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LIST OF ABBREVIATIONS 
 
 

1. ACS   Acute Coronary Syndrome 

2. CABG   Coronary Artery Bypass Graft 

3. CAD   Coronary Artery Disease 

4. CFR   Coronary Flow Reserve 

5. CT   Computed Tomography 

6. FCL   Future Culprit Lesions 

7. FFR   Fractional Flow Reserve 

8. IMR   Index of Microvascular Resistance 

9. LAD   Left Anterior Descending (coronary artery) 

10. LCX   Left Circumflex (coronary artery) 

11. LMCA   Left Main Coronary Artery 

12. LVEF   Left Ventricular Ejection Fraction 

13. MACE   Major Adverse Cardiovascular Events 

14. MACCE  Major Adverse Cardiovascular and Cerebrovascular Events 

15. MI   Myocardial Infarction 

16. MT   Medical Treatment / Medical Therapy 

17. NCL   Non-Future Culprit Lesions 

18. NHPRs  Non-Hyperemic Pressure Ratios 

19. NSTE-ACS  Acute Coronary Syndrome without ST Segment Elevation 

20. PCI   Percutaneous Coronary Intervention 

21. Q   Flow 

22. R   Resistance 

23. RCA   Right Coronary Artery 

24. TAVI   Transcatheter Aortic Valve Implantation 
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2. INTRODUCTION 
 
Fractional Flow Reserve (FFR) was introduced in the 1990s as an index of the physiological 

significance of a coronary stenosis (26). FFR represents the ratio of maximal blood flow in a 

stenotic artery as compared with normal maximal flow. In practice, during invasive coronary 

angiography, FFR is obtained by calculating the ratio of the distal coronary pressure to the 

aortic pressure (measured with a coronary pressure guidewire and a guiding catheter, 

respectively). Over time, the benefits of FFR-guided coronary revascularization have been well 

demonstrated (27, 28), leading to its incorporation into clinical guidelines (29).  

 

However, FFR suffers from several limitations that were sources of inspiration for this 

PhD thesis. These limitations have been divided into four chapters addressing: 1) the 

lack of data supporting the benefit of FFR in terms of improving hard clinical endpoints and the 

lack of data supporting the benefit of FFR  the field of coronary artery bypass graft surgery, 2) 

the absence of information obtained by FFR on the microcirculation, 3) the risks associated 

with maneuvering a pressure wire down a coronary artery and 4) the general risks associated 

with invasive coronary angiography. 
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Overview of the thesis 

• Chapter 1 will focus on the publications dedicated to the benefit of FFR guidance in 

terms of clinical benefits. Indeed, while the landmark FAME 2 trial demonstrated that 

in patients with stable coronary artery disease, an initial FFR-guided percutaneous 

coronary intervention (PCI) strategy was associated with a significantly lower rate of 

the primary composite end point of death, myocardial infarction, or urgent 

revascularization as compared to medical therapy alone, this benefit was mainly driven 

by a higher rate of urgent revascularization (30). After 5 years of follow-up, we 

demonstrated before the beginning of this thesis a borderline yet significant reduction 

in spontaneous myocardial infarction (28). Thus, we have been working on different 

projects aiming to prove the significant impact of FFR-guided PCI on hard endpoints, 

symptom relief and also in specific debated contexts such as patients with reduced left 

ventricular function. This chapter will also focus on publications dedicated to the use of 

FFR guidance in the context of coronary artery bypass graft (CABG) surgery. Indeed, 

as the vast majority of the FFR trials were focused on patients treated by PCI, its validity 

in the field of CABG remains to be proven. 

• Chapter 2 will focus on publications dedicated to a new technique (coronary 

continuous thermodilution) allowing, for the first time, the measurement of not only 

pressure but also absolute flow and resistance. 

• Chapter 3 will focus on publications dedicated to new and less invasive technologies 

permitting the estimation of FFR based on invasive coronary angiography only, without 

the need for crossing the lesion with a pressure wire.  

• Chapter 4 will focus on publications dedicated to even less invasive technologies 

allowing the estimation of FFR without invasive coronary angiography but rather based 

on CT.  
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3. CHAPTER I : FFR : New evidences  
of clinical benefit 

I 
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Introduction and overview of Chapter 1 

Even if FFR is recommended by both the European and American guidelines (29, 31)  to 

evaluate the significance of a stenosis in the absence of documented ischemia, until recently, 

the benefit of FFR-guidance was mainly observed for composite endpoints (classically, the 

“major adverse cardiovascular endpoints” (MACE), encompassing urgent revascularizations, 

myocardial infarction and cardiovascular death). Thus, data supporting the benefit of FFR in 

terms of hard endpoints reduction were still missing. It was particularly the case in the 2-year 

follow-up of the FAME 2 trial (30). In this trial, 1220 patients with stable coronary artery disease 

had FFR measurements in every stenosis. Patients who had at least one stenosis with a 

significant FFR (≤0.80) were randomly assigned either to FFR-guided PCI plus medical 

therapy or to medical therapy alone. When all FFR were negative, the patients received 

medical therapy alone and were included in a registry. The primary end point was a composite 

of death from any cause, nonfatal myocardial infarction, or urgent revascularization. At 2 years, 

the rate of the primary end point was significantly lower in the PCI group than in the medical-

therapy group (8.1% vs. 19.5%; P<0.001) but of note, this significant difference was driven by 

a lower rate of urgent revascularization in the PCI group (4.0% vs. 16.3%; P<0.001), while no 

significant between-group differences were observed in the rates of death and/or myocardial 

infarction. However, slowly, a trend toward a significant reduction in myocardial infarction was 

observed at the 5-year follow-up (28) that we published before the beginning of my PhD. 

Indeed, while there was no significant difference between the PCI group and the medical-

therapy group in the rates of death (5.1% and 5.2%, respectively; hazard ratio, 0.98; 95% CI, 

0.55 to 1.75), the differences regarding myocardial infarction were borderline significant (8.1% 

and 12.0%; hazard ratio, 0.66; 95% CI, 0.43 to 1.00). To overcome a possible sample size 

effect, we pooled 3 trials that compared FFR-guided PCI vs. medical therapy in patients with 

stable coronary lesions in order to perform a collaborative individual patient data meta-analysis 

using the hard and symbolic endpoint of cardiac death or MI as prespecified primary composite 

endpoint.  The results presented in this thesis are the abstract of the following publication: 
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• Zimmermann FM, Omerovic E, Fournier S, Kelbæk H , Johnson NP, Xaplanteris, P, 

Abdel-Wahab M, Barbato E, Høfsten DE,  Boxma-de Klerk BM, Fearon WF, Køber L, 

Pieter C,  Smits PC, De Bruyne B, Pijls NHJ MD, Engstrøm T 

Fractional Flow Reserve-Guided Percutaneous Coronary Intervention Versus Medical 

Therapy to Reduce Cardiac Death and Myocardial Infarction.  

Eur Heart J. 2019 Jan 7;40(2):180-186 

In this meta-analysis of the FAME 2, DANAMI-3-PRIMULTI and Compare-Acute trials (32-34) 

in which we analyzed the data of 2400 patients, we reported that FFR-guided PCI resulted in 

a reduction of the composite of cardiac death or MI as compared to medical therapy, which 

was driven by a decreased risk of MI (details hereafter). 

Some criticisms arose regarding this trend toward a lower rate of myocardial infarction in the 

FFR-guided PCI group of FAME 2 (35). This was mainly related to the fact that FFR-guidance 

allows a decision at lesion level, while a myocardial infarction at follow-up is an endpoint at 

patient level. Accordingly, the demonstration that myocardial infarctions occurred at the exact 

position of a lesion significant by FFR remained to be done. Accordingly, all the narratives of 

the FAME 2 trials were analyzed in order to evaluate if the location of the myocardial infarctions 

matched the location of a stenosis which was evaluated by FFR at randomization. The results 

presented in this thesis are related to the following publication: 

• Fournier S, Jüni P, De Bruyne B 

PCI Guided by Fractional Flow Reserve at 5 Years. 

N Engl J Med. 2019 Jan 3;380(1):104-105. 

In this letter, we reported that 89% of the myocardial infarction of the FAME 2 medical therapy 

group occurred at the site of a lesion which was significant by FFR at randomization (details 

hereafter). 
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In addition, while these two publications seem to support that there might be a benefit of FFR-

guidance in terms of reduction of hard endpoints, the other main indication for an intervention 

is the symptoms of the patients (36). During this thesis, efforts were made to produce data 

supporting the association of improvement in FFR with outcomes, including symptomatic relief 

and to investigate the effect of FFR-guided PCI in asymptomatic patients. 

The results of these 2 investigations presented in this thesis are the abstracts of the following 

2 publications: 

 

• Fournier S., Ciccarelli G., Toth GG, Milkas A., Xaplanteris P., Fearon WF., Pijls 

NHJ., Barbato E., De Bruyne B. 

Association of Improvement in Fractional Flow Reserve With Outcomes, Including 

Symptomatic Relief, After Percutaneous Coronary Intervention. 

JAMA Cardiol. 2019 Apr 1;4(4):370-374 

 

• Fournier S , Kobayashi Y, Fearon WF, Collet C, Roza da Costa B, Rioufol G,  Pijls 

NHJ, Jüni P, De Bruyne B  

Asymptomatic Patients with Abnormal Fractional Flow Reserve Treated with 

Medication Alone or with PCI 

J Am Coll Cardiol. 2019 Sep 24;74(12):1642-1644. 

In the first publication (JAMA Cardiol), we pooled the FAME 1 (27) and FAME 2 (28) 

populations and reported that the larger the improvement in FFR with a PCI, the larger the 

symptomatic relief and the lower the event rate. Indeed, vessel-oriented clinical events were 

significantly more frequent in the lowest tertile of ΔFFR (FFR after PCI – FFR before PCI) while 

a significant association was observed between ΔFFR and symptomatic relief (details 

hereafter). In the second publication, (J Am Call Cardiol), we analyzed the MT group of FAME 
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2 and reported that the composite of death or MI was significantly higher in asymptomatic 

patients than in patients with symptomatic ischemia (details hereafter). 

 

Furthermore, in some specific situations, the validity or even the usefulness of FFR have been 

challenged. In the case of a proximal stenosis in the left anterior descending (LAD) coronary 

artery, the need for a FFR measurement when the diameter stenosis is >50% or the safety of 

deferral when the lesion is significant by visual estimation but negative by FFR are frequent 

questions / concerns (this vessel being considered as prognostic). In another setting, among 

patients with reduced left ventricular function, the validity of FFR has also been challenged 

(concerns about the influence of elevated right filling pressures and lake of data on the safety 

and on the long-term impact of an FFR-guided management strategy in patients with left 

ventricular systolic dysfunction). These 2 situations have been investigated and the results 

presented in this thesis are the abstracts of the following 2 publications: 

• Milkas A, Rueda-Ochoa OL, Fournier S, Muller O, Van Rooij, Franco OH, Collet C, 

Barbato E,  Kavousi M, De Bruyne B 

Ten-Year Survival After FFR-Guided Strategy in Isolated Proximal Left Anterior 

Descending Coronary Stenosis. Matched Comparison with Normal Individuals 

J Am Coll Cardiol. 2019 Sep 10;74(10):1420-1421 

 

• Di Gioia G; De Bruyne B, Pellicano M, Bartunek J, Colaiori , Fiordelisi A, Canciello G, 

Xaplanteris P, Fournier S, Katbeh A, Franco D; Kodeboina M, Morisco C, Van Praet 

F, Casselman F, Degrieck I, Stockman B, Vanderheyden  M;  Barbato E 

Fractional Flow Reserve in patients with reduced ejection fraction 

Eur Heart J. 2019 Aug 16. pii: ehz571. 

In the first publication (J Am Coll Cardiol), we reported that in patients with an isolated stenosis 

in the proximal LAD, medical therapy of FFR-negative stenoses and revascularization of FFR-

positive stenoses is associated with similar survival rates. In the second publication (Eur Heart 
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J), we reported that in patients with reduced LVEF and CAD, FFR-guided revascularization 

was associated with lower rates of death and MACCE at 5 years as compared with an 

angiography-guided strategy. 

 

Finally, it has been demonstrated in patients with stable coronary disease that the FFR-value 

(marker of stenosis severity) is a major and independent predictor of lesion-related outcome 

(37). However, there results are mainly driven by lesions significant by FFR (with a poor 

outcome) and whether it is true or not among a population of non-ischemic patients remained 

unknown. It has been addressed in a pooled FAME 1 and FAME 2 study. The abstract of the 

following publication is presented in this thesis: 

 

• Fournier S, Collet C, Xaplanteris P, Zimmermann FM, Toth GG, Tonino PAL, Pijls 

NHJ, Colaiori I, Di Gioia G, Barbato E, Jüni P, Fearon WF, De Bruyne B. 

Global FFR Value Predicts 5-Year Outcomes in Patients with Coronary 

Atherosclerosis but Without Ischemia  

J Am Heart Assoc. 2020 Dec 15;9(24):e017729. 

 

In this publication based on >1000 patients without significant stenoses or with significant 

stenoses successfully treated by PCI (with post-PCI FFR measurements done), we reported 

that even in the absence of ischemia-producing stenoses, patients with a low global FFR (sum 

of FFR in the 3 vessels) present a higher risk of MACE at 5-year follow-up. In this study, an 

increase in global FFR of 0.1 unit was associated with a significant reduction in the rates of 

MACE, myocardial infarction and revascularization (details hereafter). 

 

We discussed so far in this chapter the benefits of FFR-guided revascularization in patients 

with stable coronary artery disease. However, while this concept has been extensively 

investigated and validated for percutaneous revascularization, whether FFR assessment of 

stenoses as compared to the traditional angiographic evaluation is also related to better 
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outcomes in patients undergoing coronary artery bypass graft surgery remains debated. 

Before the beginning of my PhD, we reported that FFR-guided CABG surgery is associated 

with a significant reduction in the rate of overall death or myocardial infarction at 6-year follow-

up as compared to angiography-guided CABG surgery (38). However, these data were 

retrospective and thus, a trial was mandatory. In this context, the GRAFFITI trial was designed. 

The main results as well as a sub study investigating the changes in surgical revascularization 

strategy after FFR knowledge are presented hereafter and come from 2 publications: 

 
• Toth GG, De Bruyne B, Kala P, Ribichini FL, Casselman F, Ramos R, Piroth Z, 

Fournier S, Piccoli A, Van Mieghem C, Penicka M, Mates M, Nemec P, Van Praet F, 

Stockman B, Degriek I, Barbato E. 

Graft patency after FFR-guided versus angiography-guided coronary artery bypass 

grafting. The GRAFFITI trial. 

EuroIntervention. 2019 Dec 6;15(11):e999-e1005 

 

In this trial where 172 patients were randomized either to the angiography-guided group or to 

the FFR-guided group, the FFR-guided group received fewer anastomoses and at 1-year 

angiographic follow-up, no difference in overall graft patency was observed.  

 

 

 

• Fournier S, Toth GG, De Bruyne B, Kala P, Ribichini FL, Casselman F, Ramos R, 

Piroth Z, Piccoli A, Penicka M, Mates M, Nemec P, Van Praet F, Stockman B, 

Degriek I, Pellicano M, Barbato E.Catheter 

Changes in surgical revascularization strategy after fractional flow reserve. 

Cardiovasc Interv. 2021 Apr 10. doi: 10.1002/ccd.29694.  
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In this GRAFFITI sub-study, the intended and performed strategy (before and after FFR) were 

compared and we reported that FFR-guided CABG is associated with a simplified surgical 

procedure in 55% of the patients, with similar clinical outcomes. 

 

Finally, in order to further demonstrate the benefit of FFR-guidance for CABG surgery, we 

decided to analyze our 6-year follow-up of patients undergoing FFR-guided or angiography-

guided CABG but at a graft level. The results of this study presented hereafter are based on 

the following publication: 

 

• Fournier S, Toth GG, Colaiori I, De Bruyne B, Barbato E 

Long-term patency of coronary artery bypass grafts after Fractional Flow Reserve 

guided implantation 

Circ Cardiovasc Interv. 2019 May;12(5):e007712 

 
In this study, the occlusion rate was significantly lower in the FFR-guided as compared with 

the angiography-guided group.
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Zimmermann FM, Omerovic E, Fournier S, Kelbæk H , Johnson NP, Xaplanteris, P, 

Abdel-Wahab M, Barbato E, Høfsten DE,  Boxma-de Klerk BM, Fearon WF, Køber L, 

Pieter C,  Smits PC, De Bruyne B, Pijls NHJ MD, Engstrøm T 

Fractional Flow Reserve-Guided Percutaneous Coronary Intervention Versus Medical 

Therapy to Reduce Cardiac Death and Myocardial Infarction.   

Eur Heart J. 2019 Jan 7;40(2):180-186 

Aims 

To assess the effect of fractional flow reserve (FFR)-guided percutaneous coronary 

intervention (PCI) with contemporary drug-eluting stents on the composite of cardiac death 

or myocardial infarction (MI) vs. medical therapy in patients with stable coronary lesions. 

Methods and results 

We performed a systematic review and meta-analysis of individual patient data (IPD) of 

the three available randomized trials of contemporary FFR-guided PCI vs. medical therapy 

for patients with stable coronary lesions: FAME 2 (NCT01132495), DANAMI-3-PRIMULTI 

(NCT01960933), and Compare-Acute (NCT01399736). FAME 2 enrolled patients with 

stable coronary artery disease (CAD), while the other two focused on non-culprit lesions in 

stabilized patients after acute coronary syndrome. A total of 2400 subjects were recruited 

from 54 sites world-wide with 1056 randomly assigned to FFR-guided PCI and 1344 to 

medical therapy. The pre-specified primary outcome was a composite of cardiac death or 

MI. We included data from extended follow-ups for FAME 2 (up to 5.5 years follow-up) and 

DANAMI-3-PRIMULTI (up to 4.7 years follow-up).  
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After a median follow-up of 35 months (IQR 12-60 months), a reduction in the composite 

of cardiac death or MI was observed with FFR-guided PCI as compared with medical 

therapy (hazard 

ratio 0.72, 95% 

confidence interval 

0.54-0.96; P = 

0.02). The 

difference between 

groups was driven 

by MI. 

 

Conclusion 

In this IPD meta-analysis of the three available randomized controlled trials to date, FFR-

guided PCI resulted in a reduction of the composite of cardiac death or MI compared with 

medical therapy, which was driven by a decreased risk of MI. 

Figure 1 
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Fournier S, Jüni P, De Bruyne B 

PCI Guided by Fractional Flow Reserve at 5 Years. 

N Engl J Med. 2019 Jan 3;380(1):104-105. 

 

Bogaty correctly points out that a myocardial infarction could have occurred anywhere along 

the coronary vasculature. However, for each reported ischemic event, the FAME 2 

investigators were requested to produce a narrative, including a description of the angiogram 

if available. On the basis of these narratives, we could identify the culprit lesion for 36 of the 

53 myocardial infarctions reported as one of the components of the primary outcome in 

patients in the medical-therapy group of the FAME 2 trial, and we found that 32 of these lesions 

(89%) were hemodynamically significant, with an FFR of 0.80 or less. Our data therefore do 

not support the contention that abrupt occlusions occur predominantly in mild stenoses.  

  



 
   

31 

Fournier S., Ciccarelli G., Toth GG, Milkas A., Xaplanteris P., Fearon WF., Pijls NHJ., 

Barbato E., De Bruyne B. 

Association of Improvement in Fractional Flow Reserve With Outcomes, Including 

Symptomatic Relief, After Percutaneous Coronary Intervention. 

JAMA Cardiol. 2019 Apr 1;4(4):370-374 

 

Importance 

Whether the improvement in myocardial perfusion provided by percutaneous coronary 

intervention (PCI) is associated with symptomatic relief or improved outcomes has not been 

well investigated. 

Objective 

To investigate the prognostic value of the improvement in fractional flow reserve (FFR) after 

PCI (ΔFFR) on patients' symptoms and 2-year outcomes. 

Design, setting, and participants 

This study is a post hoc analysis of data from patients undergoing FFR-guided PCI in the 

randomized clinical trials Fractional Flow Reserve vs Angiography for Multivessel Evaluation 

(FAME) 1 (NCT00267774; 2009) and FAME 2 (NCT01132495; 2012), with inclusion of 2 years 

of follow-up data. The FAME 1 trial included patients with multivessel coronary artery disease 

from 20 medical centers in Europe and the United States. The FAME 2 trial included patients 

with stable coronary artery disease involving up to 3 vessels from 28 sites in Europe and North 

America. Lesions from the group in the FAME 1 trial from whom FFR was measured and the 

group in the FAME 2 trial who received FFR-guided PCI plus medical therapy were analyzed. 

Data analysis occurred from May 2017 to May 2018. 

Interventions:  

Measure of post-PCI FFR. 
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Main outcomes and measures:  

Vessel-oriented clinical events at 2 years, a composite of cardiac death, target vessel-

associated myocardial infarction, and target vessel revascularization. 

Results:  

This analysis included 639 patients from whom pre-PCI and post-PCI FFR values were 

available. Of their 837 

lesions, 277 were classified 

into the lowest tertile 

(ΔFFR≤0.18), 282 into the 

middle tertile (0.19 ≤ ΔFFR 

≤0.31), and 278 into the 

highest tertile (ΔFFR>0.31). Vessel-oriented clinical events were significantly more frequent in 

the lowest tertile (n = 25 of 277 [9.1%]) compared with the highest tertile (n = 13 of 278 [4.7%]; 

hazard ratio, 2.01 [95% CI, 1.03-3.92]; P = .04). In addition, a significant association was 

observed between ΔFFR and symptomatic relief (odds ratio, 1.33 [95% CI, 1.02-1.74]; P = 

.02). 

 

Conclusions and relevance:  

In this analysis of 2 randomized clinical trials, the larger the improvement in FFR, the larger 

the symptomatic relief and the lower the event rate. This suggests that measuring FFR before 

and after PCI provides clinically useful information.

Fi
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 2
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Fournier S , Kobayashi Y, Fearon WF, Collet C, Roza da Costa B, Rioufol G,  Pijls NHJ, 

Jüni P, De Bruyne B  

Asymptomatic Patients with Abnormal Fractional Flow Reserve Treated with 

Medication Alone or with PCI 

J Am Coll Cardiol. 2019 Sep 24;74(12):1642-1644. 

 

 

Background 

Asymptomatic (‘silent’) ischemia portends adverse outcomes.  

 

Objectives 

To investigate whether patients with hemodynamically significant stenoses but without 

symptoms have a worse outcome than patients with symptoms and whether PCI improve 

outcomes in patients with asymptomatic ischemia.   

  

Methods 

In the FAME 2 trial, we analyzed the rates of the composite of all cause death or myocardial 

infarction at 5 years in 887 stable patients with significant stenosis (FFR≤0.80), according to 

their angina class at randomization. All patients were randomly assigned to receive either 

Medical Therapy alone (MT group) or percutaneous coronary intervention+MT (PCI group).  
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Results 

In the MT group, the primary composite of death or MI was significantly higher (31.1% vs. 

14.4%;HR 2.47 [1.38;4.44]; p=0.002) in asymptomatic patients (n=45) than in patients with 

symptomatic ischemia (n=395). Conversely, their rate of non-urgent revascularization was 

significantly lower (17.8% vs. 37.2%;HR 0.44 [0.21;0.89]; p=0.022).  

 

The rate of death or MI in 

asymptomatic patients was 

significantly lower in patients 

randomized to PCI as 

compared with patients 

randomized to MT alone (9.4% 

vs 31.1 %), with a larger benefit 

of PCI in asymptomatic than in 

symptomatic patients 

compared with MT alone 

(HR=0.24 [0.08; 0.66] versus HR=0.85 [0.58; 1.24], P for interaction=0.026). 

 

Conclusions 

In patients with significant stenoses (FFR≤0.80) but no angina, the rate of death or MI is higher 

than in patients with symptomatic ischemia. This difference is abolished by PCI. Symptomatic 

patients receiving MT alone more often cross over to PCI which may protect them from death 

or MI. 
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Milkas A, Rueda-Ochoa OL,  Fournier S, Muller O, Van Rooij, Franco OH, Collet C, Barbato 

E,  Kavousi M, De Bruyne B 

Ten-Year Survival After FFR-Guided Strategy in Isolated Proximal Left Anterior 

Descending Coronary Stenosis. Matched Comparison  with Normal Individuals 

J Am Coll Cardiol. 2019 Sep 10;74(10):1420-1421 

 

Aim.  

To investigate the 10-year survival of patients with an isolated stenosis in the proximal left 

anterior descending coronary artery (LAD) in whom the treatment strategy was based on 

Fractional Flow Reserve (FFR) and compare their survival with a general population control 

group.  

 

Methods.  

In 729 patients with an intermediate stenosis in the proximal LAD and in whom the treatment 

strategy was based on FFR measurements, the rates of all-cause death, of myocardial 

infarction (MI), and of target vessel revascularization (TVR) were followed up during 10 years. 

When FFR was >0.80, medical therapy was chosen (MT group, n=564). When FFR was ≤0.80, 

revascularization therapy was performed (REV group, n= 165). In addition, all-cause mortality 

of the two patient groups was compared with two corresponding control groups from the 

population-based Rotterdam Study using Propensity Score Matching Greedy approach.  

 

Results.  

The follow-up was complete for all-cause mortality and was 90% and 98% complete in the MT 

and REV groups respectively, for MI or TVR. At 10-year, the MT and REV groups did not differ 

significantly for all-cause mortality (hazard ratio [HR] 0.97; 95% Confidence Interval [CI]: 0.67 
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to 1.40). In contrast, when 

compared to their respective control 

groups, all-cause mortality was 

significantly higher in the MT group 

(hazard ratio [HR] 1.64; 95% 

Confidence Interval [CI]: 1.24 to 

2.16) and in the REV group (hazard 

ratio [HR] 1.83; 95% Confidence 

Interval [CI]: 1.83; 1.08 to 3.09).  

 

Conclusions.   

In patients with an isolated stenosis in the proximal LAD, medical therapy for FFR-negative 

stenoses and revascularization of FFR-positive stenoses is associated with similar survival 

rates. Yet, regardless of the treatment strategy, these patients have a significantly higher all-

cause death than their matched controls without known CAD.  
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Di Gioia G; De Bruyne B, Pellicano M, Bartunek J, Colaiori , Fiordelisi A, Canciello G, 

Xaplanteris P, Fournier S, Katbeh A, Franco D; Kodeboina M, Morisco C, Van Praet F, 

Casselman F, Degrieck I, Stockman B, Vanderheyden  M;  Barbato E 

Fractional Flow Reserve in patients with reduced ejection fraction 

Eur Heart J . 2020 May 1;41(17):1665-1672.   

 

Aims 

Fractional flow reserve (FFR) has never been investigated in patients with reduced ejection 

fraction and associated coronary artery disease (CAD). We evaluated the impact of FFR on 

the management strategies of these patients and related outcomes. 

Methods and results 

From 2002 to 2010, all consecutive patients with left ventricular ejection fraction (LVEF) ≤50% 

undergoing coronary angiography with ≥1 intermediate coronary stenosis [diameter stenosis 

(DS)% 50-70%] treated based on angiography (Angiography-guided group) or according to 

FFR (FFR-guided group) were screened for inclusion. In the FFR-guided group, 433 patients 

were matched with 866 contemporary patients of the Angiography-guided group. For outcome 

comparison, 617 control patients with LVEF >50% were included. After FFR, stenotic vessels 

per patient were significantly downgraded compared with the Angiography-guided group (1.43 

± 0.98 vs. 1.97 ± 0.84; P < 0.001).  
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This was associated with lower revascularization rate (52% vs. 62%; P < 0.001) in the FFR-

guided vs. the Angiography-guided group. All-cause death at 5 years of follow-up was 

significantly lower in the FFR-guided as compared with Angiography-guided group [22% vs. 

31%. HR (95% CI) 0.64 (0.51-0.81); P < 0.001]. Similarly, rate of major adverse cardiovascular 

and cerebrovascular events (MACCE: composite of all-cause death, myocardial infarction, 

revascularization, and stroke) was significantly lower in the FFR-guided group [40% vs. 46% 

in the Angiography-guided group. HR (95% CI) 0.81 (0.67-0.97); P = 0.019]. Higher rates of 

death and MACCE were observed in patients with reduced LVEF compared with the control 

cohort. 

Conclusions 

In patients with reduced LVEF and CAD, FFR-guided revascularization was associated with 

lower rates of death and MACCE at 5 years as compared with the Angiography-guided 

strategy. This beneficial impact was observed in parallel with less coronary artery bypass 

grafting and more patients deferred to percutaneous coronary intervention or medical therapy. 

Figure 5 
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Fournier S, Collet C, Xaplanteris P, Zimmermann FM, Toth GG, Tonino PAL, Pijls NHJ, 

Colaiori I, Di Gioia G, Barbato E, Jüni P, Fearon WF, De Bruyne B. 

Global FFR Value Predicts 5-Year Outcomes in Patients with Coronary Atherosclerosis 

but Without Ischemia  

J Am Heart Assoc. 2020 Dec 15;9(24):e017729. 

 

Background 

Global fractional flow reserve (FFR) - i.e. the sum of the FFR values in the three major coronary 

arteries - is a physiologic correlate of global atherosclerotic burden. The objective of the 

present study was to investigate the value of global FFR in predicting long-term clinical 

outcome of patients with stable coronary artery disease but no ischemia-inducing stenosis. 

   

Methods and Results 

We studied major adverse cardiac events (MACE:all-cause death, myocardial infarction and 

any revascularization) after 5 years in 1,122 patients without significant stenosis (all 

FFR>0.80,n=275) or with at least one significant stenosis successfully treated by PCI (i.e. post-

PCI FFR >0.80,n=847). The patients were stratified into low, mid or high tertiles of global FFR 

(≤2.80; 2.80-2.88; ≥2.88).   

 

Patients in the lowest tertile of global FFR showed the highest 5-year MACE rate compared to 

those in the mid or high tertile of global FFR (27.5% vs. 22.0 and 20.9%, respectively;log-rank 

p=0.040). The higher 5-year MACE rate was mainly driven by a higher rate of revascularization 

in the low global FFR group (16.4% vs. 11.3% and 11.8%, respectively, log-rank p=0.038).  
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In a multivariable model, an increase in global FFR of 0.1 unit was associated with a significant 

reduction in the rates of MACE (HR=0.988, 95% CI 0.977 to 0.998; p=0.023), myocardial 

infarction (HR=0.982, 95% CI 0.966 to 0.998;p=0.032) and revascularization (HR=0.985, 95% 

CI 0.972 to 0.999];p=0.040). 

 

Conclusions 

Even in the absence of ischemia-producing stenoses, patients with a low global FFR, 

physiologic correlate of global atherosclerotic burden, present a higher risk of MACE at 5-year 

follow-up.  
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41 

 

Toth GG, De Bruyne B, Kala P, Ribichini FL, Casselman F, Ramos R, Piroth Z, Fournier S, 
Piccoli A, Van Mieghem C, Penicka M, Mates M, Nemec P, Van Praet F, Stockman B, 

Degriek I, Barbato E. 

Graft patency after FFR-guided versus angiography-guided coronary artery bypass grafting. 

The GRAFFITI trial. 

EuroIntervention. 2019 Dec 6;15(11):e999-e1005 

 

Aims: The aim of this study was to assess prospectively the clinical benefits of fractional flow 

reserve (FFR) in guiding coronary artery bypass grafting (CABG). 

Methods and results: GRAFFITI is a single-blinded, prospective, multicentre, randomised 

controlled trial of FFR-guided versus angiography-guided CABG. We enrolled patients 

undergoing coronary angiography, having a significantly diseased left anterior descending 

artery or left main stem and at least one more major coronary artery with intermediate stenosis, 

assessed by FFR. Surgical strategy was defined based on angiography, blinded to FFR values 

prior to randomisation. After randomisation, patients were operated on either following the 

angiography-based strategy (angiography-guided group) or according to FFR, i.e., with an FFR 

≤0.80 as cut-off for grafting (FFR-guided group). The primary endpoint was graft patency at 12 

months.  

Between March 2012 and December 2016, 

172 patients were randomised either to the 

angiography-guided group (84 patients) or to 

the FFR-guided group (88 patients). The 

patients had a median of three [3; 4] lesions; 

diameter stenosis was 65% (50%; 80%), FFR 

was 0.72 (0.50; 0.82). Compared to the 

angiography-guided group, the FFR-guided 

group received fewer anastomoses (3 [3; 3] vs  

2 [2; 3], respectively; p=0.004). One-year angiographic follow-up showed no difference in 

overall graft patency (126 [80%] vs 113 [81%], respectively; p=0.885). One-year clinical follow-

up, available in 98% of patients, showed no difference in the composite of death, myocardial 

infarction, target vessel revascularisation and stroke. 

Figure 7 
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Conclusions: FFR guidance of CABG has no impact on one-year graft patency, but it is 

associated with a simplified surgical procedure. 
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Fournier S, Toth GG, De Bruyne B, Kala P, Ribichini FL, Casselman F, Ramos R, Piroth Z, 

Piccoli A, Penicka M, Mates M, Nemec P, Van Praet F, Stockman B, Degriek I, Pellicano M, 

Barbato E.  

Changes in surgical revascularization strategy after fractional flow reserve.  

Catheter Cardiovasc Interv . 2021 Apr 10.  doi: 10.1002/ccd.29694.  Online ahead of print. 

Aims: In the randomized GRAFFITI trial, surgeons drew their strategy based on coronary 

angiography. When patients were randomized to fractional flow reserve (FFR)-guidance, 

surgeons were informed of the FFR values and asked to redraw their strategy. The aim of 

this study was to investigate the changes induced by FFR knowledge. 

Methods and results: The intended and performed strategy (before and after FFR) were 

compared. Among 172 patients, 84 with 300 lesions were randomized to the FFR-guided 

group. The intended strategy was to bypass 236 stenoses:108 with a venous and 128 with 

an arterial graft. After disclosing FFR, a change in strategy occurred in 64 lesions (21.3%) of 

48 (55%) patients. Among 64 lesions for which the intended strategy was medical therapy, 

16 (25%) were bypassed after disclosing FFR. The number of procedures with >1 venous 

graft planned was significantly reduced from 37 to 27 patients (p = .031). The proportion of 

on-pump surgery was significantly reduced from 71 to 61 patients (p = .006). The rates of 

clinical events at 1 year were similar between patients with or without at least one change in 

strategy. 

Discussion: FFR-guided CABG is associated with a simplified surgical procedure in 55% of 

the patients, with similar clinical outcomes. 
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Fournier S, Toth GG, Colaiori I, De Bruyne B, Barbato E 

Long-term patency of coronary artery bypass graftsafter Fractional Flow Reserve guided 

implantation 

Circ Cardiovasc Interv. 2019 May;12(5):e007712 

 

At 6 years, 76 of 512 (15%) grafts were occluded. The proportion of occluded venous grafts 

was significantly higher than the proportion of occluded arterial grafts (24% versus 10%, 

respectively; HR=2.25 [1.43–3.55]; P value <0.001). When considering all grafts, occlusion 

rate was significantly lower in the FFR-guided as compared with the angiography-guided group 

(9% versus 17%, respectively; P value, 0.024; HR=0.49 [0.26–0.92]; Figure [A]). Likewise, 

among the arterial grafts, a lower occlusion rate was observed in the FFR-guided group (5% 

versus 12%, respectively; HR=0.33 [0.13–0.87]; P value =0.018; Figure [B]). Of importance, in  

 

 

arterial grafts, FFR guidance was the only predictor of graft patency with a 3-fold probability of 

patent grafts at 6-year follow-up (HR, 2.99 [1.153–7.781]). In contrast, among venous grafts, 

occlusion rate was similar both in the FFR-guided and in the angiography-guided group (10% 

versus 14%; HR=1.61 [0.68–3.82]; P value =0.272). The P value for interaction (guidance/type 

of graft) was significant (P=0.017). 

 

 

  

Figure 8 



 
   

45 

4. CHAPTER II : Beyond pressure :  
the coronary artery absolute flow 

II 
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Introduction and overview of Chapter 2  
 
 
 
While the previous Chapter was focused on FFR, this metric only reflects the contribution of 

epicardial stenoses to the potential decrease of the myocardial perfusion. However, the 

coronary blood flow essential for proper myocardial function is also influenced by the state of 

the microcirculation (39, 40). To investigate this latter, measurements of microvascular 

resistances are required. The Index of Microcirculatory Resistance (IMR) – based on manual 

injections of boluses of saline - has been introduced as an indirect marker (41) allowing an 

improved risk stratification on top of FFR among patient with intermediate coronary lesions 

and FFR >0.8 (42). However, IMR is an index but not a measurement tool allowing to quantify 

the function of the microcirculation in absolute terms. Before the beginning of my PhD, we 

reported a method based on continuous thermodilution allowing to obtain both absolute 

coronary blood flow and absolute microvascular resistance (43). Briefly, this is obtained by 

infusing saline (at room temperature) with a known and chosen infusion rate through a 

dedicated monorail catheter (Rayflow, Hexacath, Paris, France). A pressure/temperature 

sensor-tipped guidewire (similar to the one used to measure FFR) is then used to measure the 

temperature of saline as it enters the vessel, the temperature of the blood and saline mixed in 

the distal part of the vessel, together with the distal coronary pressure.  

 

We used this technology (ie the ability to measure the coronary absolute flow) to demonstrate 

a fundamental principle of FFR: the assumption that the relationship between flow and 

pressure during hyperemia is linear. This principle has been described in anesthetized animals 

but had never been demonstrated in humans. The demonstration of this linear relationship has 

been demonstrated in a research letter which is included in this thesis:  
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• Fournier S, Colaiori I, Di Gioia g, Mizukami T, De Bruyne B 

Hyperemic Pressure-Flow Relationship in Man 

J Am Coll Cardiol. 2019 Mar 19;73(10):1229-1230. 

To demonstrate it, immediately after a PCI of a proximal LAD stenosis, a RayFlow 

catheter (Hexacath, Paris, France) was advanced over a pressure/temperature sensor wire in 

the proximal LAD. Over the regular wire that was used for the PCI, a semi compliant balloon 

was advanced in the stented segment. Saline at room temperature was infused at 20 ml/min 

through the RayFlow catheter to measure hyperemic absolute flow. Under this steady 

state hyperemia, the balloon catheter was slowly inflated to obtain a graded, controlled 

stenosis. In this setting, we were able to demonstrate the linearity of the flow-pressure 

relationship in humans.  

 

The use of this new technology based on continuous thermodilution that enables the 

quantification of absolute coronary blood flow and absolute microvascular resistance opens 

doors to new field of research, but an important prerequisite for its clinical application was the 

definition of normal values. This was one of the objectives of this thesis. The results presented 

hereafter are the abstract of the following publication: 

 

• Fournier S, Keulards DCJ, van 't Veer M, Colaiori I, Di Gioia G, Zimmermann FM, 

Mizukami T, Nagumo S, Kodeboina M, El Farissi M, Zelis JM, Sonck J, Collet C, Pijls 

NHJ, De Bruyne B.  

Normal Values of Thermodilution-Derived Absolute Coronary Blood Flow and 

Microvascular Resistance in Humans. 

EuroIntervention. 2021 Jul 20;17(4):e309-e316. 

 

In this study including 25 “normal patients”, thermodilution-derived hyperemic flow and total, 

epicardial, and microvascular absolute resistances were measured allowing us to report 

“normal values” for the first time. 
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In the early stages of the use of this technology, it appeared that intracoronary infusion of 

saline at room temperature at the rates of 15 to 20 mL/min through the lateral side-holes of the 

dedicated catheter induced hyperemia but that infusion of saline at lower rates (5 and 

10 mL/min) did not. Of interest, saline infused at 20 mL/min through an end hole instead of 

side holes did not induce maximal hyperemia. Accordingly, it challenged us to investigate the 

mechanisms of this hyperemic response (in animals) and we suggested that this hyperemia 

might be induced by epicardial wall vibrations. The report of these investigations present in 

this manuscript is the abstract of the following publication:  

 

 

• Adjedj J, Picard F, Collet C, Bruneval P, Fournier S, Bize A, Sambin L, Berdeaux A, 

Varenne O, De Bruyne B, Ghaleh B. 

Intracoronary Saline-Induced Hyperemia During Coronary Thermodilution 

Measurements of Absolute Coronary Blood Flow: An Animal Mechanistic Study.  

J Am Heart Assoc. 2020 Jul 21:e015793.  

 

In this publication, we report the analyses based on our experiments on 20 open chest pigs 

where different potential mechanisms of saline-induced hyperemia were compared versus 

adenosine by testing various infusion rates / infusion content and temperature as well as NO 

production inhibition with L-arginine methyl ester and endothelial denudation or also effects of 

vibrations generated by rotational atherectomy. These different investigations showed us that 

vasodilation is related neither to the composition/temperature of the indicator nor is it 

endothelial mediated but that it could be elicited by epicardial wall vibrations. 

 

These different investigations showed us that the infusion of saline at room temperature 

allowed us to measure accurately coronary flow during hyperemia, but we also decided to test 

the method to investigate whether continuous coronary thermodilution using lower infusion 
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rates also enables coronary blood flow measurements at rest. The report of these 

investigations present in this manuscript is the abstract of the following publication:  

 

• Thermodilution-Derived Volumetric Resting Coronary Blood Flow Measurement in 

Humans. 

Gallinoro E, Candreva A, Colaiori I, Kodeboina M, Fournier S, Nelis O, Di Gioia G, 

Sonck J, van 't Veer M, Pijls NHJ, Collet C, De Bruyne B. 

EuroIntervention. 2021 Feb 2:EIJ-D-20-01092. doi: 10.4244/EIJ-D-20-01092 

Online ahead of print.PMID: 33528358 

In this study, we observed - as compared to baseline - that saline infusion at 10 mL/min did 

not change Pd/Pa (no hyperemia) but that stable thermodilution tracings were obtained. Thus, 

continuous thermodilution can quantify absolute resting coronary blood flow and therefore, it 

can be also be used to calculate coronary flow reserve and microvascular resistance reserve. 

 

While the first step in the introduction of a new method is the demonstration of its safety and 

of its reproducibility, we tried to confirm its excellent accuracy using it in the specific context of 

coronary bifurcations where the flow in the main artery equals the sum of the flows in the 2 

daughter arteries. The report of these investigations present in this manuscript is the abstract 

of the following publication: 

 

• Candreva A, Gallinoro E, Fournier S, Izaga E, Finet G, De Bruyne B, Gutiérrez-

Barrios A. 

Absolute Blood Flow in the Left Main Coronary Artery and Its Distribution. 

JACC Cardiovasc Interv. 2021 Feb 22;14(4):482-484. 
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Using the left main coronary artery (LMCA) as well as the Left Anterior Descending (LAD) and 

Circumflex (LCX) coronary arteries, we measured the flow in these 3 vessels and by reporting 

that QLMCA = QLAD + QLCx, we confirmed the accuracy of thermodilution-derived flow 

measurements and its application in the LMCA.  

As the flow in a coronary artery is closely linked to the myocardial mass depending on this 

coronary artery, the calculation of myocardial mass at risk when a coronary stenosis is seen 

on a CT would be an extremely interesting perspective, especially in the era of FFR-CT where 

fluid dynamic is computed. Accordingly, we conducted a study in which our aim was to 

compare relative territorial-based CTmass assessment with relative flow distribution. Its results 

presented here come from the abstract of the following publication: 

 
 

• Keulards DCJ*, Fournier S*, van 't Veer M, Colaiori I, Zelis JM, El Farissi M, 

Zimmermann FM, Collet C, De Bruyne B, Pijls NHJ  

Computed tomographic myocardial mass compared with invasive myocardial 

perfusion measurement. 

Heart . 2020 Oct;106(19):1489-1494. 

* equally contributed 

In this study based on 35 patients with (near) normal coronary arteries who also underwent a 

cardiac CT to calculate the myocardial mass and who then underwent flow measurement in all 

3 major coronary arteries by continuous thermodilution, mass and flows were calculated as 

relative percentages of total mass and perfusion. We observed an intraclass correlation 

between the two techniques of 0.90 and accordingly, we demonstrated the existence of a close 

relationship between the relative mass of the perfusion territory calculated by the specific CT 

algorithm and invasively measured myocardial perfusion. 
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Finally, given the rapid development of this technology and the reliability of the measurements, 

we wrote a State-of-the-Art Review whose abstract is presented in the manuscript:  

 

• Candreva A, Gallinoro E, van 't Veer M, Sonck J, Collet C, Di Gioia G, Kodeboina M, 

Mizukami T, Nagumo S, Keulards D, Fournier S, Pijls NHJ, De Bruyne B. 

Basics of Coronary Thermodilution. 

JACC Cardiovasc Interv. 2021 Mar 22;14(6):595-605.



 52 

Fournier S, Colaiori I, Di Gioia g, Mizukami T, De Bruyne B 

Hyperemic Pressure-Flow Relationship in Man 

J Am Coll Cardiol. 2019 Mar 19;73(10):1229-1230. 

 
 
Fractional flow reserve (FFR) represents the ratio of hyperemic flow in the presence of an 

epicardial stenosis to hyperemic flow in the hypothetical absence of this stenosis. FFR can be 

calculated from hyperemic pressure measurements, provided the relationship between flow 

and pressure during hyperemia is linear. This linearity, which constitutes the cornerstone of 

the concept, has been described in anesthetized open-chest dogs but has never been 

demonstrated in humans. The relationship between coronary flow and coronary driving 

pressure during maximal microvascular vasodilation was investigated in 1 patient immediately 

upon percutaneous coronary intervention (PCI). 

 
  Figure 9 
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Fournier S, Keulards DCJ, van 't Veer M, Colaiori I, Di Gioia G, Zimmermann FM, Mizukami 

T, Nagumo S, Kodeboina M, El Farissi M, Zelis JM, Sonck J, Collet C, Pijls NHJ, De Bruyne 

B.  

Normal Values of Thermodilution-Derived Absolute Coronary Blood Flow and Microvascular 

Resistance in Humans. 

EuroIntervention . 2021 Jul 20;17(4):e309-e316.  

 
 

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),vessel-specific 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). 

Conclusions: 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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Adjedj J, Picard F, Collet C, Bruneval P, Fournier S, Bize A, Sambin L, Berdeaux A, 

Varenne O, De Bruyne B, Ghaleh B. 

Intracoronary Saline-Induced Hyperemia During Coronary Thermodilution Measurements of 

Absolute Coronary Blood Flow: An Animal Mechanistic Study.  

J Am Heart Assoc. 2020 Jul 21:e015793.  

 

 

Background  

Absolute hyperemic coronary blood flow and microvascular resistances can be measured by 

continuous thermodilution with a dedicated infusion catheter. We aimed to determine the 

mechanisms of this hyperemic response in animal.  

 

Methods and Results 

Twenty open chest pigs were instrumented with flow probes on coronary arteries. The following 

possible mechanisms of saline-induced hyperemia were explored compared with maximal 

hyperemia achieve with adenosine by testing: (1) 

various infusion rates; (2) various infusion content 

and temperature; (3) NO production inhibition with L-

arginine methyl ester and endothelial denudation; (4) 

effects of vibrations generated by rotational 

atherectomy and of infusion through one end-hole 

versus side-holes. Saline infusion rates of 5, 10 and 

15 mL/min did not reach maximal hyperemia as 

compared with adenosine. Percentage of coronary 

blood flow expressed in percent of the coronary blood 

flow after adenosine were 48±17% at baseline,  

 

57±18% at 5 mL/min, 65±17% at 10 mL/min, 82±26% at 15 mL/min and 107±18% at 20 

mL/min. 

  

 

Maximal hyperemia was observed during infusion of both saline at body temperature and 

glucose 5%, after endothelial denudation, l-arginine methyl ester administration, and after stent 

implantation. The activation of a Rota burr in the first millimeters of the epicardial artery also 

induced maximal hyperemia. Maximal hyperemia was achieved by infusion through lateral 

side-holes but not through an end-hole catheter. 

Figure 10 
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Conclusions  

Infusion of saline at 20 mL/min through a catheter with side holes in the first millimeters of the 

epicardial artery induces maximal hyperemia. The data indicate that this vasodilation is related 

neither to the composition/temperature of the indicator nor is it endothelial mediated. It is 

suggested that it could be elicited by epicardial wall vibrations. 

  



 
   

56 

Gallinoro E, Candreva A, Colaiori I, Kodeboina M, Fournier S, Nelis O, Di Gioia G, Sonck J, 

van 't Veer M, Pijls NHJ, Collet C, De Bruyne B. 

Thermodilution-Derived Volumetric Resting Coronary Blood Flow Measurement in Humans. 

EuroIntervention. 2021 Feb 2:EIJ-D-20-01092. doi: 10.4244/EIJ-D-20-01092. Online ahead of 

print. 

 

Background: Quantification of microvascular function requires the measurement of flow and 

resistance at rest and during hyperemia. Continuous intracoronary thermodilution accurately 

measures coronary flow during hyperemia. 

Aims: To study whether continuous coronary thermodilution using lower infusion rates also 

enables volumetric coronary blood flow measurements (in mL/min) at rest. 

Methods: In 59 patients (88 arteries), the ratio of distal to proximal coronary pressure (Pd/Pa), 

as well as absolute blood flow (in mL/min) by continuous thermodilution, were recorded using 

a pressure/temperature guide wire. Saline was infused at rates of 10 and 20 mL/min. In 27 

arteries, Doppler average peak velocity (APV) was measured simultaneously. Pd/Pa, APV, 

thermodilution-derived coronary flow reserve (CFRthermo) and coronary flow velocity reserve 

(CFVR) were assessed. In 10 arteries, simultaneous recordings were obtained at saline 

infusion rates of 6, 8, 10 and 20 mL/min. 

Results: Compared to baseline, saline infusion at 10 mL/min did not change Pd/Pa (0.95±0.05 

versus 0.94±0.05, p=0.49) nor APV (22±8 versus 23±8 cm/s, p=0.60); conversely, an infusion 

rate of 20 mL/min induced a decrease in Pd/Pa and an increase in APV. Stable thermodilution 

tracings were obtained during saline infusion at 8 and 10 mL/min, but not at 6 mL/min. Mean 

values of CFRthermo and CFVR were similar (2.78±0.91 versus 2.76±1.06, p=0.935) and their 

individual values correlated closely (r=0.89, 95%CI 0.78 - 0.95, p<0.001). 
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Conclusions: In addition to hyperemic flow, continuous thermodilution can quantify absolute 

resting coronary blood flow; therefore it can be used to calculate coronary flow reserve and 

microvascular resistance reserve. 
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Candreva A, Gallinoro E, Fournier S, Izaga E, Finet G, De Bruyne B, Gutiérrez-Barrios A 

Absolute Blood Flow in the Left Main Coronary Artery and Its Distribution. 

JACC Cardiovasc Interv. 2021 Feb 22;14(4):482-484. 

 

 

Twenty patients (mean age 70 ± 13 years, 30% female, 85% with angina) were analyzed. 

Mean measured flows were 261 ± 108 (range from 105 to 540) ml/min, 183 ± 67 (range 72 to 

339) ml/min, and 443 ± 117 (range 213 to 718) ml/min in the LAD, LCX, and LMCA, 

respectively. The sum of QLAD and QLCx (444 ± 124 ml/min; p = 0.87) correlated well with 

QLMCA (Pearson’s r = 0.94; Passing-Bablok intercept = −28.2 [95% confidence 

interval: −109.2 to 27.4] and slope = 1.06 [95% confidence interval: 0.94 to 1.21] (Figure). 

Likewise, the Bland-Altman analysis showed a good agreement (mean bias −1.45) with a 

moderate spread (SD = ±41.03). 

 

Our study confirmed the law 

of conservation of flow 

during hyperemia, such that 

QLMCA = QLAD + QLCx. 

At the same time, this close 

correlation confirmed the 

accuracy of thermodilution- 

 

derived flow measurements and validated its application in the LMCA. It is important to note 

that the flow measured is the one at the level of the side holes of the infusion catheter, and not 

at the level of the temperature sensor. 

 

Figure 11 
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Keulards DCJ*, Fournier S*, van 't Veer M, Colaiori I, Zelis JM, El Farissi M, Zimmermann 

FM, Collet C, De Bruyne B, Pijls NHJ  

Computed tomographic myocardial mass compared with invasive myocardial perfusion 

measurement. 

Heart . 2020 Oct;106(19):1489-1494. 

* equally contributed 

Objective:  
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 CT algorithm (FFRCT). Calculation of 

myocardial mass at risk by that same set of CT data (CTmass), however, has not been 

prospectively validated so far. The aim of the present study was to compare relative territorial-

based CTmass assessment with relative flow distribution, which is closely linked to true 

myocardial mass. 

Methods:  
In this exploratory study, 35 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 territory, -2.0±7.4% for the left circumflex 

territory and -3.2±3.4% for the right coronary artery 

territory. The intraclass correlation between the two 

techniques was 0.90. 

 

 
Figure 12 
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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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Candreva A, Gallinoro E, van 't Veer M, Sonck J, Collet C, Di Gioia G, Kodeboina M, 

Mizukami T, Nagumo S, Keulards D, Fournier S, Pijls NHJ, De Bruyne B. 

Basics of Coronary Thermodilution. 

JACC Cardiovasc Interv. 2021 Mar 22;14(6):595-605. 

Coronary microvascular dysfunction is a highly prevalent condition in both obstructive and 

nonobstructive coronary artery disease. Intracoronary thermodilution is a promising technique 

to investigate coronary microvascular (dys)function in vivo and to assess its most important 

metric: microvascular resistance. Here, the authors provide a practical review of bolus and 

continuous thermodilution for the measurement of coronary flow and microvascular resistance. 

The authors describe the basic principles of indicator-dilution theory and of coronary 

thermodilution and detail the practicalities of their application in the catheterization laboratory. 

Finally, the authors discuss contemporary clinical applications of coronary thermodilution-

based microvascular assessment in humans and future perspectives. 
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5. CHAPTER III : Beyond the wire :  
angiography-Derived FFR 

III 
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Introduction and overview of Chapter 3 
 

In the Chapter I, the better clinical outcomes of patients in whom fractional flow reserve (FFR) 

was measured to guide revascularization were illustrated by different studies (1, 28). However, 

despite its numerous advantages and its recommendations in the clinical guidelines, FFR 

remains underused (44). Different reasons are often cited (18) such as the time required to 

measure an FFR, the cost of the wire, the potential technical challenges (tortuous anatomy for 

example), the small risk associated with maneuvering a pressure wire down a coronary artery, 

the multiplicity of these challenges to assess multiple vessels, some potential technical issues 

(drift) or even potential side effects with hyperemic agents. For these different limitations, 

techniques for calculating FFR without the need of a pressure wire or hyperemic agent but 

based on images obtained during an invasive coronary angiography have been developed. 

During this thesis, several works were made with this technology and using 2 different 

software: QFR from MEDIS and FFRangio from Cathworks. 

The first challenge of these new software was of course their accuracy as compared to the 

invasive gold standard (FFR). During this thesis, we have been involved in the FAST-FFR trial 

comparing FFRangio versus invasive FFR (comparison of QFR with invasive FFR having already 

being done (45)). The results presented in this manuscript are the abstract of the following 

publication: 

 
• Fearon WF, Achenbach S , Engstrom T , Assali A, Shlofmitz R , Jeremias A , 

Fournier S , Kirtane AJ, Kornowski R , Greenberg G , Jubeh R , Kolansky DM , 

McAndrew T , Dressler O, Maehara A , Matsumura M , Leon MB , De Bruyne B  

Accuracy of Fractional Flow Reserve Derived From Coronary Angiography 

Circulation. 2019 Jan 22;139(4):477-484.  
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In this trial based on 301 subjects and 319 vessels, the per-vessel sensitivity and specificity 

were 94% (95% CI, 88% to 97%) and 91% (86% to 95%), respectively. The diagnostic 

accuracy of FFRangio was 92%.  

Of interest, the performance of FFRangio and QFR were compared in a meta-analysis which 

concluded that computational approaches and software packages did not influence the 

diagnostic accuracy of angiography-derived FFR (46). 

 

As this trial demonstrated an excellent accuracy, we went on with the comparisons using 

FFRangio but this time, we compared its accuracy versus the different invasive non-hyperemic 

pressure ratios (NHPRs). The results presented in this manuscript are based on the following 

publication: 

 
 

• Johnson NP, Mahaera A, Achenbach S, Engstrom T, Assali A, Jeremias A, Fournier 

S, De Bruyne B, Leon MB, Fearon WF,  

Angiography-derived fractional flow reserve versus invasive non-hyperemic pressure 

ratios 

J Am Coll Cardiol. 2019 Jun 25;73(24):3232-3233. 

In this study also based on the FAST-FFR trial, the accuracy against invasive FFR ≤0.80 was 

92.4% for FFRangio, 85.3% for Pd/Pa, and 82.7% for iFR and dPR. Furtheremore, FFRangio 

agrees more often with invasive FFR than any of 3 NHPRs.  

 

Finally, to end up with these comparisons, we also analyzed the diagnostic performance of 

FFRangio versus FFR in various subgroups of patients. The results presented in this manuscript 

are the abstract of the following publication : 
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• Kobayashi Y, Collet C, Achenbach S, Engstrøm T, Assali A, Shlofmitz RA, Fournier 

S, Kirtane AJ, Ali ZA, Kornowski R, Leon MB, De Bruyne B, Fearon WF 

Diagnostic performance of angiography-based fractional flow reserve by patient and 

lesion characteristics 

EuroIntervention. 2020 May 4:EIJ-D-19-00933.  

 

In this other FAST-FFR sub study, we investigated the diagnostic performance of FFRangio in 

specific patient or lesion characteristics such as high body mass index, presentation with an 

acute coronary syndrome, or lesion location. We concluded that FFRangio keeps a high 

diagnostic performance regardless these different situations. 

 
The validations of these new tools having been made in the context of patients with stable 

coronary artery disease with epicardial stenoses, time came to investigate them in different 

context such as post-PCI. This was done using the angiograms of the DOCTORS trial. In this 

trial, 240 patients with non-ST-segment elevation acute coronary syndromes were randomized 

to OCT-guided PCI or to fluoroscopy-guided and the primary end point was the functional result 

of PCI assessed by the measure of post PCI FFR. This latter measure what used for our study:  

 
 

 
• Rubimbura V, Guillon B, Fournier S, Amabile N, Chi Pan C, Combaret N, Eeckhout 

E, Kibler M, Silvain J, Wijns W, Schiele F, Muller O, Meneveau N, Adjedj J. 

Quantitative flow ratio virtual stenting and post stenting correlations to post stenting 

fractional flow reserve measurements from the DOCTORS (Does Optical Coherence 

Tomography Optimize Results of Stenting) study population. 

Catheter Cardiovasc Interv. 2020 Nov;96(6):1145-1153. 

In this study, we analyzed post-PCI QFR from the angiographies of DOCTOR and compared 

them to the post-PCI FFR values. We observed that the correlation coefficient between post-
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PCI FFR and post-PCI QFR was 0.79 (95% CI: 0.70–0.86). A Bland Altman analysis showed 

a bias of 0.01 ± 0.03 with 95% limits of agreement of −0.06 to 0.08. 

 

Finally, we also used this technology (QFR) in a totally different way as we aimed to 

characterize the hemodynamic impact of mild coronary artery disease using QFR in a 

population of patients with only non-significant CAD at baseline that subsequently experienced 

a myocardial infarction in order to see if coronary stenoses that are subsequently responsible 

for a myocardial infarction exhibit lower QFR years before. The results presented in this 

manuscript are the abstract of the following publication : 

 

• Future culprit detection based on angiography-derived FFR. 

Pagnoni M, Meier D, Candreva A, Maillard L, Adjedj J, Collet C, Mahendiran T, Cook 

S, Mujcinovic A, Dupré M, Rubimbura V, Roguelov C, Eeckhout E, De Bruyne B, 

Muller O, Fournier S. 

Catheter Cardiovasc Interv. 2021 Apr 29. doi: 10.1002/ccd.29736. Online ahead of 

print 

 

In this pilot study, future culprit lesions (FCL) had lower QFR values than non-future culprit 

lesions (NCL). Of interest, in lesions with an interval < 2 years between baseline angiography 

and myocardial infarction, the difference in QFR was more pronounced compared to the 

lesions with a longer interval (FCL: 0.92 [0.85; 0.97] vs. NCL: 0.98 [0.94; 1.00], p < .001 and 

FCL: 0.96 [0.88; 1.00] vs. NCL: 0.98 [0.96;1.00], p = .006 respectively). 
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Fearon WF, Achenbach S , Engstrom T , Assali A, Shlofmitz R , Jeremias A , Fournier S , 

Kirtane AJ, Kornowski R , Greenberg G , Jubeh R , Kolansky DM , McAndrew T , Dressler O, 

Maehara A , Matsumura M , Leon MB , De Bruyne B  

Accuracy of Fractional Flow Reserve Derived From Coronary Angiography 

Circulation. 2019 Jan 22;139(4):477-484.  

 

Background: Measuring fractional flow reserve (FFR) with a pressure wire remains 

underutilized because of the invasiveness of guide wire placement or the need for a hyperemic 

stimulus. FFR derived from routine coronary angiography (FFRangio) eliminates both of these 

requirements and displays FFR values of the entire coronary tree. The FFRangio Accuracy 

versus Standard FFR (FAST-FFR) study is a prospective, multicenter, international trial with 

the primary goal of determining the accuracy of FFRangio. 

Methods: Coronary angiography was performed in a routine fashion in patients with suspected 

coronary artery disease. FFR was measured in vessels with coronary lesions of varying 

severity using a coronary pressure wire and hyperemic stimulus. Based on angiograms of the 

respective arteries acquired in ≥2 different projections, on-site operators blinded to FFR then 

calculated FFRangio using proprietary software. Coprimary end points were the sensitivity and 

specificity of the dichotomously scored FFRangio for predicting pressure wire-derived FFR using 

a cutoff value of 0.80. The study was powered to meet prespecified performance goals for 

sensitivity and specificity. 

Results: Ten centers in the United States, Europe, and Israel enrolled a total of 301 subjects 

and 319 vessels meeting inclusion/exclusion criteria which were included in the final analysis. 

The mean FFR was 0.81 and 43% of vessels had an FFR≤0.80. The per-vessel sensitivity and 

specificity were 94% (95% CI, 88% to 97%) and 91% (86% to 95%), respectively, both of which 

exceeded the prespecified performance goals. The diagnostic accuracy of FFRangio was 92% 
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overall and remained high when only considering FFR values between 0.75 to 0.85 (87%). 

FFRangio values correlated well with FFR measurements ( r=0.80, P<0.001) and the Bland-

Altman 95% confidence limits were between -0.14 and 0.12. The device success rate for 

FFRangio was 99%. 

 

Conclusions: FFRangio measured from the coronary angiogram alone has a high sensitivity, 

specificity, and accuracy compared with pressure wire-derived FFR. FFRangio has the promise 

to substantially increase physiological coronary lesion assessment in the catheterization 

laboratory, thereby potentially leading to improved patient outcomes. 

 

  

Figure 13 
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Johnson NP, Mahaera A, Achenbach S, Engstrom T, Assali A, Jeremias A, Fournier S, De 

Bruyne B, Leon MB, Fearon WF,  

Angiography-derived fractional flow reserve versus invasive non-hyperemic pressure ratios 

J Am Coll Cardiol. 2019 Jun 25;73(24):3232-3233. 

 

Binary accuracy against invasive FFR ≤0.80 was 92.4% for FFRangio, 85.3% for Pd/Pa, and 

82.7% for iFR and dPR. Figure 1 provides an example showing an angiogram plus all 

physiology indexes. In all pairwise comparisons FFRangio demonstrated superior agreement: 

ratio of disagreements favoring FFRangio to disagreements favoring Pd/Pa was 2.4 (in 223 

cases both FFRangio and Pd/Pa agreed with FFR, in 7 cases both FFRangio and Pd/Pa 

disagreed with FFR, in 34 cases FFRangio agreed with FFR but Pd/Pa disagreed with FFR, 

and in 14 cases Pd/Pa agreed with FFR but FFRangio disagreed with FFR, so the ratio equals 

34/14 = 2.4; p = 0.006); and ratio of 2.8 (p < 0.001) versus both iFR and dPR. No difference 

existed among the 

different NHPRs for 

predicting invasive 

FFR ≤0.80: ratio 2.4 

(p = 0.14) for Pd/Pa 

versus iFR; ratio 2.8 

(p = 0.12) for Pd/Pa 

versus dPR; and ratio 1.0 (p = 1.0) for iFR versus dPR. No significant heterogeneity of 

FFRangio superiority existed for lesion location (left anterior descending vs. other) or clinical 

presentation (stable vs. acute). Additionally, these findings did not change materially after 

randomly selecting a single lesion from subjects who underwent multivessel assessment. 
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Kobayashi Y, Collet C, Achenbach S, Engstrøm T, Assali A, Shlofmitz RA, Fournier S, 

Kirtane AJ, Ali ZA, Kornowski R, Leon MB, De Bruyne B, Fearon WF 

Diagnostic performance of angiography-based fractional flow reserve by patient and lesion 

characteristics 

EuroIntervention. 2020 May 4:EIJ-D-19-00933.  

 

Aims: A large, prospective, multicenter trial recently showed that fractional flow reserve (FFR) 

derived from coronary angiography (FFRangio) has an accuracy of 92% compared with 

conventional guide-wire based FFR (FFRwire); however, little is known whether specific 

patient/lesion characteristics affect the diagnostic performance. 

Methods and results: FFRangio was measured in a blinded fashion in 301 patients (319 

vessels) who were undergoing FFRwire assessment. Using an FFRwire ≤0.80 as a reference, 

the diagnostic performance of FFRangio was compared in pre-specified subgroups. The mean 

FFRwire and FFRangio were 0.81 ± 0.13 and 0.80 ± 0.12. Overall, FFRangio had a sensitivity 

of 93.5% and specificity of 91.2% for predicting FFRwire. Patient characteristics including age, 

sex, clinical presentation, body mass index, and diabetes did not affect sensitivity or specificity 

(p&gt;0.05 for all). Similarly, lesion characteristics including calcification, tortuosity did not 

affect sensitivity or specificity (p&gt;0.05 for all), nor did lesion location (proximal, middle, 

versus distal). Sensitivity was equally high across all target vessels, while specificity was 

highest in the LAD and lower (~85%) in the RCA and LCx (p&lt;0.05). 

Conclusions: FFRangio derived from coronary angiography has a high diagnostic 

performance regardless of patient and most lesion characteristics. The interaction of vessel on 

the specificity will need to be confirmed in larger cohorts.
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Rubimbura V, Guillon B, Fournier S, Amabile N, Chi Pan C, Combaret N, Eeckhout E, Kibler 

M, Silvain J, Wijns W, Schiele F, Muller O, Meneveau N, Adjedj J. 

Quantitative flow ratio virtual stenting and post stenting correlations to post stenting fractional 

flow reserve measurements from the DOCTORS (Does Optical Coherence Tomography 

Optimize Results of Stenting) study population. 

Catheter Cardiovasc Interv . 2020 Nov;96(6):1145-1153. 

 

Objective: We sought to evaluate the correlations of pre-PCI QFR analysis with virtual PCI 

called residual QFR and post-PCI QFR compared to post-PCI FFR. 

Background: Quantitative flow ratio (QFR) is a computation of fractional flow reserve (FFR) 

based on angiography without use of a pressure wire. The ability to evaluate post-PCI FFR 

using pre-PCI QFR analysis with a virtual PCI and the correlation between post-PCI QFR 

compared to post-PCI FFR remains unknown. 

Methods: From the DOCTORS (Does Optical Coherence Tomography Optimize Results of 

Stenting) study population, we blindly analyzed residual QFR and post-PCI QFR from 

angiographies and compared them to post-PCI FFR. 

Results: Ninety-three post-PCI QFR measurements and 84 pre-PCI residual QFR 

measurements were compared to post-PCI FFR 

measurements. No significant difference were observed 

between mean post-PCI FFR value (0.92 ± 0.05) 

compared to mean residual (0.93 ± 0.05) QFR and 

between mean post-PCI FFR value compared to mean 

post-PCI QFR values were (0.93 ± 0.05) (p > .05 for 

both). The correlation coefficient of residual QFR with 

Figure 15 
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post-PCI FFR was 0.68 (95% CI: 0.53-0.78) and the correlation coefficient of post-PCI-QFR 

with post-PCI FFR was 0.79 (95% CI: 0.70-0.86). 

 

Conclusions: Residual QFR corresponding to pre-PCI QFR analysis with virtual PCI, and 

post-PCI QFR analysis, correlated well with post-PCI FFR. Further studies are needed to 

prospectively validate a QFR-guided PCI strategy.
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Pagnoni M, Meier D, Candreva A, Maillard L, Adjedj J, Collet C, Mahendiran T, Cook S, 

Mujcinovic A, Dupré M, Rubimbura V, Roguelov C, Eeckhout E, De Bruyne B, Muller O, 

Fournier S. 

Future culprit detection based on angiography-derived FFR. 

Catheter Cardiovasc Interv. 2021 Apr 29. doi: 10.1002/ccd.29736. Online ahead of 

print.PMID: 33913606 

 

Objectives: We sought to characterize the hemodynamic impact of mild coronary artery 

disease (CAD) using quantitative flow ratio (QFR, an angiography-derived fractional flow 

reserve [FFR]) in a population of patients with only non-significant CAD at baseline that 

subsequently experienced a myocardial infarction (MI). 

Background: The discriminatory value of FFR in patients with mild CAD remains imperfect. 

Methods: We retrospectively included patients who underwent invasive coronary angiography 

for an MI, in whom another angiogram had been performed within the previous 5 years. Three-

dimensional quantitative coronary angiography, QFR, and lesion length analysis were 

conducted on lesions responsible for the MI (future culprit lesions, [FCL]) as well as on control 

lesions (non-culprit lesions, [NCL]). 

Results:  

Eighty-three FCL and 117 NCL were analyzed 

in 83 patients: FCL were more severe (median 

% diameter of stenosis [DS] 39.1% [29.8; 45.7] 

vs. 29.8% [25.0; 37.2], p < .001), had lower 

QFR values (0.94 [0.86; 0.98] vs. 0.98 [0.96; 

Figure 16 
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1.00], p < .001) and tended to be longer (15.2 mm [10.0; 27.3] vs. 12.7 mm [9.3; 22.4], p = 

.070) than NCL.  

In lesions with an interval < 2 years between baseline angiography and MI, the difference in 

QFR was more pronounced compared to the lesions with a longer interval (FCL: 0.92 [0.85; 

0.97] vs. NCL: 0.98 [0.94; 1.00], p < .001 and FCL: 0.96 [0.88; 1.00] vs. NCL: 0.98 [0.96;1.00], 

p = .006 respectively)  

CONCLUSION: Mild coronary stenoses that are subsequently responsible for an MI (FCL) 

exhibit a higher DS and lower QFR years before the event. Furthermore, FCL with a lower 

QFR at baseline appear to lead earlier to MI. 
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6. CHAPTER IV : Beyond catheters use : FFR 
derived from CT 

IV 
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Introduction and overview of Chapter 4 
 
 
In the previous chapter (Chapter 3), we saw data supporting the accuracy of angiography-

derived FFR. One of the major advantages of these technologies is to avoid the risk associated 

with maneuvering a pressure wire down a coronary artery and the need to deliver hyperemic 

agents but still, these technologies require a coronary angiography, which remains an invasive 

procedure. In this context, the cardiac CT and the CT-derived FFR (FFR-CT) emerge as new 

promising tools.  

In one of the landmark studies based on >200 patients with suspected stable CAD who 

underwent coronary CT and routine 3-vessel invasive FFR measurements, FFR-CT values 

were retrospectively derived from the coronary CT images (47). In this study, FFR-CT showed 

a diagnostic accuracy, sensitivity, and specificity of 87%, 90%, and 86% (per-vessel basis) 

and 78%, 96%, and 63% (per-patient basis). These results confirmed previous data based on 

>250 patients where per-patient sensitivity and specificity (95% CI) to identify myocardial 

ischemia were similar (86% (95% CI: 77% to 92%) and 79% (95% CI: 72% to 84%)) (48). This 

excellent accuracy was also confirmed in patients with 3-vessel CAD included in the SYNTAX 

II trial, even if FFR-CT was compared with iFR in this sub-study (49).  The diagnostic accuracy 

of FFR-CT to detect functional significant stenosis based on an instantaneous wave-free ratio 

≤0.89 revealed an area under the receiver-operating characteristics curve of 0.85 (95% CI: 

0.79 to 0.90) with a sensitivity of 95% (95% CI: 89% to 98%) and a specificity of 61% (95% CI: 

48% to 73%). 

 

During this thesis, different works based on the role of cardiac CT for the evaluation of 

coronary artery stenoses have been conducted. 
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We started by a review (in French) on the contemporary role of CT in cardiology. 

 
• Tzimas G, Meier D, Monney P, Roguelov C, Skalisis I, Muller O, Fournier S, Qanadli 

SD 

CT-scan in cardiology in 2019 : central role and other applications 

Rev Med Suisse. 2019 May 22;15(652):1060-1066 

Then, as CT is routinely used to plan transcatheter aortic valve implantation (TAVI) 

procedures, we decided to investigate the performance of pre-TAVI CT for excluding coronary 

artery disease. Indeed, it is unclear whether CTA performed during the TAVI workup is 

accurate enough to exclude significant coronary artery disease allowing thus avoiding 

unnecessary invasive coronary angiography, which is particularly of interest among frailer and 

older patients with frequent comorbidities such as chronic renal failure. Accordingly, we 

retrospectively investigated the data of 127 patients in whom CT images were analyzed for the 

presence of ≥ 50% (significant CAD) and ≥ 70% (severe CAD) diameter stenoses in proximal 

coronary arteries. Results were compared with invasive coronary angiography at vessel and 

patient levels. The results of this study are presented hereafter and based on the abstract of 

the following consultation: 

• Meier D, Depierre A, Topolsky A, Roguelov C, Dupré M, Rubimbura V, Eeckhout E, 

Qanadli SD, Muller O and Fournier S 

Computed tomography angiography for the diagnosis of coronary artery disease 

among patients undergoing transcatheter aortic valve implantation 

J Cardiovasc Transl Res . 2021 Feb 4.  doi: 10.1007/s12265-021-10099-8. 

 

In this study, 342 vessels were analyzed. The negative predictive value of the CT was 97.5% 

for significant CAD and 96.3% for severe CAD.  
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Finally, we designed a trial (and are still enrolling patients) in which we investigate the ability 

of FFR-CT to detect the absence of hemodynamically significant lesions in patients with high-

risk acute coronary syndrome (ACS) admitted in the emergency department with chest pain. 

Indeed, the ACS without ST segment elevation (NSTE-ACS) patients represent a major 

diagnostic challenge as clinical assessment and ECG alone are not sufficient to confirm or 

exclude diagnosis in most patients. In this context, cardiac biomarkers such as troponin remain 

the cornerstone of an early diagnosis but the introduction of high-sensitive troponins (allowing 

to improve the diagnostic sensitivity of NSTE-AC) contributes to a high proportion of false 

positive (ie patients with a ‘normal’ invasive coronary angiography). We designed this trial to 

assess whether FFR-CT is able to identify among high-risk NSTE-ACS patients, those without 

hemodynamically significant coronary stenosis by invasive FFR. Indeed, it appeared that to 

date, FFR-CT has never been evaluated in high-risk NSTE-ACS patients. 

 

In these patients, the benefit of an FFR-based strategy versus an angiography-based strategy 

to guide culprit stenosis treatment was investigated in a sub-analysis of the FAME study (50). 

Among the 1005 patients with multivessel disease included in the study, 328 had a NSTE-

ACS. As compared to angiography-guided strategies, the 2-year risk reduction of major 

adverse cardiac events (MACE) with FFR-guided strategies was comparable between patients 

with unstable angina (UA)/NSTEMI and stable angina (absolute risk reduction of 5.1% versus 

3.7%, respectively, P=0.92). Of interest, in patients with NSTE-ACS, an FFR-guided strategy 

reduced the number of stents and the use of contrast, without an increased procedural time.  

In addition, the FAMOUS-NSTEMI randomized trial (‘Fractional flow reserve vs. angiography 

in guiding management to optimize outcomes in non-ST-segment elevation myocardial 

infarction’) included 350 NSTEMI patients with at least a 30% coronary stenosis assessed 

visually and randomized them into an FFR-guided group and into an angiography-guided 

group (51). In this study, the proportion of patients treated initially by medical therapy was 

higher in the FFR-guided group than in the angiography-guided group (22.7% versus 13.2%, 
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P=0.022). Noteworthy, FFR resulted in a change in the a priori (i.e. the planned treatment 

based on angiography alone) treatment in 21.6% of patients. At 12 months, revascularization 

remained lower in the FFR-guided group (79.0 versus 86.8%, P=0.054) but there were no 

statistically significant differences in health outcomes and quality of life between the 2 groups. 

 

The design of this trial presented hereafter is based on following publication: 

 

• Meier D, Skalidis I,De Bruyne B,Qanadli SD, Rotzinger D,Eeckhout E,Collet C,Muller 

O, Fournier S.  

Ability of FFR-CT to detect the absence of hemodynamically significant lesions in 

patients with high-risk NSTE-ACS admitted in the emergency department with chest 

pain, study design and rationale.  

Int J Cardiol Heart Vasc. 2020 Mar 5;27:100496. 
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Meier D, Depierre A, Topolsky A, Roguelov C, Dupré M, Rubimbura V, Eeckhout E, Qanadli 

SD, Muller O and Fournier S 
Computed tomography angiography for the diagnosis of coronary artery disease among 

patients undergoing transcatheter aortic valve implantation 

J Cardiovasc Transl Res . 2021 Feb 4.  doi: 10.1007/s12265-021-10099-8. 

Background: Computed tomography angiography (CTA) is used to plan TAVI procedures. 

We investigated the performance of pre-TAVI CTA for excluding coronary artery disease 

(CAD). 

Methods: In total 127 patients were included. CTA images were analyzed for the presence of 

≥ 50% (significant CAD) and ≥ 70% (severe CAD) diameter stenoses in proximal coronary 

arteries. Results were compared with invasive coronary angiography (ICA) at vessel and 

patient levels. Primary endpoint was the negative predictive value (NPV) of CTA for the 

presence of CAD. 

Results: A total of 342 vessels were analyzable. NPV of CTA was 97.5% for significant CAD 

and 96.3% for severe CAD. Positive predictive value and accuracy were 44.8% and 87.1% for 

significant CAD and 56.3% and 94.4% for severe CAD. At patient level, NPV for significant 

CAD was 88.6%. 

Conclusion: Pre-TAVI CTA shows good performance for ruling out CAD and could be used 

as a gatekeeper for ICA in selected patients. 

  



 
   

81 

Meier D, Skalidis I,De Bruyne B,Qanadli SD, Rotzinger D,Eeckhout E,Collet C,Muller O, 

Fournier S. 
Ability of FFR-CT to detect the absence of hemodynamically significant lesions in patients 

with high-risk NSTE-ACS admitted in the emergency department with chest pain, study 

design and rationale.  

Int J Cardiol Heart Vasc. 2020 Mar 5;27:100496. 

Background: In the era of High-sensitive troponin (hs-Tn), up to 50% of patients with a mild 

increase of hs-Tn will finally have a normal invasive coronary angiogram. Fractional Flow 

Reserve (FFR) derived from coronary computed tomographic angiography (FFR-CT) has 

never been used as a non-invasive tool for the diagnosis of coronary artery disease in patients 

with high-risk acute coronary syndrome without ST segment elevation (NSTE-ACS). 

Aims: The study aims to determine the role of coronary CT angiography and FFR-CT in the 

setting of high-risk NSTE-ACS. 

Methodology: We will conduct a prospective trial, enrolling 250 patients admitted with high-

risk NSTE-ACS who will rapidly 

undergo a coronary CT 

angiography and then a coronary 

angiography with FFR 

measurements. Results of coronary 

CT, FFR-CT and coronary 

angiography (± FFR) will be 

compared. 

 

Potential significance: In conclusion, non-invasive identification of patients with high-risk 

NSTE-ACS who could avoid coronary angiography would reduce procedure related risks and 

medical costs. 

Figure 17 
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Tzimas G, Meier D, Monney P, Roguelov C, Skalisis I, Muller O, Fournier S, Qanadli SD 

CT-scan in cardiology in 2019 : central role and other applications 

Rev Med Suisse. 2019 May 22;15(652):1060-1066 
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7. DISCUSSION 
 
In the introduction, some of the limitations of FFR were listed, namely: 

1) the lack of data supporting the benefit of FFR in terms of the reduction of hard 

endpoints and the lack of data supporting the benefits of FFR in the field of coronary 

artery bypass graft surgery 

2) the absence of information obtained by FFR on the microcirculation 

3) the risks associated with maneuvering a pressure wire down a coronary artery 

4) the general risks associated with invasive coronary angiography 

 

These 4 topics have been a large source of inspiration for this PhD thesis which started at the 

end of 2018. These limitations have also been the focus of interest of numerous research 

groups in recent years, yielding numerous publications that have changed our interpretation of 

these limitations 3 years later. 

 

1) Regarding the lack of data supporting the benefit of FFR in terms of the reduction of 

hard clinical endpoints, the 5-year follow-up of the FAME 2 study and the pooled 

analysis of FAME 2, DANAMI-3-PRIMULTI and Compare-Acute (32-34) seem to 

support a benefit of FFR-guidance in terms of reduction in the number of future 

spontaneous myocardial infarctions: lesions with a low FFR have a higher probability 

of causing a myocardial infarction in the future. However, FFR is not the only predictor 

of future MI. In the EMERALD study, 72 patients with ACS and available coronary CT 

acquired between 1 month and 2 years before the ACS were analyzed. FFR derived 

from CT but also adverse plaque characteristics, wall shear stress and axial plaque 

stress were all significantly associated with future myocardial infarction (52). This 

finding was confirmed by a FAME 2 sub-study that we conducted in which we added 

wall shear stress on top of FFR among patients in the MT group (patients with 

significant lesions by FFR, treated with medical therapy only). We observed that in 
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patients with stable CAD and hemodynamically significant lesions, higher WSS had an 

incremental prognostic value over FFR (53). Accordingly, while it is probably true that 

FFR guidance allows a reduction in future MI, different parameters need to also be 

taken into account. Different groups are currently investigating if the processing of all 

these different parameters together with machine learning allows for better 

stratification. 

In addition, the use FFR to guide the planning of CABG surgery is associated with a 

simplified procedure (demonstrated in randomized trials (8) and in retrospective studies 

(54)) with at least equivalent clinical outcomes (retrospective studies even indicate a 

potential benefit (38)). 

 

2) Regarding the lack of data on microcirculation, the development of the RayFlow 

catheter used together with a regular FFR pressure wire allows – with continuous 

thermo-dilution – the measurement of both absolute flow and resistance, thus emerging 

as a real game changer in the evaluation of the microcirculation. During the last 3 years, 

its safety and its reproducibility have been demonstrated and “normal” values have also 

been published. Its contribution in the management of INOCA/ANOCA patients 

(Ischemia/Angina with Non-Obstructive Coronary Arteries) will probably rapidly be 

demonstrated. In the recently published EAPCI Expert Consensus Document on 

Ischaemia with Non-Obstructive Coronary Arteries in Collaboration with European 

Society of Cardiology Working Group on Coronary Pathophysiology & Microcirculation 

endorsed by the Coronary Vasomotor Disorders International Study Group, its use is 

already discussed in addition to regular metrics such as IMR (55). Furthermore, new 

concepts such as Microvascular Resistance Reserve (MRR) are currently being 

developed with the use of this new technology. 
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3) Angiography-derived FFR (e.g. FFRangio, QFR,..) is a good alternative to FFR and its 

validity in specific settings where FFR has previously been tested is currently being 

investigated (severe aortic stenosis (56), non-culprit lesions in STEMI patients (57),…). 

Its adoption will probably increase the rate of “physiology”-guided PCI in situations 

where FFR cannot be measured. 

 

4) FFR-CT has emerged as an excellent modality for the diagnosis of CAD. Its validity 

among NSTE-ACS patients is being investigated in a trial that we designed and for 

which we are still recruiting patients.  Its adoption and its development will also probably 

contribute to an increase in the rate of “physiology”-guided PCI. 

 

These new tools will probably help us to be less invasive overall when obtaining information 

on the hemodynamic impact of a stenosis (CT-derived FFR, angiography-derived FFR), all 

whilst justifying a more invasive approach when needed, such as in situations where a non-

invasive assessment of the epicardial vessels is insufficient and when more information about 

the state of the microcirculation is needed.  

 

In summary, these tools will permit a global and individualized evaluation of a patient’s 

coronary physiological. 
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9. Figure legends 
 
 
Figure 1 : Primary composite endpoint of cardiac death or myocardial infarction. The cumulative 

incidence of the primary endpoint of cardiac death or myocardial infarction was significantly reduced 

in subjects randomized to fractional flow reserve-guided percutaneous coronary intervention com- pared 

with medical therapy alone. Dashed lines are crude time-to-event curves and solid lines are fitted 

cumulative incidence curves as predicted from a mixed effects flexible parametric model. Only the fitted 

curves should be used for inferences about the treatment effect.  

 

Figure 2 : A, Probability of improvement of at least 2 Canadian Cardiovascular Society classes at 1 

month based on the change in fractional flow reserve. B, Correlation between the change in fractional 

flow reserve and vessel-oriented clinical events at 2 years.  

 

Figure 3 : Time-to-events curves are shown for death or myocardial infarction (MI) in the different 

patient groups according to the presence or absence of angina at the time of randomization and to their 

treatment assignment. 

Figure 4 : The inset shows a typical example of a stenosis in the proximal left anterior descending 

coronary artery. If the fractional flow reserve (FFR) had been >0.80, the patient would have been 

treated medically; if the FFR had been #0.80, the patient would have been revascularized. Solid lines 

indicate the revascularization group, and dashed lines indicate controls.  
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Figure 5 : Cumulative incidences and landmark analysis for MACCE and all-cause death. cumulative 

incidence of MACCE (A) and all- cause death (C); landmark analysis before and after 1 year 

timepoint for MACCE (B ) and all-cause death (D). The dotted green line represents the control cohort 

with preserved LVEF, for visual comparison. P-values are referred to the fractional flow reserve-

guided and the Angiography-guided groups.  

Figure 6 : Kaplan-Meier graph reporting the cumulative incidence of major adverse cardiovascular 

events (MACEs) up to 5 years in the low global fractional flow reserve (FFR) group (green), mid 

global FFR group (red), and high global FFR group (blue). B, Kaplan-Meier graph reporting the 

cumulative incidence of revascularization up to 5 years in the low global FFR group (green), mid 

global FFR group (red), and high global FFR group (blue). C, Kaplan-Meier graph reporting the 

cumulative incidence of MACEs up to 5 years in patients with 0, 1, or 2 ≥50% stenoses at discharge 

(blue, red, and green, respectively). D, Kaplan-Meier graph reporting the cumulative incidence of 

revascularization up to 5 years in patients with 0, 1, or 2 ≥50% stenoses at discharge (blue, red, and 

green, respectively).  

Figure 7 : Incidence of major adverse cardiovascular and cerebrovascular events during one-year 

clinical follow-up.  

Figure 8 : The patency rate in all grafts (A, P value = 0.024) and in arterial grafts (B, P value = 0.028).  

Figure 9 : (A) Plots of the corresponding hyperemic coronary driving pressure and flow values. Aortic 

pressure (Pa) (red) and distal coronary pressure (Pd) (green) are corrected for a measured coronary 

wedge pressure (Pw) of 20 mm Hg. Hyperemic flow (Qs) is shown in blue. (B) From the initial 11,000 

values, only 200 are displayed after random sampling (see text for details). LAD 1⁄4 left anterior 

descending coronary artery.  
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Figure 10 : Hyperemic effect of saline infusion rates of 5, 10, 15, and 20 mL/min through the 

RayFlow catheter expressed in mean difference of percentage of change in absolute blood flow above 

the baseline as compared with hyperemia achieve with adenosine in the study vessel and in the control 

vessel.  

Figure 11 : Within 10 s after the start of the infusion of saline at room temperature (arrows), a decline 

in distal temperature is observed. (Bottom right) Plot of the individual data and their agreement with 

the Passing-Bablok regression.  

Figure 12 : Intraclass correlation (ICC) between mass and coronary blood flow with 95% CI bands.  

Figure 13 : A, Correlation scatter plot with linear regres- sion, r=0.80. B, Bland–Altman plot with 

95% confidence limits between −0.14 and 0.12 for the absolute differences. FFR indicates fractional 

flow reserve.  

Figure 14 : A subject enrolled in the study whose dominant right coronary artery contains mild diffuse 

disease. Resting physiology remains normal with all nonhyperemic pressure ratios $0.92 despite an 

invasive fractional !ow reserve (FFR) of 0.70, matched by angiography-derived FFR (FFRangio) of 

0.71.  

Figure 15 : Correlation between post- PCI QFR and post-PCI FFR.  

Figure 16 : Relation between QFR and proportion of culprit vessels when dividing the cohort into 

quintiles of QFR. FCL, future culprit lesion; QFR, quantitative flow ratio  

Figure 17 : Study Flow Chart 
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