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Structure and function of the coronary circulation
The coronary circulation is a continuous connection from the proximal epicardial coronary
arteries (ø >400µm) to the arterioles (ø <400 µm, intramural arterioles (ø <100 µm),
coronary capillaries (ø <10 µm), venules, and small veins, ending in the coronary sinus
(Figure 1).
The epicardial coronary arteries range in size between 5mm and 400µm. These arteries
serve a capacity function, and act as a conductance conduit. They offer very little resistance
to coronary blood flow and are responsible for only 5% of total resistance. This epicardial
circuit is also called ‘the coronary macrocirculation’.
The small vessels (<400µm) can be divided into arterioles, intramural arterioles, and the
capillaries. Although the function of these compartments is different, the borders of the
aforementioned segments cannot be clearly defined, but together they are referred to as
‘the microcirculation’.
The small vessels of the microcirculation are responsible for residual myocardial resistance
by regulating their tonus. The pre-arterioles are characterized by a measurable pressure drop
along their length 1. Metabolites have no effect on these arterioles due to their thicker vessel
wall. The arterioles (and also epicardial arteries) respond quite ingeniously to shear stress
caused by pressure and blood flow, and respond with endothelial-dependant vasodilatation.
Hereby, flow is kept constant, despite variations in blood pressure (called auto-regulation),
and matches the demands of the myocardium at all times. The arterioles with a ø of 40100µm have a thinner vessel wall, and are able to respond to metabolites generated in the
myocardium as a result of change in oxygen consumption (i.e. nitric oxide and endotheliumderived hyperpolarizing factor). They are characterized by a high resting tonus, and dilate
easily as a response to metabolites. The domain of autoregulation in humans ranges from less
than 50 mmHg to at least 140 mmHg. This domain is called the autoregulatory plateau. The
mechanism to keep blood flow constant despite changes in blood pressure in the presence
of an epicardial stenosis is called compensatory vasodilatation (or vasoconstriction).
The capillaries are responsible for the exchange of gas and nutrients. All vessels regulate their
diameter by change in tonus, with an overall, almost immediate, response to hemodynamic
changes by multiple mechanisms such as adrenergic stimuli, blood pressure, oxygen and
many others2.
For example, during exercise, blood pressure and thereby shear stress, increases in
the epicardial arteries and pre-arterioles. Shear stress causes endothelial-dependant
vasodilatation of both compartments, and blood flow can further increase. Also, metabolites
accumulate as a result of the increased oxygen use of the myocardium, which in turn leads
to arteriolar vasodilatation, further increasing blood flow. Since oxygen delivery to the heart
is almost completely dependant on coronary blood flow, this increase in flow caused by
a myriad of factors, guarantees optimal myocardial oxygen delivery, matching metabolic
demands under all physiologic circumstances.
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Chapter 1
Figure 1: structure and investigational measures of the macro- and microcirculation

Abbreviations: CAD: coronary artery disease, CFR: coronary flow reserve, IFR: instantaneous
wave-free ratio, IMR: index of microcirculatory resistance, MFR: myocardial flow reserve,
FFR: fractional flow reserve, R: microvascular resistance in Wood Units.
This figure shows an overview of the anatomy, structure and function of the heart’s
circulation. The upper panel shows the currently available investigational measures by
both invasive- and noninvasive methods. R, FFR/IFR, IMR and flow measurement values
can only be obtained invasively. CFR and MFR values can also be obtained by noninvasive
modalities.

Investigational methods
The microcirculation is too small to be detected by the human eye and by direct imaging
methods of the coronary arteries. Thus, only indirect methods can be used to evaluate
the function of the microcirculation. There are several invasive and non-invasive
methods focusing on microcirculatory pressure and blood flow. Coronary blood flow is a
measurement of the amount of blood flow per unit of time through a coronary artery. This
is usually expressed in millilitres per minute1. Coronary blood flow can be assessed by tracer
dilution techniques during the induction of maximum hyperaemia 3. The specific ‘tracers’
differ between methods, but examples are; ultrasound waves, saline, microspheres, and
radioisotopes. The tracer outputs are recorded or imaged, and hereby coronary blood flow
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is estimated. All methods evaluate the difference in blood flow between rest and maximum
hyperaemia to indicate the function of the microvasculature. But, to evaluate microvascular
function independantly, distal pressure is needed, in addition to flow.

Invasive assessment of the coronary microcirculation
Coronary Flow Reserve
Coronary flow reserve (CFR) reflects the ratio of hyperaemic-to-basal coronary blood flow.
This ratio provides information about the functional aspect of the coronary circulation 4.
Simply put, this index has been developed to estimate the effect of a coronary stenosis
on myocardial flow. CFR represents resistances in both the epicardial and microvascular
compartments, but is not able to distinguish these independantly. There are multiple
ways to assess or approximate CFR invasively: CFRDoppler, and CFRthermo in order of historic
perspective, and CFRflow with an external flow probe (in animal studies). CFRDoppler, or coronary
flow velocity reserve (CFVR) is a surrogate for CFR, reflects the ratio between hyperaemic
and resting peak flow velocity, and is based on assessment of peak velocity. This velocity is
recorded by a Doppler wire at rest and during maximum hyperaemia. CFRDoppler can then be
calculated by dividing hyperaemic peak velocity by resting peak velocity.
In 2002, CFRDoppler was compared with a new method for CFR calculation based upon
thermodilution after a bolus injection of saline: CFRthermo, and a good correlation was shown 5,6.
This thermistor-based method for CFR assessment is also a surrogate for true volumetric
CFR, using the ratio of mean transit times (Tmn) at rest and hyperaemia. The great advantage
is that it enables simultaneous Fractional Flow Reserve (FFR) and CFR measurements to
be able to distinguish between epicardial specific lesions and microvascular abnormalities
using a single pressure/temperature wire. By using both the ‘temperature and pressure’
properties of the wire, it was shown that simultaneous assessment of CFRthermo and FFR was
feasible.
In open chest beating porcine hearts, true volumetric, CFR (CFRflow) can be measured directly
using coronary flow measurements by an external perivascular flow probe, and is the ratio
between flow at hyperaemia and resting flow. Both CFRDoppler and CFRthermo have been
compared to CFRflow . It was shown that CFRDoppler underestimates true CFR values, mainly due
to technical issues during the measurement, and due to the fact that CFRDoppler uses peak
velocity instead of space-averaged velocity, which may not correlate perfectly with actual
flow.7 In the same experiments, it has also been proven that thermodilution-based coronary
flow reserve correlated best with true CFR, measured by a flow probe (correlation of 85%).
Due to this rather moderate accuracy of about 85% versus the external flow probe, the
application of CFR measurements has remained limited. Further it also has limited value for
clinical decision making, as it is influenced by hemodynamic conditions and lacks a reliable/
universal normal value.
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Index of Microcirculatory Resistance
In 2003 the index of microcirculatory resistance (IMR) was established by Fearon et al 8.
This index is derived from simultaneous coronary pressure and hyperaemic temperature
measurements. Because hyperaemic blood flow is inversely proportional to hyperaemic
mean transit time, the product of distal coronary pressure and mean transit time can be
used as an index of minimal microvascular resistance using this formula:
IMR = Pdhyperaemia x Tmnhyperaemia8
As the equation shows, IMR uses only mean transit time (Tmn) during maximum hyperaemia
and is therefore not dependant on baseline blood flow as is the case for coronary flow
reserve. Its independancy of epicardial stenosis relies on the fact that both distal pressure
and flow decrease with increasing stenosis severity, which has been validated in pig hearts 8.
However, with more severe epicardial stenosis, also IMR is dependant on epicardial disease
and should be corrected using coronary wedge pressure, as described by Aarnoudse
et al9 and popularized by Yong et al10. In situations where microvascular disease plays a
predominant role, IMR can be a useful tool to address the microcirculation specifically.
In contrast to CFR measurements, more circumscript normal values were established for
IMR. An IMR value below 25 is generally considered normal, based on 3 studies amongst
healthy individuals11–13.
Although IMR is an established method to assess microcirculatory function, it is also
operator dependant to a certain degree (for example, on the way injection is performed,
and position of the guiding catheter) and as such, difficult to reproduce in approximately
20% of cases. Furthermore, IMR may vary in relation to myocardial mass involved. For that
reason, IMR is recommended to be measured with the sensor positioned in the distal third
of the coronary artery.
Absolute coronary blood flow and microvascular resistance
Invasive assessment of absolute coronary blood flow (in ml/min) is the latest development,
and is the main subject of this thesis. Therefore, it will be explained more extensively in
chapter 2 of this thesis.

Non-invasive assessment of the coronary microcirculation
Positron Emission Tomography
Nowadays [15O]H2O positron emission tomography (PET) is the non-invasive gold standard
for quantification of myocardial perfusion 14. The technique is based on the detection of
radioactivity, emitted after a small amount of a radioactive tracer is injected into a peripheral
vein. Different tracers, with known different tracer uptake, can be used (N-ammonia,
rubidium etc.). The method is well established 15, and is performed as follows: first normal
resting PET sequences are derived, next PET sequences are made after administration of
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adenosine to achieve maximum hyperaemia, and to make use of the same indicator dilution
principle. Then dedicated software identifies subendocardial and subepicardial layers, as
well as myocardial counters. Next, myocardial blood flow is calculated for all three vascular
territories. In healthy individuals, normal values for peak hyperaemic myocardial blood flow
(MBF) between 3-5ml/min/gram were found16,17 and resting flow varied from 0.6-1.5ml/
min/g.
Next to myocardial blood flow, also CFR is calculated as the ratio between resting blood flow
and hyperaemic flow, and a normal value is considered to be > 2.0.
Positron Emission Tomography was also recently used to validate invasive absolute flow
measurements, as briefly touched hereabove18. In 25 patients [15O]H2O scans were
performed, as well as invasive assessment of coronary blood flow and microvascular
resistance. This study showed a strong correlation between hyperaemic flow, measured
invasively and assessed with PET (R=0.91).
PET scanning is still underutilized, since it is only available in hospitals with PET generators.
The validation of MBF with PET above indicates that both invasive and non-invasive methods
to assess microvascular dysfunction can be used as complementary methods in different
clinical settings (outpatient clinic versus cathlab)3.
Echo Doppler Coronary Flow Reserve
Assessment of coronary flow velocity is also possible during echocardiography. Generally,
the left anterior descending (LAD) is used to evaluate coronary flow velocity reserve (CFVR)
in a resting state and during drug-induced hyperaemia. To calculate this index, the equation
CFVR = CFVhyperaemia / CFVrest is used, with the peak diastolic velocities in the LAD measured
using an aligned ultrasound beam. The correlation between invasive CFRDoppler and noninvasive CFR by echo was approximately 72%, i.e. reasonable, but not really satisfactory,
and insufficient as a basis for clinical decision-making 4. Furthermore, this technique is very
limited, as a good echocardiographic view is needed, and, in most cases, only the LAD is
visible. It has the same disadvantages as other CFR-based techniques have.
Cardiac Magnetic Resonance
Stress cardiac magnetic resonance (CMR) imaging is widely used for detecting ischemia
caused by epicardial lesions. In recent years, also the usefulness of CMR for detection of
microvascular dysfunction has been explored. Adenosine stress CMR is used for assessment
of left ventricular function and infarcted areas by late gadolinium enhancement. For
assessment of inducible ischemia, myocardial blood flow is calculated, and myocardial
perfusion reserve index (MPRI) can be determined. This MRI application is a rather new
technique, and needs further research and validation.
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Aims and outline of this thesis
The coronary microcirculation has been called a ‘black box’ for a long time, and now it is
going to be carefully opened. Methods to assess the coronary microcirculation are rapidly
emerging, and can be applied in daily practice. This has resulted in a dramatic increase
in our knowledge of the microcirculation, and opens the door to a better treatment of
microvascular disease. It has been increasingly better understood that patients do not only
experience chest pain from epicardial lesions, but from high microvascular resistance as well.
This thesis focuses on the clinical question: ‘how to assess the coronary microcirculation’ in
the best, most patient-friendly and reproducible way, and how to apply such methods in
different groups of patients.
The aim of this thesis is to assess a rather novel and elegant method to evaluate the
microcirculation i.e., the measurement of absolute blood flow and microvascular resistance.
A comprehensive overview of this method, including its reproducibility, will be discussed in
chapter 2. In order to assure a smooth roll-out of the technique, its safety was extensively
investigated as outlined in chapter 3 where 467 absolute flow measurements were
performed in 100 patients with a meticulous focus on safety. After the method proved to
be both reproducible and safe, normal values were established in chapter 4. For collecting
these normal values, patients were investigated with coronary arteries that were as normal
or close to normal as possible. In order to compare normal values between different
patients, normalization for myocardial mass is needed. This was the main goal of chapter 5,
where 35 patients underwent both CT-scanning (for myocardial mass determination) and
invasive absolute flow measurements. Because patients visiting the cathlab normally do
not undergo both CT-scanning and coronary angiography, determining ‘normal values’
without mass assessment remains an important goal. On the other hand, the method does
lend itself perfectly for intra-patient comparisons: before and after PCI, after stenting, after
medical treatment, or in follow up of acute myocardial infarction, the patient acts as his/
her own control.
Chapter 6 and 7 deal with a challenging, yet important, group of patients in interventional
cardiology: patient with chronic total occlusions (CTO). Although technically often
demanding, this group of patients (with an occluded coronary artery and generally also a
collateral-providing donor artery) offers a unique possibility to study changes in blood flow
and microvascular resistance in both territories over time, i.e., before and immediately after
CTO PCI, and during follow-up, enhancing our understanding of coronary physiology.
In chapter 6 of this thesis, a complete overview is given of the current literature about
changes in physiology after PCI of a chronic total occlusion. An understanding of all the
changes that happen in blood flow, pressure, and microvascular resistance after PCI of an
epicardial artery that has been occluded for months-to-years is important, and shows a
delicate interplay. Until recently, these physiologic assessments were never done within the
same patient directly after PCI and at follow-up. For this reason, in chapter 7, complete
physiologic assessment of the epicardial vessel and microcirculation was performed before
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and after PCI and at follow up. This reveals the complete physiology in one and the same
patient, and shows that patients with CTO’s not only improve at the time of the procedure
itself but continue to benefit over time.
Furthermore, it is still not clear whether high microvascular resistance has a negative
impact on patient prognosis and outcome in the long term. It has been suggested that high
microvascular resistance is an early stage of heart failure with preserved ejection fraction.
This is why, in chapter 8, a group of patients with echocardiography and invasive assessment
of the microcirculation is described. Here, the relationship between high microvascular
resistance and diastolic heart failure/reduced left atrial strain is further investigated. The
overall prognosis and event-free survival of a patient is paramount in every treatment we
apply.
It is well known that patients with large anterior wall infarctions can have poor prognosis and
are readmitted to the hospital due to heart failure. In chapter 9, a new method is described
which is a direct spin-off of the method of absolute flow and resistance measurements
described in this thesis. This method is selective intracoronary hypothermia, to be applied
during the acute phase in patients with anterior wall myocardial infarction. A prospective,
randomized, controlled proof of principle study using this method is presently underway
(EURO-ICE study).
Chapter 10 is the conclusion of this thesis and constitutes a general discussion and future
perspectives. In this chapter, findings are synthesized and future ideas and caveats are
proposed with their clinical implications. As such, this thesis should contribute to better
diagnosis and treatment of microvascular disease.
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Introduction
During the last two decades there has been a sharp increase in both interest and knowledge
about the coronary microcirculation. Since these small vessels are not visible by the human
eye, physiologic measurements should be used to characterize their function. The invasive
methods presently used (Coronary Flow Reserve (CFR) and Index of Microcirculatory
Resistance (IMR)) are operator dependant and mandate the use of adenosine to induce
hyperaemia. Recently, we have introduced a new thermodilution-based method for
measurement of absolute coronary blood flow and microvascular resistance and transformed
this technique from an experimental method into an easily applicable clinical method during
coronary angiography. The method is accurate, reproducible and completely operator
independant. This method has been validated non-invasively against the current golden
standard for flow assessment: Positron Emission Tomography-Computed Tomography (PETCT). In addition, absolute flow and resistance measurements have proved to be safe, both
periprocedural and at long term follow up. Importantly, because also FFR can be measured
simultaneously, not only actual maximum blood flow but also its normal reference value can
be calculated (normal flow equals actual flow divided by FFR). With an increasing number
of studies being performed, this method has great potential for better understanding and
quantification of microvascular disease. The different studies where this method was used,
are the main content of this thesis.
Invasive diagnosis of microvascular disease: time for a leap forward?
The last two decades there has been a sharp increase in publications about the coronary
microcirculation with more than 200 new articles per year. It reflects a new interest for
the microcirculation. It is fully accepted nowadays that epicardial coronary artery disease
is not the only pathologic entity in ischemic heart disease and that the microcirculation
has been underappreciated for years. It has been recognized that 25-50% of patients with
chest pain visiting the catherization laboratory do not present with significant epicardial
stenosis: so-called Angina or Ischemia with Non Obstructive Coronary Artery disease
(ANOCA or INOCA) or Myocardial Infarction with Non Obstructive Coronary Artery disease
(MINOCA)1. Moreover, a considerable number of patients continue to have chest complaints
even after successful Percutaneous Coronary Intervention (PCI) of epicardial lesions2. Due to
this mismatch between patients’ symptoms and epicardial angiography, assessment of the
coronary microcirculation or microvasculature, has gained interest3.
Coronary microvascular disease (CMD) can be roughly divided into three categories: 1) CMD
in the absence of obstructive coronary artery disease (primary CMD) 2) CMD secondary to
myocardial diseases, for example; left ventricular hypertrophy and Tako Tsubo and 3) CMD
in the presence of obstructive coronary artery disease4. Most likely, primary microvascular
dysfunction is caused by a combination of factors being intimal thickening, smooth muscle
cell proliferation and molecular mechanisms4. The microcirculation is too small to be imaged
by traditional invasive imaging methods. Therefore only functional methods can be used to
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evaluate the microcirculation in the catheterization laboratory. Continuous low rate infusion
of saline and thermodilution, is the basis for the novel method described in this thesis and
for the first time enables truly quantitative assessment of CMD.
When to assess microvascular function and/or coronary vasospasm?
Due to the increased interest and recognition of microvascular coronary artery disease
and coronary vasospasm many of such patients are encountered at the outpatient clinic or
emergency ward. The question remains who should undergo further invasive analysis and
which diagnostic methods should be used.
The diagnosis ANOCA, as mentioned, is used to characterize patients with chest pain
with normal/near-normal coronary arteries. Sometimes, the abbreviation INOCA is used,
indicating that ischemia was demonstrated (mostly non-invasively). In this thesis we use
the somewhat broader terminology ANOCA. Many different pathologic entities can cause
ANOCA. The first indication for the physician to consider ANOCA lays within the anamnesis,
cardiac enzymes, and non-invasive functional testing. It is important to realize that patients
presenting with ‘chest pain’ are not always comparable and that patients with ANOCA often
present with different symptoms; i.e. chest tightness not during but after exercise, at rest,
dyspnea and others5.
Some patients present with a myocardial infarction and marked elevated cardiac enzymes
without coronary stenosis (MINOCA). Most of these patients present with obvious anginalike complaints or dyspnea undergo first additional non-invasive diagnostic test like biketreadmill testing or coronary CT-angiography. When no abnormalities are found but
clinical suspicion remains, an invasive coronary angiogram can be planned. In the cathlab
the endothelium-dependant and endothelium-independant causes of ANOCA can be
distinguished. The current EAPCI consensus document on INOCA states that vasospastic
coronary artery disease could, and sometimes should be assessed within the invasive
angiography session (class IIa recommendation)5. Coronary vasospasm is also called
endothelium-dependant microvascular disease and can be assessed after the administration
of increasing doses of intracoronary acetylcholine (ACH). ACH normally binds to the ACHreceptor and causes vasodilatation in the underlying smooth muscle cell. ACH also has a
slight simultaneous constrictive effect on the vascular smooth muscle cell, but with healthy
endothelium the net product is vasodilatation6. In case of abnormal endothelial cells, ACH
binds to the ACH-receptor and does not cause vasodilatation. The slight simultaneous
constriction of the smooth muscle cells then leads to constriction. During ACH testing a
standard approach involves sequential infusion of ACH at concentrations approximating
10-6, 10-5, and 10-4mol/L. Epicardial spasm can be diagnosed when the epicardial coronary
artery is narrowed >90% after administration of the ACH, accompanied by recognizable
complaints and ECG changes corresponding to ischemia. The full protocol is also presented
in the consensus document mentioned above5.
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Existing high microvascular resistance is called endothelium-independant microvascular
disease. Maximal vasodilatory hyperaemia is always caused by the intracoronary (or
intravenous) administration of endothelium-independant vasodilators i.e. saline in the case
of absolute flow and resistance measurement using the dedicated Rayflow catheter (but
also adenosine/regadenoson when measuring FFR/IMR/CFR). IMR and CFR measurement
has been explained extensively already in chapter 1 of this thesis. The overall diagnostic
path that can be followed for ANOCA is displayed in figure 1.

Figure 1:

Practicalities of flow and resistance measurements
To apply this technique, cardiac catheterization and/or FFR can be performed according to
routine by either femoral or radial access. 6-French Guiding catheters should be advanced
as usual and next a pressure/temperature wire (Pressure wire X™ Abbott, Saint Paul, MN,
USA) is introduced in the ostium of the coronary artery and equilibrated. After intracoronary
administration of 200 micrograms of nitroglycerin and proper equalization of pressures, the
pressure wire can be further advanced into the coronary artery and, used for, assessment
of epicardial abnormality by FFR or non-hyperaemic pressure ratios (NHPR). Fractional Flow
Reserve (FFR) is measured during intravenous administration of adenosine, RFR (available
using the Coroventis software) does not require adenosine and is preferred in some centers
but is less well validated. next, a dedicated monorail infusion catheter (Rayflow™, Hexacath,
Paris) is advanced over the pressure wire and positioned with its tip in the proximal part of
the coronary artery (Figure 2).
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Figure 2:

In the left panel a normal Circumflex artery is shown. The middle panel shows the
pressure wire X, which is placed in the distal coronary artery, and the Rayflow catheter
in the proximal artery. The Rayflow is visible by a radiopaque dot at the tip. In this
position, the measurement starts. The right panel shows the position of the pressure
wire when it is pulled back towards the inner side holes of the Rayflow catheter. Now
the infusion temperature is assessed.
Abbreviations: Ti: is the infusion temperature of the saline as measured at the infusion
holes of the Rayflow catheter, T: is the distal coronary temperature after complete
mixing of blood and saline measured by the pressure wire after calibration to body
temperature.
This infusion catheter, has an outer diameter of 0.84mm (2.5 French) and it consists of
a 25cm long rapid exchange inner monorail lumen for the 0.014’’ pressure wire and an
infusion lumen along the complete length of the catheter. The catheter is equipped with 4
infusion holes at a distance of 7mm from its tip mandatory for rapid and complete mixing of
saline with blood in the coronary artery (figure 3).
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Figure 3: difference between normal end-hole infusion catheter and Rayflow
infusion catheter

2

In the upper panel an in vitro set up of a coronary artery is shown. The regular infusion
catheter is placed in the ‘vessel’ filled with saline and the infusate is dyed black with ink.
It is visible that there is incomplete and variable mixing in case of the regular infusion
catheter (arrow indicates tip of infusion catheter). In the lower panel the Rayflow is
used. Here immediate and complete mixing is shown starting directly at the infusion
holes (indicated by the arrow).

In addition, the infusion catheter has two inner side holes approximately 1cm from the tip
between the infusion lumen and the monorail lumen to record precisely the temperature
of saline at the spot where it enters the coronary artery. Before saline infusion starts, the
temperature is calibrated and body temperature is set to ‘zero’ (reference temperature,
figure 4, panel 1), whereafter all changes in temperature are related to this reference
temperature. During the measurement, the sensor of the pressure/temperature wire is
positioned in the distal part of the coronary artery.
Next, saline infusion is started at a rate of 15-25 ml/min (Qi) and absolute blood flow in
the coronary artery is calculated as previously described 8–10. Maximum hyperaemia in the
respective coronary artery is induced by the saline infusion itself within 10-20 seconds.11,12
During steady-state infusion, the temperature of the completely mixed blood and saline (T)
is measured in the distal coronary artery and after a steady-state has been reached (figure 4,
panel 3), the pressure wire is pulled back in the Rayflow catheter to determine the infusion
temperature of the saline (Ti); (figure 4, panel 4). Absolute blood flow and resistance is then
calculated as indicated below.
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Figure 4: measurement screen, step-by-step

This figure shows the software screen during the flow and resistance measurement.
Panel 1: the temperature measured by the pressure wire is zeroed, which means it is
calibrated at body temperature. Panel 2: the infusion of saline starts at 20ml/min in this
case, the fast decrease in temperature is visible here. Panel 3: steady state maximum
hyperaemia has been reached here and T is recorded. Panel 4: the pressure wire is
pulled back to the tip of the Rayflow to measure the infusion temperature of the saline.
This pullback is indicated by the fast decrease in temperature and sudden increase in
distal pressure. Panel 5: the infusion temperature measurement reaches steady state
and Ti is calculated. Panel 6: the infusion pump is stopped and the temperature of
the blood reaches starting values within 30 seconds. Further the timeline in the figure
indicates the time in seconds. Here it can be appreciated that it takes approximately 20
seconds for hyperaemia to occur.
Red tracing: aortic pressure; green tracing: distal coronary pressure; blue tracing:
coronary temperature. The numerical values of all relevant parameters are displayed in
the right side of the coroventis screen.
Abbreviations: Ti: is the infusion temperature of the saline as measured at the infusion
holes of the Rayflow catheter, T: is the distal coronary temperature after complete
mixing of blood and saline measured by the pressure wire after calibration to body
temperature
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Calculation of absolute blood flow and resistance
Coronary blood flow (Qb, mL/min) can be calculated by continuous intracoronary infusion of
saline, as previously described, according to the equation

2
where
is the saline infusion rate in mL/min,
is the temperature of blood in the distal
coronary before infusion of saline, is the temperature of the infused saline when it exits
the infusion catheter and is the temperature of the homogenous mixture of blood and
saline in the distal part of the coronary artery during infusion9,13. The constant relates to
the difference between the specific heat of blood and saline and when saline is infused in
blood, this is equal to 1.0814. In practice, the temperature of blood (Tb, ~37°C) is taken as a
reference and the other temperatures are expressed as a difference to that value. Therefore,
Ti and T stand for relative temperatures compared to Tb and the equation can be simplified
as follows:

Since, in clinical practice,
is chosen between 15 and 30 ml/ min, the last part of the
equation subtracts between 1.2 and 2.4 mL/ min from the calculated coronary blood flow
and can therefore be neglected. Consequently, the equation is further simplified to:

Absolute microvascular resistance (R) is calculated in analogy to Ohm’s law by:

Where
is the distal coronary pressure and
is the coronary blood flow. R can be
expressed in dyn.s.cm-5, mm Hg/L/min, or Wood units.
Reproducibility
Together with the cardiovascular center in Aalst (Belgium) (Xaplantaris et al) we tested the
feasibility and reproducibility of the method in a series of 115 patients who were referred
for coronary angiography8. Their baseline characteristics are presented in Table 1. Successful
instrumentation of the coronary artery, as well as acquisition of temperature tracings and
calculation of Q and R were achieved in all patients. No significant adverse events were
observed.
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Table 1: Baseline characteristics of the entire cohort
Number of patients

115

Number of coronary arteries

175

Male/female, n (%)

87/28 (76%/24%)

Age, years

63 (56, 70)

LAD/LCx/Ramus/RCA/SVG

91/33/2/48/1

Current smoking, n (%)

19 (17%)

Diabetes mellitus, n (%)

19 (17%)

Hypertension, n (%)

49 (43%)

Dyslipidemia, n (%)

63 (55%)

Stable angina, n (%)

93 (81%)

Acute coronary syndrome, n (%)

11 (10%)

Control angiogram after recent PCI, n (%)

12 (10%)

Abbreviations: LAD: left anterior descending coronary artery; LCx: left circumflex
coronary artery; PCI: percutaneous coronary intervention; RCA: right coronary artery;
SVG: saphenous venous graft.
Duplicate measurements were made in 101 vessels in 60 patients
Table 2: Distribution of measured temperature, absolute myocardial blood flow and
microvascular resistance per vessel
Left anterior descending
artery (n=53)

Left circumflex
artery (n=20)

Right coronary
artery (n=25)

P value

T, °C

-0.49 (-0.61, -0.40)

-0.49 (-0.74, -0.36)

-0.45 (-0.54, -0.35)

0.25

Ti, °C

-4.1 (-4.5, -3.5)

-3.9 (-4.7, -3.3)

-3.3 (-3.9, -3.1)

0.03

Q, mL/min

173 (134, 228)

137 (117, 186)

144 (109, 193)

0.06

R, mmHg/L/min

398 (339, 479)

511 (436, 574)

518 (428, 830)

0.001

Pd/Pa during infusion

0.79 (0.74, 0.85)

0.92 (0.87, 0.98)

0.92 (0.89, 0.97)

<0.0001

The presented values are the average of the duplicate measurements and are presented
as median (25th-75th value).
Values for ramus intermedius and venous grafts are not presented due to the limited
number of measurements at such vessels (n=2 and n=1 respectively).
For an optimal signal to noise ratio, T should be in the range 0.4-1.0 °C and Ti 3-8 °C
below blood temperature.
Abbreviations: T: temperature of blood and saline mixture; Ti:temperature of infused
saline; Q: absolute myocardial blood flow; R: absolute microvascular resistance.
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The range of temperatures measured in the distal coronary artery (T) was -0.08 to -2.20
°C below the reference temperature; for the temperatures of the infused saline (Ti) the
range was -1.00 to -6.05 °C below the reference temperature. Based on these temperatures
and the rates of saline infusion (Qi), the ranges of calculated absolute myocardial flows
and microvascular resistances were 33 to 348 mL/min and 202 to 1691 mmHg/L/min
respectively. Descriptive data for T, Ti, Q, R and Pd/Pa during infusion on a per-vessel basis
are presented in Table 2.
The coefficients of variation for T, Ti, Q, R and Pd/Pa during infusion were 24.7%, 9.9%,
23.8%, 33.6% and 4.12% respectively.
The average ICCs for the first and second measurements of T, Ti, Q, R and Pd/Pa during
infusion were 0.93, 0.95, 0.89, 0.89 and 0.97 (P<0.001 for all) respectively. Similarly, the
Spearman’s ρ correlation coefficients were 0.880, 0.919, 0.833, 0.771 and 0.931 (P<0.001
for all) for the repeated measurements of T, Ti, Q, R and Pd/Pa during infusion (Figure 5).
The Bland-Altman plots of the difference between the two measurements plotted against
their mean value are presented in Figure 6. The calculated biases for T, Ti, Q, R and Pd/Pa
during infusion were -0.01±0.09, 0.07±0.34, -2±37, 1±117 and 0.002±0.034 respectively;
none of them differed significantly from zero (P>0.05 for all).
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Figure 5: Scatterplots and correlations of first and second measurements for T, Ti, Q,
R and Pd/Pa during infusion

Abbreviations: T: temperature of blood and saline mixture; Ti:temperature of infused
saline; Q: absolute myocardial blood flow; R: absolute microvascular resistance; Pd/Pa:
distal coronary to aortic pressure ratio.
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Figure 6: Bland-Altman plots of difference versus average values for repeated measurements of T, Ti, Q, R and Pd/Pa during infusion

2

Abbreviations: T: temperature of blood and saline mixture; Ti:temperature of infused
saline; Q: absolute myocardial blood flow; R: absolute microvascular resistance; Pd/Pa:
distal coronary to aortic pressure ratio.
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This study reports the first data on the feasibility and repeatability of in vivo measurements
of absolute coronary flow and microvascular resistance with a novel monorail infusion
catheter using the principle of continuous thermodilution and calculated online using
specialized novel software.
Although the feasibility of the method was already described 15 years ago by Aarnoudse et
al9, routine application in the clinical cathlab has become possible a few years ago by the
availability of the Rayflow catheter, the Coroventis software, and the recognition that saline
at a rate of ≥ 20 ml/min induces maximum hyperaemia within seconds. A 10 minute video
showing the practical performance of such complete measurement, is available at: https://
www.youtube.com/watch?v=n-L5D50zB3I
Short overview of the necessary equipment
In contrast to IMR, to perform the measurement as explained above some specific equipment
is needed in addition to the pressure wire. First, the Rayflow multipurpose monorail infusion
catheter is mandatory to infuse the saline and to guarantee complete mixing of blood and
saline, a prerequisite for reliable measurement (figure 3 and 7). Second a programmable
infusion pump is used, which should be able to infuse saline at a rate of 15-25ml/min
at high pressure. Every modern contrast pump has those features. Finally, for rapid and
instantaneous recording of all relevant parameters and the calculations made, presence
of Coroflow software and a radio receiver (Coroflow ®, Coroventis, Uppsala, Sweden) is
mandatory. All equipment is summarized in figure 7. Recently, the Coroventis software got
also FDA approval and the Rayflow catheter has been filed for 510k permission at the USA.
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Figure 7: equipment

2

All equipment needed for the thermodilution-based assessment of absolute blood flow
and resistance is displayed here. The Rayflow catheter is shown in the upper panel,
clearly indicating the 4 infusion holes at 0, 90, 180 and 270 degrees. The middle panel
shows the infusion pump. The lower panel shows the pressure wire with the necessary
software.
Practical issues
Like with every invasive imaging modality, there are some practical issues to keep in mind
when using this technique. First, the Rayflow catheter is compatible with a 6F guiding and 6F
introducer sheet. Next, the heating element of the infusion pump should be switched of. As
a matter of fact, it is to make sure there is enough saline in the infusion pump to complete
the whole measurement. For one measurement generally 50cc of saline is needed. Further it
is important to wait long enough till maximum hyperaemia occurs and all values (Pa, Pd and
T) stabilize before pulling back the pressure wire into the Rayflow catheter for measurement
of Ti. Such steady state is generally achieved within 20-30 seconds and this ensures correct
values and high reproducibility.
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In the event of an AV-block (sometimes seen in small RCA when using an infusion rate
above 15ml/min), the infusion pump should be stopped and AV-conduction recovers
immediately. After several seconds the pump can be adjusted to a lower infusion rate and
the measurement can be repeated. All cases of AV-block in the aforementioned safety study,
disappeared immediately after stopping the infusion and medication was never required
to recover AV-conduction15. Finally, it should be kept in mind that calculated flow refers to
maximum flow distal to the tip of the Rayflow catheter and that resistance refers to minimal
resistance of the myocardium corresponding with that position.
Studies performed so far, limitations and future applications
As a matter of fact, patients with ANOCA, MINOCA, and syndrome X, mismatch between
epicardial abnormalities and chest pain, and a multitude of primary myocardial diseases
will be the focus for quantifying microvascular function. In that regard, and for any interindividual comparison, need for normal values is obvious. In a large recently performed
study, normal values were defined and, as expected, showed a large variation due to
dependency of resistance on the mass of the myocardial territory distal to the spot of
measurement (Chapter 4 of this thesis)16.
To exclude the extent of the myocardial territory as a variable, it is recommendable to
express flow per gram of tissue (ml/min/g) and resistance as resistance x gram of tissue (WU
x g). Mass can be obtained by coronary CT and MRI. That has been done recently and when
doing so, more circumscript ranges of normal minimal resistance are obtained, equal for all
3 major perfusion territories17. This is described in chapter 5 of this thesis.
For intra-individual follow-up (i.e. follow up within the same patient) of microvascular
disease and effects of treatment, this methodology is extremely suitable because every
patient or myocardial territory is its own control. A number of studies have been performed
or are presently performed in this respect. Years ago, when equipment was less refined,
Wijnbergen et al18 studied changes in myocardial resistance from directly after PPCI in STEMI
to days to weeks of follow-up. It was suggested that a normal or increased resistance post
PPCI, which restored considerably at follow-up, was associated with favorable outcome,
whereas a persistently high resistance would be unfavorable18. Larger studies are mandatory
to relate such measurements to outcome, in analogy to IMR studies 7,19. Our method of flow
and microvascular resistance measurement was also recently used to better understand the
recovery of the microcirculation after PCI of chronic occlusions (chapter 7 of this thesis) 20,21.
Flow and resistance measurements were performed directly after CTO PCI and at follow
up. Restoration of both absolute blood flow and myocardial resistance were observed over
time.
A couple of interesting trials, using this technique, are currently ongoing. The ongoing
IMPACT-CTO 2 trial (ClinicalTrials.gov Identifier: NCT03830853) (performed in Essex and
in Eindhoven) combines absolute flow and resistance assessment, FFR, RFR and IMR with
intracoronary imaging, within the same patient after CTO PCI and at long term follow-up.
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These measurements might provide further insight in coronary physiology and anatomy
post CTO PCI. Another study to be mentioned in this context is the prospective multicenter
randomized placebo-controlled EDIT-CMD (EudraCT number: 2018‐003518‐41) (performed
in Nijmegen, Rotterdam and Eindhoven) study where in patients with chest pain of uncertain
origin, the microcirculation as well as effects of calcium antagonists, are studied before
treatment and after 6 weeks of calcium-antagonist treatment.
Finally, in case of attempted pharmacologic treatment or risk factor modification of
microvascular disease, the measurements described in this paper may prove a suitable
instrument for recording progression or regression of disease. Larger studies are required
to draw more definite conclusions, especially in different clinical scenarios, without limiting
ourselves to ANOCA/MINOCA. With the wide field of applications of this elegant technique,
the studies mentioned are only the tip of the iceberg. Multiple areas of further research
exist.
Absolute flow and resistance measurement: the future invasive standard for the
coronary microcirculation?
Taking into account its ease of use, safety, accuracy, reproducibility and the ability for specific and
quantitative characterization of the coronary microvasculature, the measurement of absolute
coronary blood flow and microvascular resistance as described in this thesis can be proposed as
the future standard for invasive assessment of microvascular (dys)function.
Recently, it has been shown that the technique of absolute flow and microvascular resistance
measurement, cannot only be applied during hyperaemia but also at rest. Infusion rate should
then be 8-10 ml/min and it has been shown that such rate does not influence blood flow or any
other hemodynamic parameter. Resistance at rest and at hyperaemia, also enables calculation
of the novel index Microvascular Resistance Reserve (MRR) which might be the future standard
for microvascular (dys)function. This is further discussed in the future perspectives.
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Abstract
Aims: This study evaluates the safety of absolute coronary blood flow and microvascular
resistance measurements by thermodilution with low rate infusion of saline during cardiac
catheterization.
Methods and results: in 100 consecutive patients and 213 coronary arteries, 467 measurements
were performed using a specific multisidehole monorail infusion catheter and dedicated
software. Safety was evaluated and possible complications were recorded during the
instrumentation, the measurement procedure itself, immediately thereafter, after 30 days and
after one year.
No periprocedural complications occurred except bradycardia or rapidly transient AV-block
in 2.6% (n=12) of all measurements, mostly seen in the RCA. At follow up, no vessel related
adverse events were observed like death, myocardial infarction or need of target vessel
revascularization.
Conclusions: Selective measurement of absolute coronary blood flow and microvascular
resistance by thermodilution, is safe and not related to noticeable adverse events, neither
periprocedural nor at follow up.
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Introduction
Assessment of the microcirculation of the heart has gained interest over recent years. This
is partly due to the awareness that the visible epicardial arteries represent only a small
part of the total coronary circulation and to the fact that up to 50% of patients with chest
pain visiting the catherization laboratory do not present with significant epicardial stenosis
(so-called Angina with Non Obstructive Coronary Artery disease (ANOCA) or Myocardial
Infarction with Non Obstructive Coronary Artery disease)1. Moreover, a considerable
number of patients continue to have chest complaints even after successful Percutaneous
Coronary Intervention (PCI) of epicardial lesions 2. Due to this mismatch between patients’
symptoms and epicardial angiography, assessment of the coronary microcirculation or
microvasculature, has gained interest 3.
Up till a few years ago, invasive quantitative assessment of microvascular resistance was
not possible. Most knowledge came from non-invasive imaging, from invasive index of
mircocirculatory resistance4, or from doppler wires5,6, both being semi-quantitative and
both being operator dependant.
Recently, quantitative measurement of coronary blood flow (ml/min) and microvascular
resistance (dynes.s.cm-5 or mmHg/L/min (Wood Units)) has become possible by
thermodilution with low rate saline infusion, using a regular pressure-temperature
guidewire (Pressure wire X, Abbott, USA) and a specific multisidehole monorail infusion
catheter (Rayflow®, Hexacath, Paris). Such measurements have been validated versus
Positron Emission Tomography (PET)7, have a high reproducibility and are completely
operator independant.8 If performed in conjunction with (epicardial) FFR measurements,
this flow and resistance measurement is easy to perform and takes 2-3 minutes per vessel
only. Procedural safety has been reported before8, but long term safety and absence of late
complications have not been described yet.
The present study evaluates the safety of absolute flow measurements in 100 consecutive
patients in our center, both periprocedural, at 30 days and to one year follow-up.

Methods
Study design and population
In a total of 100 patients, 213 coronaries arteries were assessed and 467 measurements
of absolute coronary blood flow and microvascular resistance were performed in those
arteries. All patients had a clinical indication for invasive physiologic measurements and
assessment of microvascular disease (table 1). The study was approved by the local IRB at
the Catharina Hospital Eindhoven and informed consent was obtained from all patients to
use their data for this post-hoc safety analysis. All Authors adhered to the Declaration of
Helsinki.

Safety of Absolute Coronary Flow And Microvascular Resistance Measurements by Thermodilution

41

3

Chapter 3
Absolute blood flow and resistance measurement
Cardiac catheterization, FFR, and absolute blood flow and resistance measurements were
performed according to routine by either femoral or radial access, at the discretion of the
operator. Guiding catheters were advanced as usual and a pressure/temperature wire (Pressure
wire X™ Abbott, Saint Paul, MN, USA) was introduced in the ostium of the coronary artery.
After intracoronary administration of 200 micrograms of nitroglycerin and proper equalization
of pressures, the pressure wire was further advanced into the coronary artery and Fractional
Flow Reserve (FFR) was measured by intravenous administration of adenosine. Following FFR
measurement, a dedicated monorail infusion catheter (Rayflow™, Hexacath, Paris) was advanced
over the pressure wire and positioned with its tip in the proximal part of the coronary artery
(Figure 1).
This infusion catheter, called RayFlow® (Hexacath, Paris), has an outer diameter of 0.84mm
(2.5 French) and it consists of a 25cm long rapid exchange inner monorail lumen for the 0.014’’
pressure wire (figure 2). The catheter is equipped with 4 infusion holes guaranteeing rapid and
complete mixing of saline with blood in the coronary artery. In addition, the infusion catheter
has two inner side holes approximately 1cm from the tip between the infusion lumen and the
monorail lumen to record precisely the temperature of saline at the site where it enters the
coronary artery (figure 1, panel C). Before saline infusion starts, the temperature is calibrated and
body temperature is set to ‘zero’ (reference temperature), thereafter all changes in temperature
are related to this reference temperature. During the measurement the pressure/temperature
sensor of the pressure wire is positioned in the distal part of the coronary artery.
Next, saline infusion is started at a rate of 15-25 ml/min (Qi) and absolute blood flow in the
coronary artery is calculated as previously described 8–10. Maximum hyperaemia in the respective
coronary artery is induced by the saline infusion itself within 10-20 seconds 11.
In short, during steady-state infusion, the temperature of the completely mixed blood and saline
(T) is measured in the distal coronary artery and after a steady-state has been reached (within 10
– 20 seconds), the pressure wire is pulled back in the Rayflow catheter to determine the infusion
temperature of the saline (Ti). Absolute blood flow is then calculated by the equation:

Where Qb is the hyperaemic coronary blood flow in ml/min. Ti is the infusion temperature of
the saline as measured at the infusion holes of the Rayflow catheter. T is the distal coronary
temperature after complete mixing of blood and saline measured by the pressure wire. Qi
is the infusion rate of saline in ml/min. The constant 1.08 relates to the difference between
the specific heats and densities of blood and saline.
Because also distal coronary pressure (Pd) is recorded simultaneously, the microvascular
resistance (R) can be calculated in analogy to Ohm’s law by dividing the distal pressure and
flow by the simplified equation below:
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All signals are instantaneously displayed on the regular cathlab monitor by dedicated
software (Coroflow®, Coroventis, Uppsala, Sweden; figure 1). This software not only displays
all pressure parameters and fractional flow reserve, but also absolute blood flow, the normal
value of absolute blood flow (obtained by Qb/FFR) and microvascular resistance.
Figure 1: procedural example

3

Example of absolute blood flow and resistance measurement. Panel A shows a normal
right coronary artery of a patient presenting in the catheterization laboratory with chest
pain. Panel B shows the FFR measurement in this artery, with a normal FFR of 0.97. Next
the Rayflow catheter is advanced over the pressure wire (Panel C) and positioned into
the proximal coronary artery. The Rayflow catheter is recognizable by a radiopaque dot
at the location of the side holes at 1cm from its tip (red circle). The distance between
the pressure/temperature sensor and tip of the infusion catheter is preferably 6-7cm
as shown. In panel D, the actual performance of the measurement is shown. The blue
tracing indicates the coronary temperature, which is set to zero before the start of the
procedure (left part of panel D). After starting the infusion (20ml/min) and mixture of
blood and saline, steady state distal temperature is rapidly achieved (-0.32°C). Next, the
wire is pulled back to the tip of the infusion catheter and the temperature of the infused
saline is recorded (-4.01°C). All relevant parameters are displayed instantaneously
(Panel D, right side). Flow in this RCA is calculated as 271ml/min and resistance of the
RCA-territory as 338 Wood Units.
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Figure 2: infusion catheter profile

The upper panel shows the homogeneous infusion of saline through the outer catheter
holes. In the lower panel, a longitudinal and transverse cross-section of the distal part
of the infusion catheter is shown.
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Assessment of complications and safety at follow up
During the procedure, clinical, hemodynamic and electrocardiographic variables were
recorded as usual. Special attention was paid to the occurrence of bradycardia or AVconduction abnormality. At the end of the (series of) measurement(s) and after removal of
the Rayflow catheter and guidewire, an additional coronary angiogram was made for every
assessed coronary artery to document vessel integrity. These angiograms were compared
to the pre-procedural angiogram by an independant reviewer. Special attention was paid to
possible signs of dissection, perforation, thrombo-embolism, no-reflow, coronary spasm or
other vessel related injury.
After the procedure, patients returned to the heart lounge where medical treatment and
discharge followed according to normal routine. Out-patient visits were scheduled at 30
days and at one year with the patient’s own cardiologist and follow up data were obtained
from the electronic patient files. Specifically, death, myocardial infarction, necessity of (re-)
intervention, or (re-)admission to the hospital were investigated.
Statistics
All statistics are mainly descriptive. Unless stated otherwise continuous data were
summarized with the mean ± standard deviation (SD) or median with interquartile range
(IQR) as appropriate. Categorical data was presented as number with percentage. The
statistical analyses were performed using the SPSS statistical software package 25.0 for
Windows (SPSS Inc., Chicago, IL, USA).

Results
Populations’ baseline characteristics
One hundred consecutive patients were included between august 2016 and October
2019. The median follow up period was: 511 days (range 99 to 1054 days). The patient
characteristics are presented in table 1. The mean age in this cohort was 62.1 ± 9.6 and 45%
(N=45) was male.
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Table 1: baseline characteristics
Number of patients

100

Number of coronary arteries

213

Number of measurements
Male gender, N (%)
Age, mean (SD)

467
45 (45)
62.1 ± 9.5

Medical history
Hypertension, n (%)
Current smoking, n (%)
Previous smoking, n (%)
Diabetes Mellitus, n (%)
Dyslipidemia, n (%)
Family history of CAD, n (%)

34 (34)
10 (10)
25 (25)
12 (12)
37 (37)
34 (34)

Clinical indication FFR, flow, resistance measurements
ANOCA/syndrome X
Participation in a clinical trial
Diffuse coronary artery disease

37 (37)
43 (43)
20 (20)

Abbreviations: CAD: Coronary Artery disease; CAG: Coronary angiogram;
ANOCA: Angina Non Obstructive Coronary Arteries
Summary values represent number (%) or mean ± standard deviation

Procedural characteristics
In a total of 213 coronary arteries, 467 absolute flow measurements were performed as
outlined in table 2. In the majority of vessels, flow was measured at least twice as is the
routine in our lab. In some arteries, 3 or 4 measurements were performed, either because
infusion flow rate had to be decreased because of bradycardia or AV-block (N=12, table 2) or
mandated by a particular study protocol investigating different flow rates. The infusion rate
was lower for the right coronary artery (mostly 15 or 20 ml/min) compared with the LAD,
where mainly infusion rates of 20 or 25ml/min were used (table 2).

46

Table 2: procedural characteristics
Variables
LAD

LCx

RCA

Coronary arteries n=213

75 (35.2)

67 (31.5)

71 (33.3)

Measurements N=467

166 (35.2)

147 (31.5)

154 (33.3)

Infusion rate
Qi 15 ml/min
Qi 20 ml/min
Qi 25 ml/min

6 (3.6)
119 (71.7)
41 (24.7)

34 (23.1)
103 (72.8)
10 (6.8)

65 (42.2)
82 (53.2)
7 (4.5)

Hemodynamic parameters
Pd (mmHg)
Pa (mmHg)
Ti (°C)
T (°C)
Qb (ml/min)
R (WU)

78.6 ± 16.1
97.8 ± 13.7
4.71 ± 0.81
0.55 ± 0.27
277 ± 100
399 ± 175

82.9 ± 16.8
95.8 ± 15.3
4.26 ± 0.94
0.65 ± 0.31
201 ± 145
611 ± 375

79.5 ± 15.9
90.9 ± 16.1
3.94 ±0.95
0.47 ± 0.22
215 ± 95
508 ± 274

Invasive measurements

3

Abbreviations: LAD: left anterior descending artery; LCx: left circumflex artery; Pa:
central aortic pressure; Pd: distal coronary pressure; Qi: infusion rate of saline; RCA:
right coronary artery; R: microvascular resistance; T: distal coronary temperature during
continuous thermodilution; Ti: infusion temperature of saline entering into the coronary
artery; WU: Wood Unit. 1 Wood unit = 1mmHg/ml/min = 80 dynes/s/cm-5.
Summary values represent number (%) or mean ± standard deviation.

Periprocedural safety
Assessment of absolute flow and resistance was successfully performed and well-tolerated
in all patients. Procedural complications are displayed per measurement and infusion rate
in table 3.
Two patients experienced chest discomfort during infusion without electrocardiographic
abnormalities, which immediately disappeared after infusion was interrupted. None of the
other 98 patients felt any chest discomfort.
Premature ventricular beats, not present before the measurement, were seen in 1.3% (N=6)
of all measurements: RCA (3), the LAD (1) and the LCX (2). In 2.6% of all measurements
(N=12), bradycardia or atrioventricular block occurred. Such conduction abnormality was
mostly seen with infusion rates of 20-25 mL/min in the right coronary artery and in all
cases resolved immediately after the saline infusion was interrupted. When the infusion
was restarted at a rate of 15 ml/min, in none of these patients the AV-block re-occurred.
Only one of the aforementioned patients with AV block experienced dizziness. All these
events where ‘self-limiting’ and disappeared spontaneously without the need of medication
or other intervention.
In one patient, dissection of the RCA ostium was observed, more proximal than the
location of the tip of the infusion catheter. The dissection caused angina and transient ST-
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elevation, without enzyme elevation and required stenting. The vessel was treated with two
stents with excellent results and the further course was uneventful. After review by two
independant interventional cardiologists this complication was adjudicated to the Amplatz
guiding catheter damaging the coronary ostium.
Although involvement of the pressure wire or the Rayflow catheter in the genesis of such
dissection cannot be completely excluded, a relation with the measurement is unlikely. No
other events such as vessel perforation, thrombo-embolism, slow flow or spasm occurred.
Table 3: periprocedural events
Variables

Total number
of measurements

Periprocedural
Vessel
Measured

LAD

LCx

RCA

Infusion rate
(ml/min)

15
n=6

20
n=119

25
n=41

15
n=34

20
n=103

25
n=10

15
n=65

20
n=82

25
n=7

Total
n=467

Death

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Perforation

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Dissection

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

1 (14)*

1 (0.2)*

CVA

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Air embolus

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Thrombus

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

procedural MI

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

VT/VF

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Vessel spasm

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

AV-block

0 (0)

0 (0)

0 (0)

0 (0)

1 (0.9)

0 (0)

0 (0)

3 (3.6)

6 (86)

10 (2.1)

Bradycardia

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

2 (2.4)

0 (0)

2 (0.4)

Slow flow

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

Frequent VES

0 (0)

1 (0.8)

0 (0)

0 (0)

2 (1.9)

0 (0)

1 (1.5)

2 (2.4)

0 (0)

6 (1.3)

Chest pain

0 (0)

0 (0)

0 (0)

0 (0)

2 (1.9)

0 (0)

0 (0)

0 (0)

0 (0)

2 (0.4)

Abbreviations: AV: atrioventricular; CVA: Cerebrovascular accident; MI: myocardial
infarction; VES: ventricular extra systole; VT/VF: Ventricle tachycardia/ Ventricle
fibrillation
* Most likely related to the Amplatz Left #2 guiding catheter
Summary values represent number (%).
Follow up 30 days and at 12 months
Follow up at 30 days was obtained in all patients and follow up of at least one year in 71
patients. The median follow up period was 511 days for all patients (range from 99 to 1054
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days). Events are presented in table 4. None of the events occurred in the coronary artery
interrogated with the Rayflow catheter. One patient visited the emergency department with
chest complaints within the first year after the procedure. This patient went home the same
day with an alternative diagnosis of (pre-existing) ANOCA.
Three other patient were referred for re-angiography within one year after the initial
procedure because of chest pain. Repeat coronary angiography revealed identical nonobstructive epicardial coronary anatomy. Two patients underwent Coronary Artery Bypass
Grafting (CABG) because of functional significant disease discovered by FFR during the initial
catheterization. The first patient underwent CABG 4 months after the coronary angiogram
for diffuse LAD disease not treatable by PCI. Medical therapy was considered first in this
patient, but was not sufficient for angina relief whereafter CABG was performed. The second
patient underwent CABG 4 weeks after the angiogram, again because of diffuse disease not
amenable by PCI.
One patient presented with an inferior wall infarction due to an in stent thrombosis of the
RCA 2 months after the index procedure. This ST-elevation myocardial infarction was not
procedure-related since measurements had not performed in that particular vessel in this
patient. One patient, a 78 year old male, died at home due to pneumonia, 7 months after
the index procedure.
Table 4: events at follow up

Clinical outcomes at 30 days follow-up (n=100)
Death
ACS
Revascularization
Repeated angiography
Emergency ward visit

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

Clinical outcomes at 12 month follow-up (n=71)
Death
Cardiac death
Non-cardiac death
ACS
Revascularization
Repeated angiography
Emergency ward visit

1 (1.4%)*
0 (0%)
1 (1.4%)*
1 (1.4%)*
2 (2.8%)*
3 (4.2%)*
1 (1.4%)*

Clinical outcomes beyond 12 months (n=71)
Death
Cardiac death
Non-cardiac death
ACS
Revascularization
Repeated angiography
Emergency ward visit

1 (1.4%)*
0 (0%)
1 (1.4%)*
0 (0%)
0 (0%)
1 (1.4%)*
5 (7.2%)*

Abbreviations: ACS: Acute Coronary Syndrome; CAG: Coronary Angiogram
* None of them classified as procedure related
Summary values represent number (%)
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Follow up beyond 12 months
In 71 patients longer follow-up beyond 1 year was obtained. In this period (367-1054 days)
5 patients visited the emergency department with chest complaints, none of which were
classified as an acute coronary syndrome. One patient underwent repeated angiography 17
months after the index procedure. No obstructive coronary artery disease was found and
the angiogram was unchanged compared to the index angiogram. One of these patients
died at home because of stage 4 lung cancer 1.5 years after the initial coronary angiogram.

Discussion
The present data demonstrate the safety of invasive measurement of coronary blood flow
and microvascular resistance by thermodilution with continuous low rate infusion of saline,
both periprocedural and at follow-up, using a specific infusion catheter.
Except for short rapid transient conduction disturbances in 2.6% of all measurements
(N=12), no noticeable periprocedural side effects were observed and at follow-up at 30 days
and 1 year, not any event like cardiac death, MI, or index vessel related revascularization
could be attributed to these measurements.
As mentioned, bradycardia or AV conduction disturbances were mostly limited to the RCA
with higher infusion rates. Except in one patient with dizziness, these were asymptomatic,
disappeared immediately after interrupting or adjusting saline rate and never required
medication or another intervention.
Our study extends the experience of Xaplantaris et al8, who described periprocedural safety
of these measurements in a reproducibility study in 135 patients and Everaars et al7 who
compared these flow measurements with PET in 25 patients. To our best knowledge, the
only procedural complication associated with this technique and described so far, is a case
where coronary dissection occurred when saline was erroneously infused at a rate of 20 ml/
sec instead of 20 ml/min12.
Hyperaemia and chest discomfort
Apart from the accuracy and high reproducibility of the present technique as described
before, an important aspect of the method is the absence of chest pain during hyperaemia by
the saline infusion itself in the majority of patients. In our study in only 2 patients mild chest
discomfort was noted. This is in contrast to the frequently observed (although innocent)
chest pain observed during hyperaemia induced by IV adenosine13,14. Therefore, although
generally 30-60 seconds is sufficient to perform the flow and resistance measurements,
these measurements can be safely continued for minutes if desired and are completely
operator independant 8. Patient discomfort and risk of sodium overload are minimal with an
infusion rate of 15-25 ml/min.
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Wire related complications
As with every intracoronary technique, a small risk of 0.5 %– 2% 15 for vessel damage is associated
with guidewire manipulations. In our study, only 1 case of coronary ostium dissection occurred
and was most likely caused by the Amplatz left #2 guiding catheter. Therefore, the risk of the
present technique, either performed alone or in conjunction with FFR measurement, does not
seem to be different from the very small risk of guide wire based physiologic measurements.
Infusion catheter related complications
The Rayflow catheter has a diameter of 0.84 mm and this is comparable in size to other
infusion catheters, to optimal coherence tomography (OCT) imaging probes or to
intravascular ultrasound (IVUS) probes with profiles of 2.4 – 2.7 Fr. 16
Risk for vessel damage, dissection, thrombus or spasm is low for all of these devices and varies
from 0.5-2% 16–18 in a general population. In our study, not any catheter related complication
could be attributed to the use of this catheter, neither periprocedural nor at follow-up.

Limitations
Post procedure integrity of the investigated coronary artery was assessed in our study by
angiography and not with IVUS or OCT. Therefore, minimal vessel injury undetected by the
post procedural angiogram cannot be excluded but its clinical relevance would be minimal
given the complete absence of any vessel related complications at follow-up, averaging 511
days (range 99 to 1054).
Another limitation to take into account, is that the majority of our patients had only mild to
moderate non-obstructive coronary disease. It cannot be excluded that more complications
would have occurred with more complex disease. However, the clinical necessity to investigate
the coronary microcirculation is mainly present in the kind of patients as included in our study
(ANOCA). Severe or extensive epicardial disease generally provides an adequate explanation
for complaints of ischemia by itself without a necessity to investigate the microcirculation.
Finally, the results of this study should be confirmed in large multicenter registries.

Conclusion
Selective measurement of absolute coronary blood flow and microvascular resistance with
thermodilution and using a specific multisidehole monorail infusion catheter and dedicated
software, is safe and not related to noticeable adverse events neither periprocedural nor at
follow-up.

Impact on daily practice
The results of this safety study show almost complete absence of adverse events regarding
the flow and resistance measurements and shows that this method can be used in daily
catheterization laboratory practice without noticeable risk or discomfort for the patient.
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Abstract
Aims: Absolute hyperemic coronary blood flow (Q, in mL/min) and resistance (R, in Woods
Units, WU) can be measured invasively by continuous thermodilution. The aim of this study
was to assess normal reference values of Q and R.
Methods and Results: In 177 arteries (69 patients: 25 controls i.e. without identifiable
coronary atherosclerosis; 44 patients with mild, non-obstructive atherosclerosis),
thermodilution derived hyperemic Q and total, epicardial, and microvascular absolute
resistances (Rtot, Repi, and Rmicro) were measured. In 20 controls and 29 patients
measurements were obtained in all 3 major coronary arteries,thus allowing calculations of
Q and R for the whole heart. In 15 controls (41 vessels) and 25 patients (71 vessels),vesselspecific myocardial mass was derived from coronary computed tomography angiography.
Whole heart hyperemic Q tended to be higher in controls compared to patients (668±185
vs 582±138 mL/min,p=0.068). In the left anterior descending coronary artery (LAD),
hyperemic Q was significantly higher (293±102 mL/min versus 228±71 mL/min,p=0.004) in
controls than in patients. This was mainly driven by a difference in Repi (43±23 vs 83±41
WU, p=0.048),without significant differences in Rmicro. After adjustment for vessels-specific
myocardial mass, hyperemic Q was similar in the 3 vascular territories (5.9±1.9,4.9±1.7,and
5.3±2.1 mL/min/g,p=0.44,in the LAD, left circumflex and right coronary artery,respectively).
Conclusion: The present report provides reference values of absolute coronary hyperemic Q
and R. Q was homogeneously distributed in the 3 major myocardial territories but the large
ranges of observed hyperemic values of flow and and of microvascular resistance preclude
their clinical use for interpatient comparison.
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Introduction
Coronary blood flow is essential for proper myocardial function1,2 and microvascular resistance
constantly matches coronary flow to the needs of the myofilaments3-5. Fractional flow reserve
(FFR) derived from pressure measurements6,7 determines the contribution of epicardial
stenoses to alterations of myocardial perfusion, and has therefore been recognized as the
standard of reference to guide ‘revascularization’ of epicardial lesions 8.
In contrast, assessing the coronary microcirculation requires measurements of microvascular
resistances. The Index of Microcirculatory Resistance (IMR)9, a bolus thermodilution-based
technique, has been shown useful to predict clinical outcome in patients immediately
after acute myocardial infarction10 and recently received a level IIa recommendation
by the European Society of Cardiology Guidelines for the investigation of patients with
suspected microvascular dysfunction and in patients with chronic coronary syndromes11.
So far there has been no direct invasive measurement tool to quantify the function of
the microcirculation in absolute terms in humans. This is the main reason why there has
been limited clinical interest in the study and the treatment of coronary microcirculatory
dysfunction12. We described and validated a method based on continuous thermodilution
that enables the quantification of absolute coronary blood flow (expressed in mL/min) and
absolute microvascular resistance (expressed in mm Hg/L/min or Woods Units [WU])13.
Recent technical improvements have made this approach reproducible14 and easy to
implement in the catheterization laboratory15,16. The accuracy of thermodilution-derived
myocardial flow and resistance measurements was confirmed by comparison with [15O]H2O
PET-derived flow and resistance17. A necessary prerequisite for its clinical application is to
define a range of normal values. Accordingly, the goals of the present study are to establish
ranges of absolute flow and resistance by continuous coronary thermodilution in normal
individuals and in patients with mild, non-obstructive coronary atherosclerosis.

Methods
The study was a prospective registry performed in two hospitals. The study protocol was
approved by the Institutional Review Boards.
Patients
Patients were included in one of the following 2 groups: Group 1: individuals with normal
coronary arteries (n=25). These individuals were considered to have a truly normal coronary
circulation if they had a strictly normal coronary angiogram, normal LV function, no valvular
disease, an FFR > 0.80 in all coronary arteries, and, when available, a normal coronary
computed tomography angiography (CTA) with Agatston score of zero. These patients were
referred to as “normals”. Group 2 patients with mild, non-obstructive coronary atherosclerosis
(n=44): such patients were included if they had proven coronary atherosclerosis (either
at CT or at coronary angiography, or both) but no focal stenosis more than 30% by visual
estimation. In 20 out of 25 normals and in 29 out of 45 patients with atherosclerosis, flow
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and resistance measurements were performed in all three major coronary arteries in case
of a right dominant arterial system, or only in the left anterior descending coronary artery
(LAD) and the left circumflex coronary artery (LCx) in case of a non-dominant right coronary
artery (RCA). In these patients flow and resistance of the whole heart could be assessed.
CT scanning for calculation of myocardial mass
Forty patients (15 normals and 25 patients with mild atherosclerosis) underwent a
coronary CT angiogram performed on a 256-slice scanner (Brilliance iCT, Philips Healthcare
or SOMATOM Flash, Siemens) allowing to calculate the subtended myocardial mass for
each coronary territory 18,19 by an independant corelab (HeartFlow Inc, Redwood city, CA.
USA) blinded for the results of invasive measurements. The method have been detailed
elsewhere 20.
Catheterization
A 6F arterial sheath was introduced into the radial or femoral artery, 100U of heparin/kg of
body weight was administered intravenously and intracoronary nitroglycerine (0.2 mg) was
administered. A pressure/temperature sensor-tipped guidewire (PressureWire X, Abbott,
MN, USA) was, zeroed, passed through the guiding catheter and, after proper equalization
with central aortic pressure, advanced into the distal part of the coronary artery. First,
the FFR value was measured. Then, a dedicated monorail infusion catheter (RayFlow™,
Hexacath, Paris, France) was connected to an infusion pump (Medrad Stellant; Medrad Inc,
Warrendale, PA, USA), and flushed with saline at room temperature. The RayFlow™ catheter
was advanced over the guidewire in the proximal segment of the artery to be measured.
The details of the procedure have been described previously 16. A typical tracing is shown
in Figure 1. All coronary pressure and temperature tracings are wirelessly transmitted
and analysed by a dedicated console equipped with a software (CoroFlowTM, Coroventis,
Uppsala, Sweden) that automatically calculates coronary blood flow (Q) and microvascular
resistance (Rmicro).
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Figure 1:
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Example of simultaneous pressures (upper tracings, Pa in red, Pd in green) and temperature
recording (lower tracing, in blue) in the LCx. First, the temperature is ‘zeroed’ (Arrow
A). This means that the body temperature prior to the measurement, is considered as
the zero. Soon after the start of the infusion of saline at room temperature (arrow B),
the temperature measured in the distal LCx (T) decreases and stabilize at -0.50°C below
the zero line and the Pd starts to decrease slightly, indicating the presence of a higher
coronary flow.
Then, the sensor is pulled back (arrow C) and placed just in front of the inner holes
of the RayFlowTM catheter (i.e. 2.5 mm distal to the marker on the RayFlowTM). This
translates into by a sharp decline of the temperature that stabilizes at -4.36°C. This
value corresponds to the difference between body temperature and the saline at the
location where saline enters the coronary artery (Ti). Simultaneously, an increase in Pd
is noted exceeding Pa. This is related to the fact that the pressure-sensor is located now
in the lumen of the infusion catheter and is influenced by the pressure delivered by the
infusion pump. Finally, the infusion is stopped (Arrow D) allowing both the pressure
and the temperature to return to baseline. All relevant physiologic parameters (FFR,
Pd, Pa, infusion rate of saline, distal coronary temperature (T), infusion temperature (Ti),
actual flow (Q), normalized flow (Qnorm) and minimal microvascular resistance (Rmicro) are
displayed instantaneously on the screen of any monitor by the CoroFlowTM software.
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Calculations of Flow and Resistance
Absolute volumetric coronary blood flow (Q) can be calculated now and expressed in mL/
min. This has been described previously and validated in vitro16, in animals13 and in humans13.
The simplified equation of continuous thermodilution-derived coronary blood flow (Q) is as
follows:

where Qi is the infusion rate of saline through the RayFlow™ catheter in mL/min; T is the
difference in temperature between the blood mixed with saline in the distal part of the artery
and the blood temperature before infusion of saline; and Ti is the difference in temperature
between saline when it enters the coronary circulation and temperature of blood. The
constant 1.08 relates to the difference between the specific heats and densities of blood
and saline21. Absolute resistances are calculated by analogy of Ohm’s law as the ratio of
pressure and flow and expressed in mmHg/L/min, or Woods Units. As further explained in
Figure 2 In each coronary artery, the resistance can be calculated for the entire circulation,
i.e. the sum of the epicardial and microvascular compartments (Rtot), and separately for the
epicardial segment (Repi) and for the microcirculation (Rmicro) as follows (Abbreviations as
here above):
Total coronary resistance: Rtot = Pa / Q
Epicardial Resistance: Repi = (Pa - Pd) / Q
Microvascular resistance: Rmicro = Pd / Q
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Comprehensive physiological framework of the entire coronary circulation
(see text for details). In the lower left corner, the infusion of saline through the
dedicated catheter is shown.

Statistics
Continuous variables with normal distribution are expressed as the mean±standard deviation
and non-normally distributed variables as median and interquartile range. The normal range
of Q and R is presented as the 5th and 95th percentiles. Categorical variables are expressed
as count and percentages. Continuous variables were compared using ANONVA or KruskallWallis tests according to their distribution. Categorical variables were compared with the
chi-square or Fisher’s test, as appropriate. All analyses were performed using SPSS 24.0
software (SPSS Inc., Chicago, Illinois) and figures were realized with Prism 6.0h (GraphPad
Software, La Jolla, California, USA).
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Results
Patients characteristics
A total of 177 arteries in 69 patients (25 normals and 44 patients with mild atherosclerosis)
were studied. The baseline characteristics are detailed in Table 1. There were no complications
associated with the procedure. The values of FFR were higher in angiographically normal
arteries than in mild atherosclerotic arteries (0.95±0.03 versus 0.91±0.06, respectively,
p=0.001). These differences were mainly driven by the FFR values in the LAD.
Absolute coronary flow values
Details of all values of coronary flow in normals and in patients with mild atherosclerosis
as stratified by artery are displayed in Table 2. Hyperemic coronary flow for the whole
heart, i.e. the sum of the flow in all three major coronary arteries tended to be higher in
normals than in patients with mild atherosclerosis (668±185 mL/min versus 582±138 mL/
min, respectively, p=0.068, Figure 3, left panel A. Values of absolute coronary blood flow
stratified by arteries. (Figure 3, right panel B). In the LAD, absolute hyperemic flow was
higher in normals than in patients with atherosclerosis (293±102 mL/min, versus 228±71
mL/min, respectively, p=0.004) as was the case in the LCX (p=0.047). Large ranges of flow
values were observed when stratified by vessels.
Table 1: Patient Characteristics
Normals
N= 25

mild atherosclerosis
N= 44

P-value

9 (36)
56.6 ± 10.5
1.71 ± 0.1
79.8 ± 13.5

22 (52.4)
59.8 ± 9.4
1.71 ± 0.1
82.5 ± 13.6

0.19
0.21
0.65
0.42

4 (16)
1 (4)
3 (11.5)
10 (40)
9 (36)

12 (27.3)
8 (18.6)
2 (4.7)
16 (38.1)
11 (25.6)

0.52
0.09
0.26
0.73
0.40

Peripheral artery disease, n (%)

0 (0)

1 (2.4)

0.54

Medication
Aspirin, n (%)
Antiplatelets, n (%)
Beta-blocking agents, n (%)
RAAS-inhibitor, n (%)
Statin, n (%)
Nitrates, n (%)

10 (40)
3 (12)
5 (20)
4 (16)
11 (44)
1 (4)

22 (52.4)
10 (24.4)
13 (31)
11 (26.2)
30 (71.4)
9 (21.4)

0.33
0.22
0.33
0.33
0.03
0.05

Left ventricular ejection fraction
<35%
35-50%
>50%

0 (0)
0 (0)
25 (100)

0 (0)
1 (2.4)
43 (97.6)

Male gender, N (%)
Age, mean ± SD
Height, mean ± SD
Weight, mean ± SD
Risk factors
Hypertension, n (%)
Current smoking, n (%)
Diabetes Mellitus, n (%)
Dyslipidaemia, n (%)
Family history, n (%)
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Figure 3:
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Left panel: individual values of whole heart coronary flow in normals and in patients
with atherosclerosis, i.e. sum of the flow in the LAD, the LCx and the RCA.
Right panel: individual values of flow as stratified by coronary arteries in normals and in
patients with atherosclerosis.

Figure 4:

Left panel: whole heart total coronary resistance in normals and in patients with
atherosclerosis.
Right panel: individual values of total resistance flow as stratified by coronary arteries
in normals and in patients with atherosclerosis (mean ± SD).
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Mean ± std
Median (5-95)

Rtotal (WU)

689 ± 445
593 (277-1319)

626 ± 383
549 (267-1250)

63 ± 78
36 (7-198)

RCA

21.7 ± 6.4
22.9 (12.8-30.4)

5.3 ± 2.1
5.1 (3-8.8)

48.7 ± 15.9
47.4 (30-73)

563 ± 268
477 (283-1372)

515 ± 224
417 (246-1103)

48 ± 60
30 (0-269)

210 ± 70
220 (100-360)

197 ± 63
207 (78-275)

0.96 ± 0.03
0.96 (0.92-0.99)

LAD

17.4 ± 6.9
16.4 (9.4-31.7)

4.7 ± 1.3
4.7 (2.6-6.7)

52.2 ± 17.5
49.3 (32.7-78.1)

462 ± 169
431 (253-780)

379 ± 147
356 (204-624)

83 ± 41
70 (36-171)

280 ± 90
270 (160-410)

228 ± 71
224 (119-329)

0.85 ± 0.03
0.86 (0.82-0.89)

20.7 ± 8.1
20 (9.7-32.3

4.7 ± 2
4 (2.7-8.3)

Atherosclerosis N=25

36.4 ± 13.5
33.2 (15.4-60.7)

Atherosclerosis N=25

707 ± 300
709 (330-1315)

632 ± 265
617 (288-1306)

74 ± 78
47 (5-279)

180 ± 70
160 (90-320)

160 ± 64
141 (80-284)

0.95 ± 0.03
0.96 (0.90-1.00)

Cx

Atherosclerosis N=44
RCA

22.1 ± 8.4
19 (15.3-41.8)

5.2 ± 1.4
5.1 (3-7.4)

46.5 ± 17.8
41.4 (24.7-75.7)

589 ± 307
533 (288-1101)

531 ± 277
479 (265-1009)

59 ± 56
38 (5-178)

210 ± 70
200 (100-360)

189 ± 65
180 (81-317)

0.93 ± 0.06
0.94 (0.86-1.00)

Abbreviations: Q: hyperemic flow; Qnorm: hyperemic flow corrected for the FFR; Repi: Epicardial resistance; Rmicro: Microvascular
resistance; Rtotal: total coronary resistance; CT: coronary computed tomography angiography.

20.6 ± 5.1
22.8 (12.4-26)

Mean ± std
Median (5-95)

Rmicro (WU x kg)

15.5 ± 5.6
14.6 (9.2-25.7)

4.9 ± 1.7
4.5 (3.3-8.2)

Mean ± std
Median (5-95)

Q (ml/min/g)

5.9 ± 1.9
5.2 (3.3-8.9)

Normals N=15

Invasive measurements
combined with CT-data

50 ± 12.9
48.5 (34.7-70.9)

379 ± 147
373 (209-525)

336 ± 134
325 (194-470)

43 ± 23
44 (15-81)

220 ± 110
258 (170-359)

35.9 ± 16.4
32.3 (15.4-60.7)

Mean ± std
Median (5-95)

Rmicro (WU)

Mean ± std
Median (5-95)

Mean ± std
Median (5-95)

Repi (WU)

330 ± 110
330 (160-570)

204 ± 104
208 (87-374)

Myocardial mass (g)

Mean ± std
Median (5-95)

Qnorm (ml/min)

293 ± 102
297 (149-528)

Cx
0.96 ± 0.04
0.97 (0.88-1.00)

Normals N=15

Mean ± std
Median (5-95)

Q (ml/min)

LAD
0.92 ± 0.02
0.93 (0.88-0.94)

Normals N=25

CT-data

Mean ± std
Median (5-95)

FFR

Invasive measurements

Table 2: Mean ± Standard Deviation and Median Values (Percentiles 5%-95%) of FFR, Flow and Resistances as Stratified by Artery
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Total coronary resistance
Details are displayed in Table 2. Hyperemic total resistance for the whole heart, was
numerically, but not significantly, lower in normals than in patients with mild atherosclerosis
(161±45 WU versus 177±48 WU, respectively, p=0.244, Figure 4, left panel A. In the
LAD, absolute total coronary resistance was lower in normals than in patients with mild
atherosclerosis (379±147 WU, versus 462±169 WU, respectively, p=0.048) while the
difference did not reach statistical significance for the LCx and the RCA. Large ranges of
hyperemic flow and resistance values were observed when stratified by vessels Figure 4,
right panel B and Table 2.
Epicardial and microvascular resistance
Rtot, Repi and Rmicro calculated for the LAD in normals and in patients with atherosclerosis
are displayed in Figure 5. Repi was significantly lower in normals than in patients with mild
atherosclerosis (p<0.001), which also reflects the higher FFR values measured in normals.
There was no significant difference in Rmicro. In both groups of patients, Rmicro was markedly
higher than Repi.
Absolute coronary flow and resistance values normalized for myocardial mass (Table 2)
In normals, after adjustment for the mass, the average valuesof Q observed in the three
different vascular territories was similar (5.9±1.9, 4.9±1.7, and 5.3±2.1 mL/min/g, for the
LAD, the LCx and the RCA, respectively, p=NS). Rmicro was lower in the anterior wall than in
the two other territories (15.5±5.6, 20.6±5.1, and 21.7±6.4 mL/min/g, for the LAD, the LCx
and the RCA, respectively, p<0.05).
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Figure 5:

Total, epicardial, and microvascular resistances for the LAD in normals (black bars) and
in patients with atherosclerosis (white bars) (mean ± SD).

Discussion
Summary of findings
The present report provides ranges of absolute values of hypaeremic Q and R assessed by
continuous thermodilution in the coronary circulation in controls and in patients with mild,
non-obstructive atherosclerosis. The main findings are as follows: (1) Hyperemic flow of
the whole heart is approximately 670 mL/min and total minimal microvascular resistance
approximately 150 WU. (2) After normalization for myocardial mass, absolute hyperemic
flow (mL/min/g) was similar between the three vascular territories. In contrast, Rmicro was
slightly lower in the LAD territory as compared the LCx and RCA. (3) Total coronary hyperemic
Q was slightly lower and R slightly higher in patients with mild atherosclerosis as compared
to controls. (4) Confirming earlier experimental studies by Gould22 and by Chilian23, the
major part of coronary resistance in humans is located in the microvasculature, even during
hyperemia. (5) The wide range of hyperemic flow and minimal Rmicro preclude the use for
interpatients comparison indicating that a more unequivocal index of Rmicro is needed
Thermodilution-derived flow
Absolute volumetric coronary flow (in mL/min) can be measured by continuous thermodilution
using the hypothermic effect of saline at room temperature (negative temperature as
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compared to body temperature) as an indicator 13. Recent technical improvements allow swift,
safe, reproducible and accurate measurements 14,16,24,25. These measurements can be obtained
in the setting of coronary angiography and require a pressure/temperature sensor-tipped wire
and a dedicated infusion catheter.
Normals versus patients with mild atherosclerosis
Flow was slightly lower and resistance slightly higher in patients with mild atherosclerosis.
At the level of the whole heart, these differences were not statistically significant as the
sample size was underpowered to detect such difference. In addition, there was a large
range of values of Q and R, as expected from the large variation in size of the coronary artery
and the perfusion territory. In the LAD, hyperemic flow was significantly larger in normals
than in patients with atherosclerosis. Microcirculatory and epicardial resistances were
higher in patients with mild atherosclerosis than in normals. data suggest that epicardial
atherosclerosis is not necessarily associated with the presence of microvascular dysfunction.
Melikian et al26 found a higher value of the index microvascular resistance (IMR) in patients
with coronary artery disease compared to patients without coronary stenoses. However, a
large overlap between IMR values of both groups was found, as was the case for absolute
flow and resistance in the present study. These data and others27 suggest that, in many
patients, a functional disconnect between epicardial atherosclerosis and microvascular
dysfunction can be found.
Variability of absolute hyperemic flow and resistance
The main factor which may explain the large ranges in flow and resistance values, is their
dependence on myocardial mass. A unique advantage of PET-derived flow and resistance
is to express these measurements per unit of tissue mass (i.e. mL/min/g of tissue). Indeed,
when adjusting Q and R for mass, similar values were found for the 3 different myocardial
territories within the same patients. Yet, inter-individual values for Q and R, even when
adjusted for mass showed a considerable range28,29. In our study, the inter-individual
variability of hyperemic flow values is in the same order of magnitude than with PET.
Therefore, it is likely that the large ranges of hyperemic flow values also found in the present
study do correspond to a naturally occurring large variability of normal hyperemic values.
Further confirming the hypothesis of a natural variation of hyperaemic myocardial perfusion,
rather than that of measurements inaccuracies, Everaars et al found hyperaemic flow values
ranging from approximately 50 to 450 mL/min in arteries with mild atherosclerosis. These
values of flow and microvascular resistance correlated very closely with the corresponding
values obtained by PET. These data suggest that thermodilution-derived measurements
are indeed accurate and therefore not responsible for this variability, but that hyperaemic
coronary flow and microvascular resistance are highly variable from one individual to another.
Driving coronary pressure is another factor that may explain the variability of flow values.
During hyperaemia, flow is directly related to driving pressure6,30. The unique advantage of
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thermodilution-derived resistance measurements is to account for distal coronary pressure.
This makes it possible to calculate separately microvascular resistance per territory even
in the presence of decreased driving pressure. This is particularly important in patients
with diffuse atherosclerosis in whom distal coronary pressure may be markedly lower than
central aortic pressure, especially during hyperaemia.
Limitations
The present study has a number of limitations. First, despite thermodilution-derived flow
values have been validated in vitro16, in animals13 and in humans17, hyperemic perfusion
values in the present study exceed those derived from PET. Although speculative, several
factors might play a role.
Hyperemia induced by saline infusion through the RayFlow catheter has been found
consistently more potent than that induced by IV or IC Adenosine 15. In addition, it might be
necessary to add the volume of saline that is infused as an indicator to the actual blood flow
(even though in a fully dilated vascular system is less likely to accommodate this additional
volume). Also, the calculation of LV mass is based on a different principle than with PET.
In the present study, we measured per territory mass derived from CT LV mass calculation
whereas with PET the measurement is performed per unit of volume of tissue which is then
converted to mass using constant equations.
The abovementioned factor may contribute to explain the relative higher values of
thermodilution-derived flow compared to PET. Second, measurements were performed
in arteries without focal stenoses, and should therefore not be extrapolated to territories
perfused by significantly stenotic arteries. In practice, however, severe focal stenoses should
be treated first before searching for microvascular disease as they often represent the main
clinical problem for the patients. Third, patients with atherosclerosis in the present study
had a mild form of disease that might explain the absence of significant difference in Rmicro
between both groups. It is likely, that in more severe forms of atherosclerotic disease, the
values of Rmicro might have been higher. Fourth, the presence of the RayFlow™ catheter in the
proximal part of the artery tends to create a small gradient, especially during high coronary
blood flow. Therefore, in this study, the actual flow has been slightly underestimated. The
hemodynamic impact of the RayFlow™ catheter on the measured flow is corrected by the
Qnorm, a metrics that normalizes the measured flow for the FFR.
Fifth, it should be realized that when applying continuous thermodilution to measure
absolute resistance, Q is measured at the tip of the infusion catheter whereas Pd is measured
more distal in the coronary artery. Therefore, small mistakes can be made in the calculation
of resistances in case of atherosclerotic disease between the tip of the infusion catheter and
the location where Pd is measured or when an epicardial stenosis is present in a side branch.
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Conclusion
The present study is the first direct invasive quantification of total as well as vesselspecific
coronary blood flow and resistance in the human heart. The data show that whole heart
hyperemic Q equals approximately 670 mL/min and tended to be higher in controls as
compared to patients with mild, non-obstructive, atherosclerosis. In normal individuals total
resistance of the coronary circulation was approximately 150 WU. Q was homogeneously
distributed over the three territories. The wide range of flow and microvascular resistance
values - even after correction for myocardial mass - suggest that further correction for resting
flow and resistance values are needed to allow meaningful inter-patient comparisons.
However, the ease and the accuracy of invasive flow and resistance measurements makes
them particularly well suited for intra-patient clinical follow-up and to assess the effect of
interventions on the coronary microvasculature within the same patient.

Impact on daily practice
Using continuous coronary thermodilution to quantify absolute coronary flow the present
study provides, for the first time, ranges of reference values for hyperemic coronary
flow (in mL/min) and microvascular resistance (in Woods Unit). Overall flow was lower
and microvascular resistance higher in patients with mild atherosclerosis than in normal
individuals. Yet, the wide range of hyperemic flow and microvascular resistance preclude
their use for interpatients comparison and indicate that a more unequivocal index of
microvascular resistance is needed.
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Abstract
Aims: The prognostic importance of a coronary stenosis depends on its functional severity
and its depending myocardial mass. Functional severity can be assessed by fractional flow
reserve (FFR), estimated non-invasively by a specific validated Computed Tomographyalgorithm (FFRCT). Calculation of myocardial mass at risk by that same set of CT-data
(CTmass), however, has not been prospectively validated so far. Aim of the present study
was to compare relative territorial based CTmass assessment to relative flow distribution,
which is closely linked to true myocardial mass.
Methods : In this exploratory study, thirty-five patients with (near)-normal coronary arteries
underwent CT-scanning for computed flow-based CTmass assessment and underwent
invasive myocardial perfusion measurement in all 3 major coronary arteries by continuous
thermodilution. Next the mass and flows were calculated as relative percentages of total
mass and perfusion.
Results: The mean difference between CTmass per territory and invasively measured
myocardial perfusion, both expressed as percentage of total mass and perfusion, was 5.3
± 6.2% for the Left Anterior descending (LAD) territory, -2.0 ± 7.4% for the Left Circumflex
(LCX) territory and -3.2 ± 3.4% for the Right Coronary Artery (RCA) territory. The intraclass
correlation between the two techniques was 0.90.
Conclusions: Our study shows a close relationship between the relative mass of the
perfusion territory calculated by the specific CT-algorithm and invasively measured
myocardial perfusion. As such, these data support the use of CTmass to estimate territorial
myocardium-at-risk in proximal coronary arteries.
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Introduction
In patients with coronary artery disease, the most important parameters for both symptoms
and outcome are the presence and extent of inducible ischemia1–5.
Fractional flow reserve (FFR) measurement during cardiac catheterization is the invasive
standard for the presence of ischemia and is useful to determine if a patient benefits from
percutaneous coronary intervention (PCI). An FFR ≤0.80 indicates functional significance of
a particular stenosis. Because FFR is not only determined by the stenosis itself, but also by
the amount of viable myocardium distal to that stenosis, the same FFR value may have a
different prognostic significance depending on the extent of the distal myocardium. It is
known from previous trials that patients benefit most from revascularization if FFR is ≤0.80
or if at least 10-12.5% of the myocardium is at ischaemic risk1–3. Therefore, information
about the extent of the perfusion territory distal to a specific coronary stenosis in addition
to FFR of that stenosis, is clinically relevant 4,5.
Up to now, no method has been validated to assess the amount of myocardium at risk in
conjunction with simultaneous assessment of functional stenosis severity. Both magnetic
resonance imaging (MRI) and Computed Tomography (CT) scanning are able to estimate
myocardial mass non-invasively, but no stenosis-specific functional information can be
obtained 6,7. During the last decade, a method to compute FFR from coronary CT-angiographic
images along the coronary tree has been developed and validated and is known as FFRCT 8–10
(Heartflow, Redwood City, CA, USA). Several studies have investigated coronary volume
to myocardial (V/M) mass computations using FFRCT but calculation of relative mass per
territory (expressed as percentage of total mass) has not been reported 11–14.
Experimentally it has been shown that an excellent correlation exists between coronary
blood flow and mass of the perfused territory15–17. Therefore direct measurement of
myocardial perfusion is a good approach to validate myocardial mass.
The purpose of this exploratory study was to compare the relative myocardial mass
distribution assessed by that specific CT-algorithm to the respective distribution of blood
flow measured invasively in the three major coronary arteries. If such relation can be
demonstrated, both the functional significance of the stenosis (FFRCT) and its depending
myocardial mass (CTmass) can be assessed non-invasively by one single CT-examination.

Methods
Design and study population
This study was performed in 35 patients with normal coronary arteries or minimal
atherosclerosis between July 2017 and December 2018. These patients were characterized
by angiographically normal coronary arteries (i.e. no signs of atherosclerosis on angiogram
or less than a 30% lumen reduction in 1 segment only; non-ischaemic FFR values (i.e. >0.80);
and no lumen reductions of more than 30% in more than 1 segment on the CT scan).
An invasive angiogram in these patients was performed because of persistent nonspecific
thoracic complaints. Patients with coronary anomalies, valvular disease and known left
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ventricular hypertrophy were excluded. Other exclusion criteria included contra-indications
for CT-scanning and age above 75. The coronary computed tomography angiogram (CTA)
and invasive angiography were performed less than 3 months apart without interventions
in between.
Patient and Public Involvement statement
The study was approved by the medical ethics committee of the hospital and all investigators
adhered to the principles of the declaration of Helsinki. Patients were screened and
signed informed consent before all examinations. This research was done without patient
involvement.
CT scanning for calculation of myocardial mass
All 35 patients underwent a coronary CT angiogram performed on a 256-slice scanner
(Brilliance iCT, Philips Healthcare or SOMATOM, Siemens). The coronary CTA scan parameters
were as follows: tube potential =120 kVp; field of view =≤255 mm; slice thickness =0.9 mm
and the increment =0.45 mm. Prior to CT examination patients were pretreated with 0.8
mg sublingual nitroglycerine and intravenous metoprolol if the heartrate was ≥65 beats/
min. Thereafter Electrocardiogram (ECG)-gated Step & Shoot images (in two stacks at 75%
of the heart cycle) were made. The scan procedure included a non-contrast ECG-triggered
coronary artery calcium scoring scan directly followed by a diagnostic coronary CTA scan
using iomeron 300 with a flow of at least 6ml/sec. Coronary CTA images were transferred
to a core laboratory at HeartFlow Inc. (Redwood City, CA, USA) and the images were
screened for interpretability by detecting image artifacts automatically. First, all images
were processed through deep-learning based centreline and lumen extraction algorithms
and checked for anatomic correctness of the segmented geometry and the left ventricular
myocardium 10,18. The left ventricle (LV) was segmented using standard methods and the left
ventricle myocardial mass was computed by multiplying the extracted myocardial volume by
a tissue density of 1.05 g/cc. For the relative mass calculation, the coronary centerline trees
were traversed and the centerlines of the main branches in the vicinity of the segmented LV
myocardium were classified as perfusing the LV using a distance threshold based on vessel
size. Vessels that were identified to feed other heart chambers (right ventricle (RV)) were
classified as non-LV feeding vessels. Next, the total baseline flow to the LV feeding vessels was
computed using the LV myocardial mass and an assumed flow per unit tissue as previously
described 10. The total baseline flow through the non-LV feeding vessels was estimated to
be 20% of LV baseline flow based on literature data 19.Next, total flow to the LCA and RCA
was distributed to the individual vessels within these territories based on downstream
vascular volume. Finally, the myocardial mass subtended by each coronary vessel territory
(left anterior descending (LAD), left circumflex (LCX), and right coronary artery (RCA)) was
computed by dividing the territory flow by a constant baseline flow per unit tissue and the
fraction of total myocardial mass was reported. All core lab personnel was blinded.
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Invasive measurement of absolute coronary blood flow
Cardiac catheterization with FFR and absolute blood flow measurements was performed
according to routine by either the femoral or the radial access, at the discretion of the
operator. Guiding catheters were advanced into the coronary arteries and after intracoronary
administration of 200 microgram nitroglycerin and proper equalization of pressures, FFR
was measured in all three major coronary arteries using a pressure/temperature wire
(Pressure wire X™ Abbott, Saint Paul, MN, USA), following, a dedicated monorail infusion
catheter (Rayflow™, Hexacath, Paris) was advanced over the pressure wire and positioned
with its tip in the proximal part of the coronary artery. The pressure/temperature sensor of
the pressure wire was positioned in the distal part of the coronary artery.
Next, saline infusion was started at a rate of 20 ml/min (Qi) and absolute blood flow in the
coronary artery was calculated as previously described 20–22.
In short, this method provides calculation of hyperaemic coronary blood flow in mL/min.
During continuous infusion of saline at a set rate (Qi, ml/min), the temperature of the
completely mixed blood and saline (T) is measured in the distal coronary artery and after
a steady-state has been reached (within 10–20 seconds), the pressure wire is pulled back
in the Rayflow catheter to determine the infusion temperature of the saline (Ti). Absolute
blood flow (ml/min) is calculated by the equation:

The constant 1.08 relates to the difference between the specific heats and densities of blood
and saline.
All signals are continuously displayed on the regular cathlab monitor by the Coroventis
software (Coroflow, Uppsala, Sweden; figure 1).
Comparison of CT mass and invasively measured perfusion
The invasively measured blood flow is the flow distal to the point of the infusion i.e. at the
tip of the infusion catheter. To compare these measurements with the non-invasive CT data,
the exact position of the Rayflow catheter was taken into account to determine the amount
of myocardial mass (figure 1).
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Figure 1:

The left upper panel shows the CT angiogram images derived by the physiologic CTalgorithm (Heartflow Inc). Dedicated software was used to calculate mass distal to the
position of the Rayflow catheter. All patients underwent coronary angiography (middle
left panel) with invasive blood flow and resistance measurements in all 3 coronary
arteries (bottom).
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Because even in normal coronary arteries, the presence of the infusion catheter may
influence the measured blood flow (creating a small gradient), the flow in the absence
of a stenosis is determined by the Coroventis software (Qnorm) by dividing the actually
measured flow by FFR.
Assuming homogeneous myocardial perfusion and assuming a direct relation between
blood flow and mass of the perfused territory, the relative distributions of both the mass
and flow should be equal. Therefore the relative amount of myocardial mass of the LAD,
LCX and RCA artery will be compared to the relative blood flow in the respective coronary
arteries. As an example, if the myocardial mass perfused by the LAD equals 37% of total
myocardial mass and flow measured in the LAD equals 40% of total measured myocardial
flow, the percentual difference is 3%.
Statistical analysis
Analyses were performed using R version 3.5.2 (R Foundation for Statistical Computing,
Vienna, Austria). The package “ggplot2” was used for the graphical plots. The package
“blandr” was used for the Bland Altman and “psych” for the intraclass correlation analyses.
Bland Altman plots were made per vessel (LAD, LCx and RCA) to compare mass and flow
distributions. Mean values and +/- 1.96 standard deviation are plotted. Categorical variables
are presented as counts and percentages. Continuous variables are presented as mean ±
standard deviation as appropriate.

Results
Patient characteristics and procedural results
A total of 35 normal patients with a mean age of 59.3±9.4 were included, undergoing coronary
angiography and flow measurements in all 3 major coronary arteries and CT scanning.
Patient characteristics are listed in table 1. Successful measurements were performed in
all 105 coronary arteries. Most patients (54.3%) had completely normal coronary arteries.
The others showed mild wall irregularities in one coronary segment only. No significant
adverse events were observed during the invasive coronary angiography and physiologic
measurements. No chest pain was noted during the infusion of saline. One patient showed
transient atrioventricular block during the invasive flow measurement with immediate
recovery after stopping saline infusion. This minor side effect is in line with previous data on
safety of the invasive flow measurement technique 22,23.
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Table 1: baseline characteristics
Summary values represent number (%) or mean ± standard deviation
Patients

N=35

Male gender, N (%)
Age, mean (SD)

20 (57.1)
59.3 (9.4)

Medical history
Hypertension, n (%)
Current smoking, n (%)
Diabetes Mellitus type 2, n (%)
Dyslipidemia, n (%)
Family history of CAD, n (%)

9 (25.7)
6 (17.1)
3 (8.6)
17 (48.6)
12 (34.3)

Selection criteria
Angiographic details
Completely normal coronaries
Minimal wall irregularities *
FFR LAD**
FFR LCX**
FFR RCA**
CT details
Agatston score <400
Absolute Agatston score
FFR-CT LAD
FFR-CT LCX
FFR-CT RCA

19 (54.3)
16 (45.7)
0.86 ± 0.06
0.95 ± 0.03
0.94 ± 0.05
35 (100)
207.5 ± 156.3
0.87 ± 0.05
0.90 ± 0.04
0.92 ± 0.04

Abbreviations: CAD= Coronary Artery Disease; FFR= Fractional Flow Reserve; LAD= Left
Anterior Descending; LCx= Left Circumflex; RCA=Right Coronary Artery
* Minimal wall irregularities: patients with wall irregularities ≤ 30% in one coronary
segment only
** Invasively measured FFR with adenosine and in the absence of the Rayflow catheter.

Relation between CTmass and myocardial perfusion
Table 2 summarizes the absolute values from CT and the invasive measurements. Myocardial
mass was 49.2±12.2; 39±13.2 and 46.5±15.9 grams for the LAD, LCX, and RCA territory,
respectively. Total mass equaled 153.3±33.5 grams. Coronary blood flow measured in the
LAD was 312.1±108.8 ml/min, compared to 200±77.5 ml/min in the LCx and 226.8±79.4 ml/
min in the RCA. Total hyperaemic blood flow for the complete heart equaled 738.9±201.9
ml/min. The percentage difference between relative CTmass per territory and relative flow
per coronary artery is presented for the individual patients and per vessel in Bland-Altman
plots in figure 2. The mean difference was 5.3±6.2% for the LAD territory, -2.0±7.4% for
the LCX territory and -3.1±3.4%. The distributions for mass and flow are visualized for the
individual patients in the supplementary file (figure S1). Figure 3 shows the relationship
between CTmass and invasive flow measurements in the 35 patients. The intraclass
correlation between mass and flow is 0.90 in these normal or near-normal patients.
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Table 2: procedural characteristics
Summary values represent mean ± standard deviation.
Variables
Vessel Measured
Myocardial mass on CCTA (g)*
RV mass on CCTA (g)
LV mass on CCTA (g)

LAD

LCx

RCA

35 (100)

35 (100)

35 (100)

49.2 ± 12.2
0
49.7 ± 12.7

39 ± 13.2
0
39.4 ± 13.4

46.5 ± 15.9
26.9 ± 8.6
19.5 ± 11.1

0.86 ± 0.06
0.81 ± 0.06
75.3 ± 14.6
92.6 ± 16.5
- 4.2 ± 1.23
-0.55 ± 0.06
312.1 ± 108.8

0.95 ± 0.03
0.92 ± 0.06
90.1 ± 20.7
94.1 ± 21.8
-4.2 ± 0.95
-0.53 ± 0.19
200 ± 77.5

0.94 ± 0.05
0.91 ± 0.11
85.6 ± 17.7
93.7 ± 16.5
-3.7 ± 0.94
-0.38 ± 0.19
226.8 ± 79.4

Invasive measurements
FFR
FFR Rayflow
Pd (mmHg)
Pa (mmHg)
Ti (�C)
T (�C)
Qnorm (ml/min)

Abbreviations: LAD= Left Anterior Descending; LCx= Left Circumflex; RCA=Right Coronary
Artery; CCTA= Coronary Computed Tomography Angiography; RV= Right Ventricle;
LV= Left Ventricle; FFR= Fractional Flow Reserve; FFR Rayflow; fractional flow reserve
during continuous thermodilution (with Rayflow in situ); Pd= distal coronary pressure;
Pa= central aortic pressure; Ti= infusion Temperature; T=distal vessel temperature during
continuous thermodilution; Qnorm= normal value of coronary flow in the hypothetical
absence of stenosis and infusion catheter
* Myocardial left and right ventricle mass measured from the position of tip of the
Rayflow catheter.
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Figure 2:

Bland Altman plots representing CT mass assessment and invasive flow measurement
per coronary artery. A) RCA, B) LAD and C) LCx. Dotted line indicates mean value and
black solid lines 95% limits of agreement.
Abbreviations: LAD= Left Anterior Descending; LCx= Left Circumflex; RCA=Right
Coronary Artery.
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Figure 3: Intraclass correlation between mass and coronary blood flow
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Discussion
Summary of findings
The present study shows a close relationship between the mass of the perfusion territory
calculated by the specific CT-algorithm and invasively measured myocardial perfusion.
Therefore, these data support the reliability of that CT-algorithm to estimate myocardial
mass at-risk in the proximal coronary arteries and justifies future regional based CTmass
assessment.
Clinical importance of myocardial mass at risk
Several methodologies are available for assessing myocardial mass or functional stenosis
severity separately. But no methodology has been prospectively validated so far for
simultaneous assessment of both parameters per territory and within the same examination.
On one hand, myocardial mass can be assessed non-invasively by several MRI or CT methods.
But no stenosis-specific functional information about the corresponding coronary artery
perfusing that territory could be obtained. On the other hand, FFR measured invasively is
specific indeed for stenosis-specific ischemia with excellent spatial resolution. Yet, although
FFR for a given stenosis is in itself also determined in part by the extent of the depending
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viable myocardium, it does not allow to estimate that extent for an individual stenosis.
Combining FFRCT and CTmass within one single non-invasive exam, may enable more reliable
risk assessment in patients with coronary artery disease 4,5.
Heartflow is already able to accurately assess FFRCT, but mass assumption using their protocol
had to be prospectively validated as was done in this study, using invasive measurement of
myocardial perfusion as the reference standard.
The myocardial perfusion to mass relationship and comparison to previous studies
One of the hypotheses of our study is that under physiologic circumstances myocardial
perfusion is homogeneous and that myocardial mass is closely linked to myocardial perfusion.
This has been extensively investigated in experimental studies, showing proportionality
between perfusion and mass 15–17,24. This principle is based on the allometric scaling laws by
Choy et al. 15 who investigated both the relationship between coronary artery volume and
myocardial mass and the relationship between myocardial perfusion and myocardial mass.
The latter was the focus in this study and continuous thermodilution was used to measure
the myocardial perfusion in ml/min (i.e. invasive absolute blood flow measurement). Since
there was such a close relationship between the mass derived by Heartflow and the invasive
flow measurements, this confirms the mass calculation.
Tadashi Murai et al 25 did already analyze the relationship between perfusion/flow and mass
and compared the Voronoi method to invasive physiology measures (partial myocardial mass
(PMM) derived by Doppler flow in a single coronary artery). The difference with our study is
that they did not compute total coronary flow neither percentage flow per territory. Our study
is an assessment of total myocardial mass and coronary flow of all three coronary arteries.
Another difference with our study is that Tadashi et al validated the PMM method to assess
mass and our goal is to confirm mass assessment using non-invasive CT imaging 25.
Further, Ide et al validated the myocardial segmentation algorithm against whole heart
histology in 15 pigs hearts 7. Voronoi segmentation was validated to calculate myocardial
mass using CT. Later it was also validated against SPECT by Kurata et al 6. The technique used
by Heartflow differs from Voronoi in that it can account for non-LV feeding vessels using only
an LV segmentation as an input. Geometric information about the other heart chambers is
not required, which is desirable because it is more difficult to obtain accurate segmentations
of the other heart chambers.
All other reported papers 11–14 are related to Volume-to-Mass computations, which reported
total coronary volume as a ratio to total LV myocardial mass. None of those studies reported
percentage of the myocardial mass per territory.
Derived flow and mass values compared to literature
Of interest, both our data for normal hyperaemic blood flow and the observed values for
myocardial mass, are consistent with literature. Normal myocardial LV mass varied between
120-160 grams in earlier studies 26.
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Whereas in our study total LV mass equaled 110 grams. This slightly lower value may be
explained by the fact that some proximal side branches in several patients were excluded.
The myocardial mass per territory was 49.2 grams for the LAD, 39 grams for the LCX and
46.5 grams for the RCA and is in line with previous literature 7,26.
Total hyperaemic coronary blood flow in normal individuals has been well investigated in
several human studies and equals 500-600ml/min by positron emission tomography 27–29.
In these studies, blood flow to the RV is not included. Since we also measured flow in the
proximal RCA (including perfusion of the RV), this explains the higher values in our study
(738±201 mL/min).
Limitations
For optimal comparison of flow and mass, in our study, 35 selected patients were included
with normal or almost normal arteries as reflected by angiogram, FFR, and CT scanning.
For the purpose of this study, this validation in normal patients only is not a real limitation
because, once the mass calculation by the CT-algorithm has been validated, it can be applied
in the analysis of the CT scans even in the presence of coronary artery stenosis. Further
studies are mandatory to support this position in patients with extensive coronary artery
disease.
Next, we have assumed that our patients were normal or nearly normal by the criteria
mentioned above. Nevertheless a number of these patients had non-specific chest pain and
it cannot be excluded that some of them had microvascular disease, thereby influencing
blood flow and the assumption of homogeneous myocardial perfusion.
Only the myocardial volume of the left ventricle was extracted from medical image data and
the trabeculae and papillary muscles were excluded. Thus, the total myocardial mass of
the left ventricle may be underestimated by this method. The calculation of the myocardial
territories was performed using only the vessels explicitly identified in the CT image data.
This could be extended in the future to include synthetic trees generated using branching
laws to fill the myocardium 30.
Further, this study shows that the per vessel agreement is high, but we have not investigated
segments, Thus the results can be translated only to ostial lesions, but it remains too
investigated for more distal lesions.
Finally, it should be noticed that this new application of CT-mass by Heartflow is not a
currently commercially available outcome of FFRCT

Conclusions
Our study shows a close relationship between the relative mass of the perfusion territory
calculated by the specific CT-algorithm and invasively measured myocardial perfusion. As
such, these data support the use of CTmass to estimate territorial myocardium-at-risk in
proximal coronary arteries.
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Supplementary figure S1: Relationship between CT-derived myocardial mass (inner
circle) and invasively measured coronary blood flow (outer circle) for the individual
patients

5

CT-derived myocardial mass distribution (inner circle) versus invasively measured coronary
blood flow distribution (outer circle) for the 3 main territories in the individual patients.
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The quantification of ischaemic myocardial burden has been the cornerstone guiding clinical
decision making in patients with stable coronary artery disease (CAD). This has traditionally
been assessed using non-invasive functional testing, which although effective in identifying
per-territory or per-patient ischaemia, often fails to identify the lesion responsible for
symptoms or an appropriate target for coronary revascularisation1. Invasive fractional flow
reserve (FFR) has filled that void in being a well-validated technique to identify lesionspecific ischaemia. Clinical trials have established the role of FFR in contemporary clinical
decision making, with FFR-guided revascularisation associated with improved outcomes
and healthcare costs2. Subsequently, advances in computational fluid dynamics and artificial
intelligence have given rise to a non-invasive alternative in the form of FFR derived from a
standard CT coronary angiogram (FFRCT)3.
There is increasing evidence supporting the accuracy of FFRCT in identifying ischaemic lesions,
predicting clinical outcomes, and guiding downstream testing in real-world practice4–7.
Recent data also demonstrate that the numeric value of FFRCT represents a risk continuum,
with lower FFRCT values associated with a higher rate of clinical events6. FFRCT represents one
of the many emerging biomarkers that augment the anatomical assessment of CAD on CT
coronary angiography (CTCA). The assessment of atherosclerotic plaque morphology and
plaque biomechanics also provides incremental clinical value beyond coronary stenosis or
traditional population-based cardiovascular risk scores8. Although CTCA provides accurate
assessment of total left ventricular myocardial mass, there is limited validation of techniques
to quantify fractional myocardial mass or ischaemic myocardial burden from a standard CTCA.
Furthermore, on its own, myocardial mass has limited utility in guiding clinical practice over
established non-invasive techniques. Therefore, the role of CT-derived myocardial mass may lie
in the integration with other emerging biomarkers such as FFRCT. The potential to incorporate
physiological assessment with FFRCT together with CT-derived ischaemic myocardial burden
may provide a unique opportunity to improve the diagnosis and prognostication of coronary
lesions in a manner not readily available with other invasive or non-invasive tests.
In this issue of Heart, Keulards et al.9 provide the first steps in this path. By comparing relative
myocardial mass derived from CTCA to the distribution of myocardial blood flow determined
invasively, the authors propose that their study demonstrates the feasibility and validity of
determining fractional myocardial mass. These findings pave the way for integrating lesionspecific physiology by way of FFRCT with lesion-specific myocardial territory at risk (figure 1).
In this study, 35 patients with normal coronaries or those with minimal atherosclerosis were
referred for CTCA and invasive coronary angiography. Assuming that myocardial perfusion is
homogenous and that myocardial mass is proportional to myocardial perfusion, the vesselspecific simulation of coronary flow for FFRCT was used to estimate fractional myocardial
mass. This measure of fractional mass was validated by comparing against the percentage
of hyperaemic myocardial blood flow measured invasively using the method of continuous
thermodilution. Overall, there was high agreement (intraclass correlation=0.90) between
CT-derived myocardial mass and invasive myocardial perfusion. The authors are to be
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congratulated on a rigorous methodology and complex invasive validation. The results go
further than previous studies by providing an invasive measurement of myocardial perfusion
in all three major coronary territories. Overall, the results support the development of
prototype techniques for quantifying and visualising CT-derived fractional myocardial mass
in a manner that could potentially inform clinical practice in the future.
Figure 1:

Integrating fractional myocardial mass with FFRCT analysis. A conceptual image of how
integrating FFRCT with myocardium at risk and myocardial blood flow could be applied in
future iterations of CTCA analysis.
Abbreviations: FFR, fractional flow reserve; FFRCT, CT derived FFR; CTCA, CT coronary
angiography; LAD, left anterior descending.
Notably, the study does have a number of limitations; arguably chief among them is that
the assessment was obtained in patients with no or minimal atherosclerotic disease and
invasive measurements were only performed in the proximal vessels. The assumption
that myocardial perfusion scales in a predictable and homogenous manner in relation to
myocardial mass is based predominantly from a validation study conducted in healthy pigs 10.
Whether these assumptions hold true in the presence of commonly encountered disease
states such as coronary artery stenosis, left ventricular hypertrophy, and/or microvascular
dysfunction remains unknown and highlights an area for further investigation.
To appreciate the novelty of these findings first requires an understanding of the differences
between the physiological principles underlying invasive FFR and those behind the simulation
of FFR on CTCA. It is well established that with invasive physiology, the FFR value is highly
dependant on the amount of fractional myocardium supplied by the investigated artery11.
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For example, a 50% stenosis in the proximal left anterior descending is more likely to be
haemodynamically significant (ie, FFR positive ≤0.80) compared with a 50% stenosis in an
obtuse marginal branch, by virtue of differences in the degree of myocardium subtended.
In contrast, the modelling of FFRCT is dependant on total left ventricular myocardial mass
rather than the fractional amount subtended3. The total myocardial mass is used to derive
total coronary flow and global baseline resistance3. These global measures of coronary flow
and resistance are then distributed along the coronary tree in relation to vessel size to derive
FFRCT3. Therefore, although myocardial mass is an input in the modelling of FFRCT, the FFRCT
value on the coronary geometry is not influenced by the degree of fractional myocardial mass
subtended. Take for example a scenario in which a small diagonal branch and a large ostial
right coronary artery each have a downstream FFRCT of 0.75, respectively. While FFRCT is the
same for both lesions and both FFRCT simulations use total myocardial mass as one of many
inputs, FFRCT does not quantify the difference in myocardial territories between these two
vessels. With this in mind, the findings reported by Keulards et al. provide important progress
for future FFRCT modelling techniques that could integrate both physiology and myocardium at
risk into a single non-invasive test.
There are several potential applications for considering both FFRCT and myocardium at risk
on CTCA. (1) Diagnostic accuracy: a recent study demonstrated that integrating ischaemic
fractional myocardial mass with FFRCT provided incremental diagnostic performance compared
with FFRCT alone12. The benefit was most pronounced in vessels with grey zone FFRCT values
between 0.70 and 0.80. These results were achieved by applying a semiquantitative, ‘onesize fits all’ estimate of myocardium at risk using the APPROACH (Alberta Provincial Project
for Outcome Assessment in Coronary Heart Disease) score12. The findings by Keulards et al.
provide an opportunity for a far more sophisticated and patient-specific quantification of the
myocardium at risk (figure 1). Taking this further, the quantification of fractional myocardial
mass could also provide more accurate modelling of vessel-specific coronary flow and
therefore has potential to improve the diagnostic performance of future iterations of FFRCT.
(2) Clinical utility: the integration of fractional myocardial mass may also assist in the clinical
interpretation of FFRCT. As a clinical tool, the location at which FFRCT values should be read is
unclear. In many studies thus far, the diagnostic and prognostic value of FFRCT was assessed
by taking the most distal value5. While this strategy can provide important insights on the
‘pattern of disease’ along the course of the vessel (ie, diffuse disease and tandem lesions),
it has also been observed that FFR simulation on CTCA is associated with pressure drop-off
in the distal vessel in the absence of any measurable coronary stenosis5. Therefore, taking
the most distal measurement can be associated with higher false positive FFRCT values and
potentially inappropriate referral for invasive procedures. The integration of CT-derived
fractional myocardial mass may provide greater clarity for the interpretation of FFRCT in clinical
practice. For example, in a patient with a positive FFRCT of 0.78 in the distal vessel, appreciating
that the ischaemic myocardial territory is small could provide greater confidence to the
clinician to safely defer invasive angiography while still appreciating the presence of coronary
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disease that requires aggressive medical therapy. (3) Therapeutic guidance: FFRCT continues to
mature into a technology that informs clinicians on decisions regarding both medical therapy
and revascularisation. Recently, the application of virtual stenting techniques using FFRCT has
been demonstrated to be feasible and highly accurate at predicting the ‘physiological gain’
of percutaneous coronary intervention13. The integration of fractional myocardial mass with
FFRCT allows for the possibility of CT-based virtual stenting to also predict the ‘myocardial
gain’ with revascularisation. Therefore, what is the clinical impact of revascularisation in the
setting of significant physiological but only minimal myocardial gain? Are these the patients
that benefit symptomatically without a prognostic benefit? These questions are yet to be
answered, but the results of this study provide the foundation towards developing the tools
required to address them.
Finally, it is becoming increasingly evident that the risk of myocardial infarction and cardiac
death goes beyond ischaemia alone and is likely an interplay between multiple biomarkers
that can now be assessed on CTCA including high-risk plaque, wall shear stress, and
inflammation8 (figure 2). The results by Keulards et al. provide an important validation
of CT-derived fractional myocardial mass and adds another arrow into the increasingly
sophisticated diagnostic quiver available from CTCA. The future integration of multiple CTderived biomarkers will be essential in the quest to provide clinicians with a non-invasive
platform that accurately predicts cardiovascular risk and guides decision making in a more
focused and impactful manner for our patients.

Figure 2:

Roles of CTCA. Integration of multiple CT-derived biomarkers may improve our
prognostication of coronary artery disease and guide treatment in a patient-specific
manner.
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Abstract
Studies performed in the last two decades demonstrate that after successful percutaneous
coronary intervention (PCI) of a chronically occluded coronary artery, physiology of the
chronic total occlusion (CTO) vessel and depending microvasculature do not normalize
immediately but improve significantly over time. Generally, there is an increase of
fractional flow reserve (FFR) in the CTO artery, a decrease of collateral blood supply and an
increase of FFR in the donor artery accompanied by increase in blood flow and decrease
of microvascular resistance in the myocardium supplied by the CTO vessel. In analogy to
these physiologic changes, also positive remodeling of the distal CTO artery occurs over time
and intravascular imaging can be helpful for analyzing distal vessel parameters. Follow-up
coronary angiography with physiologic measurements after several weeks to months can
be helpful and informative in a subset of patients to decide upon necessity of treatment
of residual coronary artery stenosis in the vessel distal to the CTO or in the contra-lateral
donor artery, as well as in deciding whether stent optimization is indicated. We suggest
that such physiologic guidance of CTO procedures avoids unnecessary overtreatment during
the initial procedure, guides interventions at follow-up, and improves our understanding of
what PCI in CTO means.
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Introduction
To answer the question, ‘what coronary physiology teaches us during and after percutaneous
coronary intervention (PCI) of chronic total occlusion (CTO)?’ it is important to emphasize
that interventional treatment should be based upon knowledge and understanding of the
underlying pathophysiology. Why does a patient suddenly present with angina with a CTO
existing for years? What is the influence of a stenosis in the donor artery on CTO blood
supply? What kind of improvement can be expected from PCI?
For a long time, coronary physiology measurement was underappreciated in chronic
coronary occlusions, but it gained interest in the recent decades 1,2. In most CTO’s with viable
distal myocardium, collateral blood supply is present and sufficient to maintain resting
metabolism (hibernation) or even contraction at rest. This collateral circulation generally
develops over several weeks to months and the extent of collateral network depends on
acuity of occlusion, duration and frequency of ischemia, genetic influence and co-morbid
states e.g. diabetes 3. Lee et al 3 also compared two groups of total occlusions i.e. the acute
occlusions during myocardial infarction and the chronic total occlusions. They noticed that
the collateral flow assessed by coronary wedge pressure in relation to aortic pressure was
higher in CTO than in acute occlusions.
But mostly, even in the presence of collaterals, frank ischemia occurs in the CTO-supplied
myocardium with increasing demand during stress/exercise 4,5. With viable myocardium (e.g.
demonstrated by preserved wall motion at rest) and typical chest pain additional ischemia
testing is not necessary and PCI of CTO can be planned. In cases of regional wall motion
abnormalities in the territory of the CTO, other objective evidence of viability should be
sought before the decision to perform PCI 6. This is more important because PCI of CTO is
complex and target lesion failure is still much higher compared to non-CTO PCI 7. Physiologic
measurements in the recanalized CTO artery, its dependant myocardium and donor artery
may be helpful to optimize the procedure itself and might improve long term clinical
outcomes.

The last two decades of physiology
With the evolution of intracoronary physiologic evaluation, also CTO vessels became a topic
of interest and a lot of studies attempted to explain the complex physiology in CTO vessels
and its depending myocardium. CTO vessel PCI has three major physiological effects: 1) the
effects on the CTO vessel and the depending myocardium itself; 2) effects on the donor
vessels and; 3) on the interaction between the two i.e. the collateral circulation. Table 1
summarizes a number of these studies categorized by the site of change and according to
the technique used. 8–13,5,3,14–18
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Donor vessel

Technique

N

Baseline
value

CFR doppler + FFR
CFR doppler + FFR
(CFR) PET
MBF (PET)
CFR (PET)

FFR
FFR
FFR
FFR

42
100
74
26

42
120
193
69
193
< 0.5
0,45
0,48

1,59
1,22
1,52
> 0.8
0,90
0,86
0,82

2,01
2,01

Value immediate
after procedure

Absolute flow/resistance

25

CFR doppler + FFR

iFR

FFR
FFR + Doppler
FFR

Zimarino13
Karamasis14

FFRcoll
FFRcoll

Fractional flow reserve collateral (FFRcoll)

Sachdeva18
Ladwiniec16
Mohdnazri17

Fractional flow reserve (FFR)

Mohdnazri17

Instantaneous wave-free ratio (iFR)

Ladwiniec16

42
26

14
34
34

34

34

0,42
0,29

0,76
0,78
0,76

0,86

2,24

Coronary flow velocity reserve (CFR) or Doppler velocity

Keulards15

0
0,33

0,86
0,81
0,75

0,88

2,33

148

Absolute blood flow and resistance measurements (ml/min and Wood Units)

Zimarino13
Sachdeva5
Lee3
Karamasis14

Fractional flow reserve (FFR)

Werner8
Werner9
Schumacher10
Stuijfzand11
Schumacher12

Coronary flow velocity reserve (CFR) or Doppler velocity

Author

<0.01
n.s

<0.01
<0.01
0,267

<0.05

0,57

<0.01
<0.01
<0.01

P-value

0,18

0,79

0,90

221

0,87
0,89

same
2,50
2,88
2,40
2,89

Value at follow up

<0.01

<0.05

<0.05

<0.01

n.s
<0.01

n.s
<0.01
<0.01
<0.01
<0.01

P-value

immediate
4 months

immediate
immediate
4 months

4 months

Immediate

2 months

immediate
immediate
12 months
4 months

immediate
5 months
3 months
3 months
3 months

Interval till
follow up

Abbreviations: n.s; not significant, n.a; not applicable, CF(V)R; coronary flow (velocity) reserve, PET; position electron tomography, iFR; instantaneous
wave-free ratio, FFR; fractional flow reserve.
Upper rows: CTO vessel changes. Middle rows: donor vessel changes. Lower rows: collateral circulation regression. baseline: before PCI, immediately:
directly after PCI, long-term: at follow up.

Collateral
circulation
regression
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Table 1: overview human physiology studies, last 2 decades
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Roughly these studies can be divided into three ‘groups’: the flow and velocity studies
(coronary flow (velocity) reserve (CF(V)R); the pressure studies (FFR, iFR); and absolute
blood flow and resistance studies.
First, CFVR reflects the ratio between basal and hyperaemic coronary flow velocity, measured by
a Doppler wire. This tells us something about the functionality of the whole coronary circulation,
both epicardial and microcirculatory, but does not enable to distinguish between these two
compartments. It reflects blood flow increase during stress/exercise situations (or hyperaemia
in the Cath lab). A value ≥ 2.0 is often considered as normal, which means that basal coronary
blood flow can double during hyperaemia. CFVR is used as an equivalent to coronary flow
reserve (CFR), defined as the ratio of absolute hyperaemic blood flow to baseline blood flow.
CFR can also be approximated by thermodilution using a bolus of saline to measure mean transit
time (Tmn) at rest and during maximum hyperaemia. CFRthermo is then calculated by the ratio
of mean transit times 19.
Studies with CFR or CFVR show the same trends: peak flow (velocity) increases directly after opening
the CTO vessel 20 corresponding with a higher hyperaemic flow and CF(V)R increases further over
time indicating further improvement of the myocardium and/or epicardial remodeling 9,12.
Use of CF(V)R in clinical practice is limited because of the fact that coronary blood flow
(velocity) is influenced by a lot of factors such as blood pressure, heart rate, vessel diameter,
age and others. This is particularly due to difficulties in obtaining an unequivocal resting
value. Consequently, there is a large variation in ‘normal’ values. Considering this, values can
vary significantly within the same patient and over time. In addition, Doppler techniques are
sensitive to motion of the patients, breathing, minimal position changes of the sensor and
as such operator-dependant.
A second method used to investigate coronary physiology is based on pressure measurements.
The fractional flow reserve (FFR) gives information specific for the epicardial stenosis. To measure
FFR, a high fidelity intracoronary pressure wire is used to record the distal coronary pressure (Pd)
during maximum hyperaemia. FFR is de ratio between Pd and aortic pressure (Pa) and specifies
the pressure loss over a stenosis (figure 1 Panel A). Normal FFR is close to 1.0 and a value >0.80
is considered as non-ischaemic, which means that if less than 20% of coronary pressure is lost
across the stenosis during hyperaemia, no ischemia will occur (figure 1 Panel A).
When using FFR in CTO physiology, it is important to realize that FFR as usually used (and
represented by Pd/Pa), represents the influence of a coronary stenosis on myocardial blood
flow and that myocardial blood flow is the sum of coronary artery blood flow and collateral
blood flow. Under normal circumstances, the role of collateral flow is neglectable, but with
severe stenosis and in particular in CTO, collateral flow becomes important. This can be
quantified by FFR (originally called FFRmyo) because it can be split up as: FFRmyocardium
(FFRmyo) = FFRcoronary (FFRcor) + FFRcollateral (FFRcoll) and all of these 3 compartments can
be assessed separately by pressure measurements (figure 1). To do so, measurement of
coronary wedge pressure (during balloon occlusion of the coronary artery) is mandatory as
explained in figure 1 and 2.
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Figure 1: explanation of FFR in normal coronaries, intermediate stenosis and CTO

A

Normal coronary artery
FFRmyo= FFRcor + FFRcoll (FFRcoll = 0)

Aorta
RCA

1.0 = 1.0 + 0

V

Pa 100mmHg
Pd 100mmHg

Pv 0mmHg

RCA
LAD

V

B

Intermediate stenosis
FFRmyo= FFRcor + FFRcoll

Aorta
RCA

0.81 = 0.77 + 0.04

V

Pa 100mmHg
Pd 75 mmHg

Pv 0mmHg

RCA
LAD

V

C

Chronic total occluded vessel
FFRmyo= FFRcor + FFRcoll

Aorta

0.33 = 0 + 0.33

Chronic
occlusion

RCA

Pa 100mmHg

RCA
LAD
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Pd through collateral
33 mmHg

V

Pv 0mmHg

Collateral
artery

V

Explanation of FFR in a normal
vessel (Panel A), in intermediate
stenosis (Panel B) and chronic
total coronary occlusion (Panel
C).
Generally, when using
FFRmyo, venous pressure is
neglected and FFR is defined as
Pd/Pa at maximum hyperaemia.
When there is no stenosis (A)
there is no pressure loss over
the coronary artery, meaning
Pa and Pd are equal and FFR is
1.0. In an intermediate stenosis
(B) FFR is decreased due to
the loss of pressure over the
stenosis and there is very
little contribution of collateral
blood flow. In case of CTO (C)
collateral flow becomes the
dominant contributor to distal
myocardial perfusion. Collateral
contribution can be calculated
separately by FFRcoll = Pw/Pa.
In case of elevated venous
pressure,
this
component
should be measured separately.

Figure 2: FFRcoll assessment using coronary wedge pressure
Chronic total occluded vessel
FFRmyo=FFRcor+FFRcoll

Aorta

0.33 = 0 + 0.33
Over the wire
balloon
Pressure wire

RCA

FFRcoll=0.33

RCA
LAD

V

Pw through
collateral
33mmHg

V

Abbreviations: FFR; fractional flow reserve, FFRmyo; FFRmyocardium, FFRcor; FFRcoronary, FFRcoll;
FFRcollateral, RCA; right coronary artery, LAD; left anterior descending.
Example on how to assess the collateral wedge pressure (Pw). In order to evaluate the
contribution of collateral vessels a pressure wire can be advanced in the just opened
CTO-vessel. Then a balloon is advanced over the pressure wire and inflated at low
atmospheric pressure to occlude the vessel transiently (preferably within the just placed
stent) and Pw is measured. FFR is still represented by the ratio of Pd (called now Pw) and
Pa. When antegrade flow is 0, FFR consists exclusively of FFRcoll

Lee et al and Karamasis et al 3,14 showed that during follow up measurements in the CTO
vessel, FFR increased significantly over time.
In the study by Karamasis, comprehensive FFR measurements were accompanied by FFRcoll
assessment immediately after CTO PCI and at follow-up 16 weeks. The study showed that
the increase of FFRmyo over time was accompanied by significant reduction of collateral
function as expressed by FFRcoll (Figure 3 Panel C and D). This was also in line with the earlier
publication from Zimarino et al 13 who showed that FFRcoll decreased significantly.
In addition to antegrade blood flow in the re-opened CTO artery, also donor vessels have
been evaluated extensively 14,16–18,21 (Figure 3 panel B,C and D). Most studies showed a slight
increase in donor artery FFR and iFR directly after PCI. Longer term follow up studies showed
a more pronounced increase in FFR of the donor artery, explained by the decrease of its
perfusion territory. The late change in FFR is also confirming delayed collateral regression.
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Figure 3: Example synthesizing all angiographic and physiologic measurements
before and after PCI and at follow up

Abbreviations: LAD; left anterior descending, FFRcor; fractional flow reserve coronary
artery, FFRcoll; fractional flow reserve collateral, FFRmyo; fractional flow reserve
myocardium (= FFRcor r + FFRcoll), PCI; percutaneous coronary intervention, Q; absolute
myocardial blood flow in ml/min, R; microvascular resistance in Wood Units (mmHg/
ml/min), RCA; right coronary artery
Note: all values in the image are values based on measurements in one selected patient.
No large studies combined all measurements yet.
Left upper panel A: schematic and angiographic situation before intervention with a
CTO of the RCA and donor arteries from the LAD to the distal RCA. Right upper panel
B: situation before PCI of the CTO when only assessment of collateral and donor vessel
flow is possible. Left lower panel C: situation immediately after opening of the CTO
vessel. Now both assessment of antegrade flow and FFR of the CTO vessel and donor/
collateral supply is possible. Right lower panel D: assessment of all values is possible.
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Although FFR measurement before and after PCI is feasible and safe, it does not provide
information on the function of the microvasculature. To make a better distinction between
epicardial coronary artery function and microvascular function, CFR has been combined with
FFR. ‘Low’ CFR (<2.0) and ‘high’ FFR is ≥ 0.80 would indicate a normal epicardial artery but
abnormal microvascular function. But such combined measurements provide qualitative
information and not allow true quantification of microvascular function.
At this point, a relatively new and promising methodology to measure absolute coronary
blood flow and microvascular resistance quantitatively, comes into perspective 22–25.
The measurement of absolute blood flow and resistance uses a technique of thermodilution
with continuous low rate infusion of saline. The application of this established method is very
easy, reproducible and without noticeable side effects 22. The measurements are performed
during maximum hyperaemia induced by saline 26 using a multifunctional monorail infusion
catheter as described and validated extensively (Rayflow, Hexacath, Paris, France) 23,24,27.
The method is based on the calculation of flow ( Q in ml/min) and microvascular resistance
(R in dyn.s.cm−5, mm Hg/L/min, or Wood units). The flow is calculated after continuous
intracoronary infusion of saline at a chosen infusion rate creating maximum hyperaemia
by itself 26. The distal coronary temperature is measured using a normal pressure wire X
(PWX, Abbott, USA). After reaching steady state hyperaemia (mostly within 20 seconds)
and measuring distal coronary temperature (T), the pressure wire is pulled back into the
Rayflow catheter to determine the infusion temperature of the saline (Ti). Absolute blood
flow is then calculated by dividing the infusion temperature by the distal temperature and
multiplying it by the infusion rate of the pump, following the equation below.

(Qb is the flow in ml/min. The constant 1.08 relates to the difference between the specific
heats and densities of blood and saline. Ti is the infusion temperature of the saline at the
infusion holes of the Rayflow catheter and T is the distal coronary temperature measured by
the pressure wire both expressed as the difference to body temperature. Qi is the infusion
rate of the pump in ml/min).
Simplified this means that when the distal temperature (T) is 1○C below body temperature
and the infusion temperature (Ti) is 5○C below body temperature, the absolute blood flow
is 5 times the set rate of saline infusion. So in this example, with a saline infusion rate of
20ml/min blood flow will be 108ml/min. Microvascular resistance is calculated in analogy
to Ohm’s law by dividing the distal pressure and flow.
All calculations for absolute flow and resistance, explained above, are automatically made
by the Coroventis software program (Coroventis, Uppsala, Sweden). The accuracy and
reproducibility of these absolute flow and resistance measurements have been validated
extensively now and the procedure can be performed safely and quickly following regular
FFR measurement 22,25.
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Since the patient acts as its own control during follow up procedures, accurate evaluation of
blood flow and resistance at follow up of both the epicardial artery and the microvasculature
is possible. In an exploratory study by Keulards et al 15 these measurements were performed
in both the CTO and donor vessel territory and showed a significant increase in hyperaemic
coronary blood flow and improvement in microvascular function a few weeks following the
procedure. Maximum blood flow in the CTO artery increased by 49% and microvascular
resistance decreased by 29% at follow-up compared to the situation immediately after the
index procedure (Figure 3 panel D). At the same time, distal CTO vessel diameter increased.
It appears that the increase of coronary flow is a combination of two factors i.e. decrease
of microvascular resistance, reflecting further improvement of the microcirculation, and
decrease of distal epicardial resistance with positive remodeling of the distal CTO artery.
Figure 3 summarizes all physiologic changes mentioned above.

What does integrated coronary physiology tell us?
The studies mentioned above demonstrate that after successful PCI of a chronically occluded
coronary artery, blood flow in the CTO vessel and microvascular function do not normalize
immediately but improve significantly over time. This is reflected by an increase of absolute
blood flow and FFR of the CTO artery, decrease of microvascular resistance, and regression
of collaterals with decrease of FFRcoll. As a corollary, often corresponding changes in the
donor artery can be observed. The fractional flow reserve of the major donor vessel may
increase reflecting decrease of collaterals.
Being aware of such anticipated physiologic and anatomic changes may have three important
consequences for interventional decision making. First, the diameter of the vessel distal
to the occlusion directly after opening the CTO is still negatively remodeled, which may
mislead the operator to take a smaller stent for CTO treatment even after an optimal dosage
of NTG. Second, due to negative remodeling of the distal segment, a distal stenosis can
seem significant. This can lead to longer stents and even more restenosis 28. And thirdly,
an intermediate stenosis in the donor artery with an FFR slightly below the ischaemic
thresholds before opening the CTO artery, may increase over time thereby avoiding PCI of
that intermediate lesion. In the current ESC guidelines 6 it is suggested to stent the donor
vessel first. But when CTO PCI is planned anyway, this strategy may be changed in case of
ischaemic lesions in the donor artery. This has to be further supported by larger trials, but
such adjustments may decrease the number of stents, the rate of restenosis over time and
improve our knowledge and patient care.
Previous research reflected on a sort of ‘vascular wall hibernation’ of the distal coronary
segments of a recanalized CTO failing to show response to endothelium-dependant and
-independant stimuli 20,29. The increase in hyperaemic absolute coronary blood flow over
time can be partially explained by the above findings and strongly argues for improved distal
coronary artery wall function.
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Role of intracoronary imaging
For follow up of the aforementioned positive remodeling of the distal CTO artery over
time, both intravascular ultrasound (IVUS) and optical coherence tomography (OCT) can be
helpful for measuring ‘true distal vessel’ parameters. In daily practice, IVUS is preferentially
used for PCI guidance in CTO cases as opposed to OCT, because using OCT increases the
risk of dissection before stenting and OCT uses high volumes of contrast. It is important to
realize, however that even when intracoronary imaging is used, vessel diameters can still be
underestimated due to chronic negative remodeling. Also by IVUS, it has been shown that
positive remodeling occurs over time 30. Intracoronary imaging at follow up can also be used
to decide whether the stents have been undersized and need to be optimized 28,31. We have
learned that as a ‘rule of thumb’, 0.4 mm larger stents diameters in CTO should be chosen
to diminish late stent malapposition, but when there is doubt regarding sizing, follow up
invasive exam with reevaluation of stent size can be useful.

The Future
The number of large cohort studies in CTO are still limited. Presently, the IMPACT-CTO 2 trial is
performed (ClinicalTrials.gov Identifier: NCT03830853) where all relevant physiologic indices
(FFR, FFRcoll, absolute flow and resistance) are assessed both in the donor vessel and in the
CTO artery immediately after PCI and after 12 weeks. This is combined with intracoronary
imaging, to account for remodeling of the distal CTO artery. These measurements will likely
provide an integrated and more complete insight in coronary physiology and anatomy after
PCI of CTO arteries and can be helpful in planning of CTO follow up procedure.
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Abstract
Aim: This study aimed to investigate longitudinal physiological changes in the recanalised
coronary CTO vessel and its dependant myocardium after successful percutaneous coronary
intervention (PCI).
Methods and results: In this pilot study, 25 patients, scheduled for elective CTO PCI with
viable myocardium and angiographically visible collaterals were included. Absolute coronary
blood flow and absolute microvascular resistance were measured invasively using continuous
thermodilution. Measurements were performed immediately after successful CTO PCI and at
short term follow up. In a subgroup of patients, physiological measurements were performed
at the predominant donor vessel before CTO PCI, immediately afterwards and at follow up.
Absolute coronary blood flow in the recanalised CTO artery increased from 148 ± 53 ml/min
immediately after PCI to 221 ± 77 ml/min at follow-up (p <0.001). In agreement, absolute
resistance in the myocardial territory perfused by the CTO artery, decreased from 545 ±
255 WU immediately after the procedure to 387 ± 128 WU at follow up (p = 0.014). There
were no significant changes in the absolute coronary blood flow and resistance in the
predominant donor between baseline and follow up. Positive remodeling of the distal CTO
vessel with an increase in lumen diameter was observed.
Conclusions: After successful CTO PCI, blood flow in the recanalised artery and microvascular
function of the dependant myocardium are not immediately normal but recover over time.
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Introduction
Successful percutaneous intervention of coronary chronic total occlusions (CTO) relieves
ischaemia improving patients’ symptoms, functional status and quality of life 1–4. It has been
recognized that after successful recanalization of a CTO, there is no immediate complete
recovery of the distal artery and the dependant myocardial territory, but that its function
might improve over time5–7. In most CTO’s with viable distal myocardium, collateral blood
supply is present and sufficient to maintain resting metabolism (hibernation) or even
contraction at rest. However, evident ischaemia occurs with increasing demand during
stress/exercise 8,9. Due to reduced blood flow and perfusion pressure, negative remodeling
of the distal part of the occluded vessel occurs, while microvascular changes become present
in the distal myocardium with an increase in microvascular resistance in the CTO territory.
Both phenomena contribute to incomplete, delayed, and suboptimal recovery of physiology
even after technically successful PCI.
A recent study showed that fractional flow reserve (FFR) of both the coronary artery (FFRcor)
and the myocardium (FFRmyo) of a recanalised CTO, increased over time, paralleled by
regression of collaterals10. These observations strongly suggest that recovery of both the
distal coronary artery and the depending myocardium often occurs, because an increase
in FFR (without additional intervention in the epicardial artery) implicates decrease of
distal epicardial resistance. Although, this study provides indirect evidence of recovery of
microvascular function over time along with the positive remodeling of the distal CTO artery,
there were no direct measurements of microvascular function or coronary blood flow.
Recently, a novel methodology has become available that allows accurate and quantitative
invasive measurements of absolute coronary blood flow and resistance during coronary
catheterization11,12.
The aim of the present study was to perform such serial measurements of absolute coronary
flow and microvascular resistance in the recanalised CTO and major donor vessels after
successful PCI. Based upon the observations of the present study in combination with the
previous work by Karamasis et al.10, we aimed to propose a complete model explaining the
physiologic changes after successful CTO PCI.

Methods
Study design and population
This was a prospective observational exploratory study on coronary physiology after CTO
percutaneous revascularization. Patients with a clinical indication for elective CTO PCI
were recruited in the Catharina Hospital (Eindhoven, The Netherlands) and the Essex
Cardiothoracic Centre (Basildon, UK). All patients had stable angina and viability of the
myocardial territory supplied by the CTO vessel as evidenced by perfusion cardiac magnetic
resonance (CMR) imaging or preserved wall motion on transthoracic echocardiography at
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rest. As CMR criteria for ischaemia and viability, more than 10% ischaemic burden in the CTO
territory was the cut off that we used to justify CTO PCI. Delayed myocardial enhancement
was the CMR sequence used for viability and > 75% with delayed enhancement in the
myocardial segment under interrogation was the cut-off for a territory to be considered
not viable. In all cases there were spontaneously visible collateral vessels supplied by a
contralateral donor artery. All patients provided written informed consent and the study
was approved by the local ethics committee in Eindhoven (the Netherlands) and Basildon
(United Kingdom).
CTO PCI
CTO PCI was performed according to contemporary interventional techniques following the
hybrid algorithm. Recanalization strategy was left at the discretion of the CTO operator. A
procedure was considered successful if TIMI flow grade 3 with <30% angiographic residual
stenosis in the CTO vessel was achieved. Patients were discharged on statins and on dual
antiplatelet therapy (aspirin and clopidogrel) with a duration for at least 1 year.
Measurement of absolute blood flow and microvascular resistance
After successful PCI of the CTO, complete physiological assessment in the recanalised vessel
and its dependant myocardium was performed by calculating absolute coronary blood flow
and microvascular resistance using continuous thermodilution. The detailed method has
been previously published11–15. In brief: after intracoronary administration of nitroglycerin,
a guidewire equipped with a pressure and temperature sensor (Pressure wire X™, Abbot
Vascular, Minnesota, USA) is equalized at the tip of the guide catheter and positioned in the
distal vessel. Thereafter, a multifunctional monorail infusion catheter (RayFlow®, Hexacath,
Paris, France) is advanced over the wire and placed in the proximal coronary artery. The
catheter is connected to an infusion pump and saline infusion at a set flow rate (Qi, usually
20 mL/min for the left anterior descending [LAD] and left circumflex artery [LCX] and 15 or
20 mL/min for the right coronary artery [RCA]) is started. The distal temperature (T) of the
saline/blood mixture is recorded automatically by the guidewire sensor. The saline infusion
itself creates a state of maximum hyperaemia within seconds 12,16 and when a steady
hyperaemic state is achieved the guidewire is pulled back to the tip of the catheter and the
temperature of the infused saline (Ti) is measured. Absolute coronary flow during steady
state maximum hyperaemia (Q in ml/min) is calculated by assessment of the changes in
distal coronary temperature (T) compared to the infusion temperature of the saline (Ti) by
the equation Q.
. The microvascular resistance (R in dyn.s.cm−5, mm Hg/L/min,
or Wood units) is calculated by dividing the distal coronary pressure (Pd) and the calculated
blood flow (Q). Therefore, R is independant of the resistance of the epicardial coronary
artery (Repi). Repi can be assessed separately by (Pa-Pd)/Q. Live wireless recording and
analysis of coronary pressure traces and temperature and automated calculation of Q and R
is performed using a dedicated software system (Coroventis ®, Uppsala, Sweden).
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Physiological measurements in the donor vessel
In a subgroup of patients (n=10) with intermediate coronary disease (30-70% stenosis) in the
donor artery, physiological assessment including calculation of absolute flow and resistance
as described above was performed in the predominant donor vessel. The measurements
were performed at the onset of the PCI procedure (before attempting the CTO vessel) and
immediately after successful PCI of the CTO vessel.
Follow up procedure
Patients with complete physiology measurements in the recanalised vessel returned
for a follow up procedure within two months (7-70 days, mean 46 days) according to
institutional practice. During the follow-up procedure, absolute flow and resistance were
measured once more in the recanalised CTO vessel following exactly the same method. In
cases where measurements were performed in the predominant donor artery during the
baseline procedure, these were also repeated. To evaluate recovery of coronary flow and
microvasculature function of the CTO artery, we compared the measurements from the
index procedure with those at follow-up. Figure 1 illustrates such complete sequence of
angiographic and physiologic assessment in one patient.
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Figure 1: Typical case example

Image used from Keulards et al; EuroIntervention 2018;14:e588-e589 with permission23
This figure shows the complete assessment of one patient at baseline and at follow-up.
Panel A and D: the CTO artery (RCA) and the donor artery (LAD) before PCI. The absolute
flow in the donor vessel is 256 ml/min, with a resistance of 231WU. Panel B, E and
G: flow and resistance measured directly after PCI. Panel C, F and H: at follow-up the
CTO vessel showed an increase in flow from 161ml/min to 300ml/min and resistance of
the dependant myocardium decreased from 370 to 243 WU. Flow in the donor artery
decreased further.
Abbreviations: CTO= chronic total occlusion, ml= milliliter, mm= millimeter,
PCI= percutaneous coronary intervention. WU= Wood Units
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Quantitative angiographic assessment of the distal CTO artery
Collateral circulation to the chronically occluded vessel was graded using collateral
connections grading method and the predominant donor vessel was determined. Procedure
complexity was graded using the Japanese Multicenter CTO Registry score. After blinding
for clinical and procedural data, mean and minimal lumen diameter of the distal coronary
artery were assessed by quantitative coronary angiography post baseline procedure and at
follow-up. QCA was performed using Philips Intellispace Cardiovascular Software System
(Amsterdam, The Netherlands).
Statistical analysis
Data were checked for normality of distribution using Kolmogorov–Smirnov testing.
Categorical variables are presented as counts and percentages. Continuous variables are
presented as mean ± standard deviation or median and interquartile range as appropriate.
Comparisons of the relative change in absolute blood flow or resistance were made using
a paired T-test. Spearman correlation coefficients were used to assess the relationship
between 2 variables as appropriate. ANOVA repeated measures test was performed to
assess the difference between 3 following measurements in the donor artery. A two-tailed
level of significance was used of 0.05. All preceding analysis were performed using SPSS 25
software (SPSS Inc., Chicago, IL).

Results
Twenty-five patients with successful CTO PCI and complete physiology measurements in
the recanalised vessel at baseline and follow-up were included. Baseline and procedural
characteristics are listed in table 1. The mean age was 66 ± 8.7 years and 19 out of 25
patients were male. The most common CTO vessel was the RCA and the mean J-CTO score
was 1.64 ± 1.25. Antegrade wire escalation was the most commonly successful recanalization
technique (56%), followed by retrograde dissection/reentry (20%) (table 2). The follow up
procedure was performed within two months (7-70 days, mean 46 days). A subgroup of 10
patients had physiology measurements of the predominant donor vessel at baseline and
follow up.
No major side effects of the absolute flow/resistance measurement method were noted.
Two patients showed rapidly transient AV block with a saline infusion rate of 20ml/min in the
RCA. The AV block resolved immediately after the infusion was stopped. After adjustment
of the infusion pump to a lower infusion rate (i.e. less decrease of distal temperature) the
measurements were completed without difficulty.
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Table 1: baseline characteristics
Number of patients n=25
Male gender, N (%)
Age, mean (SD)

N (%) or mean ± SD
19 (76)
65.9 ± 8.7

Medical history
Hypertension, n (%)
Current smoking, n (%)
Diabetes Mellitus, n (%)
Dyslipidemia, n (%)
Previous myocardial infarction, n (%)

20 (80)
4 (16)
7 (28)
19 (76)
12 (48)

Clinical details
CCS angina class
I
II
III
VI

7 (28)
8 (32)
8 (32)
2 (8)

Left ventricular ejection fraction
<35%
35-50%
>50%

0 (0)
10 (40)
15 (60)

Angiographic details
Occluded target vessel
RCA
LAD
LCx

20 (80)
3 (12)
2 (8)

Predominant donor vessel
RCA
LAD
LCx

5 (20)
17 (68)
3 (12)

Collateral Filling
Bridge collaterals
Retrograde filling
both

3 (12)
18 (72)
4 (16)

Collateral size
CC0
CC1
CC2

2 (8)
17 (68)
6 (24)

J-CTO score
Tapered/blunt
Calcification present
Bending >45 degrees
Length more than 20mm
Re-try lesion
Total J-CTO-score
J-CTO 0
J-CTO 1
J-CTO 2
J-CTO 3
Total J-CTO score (mean, SD)

5/10 (20/40)
15 (60)
5 (20)
11 (44)
2 (8)
7 (28)
3 (12)
8 (32)
7 (28)
1.64 ± 1.25

Abbreviations: CCS= Canadian Cardiovascular Society, CC= continuous connection,
J-CTO score= Japanese-Chronic Total Occlusion score, mm= millimeter, LAD = left
anterior descending, LCx = left circumflex, RCA = right coronary artery.
Summary values represent number (%) or mean ± standard deviation.
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Table 2: procedural characteristics
Number of patients n=25

N (%) or mean ± SD

Technique
Antegrade wire escalation
Retrograde wire escalation
Antegrade dissection and reentry
Retrograde dissection and reentry
Stent length

14 (56)
4 (16)
2 (8)
5 (20)
72.2 ± 26

Other
Procedure time (min)
Fluoroscopy time (min)
Wire crossing time (min)
Radiation DAP (mGy)

136.3 ± 78.1
39.2 ± 26.3
53.4
200464 ± 155497

Abbreviations: DAP = Dose area product, min = minutes; mGy= milligray
Summary values represent mean ± standard deviation.

Absolute coronary blood flow and resistance measurement
There was a significant increase in absolute blood flow in the CTO vessel over time in the
overall cohort (Figure 2A). Flow in the recanalised CTO artery increased by 49% from 148 ±
53 ml/min immediately after opening to 221 ± 77 ml/min at follow-up (p <0.001). Absolute
flow increased in 23 out of the 25 cases. In agreement, absolute resistance in the myocardial
territory perfused by the CTO artery, decreased by 29% from 545 ± 255 WU immediately
after the procedure to 387 ± 128 WU at follow up (p = 0.014) (Figure 2B). There were no
significant changes in the absolute coronary blood flow and resistance in the predominant
donor between baseline and follow-up. Absolute blood flow changed from 162 ml/min
pre-PCI to 175 ml/min immediately post-PCI and to 189 ml/min at follow-up (p= 0.40).
Microvascular resistance was 473 WU pre-PCI, 542 WU immediately post-PCI and 474 WU
at follow-up (p= 0.44) (Figure 3). In these 10 patients in whom donor vessel measurements
were available, a net gain in summed absolute blood flow to the CTO and donor vessel
myocardial territory of 118ml/min was observed.

Recovery of Absolute Flow and Resistance in Chronic Total Occluded Coronary Vessels
and the Providing Donor Artery after Percutaneous Coronary Intervention

125

7

Chapter 7
Figure 2: Increase of flow and decrease of microvascular resistance over time in the
CTO vessel

This figure shows an overview of all performed measurements in the CTO vessel. Panel
A: Absolute blood flow measured in the CTO vessel directly after PCI and at follow-up.
Panel B: Microvascular resistance measured in the CTO vessel directly after PCI and at
follow-up.
Abbreviations: CTO= chronic total occlusion, ml= milliliter, mm= millimeter,
PCI= percutaneous coronary intervention.
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Figure 3: Flow and resistance over time in the donor artery

7

This figure shows an overview of all performed measurements in the donor vessel.
Panel A: Absolute blood flow measured in the donor vessel before PCI, directly after
PCI and at follow-up. Panel B: Microvascular resistance measured in the donor vessel
before PCI, directly after PCI and at follow-up.
Abbreviations: ml= milliliter, mm= millimeter, PCI= percutaneous coronary
intervention.
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Assessment of vessel diameter changes
All patients had complete follow-up QCA measurements. The distal CTO vessel lumen
dimensions changed significantly between immediately after PCI and at follow up. The
minimal lumen diameter increased from 1.17 ± 0.39 mm to 1.42 ± 0.45 (p<0.001). The mean
lumen diameter increased from 1.73mm to 1.99 (p <0.05) (Table 3). In parallel, epicardial
resistance of the CTO artery calculated as (Pa-Pd)/Q, decreased by 17% from 82 ± 55 WU to
68 ± 49WU (p=0.155) (Table 3).
Table 3: QCA and physiologic parameters of the distal CTO artery at baseline and at
follow-up
Number of patients n=25
QCA analysis
Segment length (mm)
Mean lumen diameter (mm)
Minimal lumen diameter (mm)

P-value
Baseline procedure
mean ± SD

Follow up procedure
mean ± SD

18 ± 6.84
1.77 ± 0.42
1.17 ± 0.39

15.78 ± 5.14
1.99 ± 0.48
1.42 ± 0.45

Mean Lumen Gain (mm)
Percentage Mean Lumen Gain (%)
Minimal Lumen Gain (mm)
Percentage Minimal Lumen Gain (%)
Physiologic measurements
Absolute blood flow CTO vessel (ml/min)
Epicardial resistance (Wood Units)
Microvascular resistance (Wood Units)

0.063
0.028
<0.001

0.25 ± 0.49
17.53 ± 30.14
0.26 ± 0.40
30.47 ± 61.63
Baseline procedure
mean ± SD

Follow up procedure
mean ± SD

148 ± 53
82 ± 55.4
545 ± 255

221 ± 77
67.9 ± 48.9
387 ± 128

<0.001
0.155
<0.05

Abbreviations: ml= milliliter, mm= millimeter, QCA = Quantitative Coronary Analysis
Summary values represent mean ± standard deviation.

Discussion
The present study is the first to perform sequential invasive measurements of absolute
hyperaemic coronary blood flow and microvascular resistance immediately after successful
CTO PCI and at short term follow-up. The study showed that coronary blood flow and
microcirculatory function of the depending myocardium of a recanalised CTO, are still far
from normal immediately after technically successful PCI and significantly improve over
time. At the same time, significant luminal increase of the distal CTO vessel was observed.
In a subgroup of patients where absolute blood flow and resistance were assessed at the
predominant donor vessel, there was no change among measurements before CTO PCI,
immediately afterwards and at short term follow up.
Novel techniques, advanced equipment and increasing operators’ experience in
contemporary CTO PCI have resulted in high procedural success and low complications
rates17,18. However, target lesion failure remains higher compared to non-CTO angioplasty.
Better understanding of physiological changes in the recanalised epicardial artery and the
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dependant myocardium could potentially provide useful insight in optimization of the
procedure and improving long term clinical outcomes.
Our study showed a significant increase in hyperaemic coronary blood flow and improvement
in microvascular function a few weeks following the procedure: maximum blood flow
increased by 49% and microvascular resistance decreased by 29% at follow-up compared
with post-PCI. There was an accompanying increase in distal vessel diameter and a decrease
of the epicardial resistance of the CTO artery by 17%. It appears that the increase of coronary
flow is explained by two factors i.e. decrease in microvascular resistance and distal vessel
remodeling reflected by decrease of distal epicardial resistance. The increase in blood flow
exceeds the decrease of microvascular resistance as the increase in flow results both from a
lower epicardial and lower microvascular resistance.
Notably, almost all patients showed the phenomenon’s described above but in a few
patients (generally mildly), increased resistance or decreased absolute flow at follow up
was observed despite normal CMR. From the 5 patients with increased resistance at follow
up, 4 of them suffered from diabetes. Werner et al5 also reported less or delayed recovery in
such patients. But these numbers are too small to justify conclusions. Further improvement
in flow and resistance may happen overtime and will be further investigated in the presently
ongoing IMPACT-CTO II trial (ClinicalTrials.gov Identifier: NCT03830853).
Previous studies have suggested a sort of ‘vascular wall hibernation’ at the distal
coronary segments of a recanalised CTO and failed response to endothelium-dependant
and -independant stimuli6,7. In these studies, different hyperaemic stimuli were applied
immediately after successful CTO PCI and vasomotion was assessed; intracoronary
administration of nitroglycerin, adenosine and acetylcholine or incremental atrial pacing
failed to provoke the expected vessel dilatation. The one study that included a follow
up assessment suggested transient impairment of vasomotion function6. The increase
in hyperaemic absolute coronary blood flow demonstrated in our study can be partially
explained by the above findings and strongly argues for improved distal coronary artery wall
function. As in our study, it has been previously shown that restoration of flow, shear stress,
and vasomotor properties lead to increase in distal vessel luminal dimensions mainly via
external elastic membrane enlargement and plaque regression 19,20. Regarding, microvascular
function, a previous study by Werner et al. suggested that microvascular dysfunction was
frequently observed immediately after recanalization of a CTO and recovered overtime in
most of the cases5. In that study Doppler derived coronary flow reserve (CFR) was used
to quantify microvascular function. However, CFR is determined by both the epicardial
and microcirculatory function. Our study remains the first to report sequential invasive
measurements of absolute microvascular resistance.
In a recently published study by Karamasis et al., comprehensive FFR and FFRcollateral
measurements were performed immediately after CTO PCI and at short term follow-up10.
The study showed an FFR increase overtime accompanied by significant reduction of
collateral function as expressed by FFRcollateral. Furthermore, increased distal vessel diameter
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and ‘positive remodeling’ with a significant increase in distal luminal diameter was
observed. Our study adds essential information regarding microvascular resistance to these
observations, completing the physiological concept.
In the subgroup of patients where physiological measurements were performed in the
predominant donor vessel, there was no significant change in the hyperaemic coronary
blood flow immediately after CTO or at follow up. Two recent studies assessed changes in the
donor artery FFR post CTO PCI and reported a small but statistically significant increase 21,22.
One of them suggested a concomitant reduction in coronary flow assessed by intracoronary
Doppler. This change was explained by the decrease in the myocardial territory supplied
by the donor artery after successful recanalization of the CTO vessel. In our study, possibly
the small number of patients where donor measurements were performed did not allow a
similar observation. Regarding microvascular resistance, as expected there were no changes
in the remote to CTO myocardium.

Limitations
Our study has a number of limitations. Firstly, it involved a small number of patients and
the results should be considered hypothesis generating and cannot be used to generalize
the findings to larger complex population undergoing CTO-PCI. The magnitude of the
changes was variable presumably due to the variability in collateral flow, microvascular
and coronary artery wall dysfunction and the amount of viable tissue perfused by the CTO
artery. Nevertheless, the observations were consistent among most of the patients. The vast
majority of the recanalised CTO vessels involved the RCA. Although this reflects current CTO
PCI practice, a more equal CTO vessel distribution would be more representative for the
different vascular beds. We did not measure coronary wedge pressure, and therefore we
couldn’t calculate FFRcollateral and provide a quantitative assessment of collateral blood flow
enhancing further the interpretation of the observed physiological changes.
Also, the follow-up interval was not regular which should be recognized. But at least, no
further procedures were performed prior to physiological measurements and if staged PCI
was indicated it took place after all study measurements in order not to affect these.
Finally, changes in the distal vessel lumen were assessed by QCA. Intracoronary imaging
would be more informative as it would allow evaluation of vessel remodeling, plaque
modification and stent deployment features. The on-going IMPACT-CTO 2 study (ClinicalTrials.
gov Identifier: NCT03830853) combines sequential advanced physiological measurements
including absolute blood flow and resistance with optical coherence tomography (OCT) in an
attempt to provide further insight in coronary physiology and anatomy post CTO PCI.
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Conclusion
This study demonstrates that after successful PCI of a chronically occluded coronary
artery, physiology of the distal coronary artery and microvasculature does not normalize
immediately but improves significantly within a few months. This is reflected by an increase
of maximum coronary blood flow of 49%, decrease of microvascular resistance of the
myocardium by 29% and positive remodeling of the distal coronary.

7
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Abstract
Aims: It is already known that high coronary microvascular resistance (Rµ) is linked to altered
left ventricular stiffness and might be an early indicator of heart failure with preserved
ejection fraction (HFpEF). Left atrial dysfunction, on the other hand, varies according to
the grade of left ventricular diastolic dysfunction. This is the first study to use the latest
development for invasive assessment of Rµ and to combine it with echocardiographic
assessment of left atrial strain during reservoir phase (LASr) by speckle tracking in relation to
left ventricular (LV) diastolic function.
Methods and results: an invasive angiogram was performed in 97 patients because of
suspected ANOCA. All patients underwent comprehensive echocardiography, yet image
quality was poor in 15 patients leaving 82 patients to include in the final analysis. In order to
compare Rµ with LASr values, patients were divided into 4 groups based upon normal values
of Rµ as defined by Fournier et al. The mean LASr was plotted against the four resistance
groups. The LASr was 48.6% in the lowest resistance group, and 40.1%, 36.3% and 30.1%
in the low intermediate, high intermediate and high resistance group respectively. These
differences were significant compared to the lowest resistance group (p<0.05). Although
higher Rµ groups showed more diastolic dysfunction, LASr was already decreased irrespective
of the severity of diastolic dysfunction.
Conclusion: This study shows a relationship between increased Rμ and reduced LASr that
seems to precede conventional measures of left ventricular diastolic dysfunction. This
suggests that microvascular dysfunction might be an early indicator for the development of
impaired LA function.
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Introduction
Increased coronary microvascular resistance (Rµ) is an issue that has given rise to a great
deal of debate and interest in the last decade. A lot of questions are raised along with it;
such as risk factors leading to high Rµ and its clinical consequences on long term. Recently,
it has already been elucidated that the resistance is permanently increased after myocardial
infarction 1–3 and is temporarily higher after Tako Tsubo cardiomyopathy 4. In patients with
heart failure with preserved ejection fraction (HFpEF) blood flow has also been proven
to be lower but coronary microvascular function has only been partially assessed 5,6.
This group of heart failure patients is of great interest since these patients have more concentric
hypertrophy, diastolic stiffness, atrial enlargement, and high filling pressures. Comorbidities
alone do not sufficiently account for the pathophysiologic abnormalities as mentioned above
5
. So far, the molecular and pathophysiological mechanisms are only partly understood7
and however it is shown that women with ANOCA have an increased risk of developing heart
failure, there are still missing links in the puzzle 8,9. Still, the left atrium (LA) seems to play an
important role given the fact that LA function is often impaired in HFpEF 10.
Identification of patients with microvascular dysfunction and reduced LA function may
increase our understanding in the mechanism(s) driving this heart failure progression in
ANOCA.
Presently, the number of patients with angina with non-obstructive coronary arteries
(ANOCA) visiting the cathlab increases rapidly. Assessment of absolute coronary blood flow
and Rµ has been introduced as an accurate and reproducible invasive method to assess the
function of the coronary microcirculation 11–13. For linking microvascular abnormalities to
diastolic dysfunction and decreased LA function, echocardiography is the modality of choice.
LA strain (LAS) by speckle tracking echocardiography is an accepted method for assessment
of LA performance.
The aim of this study is to investigate the relationship between Rµ, diastolic function, and
LASr in patients referred for coronary angiography for suspected ANOCA (figure 1) since
reduced LA function may be a preclinical stage of HFpEF 14–18. The focus of this study is to test
the hypothesis that LASr is reduced in ANOCA patients with high Rµ.
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The upper panel shows the angiogram, LAS graphics and invasive absolute flow and resistance
measurements of a patient with normal Rµ. The lower panel shows all measurements in a
patient with high Rµ with diastolic dysfunction grade 2 and abnormal LAS.
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Methods
Design and study population
This retrospective analysis was performed in 97 patients with normal coronary arteries or
minimal atherosclerosis. An invasive angiogram in these patients was performed because
of suspected ANOCA. Patients with coronary anomalies during angiography and known left
ventricular hypertrophy on previous echocardiography or electrocardiogram were excluded.
All patients underwent echocardiography. After exclusion of 15 patients with poor echo
image quality, the remaining 82 patients were included in the final analysis. Supplemental
figure S1 shows how the patients with ANOCA were selected. Due to the retrospective
nature of this study, the central and local institutional review boards waived the necessity
to obtain informed consent.
Invasive measurement of absolute coronary blood flow
Cardiac catheterization with FFR and absolute blood flow measurements was performed
according to routine by either the femoral or the radial access, at the discretion of the
operator and as previously described 11,12. In short, a 6 French guiding catheter was advanced
into the left coronary artery and after intracoronary administration of 200 microgram
nitroglycerin and proper equalization of pressures, FFR was measured in the left anterior
descending (LAD) using a pressure/temperature wire (Pressure wire X™ Abbott, Saint Paul,
MN, USA). Next, a dedicated monorail infusion catheter (Rayflow™, Hexacath, Paris) was
advanced over the pressure wire and positioned with its tip in the proximal part of the
coronary artery. The pressure/temperature sensor of the pressure wire was positioned in
the distal part of the coronary artery.
Next, saline infusion was started at a rate of 20-25 ml/min (Qi) and absolute blood flow in
the coronary artery was calculated as previously described 19,20.
In short, this method provides calculation of hyperaemic coronary blood flow in mL/min.
During continuous infusion of saline at a set rate (Qi, ml/min), the temperature of the
completely mixed blood and saline (T) is measured in the distal coronary artery and after
a steady-state maximum hyperaemia has been reached (within 10–20 seconds). Maximum
hyperaemia is induced by infusion of saline itself through the dedicated Rayflow™ catheter
alone without the additional need of adenosine 19,21. After steady-state has been reached,
the pressure wire is pulled back in the Rayflow™ catheter to determine the infusion
temperature of the saline (Ti). Absolute blood flow (ml/min) is calculated by the equation:

The constant 1.08 relates to the difference between the specific heats and densities of
blood and saline. All signals are continuously displayed on the regular cathlab monitor by
the Coroventis software (Coroflow, Uppsala, Sweden; figure 1).
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Echocardiographic evaluation of LV diastolic function and of left atrial strain
All 82 patients underwent a comprehensive transthoracic echocardiographic examination
using commercially available equipment (Philips iE33, Andover, MA or Philips EPIQ, Bothell,
WA). The echo dataset was transferred to an external workstation for further analysis. The
cardiac imagers were unaware of the invasively obtained data. Standard 2D- and Dopplerechocardiographic measurements were performed according to ASE/EACVI guidelines 22. Left
ventricular ejection fraction (LVEF) was calculated using the modified biplane Simson’s rule.
LV mass was calculated using Devereux formula, normalized for BSA (LVMI). Maximum LA
volume indexed to BSA (LAVI) was calculated by the biplane method of disks at end-systole.
The following parameters were used to determine the diastolic dysfunction; average E/e’ >14,
septal e’ velocity < 7 cm/s or lateral e’ velocity < 10 cm/s, TR velocity > 2.8 m/s, LA volume
index > 34 ml/m2, pulmonary vein S/D ratio < 1, mitral inflow velocities and ratio.
Commercially available software (QLAB 13, Philips Healthcare, Eindhoven, The Netherlands)
was used to measure LASr on a non-foreshortened apical four- and two-chamber views of
the LA with a stable ECG recording. The LA endocardial border was automatically drawn
followed by manual adjustment if required. The zero strain reference was set at end-diastole
in order to determine LASr 23,24.
Comparison between Rµ and left atrial strain
In order to compare Rµ with LASr values patients were divided into 4 groups based upon
normal values as defined by Fournier et al 25. The frankly abnormal Rµ was defined as values
outside two times standard deviation of the normal distribution (low and high i.e. <194 WU
and >470 WU, respectively). Patients within P5-P95 were divided equally into intermediate
low (i.e. 194-334 WU) and intermediate high (i.e. 335-469 WU). LASr was correlated to
these four groups.
Statistical analysis
The relationships between diastolic dysfunction and Rµ were evaluated with the student’s
t-test or chi-square test as appropriate for continuous or categorical variables. Relationships
among Rµ, LASr, and diastolic dysfunction were assessed with univariate regression and
profile plots. Significance between groups were assessed with analysis of variance and a
nonparametric test (Mann-Whitney U) for trend across categories. Categorical variables are
presented as counts and percentages. Continuous variables are presented as mean ± standard
deviation. All analyses were performed using SPSS 25 software (SPSS Inc., Chicago, IL).
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Results
Patient characteristics and procedural results
A total of 82 patients with a mean age of 61 years were included, undergoing coronary
angiography and absolute flow with resistance measurements in the LAD territory. Patient
characteristics are listed in table 1. All invasive measurements were performed successfully
without adverse events. Patients were stratified into four categories based upon published
normal Rµ-values 25, as described in the methodology section. Two patients had a low Rµ
(mean; 168±16WU), 28 patients had an intermediate low resistance (mean; 280±36WU), 35
patients had an intermediate high resistance (mean; 388±42WU), and 17 patients showed
a high resistance in the LAD territory (mean; 551±104WU). Figure 1 shows representative
measurements in a patient with normal Rµ and in a patient with high Rµ.
Table 1: baseline characteristics
Summary values represent number (%) or mean ± standard deviation
Patients

N=82

Male gender, N (%)
Age, mean (SD)
BMI

43 (52)
61 ± 9.5
27.2 ± 4

Medical history
Hypertension
Current smoking
Diabetes Mellitus type 2
Dyslipidemia
Family history of CAD

28 (32.6)
7 (8.1)
8 (9.3)
34 (39.5)
26 (30.2)

Medication
Aspirin
Anti-platelet therapy
Beta-blocker
Statins
Nitrates
RAAS-inhibitors
Calcium-antagonist

50 (58.1)
20 (23.3)
30 (34.9)
54 (62.8)
26 (30.2)
31 (36)
31 (36)

Angiographic details
Completely normal coronaries
Minimal wall irregularities *

41 (47.7)
41 (47.7)

Echocardiographic details
Ejection Fraction (Biplane Simpson) (%)
Left ventricular mass index (g/m2), whole group (female/male)
Left ventricular end diastolic volume (ml)
Left ventricular end systolic volume (ml)

8

60 ± 5
84 ± 21 (85.6±19.8 / 82.8±22.8)
102 ± 25
41 ± 14

Abbreviations: CAD= Coronary Artery Disease; FFR= Fractional Flow Reserve; LAD= Left
Anterior Descending; LLCs= Left Circumflex; RCA=Right Coronary Artery. * Minimal wall
irregularities: patients with wall irregularities ≤ 30% in one or more coronary segments.
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Table 2: procedural characteristics
Summary values represent mean ± standard deviation
Variables
Vessel Measured
Patients N (%)
Invasive measurements
FFR
FFR Rayflow
Pd (mmHg)
Pa (mmHg)
Ti (○C)
T (○C)
Qnorm (ml/min)
Rµ (WU)
Echo parameters
Average E/e’ (cm/s)
Septal e’velocity (cm/s)
Lateral e’ velocity (cm/s)
TR velocity (cm/s)*
LA-volume index (ml/m2)
E/A
Mean LASr (%)

LAD
82 (100)
0.85 ± 0.05
0.80 ± 0.06
77 ± 13
98 ± 13
-4.65 ± 0.94
-0.5 ± 0.17
280 ± 88
379 ± 117
8.6 ± 2.4
7.3 ± 1.8
9.1 ± 3.0
174.3 ± 127.1
28.2 ± 8.6
1 ± 0.3
37.1 ± 5.5

Abbreviations: LAD= Left Anterior Descending; FFR: fractional flow reserve, FFR Ray
flow; fractional flow reserve during continuous thermodilution (with Rayflow in situ);
Pd= distal coronary pressure; Pa= central aortic pressure; Ti= infusion Temperature;
T=distal vessel temperature during continuous thermodilution; Qnorm= normal
value of coronary flow in the hypothetical absence of stenosis and infusion catheter;
WU= Wood Units; LASr = left atrial strain during reservoir phase * adequate TR velocity
could be measured in 31 patients.
Relation between Rµ, LAS and diastolic dysfunction
In figure 2a the mean LASr was plotted against the previously described four resistance
groups. There was a progressive decline in LASr with increasing Rµ. The mean LASr was 48.6%,
40.1%, 36.3% and 30.1% respectively in the low, low intermediate, high intermediate and
high resistance group indicating that patients with high Rµ tend to have lower LASr. These
differences were significant compared to the group with low Rµ (p<0.05; figure 2a).
In figure 2b the absolute value of Rµ was plotted against LASr per patient, and it can be
appreciated that there was a moderate correlation between both measures (R=0.57,
P= <0.001, CI -0.70—0.38).
Diastolic dysfunction grade 1 and 2 was more frequent in patients with intermediate high
and high Rµ with reduced LASr (figure 3). Nevertheless, LASr was also decreased in patients
with higher Rµ and normal diastolic function.
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Figure 2a: Relationship between Rµ and LASr

Figure 2b: Correlation between Rµ and LASr for the individual patient

8

This figure shows the relation between LASr (%) in the 4 groups of Rµ. The ‘high’ group
reflects the 5% highest values in a normal population(20). The ‘low’ group the lowest
5%. Low is a Rµ <194 Wood Units, low intermediate is a Rµ between 194 and 334 Wood
Units, high intermediate is a Rµ between 335 and 469 Wood Units and high is a Rµ >470
Wood Units.
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Figure 3: Relationships between Rµ and diastolic dysfunction grade

These figures shows the spread of diastolic dysfunction grade 0 to 2 in the four groups
of Rµ. In the group with patients with a high Rµ 40% had diastolic dysfunction grade 2
versus 0% in the low group.
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Discussion
Summary of findings
To the best of our knowledge, this is the first study to analyse the relationship between
invasively measured absolute Rµ, diastolic function and LA strain during reservoir phase.
Patients with higher degree of Rµ have more severe diastolic dysfunction and decreased
LASr. Interestingly, in patients with elevated Rµ, LASr was already decreased irrespective of
the severity of diastolic dysfunction.
In 2013 Paulus et al hypothesized that coronary microvascular disease (CMD) was caused
by systemic inflammation in obesity, diabetes and disease patients, resulting in endothelial
inflammation and CMD. The inflammation also causes cardiomyocyte stiffening with fibrosis
leading to LV diastolic dysfunction 26. The pathophysiological principle behind this was also
appraised by both the ESC working group on CMD 27 and the National Heart, Lung and Blood
Institute Working Group 7 in 2020.
In our present study none of the patients had obstructive coronary artery disease and
some of them showed high Rµ. The exact underlying mechanisms in these patients without
obstructive coronary artery disease are not completely understood. Both HFpEF and CMD
indeed share similar risk factors which can lead both to functional and structural changes in
the endothelial cells; these proved to be the key mediator cells in the pathogenesis of CMD 28–31.
Most likely, endothelial dysfunction is caused by a myriad of factors among which are
neurohumoral and inflammatory pathways resulting in high microvascular tonus and altered
structure.
The malfunctioning cells cause reduced blood flow and flow reserve, by multiple and still not
completely elucidated mechanisms that ultimately induce diastolic dysfunction and possibly
HFpEF 7. Myocardial fibrosis and tissue remodeling might play a role in this pathway but
that remains difficult to prove. In autopsy specimens from HFpEF patients, microvascular
rarefaction was associated with the severity of myocardial fibrosis 30. In humans with HFpEF
however, myocardial fibrosis, using the extracellular volume fraction of cardiac MRI T1
mapping as a surrogate, is not universally elevated in HFpEF. Current estimates are that
diffuse myocardial fibrosis is present in only 23-30% of HFpEF patients 32. Studies measuring
the amount of myocardial fibrosis by in ANOCA patients (without previous myocardial
infarction) are not yet performed and could be valuable in the future.
Non-cardiac comorbidities like obesity, hypertension, and diabetes are often present in patients
with HFpEF 33. These comorbidities have the ability to induce systemic inflammation. Not
surprisingly, risk factors for CMD are similar to those contributing to traditional cardiovascular
disease such as smoking, diabetes mellitus, aging, hypertension, and hyperlipidemia 34.
It is important to acknowledge that the same set of risk factors act along two different
pathophysiologic pathways. Presumably, CMD leads to diastolic dysfunction and possibly
HFpEF.
In an animal study by Sorop et al 35 it was demonstrated by inducing several risk factors
(diabetes, hypertension and hypercholesterolemia) that CMD preceded the development of
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fibrosis. This actually implies that CMD can ultimately lead to diastolic dysfunction or HFpEF
and it is not just about ‘sharing the same set of risk factors’ 36.
This study tries to add a piece to the pathophysiological puzzle by assessing the LASr in
patients with and without proven CMD. In our study in ANOCA patients, reduced LASr
was more pronounced than the grade of diastolic dysfunction. This was also studied by
Katbeth et al who included 205 patients with atrial fibrillation, dyspnoea and preserved
ejection fraction 37. In these patients, LASr was a strong predictor for future development of
HFpEF. This observation amongst others, promotes the use of LASr as an early parameter of
diastolic dysfunction 38. In addition, our study shows that LASr is reduced early even before
appearance of diastolic dysfunction. This implies that patients with high Rµ, reduced LASr
and normal diastolic function need close monitoring in the future.
Additional studies assessed microvascular dysfunction in relation to left atrial and ventricular
measurements. The PROMIS-HFpEF39 trial included 202 patients and investigated CMD
using LAD echo Doppler signals to calculate the coronary velocity reserve (CFRdoppler).
CFR reflects the ratio between basal and hyperaemic coronary flow velocity. However, this
technique is limited because a good echocardiographic view is hard to obtain.
Dryer et al 40 assessed patients with and without HFpEF and used the index of microcirculatory
resistance (IMR) to assess microvascular function. Their results revealed CMD prevalence of
37% in HFpEF patients. Other investigators used PET-CFR to evaluate microvascular function
with similar results 41,42.
Although investigators found a high prevalence of CMD in HFpEF patients, CFR alone is not
accurate enough for true analysis of CMD since it represents the function of both epicardial
and microvascular compartments. The technique used in the present study, i.e. quantitative
assessment of coronary blood flow and Rµ, overcomes this limitation and values represent
distal microvascular function only.
Finally, Zamani et al showed a trend towards reduced LA strain in ANOCA patients compared to
HFpEF patients and healthy controls 10. Their study population was however heterogeneous,
given the fact that ANOCA was defined in the presence of persistent signs/symptoms in
absence of obstructive coronary artery disease without taking microvascular resistance into
account. This could explain the different observation in our study with a more homogenous
study population consisting of patients with proven microvascular dysfunction.

Limitations
It should be clearly recognized that our study showed a correlation between CMD and
reduced LASr. Further studies are needed to clarify the relationship between CMD,
myocardial fibrosis, myocardial mechanics as measured by strain and HFpEF. In particular
cardiac magnetic resonance imaging with volumetric cine and late enhancement to quantify
LASr and fibrosis respectively is paramount to investigate this.
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Conclusion
This study shows a relationship between increased Rμ and reduced LASr, that seems to
precede conventional measures of left ventricular diastolic dysfunction. This suggests that
microvascular dysfunction might be an early indicator for the development of impaired LA
function. The relationship between reduced LA function and possible HFpEF development
in these patients needs further follow-up and study.
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Supplemental figure S1: selection of ANOCA patients in the outward patient clinic.

After careful anamnesis, 27 patients underwent CT-a, perfusion MRI or a nuclear scan
before the coronary angiogram with invasive microvascular resistance measurements
in the cathlab. Only 2 patients were measured based on anamnesis and young age
only. All the others showed a normal coronary angiogram before (1-5 years before
measurements) but (re)presented at the outward patient clinic with ‘typical ANOCA’
complaints.
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Abstract
Aims: In patients with ST-elevation myocardial infarction (STEMI), infarct size (IS) can be
substantial despite early revascularization by primary percutaneous coronary intervention
(PPCI). Part of the final IS arises from reperfusion injury. Hypothermia may reduce reperfusion
injury and thereby IS. Previous clinical studies applying systemic hypothermia to reduce IS in
STEMI patients demonstrated negative results, likely due to an inability to deliver timely and
sufficient hypothermia to the infarcted myocardium. Recently, a new method of selective
intracoronary hypothermia has been developed that facilitates rapid and local cooling of the
area at risk. This randomized controlled trial will evaluate the ability of this new technique
to reduce reperfusion injury and decrease IS.
Methods and results: In a prospective, multicenter, randomized controlled trial, 200
patients with anterior wall STEMI will be randomized in 1:1 fashion to selective intracoronary
hypothermia during PPCI versus standard PPCI. The primary endpoint of the study compares
IS between both arms in the study at 3 months, determined by cardiovascular magnetic
resonance imaging. Key secondary endpoints are a composite of all-cause mortality and
clinical admission for heart failure at 3 months and at 1 year.
Conclusions: EURO-ICE (EUROpean Intracoronary Cooling Evaluation in patients with STelevation myocardial infarction, clinicaltrials.gov NCT03447834) is a multicenter, randomized
controlled, proof-of-principle study evaluating the efficacy of selective intracoronary
hypothermia during PPCI in patients with anterior wall STEMI.
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Background
In ST-elevation myocardial infarction (STEMI), early restoration of blood flow is paramount
to limit infarct size (IS) and to improve long-term outcomes 1,2. Currently, the treatment of
choice in STEMI is early reperfusion and revascularization by primary percutaneous coronary
intervention (PPCI) 3-5. Paradoxically, reperfusion may also damage the myocardium and
increase IS. No therapeutic procedures exist to reduce this myocardial reperfusion injury in
humans 6,7.
In several animal models of myocardial infarction it has been demonstrated that hypothermia
to a temperature of approximately 33°C reduces IS 6-13. Importantly, this effect was only noted
when hypothermia was established before reperfusion 12,14-17. In contrast, individual studies
in humans applying systemic cooling have not been able to confirm this protective effect.
However, a patient-level pooled analysis of previous randomized trials did demonstrate a
significant reduction of IS in patients with anterior wall STEMI when target temperature was
achieved at the time of reperfusion 18.
Recently, we developed and tested a novel method to provide intracoronary hypothermia
selectively to the infarct area, just prior to PPCI 19-21. This method proved to be feasible
and safe in a 10 patient pilot study 21. Because hypothermia is delivered through the
culprit artery, local myocardial hypothermia is guaranteed without systemic side effects 21
and without noticeably affecting the temperature in the adjacent normal myocardium 20.
Compared to systemic cooling methods, this intracoronary method is much faster in inducing
hypothermia. The target temperature of the threatened myocardium was achieved in all
patients in that pilot study within 100 seconds and distal coronary temperature could be
controlled precisely by a wire based temperature sensor 21. To assess efficacy of selective
intracoronary hypothermia, we designed the randomized EUROpean Intracoronary Cooling
Evaluation in patients with ST-elevation myocardial infarction (EURO-ICE) trial as a proofof-principle study to assess the ability of this method to decrease myocardial reperfusion
injury and IS.

Methods
Study objectives
The primary objective of the EURO-ICE trial is to evaluate the effect of selective intracoronary
hypothermia on infarct size and clinical outcomes in patients presenting with anterior wall
STEMI admitted for PPCI.
Study design
The EURO-ICE trial (clinicaltrials.gov NCT03447834) is a prospective, multicenter, randomized
controlled, proof-of-principle study evaluating the efficacy of selective intracoronary
hypothermia started just prior to PPCI in patients with anterior wall STEMI, compared to
standard PPCI. At least six large coronary intervention centers in Europe with extensive
experience in treating patients with STEMI will participate in this study.
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Patients are eligible for the study when presenting to the hospital with anterior wall STEMI,
with summed ST-segment deviation of at least 5 mm and within 6 hours after symptom
onset. Cardiogenic shock or hemodynamic instability are exclusion criteria. Coronary
angiography will be initiated immediately in the catheterization laboratory according to
local protocol, including anti-platelet and anti-coagulant medications, with no mandate for
arterial access site.
If an occlusion in the proximal or mid segment of the left anterior descending (LAD) artery is
present with Thrombolysis in Myocardial Infarction (TIMI) grade flow 0 or 1 during standard
coronary angiography, the patient can be included in the study. Additional inclusion and
exclusion criteria are listed in Table 1. Consecutive patients that meet all of the inclusion
criteria and none of the exclusion criteria will be informed about the purpose of the study
and (oral) consent will be asked in the catheterization laboratory in the acute setting. Written
informed consent will be obtained later after admission to the coronary care unit (CCU).
Table 1: Inclusion and exclusion criteria
Inclusion criteria
Age 18-80 years
STEMI anterior wall, ∑ ST-deviation ≥ 5mm
Onset of symptoms < 6 hours
Culprit lesion in proximal (segment 6) or mid (segment 7) LAD artery
TIMI grade flow should be 0 or 1
Exclusion criteria
Age <18 or >80 years
Cardiogenic shock or hemodynamic instability
Severe conduction disturbances necessitating implantation of a temporary pacemaker
History of previous anterior wall myocardial infarction or bypass surgery
Very tortuous or calcified coronary arteries, i.e. complex coronary anatomy
Severe comorbidity with life expectancy of less than 1 year
Inability to understand and give informed consent
Contra-indication for MRI
Pregnancy

After (oral) consent has been obtained, subjects will be randomized in 1:1 fashion by a webbased randomization system stratified by site with randomly varying block sizes between
2 and 6. When randomized to the hypothermia arm of the trial, selective intracoronary
hypothermia will be administered during 7 to 10 minutes before and during 10 minutes
after reperfusion, followed by PPCI. When randomized to the control arm of the trial, PPCI
will be performed according to routine practice. The flowchart of the study is shown in
figure 1.
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Figure 1: Study flowchart of the EURO-ICE trial
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Selective intracoronary hypothermia
In the hypothermia arm, selective intracoronary hypothermia will be performed as described
by Otterspoor et al 21. First, a regular coronary guidewire is advanced into the LAD artery
and the occlusion is crossed. Immediately thereafter, an over-the-wire balloon (OTWB) is
advanced over the guidewire and inflated at the site of the occlusion, thereby guaranteeing
continued occlusion of the LAD artery. Next, a pressure/temperature wire (Pressure Wire X™,
Abbott, Minneapolis, Minnesota, United States of America) is advanced into the distal LAD
artery (alongside the inflated balloon) and connected to its console. After the first guidewire
is removed from the central lumen of the OTWB, this lumen is connected to two infusion
pumps filled with saline at room temperature and 4°C, respectively (figure 2).
First, saline at room temperature is infused during 7 to 10 minutes using the first infusion
pump at a flow rate of 15-30 mL/min (occlusion phase). Continuous monitoring of the
distal coronary temperature by the Pressure Wire X™ allows adjustment of the infusion
rate in order to decrease and maintain the distal coronary temperature at 6-8° C below
body temperature. Next, the OTWB is deflated and the infusion continues for 10 more
minutes using the second infusion pump, of which the syringe is filled with cold saline at
4°C (reperfusion phase). Adjustment of the infusion rate according to the distal coronary
temperature is performed to keep this temperature 4-6°C below body temperature.
Hereafter the OTWB is retracted, and using the Pressure Wire X™ as guidewire, the procedure
continues per routine with placement of (a) drug-eluting stent(s).
After the procedure, patients in both groups are admitted to the hospital for further
treatment according to routine.
We have shown in isolated beating porcine hearts that during the occlusion phase a decrease
of the distal coronary temperature to 6-8°C below body temperature results in a decrease
of the myocardial temperature to 4-6°C below body temperature. Whereas, during ‘the
reperfusion phase’, the distal coronary temperature and myocardial temperature decrease
equally 20.
In the near future, the instrumentation for this procedure will be facilitated by use of a
dedicated monorail infusion catheter equipped with a balloon, the so called Cool Cell
Catheter (Hexacath, Paris, France). In that way, the need for the regular guidewire and OTWB
are circumvented and the instrumentation becomes easier and more practical. The Cool Cell
Catheter is in the process of approval presently and will be used in this trial when available.
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Figure 2: Schematic drawing of the instrumentation for selective intracoronary
hypothermia

9

An OTWB is advanced across a regular guidewire and inflated at the site of the occlusion.
A pressure/temperature wire is passed along the OTWB in the distal LAD artery, where
after the guidewire is removed from the OTWB and the lumen of the OTWB is used for
infusion.
Abbreviations: OTWB: over-the-wire balloon catheter; LAD: left anterior descending
artery.

New Applications of temperature measurements: the EURO-ICE study

159

Chapter 9
Follow up
Assessment of baseline demographics, medical history, medications, and clinical characteristics
will be performed. ECG’s and repeated blood samples will be taken from the patient for serial
measurement of creatine kinase (CK), creatine kinase-myocardial band mass (CK-MB) and
high-sensitivity troponin T (hs-TnT) at 6, 24 and 48 hours after admission. N-terminal pro-brain
natriuretic peptide (NT-proBNP) will be determined at 3 months and at 1 year.
Echocardiography with assessment of the left ventricular function will be performed before
hospital discharge, at 3 months and at 12 months. Magnetic resonance imaging (MRI) of
the heart will take place within the first 2-7 days and again at 3 months. Follow up will be
performed for at least 1 year and further follow up might be performed to understand longterm outcomes.

Endpoints
The primary endpoint of the study is infarct size as a percentage of total left ventricular mass
(LV mass) after 3 months as assessed by MRI with late gadolinium enhancement (LGE), 1015 minutes after contrast administration. The cardiac MRI’s will be evaluated in the Glasgow
Imaging Core Laboratory by experienced reviewers. The reviewers are blinded to treatment
allocation of the patients.
The key secondary endpoints are a composite of all-cause mortality and hospitalization for
heart failure at 3 months and at 1 year. All-cause mortality is defined as all death regardless of
cause. Hospitalization for heart failure is defined as an event that requires hospitalization for
at least 24 hours in any inpatient unit or ward in the hospital because of clinical symptoms of
heart failure (including dyspnea, orthopnea, increasing fatigue) or signs of volume overload.
Treatment should at least consist of intravenous drug administration such as diuretics
or vasoactive agents. Other secondary endpoints are the individual components of the
secondary composite endpoints and cardiac death at 3 and at 12 months. Cardiac death is
defined as: any sudden death; death related to acute myocardial infarction, arrhythmia or
congestive heart failure; death secondary to a cerebrovascular accident; or death directly
related to PPCI or coronary artery bypass grafting (CABG), even if the ultimate cause of death
is not clearly a cardiac event (e.g. infection). Implantation of cardioverter defibrillators at 12
months will be assessed.
The myocardial salvage index (MSI) is also part of the secondary endpoint analysis, as
are other MRI efficacy parameters, as specified in the appendix. Peak values of cardiac
biomarkers (CK, CK-MB mass and hs-TnT), NT-proBNP at 3 and 12 months, left ventricular
ejection fraction and wall motion score index (WMSI), assessed by echocardiography at 3
and 12 months are also secondary endpoints.
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Sample size and statistics
All the endpoints will be analyzed in the intention-to-treat (ITT) population. In other words,
all patients will be analyzed according to the allocated treatment, regardless of whether
actually having received the assigned therapy.
The primary endpoint is as a percentage of LV mass. A large patient-level meta-analysis
of 10 PPCI trials reported a median IS of 18% when treated by standard PPCI, including
both anterior and non-anterior infarctions 22. Since, the EURO-ICE trial only includes patients
with anterior wall STEMI due to a proximal or mid LAD artery culprit lesion, we assume
that patients in the control arm of this study will have a larger IS than in a general STEMI
population, corresponding to a mean of approximately 25% of LV mass.
Assuming a normal distribution of IS with a mean of 25% in the control arm and a standard
deviation of 15%, plus typical statistical assumptions (unpaired, two-tailed t-test, alpha
of 0.05, power 0.80), a sample size of 91 subjects per arm is sufficient to detect a mean
reduction of IS to 18.75% in the hypothermia arm, representing a 6.25% absolute reduction
or 25% relative reduction of IS. These differences in IS would translate into a significant
reduction in all-cause mortality and hospitalization for heart failure and can be anticipated
based on the proportion of IS that results from reperfusion injury 6,22. To account for patients
lost to follow-up (we anticipate a <10% loss of follow-up), a total of 200 patients will be
enrolled in this study. If per protocol full MRI analyses is obtained in less patients than the
calculated sample size per arm, recruitment will be continued until that number is reached.
The secondary endpoints of 3- and 12-month clinical outcomes will be compared by applying
a chi-squared or Fisher exact test to a 2x2 table of binary events/group. Similarly, for the
secondary endpoints involving imaging (cardiac MRI or echocardiography) or blood samples
(cardiac biomarkers), an unpaired, two-tailed t-test or Mann-Whitney U test will be used to
compare values between the groups as appropriate depending on their distribution.
Pre-defined analyses to be conducted after trial completion include tests for heterogeneity
of effect by lesion location (proximal versus mid LAD), TIMI grade flow (0 versus 1), achieved
decrease in distal temperature (using median of cohort for threshold), and assessed clinical
characteristics (binary or using median of cohort for threshold).

Organization and ethical concerns
The study protocol will be approved at each participating center by their local ethics
committee and/or internal review board. All investigators will adhere to the principles of
the Declaration of Helsinki.
We believe that it is not unethical to ask a patient with ongoing STEMI for oral informed
consent in the catheterization laboratory because of the acute setting where prompt
treatment is required and extra delay is undesirable. Therefore, obtaining oral consent is
deemed sufficient, if permitted by the institutional review board (IRB) and according to
legislation. This should be done in the presence of a witness – preferably a close relative or
otherwise a nurse. After the procedure, when the patient is stable and admitted to the CCU,
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written informed consent will be obtained. If the patient dies before written consent could
be obtained, a legal representative will be asked for permission to use the data.
In the hypothermia group ischemic time is prolonged by 7 to 10 minutes, which is acceptable
according to recent literature and will be further discussed below.
An independant data safety and monitoring board (DSMB) consisting of 3 cardiologists
with an appropriate background in conducting clinical trials and biostatistics will oversee
safety. The DSMB has developed its own charter, with a mandate to review clinical events
periodically during the trial. A blinded interim analysis of IS will be performed by the DSMB
after 40 patients have been included and thereafter as judged appropriate. These analyses
will be distributed directly to local ethics committees and/or institutional review boards as
requested. Additionally, the DSMB may review protocol deviations to ensure compliance
and overall study integrity.
The EURO-ICE trial is an investigator-initiated trial. The management and coordination of the
study will be done by CATHREINE BV, the research institute of the Department of Cardiology
and Cardiothoracic Surgery of the Catharina Hospital in Eindhoven, the Netherlands.
Trial personnel at all participating centers will be trained and enrollment of patients at a
local site will only start after its personnel have fully obtained competence in the application
of the study-related procedures.

Duration of the study
Enrolment of patients started in the first quarter of 2019 and we expect to complete
recruitment within 24 months. So far, 4 sites are activated and 7 patients haven been enrolled
in the EURO-ICE study. Follow-up for the secondary endpoints at 12 months is expected to be
completed by mid-2022.

Discussion
Presently, initial treatment of patients presenting with STEMI is based on obtaining
reperfusion as soon as possible by PPCI. Despite this cornerstone of STEMI treatment, large
infarctions still occur frequently. Consequently, mortality after STEMI remains high and many
patients develop complications such as heart failure 22-24. Therefore, additional treatment to
limit infarct size is paramount. A logical target for therapy beyond PPCI is the prevention
or attenuation of myocardial reperfusion injury since this adds up to 50% of the final IS 6.
Reperfusion induces damaging inflammatory processes such as swelling of myocardial cells
and endothelium, reactive oxygen species formation, apoptosis, calcium and neutrophil
influx. In different animal models, hypothermia has been demonstrated to attenuate these
inflammatory components of reperfusion and has shown reduction of IS, but only if the
target temperature (i.e. 4-6°C below body temperature) was achieved before reperfusion
occurred. Human studies, however, showed no benefit of this treatment so far, most likely
due to the inability in many patients to reach the therapeutic target temperature before
reperfusion. But a recent patient-level pooled meta-analysis by Dae et al demonstrated an
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absolute reduction of IS by 6.5% (relative reduction of 30%) when cooled to <35°C before
reperfusion in a subgroup of STEMI patients with anterior wall infarction 18.
Applying selective intracoronary hypothermia overcomes several limitations of systemic
cooling. First, hypothermia is directed selectively to the infarcted area, which guarantees
rapid and sufficient decrease of temperature within 100 seconds 21, hence achieving the
target temperature before reperfusion occurs. This point has proven to be crucial in reducing
reperfusion injury in previous animal studies 12,14-17. Second, because hypothermia is achieved
locally, systemic side effects such as shivering and volume overload are avoided. In addition,
we demonstrated in beating porcine hearts that temperature change is neglectable in the
adjacent healthy myocardium 20. Third, the pressure/temperature wire in the coronary artery
allows for continuous monitoring of the distal pressure and precise control and adjustment
of the target coronary temperature to enhance the precision and safety of the procedure.
Fourth, the intracoronary method requires a coronary angiogram prior to the decision to
treat with hypothermia. Therefore, unnecessary cooling is avoided in cases with existing
TIMI grade flow 2 or 3, where cooling is not effective anymore. Fifth, selective intracoronary
hypothermia reaches the infarct area directly. This is in contrast to many negative studies
in humans to reduce reperfusion injury in which the protective agents were administered
intravenously most of the time and hence not able to reach the target area itself because of
the occlusion in the culprit artery.
Given these compelling arguments, and after having tested the protocol in a small safety
and feasibility pilot study in humans 21, we designed a multicenter, randomized controlled,
proof-of-principle trial to investigate the efficacy of this new technique to decrease IS in
patients with anterior wall STEMI. Consequently, the primary endpoint of the study is,
determined by cardiac MRI at 3 months. The key secondary endpoints are a composite of
all-cause mortality and clinical admission for heart failure at 3 months and at 1 year.
In many infarct studies, MSI, defined as AAR minus final IS as a proportion of AAR, is used
as a measure of infarct reduction. The rationale behind the choice of IS as the primary
endpoint instead of MSI arises from the fact that it is not known what the effect of local
hypothermia will be on the area at risk. If hypothermia reduces edema and therefore AAR,
then MSI will underestimate the benefit of hypothermia. Therefore, AAR and MSI will both
be determined and reported as secondary endpoints in addition to other MRI efficacy
parameters [appendix].
It is well known that a reduction in IS translates into a lower risk of complications over the
long term, in particular heart failure and mortality. Since infarct size is the primary end
point, the study is not powered based upon these clinical outcome measures.
Some clarifying notes should be made with respect to the EURO-ICE protocol. First, this
study is designed as a proof-of-principle study. Therefore, recruitment in this study will be
limited to patients presenting with anterior wall STEMI. A crucial inclusion criterion is that
TIMI grade flow should be 0 or 1 to exclude reperfusion before randomization. As a matter
of fact, if reperfusion is present before applying hypothermia (as is the case with TIMI
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grade flow 2 or 3), benefit of hypothermia is less likely. Second, in the experimental arm,
the procedure will be prolonged by approximately 20 minutes and ischemic time will be
prolonged by 7 to 10 minutes. The hypothesized beneficial effects of hypothermia should at
least counterbalance the prolongation of the ischemic time. The duration of intracoronary
hypothermia during the occlusion phase, as well as the reperfusion phase is arbitrary but
based upon animal studies sufficiently long, since it has been demonstrated that reperfusion
injury occurs during the first few minutes after reperfusion 12,16,20. The variation between 7
and 10 minutes during the occlusion phase is merely because of logistic reasons, reflecting
the difference in capacity of the infusion pumps used in the study between the participating
centers. Furthermore, in the pilot study it has been shown that such a duration was
feasible without serious side effects 21. Finally, although serious adverse events are not to
be expected, all will be reported and blinded interim safety analyses will be performed by
the DSMB. Any untoward medical events that require hospitalization or prolongation of the
hospitalization will be reported to the DSMB.

Conclusions
PPCI remains the gold standard for treatment of patients with STEMI. Despite this early
revascularization strategy, IS can still be substantial. This is partly attributable to reperfusion
injury, a paradoxical phenomenon increasing IS despite successful epicardial revascularization.
Selective intracoronary hypothermia during PPCI could potentially attenuate this reperfusion
injury and therefore decrease IS. The EURO-ICE trial is a European multicenter, randomized
controlled, proof-of-principle study comparing selective intracoronary hypothermia in
addition to PPCI with standard PPCI in patients with anterior wall STEMI. The hypothesis
of this study is that treatment with selective intracoronary hypothermia from 7-10 minutes
before till 10 minutes after PPCI will reduce infarct size in patients with anterior wall STEMI.

Impact on daily practice
The EURO-ICE trial investigates whether selective intracoronary hypothermia during PPCI
decreases IS in comparison with standard PPCI in patients with anterior wall STEMI. If such
beneficial effect can be demonstrated, this will translate into a lower risk of complications,
such as heart failure and mortality, and will be a next step in PPCI for patients with STEMI
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Supplementary Appendix
Primary endpoint
The primary endpoint is final infarct size as a percentage of total left ventricular mass after
three months, assessed by MRI with late gadolinium enhancement (LGE) 10-15 minutes
after contrast administration.
Secondary endpoints
• Composite of all-cause mortality and hospitalization for heart failure at three months.
• Composite of all-cause mortality and hospitalization for heart failure at one year.
• All-cause mortality at three months.
• All-cause mortality at one year.
• Implantation of cardioverter defibrillator for primary prevention at one year.
• Implantation of cardioverter defibrillator for secondary prevention at one year.
• Implantation of cardioverter defibrillator for both primary and secondary prevention
at one year.
• Hospitalization for heart failure at three months.
• Hospitalization for heart failure at one year.
• Cardiac death at three months.
• Cardiac death at one year.
• Peak value of high-sensitivity troponin T (hs-TnT) while in-patient.
• Peak value of creatine kinase (CK) while in-patient.
• Peak value of creatine kinase-MB mass (CK-MB) while in-patient.
• N-terminal pro-brain natriuretic peptide (NT-proBNP) at three months.
• N-terminal pro-brain natriuretic peptide (NT-proBNP) at one year.
• Left ventricular ejection fraction measured by echocardiography (biplane Simpson’s
method) at three months.
• Left ventricular ejection fraction measured by echocardiography (biplane Simpson’s
method) at one year.
• Wall motion score index (WMSI) by echocardiography at three months.
• Wall motion score index (WMSI) by echocardiography at one year.
Secondary MRI efficacy endpoints at baseline (5 to 7 days after the index event)
• Late microvascular obstruction (MVO) extent in percentage of LV mass.
• Late MVO (presence/absence).
• Initial infarct size (IS), assessed with LGE, 10-15 minutes after contrast administration.
• Initial myocardial salvage index (MSI, area-at-risk minus initial infarct size/area-at-risk,
AAR).
• Initial left ventricular end-diastolic volume index (LVEDVI).
• Initial left ventricular end-systolic volume index (LVESVI).
• Initial left ventricular global longitudinal strain (GLS).
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Initial left ventricular circumferential strain (GCS).
Initial left ventricular ejection fraction (LVEF).
Systolic wall thickening in the culprit artery territory.
Wall motion score index (WMSI).
Myocardial haemorrhage (presence/absence).

Secondary MRI efficacy endpoints at follow-up (three months after the index event)
• Final infarct size in grams.
• Final MSI (AAR-final IS/AAR).
• Change in IS, 3 months after the procedure.
• Final left ventricular end-diastolic volume index (LVEDVI).
• Final left ventricular end-systolic volume index (LVESVI).
• Final left ventricular ejection fraction (LVEF).
• Final left ventricular global longitudinal strain (GLS).
• Final left ventricular circumferential strain (GCS).
• Change in left ventricular end-diastolic volume index (LVEDVI).
• Change in left ventricular end-systolic volume index (LVESVI).
• Change in left ventricular ejection fraction (LVEF).
• Change in left ventricular global longitudinal strain (GLS).
• Change in left ventricular circumferential strain (GCS)
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Introduction
When something is referred to as: ‘black box’, it means that the meaning or complete
content of the subject is not completely elucidated, yet. Humans are armed with a strong
weapon called curiosity. “Thát Curiosity is the engine of achievement” [Ken Robinson], and
keeps leading us down new paths. For cardiologists the coronary microcirculation is still a
black box and therefore also a new path to explore. In the past, it was rather easy to ascribe
patients' chest related complaints to the large and visible epicardial coronary arteries, but
over the years this proved to be rather unsatisfying. A number of patients came back with
angina without visible stenosis, which lead to the concept of another contributing factor, i.e.
diseases of the microcirculation of the heart.
The history of experimental studies on micro vessels goes back to the 17th century with
Malpighi’s discovery of the complex branching network of microcirculatory vessels in
the glomeruli of the kidney. Investigational methods for studying the microcirculation in
humans, on the other hand, just originated in the last decades. The method of absolute
flow and resistance measurement used for investigation of the microcirculation within the
routine of the cathlab was introduced only recently (this thesis), and enables us now to
assess the microcirculation in more detail.

The physiology of the coronary microcirculation
The central goal of this thesis was to measure absolute flow and resistance measurements in
normal patients as well as patients with coronary artery disease and to unravel the complex
physiology of the micro vessels of the heart. The structure and function of the microcirculation
is concisely described in chapter 1 and its complete physiological assessment in chapter 2.
The epicardial coronary circulation and microcirculation is an integrated network of
vessels with different functioning compartments along its length. The small vessels of the
microcirculation are responsible for most part of the myocardial resistance by regulating
their tonus by ingeniously responding to shear stress caused by changes of pressure and
blood flow and respond with endothelial-dependant vasodilatation. The normality or
abnormality of this endothelial dependant vasodilatation can be assessed using invasive
absolute blood flow and resistance measurement as described in chapter 2. During this
measurement complete vasodilatation is accomplished by infusion of saline through a
dedicated monorail infusion catheter. At this point in time the exact blood flow in ml/min
can be assessed and since there is simultaneous recording of distal pressure, microvascular
resistance can also be calculated using Ohm’s law. The safety of the procedure is described
in chapter 3 and normal values are established in chapter 4. It is clear that certain patients
show abnormal microvascular function. But how this really impacts a patient’s prognosis is
still not completely understood.

General discussion and future perspectives
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Assessing the (ab)normality of the microcirculation
Assessing the (ab)normality of the microcirculation has been (and still is) one of the
great challenges in medicine. Index of microcirculatory resistance (IMR) and absolute
flow and resistance measurement both reveal aspects of microcirculatory function and
when combined with fractional flow reserve (FFR) and coronary flow reserve (CFR) or
microvascular resistance reserve (MRR) (future perspectives) provide a complete overview
of the function of both the epicardial and microvascular compartment. We performed a
comparison between quantitative flow measurements and CT-mass determination. While
it was already shown experimentally that a correlation exists between coronary blood flow
and mass of the perfused territory, we showed that measurement of myocardial perfusion
was a good approach to estimate myocardial mass in humans. In chapter 5 the observed
correlation between flow and depending mass, can be considered as a strong indication
for the methodological strength of the flow calculations. In addition, absolute flow and
resistance assessment had already been compared with PET perfusion and shown a good
correlation 1. All these different studies support the same conclusion, i.e. that flow and
resistance measurement are reliable and can be additive to current investigational methods
for assessing the microcirculation. Compared with other invasive methods to assess the
microcirculation, like IMR, absolute flow and resistance measurement are still relatively
new. This means that future studies (as discussed in the future perspectives) are needed to
improve experience and endorse world-wide acceptance and usage of this method.
For intra-individual comparison the method has already proven to be extremely useful and
has been used in this context for several years 2,3. In this context, the method was investigated
to study physiological changes and adaptions in a particular and difficult group of patients:
those patients with CTO. This interesting patient category was chosen test the complete
spectrum of physiologic measurements in chapter 6 and 7. The first articles about coronary
physiology before and after CTO PCI appeared around the turn of the 21st century. In contrast
to other topics within the field of interventional cardiology, the physiology after opening of a
CTO was poorly understood. Interventionalists had been convinced since decades that distal
coronary structure and function did not normalize immediately after opening of a CTO, but
that further improvement occurred during the first month after the index procedure. Hard
scientific proof for that position, however, was not available so far. Complete physiologic
assessment of both CTO territory and donor territory before, after and at 6 weeks follow-up
had never been investigated before but constitutes an important part of this thesis. These
CTO studies provided great insight in what really happens with the just opened CTO artery
and donor territory and taught us for the first time that after successful PCI of a chronically
occluded coronary artery, physiology of the CTO vessel and microvasculature does not
normalize immediately but improve significantly over time.
Better understanding of the coronary system can also lead to better patient selection for
interventions or medical therapy, and be helpful for better prevention. That is why physiology
is so useful in our daily decision making. Up till now it is still clarified how as a first step to
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investigate this, high microvascular resistance impacts a patient’s prognosis on short and
long term. A sophisticated way to investigate the clinical meaning of high microvascular
resistance in conjunction with manifestations of heart failure is presented in chapter 8. That
study assessed the microcirculation by invasive absolute flow and resistance measurements
and performed echocardiography to examine the relationship between high resistance and
diastolic dysfunction/LA-strain. It was shown that abnormal strain and diastolic function
is present more often in patients with microvascular disease and that early treatment of
microvascular dysfunction might prevent HFpEF in the future.

Future perspectives
This thesis focusses on the coronary microcirculation, which is in our opinion, of equal
importance as the epicardial circulation. Complete understanding of the microcirculation
can improve patient care and outcome. In this respect and consequent to this thesis, several
future perspectives deserve consideration.
First, comparison between IMR and absolute microvascular resistance is mandatory in
ANOCA and MINOCA patients to establish real threshold values for normal and abnormal
microvascular resistance. When these values are established, measurement of absolute
microvascular resistance might replace IMR and hereby exclude the need of adenosine.
In this respect also a new index, Microvascular Resistance Reserve (MRR), comes into play.
MRR is defined as the ratio of (truly) resting Rmicro as it would be in the presence of a
completely normal epicardial artery, divided by minimal (i.e. hyperaemic) Rmicro. This
resistance index is easily obtained from the absolute flow measurement in conjunction with
FFR and is completely independant from epicardial disease. The MRR can also be expressed
as CFR/FFR, multiplied by Pa,rest/Pa,hyp. This index, when combined with the absolute
resistance value, completes the assessment of the microcirculation. The scientific concept
of MRR has already been published, but further comparison with IMR and CFR is still needed
and ongoing.
Assessment of the coronary blood flow and microcirculation is very helpful to understand
specific patient categories; for example to study changes in myocardial resistance from
directly after STEMI to days or weeks follow-up. Some small studies have already been
performed in this respect (2) but larger studies are mandatory to relate such measurements
to outcome, in analogy to IMR studies.
The method has already been used to follow physiological recovery of CTO territory and
its donor vessels (this thesis). A larger study: the IMPACT-CTO 2 trial (ClinicalTrials.gov
Identifier: NCT03830853) is currently ongoing. This study performs complete assessment
of FFR, absolute flow and resistance, and OCT of the CTO and donor territory after PCI and
at follow-up.
A next application is intra-individual follow-up of microvascular disease and effects of medical
intervention. This is currently done in the prospective multicenter randomized placebocontrolled EDIT-CMD study. In that study, ANOCA (angina with non-obstructive coronary
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artery) patients are measured before and after Ca-antagonist or placebo treatment. This
shows the applicability of the method and also any other pharmacologic treatment or
risk factor modification, can be assessed using those measurements. To achieve the best
possible treatment and outcome of the patient is the ultimate goal in every step taken by
a doctor. As such, the methodology described in this thesis for guidewire based absolute
flow and resistance measurement by recording distal coronary pressure and temperature,
has led to an important spin-off: i.e. the first human application of selective intracoronary
cooling in the infarct related artery of patients with large myocardial infarction (chapter 9).
With that methodology, rapid decrease of temperature in the threatened myocardium is
possible and has the promise to reduce reperfusion injury and infarct size. That concept is
presently investigated in a large multicenter European randomized proof of principle study:
the EURO-ICE study. For safety of such cooling procedures, continuous and instantaneous
measurement of distal coronary pressure and temperature is mandatory.
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Summary
In this thesis, complete physiological investigation of the coronary microcirculation was
performed using absolute flow and resistance measurements. Using this innovative method;
both (quantitative) absolute coronary blood flow and microvascular resistance can be
calculated. In short, during normal catheterization, a 2.5F monorail multi-sidehole infusion
Rayflow® catheter (Hexacath, Paris, France) is used to infuse saline at room temperature, at
a set rate, to create maximum hyperaemia and achieve complete mixing of blood and saline.
After complete mixing of blood and saline in this hyperaemic state, the distal coronary
temperature (T) is measured by the pressure/temperature wire in the distal coronary artery.
After steady state is reached the pressure wire is pulled back to the infusion holes of the
Rayflow catheter to measure the infusion temperature of the saline (Ti). Next, T, Ti and
distal pressure are used to calculate true blood flow and microvascular resistance of the
respective coronary artery.
After a concise description of the structure and function of the coronary microcirculation in
chapter 1, practicalities and reproducibility of absolute flow and resistance measurements
are described in chapter 2.
In chapter 3, the safety of the procedure is carefully examined. We have shown that
selective measurement of absolute coronary blood flow and microvascular resistance with
thermodilution using the above-mentioned Rayflow catheter and dedicated software, is
safe and not associated with adverse events, neither periprocedurally nor at follow-up.
Chapter 4 presents the first study to describe direct quantification of total as well as arteryspecific coronary blood flow and resistance in humans. The data show that total hyperaemic
coronary flow is approximately 670 mL/min and total coronary resistance approximately
150 WU. These numbers are in line with experimental data from dogs and swine, and
with the non-invasive estimation of coronary blood flow by PET. In this study, it was also
confirmed that the largest part of coronary resistance is located in the microcirculation,
even during hyperaemia. The wide ranges of flow and resistance suggest that correction for
myocardial mass is needed to allow inter-patient comparisons. On the contrary, for clinical
follow up within one patient, the accuracy of invasive flow and resistance measurements
are particularly well suited for clinical follow-up, and make it possible to assess the effect of
therapeutic interventions on the coronary microvasculature within the same patient.
In chapter 5, absolute flow measurements are correlated to myocardial mass calculation.
This study showed a close relationship between the relative mass of the perfusion territory
calculated using a specific CT-algorithm and invasively measured myocardial perfusion. As
such, these data support the use of CTmass to estimate territorial myocardium-at-risk in
proximal coronary arteries.
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The utility of physiologic assessment in CTO PCI is described in chapter 6, and opens the
door to our studies presented in chapter 7, where CTO and donor arteries were completely
assessed after PCI. This chapter demonstrates that after successful PCI of a chronically
occluded coronary artery, physiology of the distal coronary artery and microvasculature does
not normalize immediately, but improves significantly within a few months. This is reflected
by an increase in maximum coronary blood flow of 49%, a decrease of microvascular
resistance of the myocardium by 29%, and positive remodelling of the distal coronary. As
such, the prognosis of a patient might therefore improve after CTO PCI, due to recovery of
both the epicardial vessel and microcirculation.
Patient outcome is always the cornerstone in clinical medicine. Therefore, as an example of
the clinical importance of microcirculatory assessment performed in this thesis, the relation
between abnormal microcirculatory resistance and the development of heart failure was
investigated. In chapter 8, a clear relation between reduced left atrial reservoir strain
and high microvascular resistance was demonstrated. This also shows that, even though
diastolic function might (still) be normal, left atrial strain is an earlier predictor of LA and
LV function. Patients with high microvascular resistance might develop HFpEF in the future,
and thorough screening and treatment of microvascular dysfunction could be beneficial.
Further investigation regarding this treatment is necessary.
A spin-off of the methodology from this thesis with important prognostic implications,
is the EURO-ICE study, the methodology of which is presented in chapter 9. Primary PCI
remains the gold standard for treatment of patients with STEMI, and, despite this early
revascularization strategy, infarct size (IS) can still be substantial. This is partly attributable
to reperfusion injury, a paradoxical phenomenon increasing IS, despite successful epicardial
revascularization. Selective intracoronary hypothermia during PPCI could potentially
attenuate this reperfusion injury and therefore decrease IS. The EURO-ICE trial is a
European multicentre, randomized controlled, proof-of-principle study comparing selective
intracoronary hypothermia in addition to PPCI with standard PPCI in patients with anterior
wall STEMI. The hypothesis of this study is that treatment with selective intracoronary
hypothermia from 7-10 minutes before and up to 10 minutes after PPCI will reduce infarct
size in patients with anterior wall STEMI.
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Samenvatting
Dit proefschrift behandelt fysiologisch onderzoek van de microcirculatie van het hart.
Er wordt een nieuwe methode beschreven om absolute bloedstroom en weerstand te
meten in kransslagaders en in de microcirculatie. In tegenstelling tot reeds bekende
technieken, is deze methode daadwerkelijk kwantitatief te noemen. In het kort wordt er
bij toepassing van deze methodologie, na normale instrumentatie van de kransslagaders,
gebruikgemaakt van een infusiekatheter met 4 infusiegaten (de Rayflow katheter). Deze
infusiekatheter wordt gebruikt om fysiologisch zout op kamertemperatuur te infunderen
in de kransslagader en hiermee tevens maximale hyperemie te veroorzaken. Na volledige
menging van het fysiologisch zout met het bloed en optreden van maximale hyperemie,
kan de distale temperatuur in de kransslagader (T) gemeten worden met een voerdraad
die is uitgerust met een sensor voor meting van de druk/temperatuur (pressure wire X)
in de kransslagader. Nadat er een volledig stabiele situatie is bereikt (doorgaans na 20-40
sec.), wordt de draad teruggetrokken naar de locatie van de infusiegaatjes van de Rayflow
katheter om op deze plaats de infusietemperatuur te meten (Ti). Vervolgens worden de
distale temperatuur, de infusietemperatuur en de distale druk in de kransslagader gebruikt
om zowel de absolute bloedstroom als de microvasculaire weerstand te berekenen. Dit
proefschrift begint met een volledige beschrijving van deze meetmethode in de eerste
twee hoofdstukken (hoofdstuk 1 en 2) en zal eindigen met preventieve/therapeutische
toepassingen van de beschreven methode. Hoofdstuk 2 beschrijft naast deze methode ook
de reproduceerbaarheid van de methodiek. In hoofdstuk 3 is de veiligheid van de methode
zorgvuldig geanalyseerd. Deze studie toont aan dat een selectieve meting van de absolute
bloedstroom en de microvasculaire weerstand veilig is en geen complicaties geeft tijdens de
procedure of gedurende de follow-upperiode.
In hoofdstuk 4 wordt de eerste studie beschreven naar de directe kwantificering van de
totale myocardiale bloedstroom en de slagaderspecifieke bloedstroom in mensen. De
resultaten van dit onderzoek tonen dat de totale hyperemische coronaire stroom ongeveer
670 ml/min is en de totale coronaire weerstand ongeveer 150 Wood Units. Tevens wordt
in dit hoofdstuk aangetoond dat zich het grootste deel van de coronaire weerstand in de
microcirculatie bevindt, zelfs tijdens hyperemie. Deze kennis was tot op heden bekend uit
experimentele studies, maar de betreffende waarnemingen konden tot op heden nooit
gedaan worden op de hartkatheterisatiekamer. Uit dit onderzoek blijkt dat de meetmethode
zich met name goed leent voor het opvolgen van eenzelfde patiënt met een tussenliggende
periode. Wanneer de absolute bloedstroom en weerstand tussen twee verschillende
patiënten vergeleken moet worden, dan zal er gecorrigeerd moeten worden voor massa.
Dit is noodzakelijk doordat de bloedstroom en de weerstand afhankelijk zijn van de grootte
van het voorzieningsgebied van de kransslagader.
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De correlatie tussen doorbloeding en massa wordt verder onderzocht in hoofdstuk 5.
In dit hoofdstuk werd een verdere validatie van de methode bereikt door de absolute
bloedstroommeting te gebruiken om een myocardiale massaberekening te maken.
Deze studie toonde een goede relatie tussen de relatieve massa van het perfusiegebied,
berekend met een CT-algoritme, en de invasief gemeten myocarddoorbloeding met de
bovenstaand beschreven methode. Deze relatie ondersteunt de correctheid om middels CTmassa-analyse in de proximale kransslagaders het myocardterritorium te schatten. Hoofdstuk
6 en 7 behandelen de complexe situatie van de zogenoemde chronisch totale occlusie. Dit
is een specifieke patiëntencategorie die werd onderzocht; namelijk patiënten met een
chronisch totaal afgesloten kransslagader. De geschiedenis van fysiologisch onderzoek bij
deze groep patiënten, alsmede de manieren van onderzoek zijn beschreven in hoofdstuk 6.
Hoofdstuk 7 laat de resultaten zien van metingen in de gedotterde, voorheen afgesloten,
coronair en het donorgebied. De studie toont aan dat de fysiologie van het myocard in
staat is om binnen enkele weken te herstellen, terwijl het zich achter een lang afgesloten
coronair en het donorgebied bevindt. Er wordt namelijk een toename van bloedstroom
door de kransslagader gemeten van maar liefst 49%. Dit ging gepaard met een afname van
de microvasculaire weerstand van 29% met bijkomende positieve remodellering van de
distale kransslagader. De prognose van een patiënt zou hiermee kunnen verbeteren na een
succesvolle dotterbehandeling van een lang afgesloten bloedvat.
In de klinische geneeskunde streeft men er uiteindelijk naar om de prognose en de toekomst
van een patiënt te verbeteren. In hoofdstuk 8 is, als voorbeeld van de mogelijk prognostische
waarde van deze methode, een relatie aangetoond tussen een afgenomen linkerboezem
‘strain’ en hoge microvasculaire weerstand in de voorwand. Dit was zelfs het geval bij
patiënten die nog geen afwijkende diastolische functie hadden van de linkerhartkamer. Dit
toont dat, ondanks aanwezigheid van normale diastolische functie, linkerboezemdeformatie
aanwezig kan zijn en dit is mogelijk een vroege voorspeller van veranderde linkerboezem- en
linkerkamerfunctie. Patiënten met een hoge microvasculaire weerstand zouden hartfalen
met behouden pompfunctie kunnen ontwikkelen in de toekomst en goede screening/
behandeling zou voordelig kunnen zijn. Nader onderzoek omtrent dit onderwerp is nodig.
De prognose van een patiënt en een poging deze te verbeteren is tevens het hoofddoel van
hoofdstuk 9. In deze studie wordt beschreven dat dotterbehandeling de gouden standaard
is in het kader van een acuut hartinfarct, maar dat ook bij tijdig toepassen van deze therapie
een deel van de patiënten een groot hartinfarct overhoudt. Dit wordt deels toegeschreven
aan het fenomeen reperfusieschade, een paradoxaal fenomeen dat de infarctgrootte
vergroot ondanks vroege dotterbehandeling. Selectieve koeling in de kransslagader van
het infarctgebied voor het openen zou mogelijk reperfusieschade kunnen verminderen.
Een manier om dat te doen is selectieve intracoronaire koeling, een techniek die direct is
afgeleid van de in dit proefschrift beschreven onderzoeksmethode. De EURO-ICE studie is
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een Europees, multi-centrum onderzoek waarbij deze selectieve intracoronaire koeling voor
het dotteren wordt vergeleken met de standaard dotterbehandeling bij patiënten met een
groot voorwandinfarct. De hypothese van dit onderzoek is dat selectieve koeling gedurende
7-10 minuten voor het dotteren tot 10 minuten na het dotteren de infarctgrootte reduceert
in patiënten met een voorwandinfarct. De uitkomsten van de EURO-ICE studie worden begin
2022 verwacht en behoren niet meer tot dit promotieonderzoek.
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Dankwoord
Dit laatste hoofdstuk van het boekje heeft zich, net als de overige inhoud, met de jaren
gevormd.
Het ‘waar te beginnen’ en ‘waar te eindigen’ valt uiteindelijk ook vanzelf op zijn plek. Dit
schijnt het meest gelezen hoofdstuk te zijn van elk promotiestuk en moet daarom ook
samenvatten hoe het traject is gelopen en wie me daarin heeft gesteund.
In 2017 stond ik op een willekeurige dinsdag nietsvermoedend te catheteriseren in Tilburg,
toen de laborante me vroeg ‘of ik ene Nico Pijls kende’’ en me de telefoon overhandigde.
Nico vroeg me (na vele jaren gesprekken en mails vooraf) ‘of ik nog steeds wilde promoveren’.
Het antwoord was overtuigend JA.
De rest van de dag bleef ik enigszins beduusd achter op het werk tot het gesprek over
het hele traject ging plaatsvinden enkele dagen later. Al Nico’s enthousiasme werd me
op dat moment meer dan duidelijk. Het hele traject zou over de ‘nieuwe’ absolute flow
en weerstandsmeting gaan met verschillende invalshoeken. In augustus 2017 begon deze
nieuwe uitdaging dan echt.
Nico, voordat ik begon met onderzoek kende ik je nog niet erg goed, maar door de intensieve
samenwerking de afgelopen jaren is daar zeker verandering in gekomen. Ik kan je niet anders
beschrijven als de meest gemotiveerde en inspirerende man binnen de coronairfysiologie.
Je hebt je liefde voor het vak als vanzelfsprekend aan me overgedragen en me ten alle tijden
geholpen waar nodig. Deze paar regels zijn niet toereikend genoeg om je te bedanken
voor al je steun en inspanningen. Dankzij jou is dit werk nu compleet en hoop dat onze
samenwerking nog vele jaren voortgezet zal worden.
Marcel van ’t Veer, mijn copromotor. Jou leerde ik pas kennen als collega op de R&D en
al voordat ik begon wist ik dat jij mijn copromotor zou worden. Jouw eigen werk sloot
vrij naadloos aan op wat ik deze 4 jaar heb onderzocht onder jouw supervisie. Je was de
afgelopen 4 jaar een klankbord op onderzoeksvlak en op persoonlijk vlak. Bedankt voor al je
tijd en hulp bij dit proefschrift en je leuke gesprekken tussen de serieuze zaken door.
De overige leden van de beoordelingscommissie, prof. dr. B. De Bruyne, prof. dr. ir. F.N van
de Vosse, prof. dr. N van Royen, prof. dr. K Oldroyd, prof. dr. ir. M. Mischi wil ik bedanken
voor het beoordelen van dit proefschrift en zitting nemen in de commissie. Jullie zijn
pioniers en inspiratiebronnen op het vlak van cardiologie en fysiologie. Ik hoop dat we in de
toekomst nog vaak zullen samenwerken.
The colleagues from the OLVG Aalst; Bernard De Bruyne, Stephane Fournier (currently
working in Lausanne), Alessandro Candreva, Panos Xaplantaris (currently working in
Brussels), Iginio Colaiori (currently working in Rome), Emanuele Barbato, Emanuele
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Gallinoro, Jeroen Sonck, Carlos Collet thank you for years of fruitful collaboration. This
thesis would not look the same without all of you.
The colleagues from the Essex cardiothoracic Centre; Grigoris Karamasis, Osama Alsanjari,
Klio Konstantinou, Kare Tang, Paul Kelly, Thomas Keeble, John Davies thank you for the
collaboration in the CTO studies in this thesis. Our collaboration will not end here since we
are currently working on our IMPACT-CTO II article. It was and still is a pleasure to work with
you all.
Charley Taylor, Sarah Mullen, Amy Collinsworth, Adam, Jin, Tim, and the rest of the
collegues from Heartflow. Thank u all for the collaboration on our 'myomass' project. Lots
of people were involved and everyone is open minded, positive and has a great workflow
which made this project and article a success.
Op dagelijks vlak heb ik uiteraard het meest samengewerkt met de zeer gewaardeerde
collega’s van het Catharina Ziekenhuis die ik hierbij wil bedanken.
Frederik, Mohamed, Sjoerd
Ik wil jullie even apart bedanken voor jullie waardevolle bijdrage aan dit boekje. Mijn eerste
weken op de R&D zal ik niet snel vergeten. Frederik, je zette je vanaf het eerste moment
in om me alle (op dat moment nog veel te lastige) fysiologische principes uit te leggen en
het voor me uit te tekenen. Ik kan me het moment dat ik je voor het eerst weerwoord kon
geven op al je ondervraag momenten ook nog goed herinneren. Je staat altijd open voor
(onderzoeks-gerelateerde) discussies en vragen en bent hiermee ook een steun van elke
promovendus of collega.
Mo werd iets later onderdeel van het team, maar werd vanaf dag 1 de collega waarmee
ik het meest heb samengewerkt. We zijn ontelbare keren naar het cathlab gesneld voor
een (mogelijke) studie patiënt en zijn na al die jaren zelfs zonder communicatie op elkaar
ingesteld. Dat neemt niet weg dat we elkaar de afgelopen jaren enorm veel gesproken
hebben en dat je in die jaren de collega modus al lang hebt verlaten. Je bent oprecht een
zeer gewaardeerde vriend.
Met Sjoerd heb ik in het laatste jaar van mijn promotie een artikel geschreven; dit ging van
idee, naar onverwachte samenwerking, tot zeer vlotte uitwerking. Waarvoor dank!
Bij deze wil ik ook de hele assistenten groep van de cardiologie bedanken voor de leuke
samenwerking de afgelopen jaren. Jullie zijn stuk voor stuk leuke personen met eigen
trekjes. Iedereen heeft wel weer een andere bijdrage in onze enorm grote groep.
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Met twee ‘collega’s’; Nicole en Marjolein heb ik al vanaf het begin een intensievere band.
Met Marjolein gaat de tijd terug tot aan onze studietijd en coschappen in Sittard. Nicole
kwam snel nadat ik hier aangenomen werd ook naar het Catharina. Jullie waren de afgelopen
jaren niet alleen gezellige collega’s op het werk maar ook vriendinnen buiten werktijd om.
Ook al blijf ik (door de 4 jaar promotie) nog een stuk langer in het Catharina dan jullie, ik zie
jullie zeker nog regelmatig!
Ingrid (Inki)
Ik kreeg voor het eerst met je te maken als ‘secretaresse van Prof Pijls’. Dat was je voor mij
maar even. Al snel werd me duidelijk dat je voor mij inderdaad een perfecte ondersteuning
was voor alle onderzoeksgerelateerde regeldingen, maar vooral ‘een moedertje van de
R&D’. Met jou kun je alles bespreken en je staat altijd onvoorwaardelijk voor ons en iedereen
klaar. Je bent een topvrouw!
De R&D crew; Esther, Harold, Bianca, Linda, Francien, Hanny, Angela, Maria, Marije,
Maaike, Jacqueline, Walter, Lorette, de afgelopen 4 jaar zaten we dag in dag uit in dezelfde
royale kantoorruimte. Hiermee kregen jullie zo ongeveer alles mee van ons onderzoek, maar
ook van ons persoonlijk leven. Bedankt voor alle steun en leuke gesprekken! Jullie zijn een
gezellig team.
HCK laboranten; Eduard, Arjen, Bart, Jan, Karin, Mark, Lindsey, Marlies, Peter, Ruth, Ruud,
Silvia, Tessa, lieve mensen; eigenlijk werd ik altijd weer op het cathlab verwelkomd met 'Oh
gaan we weer een studie patiënt doen?', 'gaan we weer meten' en sporadisch ‘oh nee he…’
Maar deze start was nooit een weerspiegeling van hoe ik het uiteindelijk ervaarde om met
jullie studie patiënten te includeren. Direct na deze eerste minuut hebben jullie je allemaal
stuk voor stuk ingezet voor alle metingen die ik van jullie vroeg. En ja…dat waren er vaak
veel! En dat vroeg af en toe het uiterste van jullie geduld. Toch dachten jullie altijd met me
mee, en hebben we zeker dankzij jullie alle studies met de flow/weerstand meting soepel
kunnen afronden met fantastische resultaten. Verder was mijn ochtend in het lab bij jullie,
als ‘normale’ assistent, altijd mijn favoriete ochtend van de week. Ook hier hebben jullie
onmiskenbaar bijgedragen in het aanleren van mijn angio- en dotter skills, werden de nodige
heupbewegingen tegen de tafel gemaakt om hem wel in de goede positie te schuiven en
tips gegeven over plan van aanpak. Met het afronden van dit stuk eindigt het natuurlijk niet,
maar een gepast DANK is zeker welgemeend.
Interventiecardiologen; Pim, Inge, Koen, Annemiek, Guus, Pieter-Jan, ook jullie hebben me
veel gezien op de hartcatheterisatiekamers en alle patiënten gemeten, gekoeld, gedotterd
die geanalyseerd zijn in dit boekje. Jullie open-minded insteek ten opzichte van alle
studies heeft me altijd welkom laten voelen op het cathlab. Jullie hebben tevens royaal
de tijd genomen om me de techniek van het angiograferen en dotteren te leren. Dit was
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natuurlijk slechts het begin van de leercurve en hoop deze in de toekomst nog verder (bij
jullie) door te trekken. Tevens wil ik ook alle cardiologen van de maatschap bedanken voor
de belangrijke begeleiding tijdens deze opleiding. De cardiologie zou een ongeorganiseerd
zooitje zijn zonder Monique van den Broek. Maar naast de organisatorische skills wil ik je
zeker bedanken voor alle persoonlijke begeleiding de afgelopen jaren.
Luuk; ik heb jou als fervent bezoeker van de R&D leren kennen als de meest 'ontspannen'arts
die hier rond loopt. Jij bent op geen enkel moment van je à propos te brengen en dat is
wellicht hetgeen wat ik het meest aan je bewonder. Tevens ben je op sociaal vlak een
voorbeeld voor de hele R&D, er is waarschijnlijk niemand waar jij geen gesprek mee kan
aanknopen. Een rondje met jou hardlopen op de vroege ochtend tijdens een initiatie visite
is dan ook zeker geen straf!
Daarnaast zijn uiteraard mijn vrienden en familie van onschatbare waarde en onmisbaar de
afgelopen 4 jaar.
Yvet, Ellis, Lichelle, Joyce en Marenka; alle 6 hebben we al vanaf dat we jong zijn totaal
andere interesses en een heel ander leven in 6 verschillende delen van het land, toch passen
we als clubje zo goed bij elkaar dat we dat al meer dan 20+ jaar volhouden. We zullen elkaar
ook zeker de komende 20 jaar niet uit het oog verliezen, we weten ondertussen wel wat we
aan elkaar hebben!
Frank, Maarten; ook jullie zijn al ruim 17 jaar niet uit mijn leven weg te denken. Jullie kunnen
me als de beste met beide benen op de grond zetten. Bedankt voor jullie onvoorwaardelijke
vriendschap.
Olga, Caroline, Charlotte, Loes, Ilvy, Mieke, Esther, Cynthia, Kimberley, Khaterah; mijn
‘dokter’ vriendinnen waarvan er 6 huisarts werden, 2 longarts, 1 verpleeghuisarts en 1
cardioloog/intensivist in spe. Vanaf het (bijna) begin van geneeskunde zijn wij al een clubje
en ook nu we verspreid door het halve land (en België) wonen zijn we nooit echt ver van
elkaar verwijderd. Door onze gezamenlijke passie van 'het dokter zijn' ontbreekt het nooit
aan eindeloze gespreksonderwerpen. Maar de avonden dat we 'een verbod instellen op het
praten over patiënten' blijven sowieso het leukst. Ik hoop dat ik jullie nog heel lang (al is het
maar een paar keer per jaar) blijf zien, met de hele club bij elkaar.
Mandy en Pap; na vandaag zien jullie denk ik pas ECHT voor het eerst wat ik de afgelopen
4 jaar allemaal heb gedaan. Niet dat jullie geen interesse toonde, maar het bleek vrij lastig
uit te leggen wat je nu precies die week had ‘onderzocht’. Af en toe werd er een artikel
doorgelezen met het commentaar ‘geloof dat het goed is, maar ik snap er niet veel van’.
Maar ondanks dat jullie nooit de exacte details wisten van het promotie traject hebben
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jullie me al die tijd 100% gesteund en dat is het enige waar het om gaat. De steun op
cardiologisch vlak heb ik van al deze bovenstaande mensen ontzettend veel gekregen zoals
jullie zien. Maar jullie twee zijn mijn steun en toeverlaat op alle andere vlakken. Gelukkig
worden jullie in jullie dagelijks leven gesteund door Davy, Joy en door Bernadette. Met ons
achten kunnen we alles aan! Dit geldt natuurlijk ook voor de rest van mijn (veel te grote om
iedereen apart te noemen) (schoon)familie! Je kunt je dankwoord helaas niet langer maken
dan je proefschrift zelf, maar bij deze bedankt voor alle steun van alle vlakken; oma’s, tantes
en ooms, neven en nichten!
Liefste Jo; Jij bent de enige die niet alleen alles van mijn onderzoek heeft meegekregen en
elke letter tot in detail heeft bekeken, maar ook degene die 24/7 naast me zat. Toch werden
we elkaar geen moment moe, in tegendeel zelfs.
Je weet als geen ander wat het inhoudt om 4 jaar van je leven fulltime onderzoek te doen
en dat op een dag als vandaag af te ronden met een verdediging. Dat maakt dat ik met
alle onderzoeks-gerelateerde zaken als eerste bij jou kwam. Naast de leukste collega,
ben je natuurlijk ook al jaren de liefste partner en sinds kort vader van onze zoon Quin.
Jou liefdevolle ondersteuning is van onbeschrijfbare waarde, je weet dat je alles voor mij
betekent. Ik hou van jou.
Aan mijn moeder Kitty draag ik dit proefschrift op
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