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Abstract
Aims: Several invasive techniques are available in clinical practice to assess coronary flow. Never-

theless, the test–retest repeatability of these techniques in a controlled setting has not been

reported. Therefore, we sought to evaluate fractional flow reserve (FFR), coronary flow reserve

(CFR), index of microvascular resistance (IMR), and absolute coronary blood flow (ABF) with abso-

lute microvascular resistance (AMR) test–retest repeatability using a coronary flow simulator.

Methods and Results: Using a coronary flow simulator (FFR WetLab version 2.0; Abbott Vascu-

lar, Santa Clara, CA), we created stenoses ranging from 0% to 70%, with 10% increments. Three

different flows were established with their hyperemic phases, and two consecutive measure-

ments were obtained, evaluating the following indices: FFR, CFR, IMR, ABF, and AMR, using a

pressure/temperature wire and an infusion catheter. One hundred and thirty-eight pairs of mea-

surements were performed. Test–retest reliability was compared in 48 FFR, 18 CFR, 24 IMR,

24 ABF, and 24 AMR. Test–retest repeatability showed excellent reproducibility for FFR, ABF,

and AMR; respectively 0.98 (0.97–0.99), 0.92 (0.81–0.97) and 0.91 (0.79–0.96) (P < 0.0001 for

all). However, test–retest repeatability was weaker for IMR and poor for CFR; respectively 0.53

(0.16–0.77) (P = 0.006) and 0.27 (−0.26–0.67) (P = 0.30).

Conclusions: Using a coronary flow simulator, FFR and ABF with AMR had excellent test–retest

reliability. IMR and CFR demonstrated weaker test–retest reliability.

KEYWORDS

absolute coronary flow, coronary flow reserve, coronary flow simulator, fractional flow

reserve, index of microcirculatory resistances

1 | INTRODUCTION

Over the last few decades, several invasive techniques have been

proposed to improve global understanding of coronary circulation. Cur-

rently available techniques in clinical practice include fractional flow

reserve (FFR), coronary flow reserve (CFR), index of microvascular resis-

tance (IMR) and absolute coronary blood flow (ABF) with absolute

microvascular resistances (AMR).1 These invasive indices aim to provide

a quantitative and objective assessment of coronary flow among

different coronary compartments (i.e., macrocirculation and microcircu-

lation), at varying flow states (resting and maximal hyperemia). In sum-

mary, FFR detects the impact of an epicardial coronary stenosis on the

maximum coronary flow expressed as a ratio; CFR expresses the coro-

nary flow increase between a “resting” and a maximal coronary flow;

and IMR is an index reflecting microcirculatory compartment quality.

Finally, ABF expresses the flow and the resistances in absolute values,

respectively, L/min and Woods units (WU). Although these invasive

techniques do have limitations, there is now a strong body of clinical

data in coronary artery disease patients to confirm the validity of such

indices as a predictor of major cardiac outcomes.2–8 Furthermore, mea-

surements based on techniques employing distal intracoronary temper-

ature, such as CFR, IMR, and ABF now provide interventional

Abbreviations: ABF, absolute coronary blood flow; AMR, absolute microvascu-

lar resistances; CFR, coronary flow reserve; FFR, fractional flow reserve; IMR,

index of microvascular resistance; OCT, optical coherence tomography; WU,

Woods units.
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cardiologists with quantifiable methods to simultaneously assess the

coronary micro and macrocirculatory compartments.

Previous studies have assessed the test–retest reliability among

invasive techniques in a clinical population9–11 or in vitro individu-

ally.12 However, the test–retest repeatability between indices using

the same protocol in vitro remain sparse. We aimed to assess test–

retest repeatability between these indices in a controlled setting using

an in vitro coronary flow simulator with incrementally increasing coro-

nary stenotic degrees as well as increasing flow velocities for each

measurement of FFR, CFR, IMR, ABF, and AMR.

2 | METHODS

2.1 | Flow simulator

The FFR WetLab version 2.0 (Abbott Vascular, Santa Clara, CA)

in vitro coronary flow simulator was used for our study. The simulator

is composed of a silicon aorta and coronary tree involving a left main

branch as well as a distal bifurcation, including two similar branches of

a 3 mm diameter. A re-entry system was also placed to facilitate the

transmission of the saline solution back into a pulsatile pump at a fixed

rate of 80 pulsations per minute. In addition, the pump included a

saline heater fixed at 37�C controlled with an electronic thermometer.

“Arterial systemic pressure” was maintained by a distal venous clamp.

With the presence of an external screw, a wide variety of coronary

stenoses, including modulation for severity and location could be per-

formed. The simulator is able to provide two separate levels of pulsa-

tile flows (baseline vs. hyperemic, which is defined as three times the

baseline flow) and to modulate the flow level (Figure 1).

2.2 | Protocol setting

A 6 French Left Judkins guiding catheter (Cordis Corporation, Miami,

FL) was positioned in the simulator. A Y-connector was attached to the

proximal part of the catheter, and all measurements were performed

with the connector in place. A 0.01400 pressure/temperature wire (Pres-

sureWire X, Abbott Vascular, Santa Clara, CA) was used to obtain simul-

taneous pressure and temperature data. Coronary pressure and

temperature readings were displayed on a catheterization laboratory

recording system (RadiAnalyzer Xpress, St Jude Medical, Minneapo-

lis, MN).

FFR was measured using a Pressurewire X. ABF and AMR were

measured using a monorail infusion catheter (RayFlow, HexaCath, Paris,

France), advanced over the Pressurewire X. Continuous infusion of room

temperature saline solution was performed via an Angiomat 6000 Injec-

tor (Leibel-Flarsheim, Cincinatti, OH) at a fixed rate of 20 mL/min;

300 psi. Finally, IMR and CFR, measures based on the thermodilution

principal using manual injections of saline solution, were performed using

a 3 cc Luer Lock syringe containing room temperature saline solution.

Coronary physiological measurements were performed following

the study protocol at baseline (0% stenosis) and on artificial stenoses

ranging from 10% to 70% stenosis, with 10% incremental increases,

using an external screw on the 3 mm silicon tube. All stenotic degrees

were confirmed with optical coherence tomography (OCT) measure-

ments prior to invasive measuring (Figure 1). The protocol was repeated

with three incremental baseline and hyperemic flows A, B, and C.

The hyperemic mode was performed by activating an on/off com-

mand which significantly increased the flow in a fixed way. In addition,

flow level could be modulated with another command. The protocol was

performed based on the following sequence: Flow A was set and two

measurements of FFR were performed, IMR and CFR (by disactivating

the “hyperemic” command for baseline flow) were performed thereafter,

lastly FFR during ABF and AMR in “hyperemic” flow were measured. The

same protocol was reproduced after creating a stenosis ranging from 0%

to 70%. Finally, we repeated the two previous steps with flow B and

C. Therefore, flow was fixed, and flow modification was not allowed.

All tracings were recorded and analyzed by an independent expe-

rienced operator, blinded from the recordings, using dedicated soft-

ware (Coroventis version 1.05, Coroflow, Uppsala, Sweden) (Figure 2).

FIGURE 1 Coronary flow simulator setting. Abbreviations: ABF, absolute coronary blood flow [Color figure can be viewed at

wileyonlinelibrary.com]
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2.3 | Physiological measurements techniques

FFR was calculated as the ratio between the mean distal pressure (Pd),

and the proximal pressure at the guiding catheter exit (Pa) during

hyperemic flow.13 The pressure wire was introduced, equalized and

calibrated to the proximal catheter pressure (Pa) and subsequently

advanced through the controlled stenosis (Pd). A pullback into the

guiding exit system after each measurement was realized to prevent

from pressure drifting. In case of pressure drifting or inappropriate

pressure readings, the measurement was repeated after equalization.

FFR was calculated using the following formula:

FFR =
Pd
Pa

:

CFR measurement was performed after equalization and position-

ing the distal pressure wire distal to the controlled stenosis. CFR was

then calculated as the ratio of the mean transit time of three manual

boluses injection of saline infusion at room temperature during hyper-

emic and during basal flow.14

CFR =
Tmn basal

Tmn hyperemic
:

IMR was calculated after equalization and placement of the distal

end of the pressure wire distal to the stenosis. IMR was determined

using thermodilution as the mean transit time of three manual boluses

injections of saline infusion at room temperature during hyperemic

flow multiplied by Pd
15:

IMR = Tmn × Pd:

ABF was calculated using a monorail infusion catheter (Rayflow,

Hexacath, France) connected to the infusion pump following the ther-

modilution technique.11 The pressure wire was positioned and equal-

ized at the exit level of the guiding catheter in order to set the baseline

“zero level” temperature as the temperature of the circulating saline

within the simulator. The infusion catheter was advanced over the pres-

sure/temperature wire, and the tip of the infusion catheter was placed

3–5 cm proximal to the controlled stenosis, while the pressure/tem-

perature wire was positioned distal to the stenosis. Continuous infusion

of saline at room temperature at a fixed rate of 20 mL/min at 300 psi

(Qi) was performed for all measurements. Continuous readings allowed

for confirmation of a steady state of complete mixing of the infused

room temperature saline and heated saline (T). Once a steady state was

obtained, the distal tip of the wire was pulled back into the catheter to

obtain the saline's infusion temperature (Ti) within the infusion catheter.

ABF and AMRwere calculated using the following formulas16:

ABF = 1:08 ×
Ti

T
× Qi

FIGURE 2 Tracings examples; the upper panel showed an example of in vitro FFR, CFR, and IMR measurements; the lower panel showed an

example of in vitro FFR, ABF, and AMR measurements. Abbreviations: ABF, absolute coronary blood flow; AMR, absolute microvascular
resistances; CFR, coronary flow reserve; FFR, fractional flow reserve; IMR, index of microvascular resistance [Color figure can be viewed at
wileyonlinelibrary.com]
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AMR =
ABF
Pd

:

2.4 | Test–retest repeatability

For each setting, FFR, CFR, IMR, ABF, and AMR measurements per

degree of stenosis between 0% and 70% stenosis per 10% increase

with OCT control were performed twice. This protocol was repeated

three times with different baseline flows: flow A (200 mL/min), flow B

(160 mL/min) and flow C (120 mL/min). Once a flow was set no modi-

fication of the simulator setting was allowed. All measurements were

continuously recorded and measured twice without any modification

of the protocol setting. The pressure wire was recalibrated following

each measurement to ensure reproducibility. The circulating saline

was maintained at a fixed temperature via the cardiac pump mecha-

nism with the exact temperatures displayed on screen. All measure-

ments were performed with saline within the simulator at 37.0�C and

at room temperature with regards to any infused or injected saline.

2.5 | Statistical analysis

Data are expressed as mean and standard deviation or as median and

range as appropriate. Correlation was calculated using a Pearson cor-

relation coefficient. Test–retest repeatability was assessed by a

Bland–Altman plot. All statistical analyses were performed using SAS

software version 7.1 and Graphpad Prism version 7.0. A P value <0.05

was considered statistically significant.

3 | RESULTS

3.1 | Measurements

Overall, 138 pairs of measurements were performed. These pairs of

measurements were composed of 24 pairs of FFR with the wire only,

24 pairs of FFR with the Rayflow catheter in place, 24 pairs of ABF,

24 pairs of AMR, 24 pairs of IMR, and 18 pairs of CFR. The 24 pairs

corresponds to 8� of stenosis from 0% to 70% (with increasing steps

of 10%) multiplied by three different flows (A, B, and C). CFR could

not be calculated in six settings due to the impossibility to detect

“resting” mean transit time temperature in stenosis above 50% with

the flows setting A, B, and C. After 70% stenosis was realized, we

observed an FFR decrease below 0.5, with the impossibility to per-

form further CFR, IMR, ABF, and AMR reliable measurements as these

measurements depend mostly on the collateral supply. Mean mea-

surements of each technique per degree of stenosis are summarized

in Table 1.

3.2 | Test–retest repeatability

Test–retest repeatability was performed in 48 pairs of FFR, 24 pairs

of ABF, 24 pairs of AMR measurements 24 pairs of IMR, and 18 pairs

of CFR. Test–retest repeatability of FFR calculated with a Pearson

r correlation coefficient was 0.98 (0.97–0.99; P < 0.0001). No differ-

ence significant was observed between the measurement of FFR with

the pressure wire only and the FFR with the Rayflow catheter in place

over the pressure wire during the ABF measurement (Table 1). ABF

and AMR correlation coefficients were, respectively, 0.92 (0.81–0.97;

P < 0.0001) and 0.91 (0.79–0.96; P < 0.0001). IMR correlation coeffi-

cient was 0.53 (0.16–0.77; P = 0.006). CFR correlation coefficient was

0.27 (−0.26 to 0.67; P = 0.30) (Figure 3).

4 | DISCUSSION

Our in vitro study, using a coronary flow simulator demonstrated that

FFR and ABF with AMR had excellent test–retest repeatability

whereas IMR and CFR had weaker test–retest repeatability. When

assessing coronary flow physiological parameters, the novel thermodi-

lution technique may be considered as the method of choice as it

allows the simultaneous measurement of AMR, ABF, and FFR using a

thermodilution catheter, as well as a pressure/temperature wire with

an excellent correlation with regards to other methods, such as IMR

or CFR. These three coronary indices exhibited excellent test–retest

repeatability, in accordance with prior studies.10,11

Interestingly, the current study observed a lower IMR test–retest

repeatability, as compared to FFR, ABF, and AMR results. CFR test–

retest reproducibility was even weaker with a Pearson r correlation

coefficient of 0.27. Prior studies have already demonstrated the lack of

reproducibility of CFR9,17 and the superiority of IMR reproducibility

with prognostic implications.5,6,9 We observed a weak test reproducibil-

ity of IMR and an even weaker test reproducibility of CFR within our

in vitro model with fixed hemodynamic parameters with regards of large

range of coronary flows simulated including baseline and hyperemic

TABLE 1 Mean values of each technique among three different flows (A, B, and C) stratified per degree of stenosis

Stenosis (%) FFR overall FFR wire FFR with rayflow ABF (L/min) AMR (WU) IMR CFR

0 0.995 ± 0.01 1.032 0.967 0.165 ± 0.01 683 ± 60 60 ± 10 5.0 ± 0.6

10 0.958 ± 0.01 0.951 0.964 0.119 ± 0.01 699 ± 75 63 ± 12 5.1 ± 0.7

20 0.955 ± 0.01 0.951 0.961 0.110 ± 0.01 765 ± 36 60 ± 5 5.7 ± 0.8

30 0.950 ± 0.01 0.947 0.960 0.108 ± 0.01 767 ± 42 53 ± 8 6.5 ± 0.9

40 0.931 ± 0.01 0.925 0.943 0.101 ± 0.02 823 ± 147 63 ± 7 5.7 ± 0.9

50 0.876 ± 0.01 0.871 0.890 0.074 ± 0.01 1,050 ± 75 67 ± 7 3.1 ± 2.3

60 0.686 ± 0.02 0.672 0.703 0.054 ± 0.01 1,135 ± 59 84 ± 27 –

70 0.518 ± 0.02 0.503 0.544 0.029 ± 0.01 1,657 ± 280 68 ± 9 –

Abbreviations: ABF, absolute coronary blood flow; AMR, absolute microvascular resistances; CFR, coronary flow reserve; FFR, fractional flow reserve; IMR,
index of microvascular resistance; WU, Woods units.
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states. We believe that these results might be driven by the variability

of the saline bolus manual injections performed by operators despite

our caution to reduce this risk by using a fixed syringe of 3 cc. Weaker

CFR reproducibility as compared to IMR might be explained by the fact

that six manual injections were required for CFR while only three were

performed for IMR measurements.

FFR values obtained using the Rayflow catheter seems not to be

affected by the presence of the Rayflow catheter (Table 1). Neverthe-

less, several studies showed that measuring FFR with a microcatheter

significantly reduced the FFR value as compared to pressure wire

only.18,19 The underlying mechanism involved seems to be related

to the bigger size of the pressure microcatheter diameter (0.02500)

FIGURE 3 Test–retest reliability of FFR, CFR, IMR, ABF, and AMR. Left panel showing Pearson r correlation coefficient of FFR, CFR, IMR, ABF,

and AMR. Right panel showing Bland–Altman plots (difference versus average) of FFR, CFR, IMR, ABF, and AMR. Abbreviations: ABF, absolute
coronary blood flow; AMR, absolute microvascular resistances; CFR, coronary flow reserve; FFR, fractional flow reserve; IMR, index of

microvascular resistance

PICARD ET AL. 681



compared to the pressure wire diameter (0.01400). The main difference

between FFR evaluation using the RayFlow catheter and dedicated

pressure microcatheters to measure FFR is that the RayFlow catheter

has to be placed in the proximal part of the vessel to perform thermo-

dilution and generate hyperemia, with the pressure wire placed

distally in the vessel over the RayFlow catheter. Therefore, the micro-

catheter size effect is limited to the proximal part of the vessel which

seems not to impact the FFR value compared to pressure wire only.

The novel thermodilution technique using the Rayflow catheter

is appealing as it allows an objective, reproducible and simultaneous

measurement of FFR, ABF, and AMR providing absolute values of

flow and resistances. This technique assesses the global coronary

function taking into account epicardial stenosis as well as microvas-

cular dysfunction in a more understandable way by combining

hemodynamic values of flow (L/min) and resistances (WU) with the

FFR value. Moreover, it might be more confusing to interpret the

results of combined techniques associating FFR, CFR, and IMR indi-

ces in clinical practice.20,21 Finally, we believe that an operator inde-

pendent technique leads to better reproducibility and better

physiological evaluation in clinical practice. The clinical impact of

this finding is of importance since IMR and CFR are rarely measured

twice in the same patient for clinical decision making while it is

recommended to measure it two consecutive times for FFR.23 This

study therefore suggests that IMR and CFR should also be per-

formed two consecutive times to assess the reliability of these mea-

surements in patients.

The present study has several limitations. First, we believe that an

in vitro setting cannot replace in vivo experimentations to evaluate

coronary physiology due to the complex mechanisms involved in coro-

nary flow regulation. For this reason, we limited our study to test–

retest repeatability of different invasive techniques to assess coronary

flow comparison. Second, while our coronary flow simulator could

generate a physiological aortic pressure curve as well as evaluate con-

trolled epicardial coronary stenoses, it was not possible to modify the

“microcirculatory compartment.” Finally, we observed an impossibility

of proper detection of a “resting” mean transit time within our simula-

tor with regards to tight coronary stenoses (>50%) and therefore

could only obtain 18 pairs of measurements of CFR instead of 24. We

acknowledge that this observation might be due to the difficulty to

detect Tmn in slow flow while ABF was able to reliably measure lower

flow as low as 24 mL/min. We believe that these limitations do not

affect test–retest reliability evaluation since all successful measure-

ments were performed in the same controlled setting. Lastly, we

acknowledge that our in vitro setting used an iso-osmolar saline;

therefore it was not possible to evaluate CFR with a Doppler wire or

measure hyperemic stenosis resistance indexes.

5 | CONCLUSION

Using a coronary flow simulator with fixed and controlled hemodynamic

parameters: FFR, ABF, and AMR showed excellent reproducibility, while

IMR and CFR had weaker test–retest reliability probably due to the var-

iability induced by the need of manual injections. Therefore, in order to

increase measurement accuracy and analytical reproducibility,

physiological indices not requiring manual injections (FFR, ABF, and

AMR) could be the preferred methods when assessing coronary flow

and stenosis hemodynamics. Nevertheless, these hypotheses should be

confirmed in vivo.
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