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22  Summary

23 Presented here is a protocol to measure absolute myocardial flow and resistance using
24 continuous thermodilution in patients with ischemia and nonobstructive coronary artery
25  disease.

27  Abstract

28  In approximately half of the patients undergoing coronary angiography for angina pectoris or
29  for signs or symptoms suggestive of ischemic heart disease, no obstructive coronary artery
30 disease is angiographically visible. The majority of these patients with angina or ischemia
31  and no obstructive coronary artery disease (INOCA) have an underlying coronary vasomotor
32 dysfunction, and current consensus documents recommend diagnostic invasive coronary
33  vasomotor function testing (CFT).

35 During CFT, a variety of vasomotor dysfunction endotypes can be assessed, including
36  vasospastic coronary dysfunction (epicardial or microvascular vasospasm), and/or
37  microvascular vasodilatory dysfunction, including impaired vasodilatory capacity and
38 increased microvascular resistance. The quantification of the continuous thermodilution
39  derived absolute coronary blood flow and resistance might be a better measure compared to
40 the currently used standard physiologic measures. This article provides an overview of this
41  continuous thermodilution method.

43 Introduction

44 In approximately half of the patients undergoing coronary angiography for angina pectoris or
45 for signs or symptoms suggestive of ischemic heart disease, no obstructive coronary artery
46  disease is angiographically visible!. The majority of these patients with angina or ischemia
47  and no obstructive coronary artery disease (INOCA) have an underlying coronary vasomotor
48  dysfunction, and current ESC guidelines and a recent ESC position paper on INOCA
49  recommend diagnostic invasive coronary vasomotor function testing (CFT)2.
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During CFT, a variety of vasomotor dysfunction endotypes can be assessed, including
vasospastic coronary dysfunction (epicardial or microvascular vasospasm), and/or
microvascular vasodilatory dysfunction, including impaired vasodilatory capacity and
increased microvascular resistance. Consensus criteria for these endotypes have been defined
by the Coronary Vasomotion Disorders International Study Group (COVADIS)® 4,

While vasospastic coronary dysfunction is generally demonstrated by acetylcholine
provocation testing, the diagnosis of microvascular vasodilatory dysfunction is more
complex. This diagnosis is made by an abnormal index of microvascular resistance (IMR)
and/or coronary flow reserve (CFR)*.

Two methods exist for the measurement of IMR or CFR: thermodilution or Doppler flow
velocity. Both use intravenous adenosine to induce maximal hyperemia (and thus minimal
resistance), and both methods have been extensively validated. However, they do have
several important shortcomings: the need for adenosine limits their use in patients with severe
chronic obstructive pulmonary disease or asthma. Also, the thermodilution method may
overestimate the CFR and has a large intra-observer variability, and with the Doppler flow
velocity methods it can be challenging to obtain a stable Doppler flow signal®. Most
importantly, both CFR and IMR are only surrogate measures and fail to quantify true
coronary blood flow and resistance.

Absolute coronary blood flow (Q) and resistance (R) can be directly quantified with the use
of a recently validated and novel method that uses continuous thermodilution with
intracoronary saline infusion at room-temperature to induce hyperemia. A dedicated monorail
infusion catheter and a pressure wire with temperature sensors enables direct quantification
of Q and R, without the use of adenosine. This novel method has been shown to be safe,
highly reproducible and operator-independent ® '

As has been urged by a recent consensus statement, we need a better understanding of the
underlying mechanism of myocardial ischemia in patients with INOCA, across the different
endotypest. This could have major implications for treatment and prognosis. The
quantification of the absolute coronary blood flow and resistance might be a better measure
compared to the currently used standard physiologic measures. It was recently shown that
continuous thermodilution measurements are associated with symptoms in INOCA, while
IMR and CFR were not®. Additional outcome data will follow. In this article, the continuous
thermodilution protocol is described.

Protocol

The following protocol was approved by the local medical ethics committee at the
Radboudumc hospital, Nijmegen, the Netherlands. The following steps should be followed
when performing continuous thermodilution to calculate absolute flow and resistance.

1. Preparations

1.1.  Withhold vasoactive medications for at least 24 hours (48 hours in case of calcium
channel blockers).

2. Diagnostic Coronary Angiography
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2.1.  Inject local anesthesia (1 to 2 mL of 20 mg/mL lidocaine) either in proximity to the
right radial artery or the left radial artery. In case radial access is not possible, inject local
anesthesia either in proximity to the right femoral artery (usually 10 mL of lidocaine) or the
left femoral artery.

2.2.  Confirm local anesthesia by pricking the anesthetized-skin with the needle and check
whether pain is still present.

2.3.  Puncture the radial or femoral artery with a cannula, insert the wire through the
cannula and remove it. Insert a 6 Fr sheath over the wire. Make sure to perform this under
sterile conditions.

2.4.  Administer heparin according to local protocol (patient weight-adjusted 100
international units per kilogram, minimum of 5000 international units, maximum of 10.000
international units).

2.5.  Advance the wire through the sheath to the ascending aorta and place the diagnostic
catheter above the aortic valve. Then remove the wire and connect the catheter with the
contrast syringe.

2.6. Engage the right coronary artery with a diagnostic catheter. After intracoronary
administration of 0.2 mg of nitroglycerin, perform coronary angiography with manual
injections of contrast agent.

2.7. Engage the left coronary artery with a guiding catheter (to avoid switching from
diagnostic to guiding afterwards). After intracoronary administration of 0.2 mg of
nitroglycerin, perform coronary angiography with manual injections of a contrast agent. Use
a 6 Fr size guiding catheter or larger to facilitate the dedicated monorail catheter (step 4).

2.8. Exclude the presence of obstructive coronary artery disease: any relevant epicardial
stenosis by visual assessment, and intracoronary physiological assessment in case of an
intermediate epicardial stenosis (40-90% angiographic stenosis) °.

3. Set up of continuous thermodilution measurements

3.1.  Ensure that all coronary pressure tracings and temperatures are wirelessly transmitted
and analyzed by a dedicated console equipped with software that automatically calculates Q
and R.

3.2.  Prepare a contrast injector with pressure-limit containing 100 to 150 mL of saline at
room temperature.

4. Continuous thermodilution measurements

4.1. Manually flush a guidewire with pressure and temperature sensors (further referred to
as the “pressure wire”) using syringes with saline.

4.2.  Make sure the pressure wire is connected to the appropriate software (so that
pressure/temperature are visualized real-time) and pass the pressure wire through the guiding
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catheter. Ensure that the proximal part of the radiopaque section of the pressure wire is
placed in the ostium of the coronary artery using angiography.

4.3. Equalize the pressure wire to the aortic pressure. It is essential that this step is
completed before any measurements are initiated.

4.4.  Advance the pressure wire to the distal 1/3 of the coronary artery of interest.
4.5.  Connect a dedicated monorail catheter to the contrast injector.

4.6.  Flush the monorail catheter with saline using the automated contrast injector set at 10
mL/min to remove air from the monorail catheter. When saline exits the infusion holes at the
tip of the monorail catheter, advance the monorail catheter through the guiding catheter while
flushing.

4.7. When the monorail catheter passes the hemostatic connector, stop flushing and
advance the monorail catheter further into the guiding catheter.

4.8. Place the radiopaque marker of the monorail catheter in the proximal part (first
centimeter) of the coronary artery of interest.

NOTE: Make sure there is at least 3 cm distance between the radiopaque marker of the
proximally placed monorail catheter and the radiopaque marker of the distally placed
guidewire to ensure optimal mixing of blood and saline % .,

4.9. On the dedicated software, select the Absolute flow program, select the coronary
artery of interest, and set the temperature to zero (reference temperature comparable to 37 °C
in humans).

4.10. Select the appropriate infusion rate of (room-temperature) saline (Qi) on the infusion
pump and make sure the program settings are updated accordingly.

NOTE: Qi is usually 20 mL/min for the left anterior descending (LAD) and left circumflex
artery (LCX) and 15 mL/min for the right coronary artery (RCA). Do not start the infusion
yet.

4.11. Start the absolute flow measurement on the dedicated software program. Do not stop
the measurement until step 4.16. Ensure several seconds are measured before the infusion of
saline is initiated.

4.12. Start the infusion of saline at the infusion pump at the selected flow rate (Qi). Do not
stop infusion until step 4.15.

NOTE: After the start of the infusion with saline, the temperature in the distal coronary artery
will decrease.

4.13. Ensure that a steady state distal temperature of the blood/saline mixture is recorded
for at least 10 s.
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4.14. Pull the guidewire back into the monorail infusion catheter to obtain a proximal
temperature (Ti). Ensure that a stable Ti is recorded for approximately 10 s.

4.15. Stop the infusion of room temperature saline on the infusion pump.

4.16. Ensure the temperature returns to the zeroed value. After this, stop the absolute flow
measurement on the dedicated software program.

NOTE: FFR, absolute Q and R are now automatically calculated by the dedicated software.
4.17. Remove the dedicated monorail catheter.

4.18. Ensure that the pressure wire is placed in the ostium of the coronary artery similar to
step 4.2 and perform a drift check of the pressure measurement. If drift is more than 2
mmHg, repeat measurements. If there is no drift, remove the pressure wire.

4.19. Perform one or two final angiographies visualizing the coronary artery of interest to
check for possible complications (e.g., coronary artery dissection).

5. Calculation of absolute flow and absolute resistance

NOTE: As shown in Figure 1, the dedicated monorail infusion catheter allows the infusion of
saline only through four outer side holes, resulting in complete and optimal mixing with
blood; two inner side holes allow the measurement of temperature by the used guidewire.

5.1.  Calculate absolute flow (Q) in mL per minute with the following equation ’:
T
Q=0Q;" Fl -1.08

As mentioned above, Qi is the saline infusion rate in mL per minute and Ti is the temperature
of the infused saline near the dedicated monorail catheter exit. T is the temperature of the
homogenous mixture of blood and saline in the distal part of the coronary artery during
infusion. The constant 1.08 relates to the difference between the specific temperature and
density of blood and saline, and when saline is infused in blood.

5.2. Calculate R, expressed in Wood Units (WU) or mmHg * (L/min), by the formula:
Pq
fT2
There is a readily available advanced platform to measure physiological indices, that
communicates with the pressure wire and that allows live calculation of FFR, Q and R (Table
of Materials).

Representative results

Figure 2 shows a representative measurement performed in patient A with no obstructive
CAD on coronary angiography. The LAD artery was measured using continuous
thermodilution to calculate absolute Q and R. The red and green lines represent pressure
measurements, and the blue line represents the temperature curve. The infusion rate was set
at 20 mL/min (Qi) since the LAD artery was measured. At point 1, the infusion was started
and the temperature measured at the distally placed pressure wire declined. After reaching a
steady state distal temperature (T =-0.48 °C compared to blood temperature), the pressure
wire was pulled back into the infusion catheter (point 2) to measure the proximal temperature
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at a steady state (Ti = -5.69 °C compared to blood temperature). After this, the infusion is
stopped and temperature returns to the zeroed value (point 3). Subsequently, the absolute Q
and R are automatically calculated using the formula further specified in section 5. Absolute
Q was calculated at 239 mL/min, R at 294 WU with an FFR of 0.89. These flow and
resistance rates are considered normal*2, Note that the FFR value reflects the actual value
(i.e., with the monorail infusion catheter in the distal coronary artery during hyperemia
induced by room-temperature saline). The monorail infusion catheter creates a small gradient
and hereby actual FFR values might be slightly higher.

Figure 3 represents a similar patient B with no visual signs of obstructive CAD in which the
LAD artery was measured as well. Using the continuous thermodilution method in a similar
manner, absolute Q is calculated at 157 mL/min, R at 606 WU, and an FFR of 0.89. Note that
the absolute Q is lower and R is higher in patient B compared to the measurements in patient
A represented in Figure 2.

Figure 1: Example of a dedicated monorail infusion catheter. This image shows an
example of a dedicated monorail infusion catheter with 4 outer side holes and 2 inner side
holes.

Figure 2: Example continuous thermodilution measurement in patient A with normal
flow and resistance. The upper half of the image represents the pressure measurements, the
lower half the temperature measurements. Notice the temperature is set to zero to correspond
to the temperature of blood. When continuous infusion with room-temperature saline is
initiated (1), the temperature in the distal LAD lowers to -0.48 °C. When the pressure wire is
pulled back into the infusion catheter (2), the temperature decreases to -5.69 °C. With an
infusion rate of 20 mL/min, the calculated Q is 239 mL/min and, taking into account a Pd of
70 mm Hg, R is 294 WU. FFR = fractional flow reserve, Pd = distal coronary pressure, Pa =
aortic pressure, T = distal, Ti = infusion temperature, Q = absolute flow, R = resistance, WU
= Woods Units.

Figure 3: Example continuous thermodilution measurement in patient B with low flow
and high resistance. Similar measurement setup as in Figure 2. Again, the LAD artery is
measured and the temperature is set to zero to correspond to the temperature of blood. When
continuous infusion with room-temperature saline is initiated (1), the temperature in the distal
LAD in this patient lowers to -0.68 °C. When the pressure wire is pulled back into the
infusion catheter (2), the temperature decreases to -4.97 °C. With an infusion rate of 20
mL/min, the calculated Q is 157 mL/min and, taking into account a Pd of 96 mm Hg, R is
606 WU. This is a low Q and high R in a patient with no obstructive CAD. Abbreviations are
similar to those used in Figure 1.

Discussion

Continuous thermodilution is an accurate method to measure absolute coronary flow and
resistance, which has been shown to strongly agree with the gold standard [*°0;]H.O PET
derived flow and resistance °. These measurements are of special interest in INOCA patients,
with current clinical guidelines recommending the assessment of coronary flow and
resistance in this group.

Fractional flow reserve (FFR), the ratio of the maximal myocardial blood flow to the
theoretical normal maximal flow, is a well-known hyperemic physiological index for
evaluation of functional significance of stenoses in the epicardial coronary artery. Pressure
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can be used as a surrogate of flow, assuming that resistance is minimal and constant during
maximal hyperemia. Therefore, FFR is calculated by dividing the coronary pressure distal of
the stenosis, by the aortic pressure during maximal hyperemia. In clinical practice, maximal
hyperemia is evoked by administration of intracoronary of intravenous adenosine. But during
the assessment of the microcirculation, flow and pressure are also assessed during maximum
hyperemia. One of the advantages of the continuous thermodilution method is that adenosine
is not needed to induce maximum hyperemia. The intracoronary infusion of room
temperature saline induces steady-state maximal hyperemia, and previous studies have shown
a high agreement between adenosine- and saline- induced hyperemic FFR > 7. Therefore, with
simultaneous assessment of saline-induced hyperemic FFR (flow), Q and R, epicardial
obstructive coronary artery disease can be excluded and the microvascular function assessed.
That being said, FFR (flow) reflects the actual FFR value with the pressure wire in the distal
coronary artery. If the FFR (flow) is normal, standard FFR measurement will be normal (and
even higher in most cases) as well. But in case of grey zone FFR (flow) values, normal FFR
could be assessed separately.

Another advantage of the method is the true quantitative assessment of actual blood flow and
microvascular resistance. This makes the method especially suitable for intra-patient
comparison such as before and after medical treatment or percutaneous coronary
intervention.

Troubleshooting of the technique

There are some practical issues to keep in mind. First, make sure to use the right materials
and instruments for the measurements. The dedicated monorail infusion catheter is
compatible with a 6 French guiding catheter or larger. Also, the infusion pump used for the
infusion of saline should be pressure-limited to avoid coronary complications. The heating
element of the infusion system should be switched off to ensure that the saline is at room-
temperature (and thus induces hyperemia when administered intracoronary). There should be
enough saline (approximately 50 mL) in the infusion system: approximately 50 mL of saline
is needed to complete one measurement.

Second, make sure to perform the measurements in a uniform manner. Wait long enough
until stable hyperemia occurs, indicated by stable Pa, Pd and T values, before pulling back
the pressure wire into the monorail catheter. Third, in case of an AV-block, the infusion
should be stopped and AV-conduction should recover immediately.

The significance with respect to existing methods

We have recently described the use of continuous thermodilution in INOCA . In 84 patients
with INOCA, we assessed the relationship between Q and R with established CFR and IMR
measurements, and the prediction of angina. The median absolute Q was 198 mL/min, and
the median absolute R was 416 WU. Absolute R was higher in patients with microvascular
vasodilatory dysfunction. Furthermore, Q and R were associated with self-reported angina.
CFR and IMR were not associated with angina. This hypothesis-generating study needs
confirmation in a larger cohort.

Safety and reproducibility

The safety and reproducibility of continuous thermodilution has been shown previously ” 2,
In the first study, in 135 patients who were referred for coronary angiography and underwent
continuous thermodilution, no significant adverse events were observed ’. In 8.1% of the
patients, bradycardia and concomitant atrioventricular block appeared transiently during
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saline infusion. In 2.2% of patients, chest discomfort was experienced during saline infusion
in the LAD without accompanying ischemic electrocardiographic changes. In all cases,
symptoms disappeared after stopping the saline infusion. In the second study, continuous
thermodilution was performed in 100 patients. In one patient, a catheter-induced dissection
was observed requiring PCI 13, In 2.6% of all measurements, bradycardia or atrioventricular
block occurred. Finally, two patients experienced chest discomfort during infusion without
electrocardiographic abnormalities. In the first cohort of patients, reproducibility was
assessed by performing duplicate measurements in 80 patients. Duplicate measurements had
a strong correlation both for Q (p=0.841, P<0.001; intraclass correlation coefficient=0.89,
P<0.001) and R (p=0.780, P<0.001; intraclass correlation coefficient=0.89, P<0.001).”

Future applications and studies performed in other clinical settings

Continuous thermodilution has been used in different clinical settings. In patients with ST-
elevation myocardial infarction (STEMI), the guideline-recommended treatment is primary
percutaneous coronary intervention (PCI) to ensure early mechanical reperfusion of the
epicardial coronary artery. In over 95% of PCI procedures, the epicardial coronary blood
flow is restored. However, in about half of the patients, perfusion to the coronary
microvasculature is not fully restored. This is associated with increased morbidity and
mortality 4. Therefore, besides INOCA, STEMI is an important clinical setting to measure
microvascular vasodilatory function. In a prospective study of 32 STEMI patients, continuous
thermodilution was used to measure R, and bolus thermodilution was used to measure IMR
and CFR immediately after primary percutaneous coronary intervention in the culprit
coronary artery 5 R was associated with IMR-defined microvascular vasodilatory
dysfunction, and a R threshold of greater than 552 WU was optimal for predicting
microvascular vasodilatory dysfunction defined by IMR > 40. A second study in 20 STEMI
patients demonstrated a decrease in R in the first days after myocardial infarction, reflecting
recovery of microvascular vasodilatory dysfunction over time °.

In an exploratory study, the effects on Q and R have been assessed in patients undergoing
PCI of a chronic total occlusion of an epicardial artery *. Continuous thermodilution
measurements were performed in 25 patients immediately after successful PCI and at short-
term follow-up in this pilot. Absolute coronary blood flow in the recanalized artery increased
during follow-up in the days after the PCI. In addition, absolute resistance decreased. This
study shows the potential to assess treatment effects using continuous thermodilution.

Limitations of the method: normal values in INOCA

In contrast to IMR and CFR, the continuous thermodilution variables Q and R have not yet
been prospectively validated. Therefore, no ‘normal’ range of values for continuous
thermodilution parameters are currently available. However, data on clinical outcomes after
coronary vasoreactivity testing including continuous thermodilution are necessary for further
validation.

Important in the interpretation of continuous thermodilution measurements is the
interindividual variability owing to the myocardial mass underlying the coronary artery of
interest!2, For example, a relatively high flow could be normal in a patient if the dependent
perfusion territory is small, but low for another patient with a large perfusion territory.
Therefore, estimation of myocardial mass by non-invasive imaging might be necessary to
interpret absolute flow and resistance to compare values between patients. More data is
necessary on the importance of myocardial mass and potential corrections to the used
formulas.
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Invasive absolute flow and resistance measurements are safe and reproducible. Future studies
are warranted to determine the prognostic value as well as the value to guide therapy in
INOCA patients.
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Continuous infusion with room-tempature saline at 20 mi/min is initiated
while the pressure/temperature sensored wire is positioned in the distal LAD

[zj Pullback of the pressure/temperature sensored wire into the infusion catheter

@ Continuous infusion of room-temperature saline is stopped
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Continuous infusion with room-tempature saline at 20 mi/min is initiated
while the pressure/temperature sensored wire is positioned in the distal LAD

[zj Pullback of the pressure/temperature sensored wire into the infusion catheter

@ Continuous infusion of room-temperature saline is stopped
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Name of Material/ Equipment Company Catalog number
Rayflow multipurpose infusion catheter Hexacath RFW61S
PressureWire X guidewire Abbott C12059
Coroventis CoroFlow Cardiovascular System software Coroventis N/A

Illumena Neo injector or similar injector system Liebel-Flarsheim GU01181006-E
100 ml NaCl 0.9% at room temperature



https://www.editorialmanager.com/jove/download.aspx?id=1306274&guid=1b8f6748-b44d-4d0d-9a1e-74a56420bd1f&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1306274&guid=1b8f6748-b44d-4d0d-9a1e-74a56420bd1f&scheme=1

Comments/Description

Only compatible with 6F guiding catheter

Wireless guidewire with distal temperature and pressure sensor

Advanced platform to measure physiological indices

Any injector with pressure limit (600 psi) and adjustable flow and volume injection rate




Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal
letter.R3.20210306 (1).docx

Rebuttal letter 3

"Absolute myocardial flow and resistance by continuous
thermodilution in patients with ischemia and nonobstructive
coronary artery disease”

Reference:

JoVE62066
JoVE



https://www.editorialmanager.com/jove/download.aspx?id=1306277&guid=91eb73d4-6cea-462e-97c8-d2a33ea155fd&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1306277&guid=91eb73d4-6cea-462e-97c8-d2a33ea155fd&scheme=1

Reference: JoVE62066

To the Editors:
Dear Dr. Nguyen,

We appreciate the additional editorial comments and the opportunity to revise our manuscript.
Below, please find item-by-item responses to comments, which are included verbatim. Please note
that the changes are tracked in the included updated version of the manuscript.

Response to the editorial and production comments:

1. Please revise the following lines to avoid previously published text: 62-63, 64-70, 72-75, 76-77,
79-84, 312-318, 379-385, 386-389, 398-399, 412-413
We have rephrased these sections again, in order to avoid repeating of previously published text.

2. Please move the critical steps to the relevant protocol step instead of collating them together
at the end of the protocol
All these steps were already in the relevant protocol. We added this additional section on JoVE
editors' request, however, in accordance with the current comment, we removed it.
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