Proefschrift Paul Teunissen_151027.indd   116 27-10-2015   19:28:04



Perfusable tissue index versus DCE-CMR

117

5

Introduction

After an acute myocardial infarction (AMI), the injured myocardium contains 
both reversibly damaged (‘viable’) and irreversibly damaged (‘non-viable’) tissue, 
even after successful restoration of coronary reperfusion. Early recognition of 
dysfunctional but viable myocardium is of clinical relevance, since affected segments 
have the potential of an ultimate complete functional recovery. Of the various 
diagnostic techniques available for detecting viability in AMI, delayed contrast-
enhanced cardiac magnetic resonance imaging (DCE-CMR) has been evaluated 
extensively, and it has been shown that the extent of regional hyperenhancement 
is inversely related to functional improvement after reperfusion.1-4 More recently, 
the presence of microvascular injury has been shown to have incremental value 
over DCE alone in predicting viability.2,3,5 Nonetheless, the significance of contrast 
patterns in AMI remains ambiguous, as other reports have shown differences in 
contrast wash-out due to ischemia induced alterations in the pharmacokinetics of 
gadolinium.6,7 Consequently, dysfunctional but viable myocardium may also show 
hyperenhancement, thereby limiting the accuracy of DCE-CMR for delineating 
viable from necrotic myocardium in the (sub)acute phase of myocardial infarction.
An alternative method to detect myocardial viability is the perfusable tissue 
index (PTI), which is a positron emission tomography (PET) derived parameter. PTI 
reflects the fraction of myocardium that is able to rapidly exchange water, i.e. that 
is perfusable by water.8,9 Consequently, differentiation between viable and non-
viable myocardium is based on the concept that areas of necrotic tissue cannot 
exchange water rapidly. Recently, it was shown that parametric PTI images can be 
generated from a single PET-CT scan.10-13 Indeed, preliminary data indicate that PTI 
may be used as a predictor of functional recovery in AMI.14,15 The aim of the present 
study was to investigate the predictive value of PTI on recovery of LV function after 
successful primary PCI for AMI compared against a background of DCE-CMR.

Materials and Methods

Study population
Thirty-eight consecutive patients with an acute ST elevation myocardial infarction 
(STEMI), presenting at the catheterization laboratory within 6 hours after onset of 
symptoms and successfully treated by primary PCI (i.e. Thrombolysis In Myocardial 
Infarction (TIMI) III flow after coronary stenting), were prospectively included in 
this study. As described previously,16 all patients were treated according to the ESC 
guidelines for management of STEMI.17 Patients with three-vessel disease and those 
who were hemodynamically unstable were excluded, since repeat revascularization 
therapies were deemed probable during study follow-up. Other exclusion criteria 
were previous myocardial infarction or coronary revascularization procedures. 
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Patients were examined 4 to 6 days and three months after the cardiac event with 
[15O]H2O PET and CMR. No adverse events occurred between primary PCI and the 
follow-up imaging sessions, and medication was kept constant between scans. The 
study has been approved by the institutional review board, and all subjects signed 
an informed consent form within 24 hours after PCI. The clinical trial was registered 
(http://www.trialregister.nl) under number NTR3164.

PET image acquisition
[15O]H2O PET scans were acquired between 4-6 days and at 90 days after PCI 
using a Gemini TF-64 (Philips Healthcare, Best, The Netherlands) PET/CT scanner. 
[15O]H2O (370 MBq) was injected as a 5 mL bolus (0.8 mL∙s-1) followed by a 35 
mL saline chaser at a rate of 2 mL∙s-1 with the simultaneous start of a 6-minutes 
dynamic scan sequence min. This scan was followed immediately by a low-dose 
(LD) CT scan during normal breathing to correct for attenuation (55 mAs; rotation  
time 1.5 s; pitch 0.825; collimation 64∙0.625). The rate pressure product (RPP), 
being the product of heart rate and systolic blood pressure, was monitored during 
all PET studies.

PET image analysis
All scans were checked for misalignment between LD CT and [15O]H2O scans, but 
none of the studies required corrections. All images were reconstructed using the 
three-dimensional 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 seconds) applying all appropriate 
corrections, i.e. normalization, dead time, decay, scatter, randoms and attenuation 
based on the corresponding LD CT scan. Parametric PTI images were generated 
as previously described using the in-house developed software package Cardiac 
VUer.18 In brief, parametric images of perfusable tissue fraction (PTF), and 
arterial and venous blood volume fractions were calculated using a basis function 
implementation of the standard single tissue compartment model for [15O]H2O.11,12 
Parametric images of arterial and venous blood volume fractions were subtracted 
from normalized CT transmission images, resulting in parametric anatomical tissue 
fraction (ATF) images. Parametric PTI images were calculated as the ratio of PTF and 
ATF. Finally, 16 myocardial volumes of interest (VOIs) were defined manually on 
parametric PTF images, according to the 16 segments model of the American Heart 
Association,13 after which this VOI template was projected onto the parametric PTI 
images. Furthermore, parametric MBF images were generated and quantitatively 
analyzed using Cardiac VUer. Myocardial blood flow (MBF) was expressed in mL/
min/g of perfusable tissue.14

CMR image acquisition
CMR was performed between 4-6 days and at 90 days after PCI using a 1.5 Tesla MR-
scanner (Avanto, Siemens, Erlangen, Germany) with the use of a dedicated phased 
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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 views) and short axis orientation with 
full LV coverage were obtained (typical parameters: voxel size ~1.6 x 1.9 x 5.0 mm, 
slice thickness 5.0 mm, slice gap 5.0 mm, TR/TE 3.2/1.6 ms, flip angle 75º, field 
of view 360 x 400 mm, temporal resolution < 50 ms). After administration of 0.2 
mmol/kg gadolinium, DCE 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 360 x 400 mm, pixel size 
~1.4 x 1.4 mm, TR 2x RR interval, typical inversion time 250 - 350ms). Cine and DCE 
images of each patient were matched by slice position.

CMR image analysis
Analysis was performed with dedicated off-line software (QMassMR v7.5, Medis, 
Leiden, the Netherlands). Cine images were analyzed by tracing endocardial 
and epicardial myocardial borders in both end-diastolic and end-systolic phases. 
From these slices, myocardial volumes and ejection fraction were calculated. Left 
ventricular end-diastolic and end-systolic volumes were indexed for body surface 

 Characteristic AMI (n = 38) 
Male sex 33 (87%) 
Age (years) 58 ± 9 
BMI (kg/m2) 27 ± 2 
CAD risk factors  
Diabetes 1 (3%) 
Hypertension 7 (18%) 
Hypercholesterolemia 5 (13%) 
Smoking history 29 (76%) 
Family history 16 (42%) 
Duration of symptoms (h) 1.7 ± 1.2 
Time to reperfusion (h) 2.0 ± 1.2 
CK-MB peak (U/L) 180 ± 197 
Infarct-related artery  
    LAD 21 (55%) 
    RCx 3 (8%) 
    RCA 14 (37%) 
TIMI-3 flow grade after PCI 35 (92%) 

AMI, acute myocardial infarction; BMI, body mass index; CAD, coronary artery disease; CK-MB, 
creatine kinase-MB; LAD, left anterior descending; RCx, ramus circumflex; RCA, right coronary artery; 
TIMI, Thrombolysis In Myocardial Infarction. 

Table 1. Baseline characteristics.
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Extent of DCE (%

) 
 

Rem
ote 

1 – 25 (n = 63) 
26 – 50 (n = 58)  

51 – 75 (n = 34) 
> 75 (n = 25) 

PTI* 
PTF* 
ATF 
M

BF* (m
L/m

in/g) 
M

VI* 

0.94 ± 0.10 
0.71 ± 0.10 
0.77 ± 0.06 
0.96 ± 0.23 

n.a. 

0.90 ± 0.12 
0.67 ± 0.09 
0.75 ± 0.09 
0.96 ± 0.22 

16/63 (25%
) 

0.87 ± 0.13 
0.66 ± 0.09 
0.77 ± 0.09 
0.95 ± 0.22 

20/58 (35%
) 

0.82 ± 0.13 
0.63 ± 0.08 
0.77 ± 0.08 
0.86 ± 0.20 

14/34 (41%
) 

0.77 ± 0.15 
0.60 ± 0.10 
0.82 ± 0.07 
0.81 ± 0.21 

19/25 (75%
) 

Viable* (%
) 

n.a. 
44/63 (70%

) 
19/58 (33%

) 
5/34 (14%

) 
5/25 (20%

) 

DCE, delayed contrast enhancem
ent; PTI, perfusable tissue index; PTF, perfusable tissue fraction; ATF, anatom

ical tissue fraction; M
BF, m

yocardial blood 
flow

; M
VI, m

icrovascular injury; n.a., not applicable. * p < 0.01 (AN
O

VA)

Table 1. Baseline characteristics.
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area (LVEDVi and LVESVi, respectively). Systolic wall thickening (SWT) was calculated 
by subtracting end-diastolic from end-systolic wall thickness. Myocardial segments 
were considered to be dysfunctional if SWT was < 3 mm, based on the mean SWT 
of 4.4 ± 0.7 mm (mean ± 2 SD) in a group of 10 healthy volunteers (age 50 to 75 
years).3 Viability was defined as complete recovery of systolic wall thickening 
(SWT) ≥ 3.0 mm at follow-up. Quantification of infarct size and the size of the area 
containing microvascular injury (MVI) was performed on the short axis DCE images. 
CMR images were analyzed according to the 16-segment AHA model as used for the 
parametric PET images. The amount of DCE was calculated using the full-width at 
half-maximum method.15 All areas of enhancement were quantified by computer-
assisted planimetry on each of the short-axis images and the segmental extent 
of enhancement was expressed as a percentage of the segmental area. MVI was 
defined as a hypoenhanced area within the hyperenhanced infarcted myocardium. 
MVI was included in the calculation of total infarct size. The extent of MVI was 
calculated for each patient, and expressed as the sum of the segments with MVI, as 
a percentage of the number of segments scored.

Statistical analysis
Continuous variables are presented as mean ± SD, and categorical data are 
summarized as frequencies and percentages. The significance of intra-individual 
differences between baseline and follow-up was assessed using the paired Student’s 
t-test. Inter-individual differences between viable and non-viable myocardium were 
assessed using the unpaired Student’s t-test. Multiple datasets were compared 
using analysis of variance (ANOVA), and specific differences were identified using 
Student’s t-test with Bonferroni inequality adjustment. To identify independent 
predictors of LVEF at baseline and the change in LVEF between baseline and follow-
up, multivariable linear regression analyses with a stepwise manual backward 
selection was applied and a removing probability for each variable of ≥ 0.1, and 
presented with standardized β-coefficients. Receiver operating characteristic (ROC) 
curves were generated for PTI, MBF and DCE for the prediction of myocardial viability 
assessed by CMR. The area under the curve (AUC) was considered a measure of 
accuracy to discriminate between viable and non-viable myocardium. All statistical 
tests were 2 tailed, and a p value of ≤ 0.05 was considered statistically significant. 
All statistical analyses were performed using the IBM SPSS software package (IBM 
SPSS Statistics 22, Chicago, IL, USA).

Results

Baseline patient characteristics are listed in table 1. None of the patients suffered 
from re-infarction, repeat revascularization, or hospitalization for heart failure 
between baseline and follow-up study. 
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Global analysis
There was no significant difference 
between LVEF at baseline and follow-up 
(i.e. 50.1 ± 7.3% vs. 51.0 ± 8.4%, p = 0.34). 
LVEDVi and LVESVi averaged 92 ± 12 mL/
m2 and 47 ± 12 mL/m2 at baseline, which 
were not significantly different at follow-
up (i.e. 95 ± 19 mL/m2, p = 0.29, and 48 
± 18 mL/m2, p = 0.86, respectively). DCE 
averaged 20 ± 12% of total LV mass at 
baseline, which was significantly reduced 
at follow-up (12 ± 7%, p < 0.001). MVI 
was present in 22/38 (58%) of patients at 
baseline, and in none at follow-up. When 
present, MVI affected an average of 5 ± 
2 segments (out of 16, i.e. 31 ± 14%) per 
patient.
PTI at baseline was 0.87 ± 0.06 and was 
not significantly different at follow-up 
(0.88 ± 0.05, p = 0.59). PTF and ATF did 
also not change from baseline to follow-
up, i.e. from 0.66 ± 0.06 to 0.65 ± 0.05 
(p = 0.27) and from 0.76 ± 0.05 to 0.75 
± 0.03 (p = 0.09), respectively. There was 
a significant reduction in resting MBF 
between baseline and follow-up, changing 
from 0.97 ± 0.22 to 0.87 ± 0.15 mL/min/g 
(p = 0.01). RPP was comparable between 
PET-studies (7019 ± 1741 vs. 6946 ± 1484 
mmHg/min, p = 0.85), indicating stable 
hemodynamic conditions.

Regional analysis
A total of 588 (97%) out of 608 segments 
were available for serial analysis. Twenty 
segments were excluded based on 
insufficient quality. A total of 331 remote 
segments were normokinetic at baseline 
and showed no contrast enhancement. 
These segments were defined as remote 
myocardium. A total of 257 segments 
showed SWT of less than 3 mm, of which 

Figure 1. Serial changes in (A) PTI, (B) MBF and 
(C) DCE for viable and non-viable myocardial 
segments from baseline to follow-up, in 
relation to remote myocardium. PTI, perfusable 
tissue index; MBF, myocardial blood flow; DCE, 
delayed contrast enhancement; Base, baseline; 
FU, follow-up.
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180 (70%) exhibited DCE and were located in the myocardial territory of the culprit-
artery. These latter segments were defined as infarcted myocardium.

Infarcted vs. remote myocardium 
PTI was significantly reduced in infarcted vs. remote myocardium (0.86 ± 0.14 vs. 
0.94 ± 0.10, p = 0.001). Resting MBF averaged 0.93 ± 0.21 mL/min/g in the infarcted 
myocardium versus 0.96 ± 0.23 mL/min/g in remote myocardium (p = 0.58). SWT was 
severely depressed in infarcted myocardium compared with remote myocardium 
(1.4 ± 1.1 mm vs. 4.1 ± 1.0 mm, p < 0.001). Additional baseline PET and CMR data, 
subdivided per quartile of infarct transmurality, are summarized in table 2. 
At follow-up, PTI, PTF and ATF of infarcted myocardium remained unchanged 
(0.88 ± 0.14, 0.64 ± 0.09, 0.74 ± 0.09, all p = NS vs. baseline). Resting MBF in 
infarcted myocardium, however, was significantly reduced compared with remote 
myocardium (0.80 ± 0.19 vs 0.88 ± 0.15 mL/min/g, p = 0.05). SWT of infarcted 
myocardium significantly improved to 2.3 ± 1.7 mm (p < 0.001 vs. baseline). Follow-
up PTI, PTF, ATF, DCE and SWT data for remote myocardium were all comparable to 
baseline values (data not shown). 

Viable vs. non-viable
Of the 180 infarct-related myocardial segments, 73 showed recovery during follow-
up and were classified as viable, whereas 107 segments remained dysfunctional 
and were classified as non-viable. Baseline PTI of viable segments was 0.94 ± 0.09, 
which was significantly higher than that of non-viable segments (0.80 ± 0.13, p < 
0.001). The extent of DCE at baseline averaged 26 ± 24% in viable segments versus 
59 ± 27% in non-viable segments (p < 0.001). 
SWT of viable segments improved from 1.8 ± 1.0 mm to 4.0 ± 1.0 mm (p < 0.001), 
whereas SWT of non-viable segments did not change (1.2 ± 1.1 mm vs. 1.1 ± 1.0, p 
= 0.70). Correspondingly, MBF in viable segments was preserved at follow-up (0.91 
± 0.23 mL/min/g), whereas MBF in non-viable segments was reduced to 0.70 ± 0.25 
mL/min/g (p < 0.001 vs. baseline). There was a significant difference between the 
presence of MVI at baseline in viable and non-viable segments (29% versus 45%, p 
< 0.001). Figure 1 illustrates the evolution of PTI, MBF and DCE for viable and non-
viable myocardium over time, in relation to remote myocardium.

Prediction of function and recovery 
Regional recovery
Figure 2 depicts the values of PTI, DCE and MBF for predicting myocardial viability 
(PTI: AUC 0.82, CI 0.76–0.88; DCE: AUC 0.75, CI 0.67 - 0.82; resting MBF: AUC 0.53, CI 
0.44 - 0.62). The AUC was not significantly different between PTI and DCE (p = 0.14). 
The optimal cut-off value for the PTI was ≥  0.85, yielding a sensitivity, specificity, 
positive predictive value (PPV) and negative predictive value (NPV) of 85%, 72%, 
67%, and 88%, respectively.  In comparison, a cut-off value of < 32% for the extent 
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of segmental DCE resulted in a sensitivity of 72% and a specificity of 69%, with a PPV 
of 58% and a NPV of 80%. 

Global function and recovery
Table 3 demonstrates univariable and multivariable linear regression analyses 
for the prediction of baseline LVEF and the change in LVEF between baseline and 
follow-up. PTI ≥ 0.85, infarct size, presence and extent of MVI were all predictors 
of baseline LVEF. Multivariable analysis revealed that the extent of MVI was the 
strongest and single independent predictor of baseline LVEF (β = -0.69; p < 0.001). 
For the change in LVEF at follow-up, PTI ≥ 0.85 was the only significant predictor (β 
= 0.34; p = 0.04). 
Figure 3 illustrates the baseline and follow-up data for LVEF and LV volumes 
subdivided for patients with viable versus non-viable myocardium, when applying 
the PTI cut-off value of 0.85. A significant improvement in LVEF was observed in 
patients with PTI ≥ 0.85 (p = 0.002), as well as a preservation of LVEDVi (p = 0.64), 
and a reduction of LVESVi (p = 0.04). In patients with PTI < 0.85, no recovery in LVEF, 
LVEDVi and LVESVi were seen. Figure 4 illustrates the functional recovery by CMR of 
two study subjects, in relation to baseline PTI and DCE.

Figure 2. PTI, DCE and MBF receiver operator characteristics curves for differentiating between viable 
and non-viable segments. PTI, perfusable tissue index; DCE, delayed contrast enhancement; MBF, 
myocardial blood flow.
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Discussion

The main finding of this study is that PTI can identify viable myocardium in patients 
with AMI following successful revascularization with fairly good diagnostic accuracy 
in absolute terms, and in excellent agreement with DCE-CMR. On a segmental level, 
a PTI cutoff value of 0.85 yielded the best diagnostic accuracy for discriminating 
between viable and non-viable myocardium. On a global level, a PTI ≥ 0.85 in 
infarcted myocardium was associated with an improvement in LVEF.

PTI as a marker of viability
PTI reflects the fraction of extravascular myocardial tissue that can rapidly exchange 
water (i.e. PTF), in relation to its anatomic counterpart ATF. The likelihood of functional 
recovery of stunned myocardium depends on the degree of irreversible damage (i.e. 
tissue necrosis). Assuming that necrotic tissue does not exchange water, the main 
determinant of PTI is, viable (perfusable) myocardium. Consequently, dysfunctional 
segments with a normal or near normal PTI are expected to be viable because of a 
limited amount of myocardial damage. In contrast, dysfunctional myocardium with 
a reduced PTI is less likely to be viable because more necrotic tissue is present. In the 
subacute phase after reperfused AMI, PTI in viable segments was not significantly 
different from remote control segments. In contrast, PTI was significantly reduced 
in the non-viable segments as compared with the remote segments.
The predictive value of PTI in AMI has been studied previously by Yamamoto and 
coworkers.8 In that study, PTI was determined in 11 patients who were successfully 
treated with thrombolysis following AMI. Of 12 dysfunctional segments at 
baseline, 7 showed improved systolic wall thickening at follow-up, as measured 
by echocardiography. PTI in segments that recovered averaged 0.88, which is only 
slightly lower than the values seen in the present study. Furthermore, PTI in viable 
segments was not significantly different from remote segments, in accordance with 
the present findings.

 LVEF at baseline Δ LVEF 
Univariable Multivariable Univariable 

Variable β p value β p value β p value 
PTI ≥ 0.85 0.50 0.002   0.34 0.04 
MBF (mL/min/g) 0.13 0.34   -0.11 0.51 
Infarct size (% LV) -0.54 < 0.001   -0.16 0.34 
Presence of MVI -0.54 < 0.001   -0.18 0.27 
Extent of MVI (% LV) -0.65 < 0.001 -0.69 < 0.001 -0.12 0.46 

 
LVEF, left ventricular ejection fraction; LV, left ventricle; other abbreviations as in table 2.

Table 3. Univariable and multivariable regression analysis for the prediction of 
baseline LVEF and the absolute change in LVEF at follow-up.
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Complete recovery of function only occurred in segments with a PTI > 0.80, 
suggesting that at least 80% of a myocardial segment needs to survive after AMI, 
in order for it to regain function. Previous investigations in patients undergoing 
revascularization therapy for chronic MI have reported similar preconditions for 
tissue viability, ranging from 0.70 to 0.80 for the PTI.16-18 Although PTI in non-viable 
segments averaged 0.80, it should be noted that a small number of non-viable 
segments exhibited higher values 
(up to 0.99), indicating a certain 
degree of overlap in PTI values 
between viable and non-viable 
myocardium. This is, at least in part, 
due to the fact that in the present 
study viability is expressed in a 
binary (i.e. segments are graded 
either viable or non-viable) rather 
than a gradual fashion, where the 
latter is likely to be a more accurate 
reflection of reality.19 Indeed, non-
viable segments with PTI > 0.80 
showed some functional recovery 
at follow-up, averaging 1.0 mm, 
whereas non-viable segments with 
PTI < 0.80 showed no recovery at 
all, or even exhibited dyskinesia.

PTI versus DCE in (sub)acute MI
Although the extent of 
hyperenhancement, as assessed 
by CMR, was accompanied by a 
gradual decrease in PTI and PTF 
(in line with the study hypothesis), 
a systematic discrepancy was 
observed between the extent 
of DCE and PTI with increasing 
infarct size. DCE-CMR has been 
investigated and validated 
extensively for the detection of 
myocardial viability in chronic 
MI.20,21 Experimental studies have 
shown that the extracellular 
contrast agent gadolinium only 
accumulates in irreversibly 

Figure 3. Serial changes in (A) LVEF and (B) global 
left ventricular volumes from baseline to follow-up 
in patients with viable (PTI ≥ 0.85) and non-viable 
myocardium (PTI < 0.85). LVEF, left ventricular ejection 
fraction; LVEDV, left ventricular end-diastolic volume 
index; LVESV, left ventricular end-systolic volume 
index; PTI, perfusable tissue index; Base, baseline; FU, 
follow-up.
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damaged tissue, thereby providing accurate delineation of non-viable from viable 
tissue.22,23 The significance of contrast patterns in acute MI, however, is less clear 
and, despite extensive research, results are not unambiguous. In contrast to chronic 
MI, which histologically is based on fibrosis and scar tissue, (sub)acute MI causes 
formation of tissue edema and/or eventual disruption of the myocyte membrane, 
altering wash-in/wash-out kinetics of gadolinium and increasing its volume of 
distribution as well, albeit on a different pathophysiological basis.24 In addition, on 
histological examination, even in so-called transmural myocardial infarction, viable 
islets of cardiomyocytes can frequently be detected within the scar region.25 Hence, 
areas that contain a considerable amount of viable myocardium may still show 
hyperenhancement, as the signal will be dominated by the (possibly small) fraction 
of transmural necrosis.26 The physiological consequence may be that actual infarct 
size is overestimated with DCE-CMR, as hyperenhanced areas may be composed of 
a mixture of necrotic tissue and, to a lesser extent, reversibly damaged, edematous 
tissue, predominantly in the setting of (sub)acute MI. This is highlighted by the fact 
that 5/25 (20%) of myocardial segments with (near) transmural infarction (≥ 75% 
hyperenhancement) actually recovered completely during follow-up. These numbers 
are in accordance with previous reports and imply that contrast enhancement is 
not merely limited to areas of tissue necrosis, but also occurs in myocardial tissue 
with non-critical injuries. The fact that PTI in these recovered segments averaged 

Figure 4.  (A) Acute inferior MI after successful reperfusion showing preserved PTI with complete 
functional recovery at follow-up. (B) Acute anterior MI after successful reperfusion showing reduced 
PTI anterolateral and no functional recovery at follow-up. PTI, perfusable tissue index; DCE, delayed 
contrast enhancement.
(A) Acute inferior MI after successful reperfusion showing preserved PTI with complete functional 
recovery at follow-up. (B) Acute anterior MI after successful reperfusion showing reduced PTI 
anterolateral and no functional recovery at follow-up. PTI, perfusable tissue index; DCE, delayed 
contrast enhancement.
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0.98 (versus 0.72 in non-viable segments, P < 0.001) emphasizes that the main 
parts of these segments are capable of rapidly exchanging water despite extensive 
hyperenhancement. Under these circumstances, DCE-CMR may potentially cause 
erroneous interpretation of tissue viability. The latter is illustrated in Fig. 4, which 
depicts the parametric PTI and (DCE-)CMR images of two study subjects with 
extensive hyperenhancement after successfully reperfused AMI.

Temporal infarct evolution
Whereas PTI in viable myocardium did not significantly change during follow-up, 
PTI in non-viable myocardium significantly increased (albeit limited), mainly due to 
a reduction in ATF. This reduction in ATF may be the result of partial volume effects 
caused by wall thinning, which was more apparent in the non-viable myocardial 
segments. At follow-up, resting myocardial perfusion was significantly decreased 
in non-viable myocardium as opposed to viable myocardium. This can be related to 
a severe reduction in contractility due to extensive loss of cardiomyocytes, which 
results in a reduction of tissue oxygen demand, and thus MBF. Considering that 
contractility recovered in viable myocardium, metabolic demand is maintained 
in these segments during infarct evolution. Finally, a significant reduction in 
hyperenhancement was seen between baseline and follow-up, for both viable and 
non-viable myocardium, mimicking a reduction in infarct size. This may be attributed 
to several reasons mentioned previously, being 1) overestimation of infarct size in 
the (sub)acute phase of AMI as a result of ischemia induced alterations in wash-in/
wash-out kinetics of gadolinium and volume of distribution, and 2) infarct shrinkage 
during follow-up due to the replacement of necrotic tissue by collagenous scar, 
resulting in a denser, yet smaller tissue volume.

Microvascular injury
MVI is characterized by extensive damage to the microcirculation resulting in 
severely impaired tissue perfusion, and previous studies have reported MVI as a 
powerful predictor of long-term outcome27 and functional recovery2,3 in patients 
with reperfused AMI. Indeed, MVI was associated with a reduced LVEF at baseline 
and the extent of MVI was the only independent predictor of baseline function, 
as previously reported.3 Contrary to previous observations however, there was no 
significant relationship between baseline MVI and functional recovery at a global 
level, although there was significantly less MVI in viable segments. This apparent 
discrepancy between global and segmental findings may be attributed to the fact 
that approximately one third of all viable segments actually exhibited a certain 
degree of MVI.

Clinical implications
The high NPV of PTI enables the use of PET to rule out viability in dysfunctional 
segments after acute MI, without the need for traditional nuclear metabolic 
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imaging. PTI can be obtained in less than 10 minutes and radiation burden is low. 
The limited availability of PET scanners worldwide and the need for an on-site 
cyclotron, however, hampers its clinical applicability and currently favor the use 
of alternative imaging techniques, such as CMR, for assessing tissue viability in 
patients with acute/chronic MI.

Methodological considerations
Several methodological aspects should be taking into consideration. First, the use 
of absolute wall thickening as a means of measuring functional recovery does 
not account for potential tethering of non-viable segments to surrounding viable 
segments, and may falsely give the impression of improved function.19 Second, 
during infarct evolution the spatial extent of hyperenhancement on CMR is reduced, 
as the acutely necrotic core is replaced by collagenous scar. This results in shrinkage 
of the infarct and may introduce a certain degree of misalignment of myocardial 
segments.22 Nonetheless, ATF of the infarcted myocardium was comparable between 
baseline and follow-up, implying a limited effect. Similarly, results from different 
imaging modalities were combined and serial analysis of myocardial segments was 
performed. Despite the fact that care was taken in matching myocardial territories, 
some misalignment might have occurred.

Conclusion

Assessment of myocardial viability shortly after reperfused AMI is feasible using 
PET. PET derived PTI is a fairly good prognostic indicator for recovery of myocardial 
function, in excellent agreement with DCE-CMR.
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Abstract

Background: ST-elevated myocardial infarction (STEMI) is most frequently caused 
by coronary occlusion due to formation of an intracoronary thrombus in reaction 
to rupture of atherosclerotic plaques. Little is known about kinetics of coagulation 
markers after STEMI in patients treated according to current guidelines. We aimed 
to investigate kinetics of important coagulation markers in percutaneous coronary 
intervention (PCI)-treated STEMI patients.
Methods: 60 consecutive PCI-treated STEMI patients were prospectively included. 
Blood samples were collected immediately after as well as 1, 4 and 7 days following 
PCI. Samples collected 90 days after PCI served as baseline values. ADAMTS13 activity, 
VWF (von Willebrand factor) activity, VWF antigen, VWF propeptide, fibrinogen 
antigen, D-dimer, alpha2-antiplasmin (α2AP), plasmin-alpha2-antiplasmin complex 
(PAP), prothrombin fragment F1+2 (F1+2), prothrombin time (PT), activated partial 
thromboplastin time (aPTT), and anti-factor Xa (anti-Xa) were measured. Cardiac 
magnetic resonance (CMR) was performed at 4-6 and 90 days after PCI in 49 
patients and left ventricular ejection fraction (LVEF), infarct size and microvascular 
injury (MVI) were determined.
Results: Immediately after PCI, ADAMTS13 activity, fibrinogen antigen and α2AP 
levels were significantly decreased and VWF activity, VWF antigen and VWF 
propeptide levels were significantly elevated, compared to baseline. Individual 
coagulation markers and different combinations thereof were not related to LVEF 
or infarct size at 90 days, or the occurrence of MVI at 4-6 days after PCI. 
Conclusion: Coagulation parameters show a very dynamic profile in the early days 
after STEMI. However, individual coagulation parameters or combinations thereof 
do not predict CMR-defined LVEF, infarct size or MVI.

Proefschrift Paul Teunissen_151027.indd   136 27-10-2015   19:28:06



Kinetics of coagulation in myocardial infarction 

137

6

Introduction

Acute myocardial infarction (AMI) is one of the key contributors to mortality and 
morbidity worldwide. 1 AMI is most frequently caused by formation of coronary artery 
thrombosis as a result of rupture of an atherosclerotic lesion in one of the coronary 
arteries. When an atherosclerotic lesion ruptures, coagulation will be initiated and 
the formation of an intracoronary thrombus will lead to coronary occlusion and 
eventually to myocardial ischemia. 2 The formation of atherosclerosis starts with the 
infiltration of monocytes within the intimal layer where they transform into foam 
cells, representing the inflammatory nature of atherosclerosis. In this inflammatory 
milieu, TNF-alfa and interleukins are released, causing induction of tissue-factor 
(TF). 3 During myocardial infarction, coagulation markers show dynamic patterns. 
For example, a disbalance between ‘a disintegrin-like and metalloprotease with 
thrombospondin type motif no. 13’ (ADAMTS13) and von Willebrand factor (VWF), 
was reported. 4 
The gold standard for treating STEMI is percutaneous coronary intervention 
(PCI) in combination with dual antiplatelet therapy consisting of aspirin and a 
thienopyridine. 5 Patients who undergo primary PCI are additionally treated by 
periprocedural anticoagulation consisting of heparin or bivalirudin. 6 Prothrombin 
time (PT) and activated partial thromboplastin time (aPTT), which respectively 
measure the extrinsic and intrinsic pathways of coagulation, have both been 
shown to be elevated in STEMI patients on anticoagulant therapy as compared to 
age- and gender-matched controls. 7 Likewise, levels of anti-factor Xa (anti-Xa) are 
significantly increased following anticoagulant therapy in STEMI patients. 8 
Despite fast mechanical restoration of epicardial flow by PCI and optimal 
anticoagulant treatment, still up to 50% of patients will develop a large transmural 
infarct, often accompanied by microvascular injury (MVI). 9 Both formation of 
microthrombi as well as intramyocardial hemorrhage (IMH) in the first days after 
the AMI are thought to contribute to MVI. 10 To date however, little is known about 
the kinetics of coagulation markers in the early days after AMI in patients treated 
according to current guidelines. Also, the relationship of coagulation markers to 
infarct size and occurrence of MVI is unknown. The main purpose of the present 
study was to determine the kinetics of important coagulation markers in PCI-
treated STEMI patients over a period from day 0 to day 90 and to investigate their 
relationship to infarct size and occurrence of MVI as assessed by cardiac magnetic 
resonance (CMR) at day 5 and day 90.

Material and Methods

60 consecutive patients with acute STEMI, presenting at the catheterization 
laboratory within 6 hours after onset of symptoms and successfully treated by 
primary PCI, were included in a prospective study as reported earlier. 11 Patients 
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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 PCI) and refusal or inability to give informed 
consent. 

Study protocol
All patients gave witnessed oral informed consent at the catheterization laboratory 
immediately after successful PCI and written informed consent within 24 hours 
after PCI at the cardiac care unit.
CMR was performed at 4-6 and 90 days after PCI. Blood samples were collected 
immediately after (T0) and at 1, 4, 7 and 90 days after PCI (T1, T4, T7 and T90, 
respectively) for laboratory measurements of coagulation parameters. The protocol 
was approved by the Medical Ethics Review Committee of the VU University 
Medical Center in Amsterdam and in accordance with the Declaration of Helsinki. 
12 Standard PCI procedures, including thrombus aspiration, were used to obtain 
coronary patency. 

Medication
In the ambulance, all patients received 5000 units of intravenous heparin, 500 mg 
of intravenous aspirin and 60 mg of prasugrel according to the protocol for acute 
coronary syndrome. During the procedure, a bolus of 1.75 mg∙kg-1∙h-1 bivalirudin 
was administered intravenously and continued at a dosage of 0.25 mg∙kg-1∙h-1 for 
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 was prescribed to all patients according to current ESC guidelines. 13

Laboratory measurements 
Blood was collected in citrate tubes, centrifuged at 15 °C for 20 minutes at 1700 g after 
which platelet poor plasma was prepared and centrifuged at the same temperature 
for 15 minutes at 2000 g and frozen at -80 °C before processing. VWF factor activity, 
alpha2-antiplasmin (α2AP) activity, anti-Xa, D-dimer, aPTT and PT were determined 
on a Behring Coagulation System according to protocols from the manufacturer 
(Siemens Healthcare Diagnostics, Marburg, Germany). Fibrinogen antigen was 
determined by enzyme-linked immunosorbent assay (ELISA) using antibodies from 
Kordia B.V. (Leiden, The Netherlands). VWF antigen, VWF propeptide, plasmin-
alpha2-antiplasmin complex (PAP) and prothrombin fragment F1+2 (F1+2) levels 
were measured by ELISA using commercial antibodies (DAKO, Denmark, Sanquin, 
The Netherlands, DRG Diagnostica, Germany and Siemens Healthcare Diagnostics, 
Germany, respectively). ADAMTS13 activity was determined as described earlier. 14 
In this assay, barium-activated ADAMTS13 acts on urea-treated VWF concentrate 
(Haemate P) resulting in decreased VWF activity. Normal human pooled plasma was 
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Characteristic STEMI patients  

(n=60) 

Male sex 47 (78%) 

Age (years) 59±9 

Weight (kg) 85±14 

BMI (kg/m2) 27±4 

CAD risk factors  

Diabetes 8 (13%) 

Hypertension 42 (70%) 

Hypercholesterolemia 8 (13%) 

Smoking history 46 (77%) 

Family history 40 (67%) 

Time to reperfusion (hours) 2.7±1.4 

CK-MB peak (U/L) 164±170 

Infarct-related artery  

LAD 30 (50%) 

LCx 5 (8%) 

RCA 25 (42%) 

Medication  

   Thienopyridine 60 (100%) 

   Aspirin 53 (88%) 

   Glycoprotein IIb/IIIa inhibitor 16 (27%) 

   Heparin 19 (32%) 

   Bivalirudin 58 (97%) 

TIMI 3 flow grade post-PCI 57 (95%) 

Incomplete (≤70%) ST-segment resolution post-PCI 28 (48%) 

 

Table 1. Clinical demographics and angiographic characteristics.

Data are N or mean±SD. BMI = body mass index; CAD = coronary artery disease; CK-MB = creatin kinase-
myocardial band; CMR = cardiovascular magnetic resonance; LAD = left anterior descending artery; 
LCX = left circumflex artery; LV = left ventricle; LVEDV = left ventricular end-diastolic volume; LVESV 
= left ventricular end-systolic volume; LVEF = left ventricular ejection fraction; PCI = percutaneous 
coronary intervention. RCA = right coronary artery; TIMI = Thrombolysis In Myocardial Infarction.
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used as standard. This material was calibrated to WHO 07/316 6th International 
Standard for VWF activity and antigen and was arbitrarily assigned 100% for 
ADAMTS13 activity.

Cardiac magnetic resonance acquisition, analysis and definitions of parameters
CMR was performed between 4 and 6 days as well as 90 days after PCI using a 
1.5 Tesla MR-scanner (Magnetom Avanto, Siemens, Erlangen, Germany) according 
to a protocol reported earlier. 11 In short, functional imaging was performed using 
retrospectively ECG-gated steady-state free precession cine imaging with breath-
holding, planning through the entire LV starting from the mitral valve. Late gadolinium 
enhanced (LGE) images were acquired 10-15 minutes after administration of 0.2 
mmol/kg Gd-DOTA (Dotarem, Guerbet, Villepinte, France). Cine and LGE images of 
each patient were matched by slice position. CMR analyses were performed using 
dedicated off-line software (QMassMR v7.5, Medis, Leiden, the Netherlands). Cine 
images were analyzed by tracing the endocardial and epicardial myocardial borders 
in both end-diastolic and end-systolic phases, providing myocardial volumes and 
left ventricular ejection fraction (LVEF). Quantification of infarct size was performed 
on short axis LGE images. The total infarct size was standardized by dividing the 
infarct mass by the total left ventricular mass. MVI was identified in LGE images as 
hypointense recesses within the hyperenhanced myocardium.

Figure 1: ADAMTS13 activity in PCI-treated STEMI patients. ADAMTS13 activity measured immediately 
after and at 1, 4 and 7 days following PCI. 90 day measurements reflect baseline values. ADAMTS13 
activity was decreased at T0 and T1 compared to baseline. Shown are mean ± SE (n=60).
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Statistical analysis
All study data were entered in a dedicated electronic case report form system (Castor 
Electronic Data Capture, Ciwit B.V., Amsterdam, the Netherlands). Categorical data 
are presented as frequencies (percentage) and continuous data as mean ± standard 
error (SE). Differences in mean values of coagulation markers between the different 
time points (T0, T1, T4, T7 and T90) were tested using a mixed model with time as 
a categorical predictor and a random intercept for each patient. In case the overall 
effect of time was significant (p < 0.05), mean values at time points T0, T1, T4 and 
T7 were compared to the mean at baseline (T90) using contrasts and correcting the 
significance level for the four separate comparisons using a Bonferroni correction 
(p < 0.0125 = 0.05/4). Logistic regression analyses with forward selection were used 
to build prediction models for LVEF and final infarct size 3 months after PCI and MVI 
1 week after PCI. To limit the number of candidate predictors in these models, only 
variables showing a Pearson’s R with p < 0.10 were included as candidate predictors. 
Separate prediction models were built for markers measured at T0, T1, T4 and T7. 
All statistical analyses were performed using IBM SPSS software package (IBM SPSS 
Statistics 20.0, Chicago, IL, USA). Plots were drawn in GraphPad Prism version 5.0 for 
Windows (GraphPad Software, San Diego, California, USA).

Results

General characteristics

60 patients (47 males) were included in this study (mean age of 59 years). Mean time 
to reperfusion was 2.7 hours. Left anterior descending artery (LAD), right coronary 
artery (RCA) or left circumflex artery (LCX) were considered to be the culprit artery 
in 30 (50%), 25 (42%) and 5 (8%) patients, respectively. TIMI 3 flow post PCI was 
obtained in 95% of patients. Mean creatine kinase-myocardial band (CK-MB) peak 
was 164±5 U/L. Clinical demographics are shown in Table 1.

Kinetics of coagulation in STEMI 
We compared levels of coagulation markers in blood samples taken immediately 
after (T0) as well as 1, 4 and 7 days after PCI (T1, T4, T7, respectively) with samples 
taken 3 months after PCI (T90), reflecting baseline values. 
STEMI patients show significantly lower ADAMTS13 activity at T0 and T1 compared 
to baseline (T0 vs. T90: 71.5±2.4 vs. 89.5±2.7%, p<0.001; T1: 82.5±2.0% vs. T90, 
p<0.01). T4 and T7 were similar to T90 (Figure 1).
An increase in VWF activity was found at T0 and T4 (T0 vs. T90: 209±10 vs. 155±7%, 
p<0.001; T4: 180±11% vs. T90, p<0.01) compared to baseline. VWF activity at 
1 and 7 days after PCI were similar to baseline values. VWF antigen levels were 
elevated compared to baseline at T0 and this increase persisted through T7 (T0 vs. 
T90: 176±7 vs. 139±7%, p<0.001; T1: 173±8% vs. T90, p<0.001; T4: 169±11% vs. 
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T90, p<0.001; T7: 161±8% vs.T90, 
p<0.001). For VWF propeptide 
levels, an increase was found at 
T0 compared to baseline (T0: 
282±17% vs. 111±9%, p<0.001) 
and measurements at 1, 4 and 
7 days after PCI were similar to 
baseline values (Figure 2).
Compared to baseline values, 
fibrinogen antigen was decreased 
at T0 (T0 vs. T90: 2.8±0.1 vs. 
3.0±0.1 g/L, p<0.01) after which it 
was elevated from T4 through T7 
(T4: 4.1±0.1 g/L vs. T90, p<0.001; 
T7: 4.1±0.2 g/L vs. 90, p<0.001) 
(Figure 3A). 
Levels of D-dimer, PAP and 
F1+2 were similar to baseline 
immediately after PCI. 1 day after 
PCI, PAP levels remained similar 
to T90, whereas D-dimer and 
F1+2 were elevated (D-dimer 
T1 vs. T90: 0.7±0.1 vs. 0.4±0.0 
mg/L FEU, p=0.010; F1+2 T1 vs. 
T90: 376±36 vs. 194±20 pMol/L, 
p<0.001). At day 4 after PCI, levels 
of D-dimer, PAP and F1+2 were all 
elevated compared to baseline 
(D-dimer T4: 1.0±0.1 mg/L FEU 
vs. T90, p<0.001; PAP T4 vs. T90: 
808±46 vs. 501±26 μg/L, p<0.001; 
F1+2 T4: 338±25 pMol/L vs. 
T90, p<0.001) and this elevation 
persisted at T7 for D-dimer and 
PAP (D-dimer T7: 1.2±0.2 mg/L 
FEU vs. T90, p<0.001; PAP T7: 
810±50 μg/L vs. T90, p<0.001) 

Figure 2: VWF in PCI-treated STEMI patients. VWF activity, VWF antigen and VWF propeptide 
measured immediately after and at 1, 4, 7 and 90 days following PCI. Compared to baseline values 
as reflected by measurements at 90 days after PCI, VWF activity was elevated at T0 and T4 (A), VWF 
antigen was elevated at T1 through T7 (B) and VWF propeptide was elevated at T1 (C). Shown are 
mean ± SE (n=60).
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(Figure 3B, 3D and 3E). α2AP activity was decreased immediately and 1 day after PCI 
compared to baseline values (T0 vs. T90: 100±2 vs. 111±2%, p<0.001; T1: 105±2% 
vs. T90, p<=0.01), increased at 4 days after PCI (T4: 116±2% vs. T90, p<=0.01) and 
normalized at day 7 after PCI (Figure 3C).
PT and aPTT were prolonged and anti-Xa levels were elevated when measured 
immediately after PCI compared to baseline values (PT T0 vs. T90: 76.5±4.2 vs. 
15.5±1.2 sec, p<0.001; aPTT T0 vs. T90: 153.1±3.3 vs. 34.0±1.2 sec, p<0.001; anti-
Xa T0 vs. T90: 0.4±0.0 vs. 0.0±0.0 IU/ml, p<0.001). PT, aPTT and anti-Xa levels were 
normalized from day 1 through day 7 after PCI. These results are depicted in Figure 4. 

Individual coagulation markers are not related to CMR-defined LVEF, infarct size 
or MVI
CMR was performed 1 week (4-6 days) and 3 months after PCI in a subpopulation of 
49 patients. Parameters as assessed by CMR are shown in Table 2.
We correlated levels of individual coagulation markers from blood samples taken 
immediately after as well as 1, 4, 7 and 90 days after PCI with LVEF and final infarct 
size, both determined at 90 days after PCI. The occurrence of MVI was determined 
1 week after PCI and also correlated with individual coagulation markers at all time 
points.
After correction for multiple correlations, no significant correlation was found 
between LVEF at 3-month follow-up and any of the coagulation markers measured 
in the present study. Also, no coagulation markers were significantly correlated with 
final infarct size. The occurrence of MVI 1 week after PCI was not correlated to the 
coagulation markers measured, with the exception of VWF propeptide measured 
immediately after PCI (T0, p=0.003). Results of all correlations between CMR 
parameters and coagulation markers are shown in Table 3.

Combinations of coagulation markers do not predict CMR-defined LVEF, infarct 
size or MVI
Logistic regression analysis using forward selection was used to make ROC curves 
for the selected combinations of coagulation markers as possible predictors for 
LVEF and final infarct size 3 months after PCI and MVI 1 week after PCI. However, the 
combinations of coagulation markers tested showed low to moderate sensitivity 
and specificity for predicting LVEF, final infarct size and MVI. Area under the curve 
(AUC), sensitivity and specificity of combinations tested are shown in Table 4.

Discussion

In the present study, we aimed to determine the kinetics of several coagulation 
markers in PCI-treated STEMI patients and furthermore to investigate their 
relationship to cardiac function, infarct size and microvascular injury. The main 
findings are: 1) Coagulation parameters show very dynamic profiles in the early 
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days after STEMI; 2) Individual coagulation parameters are not correlated to CMR-
defined LVEF, infarct size or MVI and the same holds true for a combination of 
coagulation parameters.

Disbalance between VWF and ADAMTS13 levels towards a hypercoagulable state 
in STEMI
Coagulation plays an important role in both the acute and subacute phases of 
myocardial infarction. However, insights into the exact kinetics of coagulation 
following STEMI are currently lacking. VWF and ADAMTS 13 are important factors 
in developing thrombosis. VWF serves as a carrier for coagulation factor VIII, and 
functions as a vascular damage sensor by binding to exposed collagen at locations 
of vessel injury, thereby attracting platelets. 15 Besides collagen, also tissue factor 
(TF) is exposed after atherosclerotic plaque rupture. TF adheres to the damaged 
vessel wall and is the key initiator of the coagulation cascade and the extrinsic 
pathway of coagulation, leading to the formation of fibrin. 16 ADAMTS 13, a plasma 
metalloprotease, cleaves the VWF A2-VWF domain, thereby reducing its molecular 
weight and its platelet-tethering function. 17 Lower rates of ADAMTS 13 promote 
platelet activity and eventually contribute to the risk of developing thrombotic 
events such as myocardial infarction. 18 Crawley et al. showed that increased 
VWF is associated with a higher risk of MI, whereas an increase in ADAMTS13 is 
associated with a lower risk of MI. 19 Furthermore, Rutten et al. showed that higher 
levels of active VWF are an independent risk factor for a first STEMI in patients 
from three different ethnic groups. 20 We showed that VWF activity, VWF antigen 
and VWF propeptide are significantly elevated immediately after primary PCI for 
STEMI compared to baseline values reflected by our measurements taken 90 days 
after PCI. Interestingly, the initially elevated VWF propeptide levels, indicating 
recent VWF release, normalize to baseline values after the acute event, whereas 
VWF antigen stays elevated during 7 days following STEMI. Furthermore, STEMI 
patients had lower levels of ADAMTS13 immediately after PCI compared to baseline 
values. The present findings confirm that after successful revascularization, STEMI 
patients display a disbalance between levels of VWF and ADAMTS13 towards a 
hypercoagulable state. However, no relationship was found between the severity of 
this disbalance and the functional outcome or final infarct size.
Fibrinogen antigen decreased immediately after STEMI and D-dimer as well as F1+2 
levels are elevated in the following days 
Fibrinogen has two important functions in clot formation, since it acts as ligand of 
platelets and it is the precursor of the fibrin clot. Fibrinogen influences restenosis 
after PCI for stable angina and also, a relationship between increased fibrinogen 
levels and in-stent-restenosis in PCI-treated STEMI patients has been suggested. 
21 In our study population, fibrinogen concentrations were decreased immediately 
after PCI probably due to consumption, and were increased from day 4 through 7 
after STEMI, which most likely reflects the acute phase response. 
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Figure 3: Fibrinogen antigen, D-dimer, α2-
antiplasmin activity, plasmin-α2-antiplasmin 
complex, prothrombin fragment F1+2 in 
PCI-treated STEMI patients. Compared to 
baseline values as reflected by measurements 
at 90 days after PCI, fibrinogen antigen levels 
were elevated at T0, T4 and T7 (A), D-dimer 
levels were elevated at T1 through T7 (B), α2-
antiplasmin (α2AP) activity was elevated at 
T0 through T4 (C), plasmin-α2-antiplasmin 
complex (PAP) levels were elevated at T4 and T7 
(D) and prothrombin fragment F1+2 levels were 
elevated at T1 and T4 (E). Shown are mean ± 
SE (n=60).

As a product of fibrin degradation, D-dimer gives an indirect estimation of 
thrombotic burden. In a cohort of over 500 PCI-treated STEMI patients, D-dimer 
level on admission was an independent predictor of no-reflow. 22 However, 
D-dimer was not an independent predictor of mortality or major adverse cardiac 
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events (MACE). In other studies, 
high D-dimer levels on admission 
were associated with higher risk of 
MACE and major bleeding in PCI-
treated STEMI patients as well as 
in-hospital cardiovascular mortality 
and 6-month all-cause mortality. 23, 

24 The present findings show normal 
D-dimer values at the onset of 
myocardial infarction compared to 
baseline measurements. However, 
the assumption that therefore 
coagulation and fibrinolysis are not 
active, cannot be made because 
D-dimer levels at this moment 
are underestimated due to use of 
anticoagulant therapy. The increase 
in plasma D-dimer levels found 
from 1 through 7 days after STEMI 
reflects that coagulation is indeed 
taking place. A similar profile was 
found for F1+2, which originates 
from cleavage of prothrombin by 
factor Xa and is considered useful 
for the detection of a procoagulant 
state. For this reason, association of 
F1+2 with cardiovascular syndromes 
such as myocardial infarction has 
gained interest. 25 Our results show 
a strong increase in F1+2 levels at 
1 and 4 days following STEMI, again 
illustrating active coagulation at 
this time. Probably, F1+2 levels 
immediately after PCI are also 
underestimated, again probably 
due to anticoagulant therapy. 

α2AP decreased immediately after 
STEMI and PAP levels elevated 
following STEMI
The serpin α2AP is one of the main 
inhibitors of fibrinolysis. 26 Our data 

Figure 4: Prothrombin time, activated partial 
thromboplastin time and anti-factor Xa in PCI-
treated STEMI patients. Compared to baseline values 
as reflected by measurements at 90 days after PCI, 
prothrombin time (PT) (A) and activated partial 
thromboplastin time (aPTT) (B) were prolonged at T0 
compared to T90. Anti-factor Xa (anti-Xa) was elevated 
at T0 compared to baseline (C). Shown are mean ± SE 
(n=60).
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show decreased levels of α2AP in STEMI patients immediately as well as 1 day after 
PCI. This is probably due to the fact that α2AP is consumed to inactivate plasmin 
and thereby inhibit fibrinolysis. However, a lack of α2AP was shown to promote 
pulmonary heart failure after acute myocardial infarction in mice deficient in α2AP. 
27 On the other hand, inhibition of α2AP was shown to decrease mortality rate in 
mice and furthermore, its combination with tissue-type plasminogen activator 
(tPA) was proposed as potentially beneficial in the treatment of acute pulmonary 
embolism. 28

α2AP forms irreversible complexes with plasmin (PAP) that indicate ongoing 
fibrinolysis. 29 Our results demonstrate this, showing an increase in PAP at day 4 
through day 7 after STEMI. As is the case for D-dimer and F1+2, non-elevated PAP 
levels as measured immediately after as well as 1 day after PCI can probably be 
explained by underestimation due to anticoagulant therapy.

CMR parameter STEMI patients 

(n=49)  

4-6 days after PCI  

     LVEDV (ml) 90.5±18.5 

     LVESV (ml) 45.5±16.8 

     LVEF (%) 50.9±8.2 

     Infarct size (% of the LV) 17.5±12.3 

     Occurrence of MVI 24 (49%) 

3 months after PCI  

     LVEDV (ml) 93.6±21.0 

     LVESV (ml) 46.3±18.9 

     LVEF (%) 52.1±9.4 

     Infarct size (% of the LV) 12.9±7.5 

 
Data are N or mean±SD. CMR = cardiovascular magnetic resonance; LV = left ventricle; LVEDV = left 
ventricular end-diastolic volume; LVESV = left ventricular end-systolic volume; LVEF = left ventricular 
ejection fraction; MVI = microvascular injury; PCI = percutaneous coronary intervention.

Table 2. Parameters as assessed by CMR.
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Table 3 

 
LVEF at 3 months after PCI 
Coagulation marker T0 T1 T4 T7 T90 
PT 0.69 0.20 0.16 0.98 0.01 
Fibrinogen antigen 0.69 0.28 0.04 0.04 0.45 
aPTT 0.61 0.30 0.30 0.58 0.31 
D-dimer 0.33 0.42 0.65 0.36 0.26 
F1+2 0.76 0.41 0.81 0.44 0.85 
PAP 0.97 0.26 0.15 0.29 0.98 
2AP 0.29 0.13 0.87 0.92 0.32 
VWF activity 0.23 0.20 0.03 0.03 0.40 
VWF antigen 0.16 0.19 0.08 0.10 0.62 
VWF propeptide 0.07 0.07 0.51 0.64 0.81 
ADAMTS13 0.61 0.41 0.02 0.05 0.32 
Anti-XA 0.96 0.77 0.06 0.51 0.42 
 
 
Final infarct size at 3 months after PCI 
Coagulation marker T0 T1 T4 T7 T90 
PT 0.73 0.48 0.33 0.52 0.11 
Fibrinogen antigen 0.65 0.07 0.12 0.05 0.09 
aPTT 0.63 0.56 0.44 0.72 0.66 
D-dimer 0.57 0.90 0.40 0.04 0.71 
F1+2 0.99 0.68 0.52 0.69 0.94 
PAP 0.84 0.57 0.49 0.09 0.30 
2AP 0.40 0.05 0.82 0.40 0.41 
VWF activity 0.38 0.15 0.25 0.24 0.75 
VWF antigen 0.47 0.08 0.15 0.15 0.76 
VWF propeptide 0.16 0.02 0.69 0.49 0.72 
ADAMTS13 0.99 0.54 0.22 0.71 0.81 
Anti-XA 0.14 0.59 0.06 0.24 0.70 
 
 
Occurrence of MVI at 1 week after PCI 
Coagulation marker T0 T1 T4 T7 T90 
PT 0.79 0.67 0.51 0.69 0.04 
Fibrinogen antigen 0.51 0.91 0.57 0.52 0.18 
aPTT 0.86 0.56 0.30 0.44 0.30 
D-dimer 0.76 0.95 0.09 0.01 0.93 
F1+2 0.57 0.57 0.25 0.98 0.69 
PAP 0.96 0.60 0.36 0.46 0.68 
2AP 0.13 0.12 0.46 0.58 0.60 
VWF activity 0.02 0.14 0.06 0.06 0.29 
VWF antigen 0.01 0.02 0.04 0.03 0.38 
VWF propeptide 0.003* 0.01 0.49 0.49 0.28 
ADAMTS13 0.51 0.36 0.07 0.26 0.30 
Anti-XA 0.66 0.12 0.12 0.49 0.19 
 
 

P-values < 0.05 are bold. The significance level was corrected for the separate comparisons using a 
Bonferroni correction (p < 0.004 = 0.05/12). * indicates statistical significance after correction. LVEF = 
left ventricular ejection fraction; MVI = microvascular injury; PCI = percutaneous coronary intervention.

Table 3. P-values of relations between CMR parameters and coagulation markers 
measured immediately after and at 1, 4, 7 and 90 days after PCI. 
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PT, aPTT and anti-Xa in STEMI
At first medical contact after onset of STEMI, patients included in the present study 
were given heparin or bivalirudin according to ESC guidelines. 13 As a consequence, 
PT and aPTT were prolonged and anti-Xa levels elevated immediately after PCI 
compared to baseline values. The steep drop in PT, aPTT and anti-Xa to baseline 
levels in the 24 hours following PCI in the STEMI patients can be explained by the 
short biological half-life of heparin and bivalirudin. 30 No relationship was observed 
between PT, aPTT and anti-Xa at admission and final outcome as determined by 
CMR.

PCI-treated STEMI patients show differences in outcome as assessed by CMR 
Despite successful treatment by primary PCI and complete restoration of epicardial 
coronary flow as visualized by standard coronary angiography, 40-50% of STEMI 
patients develop CMR-defined microvascular injury (MVI). 9, 31 The occurrence of 
MVI is associated with negative remodeling, left ventricular dysfunction and heart 
failure, leading to decreased long-term survival, increased morbidity and reduced 
quality of life as compared with STEMI patients without MVI. 32, 33 Various mechanisms 
for MVI have been proposed, including distal embolization of atherosclerotic debris 
and local microthrombi causing occlusion of capillaries. 34 However, it remains 
unknown whether secondary processes in the subacute phase following STEMI, 
such as the formation of microthrombi, are related to differences in coagulation 
markers measured in the days after AMI. In the present study we could not show 
a direct relationship between different coagulation markers and the occurrence of 
MVI.

Limitations
Most importantly, due to the comprehensive laboratory protocol, only a limited 
number of patients was included. Therefore this study provides information on the 
kinetics of coagulation markers but does not permit to draw definite conclusions as 
to whether individual markers can be used as biomarkers.

Conclusion

Coagulation parameters show a very dynamic profile in the early days after AMI. 
However, individual coagulation parameters or combinations thereof did not 
predict CMR-defined LVEF, final infarct size or microvascular injury.
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Table 4 

Prediction of LVEF at 3 months after PCI  
Combination of coagulation parameters AUC Sensitivity  Specificity 

4 days after PCI (T4) 

   Fibrinogen antigen + VWF activity + ADAMTS13 activity + anti-Xa 

 

0.73 

 

86% 

 

59% 

7 days after PCI (T7) 

  Fibrinogen antigen + VWF activity + VWF antigen + ADAMTS13 activity 

 

0.73 

 

71% 

 

63% 

 

 

Prediction of final infarct size at 3 months after PCI 
Combination of coagulation parameters AUC Sensitivity  Specificity 

1 day after PCI (T1)  

   Fibrinogen antigen + 2AP + VWF antigen + VWF propeptide 

 

0.69 

 

65% 

 

70% 

7 days after PCI (T7) 

   Fibrinogen antigen + D-dimer 

 

0.72 

 

53% 

 

85% 

 

 

Prediction of occurrence of MVI at 1 week after PCI 
Combination of coagulation parameters AUC Sensitivity  Specificity 

Immediately after PCI (T0) 

   VWF activity + VWF antigen + VWF propeptide 

 

0.69 

 

82% 

 

56% 

1 day after PCI (T1)  

   VWF antigen + VWF propeptide 

 

0.61 

 

68% 

 

63% 

4 days after PCI (T4) 

   VWF activity + VWF antigen + ADAMTS13 activity + D-dimer 

 

0.65 

 

56% 

 

79% 

7 days after PCI (T7) 

   VWF activity + VWF antigen + D-dimer 

 

0.69 

 

54% 

 

72% 

 

Table 4. Combinations of coagulation markers tested for the prediction of LVEF, 
infarct size and MVI.

AUC = Area Under the Curve; LVEF = left ventricular ejection fraction; MVI = microvascular injury; PCI 
= percutaneous coronary intervention.
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Abstract

Obstruction of coronary arteries leads to an arteriogenic response. Pre-existent 
collateral networks enlarge, forming large conductance arteries with the capability 
to compensate for the loss of perfusion due to the occlusion. Interestingly, 
significant differences exist between patients regarding the capacity to develop 
such a collateral circulation. This heterogeneity in arteriogenic response is also 
found between and even within animal species and it strongly suggests that next 
to environmental factors, innate genetic factors play a key role. The present review 
focuses on this heterogeneity of genetic as well as non-genetic determinants of the 
coronary collateral circulation.
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Introduction

In case of coronary arterial obstruction, an arteriogenic response is induced 1, leading 
to an arterial collateral network which sustains blood flow to the myocardium. 
The development of a coronary collateral circulation is associated with better 
preservation of left ventricular function and lower mortality rates. However, the 
extent of the collateral circulation, both in healthy persons as well as in patients 
with obstructive coronary artery disease, varies largely. Thus, whereas in some 
patients severe obstructive coronary artery disease is left completely unnoticed 
due to a well developed collateral circulation, others seem to lack the capacity 
to develop a sufficient collateral network. This heterogeneity is also observed 
between and within different animal species. The present review focuses on this 
heterogeneity and genetic as well as non-genetic determinants of the coronary 
collateral circulation. 

Inter- and intra-species differences in the pre-existing collateral network
The pre-existing collateral network varies widely between and also within species. 
In the last decades several animal models were used to measure collateral flow 
directly upon arterial obstruction.
By far the most extensive study on interspecies differences in the pre-existing 
coronary collateral circulation has been performed by Maxwell 2. Baseline 
coronary collateral flow was compared in eight different species with radiolabelled 
microspheres. When representing collateral flow as a percentage of flow to the non-
ischemic myocardium, a large spectrum was found. For example, rabbits and pigs 
show a very low capacity of about 0-6% of baseline, whereas guinea pigs display 
compensatory collateral flow of 100% directly after arterial obstruction. Other 
species like dogs have a baseline collateral flow that is somewhere in between 
these values. These data have been confirmed in many subsequent single species 
studies for mice 3, rats 4, rabbits 5, pigs 6 and dogs 7 (see table 1). 
Other direct comparisons of species have been performed for porcine and 
canine models. From these studies it was concluded that dogs have an extensive 
pre-existing collateral network whereas in pigs this is almost absent, leading to 
transmural infarction and a large percentage of animals that do not survive acute 
coronary occlusion 8 9 10 11 12. 
In a recent MRI study, infarct size and the ratio of area at risk and final infarct size 
was compared between different species. When comparing patient data to historical 
animal data they surprisingly found that evolution of infarct is slowest in humans, 
suggesting a pre-existing collateral protective network that is even more efficient 
than in dogs. However, no direct measurement of collateral flow was performed. 
Infarct size strongly relates to collateral flow which attenuates the severity of 
ischemia 13 but ischemia-reperfusion injury determines final infarct size 14 which 
possibly explains these observations. Also, in these patients there might have been 
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previous arterial narrowings, leading to outgrowth of the collateral circulation 
before onset of the infarct. 
Not only between, but actually also within species, a large variance is observed. In 
the previously mentioned study by Eckstein et al. 9, a large variability was found in 
functional and anatomic intercoronary arterial anastomoses within the group of 
mongrel dogs. The same observation was done in mongrel dogs in a study by Bishop 
where they noted a remarkable variation in the presence of pre-existing collateral 
circulation as evidenced by the wide range of infarct sizes produced by proximal 
occlusion of a major coronary artery branch 15. In a study specifically addressing 
such intra-species differences, circumflex coronary occlusions were performed in 
beagles and mongrels. Results showed that purebred beagles possess fewer pre-
existing functional coronary collateral arteries than mongrels 16. 
When comparing published data on collateral formation in other organ systems 
than the heart, it seems that in murine, rabbit and dog models the pre-existing 
collateral circulation of the hindlimb has a low capacity as compared to rat and 
pig models (table 2). Precaution should be taken since different methods of 
measuring collateral flow were applied. Also sometimes maximal vasodilatation 
is applied, to correct for differences in vascular tone as a confounder, whereas in 
other instances only baseline flow is measured. Intra-species differences have been 
well documented for the pre-existing collateral circulation in the hindlimb. Several 
studies consistently concluded that C57BL/6 mice have a higher number of visible 
pre-existent collaterals compared to BALB/c mice 17. 

Table 1: percentages of collateral flow after acute coronary artery occlusion as compared to baseline 
flow. 

Species  Strain  Collateral flow  Method  Hyperemia/resting 

Guinea pig Dunkin Hartley 2 100 % Radioactive microspheres Resting  

Rat  Wistar 2 4 5 % Radioactive microspheres Resting 

Rabbit  New Zealand white2 5 2 % Radioactive microspheres Resting  

Cat  Felis canus 2 12 % Radioactive microspheres Resting  

Pig Sus vitatus 2 6 1 % Radioactive microspheres Resting 

Dog Beagle 16 14 %  Radioactive microspheres Hyperemia 

 Greyhound 2 16 % Radioactive microspheres Resting 

 Mongrel 7 16 17 % Radioactive microspheres Hyperemia  

 

Table 1: percentages of collateral flow after acute coronary artery occlusion as 
compared to baseline flow.
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Inter- and intra-species differences in the arteriogenic response
Not only the pre-existent collateral network differs, also the arteriogenic response, 
i.e. the outgrowth of collateral arteries upon arterial obstruction, can differ 
enormously depending on species or strain. Extensive research has been executed 
to map these differences because they influence the choice of an experimental 
model. 
Pigs were not only reported to possess a weakly developed pre-existing coronary 
collateral network as mentioned above, it was also claimed that they show hardly 
any arteriogenic response upon coronary occlusion. Schaper and colleagues 
compared chronic coronary artery occlusion in pigs and dogs, using arterial back 
pressure as a measure of collateral perfusion 18. Indeed in only 11 of 25 pigs, arterial 
back pressure could be measured, compared to all of the 68 dogs. The supposed 
increased collateral capacity in dogs as compared to pigs has been contradicted 
by Unger 19.  In recent years several studies were performed to test the efficacy 
of compounds to stimulate collateral growth in pigs. In most studies, also control 
animals 20 displayed a clear arteriogenic response. For example, Carroll et al assessed 
collateral flow at different time points after coronary occlusion using an ameroid 
constrictor and subsequent treatment with heparin. They found that in untreated 
control animals resting  myocardial blood flow was restored to normal levels at day 
28, although hyperaemic flow was still reduced 21. An important issue is the timing 
of the coronary occlusion. Due to the lower capacity of the pre-existing collateral 
circulation, pigs show relatively large areas of myocardial infarction. Such infarcted, 
non-contracting tissue is in low need of oxygen and perfusion. Thus, in this situation 
a strong arteriogenic response would be redundant. However, Hoefer et al showed 
that in very slowly progressive coronary occlusion in pigs also a relatively strong 
arteriogenic response is induced 22. The porcine inability to develop coronary 
collaterals upon arterial obstruction can thus partially be redressed. 
Several studies were done to determine the suggested well endowed canine 
arteriogenic capacity. Using radioactive microspheres to measure collateral flow, 
Bishop et al  found a modest increase in the canine collateral blood flow as early as 
4 days after coronary occlusion 15. With the same technique to measure collateral 
flow, Mills et al showed a normalization of myocardial blood flow 6 weeks after 
start of gradual occlusion 23. Cohen reported the appearance of collaterals in canine 
hearts in the first weeks after coronary occlusion and a complete restoration of 
blood flow to the area targeted by the occlusion by 4 weeks 24. 
Within mongrel dogs, significant differences were found in the response to chronic 
coronary stenosis. In 17 mongrels, a stenosis of the left circumflex coronary artery 
was created, restricting reactive hyperemia without affecting resting flow. After 
5 weeks, tracer microspheres were used to assess myocardial blood flow. The 
documented responses were a lack of collateral growth in eleven animals but 
significant collateral growth in the other six dogs 25. 
Besides large species mentioned above, chronic cardiac ischemia was also studied 
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in small species like rabbits and rats. Using an ameroid constrictor, specially 
designed for small diameters, Operschall et al. gradually narrowed the circumflex 
coronary artery in New Zealand White rabbits5. At different time points, patency of 
the vessel was evaluated by coronary angiography, corrosion cast and radiolabelled 
microspheres. 21 days after implantation of the device, angiography showed either 
total occlusion or severe stenosis. Seven out of the eight corrosion casts showed a 
stump on the targeted vessel and one animal showed a severe stenosis. Microsphere 
measurements showed a significantly lower perfusion of the endocardial region 
than the epicardial region. Blood flow on day 21 was restored to almost normal 
in the epicardial layer and to about 50% in the endocardial layer, indicating a 
substantial arteriogenic response. 
The group of Chilian showed that the ameroid constrictor, in an even smaller 
version, was also feasible in the coronary circulation of rats. They found that vascular 
endothelial growth factor is necessary for coronary collateral growth in this model,  
showing no increase of coronary collaterals in the control group 26. In a recent study 
by Carrao et al, only a modest arteriogenic capacity of the rat heart was found 27 The 
increase of collaterals was less than in the group treated with granulocyte-colony 
stimulating factor (G-CSF), but still enough to cause for an improvement in ejection 
fraction in one fourth of the non-treated group. 
Ponies also show a clear ischemia induced arteriogenic response. Repeated occlusion 
of the left anterior descending coronary artery in ponies led to enhanced coronary 
collateral flow such that left ventricular function was maintained in absence of left 
anterior descending coronary artery flow 28.
Upon femoral artery ligation rats and mice restore perfusion very fast whereas 
rabbits seem to have a very low arteriogenic response as compared to other species 

Table 2: percentages of collateral flow after acute femoral artery occlusion as compared to baseline 
flow. 

Species  Strain  Collateral flow  Method Hyperemia/resting  

Mouse  BALB/c 16 2% Laser Doppler perfusion imaging Hyperemia 

 C57BL/6 31 7% Laser Doppler perfusion imaging Hyperemia 

Rat  Sprague-Dawley 76 27% Laser Doppler perfusion imaging Resting  

 Sprague-Dawley 4 10% Fluorescent microspheres Resting  

Rabbit  New Zealand White 29 1% Fluorescent microspheres Hyperemia 

Pig Göttinger minipig 34 23% Flow-probe Hyperemia 

 Minipig 77 9% Flow-probe Hyperemia 

 Farmpig 77 9% Flow-probe Hyperemia 

Dog  Beagle 35 1% Flow-probe Resting  

 

Table 2: percentages of collateral flow after acute femoral artery occlusion as 
compared to baseline flow.
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29 30 31. Also pigs show a strong arteriogenic response in the hindlimb 32 33 34 whereas 
in the dog model it seems to be relatively modest 35. This implies that extrapolation 
from hindlimb arteriogenic models to coronary arteriogenic models should be done 
with precaution. Findings from hindlimb models have to be verified in coronary 
models before drawing conclusions on coronary collateral stimulation or proceeding 
down the line to clinical trials.
Also important to note is that differences can be detected in the quantity of 
collateral vessels but also in the morphological composition of the collateral 
network. Microvascular networks in C57BL/6 mice demonstrated remodelling at 
the arteriolar level whereas BALB/c displayed diameter expansion mainly in the 
capillaries 31. 

Differences in the pre-existing collateral network and the arteriogenic response 
in patients
It was demonstrated decades ago by Fulton 36 that also the human heart contains 
a large pre-existent collateral network already before the onset of obstructive 
atherosclerotic disease. His compelling angiographic data settled the ongoing 
debate on whether or not such a pre-existing collateral network is present at 
all in humans. In his studies he observed a remarkable variety in number and 
diameter of the collateral vessels and already suspected a genetically determined 
variation. More recently, these angiographic data were confirmed by intracoronary 
measurements of collateral flow. Collateral flow index (CFI) measurements of 
the coronary arteries in 100 patients without stenotic lesions were performed 
to investigate whether pre-existing collaterals show functional collateral flow in 
individuals with angiographically normal coronary arteries 37. Results showed that 
one fifth of individuals have immediately recruitable collateral flow, sufficient to 
prevent myocardial ischemia in case of brief coronary occlusion. Thus, also using 
intracoronary measurements of collateral flow, a pre-existing collateral circulation 
can be detected and not only the angiographic appearance but also the capacity 
of this pre-existing network varies largely in humans. Such variation has also been 
observed in the pre-existing cerebral and peripheral collateral circulation 38 39 40. 
It is further corroborated by the observation that acute trauma to the leg arterial 
circulation in soldiers from World War II led to acute ischemia and leg amputation 
in some and to almost no flow deficit in others 41. Thus, in humans a large innate 
variance exists in the pre-existing collateral network in several organ systems.
The most important determinant for the arteriogenic response in patients is 
the severity of the underlying arterial obstruction 42. However, the correlation is 
relatively weak and within the same grade of arterial stenosis large inter-individual 
differences in the arteriogenic response have been documented. Pijls et al. 
measured CFI in 120 patients undergoing elective coronary angioplasty 43. In their 
study, in 90 of 120 patients, ischemia was present at balloon inflation. Pohl et al. 
determined the extent of the collateral circulation in 450 patients with coronary 
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artery disease 44. They found that about two-thirds of the patients do not have 
enough collateral flow to prevent myocardial ischemia during coronary occlusion. In 
a large cohort study with over 800 patients, Meier also found that about two-thirds 
of patients have an under-developed collateral circulation which was associated 
with a higher cardiovascular mortality at 10 years follow-up 45. They found Gaussian-
like distributions of the extent of the collateral circulation, pointing again at innate 
differences. A modest shift to the right is observed when comparing the median CFI 
of patients with either single-, dual- or triple coronary artery disease to patients 
without significant stenoses (Figure 1). Only in patients with chronic total occlusion 
of a coronary artery, a strong shift to the right is observed, but again with large 
inter-individual differences. (Figure 2, combined data from Prof. C. Seiler and our 
own database.)

Non-genetic Determinants of coronary collateral flow
Several environmental risk factors potentially influence the arteriogenic response in 
patients. Evidence for such relations has been provided by dedicated experimental 
disease models as well as by observations in patients (see table 3).

Dyslipidemia
Arteriogenesis is hampered in case of hypercholesterolemia as shown in rabbits 
and pigs . Using fluorescent microspheres, this delayed arteriogenic response was 
noticed in a rabbit model 46 of hypercholesterolemia, when compared to historic 

Figure 1: Distribution of CFI in patients with 0, 1, 2 or 3 vessel obstruction 45.
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controls. In pigs, fed with a cholesterol-rich diet, the collateral response upon slowly 
progressive coronary artery obstruction was also delayed 47. In patients, dyslipidemia 
was reported to be positively associated with spontaneously visible collateral 
arteries. This is probably related to more severe coronary artery disease 48. 

Hyperglycemia
Hyperglycemia leads to changes in endothelial function, vascular smooth muscle 
cell proliferation and the interaction between vessel wall and circulating cells 49. 
These processes are important in collateral artery formation and thus an effect of 
hyperglycemia appears conceivable. In one study, patients with diabetes developed 
less angiographically visible coronary collateral vessels than non-diabetic control 
patients 50. However, a study using more accurate and quantitative CFI measurements 
in 100 diabetic patients and 100 non-diabetic patients contradicted this, revealing 
no difference in collateral function between the groups 51.

Hypertension
Evidence on the connection between collateral growth and hypertension is scarce. 
A high blood pressure increases shear stress. As shear stress is a main driving 
force of arteriogenesis, one hypothesis is that hypertension promotes collateral 
growth.. However, hypertension is also associated with vascular dysfunction, likely 
reducing arterial remodelling and inhibiting collateral artery growth. In patients an 
inverse relation was found between high blood pressure and the extent of coronary 
collaterals in a cross-sectional study in 237 patients 52. 

Obesity
There are limited data regarding the link between obesity and arteriogenesis. Yilmaz 
et al. found a poorer coronary collateral circulation in obese patients with ischemic 
heart disease compared with patients not suffering from obesity 53. Confounders in 
these findings may well be altered lipid profiles and insulin resistance which are often 
present in obese patients.  Dyslipidemia, hyperglycemia, hypertension and obesity 
are components of the metabolic syndrome. Turhan et al. 54 concluded that patients 
with metabolic syndrome have impaired coronary collateral vessel development. 
No association was found between the presence of metabolic syndrome in 103 of 
227 patients with coronary artery disease and formation of collateral vessels on 
angiography. 

Smoking
Clinical studies do not show a consistent relation between collateralization and 
smoking although one study found a positive association with the presence of 
collateral arteries on angiography  55. The amount of pack years did not contribute, 
only current smoking status did. 
Inflammation 
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Arteriogenesis resembles infl ammatory disease in many ways. The role of monocytes 
in arteriogenesis is well established 56 57. Also other immune cells like T-cells and 
natural killer-cells play an important role 58. Treatment with pro-infl ammatory 
compounds like lipopolysaccharide or tumor necrosis factor-alpha agonists enhance 
collateral artery growth  59. 
When studying the role of monocyte chemotacti c protein-1 (MCP-1) in acute 
myocardial infarcti on, plasma MCP-1 levels in pati ents were signifi cantly higher in 
a group with well developed collaterals compared to a group with absent collateral 
circulati on 60. 
Interesti ngly, coronary collateral fl ow was associated with higher alpha-1-acid 
glycoprotein and C-reacti ve protein concentrati ons 61. This underlines the role 
of acute phase proteins in collateral development. However, the fi nding on CRP 
was contradicted by several other studies, reporti ng that elevated CRP levels are 
associated with impairment of coronary collateralizati on 62 63 64. 

Aging
In a comparing study between C57BL/6 mice of 6 to 8 months and 22 to 24 months, 
left  anterior descending coronary artery ligati on was performed. The hearts were 
reperfused aft er 45 minutes whereupon the hearts were examined. A signifi cant 
diff erence was found between infarct size in the young and old mice where the old 
mice showed larger infarcted areas 65. 
In a study in 102 pati ents with an acutely occluded coronary artery, the extent 
of collateral development was determined. The pati ent group was divided into a 
‘young’ and an ‘old’ group, and between the groups a signifi cant diff erence was 
found with a higher prevalence of a well developed collateral circulati on in the 
younger group 66. In a cohort of 1934 pati ents with acute myocardial infarcti on, 

Figure 2: Distributi on of CFI in CAD pati ents with coronary total occlusion (CTO).
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aging was recognized as being a factor predicting the number of collaterals present 
when vascular occlusion happens. The prevalence of collaterals decreased with age 
67. Taken together, both experimental data as well as clinical observations point to 
an important role for age in the arteriogenic response. 

Genetic Determinants of Collateral Flow
During the last years several efforts were made in both experimental as well as 
clinical studies to identify genetic factors that determine the arteriogenic response 
upon arterial obstruction. 

Experimental models
Several of the observations on genetic determinants of collateral artery growth 
are derived from experimental models of hindlimb ischemia. Lee et al. 68 extracted 
ribonucleic acid from adductor muscle in mice and used array expression profiling to 
determine the time course of differential expression of 12,000 genes after ligation 
of the femoral artery in C57BL/6 mice. Between the femoral artery ligation group 
and the sham group, 783 genes showed a differential expression where 518 were 
induced and 265 were repressed. Interestingly, a number of angiogenesis-related 
genes such as MCP1, placental growth factor and cysteine-rich protein-61, were 
differentially upregulated in the femoral artery ligation group as compared to the 
sham group. Also, a significant upregulation was found in genes thought to exert 
angiostatic activities, including interferon-gamma-inducible protein-10, monokine 
induced by interferon gamma and matrix metalloproteinase-12 in the ligated group. 
Of the different gene clusters, the inflammatory response-related genes cluster was 
the largest that was upregulated. Even though they were upregulated in both groups, 
the genes showed higher expression levels with longer duration in the femoral 
artery ligation versus the sham group. Wang et al. 3 executed a study to identify 

Table 3: Non-genetic determinants of coronary collateral formation. 

 Experimental models Patient studies 

Dyslipidemia  Inhibited collateral growth  47 46 No direct evidence 

Hyperglycemia  Inhibited collateral growth  49 Inhibited collateral growth 50 / no difference 51 

Hypertension Promoted collateral growth  78 Inhibited collateral growth 52 

Obesity  No direct evidence 53 Inhibited collateral growth 53/ no direct evidence  

Smoking  Promoted collateral growth 79  Promoted collateral growth 55 / no direct evidence 

Inflammation  Promoted collateral growth  56 Promoted collateral growth / inhibited collateral 
growth 62 63 64 

Aging  Inhibited collateral growth  65  77 
80 81  

Inhibited collateral growth 66 67  

 

Table 3: Non-genetic determinants of coronary collateral formation.
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possible loci responsible for the variation in the arteriogenic response. In C57BL/6 x 
BALB/c F2 mice, cerebral collateral number and diameter were measured. After this, 
linkage analysis was carried out to identify quantitative trait loci (QTL) for collateral 
number and diameter. Collateral number and diameter were minimally correlated, 
consistent with Zhang et al. 69 and indicating that number and diameter are mainly 
independent traits. With genome wide logarithm of odds score profiling a highly 
significant locus on distal chromosome 7 was found for the collateral traits collateral 
number and collateral diameter. To confirm the major effect of chromosome 7, 
chromosome substitution was executed on A/J mice strain, which showed fewer 
pial collaterals than C57BL/6 mice and also a substantially smaller diameter.  

Patients
CD44 glycoproteins have a function as a receptor for leukocytes 70 as well as in the 
regulation of growth factor activation. In wild-type C57BL/6J mice, the expression 
of CD44 was found to be strongly increased in collateral arteries in the hind limb 
muscles 71. 
CD44-/- mice showed a strong reduction in the arteriogenic response upon femoral 
artery ligation in comparison to the wild-type mice. Next, CD44 expression in 
patients was studied. In patients with a poor collateralization, CD44 expression 
was significantly decreased. These data showed that indeed expression differences 
can be detected between patients with either a poor or a well developed collateral 
circulation. This led to the design of a large RNA expression analysis study in 
patients. In a first cohort of 50 patients, CFI was measured and the group was 
divided into collateral responders and nonresponders. Blood samples were taken 
and genome-wide mRNA expression analysis was performed on monocytes. 
244 differentially expressed genes were identified in stimulated monocytes. In 
the group of nonresponders, interferon-beta (IFN-beta) and other IFN-related 
genes demonstrated increased mRNA levels, linking IFN-beta to a hampered 
arteriogenic response. To validate the resulting hypothesis that IFN-beta attenuates 
arteriogenesis, perfusion was measured in a murine hindlimb model after ligation 
of the femoral artery. Significantly reduced arteriogenesis was displayed in mice 
treated with IFN-beta compared to controls. Furthermore, IFN-beta-receptor-1 
knockout mice showed significantly better restoration of perfusion in the hindlimb 1 
week after ligation compared to control mice in another study using microspheres. 
Finally, in an independent cohort of 50 patients with coronary total occlusion, again 
IFN-beta was strongly enriched in gene expression analysis 72. 
At the same time Meier et al. performed a whole genome-analysis, using a larger 
population and also including subjects without coronary artery disease. They found 
differential expression of 203 genes which were involved in integrin, platelet-
derived growth factor and transforming growth factor beta-signalling 73. In a cohort 
of 226 patients (84 with and 142 without visible collaterals) nine single nucleotide 
polymorphisms (SNPs) were identified which potentially have effects on collateral 
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formation 74. These SNPs reflected genes involved in inflammation. Another 
factor that was recently distilled from patient data and experimentally validated 
is galectin-2. This factor is also overexpressed in patients with poor collateral 
arteries and exogenous application of this factor leads to a strong reduction in the 
arteriogenic response in the murine hindlimb model 75.

Discussion

The large variation between and within species in both the pre-existing coronary 
collateral circulation as well as the arteriogenic response upon arterial occlusion 
strongly suggests that innate genetic factors are at stake, besides environmental 
factors. These differences can have strong implications for the choice of an 
experimental model. For example, when trying to induce collateral artery growth it 
is more appropriate to use a model of a relatively low innate arteriogenic response 
since otherwise it will be difficult to supersede this with a pharmacological 
compound. In more mechanistic studies, when searching for factors that hamper 
collateral arteriogenesis, the opposite is true. Which model best mimics the 
clinical situation is difficult to tell since patients are very heterogenic, sometimes 
approaching pigs and sometimes come closer to dogs regarding the collateral 
circulation. Interestingly, properties of the collateral circulation are consistent 
within different organ systems. That is, if the arteriogenic response is low in the 
coronary circulation, it is also low in the peripheral or the cerebral circulation. This 
notion is of clinical importance, although validation from patient databases (for 
example showing an association between cerebral and myocardial infarct size) are 
to the best of our knowledge not available. 
Also interesting is the fact that the capacity of the pre-existing collateral network 
does not always seem to relate to the arteriogenic response. Thus, different innate 
factors seem to be at stake for these two processes. Another important message is 
that not only the rate of proliferation determines the final capacity of the collateral 
circulation but also the morphological characteristics (large calibre capillaries versus 
true arterial connections) of the vasculature. Thus, it is not only a matter of quantity 
but also of quality. 
Recently, state-of-the art genomic and proteomic technologies identified several 
candidate genes responsible for the arteriogenic heterogeneity in patients. Given 
the complex multigenetic and lifestyle confounded nature of arteriogenesis, such 
genome wide technologies, combined with systems biology expectedly will propel 
the arteriogenic field into a new era of progress towards clinical application.
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A 46-year-old man was referred for analysis of recurrent anginal symptoms. 
Exercise testing showed moderate ST-depression in anterior leads. Transthoracic 
echocardiogram showed no wall motion abnormalities, valvular heart disease, or 
other structural abnormalities. Adenosine-stress H2

15O myocardial perfusion PET 
showed reversible perfusion defects in mid-ventricular anterior and anterolateral 
wall (Figure 1). Invasive coronary angiography displayed several coronary 
abnormalities (Figure 2 A and C). One coronary artery originated from the left sinus 
of Valsalva and after a short course in the anterior interventricular groove (as an left 
anterior descending coronary artery (LAD) and branching off septal perforators), 
made a U-turn and followed the course of left circumflex coronary artery towards 
the left atrioventricular groove. The distal LAD was replaced by a branch from the 
RV branch. The posterior descending coronary artery was interrupted and the 
distal part was formed by the same RV branch. Coronary computed tomography 

Figure 1. A: H2
15O myocardial perfusion PET images. B: Adenosine induced stress showed perfusion 

defects in the anterior and anterolateral wall extending to the apex. C: Relatively homogeneous 
perfusion in rest. Myocardial blood flow (MBF) in the left anterior descending artery (LAD) was 1.06 at 
rest and 1.63 during stress with a resulting coronary flow reserve (CFR) of 1.53. In the left circumflex 
artery (LCX) a MBF of 0.87 was measured at rest, 1.78 during stress and the CFR was 1.83. In the right 
coronary artery (RCA), MBF was 0.93 at rest, 2.26 during stress and the CFR was 2.44.
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angiography (CCTA) showed no obliterated lumina and also no coronary calcifications, 
confirming the diagnosis of congenital atresia (Figure 2B and D; Figure 3). Fusion 
of PET and CCTA clearly related the atresias to a large territory of hypoperfusion 
(Figure 4). Apparently, even in this time window of >40 years, angiogenesis (true 
neovascularization) did not lead to restoration of perfusion. This supports the 
notion that arteriogenesis, the enlargement of pre-existing anastomoses, is the 

Figure 2. Invasive coronary angiography (A and C) showed several coronary abnormalities and CCTA 
(B and D) confirmed the existence of three coronary atresias. The LAD was interrupted at a proximal 
position and replaced at the distal location by a branch from the right ventricular branch. The mid 
portion of the LAD is completely absent. The LCX does not originate from the left main coronary artery 
but rather finds its origin in a branch from the LAD. The PDA was interrupted halfway and the distal 
part of the PDA was formed by the same right ventricular branch that also formed the distal part of 
the LAD.
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Figure 3. A CCTA was performed to differentiate between an acquired atherosclerotic chronic total 
occlusion (CTO) and a congenital atresia because of the onset of complaints at a very young age as 
well as the angiographic appearance. A: CCTA of the LAD of the patient as presented in this case in 
which the mid portion of the LAD is completely absent, with no identifiable remnants of an obliterated 
lumen. B: CCTA of the LAD of a patient with a chronic total occlusion with an obliterated lumen with 
severe calcifications.

prevailing mechanism to restore blood flow to hypoperfused myocardium. Surgical 
revascularization was not possible because there was no appropriate landing zone. 
Absence of true coronary stenoses excludes percutaneous revascularization. Our 
patient was discharged with anti-anginal treatment and cardiovascular lifestyle 
advices.
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Figure 4. Fusion image of PET and CCTA showing ischemia in the area with the atresia of the LAD.
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Abstract

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

The degree of collateral artery development influences the outcome after acute 
myocardial infarction and also in stable coronary artery disease patients with a 
well developed coronary collateral circulation show improved long-term survival1,2. 
Thus, the stimulation of arteriogenesis is of potential clinical benefit and there is 
an ongoing debate on the relationship between coronary collateral artery growth 
(arteriogenesis) and clinical parameters like age, diabetes and medication. 
However, a large heterogeneity exists in the arteriogenic response of patients with 
coronary artery disease (CAD) and only about one-third have a well-developed 
collateral circulation sufficient to prevent exertional ischemia3. To gain more insight 
into determinants of the arteriogenic response in CAD patients, several clinical and 
experimental studies investigated the relation between clinical factors and collateral 
artery development. However, all of these studies were conflicting with regard to 
age4-6, dyslipidemia7-9, diabetes10-12 and medication like statins13 and β-blockers14. In 
almost all these studies two important shortcomings hindered the interpretation 
of the data. In the first place, the degree of the collateral circulation was assessed 
in a semi-quantitative way using angiographic scores.  More importantly, patients 
included had various degrees of stenoses. It is well known that the degree of 
stenosis is a major determinant of the arteriogenic response15 and thus it has been 
a potential confounder in these studies. 
In the present study, we collected prospectively clinical data from patients with a 
chronic total occlusion (CTO). A CTO was defined by a total occlusion (>99% stenosis) 
of a coronary vessel for ≥ 3 months. In these CTO patients by definition degree 
of stenosis cannot be a confounder. Furthermore, in this cohort the arteriogenic 
response was assessed quantitatively by measuring the intracoronary derived 
collateral flow index (CFI). 

Methods

Patient population 
Prospectively collected data from three high volume percutaneous coronary 
intervention (PCI) centers, the Academic Medical Center (AMC) Amsterdam (the 
Netherlands), the University Hospital Bern (Switzerland) and the Friedrich-Schiller-
University (Germany), were pooled. A total of 48 patients with a CTO were included 
at the AMC 2, 62 patients at the University Hospital Bern16 and 185 patients at the 
Friedrich-Schiller-University. All patients had a 100% occlusion of a coronary artery. 
This analysis consisted of a collaborative patient level analysis.
Exclusion criteria were an acute (within 4 weeks) myocardial infarction (MI) and 
coronary artery bypass surgery. Several baseline clinical variables were assessed 
including angiographic and procedural characteristics. Clinical patient variables 
registered included age, gender, body mass index, hypertension, diabetes mellitus 
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Clinical demographics N=295 
Age [years] 61.1 ± 10.7 
Sex [female] 23.0% 
Body-mass index 27.6 ± 3.9 
Hypertension 68.0% 
Diabetes Mellitus 26.0% 
Family history of CAD 40.0% 
Dyslipidemia 69.0% 
Current smoker 29.0% 
Prior MI 53.0% 
Duration of AP [months] 3.5 [0.8 – 9.8] 
AP 97.0% 
EF  60.8 ± 17.4 
LVEDP 17.4 ± 7.6 
LAD target vessel 34.0% 
RCA target vessel 46.0% 
RCX target vessel 19.0% 
Heart rate pre procedure 67.1 ± 11.3 
Systolic blood pressure 138.8 ± 25.8 
Diastolic blood pressure 76.0 ± 12.6 
Medication [at admission] N=110 
Aspirin 86.0% 
β-blockers 68.0% 
Statins 63.0% 
Clopidogrel 42.0% 
Calcium channel blocker 20.0% 
Nitrates 45.0% 
ACE-inhibitors 38.0% 
Diuretics 18.0% 
Laboratory values N=110 
Hb [mmol/L] 8.7 ± 0.8 
K+ [mmol/L] 4.0 ± 0.3 
Creatinine [μg/L] 83.0 ± 24.0 
Leukocytes [109/L] 9.1 ± 3.5 
Glucose [mmol/L] 6.2 ± 1.4 
HbA1c [%] 6.2 ± 0.8 
Cholesterol [mmol/L] 4.9 ± 1.3 
LDL [mmol/L] 3.1 ± 1.3 
HDL [mmol/L] 1.3 ± 0.4 
Triglycerids [mmol/L] 1.9 ± 1.5 
 

ACE denotes  angiotensin-converting enzyme; AP, angina pectoris; CAD, coronary artery 
disease; EF, Ejection Fraction; Hb, hemoglobin; HbA1c, hemoglobin A1c; HDL, high density 
lipoprotein, K+, kalium; LDL, low density lipoprotein; MI, myocardial infarction; .LVEDP, Left 
Ventricle End Diastolic Pressure; RCX, Right Circumflex; RCA, Right Coronary Artery;  LAD, 
Left Anterior Descending

Table 1 Baseline characteristics of study population
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(DM), family history of CAD, dyslipidemia, smoking history, prior MI, duration of 
angina pectoris [months], left ventricular ejection fraction (LVEF), left ventricular 
end-diastolic pressure (LVEDP) and target vessel for PCI. In 2 out of 3 studies, data 
on medication pre-procedure and laboratory values were collected including Hb 
[mmol/L], K+ [mmol/L], creatinine [µg/L], leukocytes [109/L], glucose [mmol/L], 
HbA1c [%], cholesterol [mmol/L], LDL [mmol/L], HDL [mmol/L] and triglycerids 
[mmol/L]. 

Pressure and flow measurements
For the quantification of the capacity of the collateral circulation, 
intracoronary pressure measurements were performed during elective PCI. 
This parameter has been used in several studies to assess quantitatively the 
collateral circulation and it predicts morbidity and long-term mortality15, 17-19.  
The pressure-derived CFIp is calculated from the mean aortic pressure (Pao), the 
pressure distal of the coronary occlusion (Pd) and the central venous pressure 
(CVP); CFI = (Pd – CVP/ Pao – CVP)16. Pd is measured using an intracoronary pressure 
wire (Volcano corp, USA or St Jude Medical, USA). Pao is measured through the 
fluid-filled guiding catheter. In the AMC Amsterdam CVP was estimated at 5 mm Hg. 
In Bern and Jena the CVP was measured consistently via the femoral vein. 

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

Results

The baseline characteristics for the complete patient cohort are displayed in 
Table 1. Our study population consisted for 77 percent of males and 26 percent 
of the population was diabetic. Fifty three percent of the patients experienced a 
prior myocardial infarction and 68 percent of the population was hypertensive. 
Furthermore the average age was 61 ± 11 and 68 percent used β-blockers. The 
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median duration of Angina pectoris (AP) was 3.5 [0.8 – 9.8] months in the whole 
population, and 97% of the patients experienced AP. 
Mean CFI in our study population was 0.39 ± 0.14 (see Figure 1). After univariate 
analysis, diabetes, prior MI and diastolic blood pressure were significantly associated 
with CFI.
After multivariate analysis, hypertension and duration of AP showed a positive 
association with CFI (respectively, B=0.040, SE=0.02, p=0.042 and B=0.001, SE=0.000, 
p=0.02). Prior MI and diastolic blood pressure remained negatively associated with 
CFI (respectively, B=-0.04, SE=0.02, p=0.03 and B=-0.002, SE=0.001, p=0.011). (table 
2).  The mean CFI values for patients divided according to these parameters are 
depicted in Figure 2.
In a subpopulation of 110 patients, a separate analysis was performed which 
included medication and laboratory values (see Table 2). In univariate analysis the 
number of leukocytes, glucose and β-blocker use were significantly associated with 
CFI.
After multivariate analysis, β-blockers remained positively associated with CFI 
(B=0.07, SE=0.03, p=0.02). High leukocyte values remained negatively associated 
CFI (B=-0.01, SE=0.005, p=0.03).

Discussion

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

Figure 1. Distribution of CFI values of the entire population (N=295). The mean CFI of the entire 
population was 0.39 ± 0.14.
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Influence of diameter stenosis on development of collateral circulation
Pressure gradient over the collateral circulation is a major stimulus for arteriogenesis. 
The pressure gradient across the collateral coronary circulation is dependent on the 
severity of the stenosis. Pohl et al. measured intracoronary pressures in 450 patients 
with CAD during PCI. After multivariate analysis the severity of stenosis remained 
an independent predictor of  CFI15. Previous studies also showed such correlation 
between degree of stenosis and collateral development 20 or  the pressure gradient 
across the collateral coronary circulation and the angiographic development of the 
collateral circulation 21. Also a strong correlation between degree of stenosis and 
angiographic appearance of the collateral circulation has been reported. 22-24. 

Angiographic assessment versus CFI
Different methods are used to quantify the coronary collateral circulation. In the 
past, only angiographic methods have been used to measure the extent of the human 
coronary collateral circulation25. The Rentrop-score is not very useful in patients 
with a true CTO that in the vast majority have either a Rentrop 2 or 3 grade and 
therefore methods have been introduced incorporating diameter of the collateral 
vessels 26. Several other studies also investigated collateral flow assessment using a 
Doppler wire as compared to angiographically measured collateral flow 27-30. 
CFI is closely correlated to signs of ischemia on a intracoronary electrocardiogram 
(ECG) or angina pectoris during coronary occlusion by balloon inflation 19 and is 
considered the gold standard to assess the capacity of the coronary collateral 
circulation. 31.

Clinical parameters and traditional risk factors associated with development of 
the collateral circulation
In the past, several clinical parameters were found to be associated with the 
development of the collateral circulation. To investigate the role of aging in collateral 
formation, 102 patients with an acutely occluded coronary artery were observed. 
Collateral formation was quantified by coronary cineangiography and patients were 
divided into two groups based on their age ( ≤ 64 years and ≥ 65 years). Conclusion 
was that aging is a major determinant of arteriogensis and a well-developed 
collateral formation is more present in patients with a younger age5. Kurotobi et al. 
also found that aging was negatively associated arteriogenesis6. Faber et al showed 
collateral rarefaction in aging mice, corroborating these clinical data. In our study 
however we could not confirm the association between higher age and a poor 
developed collateral circulation in patients with CTO. 
In different experimental animal studies dyslipidemia, respectively 
hypercholesterolemia, was shown to be an inhibitor of arteriogenesis7, 9. In contrast, 
Kornowski et al. compared clinical variables with collateral formation in patients 
with chronic total coronary occlusion and found that hypercholesterolemia is more 
frequently present in patients with more angiographic collaterals8. Following these 
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results, a study in CTO patients by Kilian et al showed that hyperlipidemia was 
associated with better developed collaterals, by using angiography to grade the 
collateral flow32. However, in true CTO patients the angiographic collateral grade is 
almost always Rentrop 3, making this a suboptimal way to measure the extent of the 
collateral circulation. In our study, no association with documented hyperlipidemia 
or actual cholesterol level was found.
In a study among diabetic patients who underwent coronary angiography, Abaci et 
al. found that DM is negatively associated with the development of collaterals, also 
using the Rentrop score10. In the above mentioned study of Kilian et al. diabetes 
was also an independent predictor of poorly developed collateral circulation32. In 
contrast to these results, another study showed, in 100 diabetic patients- and 100 
control patients, no difference in CFI 11.  Another study reported increased levels 
of endostatin and angiostatin in diabetic as compared to non-diabetic patients 
scheduled for coronary bypass operation. The increased levels of endostatin and 
angiogastatin negatively correlated to coronary collateral formation. However, 
collateral formation was assessed using a modified Rentrop score (without occlusion 
of the recipient artery) and no data were presented on the extent and severity of 
coronary disease in diabetic versus non-diabetic patients33. 
A study among Chinese patients also showed a significant negative correlation 
between collateral formation and the presence of DM 34. In patients with prediabetes 
fasting glucose was a independent predictor of coronary collateral formation 35. 
Unfortunately, the same limitations as mentioned above apply to these two studies.
In our study we found a positive correlation for both glucose levels as well as presence 
of DM. These correlations were no longer observed after multivariate analysis. 
Kyriakides et al.36 investigated the role of hypertension in collateral formation and 
found that well-developed collaterals are more frequently found in hypertensive 
patients than in non-hypertensive patients. This can possibly be explained by the 
hypothesis that high blood pressure provides more pressure in the coronary arteries 
and pressure is one of the main opponents that are required to form collaterals. 
We could confirm this positive association between hypertension and the coronary 
collateral circulation. 

Influence of medication on development of collateral circulation
Medication may also affect arteriogenesis. Kureishi et al. found in rabbits with 
normal cholesterol levels that simvastatin inhibits apoptosis and stimulates new 
vessel formation in an ischemic hindlimb model37. In two clinical studies, statin 
treatment was found to be associated with a well-developed coronary collateral 
circulation, again using the Rentrop method13 38. We did not see an association 
between statin-use and CFI, neither univariate nor multivariate.
In dogs in which the LAD was occluded, collateral blood flow was not affected by 
metoprolol39. Asanuma et al. found an increase in coronary blood flow after occlusion 
of the LAD in dogs and carvedilol treatment40. In rats propranolol improved collateral 
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Clinical demographics 
(N=295) 

Univariate* Multivariate 
β SE p-value β SE P-value 

Age [years] -1.2 . 10-4 0.001 0.88 - - - 
Sex 0.016 0.019 0.41 - - - 
Body-mass index 3.9 . 10-4 0.002 0.85 - - - 
Hypertension* 0.032 0.017 0.06 0.040 0.02 0.04 
Diabetes Mellitus* 0.049 0.018 0.006 - - - 
Family history of CAD -0.022 0.030 0.47 - - - 
Dyslipidemia 0.019 0.017 0.27 - - - 
Current smoker -0.008 0.018 0.64 - - - 
Prior MI* -0.039 0.016 0.02 -0.04 0.02 0.03 
Duration of AP [months]* 4.3 . 10-4 0.000 0.08 0.0005 0.0002 0.02 
EF (in%)* 0.001 0.001 0.06 - - - 
LVEDP -6.19 . 10-5 0.001 0.96 - - - 
LAD -0.007 0.031 0.81 - - - 
RCA 0.001 0.030 0.98 - - - 
RCX 0.023 0.037 0.53 - - - 
Heart rate pre procedure 0.001 0.001 0.28 - - - 
Systolic bloodpressure -2.4 . 10-4 0.000 0.43 - - - 
Diastolic bloodpressure* -0.001 0.001 0.03 -0.002 0.001 0.003 
Laboratory values  
(N=110) 
Hb [mmol/L] -0.001 0.017 0.98 - - - 
Creatinine [μg/L] -2.3 . 10-4 0.001 0.49 - - - 
Leukocytes [109/L]* -0.01 0.005 0.02 -0.01 0.005 0.03 
Glucose [mmol/L]* 0.022 0.010 0.04 - - - 
HbA1c [%] 0.015 0.021 0.48 - - - 
Cholesterol [mmol/L] -0.006 0.012 0.64 - - - 
LDL [mmol/L] -0.010 0.012 0.41 - - - 
HDL [mmol/L] -0.002 0.039 0.96 - - - 
Triglycerids [mmol/L] 0.008 0.010 0.41 - - - 
Medication [at admission] 
(N=110) 
Aspirin* 0.072 0.043 0.09 - - - 
β-blockers* 0.073 0.032 0.02 0.07 0.03 0.02 
Statins -0.015 0.031 0.64 - - - 
Clopidogrel -0.030 0.030 0.32 - - - 
Calcium channel blocker -0.041 0.038 0.29 - - - 
Nitrates -0.011 0.030 0.72 - - - 
ACE-inhibitors -0.022 0.031 0.47 - - - 
Diuretics -0.004 0.040 0.92 - - - 
*Variables were entered in multivariate analysis when univariate analysis p-value was ≤  0.10.  

 ACE-inhibitors, angiotensin-converting enzyme; AP, angina pectoris; CAD, coronary artery disease; 
Hb, hemoglobin; HbA1c, hemoglobin A1c; HDL, high density lipoprotein, K+, kalium; LDL, low density 
lipoprotein; MI, myocardial infarction.

Table  2  Univariate and multivariate analysis of clinical demogaphics, medication 
use and laboratory values and the association with CFI
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flow  upon arginine vasopressin, when administered acutely and reduced this effect 
when administered chronically41. In patients, Billinger et al42 found that metoprolol 
acutely led to a decrease in coronary collateral flow. Similar results were found 
after intracoronary infusion of propranolol 14. Togni et al.  investigated the effect 
of Nebivolol on collateral flow in 8 patients with CAD and also found a decrease 
in CFI 43. This is in contrast to our observation that betablocker use is positively 
associated with CFI. A possible explanation is the fact that above mentioned 
studies investigated the instantaneous effect of intracoronary or intravenously 
administered β-blockers on collateral flow rather than the effects of chronic 
β-blocker treatment. Our findings are in line with two clinical studies showing that 
a low heart rate is positively associated with collateral artery development 31 44. A 
low heart rate possibly improves fluid shear stress at the endothelial wall, which 
stimulates coronary collateral growth. Above mentioned is also in line with a study 
that shows the positive effects of ivabradine on arteriogenesis in mice45. Ivabradine 
is a If-channel inhibitor that causes a decrease in heart rate.
Another mechanism by which β-blockers could induce arteriogenesis is the 
counteraction on catecholamines, which are important mediators of the 
inflammatory response. Monocytes are affected by adrenalin and noradrenalin 
through activation of β1 receptors, generating an cAMP signal through activation of 
adenylate cyclase, leading to stimulation of PKA. Previously, it has been shown that 
several agents stimulating a cAMP response inhibit LPS-induced proinflammatory 
cytokine secretion by monocytes and increase the expression of the anti-

Figure 2. The mean absolute CFI values of patients: using beta-blockers, not using beta-blockers, of 
patients with AP (short duration AP is ≤ 13,2 and long duration AP > 13,2), of patients with and without 
beta-blockers, of patients with and without a prior MI and of patients with low- and high leukocyte 
values (low leukocyte values is ≤ 8,2 and high leukocyte values is > 8,2). 
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inflammatory cytokine IL-10 in vitro46, 47. Also in vivo, adrenalin inhibits TNFα and 
potentiates IL-10 production 48. As a result of decreased TNFα and increased IL-10 
production49, noradrenaline, also acting via β1 receptors, inhibits IL-1β production48.  
Both IL-1β and TNFα are associated with arterial remodelling50 and IL-1β-deficient 
mice show reduced restoration of  perfusion after femoral artery ligation 51. Systemic 
blockage of β receptors may therefore prevent the anti-arteriogenic action of 
catecholamines and promote the capacity of monocytes/macrophages to increase 
arterial remodelling.

Influence of angina pectoris on development of collateral circulation
It was previously shown that duration of AP is significantly associated with collateral 
artery development 20. In another study 105 patients underwent angiography during 
balloon occlusion. Different clinical and angiographic variables were analysed and 
compared to the development of collateral vessels and again duration of angina 
pectoris was positively associated with the presence of collaterals21. Cohen et al. 
did not found a correlation between collaterals shown angiographical and the 
duration of AP. This might be due to the fact that some patients in their study had 
experienced ‘’silent ischemia’’52. In our study, we also found a positive association 
between duration of AP and CFI. Interestingly, the vast majority of patients had a 
CFI well above 0.25. In patients with non-occlusive coronary artery disease this cut-
off is associated with absence of AP during balloon occlusion. Apparently this cut-
off does not preclude exertional angina in patients with a chronic total occlusion. 

Influence of leukocytes on collateral artery development
It is well known that circulating leukocytes play a major role in the development of 
collaterals3, 53, 54. Kocaman et al. found higher leukocyte values in patients with a well 
developed collateral circulation based on angiographic appearance and in non-total 
occlusions.55. In our study, leukocyte values were higher in patients with a poorly 
developed collateral circulation. We did not look at leukocyte differentiation counts 
nor did we characterize monocytes in order to look for different phenotypes of the 
monocyte population. It has been claimed that M1 monocytes display characteristics 
that inhibit arteriogenesis whereas M2 monocytes stimulate arteriogenesis56.

Conclusion

In CTOs, collaterals provide an average of 39% of the blood flow, which would 
be derived from a non-obstructed native coronary artery. In this large unique 
cohort of CTO patients, the use of β blockers was associated with well-developed 
collaterals, which does not prove causality, but indicates that this therapy could 
be an especially useful anti-ischaemic therapy in patients with CTO. Furthermore, 
low serum leucocytes and low diastolic blood pressure were associated with well-
developed collaterals. 
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As shown in earlier studies, we also found that previous MI was associated with 
a low arteriogenic response. In contrast, hypertension and duration of AP were 
associated with enhanced collateral formation. We found that factors such as age, 
hyperlipidaemia or diabetes were not associated with the development of the 
collateral circulation.

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

Aim: Interferon-beta (IFNβ) signaling is increased in patients with insufficient 
coronary collateral growth (i.e. arteriogenesis) and IFNβ hampers arteriogenesis 
in mice. A downside of most pro-arteriogenic agents investigated in the past, 
has been their pro-atherosclerotic properties, rendering them unsuitable for 
therapeutic application. Interestingly, type I interferons have also been identified 
as pro-atherosclerotic cytokines and IFNβ treatment increases plaque formation 
and accumulation of macrophages. We therefore hypothesized that monoclonal 
antibody therapy to inhibit IFNβ signaling, would stimulate arteriogenesis and 
simultaneously attenuate -rather than aggravate- atherosclerosis. 
Methods and Results: In a murine hindlimb-ischemia model, atherosclerotic 
low-density lipoprotein receptor knockout (LDLR-/-) mice were treated during a 
4-week period with blocking monoclonal antibodies (MAbs) specific for mouse 
Interferon-α/β Receptor subunit 1 (IFNAR1) or murine IgG isotype as control. The 
arteriogenic response was quantified using laser Doppler perfusion imaging (LDPI) 
as well as immunohistochemistry. Effects on atherosclerosis were determined by 
quantification of plaque area and analysis of plaque composition. Downstream 
targets of IFNβ were assessed by real time polymerase chain reaction (RT-PCR) in 
the aortic arch. Hindlimb perfusion restoration after femoral artery ligation was 
improved in mice treated with anti-IFNAR1 compared to controls as assessed by 
LDPI. This was accompanied by a decrease in CXCL10 expression in the IFNAR1 MAb 
treated group. Anti-IFNAR1 treatment reduced plaque apoptosis without affecting 
total plaque area or other general plaque composition parameters. Results were 
confirmed in a short term model and in Apolipoprotein E (APOE)-/- mice.
Conclusion: Monoclonal anti-IFNAR1 therapy during a 4-week treatment period 
stimulates collateral artery growth in mice and did not enhance atherosclerotic 
burden. This is the first reported successful strategy using monoclonal antibodies 
to stimulate arteriogenesis.

Proefschrift Paul Teunissen_151027.indd   228 27-10-2015   19:28:16



229

11

Anti-IFNAR1 stimulates arteriogenesis without enhancing atherosclerotic burden 

Introduction

Arteriogenesis is a natural mechanism to restore obstructed blood flow by 
remodeling of small, pre-existing collateral arterioles1. In both the coronary as 
well as the peripheral circulation numerous interarterial connections are present 
between the different vascular territories2. Through arteriogenesis a circulatory 
system arises that bypasses arterial occlusions. In days to weeks after an acute 
occlusion, full arterial function can be restored by arteriogenesis3. In the presence of 
a sufficient collateral network, symptoms of ischemia and the extent of myocardial 
infarction are reduced 4, 5. Patients with coronary artery disease (CAD) show a 
large heterogeneity in their arteriogenic response upon coronary obstruction. 
In a previous study we found upregulation of interferon-beta (IFNβ) signaling in 
patients with poor coronary collateral development6, leading to the hypothesis that 
IFNβ has anti-arteriogenic effects. Indeed, mice treated with IFNβ demonstrate 
inhibition of collateral artery growth and mice with a genetic deletion of the 
Interferon-α/β Receptor subunit 1 (IFNAR1) show accelerated arteriogenesis7. 
Thus, blockade of IFNβ signaling is a potential therapeutic target for stimulation of 
arteriogenesis. Interestingly, interfering with IFNβ might also have a beneficial effect 
on atherosclerosis. A downside of most pro-arteriogenic agents investigated in the 
past, has been their pro-atherosclerotic properties, rendering them unsuitable 
for therapeutic application8. In mouse models of atherosclerosis, IFNβ treatment 
accelerated lesion formation and macrophage accumulation in plaques whereas 
in mice lacking myeloid IFNAR1, atherosclerosis was attenuated, with a decreased 
accumulation of macrophages and a reduction in plaque cell death9. We hypothesized 
that blocking IFNβ signaling with antibody therapy has a two-ways beneficial effect 
in the treatment of coronary artery disease; stimulating arteriogenesis while at the 
same time inhibiting atherosclerosis development. Therefore, in a LDLR-/- murine 
model we determined the long-term effects of IFNAR1 MAbs on arteriogenesis 
as measured by LDPI as well as the effects on plaque composition as determined 
by immunohistochemistry. An APOE-/- model with very advanced atherosclerotic 
disease was used as a confirmatory model. Also, we determined the effects of 
IFNAR1 MAbs on macrophage polarization and expression of IFNβ downstream 
targets in hindlimb tissue.

Methods

Selection of antibody 
We analyzed the neutralizing capacities of three antibodies in an IFN-activity assay. 
RAW-264.7 cells (murine monocyte-macrophage cell line; American Type Culture 
Collection, Bethesda, MD) were cultured at a density of 2x106 cells/ml in DMEM 
(Invitrogen, Bleiswijk, Netherlands), supplemented with 10% heat-inactivated fetal 
bovine serum (iFBS; Lonza, Breda, Netherlands), and 1000 Units/ml penicillin/
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streptomycin (Lonza). Graded concentrations of mouse IFNβ (PBL Interferonsource, 
Piscataway, NJ, USA) were used to stimulate the cells as indicated. We tested the 
capacity of the antibodies to inhibit IFNβ activity at a concentration of 2 µg/ml for 
each antibody; rat anti-mouse IFNβ, clone 7D3 (Abcam, Cambridge, UK), rat anti-
mouse IFNβ clone RMMB-1 (PBL Interferonsource) and mouse anti-mouse IFNAR1/
CD118, clone MAR1-5A3 (Leinco technologies, St. Louis, MO, USA). After 24 hours 
of culture, total RNA was isolated from the RAW cells using the RNeasy Mini Kit 
(Qiagen), according to the manufacturer’s protocol. IFN-response gene expression 
was quantified by real-time polymerase chain reaction (real-time PCR). In brief, RNA 
was reversed transcribed into cDNA, using the RevertAid H Minus First Strand cDNA 
Synthesis Kit (Fermentas, St. Leon-Rot, Germany). Quantification was performed 
using TaqMan Universal PCR Master Mix (Invitrogen Life Technologies, Bleiswijk, the 
Netherlands) with SYBR green (Invitrogen Life Technologies) as a detection agent 
on an ABI Prism 7900HT Fast Real-Time PCR System. mRNA expression levels of  
the IFN-response gene MX1 was calculated using an arbitrary standard curve and 
normalized to the amount of HPRT and GAPDH gene transcripts.

Primary animal experiments in LDLR-/- mice
Experiments were approved by the Institutional Animal Experimental committee 
that conforms to the Guide for the Care and use of Laboratory Animals published 
by the US National Institutes of Health (NIH Publication, 8th edition, revised 2011). 
Female C57Bl/6 LDL receptor knockouts (LDLR-/-) were house bred and backcrossed 
ten times. At 10 weeks old, they were fed with a high fat diet (0.15% cholesterol, 
16% fat, Arie Blok Inc., the Netherlands) for 2 months. A total of 32 LDLR-/- mice were 
divided into a group of 16 mice receiving antibody treatment and 16 control mice. 
Mice were anesthetized by intraperitoneal (i.p.) injection of dexmedetomidine 
(1.0 mg/kg, Orion) and ketamine (70.0 mg/kg, Alfasan Pharma). Unilateral double 
ligation of the right femoral artery was performed as previously described10 and a 
sham operation, in which the femoral artery was dissected, was performed on the 
left side. Adequacy of the anesthesia and surgical tolerance was monitored by close 
observation and reflex response tests. After surgery, anesthesia was antagonized 
with i.p. injection of atipamezole (0.5 mg/kg, Orion) and to minimize pain caused 
by surgical procedures, buprenorphine (2.0 mg/kg, MSD Animal Health) was 
administered subcutaneously. After ligation, the treatment group received an 
intraperitoneal injection with 2.0 mg of monoclonal antibodies specific for mouse 
Interferon-α/β Receptor subunit 1 (IFNAR1)11 (MAR-1 5A3 MAb, Leinco Technologies 
Inc., St. Louis, Missouri, USA) and control mice were injected intraperitoneally with 
2.0 mg murine IgG isotype control (Leinco Technologies Inc, St Louis, Missouri, USA). 
During a 4-week period, in which the high-fat diet was continued, treatment and 
placebo were continued twice weekly with 0.2 mg IFNAR1 MAbs and IgG isotype 
respectively. 
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Laser Doppler Perfusion Imaging
Hindlimb perfusion was measured using laser Doppler perfusion imaging (LDPI) 
(MoorLDI2, Moor Instruments, Devon, United Kingdom). LDPI was performed 
under anesthesia directly before and after femoral artery ligation, as well as at 2, 
7, 14 and 28 days following ligation. Mice were anesthetized by i.p. injection of 
dexmedetomidine (1.0 mg/kg, Orion) and ketamine (70.0 mg/kg, Alfasan Pharma). 
Excess hair from the hindlimb was removed using depilatory cream and mice were 
placed on a heating plate to minimize temperature variation. After LDPI, anesthesia 
was antagonized with atipamezole (0.5 mg/kg, Orion). Dedicated software was 
used to quantify tissue perfusion. To account for variables such as ambient light, 
temperature and experimental procedures, perfusion was calculated in the foot and 
expressed as a ratio of right (ischemic) to left (nonischemic) hindlimb as previously 
described12-15. 

Histological analysis of arteriogenesis and angiogenesis
At day 28 after operation, adductor muscles were harvested. For the detection 
of smooth muscle cells, frozen tissue sections (5 µm) were stained for smooth 
muscle actin (Rabbit Anti-Mouse alpha Smooth Muscle Actin antibody, α-SMA, 
Abcam, Cambridge, UK, 1:100). The antibody for CD31 (Pecam-1, M-20, Santa Cruz 
Biotechnology, UK, 1:100) was used for the detection of capillaries. Nuclei were 
stained with 1:50000 Hoechst (Molecular Probe, Bleiswijk, Netherlands). Images 
of stained sections were made with the Leica DM6000 fluorescence microscope 
using a 20x objective. All analyses were done by two blinded observers using LAS AF 
Lite software (Leica microsystems, IL, USA) and quantification was performed using 
ImageJ 1.46 (National Institutes of Health, USA).

Mouse blood parameters
Blood was withdrawn via tail vein incision at three time-points: before start of the 
diet, before start of treatment and right before sacrifice. Plasma cholesterol and 
triglyceride levels were measured according to the manufacturer’s protocol (Roche, 
Woerden, The Netherlands) and relative blood leukocyte counts were determined 
using the Scil Vet abc Plus analyzer (Scil animal care company BV, Oostelbeers, The 
Netherlands). 

Atherosclerotic lesion analysis
Mice were sacrificed for tissue isolation and further analysis after LDPI scanning 
at 28 days following ligation, whilst under anesthesia, by cervical dislocation. 
Following sacrifice of the animals, the heart was dissected, frozen in Tissue-Tek 
(Sakura Finetek Europe BV, Alphen aan de Rijn, The Netherlands) and subsequently 
cut into sections of 7 µm. Serial cross-sections of every 42 µm were stained with 
toluidin blue and images were obtained using the Leica DM3000 microscope (5x). 
Necrosis was also measured on the toluidin blue stained slides and was identified 
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by the presence of pyknosis, karyorrhexis or by the complete absence of nuclei. To 
measure collagen, slides were air dried, fixed in 10% formalin, washed and then 
incubated for 5 minutes in 0.2% PMA.  Hereafter, slides were incubated for 30 
minutes in 0.05% Sirius Red (direct red 80; Sigma, Zwijndrecht, The Netherlands), 
which was diluted in saturated picric acid. The slides were then rinsed with 0.01N 
HCl, followed by an incubation period of 5 minutes in this solution. Next the slides 
were rinsed in a series of 70, 90, 96 and 100% ethanol followed by 2x3 minutes of 
xylene. Quantification of plaque size from the sections stained by Sirius red staining 
was performed using Adobe Photoshop software.
For immunohistochemistry, lesions from the aortic root were air dried, fixed in 
acetone and blocked with the Avidin/Biotin Blocking Kit (all immunohistologic kits 
are from Vector Laboratories, Burlingame, USA, SP-2001). During the second phase 
of blocking, the slides were incubated with the primary antibody; 1:4000 MOMA-
2 (macrophages, AbD Serotec, Uden, The Netherlands, 1:400 NIMP (neutrophils, 
gift from P. Heeringa), 1:250 KT3 (CD3, T cells, AbD Serotec) and 1:1000 rabbit-a-
cleaved-caspase-3 (apoptosis, Cell Signaling, Leiden, The Netherlands). Slides were 
then washed 3x with PBS and incubated for 60 min with a 1:300 biotin labeled 
rabbit-anti-rat antibody (Dako, Hervelee, Belgium) or polyvision anti-rabbit-HRP 
(Immunologic, Duiven, the Netherlands) for cleaved caspase-3. Hereafter, the 
signal was amplified using the ABC kit (except for the cleaved caspase-3 staining). 
Slides were washed three times with PBS and then stained using different AEC 
kits for MOMA-2, KT3 and cleaved caspase-3 respectively, and using Novared for 
NIMP. Quantification of KT3, NIMP and cleaved caspase-3 was performed manually, 
whereas MOMA-2 staining was quantified using Adobe Photoshop software.

Real Time-PCR
Total RNA from snap-frozen aortic arches was isolated using the Qiagen RNeasy 
Mini Kit (Qiagen, Venlo, the Netherlands). cDNA synthesis was then performed 
using 500 ng of RNA with the iScript cDNA synthesis kit (BioRad, Veenendaal, 
The Netherlands).  Real-time PCR was performed for several pro-inflammatory 
cytokines and chemokines, and IFNβ downstream target genes using 2 ng of cDNA, 
300 nM of each primer and 300 nmol/l Fast SYBR Green master mix (Invitrogen 
Life Technologies) in a total volume of 20 µl. Forty amplification cycles were 
performed after which fluorescence was analyzed using a computer-based imaging 
system (ViiA 7 Real-Time PCR system, Invitrogen Life Technologies, Bleiswijk, The 
Netherlands). All gene expression levels were corrected for ARBP and cyclophilin A 
as housekeeping genes. 

Effect of treatment at early time-point
To investigate the effects of our treatment on arteriogenesis and angiogenesis, 
macrophage polarization, other target cells and systemic inflammation at an early 
time-point, we repeated our experiments in a 2-day model. 12 female LDL receptor 
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knockouts were treated (6 received antibody treatment and 6 served as controls) for 
2 days following femoral artery ligation. Anesthesia, surgical procedures including 
monitoring, and postoperative analgesia were performed according to the protocol 
of the other experiments. Mice were sacrificed after 2 days for tissue harvesting 
and further analysis. 

Histological analysis of arteriogenesis, macrophages and angiogenesis
Frozen tissue sections (5 µm) of the adductor muscle were stained in order to 
identify vessels and differentiate between M1- and M2-macrophages. Slides were 
fixed in dehydrated acetone for 10 minutes (min). Next, slides were blocked in 
PBS/1%BSA and 10% normal mouse serum. Slides were then incubated with 1:80 
primary Rat Anti-Mouse F4/80 antibody (AbdSerotec, Düsseldorf, Germany) for 60 
min followed by incubation with secondary antibody, Alexa Fluor 647 Goat Anti-Rat 
IgG (Molecular Probes, Bleiswijk, Netherlands). All slides were incubated overnight 
at 4°C with 1:100 primary antibody Rabbit Anti-Mouse alpha Smooth Muscle Actin 
antibody (α-SMA) (Abcam, Cambridge, UK) and with either 1:400 biotinylated Rat 
Anti-Mouse CD40 (α-CD40) (eBioscience, Vienna, Austria) or 1:50 biotinylated Rat 
Anti-Mouse Mannose Receptor (α-MR) (BioLegend, Cambridge, UK) for staining of 
M1 or M2 macrophages respectively. Slides were incubated with secondary antibody 
Alexa Fluor 488 Goat Anti-Rabbit IgG (Molecular Probes, Bleiswijk, Netherlands) for 
α-SMA and Streptavidin Alexa Fluor 555 (Molecular Probes, Bleiswijk, Netherlands) 
for α-CD40 and α-MR. Nuclei were stained with 1:50000 Hoechst (Molecular 
Probe, Bleiswijk, Netherlands). Angiogenesis was studied by CD31 staining and 
quantification of capillary density as described above. 

Blood parameters
Blood plasma was withdrawn following sacrifice to determine the effects of 
anti-IFNAR1 treatment on systemic inflammation. Using flow cytometry relative 
leukocyte numbers and M1 monocyte/macrophage markers on blood monocytes 
were determined. Blood monocytes were defined as CD45+CD11b+Ly6G- cells. Flow 
cytometry measurements were performed using a FACS Canto II with FACSDiva 
software (BD Biosciences, USA).

Animal experiments in APOE-/- mice
To confirm our results in a different model of atherosclerosis, animal experiments 
were repeated in 28 female C57Bl/6 Apolipoprotein E knockouts (APOE-/-) (Charles 
River Laboratories, France, B6.129P2-APOE/J) of which 14 received antibody 
treatment and 14 served as controls. Animals had severely advanced atherosclerosis, 
after being on a lipid rich diet for 6 months, being 9 months of age at the time of 
sacrifice. Anesthesia, surgical procedures including monitoring, and postoperative 
analgesia were performed according to the protocol of the LDLR-/- experiments. 
APOE-/- mice in the treatment group received an intraperitoneal injection with 2.5 
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mg of IFNAR1 antibody and control mice were injected intraperitoneally with 2.5 mg 
murine IgG isotype control. Antibody and IgG isotype were identical to the LDLR-/- 
experiments. Using methods described above, LDPI was performed before, directly 
after- as well as 2 and 7 days following ligation. Mice were sacrificed after 7 days 
for tissue harvesting and further analysis as in LDLR-/- experiments. Atherosclerotic 
lesion analysis was performed as in LDLR-/- animals. 

Histological analysis of arteriogenesis, macrophages and angiogenesis
Analysis of arteriogenesis and angiogenesis was performed on sections from calf 
muscle tissue. Macrophage analysis was performed on adductor muscle tissue. 
Protocols were used as described above. 

Downstream targets of IFN-beta in hindlimb tissue
Frozen tissue sections (8 µm) of the right adductor muscle and left adductor muscle 
were stained for CXCL10 en IL-27 expression. Slides were fixed in dehydrated acetone 
for 10 min and dried to air for 10 min. Slides were then rehydrated in EBSS/0.1% 
saponin (EBSS/sap) for 5 min followed by blocking with Avidin/Biotin Blocking Kit 
(Vector Laboratories, Burlingame, USA, SP-2001) for 15 min each and EBSS/0.1% 
saponin/1%block (EBSS/inc) with 10% normal mouse serum and 10% Normal Donkey 
Serum for 60 min. Slides were incubated overnight at 4°C with 10 µg/ml primary 
antibody Goat Anti-Mouse CXCL10 (Leinco, St. Louise, USA, I-236) or 10 µg/ml primary 
antibody Goat Anti-Mouse IL27 (R&D Systems, Minneapolis, USA, AF1834). After 
incubation, slides were washed 3x5 min with EBSS/sap and incubated for 60 minutes 
with Biotinylated Donkey Anti-Goat IgG (Jackson ImmunoResearch, Baltimore, USA, 
705-066-147) followed by Tyramide Signal Amplification (TSA-Kit #23, Molecular 
Probes/Invitrogen, T20933) including incubation with HRP-streptavidin for 90 
minutes followed by 3x5min washing with EBSS/sap and incubation with Alexa Fluor 
546 tyramide for 5 minutes. Next, slides were washed with 3x5 min EBSS/sap and 
stained for α-SMA and Hoechst as described above. Quantification of macrophages 
and arterial lumen area was performed as described above. CXCL10+ cells and IL-27+ 
cells were counted using ImageJ. Cell Fluorescence was measured in the vessel wall 
with correction for background staining and expressed in arbitrary units (AU). 

Real Time-PCR
Total RNA was isolated from adductor muscle according to the Trizol reagent protocol 
(Leiden University Medical Center, Leiden, the Netherlands). Total RNA was reverse-
transcribed with the Revert Aid H Minus First Strand cDNA Synthesis Kit (Thermo 
Scientific, Waltham, Massachusetts, USA). The resulting cDNA was amplified using 
5 nmol/L of each primer and 50 nmol/l Fast SYBR Green Master Mix (Invitrogen Life 
Technologies). Real-time PCR was performed as in the LDLR-/- protocol described 
above. 
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Statistical analysis
Results are presented as mean ± S.E.M. Significant differences between sample 
means were determined with an independent-samples t test for data with a normal 
distribution and a nonparametric Mann-Whitney U-test for data with a non-normal 
distribution using GraphPad Prism 5 (GraphPad Software Inc., California, USA). LDPI 
data were statistically evaluated using a repeated measurement ANOVA test. A 
value of p<0.05 was considered significant. 

Results

Selection of antibody
Three different antibodies were tested for their capacities to inhibit the activity 
of IFNβ; two monoclonal antibodies were directed against IFNβ, and one against 
the IFNAR1 (a common receptor chain for IFNα and IFNβ). We stimulated mouse 
macrophages with murine INFβ, and measured the expression of IFNβ-response 
gene MX1 as readout for IFNβ activity (Supplemental figure 1). All three antibodies 
effectively inhibited IFNβ activity. Because the IFNAR1 antibody showed the highest 
level of inhibition we selected this antibody for subsequent use in our in vivo 
experiments.

Primary animal experiments in LDLR-/- mice
To analyze the effect of anti-IFNAR1 treatment on both arteriogenesis and 
atherosclerosis we performed experiments in LDLR-/- mice that were subjected to 
femoral artery ligation. The study in LDLR-/- involved 4 weeks anti-IFNAR1 treatment 
in a setting of early atherosclerosis development. 3 control animals died during the 
surgical procedure and these animals were excluded from the analysis.

Laser Doppler Perfusion Imaging in LDLR-/- mice
Hindlimb perfusion restoration was significantly improved in anti-IFNAR1 treated 
animals compared to controls at 7, 14 and 28 days (control vs. treatment; day 7: 
23.6 ± 8.7% vs. 35.6 ± 16.5%, p= 0.03, day 14: 35.0 ± 12.3% vs. 51.4 ± 17.2%, p= 0.01, 
day 28: 54.0 ± 16.3% vs 71.5 ± 13.8%, p=0.01; ANOVA p=0.004) (Figure 1A and 1B). 
Notably, no signs of necrosis of the paws were detected in anti-IFNAR1- or control-
treated mice and the anti-IFNAR1 showed the same weight gain as the control mice 
(data not shown). 

Histological analysis of arteriogenesis and angiogenesis
Quantification of arterial lumen area in adductor muscle tissue by alpha-smooth 
muscle actin (SMA) staining showed no difference in arterial lumen area as a ratio 
of total section area after 4 weeks in treated LDLR-/- animals compared to controls 
(control vs. treatment: 0.37 ± 0.04 vs. 0.54 ± 0.09, p=0.20). Arterial lumen area 
was significantly larger on the ligated side compared to sham side in anti-IFNAR1-
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treated animals (0.54 ± 0.09 vs. 0.28 ± 0.07, p=0.04) (Figure 1C and 1D). Also, 
the number of arterioles per um2 was similar (control vs. treatment: 3.79∙10-6 ± 
5.14∙10-7 vs. 3.28∙10-6 ± 4.54∙10-7, p=0.46) (Supplemental figure 2A and 2B). Capillary 
density expressed in number of capillaries per mm2 was similar in treated animals 
compared to controls (control vs. treatment: 588.7 ± 23.0 vs. 632.7 ± 54.2, p=0.50) 
(Supplemental figure 2C).

Figure 1. Arteriogenesis in 4-week treated LDLR-/- mice. (A) Restoration of hindlimb perfusion in 
LDLR -/- mice after ligation of the femoral artery imaged by Laser Doppler Perfusion Imaging (LDPI). (B) 
4-week treatment of LDLR-/- mice with anti-IFNAR1 and follow-up with LDPI. Restoration of hindlimb 
perfusion was significantly improved in mice treated with anti-IFNAR1 compared to controls at 7, 14 
and 28 days after femoral artery ligation. (C) Quantification of arterial lumen area as a ratio of total 
section area in hindlimb tissue by alpha-smooth muscle actin (α-SMA) staining. (D) Representative 
immunofluorescence stainings (10x) for SMA from adductor muscle tissue. Shown are mean ± S.E.M. 
n=13-16/group.
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Atherosclerotic lesion analysis in LDLR-/- mice
Gene expression analyses of the aortic arches in the LDLR-/- mice demonstrated 
a decrease in IFNβ downstream target genes in the anti-IFNAR1 treated animals 
as compared to the controls following 4 weeks of treatment (STAT1 control vs. 
treatment: 1.00 ± 0.20 vs. 0.37 ± 0.04, p=0.02, CXCL10: 1.00 ± 0.21 vs. 0.54 ± 0.11, 
p=0.06, MX1: 1.00 ± 0.19 vs. 0.53 ± 0.15, p=0.07, MX2: 1.00 ± 0.02 vs. 0.93 ± 0.01, 
p=0.01) (Figure 2A). No effects of anti-IFNAR1 therapy on gene expression in aortic 
arches of typical pro-inflammatory cytokines, such as TNF, IL-1β and IL-6 could be 
observed (Figure 2B). Plasma cholesterol and triglyceride levels did also not differ 
between control and anti-IFNAR1 treated mice (Supplemental figure 3A and 3B). 
In addition, no effect of anti-IFNAR1 treatment on relative leukocyte subsets was 
observed (Supplemental figure 3C). Total atherosclerotic lesion area showed no 
difference between the controls and the treatment group after 4 weeks of treatment 
(Figure 3A and 3B). In addition, lesion distribution into early, moderate or severe 
lesions did not show a difference in plaque severity between control and anti-IFNAR1 
treated animals (Figure 3C). A more extensive immunohistochemical analysis of the 
aortic root demonstrated no differences in plaque phenotype, regarding collagen 
deposition, neutrophils and T-cells as related to the lesion area (Figure 3D-G). Also 
no difference was found in the amount of necrosis as a percentage of lesion area 
(Figure 3H).  However, a significant decrease in apoptosis was observed in the anti-
IFNAR1 treated mice (control vs. treatment: 0.16 ± 0.05 vs. 0.04 ± 0.01, p= 0.04) 
(Figure 4A and 4B). 
Further immunohistochemical analysis demonstrated a significant increase in 
the percentage of macrophage area in the lesions of anti-IFNAR1 treated animals 
(control vs. treatment: 43.0 ± 5.4% vs. 59.0 ± 3.5% of plaque area p=0.02) (Figure 

Figure 2. Systemic anti-IFNAR1 treatment blocks IFNβ signaling in vivo, but does not affect general 
inflammation in aortic arch of LDLR-/- mice. (A) Relative gene expression of IFNβ downstream target 
genes in aortic arches of LDLR -/- mice treated with anti-IFNAR1 and controls in the 4-week experiments. 
(B) Relative aortic arch gene expression of pro-inflammatory cytokines. Shown are mean ± S.E.M. 
n=13-16/group.
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4C and 4D). In addition, a trend towards an increased gene expression of the 
macrophage marker CD68 was present in the aortic arches of anti-IFNAR1 treated 
animals (control vs. treatment: 1.0 ± 0.2 vs. 1.5 ± 0.2, p=0.11), (Figure 4E). This 
points to an increased macrophage accumulation in the plaques of those animals. 
However, gene expression of M1 and M2 macrophage markers did not differ 
between control and anti-IFNAR1 treated animals (Figure 4F).

Effect of treatment at early time-point
Histological analysis of arteriogenesis, macrophages and angiogenesis
To assess early changes upon ligation we performed a short-term 2-day experiment. 
Quantification of arterial lumen area in calf tissue by alpha-smooth muscle actin 
(SMA) staining showed no difference in arterial lumen area as a ratio of total 

Figure 3. Systemic IFNAR1 blockade has no effect on atherosclerotic plaque size or phenotype.  
(A) Representative toluidin blue staining (5x) of aortic root tissue from controls and treated LDLR -/- 
mice. Scale bars represent 500 μm. (B) Quantification of lesion size in aortic root lesions. (C) Plaque 
severity score. (D) Representative Sirius red stained lesions (5x) from control and anti-IFNAR1 treated 
LDLR -/- mice. Scale bars represent 500 μm. (E) Quantification of collagen deposition in aortic root 
lesions. (F) Neutrophil and (G) T-cell counts in aortic root tissue from LDLR -/- mice following 4 weeks of 
control or anti-IFNAR1 treatment and (H) quantification of the necrotic core in the aortic root lesions. 
Shown are mean ± S.E.M. n=13-16/group.
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section area after 2 days in treated LDLR-/- animals compared to controls (control 
vs. treatment: 0.09 ± 0.03 vs. 0.17 ± 0.08, p=0.40) (Supplemental figure 4A). The 
number of arterioles per um2 was similar in calf tissue 2 days following ligation in 
treated animals and controls (control vs. treatment: 3.65∙10-6 ± 5.19∙10-7 vs. 2.69∙10-

6 ± 6.20∙10-7, p=0.26). Fewer arterioles  per um2 were found on ligated side when 
compared to sham side in anti-IFNAR1-treated animals (2.70 ± 0.62 vs. 4.84 ± 0.72, 
p=0.048) and controls (3.65 ± 0.52 vs. 5.44 ± 0.46, p=0.03) (Supplemental figure 
4B). Capillary density expressed in number of capillaries per mm2 in calf tissue after 
2 days was similar in treated animals compared to controls (control vs. treatment: 
762.7 ± 158.9 vs. 638.0 ± 92.3, p=0.52) (Supplemental figure 4C).
The mean number of surrounding macrophages per vessel in sections from hindlimb 
tissue from the LDLR-/- mice did not differ between mice treated with anti-IFNAR1 
and controls (control vs. treatment: 5.3 ± 0.3 vs. 5.1 ± 0.3, p=0.62). Furthermore, 
the mean number of vessels with surrounding macrophages per fixed section area 
did not differ significantly (control vs. treatment: 1.3 ± 0.04 vs. 1.3 ± 0.05, p=0.96). 
We found no differences in M1 and M2 infiltration in ligated adductor muscle tissue 
between anti-IFNAR1 treated animals and controls (ratio of CD40 positive cells (M1) 
versus F4/80 positive cells (all macrophages); control vs. treatment: 0.81 ± 0.03 
vs. 0.77 ± 0.03, p=0.23; ratio of MR positive (M2) versus F4/80 positive cells (all 
macrophages); control vs. treatment: 0.08 ± 0.01 vs. 0.07 ± 0.01, p=0.52). Also, we 
found no significant differences in mean number of surrounding neutrophils per 
vessel between anti-IFNAR1 treated animals and controls (control vs. treatment: 
2.59 ± 0.20 vs. 2.50 ± 0.14, p=0.71) (Supplemental figure 5A). However, a significant 
higher mean number of surrounding T-cells per vessel was found in animals treated 
with IFNAR1 antibodies compared to controls (control vs. treatment: 1.50 ± 0.11 vs. 
2.85 ± 0.22, p<0.0001) (Supplemental figure 5B).

Systemic inflammation 
Anti-IFNAR1 treatment had no effect on systemic inflammation after 2 days of 
treatment, as the percentage of leukocyte subsets and pro-inflammatory M1 
markers on blood monocytes were not different between control and treated mice 
(Supplemental figure 6).

Animal experiments in APOE-/- mice
The study in APOE-/- mice was performed to investigate the effect of anti-IFNAR1 
treatment on arteriogenesis and advanced atherosclerosis with a short 1-week anti-
IFNAR1 intervention. 2 animals receiving treatment died and these animals were 
excluded from the analysis.

LDPI
In accordance with the results obtained from the 4-week treated LDLR-/- mice 
experiments, hindlimb perfusion restoration was also significantly improved in 
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APOE-/- mice treated with anti-IFNAR1 compared to controls at 2 and 7 days after 
femoral arty ligation (control vs. treatment; day 2: 18.8 ± 4.2% vs. 27.6 ± 9.7%, 
p=0.01, day 7: 31.1 ± 5.9% vs. 45.9 ± 6.2%, p=0.04; ANOVA p=0.015) (Figure 5A). 

Histological analysis of arteriogenesis, macrophages and angiogenesis
Quantification of arterial lumen area as a ratio of total section area in hindlimb 
tissue by alpha-smooth muscle actin (SMA) staining also showed an increased 
arterial lumen area after 1 week in treated APOE-/- animals compared to controls 
(control vs. treatment: 0.21 ± 0.04 vs. 0.35 ± 0.04, p=0.02). Arterial lumen area was 

Figure 4. Systemic IFNAR1 blockade results in increased macrophage area and decreased apoptosis 
in the atherosclerotic plaque. (A) Representative caspase-3 staining in aortic root tissue from LDLR-

/- mice following 4 weeks of control or anti-IFNAR1 treatment. Scale bars represent 500 μm. (B) 
Quantification of caspase-3 positive cells in aortic root lesions. (C) Representative MOMA-2 staining 
(5x) in aortic root tissue. Scale bars represent 500 μm. (D) Quantification of MOMA-2 in the aortic root 
lesions. (E) Relative gene expression of CD68 and (F) M1 and M2 macrophage markers in aortic arches 
of LDLR-/- mice. Shown are mean ± S.E.M. n=13-16/group.
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also significantly larger on the ligated side compared to sham side in anti-IFNAR1-
treated animals (0.35 ± 0.04 vs. 0.09 ± 0.03, p=0.0001) and in control animals (0.22 
± 0.04 vs. 0.09 ± 0.02, p=0.008) (Figure 5B and 5C).
The mean number of surrounding macrophages per vessel in sections from 
hindlimb tissue from the APOE-/- mice did not differ between mice treated with 
anti-IFNAR1 and controls (control vs. treatment: 3.9 ± 0.6 vs. 4.0 ± 0.4, p=0.26). 
Furthermore, the mean number of vessels with surrounding macrophages per fixed 
section area did not differ significantly (control vs. treatment: 6.5 ± 0.9 vs. 6.8 ± 
1.0, p=0.62). No difference was found in the distribution of macrophage subsets 
surrounding the vessels (ratio of CD40 positive cells (M1) versus F4/80 positive cells 
(all macrophages); control vs. treatment: 0.05 ± 0.03 vs. 0.08 ± 0.02, p=0.13). In both 
groups very few M1 macrophages were seen. The ratio of MR positive (M2) versus 
F4/80 positive cells (all macrophages) was also similar in both groups (control vs. 
treatment: 0.77 ± 0.05 vs. 0.75 ± 0.03, p=0.92). 
The number of arterioles per um2 was similar (control vs. treatment: 2.65 ± 0.39 vs. 

Figure 5. Arteriogenesis in 1-week treated APOE-/- mice. (A) 1-week treatment of APOE-/- mice with 
anti-IFNAR1 and follow-up with LDPI. Restoration of hindlimb perfusion was significantly improved in 
mice treated with anti-IFNAR1 compared to controls at 2 and 7 days after femoral artery ligation. (B) 
Quantification of arterial lumen area as a ratio of total section area in hindlimb tissue by alpha-smooth 
muscle actin (α-SMA) staining. (C) Representative immunofluorescence stainings (10x) for SMA from 
adductor muscle tissue. Shown are mean ± S.E.M. n=14-12/group.
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2.87 ± 0.36, p=0.68) (Supplemental figure 7A). Fewer arterioles  per um2 were found 
on ligated side when compared to sham side in anti-IFNAR1-treated animals (1.41 
± 0.25 vs. 2.87 ± 0.36, p=0.003) and controls (0.91 ± 0.11 vs. 2.65 ± 0.39, p=0.0001). 
Also, capillary density expressed in number of capillaries per mm2 was similar in 
treated animals compared to controls (control vs. treatment: 747.1 ± 105.3 vs. 
678.1 ± 57.3, p=0.59) (Supplemental figure 7B).

Gene expression analysis arteriogenesis
In search of mechanistic evidence responsible for increased arteriogenesis, we 
performed real-time RT-PCR for major factors known to influence arteriogenesis 
in ischemic hindlimb tissue of anti-IFNAR1 treated mice and controls. PDGF-a and 

Figure 6. IFNβ downstream targets in 1-week treated APOE-/- mice. (A) Representative 
immunofluorescence stainings (40x) for CXCL10 and IL-27 from sham (left) and ligated (right) adductor 
muscle tissue from the hindlimb of APOE-/- mice. (B) Cell fluorescence of CXCL10 and IL-27 in the vessel 
wall from sections of sham and ligated side in arbitrary units, positive cell count of CXCL10 and IL-27 
in hindlimb tissue from sham and ligated side, real-time RT-PCR analysis of relative gene expression 
of CXCL10 in hindlimb tissue from sham and ligated side in arbitrary units. (C) Representative 
immunofluorescence stainings (40x) for CXCL10, IL-27 and alpha-SMA from adductor muscle tissue 
from the hindlimb of a control mouse. (D) Cell fluorescence of CXCL10 and IL-27 in the vessel wall 
from sections of treated mice and controls in arbitrary units, positive cell count of CXCL10 and IL-27 in 
hindlimb tissue from treated mice and controls, real-time RT-PCR analysis of relative gene expression 
of CXCL10 in hindlimb tissue from treated mice and controls in arbitrary units. Shown are mean ± 
S.E.M. n=14-12/group. 
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FGF-2 showed similar expression, whereas VEGF-a showed lower expression in 
hindlimb tissue from anti-IFNAR1 treated animals compared to controls (control vs. 
treatment: 1.84 ± 0.50 vs. 0.63 ± 0.15, p=0.03) (Supplemental figure 8).

IFNβ downstream targets: ligated versus sham hindlimb
Cell fluorescence of two IFNβ downstream targets, CXCL10 and IL-27 was compared 
between sham (left) hindlimb and ligated (right) hindlimb. At day 7, a significantly 
higher intensity of CXCL10 in the vessel wall was found at the ligated side in 
comparison to the sham side while a trend was found for IL-27 (CXCL10, sham vs. 
ligated: 458.7 ± 68.2 vs. 951.1 ± 60.4, p<0.001. IL-27, sham vs. ligated: 253.2 ± 64.1 
vs. 395.3 ± 37.7, p=0.05). Also, the number of CXCL10 and IL-27 positive cells was 
higher in hindlimb tissue from ligated side compared to sham side (CXCL10, sham 
vs. ligated: 6.9 ± 0.8 vs. 10.2 ± 0.4, p<0.001. IL-27, sham vs. ligated: 1.9 ± 0.4 vs. 
5.3 ± 0.5, p<0.001). Real-time RT-PCR analysis correspondingly showed increased 
expression of CXCL10 in ligated compared to sham adductor muscle (sham vs. 
ligated: 0.03 ± 0.01 vs. 1.1 ± 0.4, p=0.02) (Figure 6A and 6B). These data confirm 
induction of an interferon response upon femoral ligation.

IFNβ downstream targets: anti-IFNAR1 treated versus control 
When comparing anti-IFNAR1 treated to control mice, no significant differences 
were found in total cell fluorescence of CXCL10 and IL-27 in the vessel wall (CXCL10, 
control vs. treatment: 902.6 ± 72.0 vs. 1004 ± 99.9, p=0.42. IL-27, control vs. 
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treatment: 348.3 ± 42.6 vs. 437.2 ± 61.5, p=0.22). However, upon quantification 
of cells, a decreased number of CXCL10 positive cells was found in hindlimb tissue 
from the anti-IFNAR1 treated group (control vs. treatment: 11.1 ± 0.5 vs. 9.5 ± 
0.5, p=0.02). IL-27 positive cell count was not significantly different between the 
groups (control vs. treatment: 5.7 ± 0.8 vs. 4.9 ± 0.8, p=0.46). These findings were 
corroborated by significant higher levels of CXCL10 gene expression in control mice 
compared to anti-IFNAR1 treated mice (control vs. treatment: 1.6 ± 0.6 vs. 0.1 ± 0.1, 
p=0.02) (Figure 6C and 6D).

Atherosclerosis assessment
Atherosclerotic lesion analyses were also in line with the 4-week experiments 
showing no significant differences between the anti-IFNAR1 and control group 
when examining general plaque characteristics and severity (Figure 7A and 7B). 
In addition, no effects of anti-IFNAR1 therapy on gene expression of typical pro-
inflammatory cytokines, such as TNF, IL-1β and IL-6 in aortic arches could be 
observed (Figure 7C).

Discussion

In this study we investigated the effect of blocking IFNAR1 on arteriogenesis 
and atherosclerosis using in vivo mouse models. For the first time, we show 
that monoclonal antibody therapy against IFNAR1 leads to improved restoration 
of hindlimb perfusion after femoral artery ligation in mice, without enhancing 
atherosclerotic burden. Application of monoclonal antibody therapy has proven to 
be an efficacious treatment in multiple diseases, like cancer and rheumatic diseases 
16 17. In the field of cardiovascular disease, monoclonal antibodies are currently 
being investigated, for example to reduce low-density lipoprotein cholesterol 
levels by blocking PCSK9 18 or to reduce the inflammatory profile by blocking IL-1β 
19. Monoclonal antibodies were also previously tested to stimulate arteriogenesis. 
Hellingman et al. expanded regulatory T-cell numbers 2-fold in a murine ischemic 
hind limb model by injecting mice with IL-2 mixed with an IL-2 MAb20. They showed 
a significant attenuation of blood flow recovery on LDPI and also a significant lower 
number of alpha-SMA-expressing collaterals in the hind limb tissue on the ligated 
side in animals treated with antibody compared to controls20. Depletion of regulatory 
T-cells with anti-CD25 treatment however showed no effect on arteriogenesis in 
this study. 
Mouse monoclonal antibodies specific for the IFNAR1 subunit of the mouse 
interferon-alpha and -beta receptor were previously generated in IFNAR1-/- 
mice. Clone MAR1-5A3 was shown to block type I interferon-induced antiviral, 
antimicrobial, and antitumor responses in vivo11. Increased sensitivity to viral 
infection was shown to be similar in IFNAR1 knockout mice as compared to antibody 
treated wild type mice21. The MAR1-5A3 clone was also shown to delay CD8+ T cell 
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maturation during viral infection22. In accordance, our MX-1 assay showed a strong 
blocking capacity of MAR1-5A3 and therefore we selected this clone for application 
in our in vivo experiments.
In previous studies we found IFNβ expression to be upregulated in monocytes isolated 
from patients with a poor arteriogenic response6. Furthermore, arteriogenesis is 
hampered after exogenous application of IFNβ in a murine hindlimb model6. IFNAR1-/- 
mice showed improved hindlimb perfusion 1 week after femoral artery ligation 
compared to wild-type mice as assessed by infusion of fluorescent microspheres7. 
In the present study, we show that the inhibitory effect of IFNβ on arteriogenesis 
can be inverted by blocking IFNAR1. Hindlimb perfusion restoration after femoral 
artery ligation was improved in mice treated with anti-IFNAR1 compared to controls 
as assessed by LDPI. An increased arterial lumen area in animals treated for 1 week 
endorses the finding of an accelerated growth of collateral arteries. The lack of 
a significant difference in arterial lumen area in animals treated for 2 days and 4 
weeks may be attributed to the fact that perfusion depends on luminal size to the 

Figure 7. Systemic IFNAR1 blockade does not affect atherosclerotic lesion size and does not affect 
pro-inflammatory cytokines in aortic arch of 1 week treated APOE-/- mice. (A) Quantification of lesion 
size and (B) plaque severity score in aortic root lesions of APOE-/- mice. (C) Gene expression in aortic 
arches of APOE-/- mice following 1 week of anti-IFNAR1 treatment. Shown are mean ± S.E.M. n=14-12/
group. 
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fourth power and consequently relatively small changes in vessel diameter can 
result in large changes in perfusion, as seen by LDPI. Furthermore, we show that 
in hindlimb tissue the IFNAR1 blockade leads to a decreased number of CXCL10 
positive cells and a lower CXCL10 gene expression and likewise to a decrease in 
CXCL10 gene expression in the aortic arches. The mechanism through which 
CXCL10 mediates its effects on arteriogenesis is not completely elucidated. Van 
den Borne et al. investigated the role of CXCL10 in arteriogenesis and showed that 
bone marrow-derived CXCL10 and tissue-derived CXCL10 play a role in accelerating 
perfusion recovery after arterial occlusion in mice23. They postulate that this is 
probably induced by the promotion of vascular smooth muscle cell recruitment 
and maturation of pre-existing anastomoses. The discrepancy between our results 
and those of van den Borne et al. can be explained by the fact that CXCL10 has 
both pro-arteriogenic- 23 as well as anti-arteriogenic effects24 25 26 27. Van den Borne 
et al. demonstrated that in the early phase after femoral artery ligation, CXCL10 
expression in hindlimb tissue increases, with improved restoration of perfusion. 
In the late phase however, CXCL10 expression subsides and the rapid perfusion 
recovery as seen in the early phase is diminished. This anti-arteriogenic effect of 
CXCL10 in the late phase corresponds with our findings that restoration of perfusion 
is accelerated in the late phase following ligation accompanied by lowered levels of 
CXCL10. Moreover, it is important to take into account that CXCL10-/- mice possibly 
have an altered immune system causing differences in endothelial cell proliferation, 
making comparison to previous studies as well as our own work challenging.
Studies investigating the role of macrophage subpopulations in arteriogenesis have 
shown that a shift towards M2 macrophages improves collateral remodeling28. 
However, we found no difference in distribution of macrophage subsets between 
the groups and the total number of vessels with surrounding macrophages was 
similar. 
In search of mechanistic evidence responsible for increased arteriogenesis, we 
performed PCR for major factors known to influence arteriogenesis in ischemic 
hindlimb tissue of anti-IFNAR1 treated mice and controls. PDGF-a and FGF-2 
showed similar expression, whereas VEGF-a showed lower expression in hindlimb 
tissue from anti-IFNAR1 treated animals compared to controls. VEGF-a is known 
to induce a heterogeneous response 29 and its inducing effect on angiogenesis is 
more distinct than that of arteriogenesis 30. Our results cannot confirm a role for 
aforementioned growth factors in promoting collateral vessel growth. Thacker et 
al. showed that IFNAR1 knockout mice show enhanced endothelial-dependent 
vasodilation 31. Possibly, the IFNAR1 blockade as performed in our experiments 
leads to enhanced blood flow recovery through this mechanism. Another possible 
mechanism behind the enhanced collateralization found in our experiments could 
be T-cell dependent vascularization. Stabile et al. showed that CD4+ T-cells control 
the arteriogenic response to acute hindlimb ischemia 32. Sharir et al. found that 
regulatory T-cells play an important role in flow re-establishment after inducement 
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of hindlimb ischemia 33. In line with these studies, we found significantly elevated 
numbers of CD3+ T-cells in hindlimb tissue from anti-IFNAR1 treated animals 
compared to controls.
Increased atherosclerotic plaque formation and plaque destabilization have 
hindered the development of therapeutic pro-arteriogenic therapies10. For 
example, MCP-1 was shown to be a potent pro-arteriogenic chemokine34. However, 
local application caused systemic monocyte activation and effects on neointima 
and plaque composition leading to potentially unstable atherosclerotic lesions10, 
rendering its pharmaceutical application unsuitable for the treatment of CAD. 
Although type I interferons have important immunomodulatory functions, 
primarily in response to viral encounters35, 36, they also have been linked to disease 
progression, as they are for instance implicated in the pathogenesis of systemic 
lupus erythematosus (SLE) 37. Interestingly, patients with SLE show an increased 
risk of cardiovascular disease, which is directly associated with their increased 
type I interferon levels38. The involvement of type I interferons in atherosclerosis 
was further illustrated by the observation that the main cellular source of type I 
interferon, plasmacytoid dendritic cells (pDCs), are present in rupture-prone areas 
of the human atherosclerotic plaque39. Furthermore, pDC depletion in APOE-/- 
mice decreased lesion size, and similar reductions in lesion size were obtained in 
LDLR-/- mice with MHC class II-deficient pDCs, which indicates that pDCs promote 
atherosclerosis40, 41. In addition, we recently demonstrated that vulnerable plaques 
have increased type I IFN signaling as well9. Thus, type I interferons are associated 
with plaque instability in human lesions. 
In our experiments we examined the effect of systemic IFNAR1 blockade on plaque 
size and composition using a well-established mouse model of atherosclerosis, 
the LDLR-/- mouse42.  Using this model, we observed no effects of anti-IFNAR1 
treatment on total plaque size following treatment. An enhanced macrophage 
accumulation was found, however, M1 and M2 macrophage markers in the aortic 
arch did not differ between control and treated animals. Thus, even though an 
increase in macrophages may be present, these macrophages do not display an 
increased pro-inflammatory phenotype. Furthermore, relative blood leukocyte 
levels were similar between control and anti-IFNAR1 treated animals, which we 
could confirm in the 2-day experiments, indicating anti-IFNAR1 treatment has no 
effect on systemic inflammation either. The increased macrophage accumulation 
was also accompanied by decreased apoptosis in the lesions of anti-IFNAR1 treated 
animals, indicating improved survival of foam cells upon blockade of IFN signaling. 
We previously demonstrated that absence of myeloid IFNAR1 signaling is also 
protective for foam cell death9 and we can thus recapitulate this with a systemic 
antibody blockade. Such decrease in apoptosis may be considered beneficial, as 
the resulting decrease in cell debris limits necrotic core formation, which strongly 
affects plaque vulnerability43.  This is in line with our previous results, showing pro-
apoptotic effects of IFNβ via increased expression of TRAIL, FAS and FASL, as well 
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as decreased apoptosis in monocytes derived from IFNAR1-/- mice7. Of note, IFNβ 
is also known to prime monocyte-derived macrophages for cell death in multiple 
sclerosis (MS), in which a subgroup of patients is treated with IFNβ44. 
In a previous study9 we observed a reduction in atherosclerosis development, with 
less macrophage accumulation and a decrease in plaque cell death, by the genetic 
myeloid-specific ablation of IFNAR1. In the present study we did not observe 
such reduction in atherosclerosis. Possibly, the anti-IFNAR1 treatment period 
in the present study was too short. In addition, the systemic antibody mediated 
approach, as studied in the present manuscript, also targets the endothelium which 
might counteract the myeloid effects observed previously9. We indeed observed 
a significantly increased expression of the endothelial cell activation marker 
VCAM1 in lesions of anti-IFNAR1 treated animals, with a concomitant increase 
in VCAM1 aortic gene expression (data not shown), which demonstrates that in 
atherosclerosis, type I IFNs might prevent endothelial activation. Interestingly, part 
of the beneficial effects of IFNβ-treatment in MS patients is attributed to an indirect 
blockade of cerebral endothelial activation. IFNβ-treatment increases serum levels 
of soluble VCAM1 (sVCAM1), which binds to its co-receptor VLA-4 on leukocytes. 
This subsequently inhibits leukocyte adhesion to membrane-bound VCAM1, 
resulting in less cellular recruitment to inflammatory foci and dampening clinical 
relapses45.  
A similar counteracting factor might be the targeting of T regulatory cells 
(Tregs). Tregs are atheroprotective as depletion of CD4+CD25+ Tregs, aggravated 
atherosclerosis in LDLR-/- mice, whereas adoptive transfer of CD4+CD25+ Tregs 
diminished atherosclerosis in APOE-/- mice46. In the spleen of the anti-IFNAR1 treated 
LDLR-/- mice we observed less suppressive Tregs as compared to control treated 
mice, as the gene expression of FoxP3 and TGF-β, its key cytokine, decreased (data 
not shown). This further demonstrates the importance of cell-specific targeting, 
making the myeloid compartment an attractive target for further studies, where we 
will specifically focus on myeloid IFNAR1 signaling to stimulate arteriogenesis with 
an additional reduction in atherosclerosis development and without side effects on 
endothelium or T-cell populations.

Conclusion

The findings of the present study indicate that blocking IFNAR1, using monoclonal 
antibodies during both a 1- and a 4-week period, stimulates collateral artery growth 
in mice without enhancing atherosclerotic burden. This is the first successful 
approach to stimulate arteriogenesis using monoclonal antibodies, paving the way 
towards clinical application of such strategy.
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Supplemental figure 1. Selection of antibody in vitro. In an interferon activity assay, IFNAR1 mouse 
antibody clone MAR1-5A3 caused lowest expression of MX1. Shown are mean ± S.E.M.

Supplemetal figures
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Supplemental figure 2. Arteriolar density and capillary density are similar in hindlimb tissue of 
treated LDLR-/- animals compared to controls after 4 week treatment. Quantification of arterioles 
per um2 tissue in hindlimb tissue by alpha-smooth muscle actin (α-SMA) staining in (A) the ligated 
hindlimb and (B) the non-ligated hindlimb. (C) Quantification of capillary density in hindlimb tissue by 
CD31 staining after 4 week treatment. Shown are mean ± S.E.M. n=13-16/group.
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Supplemental Figure 3. LDLR-/- mice characteristics following 4-week of anti-IFNAR1 treatment. (A) 
Plasma cholesterol levels before and after 4 and 8 weeks of high fat diet (HFD). (B) Plasma triglyceride 
levels before and after 4 and 8 weeks of HFD. (C) Relative levels of leukocyte subsets after 8 weeks of 
HFD. Mono = monocytes, Granulo = granulocytes. Shown are mean ± S.E.M. n=13-16/group. 
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Supplemental Figure 4. Mean arterial lumen area, number of vessels and capillary density are 
similar in calf muscle tissue of treated animals compared to controls after 2 day treatment in LDLR-

/- mice. Quantification of (A) mean arterial lumen area and (B) number of arterioles per um2 tissue in 
calf muscle tissue by alpha-smooth muscle actin (α-SMA) staining and (C) capillary density by CD31 
staining. Shown are mean ± S.E.M. n=6-6/group.
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Supplemental figure 5. Neutrophil and T-cell counts. Quantification of (A) neutrophils (Ly6G) and 
(B) T-cells (CD3) in hindlimb tissue from animals treated for 2 days following femoral artery ligation. 
Shown are mean ± S.E.M. n=6-6/group.

Supplemental Figure 6. Two day anti-IFNAR1 treatment of LDLR-/- mice has no impact on blood 
leukocyte subsets and pro-inflammatory M1 macrophage markers. (A) Relative levels of leukocyte 
subsets 2 days following anti-IFNAR1 treatment. Mono = monocytes, Granulo = granulocytes. (B) MFI 
of M1 macrophage markers. (C) Representative histograms of M1 macrophage markers. Shown are 
mean ± S.E.M. n=6-6/group.
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Supplemental figure 7. Arteriolar density and capillary density are similar in hindlimb tissue of 
treated APOE-/- animals compared to controls after 1 week treatment. (A) Quantification of arteriols 
per um2 tissue in hindlimb tissue by alpha-smooth muscle actin (α-SMA) staining. (B) Quantification of 
capillary density in hindlimb tissue by CD31 staining. Shown are mean ± S.E.M. n=13-16/group.
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11

Anti-IFNAR1 stimulates arteriogenesis without enhancing atherosclerotic burden 

Supplemental Figure 8. PCR of PDGF-a, VEGF-a, FGF-2. PCR of (A) PDGF-a, (B) VEGF-a and (C) FGF-2 in 
hindlimb tissue from APOE-/- mice treated for 1 week. n=13-16/group.
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Part IV 

Summaries and future perspectives 
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English Summary

Patients presenting with ST-segment elevation myocardial infarction (STEMI) 
should receive reperfusion therapy as soon as possible. Percutaneous coronary 
intervention (PCI) is the gold standard for treatment in these patients. PCI is 
performed at the catheterization laboratory and is aimed at restoring epicardial flow 
by balloon angioplasty, sometimes preceded by removal of the occlusive thrombus 
by thrombosuction, and in most cases combined with implantation of a coronary 
stent. The introduction of this form of mechanical revascularization, together with 
pharmacological therapies such as beta blockers, angiotensin-converting-enzyme-
inhibitors and statins, has led to an immense improvement in outcome for patients. 
In-hospital mortality of STEMI patients is nowadays below 5%. However, besides 
benefits the introduction of PCI has also lead to the creation of a new problem. 
Between 40 and 50% of STEMI patients develop cardiovascular magnetic resonance-
defined microvascular injury (MVI), despite successful treatment with primary PCI. 
The occurrence of MVI is associated with negative remodeling and left ventricular 
dysfunction, leading to decreased long-term survival, increased morbidity and 
reduced quality of life. MVI, also referred to as no-reflow, has therefore been 
designated the next challenge in interventional cardiology. Part II of this thesis 
addresses the assessment of coronary microvascular resistance, the prediction of 
MVI, the histopathological correlate of CMR-defined MVI, evolution of coronary 
vasomotor function in STEMI patients, assessment of myocardial viability after 
STEMI, kinetics of coagulation in STEMI patients and a potential treatment strategy 
for no-reflow. 

Besides patients suffering from acute myocardial infarction, there is also a group of 
patients with ischemic cardiomyopathy in which mechanical revascularization has 
either already been performed, or is not possible due to co-morbidity or coronary 
anatomy. Despite maximal pharmacological therapy, their anginal complaints 
persist. These so called “no-option patients” have a poor outlook because currently 
no therapy is available to them. Arteriogenesis is a natural mechanism aimed to 
restore obstructed blood flow by remodeling of small, pre-existing collateral 
arterioles. Through arteriogenesis a circulatory system arises that bypasses arterial 
occlusions, reducing symptoms of ischemia and the extent of myocardial infarction. 
Part III of this thesis discusses the coronary collateral circulation in experimental 
models and humans, clinical parameters associated with collateral development in 
patients and an experimental approach to stimulate arteriogenesis.

Part II. Microvascular injury following primary percutaneous coronary intervention
Currently available methods and parameters for assessing coronary microvascular 
resistance are discussed in Chapter 1.  In patients presenting with acute myocardial 
infarction, thermodilution based index of microcirculatory resistance and 
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Doppler-flow derived hyperemic microvascular resistance (HMR) are parameters 
that can be measured invasively at the catheterization laboratory immediately 
after revascularization. Anatomical and functional aspects of the coronary 
microcirculation can be assessed by non-invasive techniques. Cardiovascular 
magnetic resonance (CMR) imaging with late gadolinium enhancement and 
positron emission tomography (PET) are gold standard techniques for respectively 
assessment of microvascular injury and quantification of myocardial blood flow. In 
Chapter 2, we present a prospective clinical study of 60 patients presenting with 
ST-elevation myocardial infarction (STEMI). HMR, measured immediately following 
angiographically successful percutaneous coronary intervention (PCI), predicts 
MVI as assessed by CMR and reduced myocardial blood flow as quantified by PET. 
Furthermore, we established a cut-off for HMR (2.5 mmHg / cm ∙ s) for predicting 
extensive microvascular injury. In Chapter 3, we combined data from our clinical 
study with preclinical data in order to investigate the histopathological correlate 
of CMR findings of microvascular injury. Using this translational approach, we 
were able to show that areas of CMR-defined areas of microvasacular obstruction 
after acute myocardial infarction actually represent microvascular destruction and 
intramyocardial hemorrhage. Chapter 4 details the temporal evolution of coronary 
vasomotor function in STEMI patients as assessed by PET in infarcted as well as 
remote myocardium from the acute phase to 3 months after successful PCI. We 
describe the assessment of myocardial viability after acute myocardial infarction 
by PET-derived pefusable tissue index, in comparison to contrast enhanced CMR, 
in Chapter 5. The kinetics of important coagulation markers in PCI-treated STEMI 
patients over a period of 90 days are discussed in Chapter 6. We show that a 
disbalance between ‘a disintegrin-like and metalloprotease with thrombospondin 
type motif no. 13’ (ADAMTS13) and von Willebrand factor towards a hypercoagulable 
sate occurs. In Chapter 7, we report a preclinical study investigating the benefits of 
treatment with recombinant ADAMTS13 in myocardial ischemia-reperfusion. In a 
translational approach, results from the porcine study as well as from the clinical 
cohort of STEMI patients were used to determine the role of ADAMTS13 in acute 
myocardial infarction. 

Part III. Restoration of perfusion through collateral development
Patients with coronary artery disease show a large heterogeneity in their 
arteriogenic response upon coronary obstruction. These significant differences 
in the capacity to develop a collateral circulation is also found between and even 
within animal species. In Chapter 8, we present an overview of genetic as well as 
environmental determinants of the coronary collateral circulation in experimental 
models and in humans. Chapter 9 shows a typical example of the clinical importance 
of arteriogenesis. This case supports the notion that arteriogenesis is the prevailing 
mechanism to restore blood flow to hypoperfused myocardium. The identification of 
clinical parameters associated with collateral artery growth in patients is discussed 
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in Chapter 10. High serum leucocytes and high diastolic blood pressure are related 
to poorly developed collaterals whereas use of beta-blockers is associated with well-
developed collaterals. Finally, in Chapter 11 we show that blocking the interferon 
alpha and beta receptor using monoclonal antibodies accelerates arteriogenesis in 
mice without influencing atherosclerosis.

Future perspectives
The prognosis of patients suffering from ischemic heart disease has rapidly 
and greatly improved over the course of some 35 years. Microvascular injury, 
designated the next challenge in interventional cardiology, however remains a 
threat to the desirable recovery of STEMI patients following primary PCI. In this 
thesis, intracoronary physiology indices were shown to be valuable in predicting 
the occurrence of microvascular injury and microvascular perfusion deficits after 
angiographically successful primary percutaneous coronary intervention. These 
elegant techniques may well serve to identify patients at risk of developing 
microvascular injury immediately following primary PCI, by which means the 
therapeutic window is expanded and the opportunity exists to locally deliver a 
therapeutic compound. The next step towards improvement of outcome in these 
patients is to develop adjuvant therapeutic strategies aimed to reduce, or if possible 
eradicate, microvascular injury. Further research to the mechanism of microvascular 
injury is warranted to focus therapy on underlying pathophysiology. 
Restoration of perfusion in response to arterial obstruction, also referred to as 
arteriogenesis, is potentially a lifesaving mechanism. However, due to the large 
heterogeneity in the arteriogenic response in humans, therapeutic strategies aimed 
to enhance the process of arteriogenesis are a welcome addition to the therapeutic 
arsenal of cardiologists treating patients with advanced ischemic cardiomyopathy. 
Translating promising experimental results to clinical application however, must be 
done with great caution. Side effects in some cases can show to be harmful, especially 
in the vulnerable patients such as those with advanced ischemic cardiomyopathy. 
The road from bench to bedside is therefore a long and winding one, which solicits 
for further investigation.
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Nederlandse Samenvatting

Patiënten die zich presenteren met een ST-segment elevatie myocardinfarct (STEMI) 
moeten zo spoedig mogelijk door middel van reperfusietherapie behandeld worden. 
Percutane coronaire interventie (PCI) is de gouden standaard voor de behandeling 
bij deze patiënten. PCI wordt uitgevoerd op het katheterisatielaboratorium en is 
gericht op het herstellen epicardiale doorbloeding middels ballonangioplastiek, soms 
voorafgegaan door verwijdering van het afsluitende stolsel door thrombosuctie en 
meestal gecombineerd met implantatie van een coronaire stent. De invoering van 
deze vorm van mechanische revascularisatie, gecombineerd met farmacologische 
therapieën zoals bètablokkers, angiotensine-converting-enzyme-remmers en 
statines, heeft geleid tot een enorme verbetering in de uitkomst voor patiënten. 
Ziekenhuissterfte onder patiënten met STEMI ligt tegenwoordig onder de 5%. Echter, 
naast voordelen heeft de invoering van PCI ook geleid tot een nieuw probleem. 
Tussen de 40 en 50% van STEMI patiënten ontwikkelen microvasculaire schade 
(MVI), gedefinieerd op cardiovasculaire magnetische resonantie (CMR), ondanks de 
succesvolle behandeling met primaire PCI. Het optreden van MVI is geassocieerd 
met negatieve remodellering en linker ventrikel dysfunctie, wat leidt tot afgenomen 
lange-termijns overleving, hogere ziektelast en een verminderde levenskwaliteit. 
MVI, ook wel aangeduid als no-reflow, wordt daarom aangeduid als de volgende 
uitdaging binnen de interventiecardiologie. Deel II van dit proefschrift richt zich op de 
beoordeling van coronaire microvasculaire weerstand, de voorspelling van MVI, het 
histopathologische substraat van CMR-gedefinieerde MVI, evolutie van coronaire 
vasomotorische functie bij STEMI patiënten, evaluatie van de myocardiale vitaliteit 
na STEMI, kinetiek van stolling in STEMI patiënten en een potentiële behandeling 
strategie voor de no-reflow. 

Naast patiënten met een acuut myocardiaal infarct, is er ook een groep patiënten 
met ischemische cardiomyopathie waarbij mechanische revascularisatie ofwel 
reeds is uitgevoerd of niet mogelijk is door co-morbiditeit of de coronaire anatomie. 
Ondanks maximale farmacologische therapie houden hun angineuze klachten 
aan. Deze zogenaamde “geen-optie patiënten” hebben een slechte vooruitzicht 
omdat er momenteel geen therapie voor hen beschikbaar is. Arteriogenese is een 
natuurlijk mechanisme gericht op het herstellen van de belemmerde doorbloeding 
door remodellering van kleine, reeds bestaande collaterale arteriolen. Door 
arteriogenese ontstaat een circulatiesysteem dat de arteriële occlusie omzeilt, 
waardoor de symptomen van ischemie en de omvang van het hartinfarct verminderd 
worden. Deel III van dit proefschrift beschrijft de coronaire collaterale circulatie in 
experimentele modellen en mensen, klinische parameters die geassocieerd zijn 
met ontwikkeling van collateralen bij patiënten en een experimentele benadering 
om arteriogenese te stimuleren.

Proefschrift Paul Teunissen_151027.indd   267 27-10-2015   19:28:21



268

Deel II. Microvasculaire schade na primaire percutane coronaire interventie
De op dit moment beschikbare methoden en parameters voor het bepalen van 
coronaire microvasculaire weerstand worden beschreven in Hoofdstuk 1. Bij 
patiënten met een acuut myocardinfarct, zijn de op thermodilutie gebaseerde index 
van de microcirculatie weerstand en de van Doppler-flow afgeleide hyperemische 
microvasculaire weerstand (HMR) parameters die invasief gemeten kunnen worden 
op het katheterisatielaboratorium onmiddellijk na revascularisatie. Anatomische 
en functionele aspecten van de coronaire microcirculatie kunnen bepaald worden 
door niet-invasieve technieken. Cardiovasculaire magnetische resonantie (CMR) 
beeldvorming met late gadolinium toediening en positron emissie tomografie 
(PET) zijn gouden standaard technieken respectievelijk voor beoordeling van 
microvasculaire schade en kwantificatie van myocardiale bloedstroom. In 
hoofdstuk 2 presenteren we een prospectieve klinische studie in 60 patiënten die 
zich presenteren met een STEMI. HMR, gemeten onmiddellijk na angiografisch 
geslaagde percutane coronaire interventie (PCI), voorspelt MVI zoals beoordeeld 
met CMR en verminderde myocardiale bloedstroom zoals gekwantificeerd met 
PET. Verder hebben we een cut-off bepaald voor HMR (2,5 mmHg / cm ∙ s) voor 
het voorspellen van uitgebreide microvasculaire schade. In hoofdstuk 3 hebben 
gegevens gecombineerd van onze klinische studie met preklinische data om het 
histopathologische substraat van CMR bevindingen van microvasculaire schade 
te onderzoeken. Met behulp van deze translationele benadering hebben we 
aan kunnen te tonen dat de gebieden die na een acuut myocardinfarct op CMR 
beoordeeld worden als microvasaculaire obstructie, in werkelijkheid microvasculaire 
vernietiging en intramyocardiale hemorragie bevatten. Hoofdstuk 4 beschrijft de 
temporele evolutie van de coronaire vasomotorische functie in STEMI patiënten 
zoals beoordeeld door PET in geïnfarceerd en afgelegen myocard van de acute 
fase tot 3 maanden na een succesvolle PCI. We beschrijven de evaluatie van de 
myocardiale vitaliteit na een acuut myocardiaal infarct middels op PET bepaalde 
‘pefusable tissue index’, vergeleken met CMR met contrast, in Hoofdstuk 5. De 
kinetiek van belangrijke stollingsparameters in STEMI patiënten behandeld met PCI 
gedurende een periode van 90 dagen wordt beschreven in hoofdstuk 6. We laten 
zien dat er een disbalans optreedt tussen ‘a disintegrin-like and metalloprotease 
with thrombospondin type motif no. 13’ (ADAMTS13) en von Willebrand factor 
richting een hypercoagulabele situatie. In hoofdstuk 7 beschrijven we een preklinisch 
onderzoek naar de behandeling met recombinant ADAMTS13 in myocardiale 
ischemie-reperfusie. In een translationele benadering combineerden we resultaten 
van de varkensstudie en het klinische cohort van STEMI patiënten om de rol van 
ADAMTS13 in een acuut myocard infarct vast te stellen.

Deel III. Herstel van perfusie door middel van collaterale vaatgroei 
Patiënten met coronaire hartziekten hebben een grote heterogeniteit in hun 
arteriogene reactie op coronaire obstructie. Deze grote verschillen in het vermogen 
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om een   collaterale circulatie te ontwikkelen bestaat ook tussen- en zelfs binnen 
diersoorten. In Hoofdstuk 8 presenteren we een overzicht van genetische- evenals 
omgevingsfactoren van de coronaire collaterale circulatie in experimentele modellen 
en bij mensen. Hoofdstuk 9 laat een typisch voorbeeld zien van het klinisch belang van 
arteriogenese. Deze casus ondersteunt de idee dat arteriogenese hèt overheersende 
mechanisme is om de bloedstroom te herstellen naar myocard met een verstoorde 
doorbloeding. De identificatie van klinische parameters die geassocieerd zijn met 
collaterale arteriegroei in patiënten wordt besproken in Hoofdstuk 10. Verhoogde 
leukocyten in het bloed en een hoge diastolische bloeddruk zijn gerelateerd aan 
een slecht ontwikkeld collateraal netwerk en het gebruik van bètablokkers is 
geassocieerd met goed ontwikkelde collateralen. Tenslotte, laten we in hoofdstuk 
11 zien dat het blokkeren van de interferon alfa en bèta receptor door middel van 
monoklonale antilichamen arteriogenese versnelt in muizen zonder atherosclerose 
te beïnvloeden.

Toekomstperspectieven 
De prognose van patiënten met ischemische hartziekten is snel en sterk verbeterd 
in de afgelopen 35 jaar. Microvasculaire schade, ook wel aangeduid de volgende 
uitdaging in de interventiecardiologie, vormt echter een bedreiging voor het 
gewenste herstel van STEMI patiënten na primaire percutane coronaire interventie 
(dotterbehandeling). In dit proefschrift hebben wij laten zien dat intracoronaire 
fysiologische parameters waardevol zijn voor het voorspellen van het optreden 
van microvasculaire schade en microvasculaire perfusie tekorten na angiografisch 
geslaagde primaire PCI. Deze elegante technieken kunnen daardoor dienen voor het 
identificeren van patiënten met een risico op het ontwikkelen van microvasculaire 
schade onmiddellijk na primaire PCI. Hierdoor wordt het therapeutisch venster 
vergroot en bestaat de mogelijkheid om lokaal medicamenten toe te dienen. De 
volgende stap naar verbetering van de uitkomst bij deze patiënten zijn aanvullende 
therapeutische strategieën gericht op het reduceren, of indien mogelijk uitroeien, 
van microvasculaire schade. Verder onderzoek naar het mechanisme van 
microvasculaire schade is gerechtvaardigd om therapie te kunnen richten op 
onderliggende pathofysiologie.

Herstel van perfusie in reactie op arteriële obstructie, ook wel arteriogenese genoemd, 
is potentieel een levensreddend mechanisme. Vanwege de grote heterogeniteit in 
de arteriogene respons bij mensen, zijn therapeutische strategieën gericht op het 
versnellen van arteriogenese een welkome aanvulling op het therapeutisch arsenaal 
van cardiologen die patiënten met vergevorderde ischemische cardiomyopathie 
behandelen. Bijwerkingen kunnen in sommige gevallen schadelijk zijn, met name 
bij kwetsbare patiënten zoals die met geavanceerde ischemische cardiomyopathie. 
Wij hebben een veelbelovende experimentele benadering laten zien waarmee 
arteriogenese gestimuleerd wordt, zonder gelijktijdige invloed op atherosclerose.
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en ik ben blij dat ik jouw prachtige gezin heb leren kennen. Ik hoop dat wij zullen 
blijven samenwerken op het gebied van onderzoek en dat wij onze band verder 
zullen versterken.

Paul Knaapen, jouw resultaatgerichte aanpak van onderzoek doen, heeft mij 
geholpen om enkele substudies van de PREDICT-MVO studie tot een succes te maken. 
Ik hoop in de toekomst nog veel van jou als getalenteerd interventiecardioloog en 
onderzoeker te mogen leren.

Anton Horrevoets, als geneeskundestudent zonder biomedische achtergrond had 
ik een achterstand op het gebied van basaal immunologisch onderzoek. Jouw 
waardevolle feedback heeft mij geholpen om het preklinische gedeelte van mijn 
onderzoek tot een succes te maken. Veel dank hiervoor.

Menno de Winther, ik zie het als voorrecht dat wij, nog vóór de totstandkoming 
van de alliantie van VUmc en AMC, de handen ineen hebben kunnen slaan om 
het interferon project vanuit twee disciplines en twee academische centra aan te 
pakken. Dank voor jouw belangrijke bijdrage aan ons project dat een groot succes is 
geworden.

Bert van Rossum, ik kan mij voorstellen dat een student geneeskunde halverwege zijn 
coschappen niet de meest ideale kandidaat was om als onderzoeker aan te nemen. 
Veel dank voor het in mij gestelde vertrouwen. Ik heb de onderzoeksgroep bij de 
afdeling Cardiologie van het VUmc, mede door jouw inspanningen, zien evolueren 
tot een indrukwekkend wetenschappelijk team met output op hoog niveau. 

Victor van Hinsbergh, jij introduceerde mij in de medische wetenschap. Zonder mijn 
allereerste onderzoeksstage bij de afdeling Fysiologie was ik waarschijnlijk nooit aan 
promotieonderzoek begonnen. Dank ook voor jouw opbouwende feedback tijdens 
onze vele besprekingen.
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De overige leden van de promotiecommissie, prof. dr. J.J. Piek, prof. dr. A.A. 
Lammertsma, prof. dr. P.H.A. Quax en prof. dr. D.J.G.M. Duncker ben ik zeer erkentelijk 
voor de inhoudelijke beoordeling van mijn proefschrift en voor het invulling geven 
aan de oppositie.

De interventiecardiologen van het VUmc, Yolande Appelman, Jean Bronzwaer, Koen 
Marques, Cor Allaart, Niels van Royen, Paul Knaapen, Jorrit Lemkes, Alex Nap en 
Maarten van Leeuwen, ben ik zeer erkentelijk voor hun bijdrage aan de PREDICT-
MVO studie. Zonder jullie tijd en geduld, soms op de meest onmogelijke tijdstippen, 
was deze studie niet tot een succes geworden. De MRI-cardiologen, Aernout Beek, 
Robin Nijveldt, Colette Saraber en Ramon van Loon, wil ik hartelijk danken voor alle 
MRI scans die jullie voor mijn studie hebben gemaakt en beoordeeld. Daarnaast 
ook dank voor alle gezelligheid en wijze raad op de juiste momenten. De overige 
cardiologen van het VUmc, Gerrit Veen, Karin de Boer, Thelma Konings, Michiel 
Kemme, Carel de Cock en Otto Kamp wil ik hartelijk danken voor alles wat ik van jullie 
heb mogen leren tijdens mijn onderzoekstijd. Mijn dank gaat ook uit naar alle arts-
assistenten (teveel om op te noemen) die dienst hadden ten tijde van de inclusies 
en belangeloos meewerkten aan mijn studie. De research verpleegkundigen Ellen, 
Mary en Debby wil ik hartelijk danken voor hun enorme inzet en natuurlijk ook voor 
de gezelligheid daaromheen. Johan, dank voor jouw hulp op de momenten dat mijn 
computer het begaf. Alle verpleegkundigen van het cathlab, de eerste harthulp, 
CCU, polikliniek cardiologie, afdeling 5B, als ook de laboranten van de MRI en PET 
scanners, ben ik zeer dankbaar voor hun medewerking. Vanzelfsprekend ben ik veel 
dank verschuldigd aan alle patiënten die hebben deelgenomen aan de PREDICT-
MVO studie. Zonder hen waren de onderzoeksresultaten waar het merendeel van 
mijn proefschrift over gaat, niet beschikbaar geweest.

Mijn collega onderzoekers van de cardiologie ben ik allen dankbaar voor de 
motiverende sfeer, de opbouwende kritiek en het goede gezelschap op de vele 
borrels, congressen en skiweekenden. Deze zaken tezamen hebben een belangrijke 
bijdrage geleverd aan mijn mooie en succesvolle onderzoekstijd. Allereerst wil ik mijn 
directe collega’s in de groep van Niels danken. Maurits, jij was mijn compagnon op 
het lab, koning van de histologie en daarnaast mijn trouwe partner bij een belangrijk 
deel van de uitvoering van de klinische en preklinische studies. Guus, jouw bijdrage 
heeft de PREDICT-MVO, en de substudies, de boost gegeven die we nodig hadden. 
Jij bent onderzoeker in hart en nieren en ik heb daar bewondering voor. Dan mijn 
kamergenoten, waarmee ik eindeloos veel heb gelachen, gedart en koffie gedronken. 
Wynand, jouw focus vind ik bewonderenswaardig, net als jouw mooie en koppige 
karakter. Mischa, jij bent een keiharde werker en wij delen onze passie voor mooie 
spullen. Ibrahim, ik bewonder jouw toewijding aan het onderzoek. Nu jij in New York 
bent, blijkt de humor die wij delen geen grenzen te kennen. Dank ook aan Lourens, 
voor de uitwerking van de vele MRI scans en de samenwerking bij verschillende 
projecten, aan Sebastiaan, voor jouw technisch vernuft waar het mijne ophield, aan 
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LiNa en Monique, voor de organisatie van etentjes, uitstapjes en cadeautjes, aan 
Ahmet, voor de luchtige gesprekken over het bezitten van een Mercedes, en aan 
Stefan Timmer voor de mooie samenwerking bij 2 substudies van de PREDICT-MVO. 
Ik wens de nieuwe lichting onderzoekers, Stefan Biesbroek, Roel, Raquel, Nina, 
Gladys, Matthijs, Alwin, Ruben en Rahana, veel succes en een mooie onderzoekstijd 
toe. Ik ben trots dat een aantal van jullie zijn begonnen met een wetenschappelijke 
stage in onze groep en nu bezig zijn met eigen promotieonderzoek. Jan Quinten, 
wie weet volg jij binnenkort dit voorbeeld. Henryk Jan, ik ben blij dat jij voor de 
cardiologie hebt gekozen, waardoor wij collega’s zijn geworden. Jij hebt de functie 
van trialarts in het VUmc op de kaart gezet. Ik denk dat Jailen en Henk deze taak 
met verve hebben overgenomen en verder zullen uitbouwen. Buiten onze eigen 
onderzoeksgroep wil ik Elise en Marieke  danken voor de succesvolle samenwerking 
bij de ADAMTS13 en interferon projecten.

Van de afdeling moleculaire celbiologie en immunologie wil ik Tineke, Josefien en 
Ruud danken voor de hulp en het meedenken bij de experimenten op het lab. De 
medewerkers van het proefdiercentrum, in het bijzonder Klaas, Paul, Jerry, Carla 
en Rika, wil ik danken voor hun assistentie bij de proeven die ik op het UPC heb 
uitgevoerd.

Derk en Mark, oneindig veel dank voor onze vriendschap. Tijdens mijn promotietijd, 
en ook geruime tijd daarvoor, hebben jullie mij op ontelbare momenten gelukkig 
gemaakt door ons samenzijn. Jullie zijn mij dierbaar en ik ben enorm trots op hoe 
jullie je leven invulling geven. Ik ben vereerd dat jullie mijn paranimfen zijn.

Thijs, Wietse, Paul, Hilko, Laura, Stéphanie, Hendrik, Carla, Matthijs, Olivier van 
Swaay, Olivier Houppermans, Willem, Joep, Ward, Lucas, Karl, Franc, veel dank voor 
jullie vriendschap. Ik hoop dat wij elkaar blijven zien op de momenten dat daar tijd 
voor is in ons aller drukke levens.

Sepideh, ik ben jou dankbaar voor de support en liefde die je mij gedurende een 
groot deel van mijn promotietijd hebt gegeven. In die periode was jij mijn steun en 
toeverlaat. Nog steeds bewonder ik jou omdat je zó veelzijdig, liefdevol en breed 
georiënteerd bent. Jouw doortastende klinische blik maakt je tot een geweldige 
dokter. Ik wens je alle succes, liefde en geluk toe.

Lieve Maremka, mijn proefschrift heb ik grotendeels geschreven voordat wij elkaar 
leerden kennen. Ik ben jou dankbaar voor de rust en liefde die je mij geeft. Daarmee 
heb je mij geholpen in de afrondende fase van mijn promotie.

Cobie, ik ben jou enorm dankbaar voor de gesprekken die wij hebben gehad. 
Met jouw wijze raad en advies heb je mij vaak geholpen om mijn gedachten te 
structureren en orde aan te brengen in mijn drukke leven. 
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Dear Maxime, I want to thank you for the important years in my life in which you 
lived with us and cared for me. I wish you a long life in good health and happiness 
with your family and hope that we see each other in the near future.

Lieve Sylvia, als mijn grote zus keek ik altijd tegen jou op en dat doe ik nog steeds. 
Ik bewonder het gemak waarmee jij door het leven lijkt te fietsen. Inmiddels weet 
ik dat een buitenstaander zich niet half beseft hoeveel energie jij besteedt aan alle 
dingen die je doet. Je bent mij ontzettend dierbaar. Allert, met jou en dankzij jou is 
mijn zus gelukkig en daar ben ik je dankbaar voor.

Lieve Maarten, ik heb bewondering voor jouw doorzettingsvermogen. Jij hebt als 
geen ander laten zien hoe je het uiterste uit jezelf kunt halen. Ik weet zeker dat 
deze eigenschap jou ver zal brengen in het leven. Ik ben blij dat jij mijn broertje bent 
geworden.

Lieve Pap en Margreet, ik ben jullie ongelofelijk dankbaar. Pap, dankzij jou ben ik 
internationaal ontwikkeld en tweetalig opgegroeid. Mama en jij hebben mij van 
jongs af aan gestimuleerd om het maximale uit mezelf te halen, zowel op school 
als ook daarnaast. Gedurende mijn promotietraject is de opvoeding die jullie mij 
hebben gegeven een enorm voordeel geweest. Ook al zeg je het niet vaak met deze 
woorden, ik weet dat jouw liefde en trots oneindig zijn. Ik had mij geen betere vader 
kunnen wensen. Margreet, ik ben ontzettend blij dat jij in mijn leven bent gekomen. 
Niet alleen omdat ik zie hoe gelukkig Pap en jij zijn; jij hebt mij ook geluk gebracht. 
Een aantal belangrijke karaktertrekken van jou, herken ik in mijzelf. Toewijding is hier 
absoluut één van, die mij ver gebracht heeft. Daarnaast zijn stiptheid en aandacht 
eigenschappen die mij tijdens mijn promotie veel hebben opgeleverd. Jouw wijze 
raad en steun hebben mij op vele momenten geholpen, zeker ook in de jaren dat 
Pap in het buitenland woonde. Jullie huis aan het Noordeindeplein in Leiden is voor 
mij een veilige thuishaven. Ik weet dat jullie altijd voor mij klaarstaan. Weet, dat dat 
ook omgekeerd geldt. 

Lieve Mama, ik ben je eeuwig dankbaar voor de liefde, warmte en geborgenheid die 
je mij hebt gegeven in de eerste 12 jaar van mijn leven. Ik ben ervan overtuigd dat dit 
dé periode in mijn leven geweest is, die mij voor een belangrijk deel heeft gevormd. 
Jouw gevoelige karakter, aandacht voor een ander en gevoel voor techniek, zie ik 
terug in mij. Ik had graag nog veel meer van jou willen leren maar het heeft niet zo 
mogen zijn. Ik ben blij dat ik mij op belangrijke momenten in mijn leven nog steeds 
sterk verbonden voel met jou. Ik weet zeker dat jij oneindig trots bent op mij. 
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