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1. Introduction 

1.1. The Discovery of Angiography 

 

Angiography is a medical imaging technique that allows visualization of blood vessels, 

revolutionizing diagnostics and treatment. It originated in the 1920s when Portuguese 

surgeon and Nobel laureate Egas Moniz developed the first cerebral angiography in 1927 

(1). This milestone laid the ground for future advancements. In 1958, Dr. Mason Sones 

accidentally injected contrast dye into a coronary artery, leading to the first coronary 

angiogram - a major breakthrough that enabled detailed imaging of coronary arteries (2, 

3). Since then, coronary angiography has become essential in diagnosing and managing 

coronary artery disease, guiding interventions, and evaluating percutaneous coronary 

intervention (PCI) results. 

 

1.2. Limitations of Coronary Angiography 

 

Although advancements in medical technology and pharmacology have significantly 

improved the prognosis of coronary artery disease (CAD), it remains one of the leading 

causes of death in the developed world, including Hungary (4-7). Studies have proven 

that primary coronary intervention for ST-elevation myocardial infarction significantly 

reduces mortality (8-10). However, diagnosing stable CAD is more challenging, as the 

relationship between the "gold standard" coronary angiography and clinical outcomes is 

tenuous. 

Understanding the limitations of coronary angiography is crucial in the management of 

CAD and essential for improving patient prognosis. 

 

a. Challenges in Anatomical and Technical Assessment 

One of the main limitations arises from coronary anatomy. A fundamental requirement 

for obtaining a clear lumenogram is the complete filling of the vessel with contrast agent. 

This is particularly challenging around the aortocoronary ostia. The left main coronary 
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artery (LM) poses a particular challenge for angiographic assessment too due to its short 

length and overlap with other structures which hampers the identification of a normal 

reference segment. Additionally, the small diameter of coronary arteries, typically around 

3 mm, their tortuosity, and their synchronous movement with the cardiac cycle, combined 

with the limited resolution of contemporary imaging technology, further complicate the 

accurate assessment of the vasculature. These factors make it particularly difficult to 

evaluate bifurcation lesions or sequential stenoses within the same artery. 

 

b. Limited Assessment of Plaque Structure and Composition 

Coronary angiography provides only a two-dimensional view of the coronary arteries’ 

inner lumen which might be misleading due to the three-dimensional nature of coronary 

atherosclerosis, as shown in Figure 1. (11). The evaluation of luminal narrowing in 

coronary angiography depends on comparisons to surrounding segments, often without 

solid evidence that these reference areas are unaffected and normal. This approach 

frequently leads to underestimating the severity of diffuse vascular disease. This 

limitation can obscure the true complexity of the arterial plaque and its associated risks, 

as the method does not account for plaque composition or factors like stability, 

vulnerability, and inflammation - crucial for assessing acute coronary event risks.  

To address these shortcomings, advanced imaging technologies such as intravascular 

ultrasound (IVUS) and optical coherence tomography (OCT) offer detailed three-

dimensional visualization of the epicardial arteries. While these technologies do not 

directly visualize inflammation, they provide a comprehensive view of coronary artery 

disease that surpasses traditional anatomical assessments. They allow clinicians to 

evaluate detailed structural characteristics of plaques, including calcification and lipid 

content, enhancing the assessment of associated risks (12). The use of IVUS or OCT is 

particularly recommended for guiding PCI on complex anatomical lesions like the left 

main stem, bifurcations, and long lesions (13-15). 
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Figure 1. Limitation of projection imaging. The left panel shows a semicircular lumen 

where both angiographic views underestimate the severity of the luminal obstruction. The 

right panel illustrates a complex and irregular lumen where no radiographic projection 

accurately captures the severity of the stenosis. 'RAO' stands for right anterior oblique, 

and 'LAO' represents left anterior oblique. (11) 

 

c. Limited Evaluation of Ischemia 

A third significant limitation of coronary angiography is its inability to directly evaluate 

myocardial ischemia. Tonino et al. demonstrated that among lesions with an angiographic 

diameter stenosis of 50% to 70%, 65% were functionally non-significant, while only 35% 

were functionally significant based on fractional flow reserve (FFR) measurements. 

Furthermore, even in the case of more severe angiographic diameter stenoses ranging 

from 71% to 90%, 20% of lesions did not result in reversible myocardial ischemia, as 

evidenced by FFR values above the ischemic threshold. This highlights that in patients 

with multivessel CAD, relying solely on angiography to identify ischemia-producing 

lesions is insufficient for stenoses between 50% and 90%. However, in stenoses with 

angiographic severity ≥90%, visual assessment aligns well with functional significance, 

as 96% of such lesions are confirmed as ischemia-producing by FFR. Another critical 

finding of the study is that FFR assessment of functionally significant coronary lesions 

often reduces the number of ‘diseased vessels’ compared to angiographic evaluation. For 

example, in patients with angiographic three-vessel disease, 86% were found to have only 

two or fewer functionally significantly diseased vessels when assessed using FFR (16). 
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Over the years substantial evidence has shown that the extent of inducible ischemia 

significantly determines the prognosis in CAD (17-20). Research by Hachamovitch et al. 

demonstrated that revascularization offered an increasing survival benefit over medical 

therapy with increasing extent of inducible ischemia, as identified by myocardial 

perfusion stress tests in patients without prior myocardial infarction (MI) or 

revascularization. This benefit appeared to almost neutralize the prognostic impact of 

ischemia. Particularly in patients with more than 10% ischemic myocardium, 

revascularization was associated with a 50% risk-adjusted reduction in cardiac death. 

These findings were consistent when considering all-cause mortality as the endpoint (21).  

It is also important to emphasize that the outcome is determined not only by the extent of 

ischemia but also by its severity. While the presence of non-ischemia-causing 

(functionally non-significant) stenoses or plaques slightly worsens prognosis with annual 

mortality and the likelihood of MI remaining below 1% (22), ischemia-causing 

(functionally significant) narrowings can cause symptoms such as angina pectoris and 

have a negative impact on prognosis, significantly elevating the risk of death and 

myocardial infarction, depending on the extent of ischemic myocardium. 

The latest 2024 European Society of Cardiology (ESC) guidelines for chronic coronary 

syndrome (CCS) recommend invasive coronary angiography in cases of very high clinical 

likelihood of coronary artery disease (>85%), suspected high-risk coronary obstruction, 

severe myocardial ischemia detected through non-invasive testing, or suspected 

angina/ischemia with non-obstructive CAD (23). However, determining coronary lesions 

suitable for revascularization based solely on coronary angiography remains suboptimal 

(24-27), and non-invasive ischemia testing has limited accuracy in identifying these 

lesions, especially in the setting of multivessel CAD (28). In Hungary, the availability of 

advanced non-invasive imaging modalities such as magnetic resonance imaging (MRI), 

or positron emission tomography (PET-CT) is restricted, making coronary angiography a 

more feasible and accessible option for clinical decision-making (29). 
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1.3. Fractional Flow Reserve 

1.3.1. Basics of Fractional Flow Reserve 

 

Myocardial ischemia is fundamentally a flow-related pathology caused by impaired blood 

delivery to the myocardium. While direct measurements of intracoronary flow would 

provide valuable insights, technical challenges limit their use primarily to research 

settings. As a result, intracoronary pressure measurements which are simpler to perform, 

have become a clinically viable surrogate for flow assessment. 

Fractional Flow Reserve, introduced by Pijls et al. in 1993, is based on two key principles: 

first, that maximum achievable flow - not resting flow - determines a patient's functional 

capacity and exercise tolerance; and second, that during maximal hyperemia (a state of 

minimal microvascular resistance) or exercise, myocardial blood flow is proportional to 

myocardial perfusion pressure (30).  

ΔP=Q⋅R 

This relationship is analogous to Ohm's law (V = IR), where the pressure difference (ΔP) 

corresponds to voltage (V), blood flow (Q) to current (I), and vascular resistance (R) to 

electrical resistance (R) in the equation. By inducing maximal vasodilation, the coronary 

circulation’s autoregulatory mechanisms are overridden, and blood flow becomes solely 

dependent on perfusion pressure. 

FFR is defined as the ratio of mean distal coronary pressure (Pd) measured by the pressure 

wire to mean aortic pressure (Pa) measured by the guiding catheter simultaneously during 

maximal hyperemia, shown in Figure 2. This index is independent of variations in 

systemic blood pressure and heart rate and remains unaffected by conditions that elevate 

baseline myocardial flow. Furthermore, FFR takes into account the contribution of the 

collateral blood supply to maximal myocardial perfusion. 
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  FFR = Pd/Pa 

 

 

Figure 2. FFR measurement. The coronary angiogram (top) shows an angiographically 

borderline right coronary artery (RCA) stenosis. The lower panel displays the pressure 

recordings, where the aortic pressure (Pa) is marked in red and the distal coronary 

pressure (Pd) in green. In this case, an FFR of 0.79 suggests functionally significant 

coronary artery disease. 

 

The normal value of the index is 1.0, regardless of the patient or the specific vessel 

studied. For instance, an FFR value of 0.70 indicates a 30% pressure drop across the 

stenosis during maximal hyperemia. This approach assumes that venous pressure (Pv) is 

negligible compared to arterial pressure, making arterial pressure measurements 

sufficient to determine flow dynamics. To achieve maximal hyperemia, a hyperemic agent 

is administered intravenously or intracoronarily through the guide catheter (31).  The most 

commonly used agent worldwide is adenosine. Regadenoson and papaverine are also 

effective in achieving hyperemia. However, regadenoson is currently not available for 

this purpose in Hungary, primarily due to its high cost. In contrast, the use of papaverine 
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is limited by concerns regarding its rare but potentially serious side effect of causing 

torsades de pointes ventricular tachycardia. 

 

1.3.2. Cornerstone Trials in FFR-Guided Coronary Revascularization 

 

FFR received a Class IA recommendation in the 2010 ESC guidelines and has become 

the gold standard for revascularization decisions, supported by extensive validation 

through randomized clinical trials and registries (22, 23, 25-27, 30, 32-38). 

The DEFER trial (1997–1998) showed that deferring PCI in angiographically significant 

but functionally non-significant lesions (FFR ≥ 0.75) to optimal medical therapy (OMT) 

is safe. 325 patients were randomized to two groups: the 'Defer group', where PCI was 

withheld if FFR was ≥ 0.75, and the 'Perform group’, where PCI was performed 

immediately. After 15 years, all-cause mortality was similar across groups (Defer: 33.0%, 

Perform: 31.1%), but MI was lower in the ‘Defer group’ compared to 'Perform group' 

(2.2% vs. 10.0% respectively), despite slightly higher revascularization rates (42.9% vs. 

34.4% respectively) (22, 39, 40). 

The FAME (Fractional Flow Reserve versus Angiography for Multivessel Evaluation) 

trial compared FFR-guided PCI to angiography-guided PCI in patients with multivessel 

disease. FFR guidance reduced stent use by 37%, yet led to fewer major adverse 

cardiovascular events (MACE 13.2% vs. 18.3%) and lower MI rates after one year, 

without increasing symptoms or medication use. These benefits persisted at 5 years 

without adverse effects from deferring FFR-negative lesions (25-27). 

The FAME 2 compared FFR-guided PCI with second-generation drug-eluting stents 

(DES) plus OMT to OMT alone in 888 patients with FFR-positive lesions (≤0.80). The 

trial was stopped early due to clear benefit: the primary endpoint occurred in 8.1% of PCI 

patients vs. 19.5% with OMT alone (p < 0.001) at 2 years, driven by a significant 

reduction in urgent revascularizations (35, 36). 

The FAME 3 compared FFR-guided PCI to CABG in patients with three-vessel disease 

not involving the left main. While PCI was associated with quicker recovery and lower 

initial costs, it failed to demonstrate non-inferiority, as it resulted in higher rates of the 
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primary composite endpoint (death, MI, stroke, or repeat revascularization) at one year. 

However, there was no significant difference between the two groups in terms of the five-

year incidence of death, MI, or stroke (41-46). 

 

1.4. FFR Measured Immediately After PCI 

 

FFR measures the relative resistance to blood flow in the epicardial coronary arteries and 

can be utilized both before and after PCI. As mentioned above, FFR is widely recognized 

as a critical tool for identifying functionally significant stenoses prior to PCI, guiding 

decisions regarding the need for revascularization. However, its utility extends beyond 

this pre-procedural application. FFR can also be measured immediately after PCI to 

evaluate the effectiveness of the intervention in restoring coronary flow and to assess 

residual ischemia. 

Studies and analyses have demonstrated the prognostic value of post-PCI FFR 

measurements (47-50). Lower post-PCI FFR values have been strongly associated with 

worse clinical outcomes. The first major dataset on post-PCI FFR comes from the Post-

Stent Registry in 2002 (51). 

 

1.4.1. FFR Post-Stent Registry 

 

The FFR Post-Stent Registry is a landmark multicenter study conducted during the bare-

metal stent (BMS) era, enrolling 750 patients across 15 hospitals in 8 countries. The study 

aimed to investigate the correlation between FFR measured immediately after 

angiographically successful stent implantation and the occurrence of MACE within six 

months. The primary composite endpoint included all-cause mortality, MI, and repeat 

target vessel revascularization (TVR). The procedure was considered angiographically 

successful if the residual diameter stenosis was 10% or less. Complete follow-up data 

were obtained for 744 patients, representing 99.2% of the cohort. During follow-up, 5 

deaths (0.7%), 19 MI (2.6%), 12 CABG surgeries (1.6%) and 54 repeat PCI (7.3%) 

occurred (51). 
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The results demonstrated a strong inverse correlation between post-PCI FFR values and 

MACE rates, as shown in Figure 3., primarily driven by TVR: 

- FFR ≤ 0.80: Observed in 6%, with an event rate of 29.5%. 

- FFR 0.81-0.85: Achieved in 8% of patients, with an event rate of 22.2%. 

- FFR 0.86-0.90: Observed in 18%, with an event rate of 16.2%. 

- FFR 0.91-0.95: Achieved in 32% of patients, with an event rate of 6.2%. 

- FFR ≥ 0.95: Achieved in 36% of patients, with an event rate of 4.9%. 

 

 

Figure 3. Event rates across post-PCI FFR categories in FFR Post-Stent Registry. 

Modified from (51). Death: all-cause death (blue); MI: target vessel myocardial 

infarction (yellow); TVR: target vessel revascularization (gray); All events: composite 

of death, MI, and TVR. 

 

Univariate analysis identified post-PCI FFR (p < 0.001), stent diameter (p = 0.023), and 

stent length (p = 0.032) as significant predictors of the primary endpoint. However, 

angiographic parameters such as residual stenosis percentage and minimal luminal 
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diameter did not correlate with outcomes, and showed no significant differences across 

the FFR categories, except for patients with an FFR ≤ 0.80. These patients exhibited 

slightly worse final angiographic results, including higher residual stenosis and smaller 

minimal luminal diameter, compared to the other four groups (p < 0.01) (51). 

Multivariate analysis confirmed that only post-PCI FFR (p < 0.001) and stent length (p < 

0.01) were independent predictors of adverse events. Patients with FFR values < 0.95 had 

an odds ratio (OR) of 2.3 for adverse events compared to those with FFR ≥ 0.95, even 

after adjusting for stent length (adjusted OR = 2.78). Importantly, stent length did not act 

as a confounding factor, as the crude and adjusted OR varied by less than 2% (51). 

 

1.4.2. Prognostic Value of Post-PCI FFR: Insights from a 2014 Meta-Analysis 

 

In 2014, Johnson et al. conducted a study- and patient-level meta-analysis to investigate 

the prognostic value of FFR. The study hypothesized that lower FFR values were 

associated with higher clinical risk, leading to greater absolute benefits of 

revascularization and they found that MACE increased as FFR values decreased. It is 

essential to point out that the study included data from patients treated with both DES and 

BMS (49). 

Importantly, a subset analysis focused on 966 patients and 970 lesions where FFR was 

measured immediately after PCI. The lesions were divided into tertiles based on post-

PCI FFR values, shown in Figure 4. (A), with the lowest tertile (311 lesions) having a 

mean post-PCI FFR of 0.83 (interquartile range (IQR): 0.79 - 0.86), the middle tertile 

(309 lesions) with a mean post-PCI FFR of 0.92 (IQR: 0.90 - 0.93), and the highest tertile 

(350 lesions) with a mean post-PCI FFR of 0.98 (IQR: 0.96 - 1.00). Kaplan-Meier 

survival curves revealed that patients with higher post-PCI FFR tertiles experienced fewer 

adverse events compared to those with lower tertiles, illustrated in Figure 4. (B). The 

adjusted hazard ratio for clinical events per 0.05 increment in post-PCI FFR was 0.86 

(95% CI: 0.80 - 0.93, p < 0.001), highlighting the independent prognostic importance of 

post-PCI FFR. While pre-PCI FFR provided valuable insights into baseline ischemic 

burden, the study emphasized that post-PCI FFR more accurately reflected the success of 

revascularization and the presence of residual diffuse disease. When adjusting for both 
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pre- and post-PCI FFR, the final post-PCI FFR value retained significant prognostic value 

(adjusted Cox hazard ratio (HR): 0.90, 95% CI: 0.82 - 0.99, p = 0.032). In contrast, pre-

PCI FFR lost its prognostic relevance after adjusting for post-PCI measurements 

(adjusted Cox HR: 0.97, 95% CI: 0.92 - 1.02, p = 0.28) (49). 

 

 

Figure 4. (A) Lesion-level histogram of post–PCI FFR values from the patient-level 

analysis colored by tertiles (red, peach, blue). (B) Survival curves. Kaplan-Meier event 

curves for tertiles of post-PCI FFR values (colors match those of the histogram) (49). 

 

1.4.3. Why Is FFR after PCI not Always 1.0? 

 

Following PCI with an angiographically satisfactory result, it is expected that resistance 

to flow is resolved and symptoms subside. However, studies have shown that in a 

considerable number of cases, residual pressure gradients persist despite satisfactory 

angiographic result, leading to suboptimal post-PCI FFR (50-59). This raises the question 

of why FFR does not always return to its normal value of 1.0 after PCI? Several factors 

contribute to this discrepancy, highlighting the complexity of coronary physiology and 

the limitations of visual assessment alone. 

https://www.sciencedirect.com/science/article/pii/S1936879816303302
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➢ Localized – unnoticed or neglected - stenosis in the index vessel 

It is possible that a focal, overlooked stenosis in the index vessel may be missed during 

the intervention but can be detected by post-PCI FFR assessment. If an ischemic FFR 

value is obtained, and revascularization is performed, FFR should be remeasured 

thereafter, because fixing one lesion may unmask the physiological significance of 

another (60). Figure 5. illustrates a case of our center where a significant stenosis in the 

diagonal branch was treated by PCI. However, the post-PCI FFR pullback recording 

revealed a previously unnoticed and significant (FFR 0.72) LM ostial stenosis (61). 

 

Figure 5. (A) Coronary angiography image showing a significant stenosis of the diagonal 

branch, circled in red. (B) Highly focal LM ostial lesion, circled in red. (C) FFR pullback 

recording demonstrating a significant pressure drop at the LM ostium, resulting in an FFR 

of 0.72, while wedging the guiding catheter in the LM results in a falsely small pressure 

gradient (right side of the curve) (61). 
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➢ Diffuse coronary disease 

Residual diffuse disease is identified as the primary factor contributing to lower post-PCI 

FFR values and higher rates of adverse events, even following optimal stent implantation 

(49, 62). Using prolonged hyperemia, pullback recording with a pressure wire enables the 

assessment of how different vessel segments contribute to resistance to flow, providing a 

lesion-specific index of ischemia. A distal post-PCI FFR without any focal pressure jumps 

during the pullback indicates the presence of diffuse disease, allowing for a quick and 

precise evaluation of its severity. 

Diffuse disease often coexists with focal stenoses and frequently remains untreated after 

PCI. Importantly, while stenting may restore hyperemic flow in the treated segment, it 

can simultaneously amplify the pressure gradient caused by untreated diffuse disease. 

Notably, severe diffuse disease may respond more effectively to bypass surgery (63), 

highlighting the importance of tailored revascularization strategies for these complex 

cases. 

 

➢ Suboptimal stent implantation 

Studies using FFR, OCT, and IVUS have demonstrated that relying solely on angiography 

often results in suboptimal PCI results. Specifically, many patients experience issues such 

as inadequate stent expansion, malapposition, or edge dissection, which are not always 

evident on angiography. Research indicates that 15% to 20% of patients with 

angiographically successful PCI exhibit significant stent underexpansion or other 

complications on IVUS or OCT which may contribute to unfavorable clinical outcomes 

(64-66). 

 

➢ Drift 

Pressure drift can lead to inaccurate FFR measurements that do not accurately reflect true 

physiological conditions. The CONTRAST (Can cONTrast Injection Better Approximate 

FFR compAred to Pure reSTing Physiology?) study highlighted that while drift is small 
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(≤0.03) in most cases, in approximately 9% of cases, the FFR value appeared 

inappropriately low after PCI (67). 

Several procedural and device-related factors can contribute to this error, including 

improper aortic pressure transducer height, incorrect wire calibration, failure to remove 

the needle introducer, the presence of contrast medium in the catheter, or excessive 

intubation of the guide catheter into the coronary ostium. These factors collectively 

highlight the importance of careful procedural techniques and equipment handling to 

ensure accurate pre- and post-PCI FFR measurements. 

 

➢ Retrograde filling of the contralateral coronary artery 

Retrograde filling of the contralateral coronary artery by the index vessel can artificially 

lower the post-PCI FFR value. This occurs because the retrograde flow creates a "steal 

phenomenon," diverting blood away from the index vessel's territory. As a result, the FFR 

measurement may underestimate the true functional improvement achieved by the PCI. 

 

➢ Hydrostatic pressure and anatomical differences between left anterior 

descending artery (LAD) and non-LAD vessels 

Several studies have reported significantly lower post-PCI FFR values in the LAD 

compared to non-LAD vessels (48, 56, 59, 68-70), although a smaller study involving 66 

patients did not observe this difference (71). One potential explanation for this 

phenomenon is the influence of hydrostatic pressure differences. The latter is related to 

the fact that in a supine patient, the middle and distal segments of the LAD run higher 

than the aortic root, where the catheter measures the aortic pressure. As a result, the 

pressure recorded by the sensor of the PressureWire is lower, leading to an 

underestimation of post-PCI FFR values. This effect is further compounded by the fact 

that the LAD supplies a larger myocardial territory, resulting in higher flow demand. 

These factors can contribute to a greater translesional pressure drop, even in the presence 

of similar angiographic stenosis severity. Additionally, differences in diffuse 

atherosclerotic disease burden between the LAD and non-LAD vessels may also play a 

role (72). 
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1.5. Quantitative Flow Ratio 

1.5.1. Basics of Quantitative Flow Ratio 

 

Post-PCI physiological assessment with FFR remains uncommon in clinical practice. 

This underutilization may stem from the procedural focus on anatomical rather than 

functional evaluation, the absence of a universally accepted post-PCI FFR cut-off value, 

requirement of pressure wire insertion and pharmacologically induced hyperemia. In 

response to these challenges, non-invasive, angiography-based physiological assessment 

tools have emerged - most notably, the Quantitative Flow Ratio (QFR), which has become 

one of the most widely studied alternatives (73-76). 

QFR estimates the pressure gradient across a narrowed segment of a coronary artery by 

combining standard angiographic imaging with computational fluid dynamics (CFD). It 

does not require the use of a pressure wire, nor the administration of hyperemic agents, 

but there is a need for good quality angiographic images, appropriate contrast filling, and 

minimal vessel overlap. The QFR calculation process consists of three main steps. 

Initially, two angiographic projections - taken from angles at least 25 degrees apart - are 

used to reconstruct a three-dimensional model of the coronary artery. Following this, the 

software automatically identifies and analyzes the lesion, determining key parameters 

such as minimal luminal diameter, reference vessel size, and lesion severity. In the final 

step, CFD algorithms simulate blood flow and estimate the pressure drop along the vessel, 

enabling the calculation of the QFR value, which ranges from 0 to 1.0. A QFR value of 

≤0.80 is typically considered indicative of a hemodynamically significant stenosis, 

paralleling the threshold used for FFR (77). A QFR measurement is shown in Figure 6. 
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Figure 6. QFR assessment of a coronary stenosis. The top images show two angiographic 

projections with vessel contouring and reconstruction, which are used for QFR 

calculation. The middle image presents the three-dimensional reconstructed LAD artery 

with a color-coded QFR map, where red indicates significant QFR values. The bottom 

graph displays the vessel diameter profile, highlighting the minimum (yellow), maximum 

(blue), and reference (red) diameters, providing additional anatomical insight into the 

severity of the lesion. (Source: Own study) 



22 
 

1.5.2. Evidences behind Quantitative Flow Ratio 

 

A series of prospective studies and randomized trials have demonstrated the diagnostic 

accuracy, clinical utility of QFR, and its impact on patient outcomes. 

The FAVOR Pilot study was the first to assess contrast QFR’s feasibility, demonstrating 

a good correlation with invasive FFR (r = 0.77, p < 0.001), with a diagnostic accuracy of 

86%, sensitivity of 74%, and specificity of 91% using a QFR cut-off of 0.80 (77). 

This was followed by larger trials such as FAVOR II Europe-Japan, which confirmed 

QFR’s diagnostic power in diverse populations. The study included 329 patients and 

found a per-vessel diagnostic accuracy of 86.8%, with an area under the curve (AUC) of 

0.92 (95% CI: 0.89–0.96), sensitivity of 86.5%, and specificity of 86.9% compared to 

FFR, and demonstrated significantly higher diagnostic accuracy compared to 

conventional two-dimensional coronary angiography, which showed a sensitivity of only 

44.2% and specificity of 76.5% in the same study (75). 

The FAVOR III China trial marked a turning point by evaluating the clinical outcomes 

of QFR-guided PCI in a randomized setting. In 3,825 patients, QFR-guided PCI resulted 

in a significantly lower rate of MACE at 2 years compared to angiography-guided PCI 

(8.5% vs. 12.5%; HR 0.58; 95% CI: 0.44 - 0.71; p = 0.0002) (74). 

Based on the evidence of these studies, QFR received a Class I, Level B recommendation 

in the 2024 ESC guidelines for CCS as a tool for functional assessment of epicardial 

stenosis during invasive angiography to guide revascularization (23). Although just a few 

weeks later, at the TCT 2024 Congress, the results of the FAVOR III Europe study were 

presented - the first large randomized trial comparing QFR-guided PCI to FFR-guided 

PCI - in which QFR failed to demonstrate non-inferiority to FFR (78). Based on these 

findings, QFR may not be considered a suitable alternative to FFR when FFR is available. 

Moreover, limited data are available on the correlation between post-PCI FFR and post-

PCI QFR, and even fewer studies have directly compared their predictive value for target 

vessel failure (TVF). 
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2. Objectives 

2.1. Objectives of the First Study - The POST-PCI FFR STUDY (72) 

 

Residual pressure gradients after PCI, even in cases with an angiographically satisfactory 

result, have been associated with worse clinical outcomes. Given the uncertainty 

surrounding the optimal post-PCI FFR threshold and the factors influencing its values, 

our first study aimed to identify key clinical and procedural determinants and assess their 

prognostic significance, with a particular focus on vessel-specific cut-off values. 

Therefore, our objectives were: 

• To investigate the clinical and procedural parameters that influence post-PCI FFR. 

• To establish the prognostic value of post-PCI FFR measured immediately after 

DES implantation. Our primary endpoint was TVF, defined as a composite of 

cardiac death (CD), nonfatal target vessel-related MI, and target vessel 

revascularization (TVR). 

• To examine the relationship between post-PCI FFR and a composite of CD and 

MI. 

• To determine the optimal post-PCI FFR cut-off value for predicting TVF, with a 

strong emphasis on assessing whether a vessel-specific cut-off improves its 

predictive accuracy and enables a more tailored risk assessment.  

 

 

2.2. Objectives of the Second Study - The POST-PCI QFR STUDY (79) 

 

 

Data show that FFR after PCI is rarely utilized, yet the high, 19-50% readmission rate 

after successful PCI within one year due to chest pain highlights the need for more 

effective methods to assess procedural success beyond angiography alone (80). QFR 

could serve as a potential alternative; however, limited data exist on the prognostic value 

of post-PCI QFR. 

Therefore, the aims of our second study were: 
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• To evaluate the correlation between post-PCI FFR and QFR. 

• To identify clinical and angiographic factors influencing both. 

• To compare their prognostic value following an angiographically successful PCI 

in a real-world setting. The primary and secondary endpoints in this study were 

identical to those defined in our first study (72). 
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3. Methods 

3.1. Patients and Procedures 

3.1.1. Patients and Procedures: POST-PCI FFR STUDY (72) 

 

Our study included patients with single-vessel or multivessel coronary artery disease who 

underwent FFR-guided DES implantation and had post-PCI FFR measurements 

performed in at least one treated vessel at our tertiary care center, with a minimum follow-

up period of one year. 

Due to the differing in-stent restenosis rates between bare-metal stents and DES (81-83), 

patients who received a BMS in addition to a DES during the index intervention were 

excluded from our study. Furthermore, patients with a history of heart transplantation 

were also excluded. This decision was based on the distinct etiology and pathophysiology 

of cardiac allograft vasculopathy which differs significantly from atherosclerotic 

coronary artery disease and remains a major cause of late allograft dysfunction (84, 85). 

Lastly, we excluded patients in whom post-PCI FFR measurements were performed in 

vein grafts, as these present unique characteristics distinct from native coronary arteries 

(86, 87). 

Patients included in the study could present with a variety of clinical conditions that 

justified the need for coronary angiography. Acute coronary syndrome (ACS) was not 

considered an exclusion criterion. Of note, in cases of ACS, measurements were 

conducted in the non-culprit vessels. Additionally, patients with heart failure, in whom 

coronary artery disease was suspected as a contributing factor to impaired cardiac 

function, were included. Those with arrhythmias, such as atrial fibrillation or ventricular 

tachycardia who required coronary evaluation to exclude ischemic triggers, were also 

included in the study. 

The approach to performing PCI was left entirely to the clinical judgment and preference 

of the treating physician, allowing for individualized techniques based on patient-specific 

factors and anatomical considerations. FFR measurements were obtained using 

commercially available pressure wires, manufactured by St. Jude Medical (St. Paul, 

Minnesota), and now Abbott. Hyperemia was primarily induced by the administration of 
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intracoronary adenosine boluses in 426 patients (98 %), with a standard dosage of 200 μg 

delivered to the left coronary artery and 100 μg to the RCA or was achieved via 

intravenous infusion of adenosine at a standardized rate of 140 μg/kg/min in 8 patients (2 

%). 

All patients were prescribed guideline-directed medical therapy following PCI. It is 

important to note that all analyzed post-PCI FFR measurements represented the final 

values recorded at the conclusion of the procedure. No additional interventions or 

adjustments were made after these FFR values were obtained, ensuring that the data 

accurately reflected the definitive physiological result of the PCI. 

 

3.1.2. Additional Aspects in the POST-PCI QFR STUDY (79) 

 

As described in Section 1.5.1, QFR is derived from conventional angiography using 3-

dimensional reconstruction and computational flow modeling. In our second study 

(POST-PCI QFR), retrospective, off-line QFR analysis was performed using standard 

institutional angiograms, without specific acquisition protocols tailored for QFR 

computation. The analysis was conducted blinded to both invasive FFR results and 

clinical outcomes. For the purpose of QFR computation, angiographic images acquired 

both prior to PCI and at the end of the procedure (final post-PCI angiograms) were 

utilized. 

End-diastolic frames at least 25° apart were selected, with careful attention to minimizing 

foreshortening and overlap. Vessel edge detection was performed automatically by the 

software, with manual correction applied when necessary. The QFR measurement point 

was aligned with the location of the pressure wire sensor. Reference diameters were 

determined based on angiographically healthy vessel segments. Flow velocity was 

estimated via contrast frame counting; when this was not feasible (n=67), a standard 

hyperemic velocity was applied. All QFR computations were carried out using Medis 

Suite 4.0.62.4. 
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3.2. Ethical Approval (72, 79) 

 

The research permit was issued by the Institutional Committee of Gottsegen National 

Cardiovascular Center and the Regional Committee of Science and Research Ethics of 

Semmelweis University, certificate number: 83/2021. All participants provided written 

informed consent, and the study was conducted in accordance with the ethical principles 

outlined in the Declaration of Helsinki.  

 

3.3. Endpoints 

3.3.1. Endpoints of the Two Studies (72, 79) 

 

The primary endpoint of both studies was TVF, defined as a composite of CD, nonfatal 

target vessel-related MI, and TVR. All deaths were attributed to a cardiac cause unless 

there was clear evidence of a definitive non-cardiac etiology. Periprocedural MIs were 

excluded from the analysis. Both urgent and elective TVRs were included as endpoints in 

the study. In case of multiple events in a patient, only the first event was counted for 

analysis. No routine follow-up coronary angiography was performed as part of the study 

protocol. In cases where a patient had multiple vessels treated, any CD was attributed to 

all of the involved vessels. Similarly, in instances where a non-fatal MI could not be 

definitively attributed to a single culprit artery, all vessels in the patient’s registry were 

considered as related to the MI.  

We analyzed a range of clinical and procedural parameters to determine their influence 

on post-PCI FFR values, TVF, and the secondary endpoint which was the composite of 

CD/MI. The parameters included: 

- age 

- diabetes mellitus 

- estimated glomerular filtration rate (eGFR)  

- female vs. male gender 

- hyperlipidemia 

- hypertension 
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- indication category (acute vs. chronic coronary syndrome)  

- LAD vs. non-LAD location 

- lesion location (proximal vs. distal segment) 

- lesion type (de novo lesion vs. in-stent restenosis) 

- pre-PCI FFR value 

- stent diameter 

- stent length. 

Follow-up information was obtained through a combination of sources, including remote 

visits, the institutional database, direct telephone contact with patients or their relatives, 

and the databases of other healthcare centers involved in the patient’s care. If no follow-

up information could be acquired from these sources, the patient’s unique insurance 

number was cross-referenced with national death records to determine their survival 

status. 

Endpoints were evaluated at both the vessel level and the patient level in the POST-PCI 

FFR STUDY. For patient-level analysis, the lowest post-PCI FFR value among all vessels 

with post-PCI FFR measurements was used for each patient.  

 

3.3.2. Differences between the POST-PCI FFR and QFR STUDIES (79) 

 

In the POST-PCI QFR STUDY, one key difference from the POST-PCI FFR STUDY was 

the inclusion of two additional parameters in the multivariable regression analysis to 

assess their impact on post-PCI FFR, post-PCI QFR, and clinical outcomes: atrial 

fibrillation during the procedure and prior MI in the supply area. The rationale behind this 

inclusion is that QFR measurement relies on a steady-state flow condition which may be 

compromised in the presence of atrial fibrillation due to beat-to-beat variations in 

coronary blood flow and pressure gradients. These fluctuations may affect the accuracy 

and reproducibility of QFR values. Similarly, prior MI in the supply area may alter the 

physiological significance of QFR measurements, as infarcted myocardial tissue exhibits 

impaired microvascular function. This could lead to discrepancies between QFR and FFR 

values and potentially impact their prognostic value in assessing vessel disease severity 

and predicting adverse cardiovascular events. 
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Another distinctive feature of the POST-PCI QFR STUDY is that these analyses were 

conducted exclusively at the vessel level. We also performed sensitivity analyses, 

specifically by excluding patients with in-stent restenosis, those with a history of MI in 

the same vascular region, and cases where ACS was the reason for coronary angiography. 

Additionally, we assessed the extent of new information provided by post-PCI FFR and 

post-PCI QFR measurements in comparison to a baseline model. This baseline model 

incorporated clinical and demographic factors, including age, eGFR, lesion location 

(LAD vs. non-LAD), gender, indication category (acute vs. chronic coronary syndrome), 

lesion location (proximal vs. non-proximal), and previous MI in the affected territory. 

 

3.4. Statistical Analysis 

3.4.1. Statistical Analysis of the POST-PCI FFR STUDY (72) 

 

Categorical variables are displayed as count (%), while continuous variables are displayed 

as mean +/- SD or median +/- interquartile range (IQR). Linear regression is used to 

multivariably model post-PCI FFR. Non-linearity is initially verified using spline 

expansion; however, all explanatory variables are entered without variable selection (88). 

Since no substantial nonlinearity was detected, linear models were subsequently 

employed. Missing data were addressed through multiple imputation using predictive 

mean matching (89). 

Robust covariance matrix estimation was performed using the Hubert-White method for 

all regression analyses. In vessel-level analyses, clustering was applied at the patient level 

to account for the correlation of measurements derived from the same individual. The 

final models include beta coefficients for linear regression and hazard ratios as 

exponentiated coefficients for Cox regression. Time-dependent receiver-operating 

characteristic (ROC) curves for the 5-year time point were used to compute survival cut-

off values. 

Results are presented with 95% CI, and variables were deemed significant if p ≤ 0.05. All 

analyses were performed using R statistical software (version 4.2.2). 
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3.4.2. Additional Statistical Analysis in the POST-PCI QFR STUDY (79) 

 

Equivariant Passing-Bablok regression and Bland-Altman graphs were used to compare 

the post-PCI FFR and post-PCI QFR approaches. Linear regression was also used to 

multivariably model post-PCI QFR.  

A baseline model with clinical and demographic covariates was fitted first, and either 

FFR or QFR was then added to the model in order to calculate the added predictive value 

of both variables. The adequacy index and fraction of new information were used to 

quantify the increased predictive value, while the likelihood ratio χ2 was used to measure 

goodness-of-fit. The R statistical software package, version 4.4.0, was used to do 

statistical computations. 
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4. Results 

4.1. Result of the POST-PCI FFR STUDY 

4.1.1. POST-PCI FFR STUDY: Patients and Vessels (72) 

 

Between March 17, 2009, and January 19, 2021, a total of 1024 patients underwent FFR-

guided PCI with DES implantation at Gottsegen National Cardiovascular Center. Of 

these, 534 patients did not have post-PCI FFR measurements performed in all treated 

vessels and were therefore excluded. Additionally, 38 patients received a BMS alongside 

a DES during the index intervention, 6 patients had a history of heart transplantation, and 

in 12 patients, post-PCI FFR measurements were conducted in a vein graft. These cases 

were also excluded from the analysis, as they met the three exclusion criteria we had 

established. The flowchart of patients is shown in Figure 7. 

 

 

Figure 7. Flowchart of patients 

 

The median age of the study population was 65 years (IQR: 57–71), with 69% of the 

patients being male. Hypertension was prevalent in 85% of the cohort, and 74% had 

dyslipidemia. Diabetes mellitus was reported in 49% of the patients, and among these, 
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27% required insulin therapy. Mean left ventricular ejection fraction (LVEF) was 55% 

with 27% of patients having an LVEF of less than 50%. Additionally, 44% of the patients 

had a history of previous PCI, while 2% had undergone CABG surgery. The clinical 

characteristics of the patient population are detailed in Table 1. Among the 434 patients, 

46 had two vessels included in the analysis, and 10 had three vessels analyzed, resulting 

in a total of 500 vessels. 

 

Table 1. Characteristics of the patients in the POST-PCI FFR STUDY 

 

Of the 500 vessels, the majority were LAD (333 vessels, 67%), followed by the RCA 

(100 vessels, 20%) and the left circumflex artery (LCx, 67 vessels, 13%). ACS was the 

indication for PCI in 77 vessels (15%), while in-stent restenosis was observed in 62 

vessels (12%). Nearly half of the lesions (225 vessels, 45%) were located in proximal 

segments.  

Total no. of patients 434 

Age – yr (IQR) 65 (57-71) 

Male sex - no. (%) 300 (69%) 

Hypertension - no. (%) 369 (85%) 

Hypercholesterolemia - no. (%) 321 (74%) 

Diabetes mellitus - any - no. (%) 211 (49%) 

                            - treated with insulin - no. (%) 56 (27%) 

Smoking - no. (%) 252 (58%) 

St/p/PCI - no. (%) 192 (44%) 

St/p/CABG - no. (%) 9 (2%) 

eGFR – ml/min/1.73m2 (± SD) 69 (± 18) 

LVEF – % (± SD) 55 (± 14) 

LVEF <50% - no. (%) 117 (27%) 

2 vessels included/patient - no. of patients (%) 46 (11%) 

3 vessels included/patient - no. of patients (%) 10 (2%) 
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Table 2. Procedural characteristics of study vessels in the POST-PCI FFR STUDY 

 

 

The overall median pre-PCI FFR was 0.72 (IQR: 0.65-0.77), with comparable values 

observed in LAD and non-LAD vessels - 0.72 (IQR: 0.66-0.76) and 0.72 (IQR: 0.63-

0.77), respectively (p = 0.3011). The distribution of pre-PCI FFR values is illustrated in 

Figure 8. 3 vessels were treated despite having pre-PCI FFR values greater than 0.80 

(shown in red) due to vessel dissection. 

 

Total no. of vessels 500 

LAD - no. (%) 333 (67%) 

LCx - no. (%) 67 (13%) 

RCA - no. (%) 100 (20%) 

Acute coronary syndrome indication - no. (%) 77 (15%) 

In-stent restenosis - no. (%) 62 (12%) 

Proximal lesion - no. (%) 225 (45%) 

Stent diameter - mm (± SD) 2.97 (± 0.37) 

Total stent length - mm (± SD) 32.3 (± 16.7) 

Pre-PCI FFR - (IQR) 0.72 (0.65-0.77) 

Post-PCI FFR – (IQR) 0.87 (0.84-0.91) 
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Figure 8.  Distribution of the 500 pre-PCI FFR values obtained in 434 patients in the 

POST-PCI FFR STUDY. Values ≤0.80 are displayed in orange, representing functionally 

significant lesions. Only three values exceeded the 0.80 threshold (shown in red). The x-

axis shows the pre-PCI FFR values, while the y-axis indicates the number of vessels 

corresponding to each pre-PCI FFR value. 

 

The average number of stents implanted per vessel was 1.40. Specifically, 326 (65.2% of 

the vessels) had one stent implanted, 147 (29.4%) had two stents, and 44 (5.4%) received 

three stents. 

Figure 9. illustrates the post-PCI FFR values across the study population. The median 

post-PCI FFR recorded was 0.87 (IQR: 0.84-0.91). Notably, a small proportion of arteries 

- 21 (4%) in total - had a post-PCI FFR ≤ 0.80 (highlighted in red), which was attributed 

to diffuse residual disease without a treatable focal lesion, as determined by pullback 

recordings. Conversely, post-PCI FFR values greater than 0.95 were observed in 44 

arteries (9%) (shown in blue). When dissecting the data by vessel type, LAD showed 

lower post-PCI FFR values with a median of 0.85 (IQR: 0.83-0.89) compared to non-

LAD vessels which had a median of value of 0.92 (IQR: 0.88-0.94), the difference being 

highly statistically significant (p < 0.001). 

 

Figure 9. Distribution of the 500 post-PCI FFR values obtained in 434 patients in the 

POST-PCI FFR STUDY. Post-PCI FFR values ≤ 0.80 are shown in red, values between 

0.81 and 0.94 in green, and values ≥ 0.95 in blue. The x-axis shows the post-PCI FFR 

values, while the y-axis indicates the number of vessels corresponding to post-PCI FFR 

each value. 
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Additionally, we analyzed the changes in FFR values from before to after the PCI 

procedure, referred to as ΔFFR which are shown in Figure 10. This analysis revealed that 

LAD vessels typically experienced smaller improvements in FFR post-PCI, with a 

median ΔFFR of 0.14 (IQR: 0.10-0.21), in contrast to non-LAD vessels which showed 

more substantial improvements with a median ΔFFR of 0.19 (IQR: 0.15-0.29). This 

difference was statistically significant (p < 0.001). 

 

Figure 10. Distribution of ΔFFR values in the POST-PCI FFR STUDY. ΔFFR represents 

the change in FFR (post-PCI minus pre-PCI). Higher ΔFFR values correspond to greater 

functional improvement, which potentially translates into better symptomatic outcomes 

following PCI. 

 

 

4.1.2. POST-PCI FFR STUDY: Predictors of Post-PCI FFR (72) 

 

Multivariable regression analysis identified significant predictors of lower post-PCI FFR, 

including LAD location (p < 0.001), male gender (p < 0.001), smaller stent diameter (p = 

0.006), and lower pre-PCI FFR (p = 0.003). Notably, there were no significant differences 

in post-PCI FFR between non-culprit vessels in ACS and CCS, nor did in-stent restenosis 

versus de novo lesions or the presence of diabetes mellitus significantly influence post-

PCI FFR values. These findings are illustrated in Figure 11. 
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. 

Figure 11. Analysis of the predictors of post-PCI FFR in the POST-PCI FFR STUDY 

(Small triangles correspond to the beta coefficients, lines indicate 95% confidence 

intervals) 

 

4.1.3. POST-PCI FFR STUDY: Follow-up (72) 

 

Survival data were available for 433 out of 434 patients (99.8%), and complete follow-

up regarding MI and TVR was achieved in 423 patients (97.5%).  

During the median follow-up of 37 months (IQR: 20–61), 

• 27 patients experienced CD 

• 20 patients suffered a nonfatal MI 

• 52 TVR were performed. 
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Among the 52 TVR cases, 10 were performed in the setting of acute MI, while 13 were 

preceded by a documented FFR ≤ 0.80, guiding the revascularization. In 4 cases, the 

lesions were considered functionally significant by the operator due to subtotal occlusion, 

despite the absence of FFR confirmation. The remaining 25 revascularizations were 

performed based solely on angiographic appearance. In these cases, FFR assessment 

might have led to the decision to defer intervention. Overall, 73 patients (17%) 

experienced TVF, while 39 patients (9%) suffered either MI or CD during follow-up. 

 

4.1.4. POST-PCI FFR STUDY: Vessel-level Analysis (72) 

 

At the vessel level, significant predictors of TVF were post-PCI FFR (p < 0.001), stent 

length (p < 0.001), and the presence of diabetes mellitus (p = 0.026), as shown in Figure 

12.  

 

Figure 12. Predictors of TVF in the POST-PCI FFR STUDY. (Small triangles are point 

estimates of hazard ratios, lines indicate 95% confidence intervals) 
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The data show that the lower the post-PCI FFR, the higher the frequency of TVF. 

Specifically, vessels with a post-PCI FFR of ≤ 0.80 experienced the highest frequency of 

TVF at 47.6%, while those with a post-PCI FFR greater than 0.95 had a notably lower 

frequency at only 2.3%. Intermediate FFR ranges exhibited a graded reduction in TVF 

frequency: 21.4% for FFR between 0.81 - 0.85, 13.3% for 0.86 - 0.90, and 12.6% for 

0.91- 0.95. The relationship between TVF and post-PCI FFR as a continuous variable is 

shown in Figure 13. 

 

Figure 13. Relationship between post-PCI FFR and TVF in the POST- PCI FFR STUDY. 

 

A post-PCI FFR of 0.83 was identified through univariate ROC analysis as the best cut-

off for predicting TVF, with a sensitivity of 45%, specificity of 86%, and an AUC of 0.70. 

Considering the lower median post-PCI FFR in LAD arteries (two-thirds of vessels) by 

0.07 units compared to non-LAD arteries (one-third of vessels), a separate analysis was 

conducted for these two groups. The optimal post-PCI FFR for predicting TVF was 

determined to be 0.83 in the LAD territory by univariate ROC analysis, with a sensitivity 

of 60%, specificity of 82%, and an AUC of 0.75. In contrast, for non-LAD vessels, the 

best predictive post-PCI FFR value was higher, 0.91, showing a sensitivity of 65%, 

specificity of 61%, and an AUC of 0.59. The determination of the optimal post-PCI FFR 

cut-off value for predicting TVF is illustrated in Figure 14. 
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Figure 14. ROC curves for determining the optimal post-PCI FFR cut-off value to predict 

TVF in the POST-PCI FFR STUDY. The overall patient population is represented by the 

red curve, LAD vessels by the green curve, and non-LAD vessels by the blue curve. 

 

This study also explored the secondary endpoint, a composite of CD and MI, with post-

PCI FFR (p < 0.001), stent length (p < 0.001), non-LAD location (p = 0.0026), and 

diabetes mellitus (p = 0.015) emerging as independent predictors, as demonstrated in 

Figure 15.  
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Figure 15. Predictors of the secondary endpoint (CD/MI) in the POST-PCI FFR STUDY 

(Small triangles are point estimates of hazard ratios, lines indicate 95% confidence 

intervals) 

 

The relationship between post-PCI FFR and the occurrence of CD/MI (secondary 

endpoint) is inverse and statistically significant as well, see Figure 16. 

 

Figure 16. Correlation between post-PCI FFR and CD/MI in the POST-PCI FFR STUDY. 
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Univariate ROC analysis confirmed that the optimal post-PCI FFR thresholds for CD/MI 

were identical to those previously identified for TVF. For the overall population, a cut-

off of 0.83 yielded a sensitivity of 54%, specificity of 86%, and an AUC of 0.75. In LAD 

vessels, the same threshold (0.83) resulted in improved performance, with a sensitivity of 

72% and specificity of 82% (AUC 0.84). In contrast, in non-LAD vessels, the optimal 

value remained 0.91, with a sensitivity of 70%, specificity of 61%, and an AUC of 0.60 

(see Figure 17.).  

 

Figure 17. ROC curves for determining the optimal post-PCI FFR cut-off value to predict 

“hard endpoints” (CD/MI) in the POST-PCI FFR STUDY. The overall patient population 

is represented by the red curve, LAD vessels by the green curve, and non-LAD vessels 

by the blue curve. 

 

4.1.5. POST-PCI FFR STUDY: Patient-level Analysis (72) 

 

On a patient level, post-PCI FFR (p < 0.001) and stent length (p = 0.00384) emerged as 

independent predictors of TVF. The incidence of TVF varied across the range of post-PCI 

FFR values, with the highest frequency, 47.6%, observed in patients with the lowest FFR 

stratum (≤ 0.80). This was followed by 22.2% in the 0.81–0.85 stratum, 11.7% in the 
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0.86–0.90 stratum, 12.5% in the 0.91–0.95 stratum, and only 2.9% in patients with an 

FFR > 0.95. The relationship between TVF and the single lowest post-PCI FFR is 

depicted in Figure 18. which considers the entire follow-up duration for each patient, 

ignoring variations in follow-up times among individuals. 

 

Figure 18. Frequency of TVF in relation to the single lowest post-PCI FFR in the patients 

of the POST-PCI FFR STUDY stratified in five categories.  

 

Univariate ROC analysis determined that the optimal cut-off of single lowest post-PCI 

FFR measured in a patient to predict TVF was 0.83, based on the Youden-index, with a 

sensitivity of 51%, specificity of 85%, and an AUC of 0.73. 

Moreover, on a patient level, the key predictors for the composite endpoint of CD/MI 

included lowest measured post-PCI FFR (p < 0.001), stent length (p < 0.001), and diabetes 

mellitus (p = 0.0337). Similarly, a post-PCI FFR of 0.83 was identified as the best 

threshold to anticipate CD/MI, achieving a sensitivity of 62%, specificity of 85%, and an 

AUC of 0.81. 
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4.2. Results of the POST-PCI QFR STUDY 

4.2.1. POST-PCI QFR STUDY: Patients and Vessels (79) 

 

Off-line QFR measurements were attempted in 500 coronary arteries of 434 patients 

enrolled in the POST-PCI FFR STUDY. However, QFR analysis could not be completed 

in 78 vessels (15.6%), shown in Figure 19 due to various limitations, including significant 

vessel overlap (5%), insufficient angulation difference (less than 25°) between 

angiograms (4.8%), inadequate contrast filling (3.4%), and suboptimal image quality 

(2.4%). It is important to note that all angiographic images were acquired at a frame rate 

of 15 frames per second, and no ostial stenosis was included.  

 

Figure 19. Flowchart of the POST-PCI QFR STUDY 

 

As a result, a total of 422 vessels of 365 patients underwent both post-PCI FFR and post-

PCI QFR measurements during the study period. Although the study population was more 

restricted compared to the POST-PCI FFR study, baseline characteristics were similar in 

the two study groups. The baseline characteristics of the patients of the POST-PCI QFR 

STUDY are summarized in Table 3. 
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Table 3. Baseline characteristics of patients in the POST-PCI QFR STUDY 

Total no. of patients 365 

Age – yr (± SD) 63 (± 10) 

Male sex - no. (%) 257 (70%) 

Hypertension - no. (%) 311 (85%) 

Hypercholesterolemia - no. (%) 274 (75%) 

Diabetes mellitus - any - no. (%) 177 (48%) 

                            - treated with insulin - no. (%) 48 (27%) 

Smoking - no. (%) 212 (58%) 

St/p/PCI - no. (%) 150 (41%) 

St/p/CABG - no. (%) 8 (2%) 

eGFR – ml/min/1.73m2 (± SD) 69 (± 18) 

LVEF – % (± SD) 55 (± 13) 

LVEF <50% - no. (%) 99 (27%) 

2 vessels included/patient - no. of patients (%) 39 (11%) 

3 vessels included/patient - no. of patients (%) 7 (2%) 

 

In both studies, approximately two-thirds of the analyzed vessels were LAD, and there 

was no significant difference in the frequency of ACS as the indication for the procedure. 

The most notable difference between the two studies was the proportion of proximal 

lesions, which accounted for 60% in the current study compared to 45% in the POST-PCI 

FFR STUDY. Atrial fibrillation occurred during the procedure in 10% of cases, and a 

prior myocardial infarction in the corresponding vascular territory was also documented 

in 10% of the vessels. Procedural characteristics are detailed in Table 4. 
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Table 4. Procedural characteristics of the POST-PCI QFR STUDY 

 

The mean FFR and QFR values measured before PCI in the POST-PCI QFR study were 

0.69 and 0.73, respectively. As shown in Figure 20, the pre-PCI distribution curves of 

FFR and QFR were similar, with the QFR curve shifting slightly to the right. No 

significant differences were observed between LAD and non-LAD vessels in either pre-

PCI FFR or QFR values. 

Total no. of vessels 422 

LAD - no. (%) 288 (68%) 

LCx - no. (%) 55 (13%) 

RCA - no. (%) 79 (19%) 

Acute coronary syndrome indication - no. (%) 61 (14%) 

In-stent restenosis - no. (%) 49 (11%) 

Proximal lesion - no. (%) 255 (60%) 

Stent diameter - mm (± SD) 2.98 (± 0.37) 

Total stent length - mm (± SD) 32.6 (± 16.7) 

Prior myocardial infarction in the territory - no. (%) 41 (10%) 

Atrial fibrillation during the procedure - no. (%) 42 (10%) 

Pre-PCI FFR - (± SD) 0.69 (± 0.10) 

Pre-PCI QFR - (± SD) 0.73 (± 0.09) 

Post-PCI FFR - (± SD) 0.88 (± 0.05) 

Post-PCI QFR - (± SD) 0.93 (± 0.07) 
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Figure 20. Distribution curves of pre-PCI FFR and QFR values in the POST-PCI QFR 

STUDY 

 

The mean post-PCI FFR was 0.88 and the mean post-PCI QFR was 0.93. A statistically 

significant difference was found between LAD and non-LAD vessels, in terms of post-

PCI FFR values of 0.86 vs. 0.91 (p<0.001) and post-PCI QFR values of 0.89 vs. 0.92 

(p<0.001), respectively. The distribution curves of post-PCI FFR and QFR differed 

accordingly, as illustrated in Figure 21. 

 

Figure 21. Distribution curves of post-PCI FFR and QFR values in the POST-PCI QFR 

STUDY 
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4.2.2. POST-PCI QFR STUDY: Predictors of Post-PCI FFR and Post-PCI QFR 

(79) 

 

In this study, as in the POST-PCI FFR STUDY, LAD location (compared to non-LAD, 

p<0.001), male sex (p=0.005), and smaller stent diameter (p=0.007) were identified as 

significant predictors of lower post-PCI FFR. Additionally, reduced eGFR was associated 

with lower post-PCI FFR, although this relationship was only marginally significant 

(p=0.044). Predictors of post-PCI FFR are shown in Figure 22.  

 

Figure 22. Predictors of post-PCI FFR in the POST-PCI QFR STUDY (Small triangles 

correspond to the beta coefficients, lines indicate 95% confidence intervals) 

 

Multivariate regression analysis revealed that several factors were independently 

associated with lower post-PCI QFR values as well, including LAD location (p<0.001), 

male sex (p=0.045), hypertension (p=0.045), shorter stent length (p<0.001), occurrence 

of atrial fibrillation during the procedure (p=0.0033), in-stent restenosis (p=0.013), and 

distal (as opposed to proximal) lesion location (p=0.0049). Importantly, post-PCI FFR 

values in non-culprit vessels of patients presenting with ACS did not significantly differ 
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from those presenting with CCS. Similarly, no significant difference was observed in 

post-PCI QFR values between these two clinical settings. 

 

Figure 23. Predictors of post-PCI QFR in the POST-PCI QFR STUDY (Small triangles 

correspond to beta coefficients, lines indicate 95% confidence intervals) 

 

4.2.3. POST-PCI QFR STUDY: Methods Comparison (79) 

 

Our analysis revealed a consistent discrepancy between post-PCI QFR and post-PCI FFR, 

with QFR systematically overestimating the invasively measured FFR. The average 

difference between the two modalities was +0.052 (p < 0.001), as illustrated in the Bland-

Altman plot (Figure 24.). This overestimation was more pronounced in LAD vessels, 

where the mean bias reached 0.058 (p < 0.001), compared to 0.038 (p < 0.001) in non-

LAD arteries. 
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Figure 24. Bland–Altman plot illustrating the agreement between post-PCI FFR and post-

PCI QFR values. The x-axis shows the average of the two measurements, while the y-

axis represents their difference (post-PCI QFR minus post-PCI FFR). The purple line 

marks the mean difference between the methods. The green and salmon dashed lines 

indicate the upper and lower limits of agreement, respectively, with the shaded regions 

representing their 95% confidence intervals. 

 

A comparable pattern was seen in the pre-PCI measurements, although the degree of 

discrepancy was smaller. Pre-PCI QFR consistently overestimated the corresponding FFR 

values, with an average difference of 0.037 (p < 0.001). This overestimation was uniform 

across vessel types, with a mean difference of 0.038 in LAD arteries (p < 0.001) and 0.036 

in non-LAD vessels (p < 0.001), as illustrated in Figure 25. 
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Figure 25. Bland–Altman plot illustrating the agreement between pre-PCI FFR and pre-

PCI QFR values. The x-axis shows the average of the two measurements, while the y-

axis represents their difference (pre-PCI QFR minus pre-PCI FFR). The purple line marks 

the mean difference between the methods. The green and salmon dashed lines indicate 

the upper and lower limits of agreement, respectively, with the shaded regions 

representing their 95% confidence intervals. 

 

The correlation between post-PCI FFR and QFR was weak, with a Pearson’s r of 0.42 

overall - further reduced to 0.33 in LAD vessels and slightly better at 0.47 in non-LAD 

arteries. Similarly, Passing-Bablok regression analysis demonstrated poor agreement, as 

neither the intercept nor the slope aligned well, suggesting limited calibration between 

the two modalities. These findings are presented in Figure 26. (A) which displays the 

results across all vessels. In contrast, the correlation between pre-PCI FFR and QFR was 

notably stronger, with an overall Pearson’s r of 0.73 (0.68 in LAD and 0.82 in non-LAD 

vessels). The Passing-Bablok regression analysis for pre-PCI values, shown in Figure 26. 

(B), revealed a much better calibration - highlighted by a slope close to 1 - although the 

intercept still showed a degree of bias. 
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Figure 26. (A) Passing-Bablok Regression Fit shows the correlation between FFR and 

QFR after PCI, while (B) illustrates the correlation between the two measurements before 

PCI.  
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4.2.4. POST-PCI QFR STUDY: Follow-up (79) 

 

During a median follow-up of 50 months (IQR: 30–68 months), there were 23 CDs, 14 

MIs, and 39 TVRs. Of these 39 TVRs, twenty were guided by physiological assessment 

with an FFR of ≤0.80 recorded prior to revascularization. In four additional cases, lesions 

were subtotally occlusive and considered hemodynamically significant by the 

interventional cardiologist. The remaining 15 revascularizations were based purely on 

angiographic findings; in these cases, FFR measurement might have resulted in the 

decision to defer the procedure. 

Survival time was calculated from the date of the PCI procedure. Among the 365 patients 

enrolled, two underwent treatment of more than one vessel at separate time points and 

were thus included more than once; all other patients had either a single vessel treated or 

underwent multivessel PCI during the same procedural setting. Complete follow-up was 

available for all participants (100% follow-up rate). 

Univariate analysis identified post-PCI FFR as a strong and statistically significant 

predictor of TVF (p < 0.001), as illustrated in Figure 27. (A). Post-PCI QFR was likewise 

significantly associated with the primary endpoint of the study - TVF- with a p value of 

0.013, as shown in Figure 27. (B).  
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Figure 27. (A) shows the spline-smoothed relationship between post-PCI FFR and the 

incidence of TVF. (B) illustrates the spline-smoothed relationship between post-PCI QFR 

and the incidence of TVF during the follow-up period.  The shaded region represents the 

95% CI around the estimated trend. 

 

In the multivariate analysis, post-PCI FFR (p < 0.001), LAD location (p = 0.0379) and 

male sex (p = 0.0333) emerged as significant predictors of TVF, whereas for the 

composite endpoint of CD/MI, only post-PCI FFR (p < 0.001) and diabetes mellitus (p = 

0.0434). was identified as a significant predictor. 

To test the robustness of our findings, we conducted a sensitivity analysis, excluding 

individuals with in-stent restenosis, prior MI in the same vessel territory, or ACS as the 

indication for coronary angiography. The results in this refined cohort closely mirrored 

those of the overall population, demonstrating consistent correlations between QFR and 

FFR both before and after PCI. Moreover, the predictive ability of post-PCI FFR and QFR 

for TVF, CD, and nonfatal target vessel-related MI remained unchanged. 

Table 5. summarizes the incremental prognostic value of post-PCI FFR and QFR for TVF 

and the composite of CD and MI compared to a base model which included age, eGFR, 

LAD (vs. non-LAD) location, gender, indication category (acute vs. chronic coronary 

syndrome), proximal (vs. non-proximal) lesion, prior MI in the supply area. The addition 

of post-PCI QFR provided only limited incremental information. Models incorporating 
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post-PCI QFR performed similarly to the base model, and the differences in predictive 

accuracy were not statistically significant for either endpoint. In contrast, post-PCI FFR 

contributed substantially more prognostic information. Models excluding post-PCI FFR 

were notably less robust, with statistically significant reductions in predictive 

performance observed for both endpoints. 

 

Table 5. Fraction of new information provided by post‐PCI FFR and QFR for both end 

points in the POST-PCI QFR STUDY 

 

 

Using univariate ROC analysis in this POST-PCI QFR STUDY, the optimal threshold for 

post-PCI FFR to predict TVF - identical to that found in the POST-PCI FFR STUDY - 

was 0.83 (sensitivity: 53%, specificity: 79%, AUC: 0.683). In the LAD group, which 

comprised approximately two-thirds of all assessed vessels, the optimal threshold 

remained 0.83, with improved sensitivity and specificity (67% and 71%, respectively) 

and an AUC of 0.696, indicating better predictive performance in this subset. In contrast, 

among non-LAD vessels, the best cut-off value was higher, 0.89 (sensitivity: 59%, 

specificity: 72%, AUC: 0.621). These results are illustrated in Figure 28. (A). On the other 

hand, no reliable cutoff value could be determined for post-PCI QFR. Across all vessels 

and subgroups, post-PCI QFR consistently showed poor discriminatory power, with AUC 
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values near or below 0.55 - indicating minimal predictive utility. These findings are 

depicted in Figure 28. (B). 

 

 

Figure 28. (A) ROC analysis of post-PCI FFR for predicting TVF, stratified by vessel 

type. (B) ROC analysis of post-PCI QFR for predicting TVF, stratified by vessel type. 
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5. Discussion 

5.1. Interpretation of the POST-PCI FFR STUDY Results (72) 

 

In our first analysis (POST-PCI FFR STUDY), we summarized the long-term data 

regarding post-PCI FFR measurements of our center. The main observations were the 

following: post-procedural FFR values were significantly influenced by the anatomical 

location of the lesion (LAD vs. non-LAD), patient sex, stent diameter, and - though to a 

lesser extent - pre-PCI FFR. On a vessel level, predictors of TVF included post-PCI FFR, 

stent length, and the presence of diabetes mellitus. We also found that the optimal post-

PCI FFR threshold to predict TVF was different in LAD and non-LAD arteries. Most 

importantly, post-PCI FFR remained an independent predictor of serious adverse 

outcomes - CD and MI - alongside diabetes and total stent length. 

FFR has become a widely accepted tool for guiding PCI, and it is commonly assumed 

that PCI effectively eliminates epicardial resistance to flow, as well as myocardial 

ischemia, and anginal symptoms. However, accumulating evidence suggests that this 

assumption does not hold true in a significant proportion of cases. Many patients continue 

to experience symptoms and require repeat coronary angiography despite technically 

successful PCI (80, 90). The persistence of symptoms may be attributed to residual 

epicardial resistance that was not fully relieved during the initial intervention, 

microvascular dysfunction or extracardiac causes (23, 91). Furthermore, while FFR-

guided revascularization has significantly reduced the need for stent implantation and 

associated clinical events compared to the angiography-based approach, the occurrence 

of adverse clinical outcomes in the FAME (28% at 5 years) (26) and FAME 2 (13.9% at 

5 years) (92) trials suggests that FFR-based decision-making, followed by angiography-

based stent placement, does not always result in a functionally optimized PCI. 

Multiple studies have examined the prognostic significance of post-PCI FFR in predicting 

vessel-related MACE, spanning from the BMS (51) to the DES era (48, 68, 93). However, 

findings on its predictive value have been inconsistent across studies (54, 55, 71, 94, 95). 

The variability in these results is likely multifactorial, potentially influenced by 

differences in follow-up duration, patient populations, and statistical power. A meta-

regression analysis at the study level conducted by Rimac et al. (50) identified an inverse 
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relationship between post-PCI FFR and MACE, and a large patient-level meta-analysis 

by Johnson et al. (49) also demonstrated an inverse association between post-PCI FFR 

and adverse event rates. It is important to note that both analyses included patients with 

BMS and DES, with BMS being associated with a higher incidence of TVR. 

Consequently, the conclusions drawn from these studies may have limited relevance to 

current clinical practice, where DES implantation is the standard of care. A cohort study 

from the International Post-PCI FFR Registry, published in 2024, reinforced both the 

aforementioned findings and our own results, demonstrating that post-PCI FFR, unlike 

angiographic parameters, was directly associated with clinical outcomes and inversely 

related to the occurrence of adverse events (96).  

Prior to our study, few publications explored the specific prognostic value of post-PCI 

FFR for predicting “hard endpoints” (CD/MI). The majority of earlier studies 

concentrated on composite outcomes such as TVF or MACE, both of which included 

TVR - a component that tends to occur considerably more often than CD or MI. Some 

studies identified an association between low post-PCI FFR and an increased incidence 

of CD and MI (47, 54). In contrast, findings from the DK CRUSH-VII Registry Study 

indicated a statistically significant difference in mortality between patients with a post-

PCI FFR greater than 0.88 and those with lower values, based on 2 versus 6 events, 

respectively. However, in the same study, the difference in MI incidence was not 

statistically significant (0 vs. 2 events) (59). On the other hand, in the randomized 

controlled FAME and FAME 2 trials, post-PCI FFR was not found to be associated with 

either CD or MI; its predictive value was limited to TVR alone (68). 

Non-hyperemic pressure ratios, such as iFR or resting Pd/Pa, have the advantage of not 

requiring pharmacologically induced hyperemia, making them more convenient and 

potentially time-efficient than FFR. However, their application immediately after PCI is 

questionable. Balloon inflation and stent deployment during PCI inevitably induce a 

certain degree of procedural hyperemia, the extent of which is unpredictable and difficult 

to measure. As a result, post-PCI non-hyperemic pressure ratio values may be unreliable, 

potentially overestimating residual epicardial disease. 

Post-PCI FFR measurement provides insight into the residual epicardial limitations of 

maximum achievable blood flow following revascularization. These limitations may be 
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attributed to diffuse coronary artery disease, angiographically subtle focal lesions in 

untreated segments, or stent-related issues such as inadequate expansion, malapposition, 

geographical miss, edge dissections, or tissue protrusion. Additionally, technical factors, 

such as sensor drift, can affect FFR readings, while the presence of a contralateral chronic 

total occlusion with retrograde filling from the treated vessel may also variably influence 

post-PCI FFR values (97). Despite these complexities, hyperemic pullback recordings - 

which could clarify the underlying mechanisms - are not systemically performed at the 

conclusion of a procedure. Similarly, pre-PCI FFR is typically considered a single-point 

measurement that reflects total epicardial resistance proximal to the sensor, without 

distinguishing the contributions of individual segments. This lack of segmental analysis 

may impact procedural decision-making. The concept of two-dimensional FFR has been 

introduced to address this limitation, as hyperemic pullback recordings provide insights 

into both the severity and spatial distribution of plaques (98). 

The distinction between diffuse and focal disease is clinically relevant. Emerging data 

suggest that greater pressure drops across focal plaques may contribute to plaque 

instability and subsequent ischemic events (99). However, such detailed assessments are 

seldom performed which may contribute to discrepancies in reported post-PCI FFR cut-

off values for predicting TVF. Collet et al. have further demonstrated that angiography 

alone is insufficient for accurately characterizing the physiological nature of coronary 

artery disease, particularly in differentiating between focal and diffuse pathology. By 

applying the Pullback Pressure Gradient (PPG) index, they reclassified 36% of cases 

based on physiological rather than angiographic assessment (100). 

Hwang et al. (70) proposed that distinct cut-off values may be necessary for LAD and 

non-LAD vessels when assessing the risk of TVF. However, due to the limited number of 

CD and MI cases in their study, they were unable to establish precise thresholds for 

predicting "hard" endpoints. Additionally, unlike our cohort, their results indicated that 

pre-PCI FFR values were lower in LAD arteries compared to non-LAD arteries. Our 

analysis further underscores the significance of vessel type in PCI outcomes. We found 

that while pre-PCI FFR values did not differ between LAD and non-LAD vessels, post-

PCI FFR was significantly lower in the LAD. Moreover, post-PCI FFR cut-off values 

predicting TVF and the composite of CD and MI varied between LAD and non-LAD 

vessels. Furthermore, the FFR gain (ΔFFR – the difference between post- and pre-PCI 
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FFR) was lower in LAD compared to non-LAD vessels. This discrepancy may be 

attributed to several factors, as discussed in Section 1.4.3. One potential explanation is 

that the LAD supplies a larger myocardial mass, making any residual disease functionally 

more relevant. Additionally, emerging evidence suggests that hydrostatic pressure 

differences also contribute to these findings (101). Hydrostatic pressure differences refer 

to the pressure variations within the coronary arteries that arise due to gravitational forces, 

depending on the vertical position of the vessel segments. Before PCI, the primary driver 

of the hyperemic gradient is the stenosis itself, minimizing the effect of hydrostatic 

pressure. However, after successful PCI, with the removal of the stenotic gradient, the 

hydrostatic pressure difference becomes more pronounced, influencing post-PCI FFR 

measurements. In another analysis, Collet et al. (102) performed an individual patient-

level meta-analysis, further emphasizing the importance of interpreting post-PCI FFR on 

a vessel-specific basis. They demonstrated that the LAD was associated with lower post-

PCI FFR than non-LAD arteries, reinforcing the need for different cut-off values between 

vessel types. Their findings also suggested that a 0.10-unit drop in FFR was associated 

with a 52% higher risk of TVF, largely driven by TVR. However, in contrast to our study, 

their results indicated that post-PCI FFR had limited predictive power for TVF in LAD 

arteries and only moderate predictive accuracy for non-LAD arteries.  

Investigating the underlying causes of a “suboptimal” functional result through 

hyperemic pullback recording (54) or intravascular imaging (103) could provide 

opportunities to optimize post-procedural physiology and potentially enhance clinical 

outcomes. 

 

5.2. Discussion of the POST-PCI QFR STUDY (79) 

 

Our second investigation (POST-PCI QFR STUDY) explores the prognostic utility of 

post-PCI FFR and QFR in routine clinical practice. The key observations can be 

summarized as follows. First, post-PCI QFR assessment was not feasible in 15.6% of 

coronary vessels. Second, both post-PCI FFR and QFR were influenced by clinical and 

anatomical characteristics; notably, LAD lesions were associated with lower values of 

both indices, whereas, importantly, ACS (evaluated in non-culprit vessels) had no 
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measurable effect. Third, although post-PCI QFR showed a moderate correlation with 

FFR, it consistently overestimated its values, with a mean bias of +0.05. Fourth, in line 

with prior evidence and our earlier study, post-PCI FFR demonstrated strong predictive 

capacity for TVF and the composite of CD and target-vessel-related MI (42, 49, 50, 68, 

72, 102, 104). In contrast, while post-PCI QFR exhibited association with TVF, after 

adjustment for confounding factors, it was not found to be an independent predictor of 

clinical events. Lastly, post-PCI FFR yielded moderate discriminative performance with 

AUC values ranging between 0.6 and 0.7, depending on the vessel type, whereas QFR 

showed limited prognostic accuracy, with AUCs approximating or falling below 0.55. 

Angiography has shown inferior performance compared to FFR in guiding multivessel 

PCI (25), while numerous studies have demonstrated the advantage of intravascular 

imaging for optimizing complex PCI procedures (13, 105).  

In our studies, post-PCI FFR not only predicted TVF but also proved to be a robust 

independent predictor of hard endpoints. These findings emphasize the clinical value of 

routine FFR measurement even after angiographically successful PCI. Nevertheless, the 

adoption of post-PCI FFR assessment remains limited in routine practice. 

In an effort to overcome these limitations, advanced three-dimensional reconstruction 

techniques have been introduced. A notable technique is QFR, a novel method that rapidly 

estimates FFR based on coronary angiographic images. QFR offers advantages over 

conventional physiological assessments by eliminating the need for pressure wires or 

hyperemia, enabling real-time evaluation during angiography. However, its accuracy 

depends on image quality and proper vessel reconstruction, limiting reliability in cases of 

poor visualization, vessel tortuosity, or diffuse disease. Manual adjustment of vessel 

contour detection is often required, and dynamic flow variations may affect results.  

QFR has demonstrated a strong correlation with FFR prior to PCI and possesses clinical 

value in guiding PCI decisions (73-76).  However, in the FAVOR III Europe Trial, QFR 

failed to demonstrate non-inferiority to FFR (78).  Clinically, it can be positioned between 

angiography and FFR as a decision-making tool and serves as a viable alternative when 

FFR is unavailable (106). However, uncertainty remained as to whether QFR could 

reliably assess PCI success.  
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Although post-PCI QFR provides a less invasive alternative to FFR, our results reveal 

limitations to its predictive accuracy. Unlike post-PCI FFR, it was not an independent 

predictor of TVF or hard clinical endpoints. Notably, while pre-PCI QFR correlated well 

with FFR, post-PCI QFR showed poor agreement. This discrepancy may reflect that post-

PCI QFR primarily assesses residual native disease, whereas FFR captures both residual 

disease and trans-stent gradients. As hyperemic pullback and QCA were not performed, 

this hypothesis could not be fully evaluated. 

Our results contrast with those reported in the HAWKEYE trial (Angio-Based Fractional 

Flow Reserve to Predict Adverse Events After Stent Implantation), where post-PCI QFR 

served as an independent predictor of adverse clinical outcomes (107). In HAWKEYE, 

specific imaging protocols were implemented at the end of angiographically successful 

PCI to optimize QFR assessment, including the acquisition of two angiographic 

projections separated by at least 25 degrees, with particular attention to minimizing vessel 

foreshortening and overlap. Despite these optimized conditions, QFR calculation failed 

in approximately 15% of cases. Moreover, while the HAWKEYE trial followed patients 

for only 1 year, our study included a substantially longer median follow-up of 50 months. 

Importantly, the median post-PCI QFR value was higher in HAWKEYE (0.97) compared 

to our cohort (0.93), and approximately one-third of patients in HAWKEYE exhibited 

residual diffuse disease, suggesting a more selected population compared to the all-comer 

design applied in our study. Furthermore, differences in vessel territory may partly 

explain the variability in QFR performance. We observed greater bias in LAD vessels 

compared to non-LAD, and LAD lesions accounted for over two-thirds of our cohort, 

versus 48% in the HAWKEYE trial. 

The learning curve associated with QFR measurement is also noteworthy. In our 

experience, procedural efficiency improved significantly after approximately 300 cases, 

with both reduced measurement time and improved accuracy, as reflected by a decreased 

bias relative to FFR (108). QFR analysis still requires operator intervention, including 

manual adjustments to vessel contour detection. This limitation is expected to diminish 

over time with the implementation of newer software versions featuring more advanced 

automation and enhanced user guidance.  
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A post hoc analysis of the SYNTAX II (Synergy Between Percutaneous Coronary 

Intervention with Taxus and Cardiac Surgery) trial found post-PCI QFR to be an 

independent predictor of the 2-year vessel-oriented composite endpoint, including vessel-

related CD, MI, and TVR. This study involved patients with de novo three-vessel disease, 

nearly 80% IVUS guidance, and core lab QFR analysis by certified Medis software users. 

Notably, both their study and ours consistently showed that higher post-PCI QFR values 

were associated with better outcomes. Differences in findings may reflect the above‐

mentioned factors, variations in primary endpoints, and follow-up duration.  

The significance of follow-up duration is highlighted by the study of Chen et al. (109), 

where the prognostic value of low post-PCI 3-vessel QFR shifted over time. At 1 year, 

neither diabetes status nor 3-vessel QFR predicted clinical outcomes. However, between 

years 1 and 2, 3-vessel QFR became the strongest predictor of major adverse cardiac 

events, while after 2 years, diabetes status emerged as the primary determinant. 

Conversely, You et al. reported that in patients treated with rotational atherectomy for 

heavily calcified lesions, post-procedural QFR assessed offline was not associated with 

target-lesion failure (110). Whether periprocedural microvascular injury influences post-

PCI FFR and QFR differently remains unclear. In our study, as microvascular functional 

indices were not assessed, we were unable to quantify PCI-induced microvascular 

alterations. Similarly, in another study, QFR measured after successful chronic total 

occlusion PCI failed to predict 2-year TVF (111). 

Our findings regarding optimal post-PCI FFR cutoffs provide practical clinical thresholds 

to support decision-making, particularly highlighting lower post-PCI FFR values in LAD 

compared to non-LAD vessels, which may help refine patient management strategies. 

While previous studies identified post-PCI QFR thresholds ranging from 0.89 to 0.94 

(112), no specific cutoff value predictive of TVF could be established in our analysis. 

 

5.3. Limitations of the Two Studies (72, 79) 

 

Each analysis has several limitations that should be acknowledged. First, both are based 

on a single-center cohort with a limited number of patients. While restricting the 
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population to patients treated with DES improved cohort homogeneity, it also reduced the 

overall sample size. The cohorts included a mix of first-, second-, and third-generation 

DES, with most cases involving second- and third-generation stents; however, the 

potential impact of stent type was not assessed. Moreover, a notable portion of vessels 

(15.6%) had to be excluded from the POST-PCI QFR analysis due to suboptimal 

angiographic projections or inadequate image quality. This limitation is partly attributable 

to the fact that QFR analysis was performed retrospectively using standard institutional 

angiograms which were not acquired with the specific aim of QFR computation. 

Nevertheless, this reflects a real-world scenario, where angiograms are not routinely 

acquired with the explicit aim of QFR analysis. It also remains unclear how the operator’s 

experience and learning curve may influence the reliability of QFR measurements.  

The cause of death could not be definitively identified in all cases and was therefore 

classified as cardiac death by default. TVR was occasionally performed based solely on 

angiographic findings without confirmatory FFR measurements. We were also unable to 

evaluate the anginal status of our patients, preventing any assessment of the relationship 

between post-PCI FFR or QFR and symptom burden or quality of life. Additionally, PPG 

was not assessed, intravascular imaging was not routinely used, and pullback recordings 

were not systemically performed - making it impossible to clearly differentiate between 

diffuse and focal residual disease, even though diffuse disease is known to impair the 

prognostic accuracy of post-PCI QFR (113). However, in all cases, pressure drift in FFR 

was carefully checked, and if a drift of more than 0.03 units was observed, the 

measurement was either corrected or repeated after re-equalization. While both patients 

and their treating physicians were informed of the post-PCI FFR results, all procedures 

were considered angiographically successful, and only a small proportion of vessels 

showed a post-PCI FFR of ≤ 0.80. 
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6. Conclusions (72, 79) 

 

This dissertation explored the prognostic value and clinical utility of post-PCI 

physiological assessments, with a particular focus on FFR and QFR in an unselected, real-

world patient population undergoing DES implantation. Our findings underscore the 

importance of post-PCI functional evaluation in identifying residual ischemia, predicting 

long-term outcomes, and guiding post-procedural management. 

In our first investigation (POST-PCI FFR STUDY), we demonstrated that post-PCI FFR 

is a strong independent predictor of TVF, as well as hard clinical endpoints such as the 

composite of CD and MI. We also found that lesion location significantly influenced 

physiological outcomes: LAD lesions were associated with lower post-PCI FFR values, 

and this vessel-specific difference affected prognostic interpretation. These findings 

suggest that a single uniform FFR cut-off may not be appropriate across all coronary 

territories, and that vessel-specific thresholds may improve the clinical utility of post-PCI 

FFR. Our results align with recent registry data and meta-analyses, reinforcing the role of 

FFR as a meaningful physiological endpoint following angiographically successful PCI. 

In our second study (POST-PCI QFR Study), we assessed QFR as a less invasive, wire-

free alternative to FFR. While QFR has shown good correlation with FFR prior to PCI 

and offers practical advantages - including the avoidance of hyperemia and wire 

manipulation - our data reveal significant limitations in the post-PCI setting. We observed 

that QFR calculation was not feasible in 15.6% of cases, largely due to suboptimal image 

quality or anatomical complexity. Post-PCI QFR demonstrated modest correlation with 

and tended to overestimate FFR. Most importantly, QFR failed to independently predict 

TVF or hard endpoints after adjustment to clinical and procedural variables. Further 

evidence is needed to establish the utility of post-PCI QFR, and ongoing trials such as the 

Multivessel TALENT study (NCT04390672) are expected to contribute valuable insights. 
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7. Summary (72, 79) 

 

The assessment of coronary physiology following PCI plays a pivotal role in 

understanding residual disease burden and optimizing long-term outcomes. This 

dissertation examined the utility of two physiological indices – FFR and QFR - when 

applied after PCI in a real-world setting. While pre-PCI applications of both indices are 

well-established, their post-procedural prognostic relevance and the optimal threshold 

values for predicting TVF - particularly when stratified by vessel territory - remain an 

area of active investigation. 

Through two analyses, we evaluated the predictive performance, feasibility, and practical 

limitations of post-PCI FFR and QFR in an unselected patient population undergoing 

DES implantation. Our work aimed to go beyond binary angiographic success by 

introducing functional criteria to identify cases at increased risk of adverse events despite 

technically successful interventions. 

The findings confirmed the prognostic value of post-PCI FFR in detecting suboptimal 

outcomes, including both soft and hard endpoints. The results also highlighted the 

influence of anatomical factors - particularly lesion location - on physiological metrics 

and their interpretation. In contrast, although QFR presents an attractive, non-invasive 

alternative, its accuracy and reliability in the post-PCI setting were found to be limited, 

especially in the absence of image optimization and in cases involving complex anatomy. 

This research contributes to a growing body of evidence advocating for individualized, 

physiology-based evaluation after PCI. It also raises important questions about the current 

readiness of QFR for routine post-PCI use. As the field evolves, future studies with longer 

follow-up, standardized imaging protocols, and broader patient representation will be 

crucial to define the role of QFR in post-interventional care. Ultimately, the integration 

of physiology-guided assessment into daily clinical practice may lead to more refined and 

patient-specific treatment strategies.  
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Abstract
Purpose  The purpose of the present study was to find the independent predictors of Fractional Flow Reserve (FFR) measured 
immediately after percutaneous coronary intervention with drug-eluting stent implantation (post-PCI FFR) and investigate 
if applying vessel-specific post-PCI FFR cut-off values to predict target vessel failure (TVF), a composite of cardiac death 
(CD), non-fatal myocardial infarction (MI) and target vessel revascularization (TVR), or a composite of CD and MI ame-
liorated its predictive power.
Methods  Consecutive patients with post-PCI FFR measurement at our center between 2009 and 2021 were included in this 
analysis.
Results  A total of 434 patients with 500 vessels were included. Median pre-PCI FFR was 0.72 with no difference between 
LAD and non-LAD vessels. Median post-PCI FFR was 0.87. LAD location, male gender, smaller stent diameter, and lower 
pre-PCI FFR proved to be significant predictors of a lower post-PCI FFR. On a vessel-level, post-PCI FFR, stent length, and 
diabetes mellitus proved to be significant predictors of TVF and the composite of CD and MI. The best post-PCI FFR cut-off 
to predict TVF or a composite of CD and MI was 0.83 in the LAD and 0.91 in non-LAD vessels.
Conclusion  LAD location is a predictor of a lower post-PCI FFR. Post-PCI FFR is an independent predictor of TVF as well 
as of the composite of CD and MI. No uniform target post-PCI FFR value exists; different cut-off values may have to be 
applied in LAD as opposed to non-LAD vessels.

Keywords  PCI · FFR · Outcome · DES

Fractional Flow Reserve (FFR) has become the gold stand-
ard in revascularization decisions based on extensive vali-
dation, randomized clinical studies, and registries [1–11]. 
FFR measures the relative epicardial resistance to flow 
and can be applied not only before percutaneous coronary 
intervention (PCI), but also after it. Following PCI with an 

angiographically satisfactory result, one expects the resolu-
tion of resistance to flow and cessation of symptoms. Recent 
studies have however shown that in a significant proportion 
of cases, residual gradients remain even after satisfactory 
angiographic result [12–15] leading to low post-PCI FFR. 
Numerous analyses have provided evidence that FFR meas-
ured immediately after PCI carries prognostic implications 
and lower post-PCI FFR values are linked to poor clinical 
outcome [16–18]. In most studies, it was also noted that 
post-PCI FFR values in LAD are significantly lower com-
pared to those measured in non-LAD vessels [15, 17–21], 
but not in a small study of 66 patients [22]. Post-PCI FFR 
was shown to be moderately related to major adverse car-
diac events (MACE); however, the best cut-off to predict 
untoward events has been a matter of debate. This may be 
related to the difference in the studied populations, the pat-
tern of disease (focal or diffuse), but potentially also to the 
fact that no distinction was made to the different vessels. 
On the other hand, it has not been firmly established which 
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parameters influenced post-PCI FFR. Hence, we investigated 
the independent predictors of post-PCI FFR and sought to 
determine if applying a vessel-specific cut-off of post-PCI 
FFR ameliorated its predictive power.

Methods

Patients

We included all patients who underwent FFR-guided PCI 
exclusively with drug-eluting stent (DES) implantation and 
post-PCI FFR measurement at our tertiary care center with 
at least 1-year follow-up. We excluded only patients who 
had undergone heart transplantation before PCI and patients 
in whom the PCI was performed in bypass grafts. Patients 
could have chronic coronary syndrome (CCS) or acute coro-
nary syndrome (ACS), heart failure, or arrhythmias as an 
indication of coronary angiography.

The technique of PCI was left entirely to the discretion 
of the treating physician. FFR was measured using commer-
cially available pressure wires (St. Jude Medical, St. Paul, 
Minnesota, now Abbott). Hyperemia was achieved mostly 
using intracoronary boluses of adenosine (200 μg in the left 
and 100 μg in the right coronary artery) or intravenous infu-
sion of adenosine at the standard dose of 140 μg/kg/min. 
All patients received guideline-directed medical therapy 
following PCI.

Of note, all the post-PCI FFR values analyzed were 
the final ones, after which no further intervention was 
performed.

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable request. 
The subjects gave informed consent. This study was per-
formed in line with the principles of the Declaration of 
Helsinki.

Endpoints

The primary endpoint of the study was target vessel failure 
(TVF) defined as a composite of cardiac death (CD), non-
fatal myocardial infarction (MI), and target vessel revas-
cularization (TVR). The secondary endpoint of the study 
was the composite of CD and MI. All deaths were consid-
ered cardiac unless a clear non-cardiac cause was present. 
Periprocedural myocardial infarctions related to the index 
procedure were not counted. Both urgent and elective TVR’s 
were considered endpoints. Of note, no recoronary angiogra-
phy was planned. In case a patient had more than one vessel 
included, the CD was counted as related to all vessels; if a 
non-fatal myocardial infarction could not be clearly related 
to a culprit artery, all vessels of the patient in the registry 
were considered infarct related. Follow-up information was 

collected from the institutional database, telephone inquir-
ies, and from the database of other centers. In case no fol-
low-up information was available from the above sources, 
the patient’s unique insurance number was checked in the 
national death records. Endpoints were analyzed both on 
a vessel and on a patient level, for the latter, each patient’s 
lowest post-PCI FFR value was used in case they had more 
than one vessel with post-PCI FFR measurement included.

Statistical Analysis

For the multivariable modelling, linear regression was used 
in the case of post-PCI FFR and the Cox proportional haz-
ards model was used for survival data. In each case, continu-
ous predictors were expanded with splines first, to check if 
there is any significant nonlinearity [23]. Given the lack of it, 
linear models were used subsequently. In all cases, multiple 
imputation with predictive mean matching [24] was used to 
impute missing data. The Hubert-White method was used for 
robust covariance matrix estimation in all regression; in the 
case of vessel-level analysis, clusters were set to patients to 
account for the correlation of measurements coming from 
the same patient. Final models are given by presenting beta 
coefficients (linear regression) or hazard ratios as exponenti-
ated coefficients (Cox regression). Results are shown with 
95% confidence intervals. Variables were considered sig-
nificant if they had p ≤ 0.05. Calculations were carried out 
using the R statistical software package, version 4.2.2.

Results

Between March 17, 2009, and January 19, 2021, 1024 
patients had FFR-guided DES implantation at our center. Of 
those, 534 did not have all treated vessels assessed by post-
PCI FFR measurement. After excluding those after heart 
transplantation and graft PCI, 434 patients and 500 arteries 
were included in our analysis. The flowchart of patients is 
shown in Fig. 1.

The median age of the patient population was 65 years 
(IQR: 57–71), 69% were male, 49% had diabetes mellitus; 
of those, 27% were treated with insulin. Forty-four percent 
of the patient population had previous PCI and 2% had 
coronary artery bypass surgery. The characteristics of the 
patients are summarized in Table 1.

Of the 434 patients, 46 had 2 and 10 had 3 vessels 
included in our analysis. Of the 500 vessels, 333 (67%) were 
left anterior descending (LAD), 67 (13%) left circumflex 
(LCx), and 100 (20%) right coronary arteries (RCA). In 77 
cases, the indication of PCI was ACS, in 62, the treated 
lesion was in-stent restenosis.

The distribution of pre-PCI FFR values is shown in Sup-
plemental Fig. 1. Median pre-PCI FFR was 0.72 (IQR: 
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0.65–0.77), and no difference was found between LAD and 
non-LAD vessels (0.72 (IQR: 0.66–0.76) and 0.72 (IQR: 
0.63–0.77]), p = 0.3011, respectively).

The number of implanted stents was 1.40 per vessel: 1 in 
326 vessels (65.2%), 2 in 147 vessels (29.4%), and 3 in 27 
vessels (5.4%).

The distribution of post-PCI FFR values is shown in 
Fig. 2. Median post-PCI FFR was 0.87 (IQR: 0.84–0.91). 
A post-PCI FFR of ≤ 0.80 was found in 21 arteries (4%), 
whereas a post-PCI FFR of > 0.95 was found in 44 arter-
ies (9%). LAD vessels had lower post-PCI FFR value than 
non-LAD vessels (0.85 (IQR: 0.83–0.89) vs. 0.92 (IQR: 
0.88–0.94), p < 0.001).

The distribution of the difference between post and pre-
PCI FFR values (ΔFFR) is shown in Supplemental Fig. 2. 
LAD vessels had lower ΔFFR than non-LAD vessels (0.14 
(IQR: 0.10–0.21) vs 0.19 (IQR: 0.15–0.29), p < 0.001).

Predictors of Post‑PCI FFR

By multivariable regression analysis, LAD location (p < 
0.001), male gender (p < 0.001), smaller stent diameter (p = 
0.006), and lower pre-PCI FFR (p = 0.003) proved to be sig-
nificant predictors of lower post-PCI FFR. Of note, post-PCI 
FFR measured in non-culprit vessels in ACS and in CCS did 
not differ significantly, neither had the in-stent restenosis vs. 
de novo lesion category or diabetes mellitus any significant 
influence on post-PCI FFR. This is shown in Fig. 3.

Follow‑Up

After a median follow-up of 37 months (IQR: 20–61), sur-
vival status is known in 433 of 434 patients (99.8%), whereas 
follow-up is complete for MI and TVR in 423 (97.5 %). Dur-
ing this period, 27 patients suffered CD, 20 had MI, and 52 
TVR occurred. Of the 52 TVR, 10 were performed because 
of acute myocardial infarction, and 13 were FFR-guided 
(i.e., the FFR was ≤ 0.80 before TVR was performed). In 4 
cases, the lesion was subtotally occlusive which the opera-
tor felt to be functionally significant, whereas in 25 cases 
the revascularization was purely angio-guided. In the latter 

Fig. 1   Flowchart of patients

Table 1   Characteristics of the patients

Total no. of patients 434

Age—yr (IQR) 65 (57–71)
Male sex—no. (%) 300 (69%)
Hypertension—no. (%) 369 (85%)
Hypercholesterolemia—(%) 321 (74%)
Diabetes mellitus—no. (%)—any 211 (49%)
  Treated with insulin 56 (27%)
St/p PCI—no. (%) 192 (44%)
St/p CABG—no. (%) 9 (2%)
LVEF—% ± SD 55±14
LVEF < 50% 117 (27%)

Fig. 2   The distribution of post-
PCI FFR values
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group, FFR measurement could have resulted in the deferral 
of TVR. In all, 73 patients suffered TVF (17%), whereas 39 
had MI or CD during follow-up (9%).

Vessel‑Level Analysis

On a vessel-level, post-PCI FFR (p < 0.001), stent length 
(p < 0.001), and diabetes mellitus (p = 0.026) were found 
to be significant predictors of TVF (Fig. 4). The frequency 
of TVF in vessels with post-PCI FFR strata of ≤ 0.80, 
0.81–0.85, 0.86–0.90, 0.91–0.95, and > 0.95 were 47.6%, 
21.4%, 13.3%, 12.6%, and 2.3%, respectively. The relation-
ship between TVF and post-PCI FFR as a continuous vari-
able is shown in Fig. 5.

By univariate ROC analysis, a post-PCI FFR of 0.83 was 
found to be the best cut-off to predict TVF according to the 
Youden-index with a sensitivity of 45%, specificity of 86%, 
and an area under the curve (AUC) of 0.70.

Given that the median post-PCI FFR values in the LAD 
were 0.07 units lower than in non-LAD vessels, we also 
studied these two territories separately. Two-thirds of the 
studied vessels were LAD, in these, the best post-PCI FFR, 
by univariate ROC analysis, was also 0.83 according to the 
Youden-index (sensitivity 60%, specificity 82%, AUC 0.75), 
whereas in the non-LAD vessels, accounting for one-third 
of the cases, the best post-PCI FFR to predict TVF was 0.91 

according to the Youden-index (sensitivity 65%, specificity 
61%, AUC 0.59).

The secondary endpoint of our study was the composite 
of CD and MI. Its independent predictors were post-PCI 
FFR (p < 0.001), stent length (p < 0.001), non-LAD loca-
tion (p = 0.0026), and diabetes mellitus (p = 0.015), see 
Supplemental Fig. 3. The relationship between CD and/or 
MI and post-PCI FFR as a continuous variable is shown in 
Supplemental Fig. 4.

By univariate ROC analysis, a post-PCI FFR of 0.83 was 
found to be the best cut-off to predict the composite of CD 
and MI according to the Youden-index with a sensitivity 
of 54%, specificity of 86%, and an AUC of 0.75. In LAD 
vessels, the best cut-off to predict CD and/or MI accord-
ing to the Youden-index was also 0.83 with a sensitivity of 
72%, specificity of 82%, and an AUC of 0.84. In non-LAD 
vessels, the best cut-off to predict CD and/or MI according 
to the Youden-index was 0.91, with a sensitivity of 70%, 
specificity of 61%, AUC 0.60.

Patient‑Level Analysis

On a patient level, post-PCI FFR (p < 0.001) and stent length 
(p = 0.00384) were found to be independent predictors of 
TVF. The frequency of TVF in patients with the single low-
est post-PCI FFR strata of ≤ 0.80, 0.81–0.85, 0.86–0.90, 
0.91–0.95, and > 0.95 were 47.6%, 22.2%, 11.7%, 12.5%, 

Fig. 3   Predictors of post-PCI 
FFR
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and 2.9%, respectively. The relationship between TVF and 
the single lowest post-PCI FFR as a continuous variable is 
shown in Supplemental Fig. 5. Note that this figure uses the 
whole follow-up for each patient, i.e., it neglects the inter-
patient differences in follow-up time.

By univariate ROC analysis, a single lowest post-PCI 
FFR of 0.83 was found to be the best cut-off to predict TVF 
according to the Youden-index with a sensitivity of 51%, 
specificity of 85% and an AUC of 0.73.

The independent predictors of the composite of CD and 
MI on a patient level were post-PCI FFR (p < 0.001), stent 
length (p < 0.001), and diabetes mellitus (p = 0.03377). 
By univariate ROC analysis, a single lowest post-PCI FFR 
of 0.83 was found to be the best cut-off according to the 
Youden-index to predict CD and/or MI with a sensitiv-
ity of 62%, specificity of 85% and an AUC of 0.81 on a 
patient-level.

Discussion

In the present analysis, we report on our center’s long-term 
experience of post-PCI FFR. Our salient findings are as 
follows. Post-PCI FFR is influenced by the location of the 
lesion (LAD vs non-LAD), gender, stent (vessel) diameter, 
and to a minor degree, albeit statistically significantly, pre-
PCI FFR. Second, on a vessel-level, only post-PCI FFR, 

stent length, and diabetes mellitus predicted TVF. We also 
found different best cut-off values in LAD vs non-LAD ves-
sels. Last, importantly, post-PCI FFR, along with diabetes 
mellitus, and stent length independently predicted “hard” 
end points (CD and MI).

Numerous studies have reported on the prognostic value 
of post-PCI FFR to predict vessel-related MACE from the 
bare metal stent (BMS) [25] as well as the DES era [17, 18, 
26]. Some have reported conflicting findings on its predic-
tive value [12, 13, 27–29]. The reason of heterogeneity of 
the findings of the studies is speculative and includes the 
length of follow-up, patient population, and lack of statisti-
cal power. A study-level meta-regression analysis by Rimac 
et al. [30] found an inverse relationship between post-PCI 
FFR and MACE, and a large, patient-level meta-analysis of 
Johnson et al. [31] showed an inverse relationship between 
the post-PCI FFR and the rate of untoward events. Of note, 
both studies included patients with BMS as well as DES 
implants and BMS are known to lead to higher TVR and 
therefore, the conclusions of these analyses may be less per-
tinent to our present-day practice of implanting only DES.

Only few of the previous reports reported on the power 
of post-PCI FFR to predict CD and MI because the majority 
had TVF or MACE as the studied end point which included 
TVR that usually outnumbered CD and MI by far. Some 
found that a low post-PCI FFR was associated with a higher 
rate of CD and MI [12, 16], whereas in the DK CRUSH-VII 

Fig. 4   Significant predictors of 
TVF
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Registry Study the authors found a statistically significant 
difference in death between those with a post-PCI FFR > 
0.88 vs those with lower than that based on 2 vs 6 such 
events, but the difference in MI was not statistically signifi-
cant in the same study (0 vs 2 events) [32]. On the contrary, 
in the randomized controlled FAME and FAME 2 studies, 
post-PCI FFR was not found to be correlated with either CD 
or MI, only TVR [18].

Hwang et al. [21] also suggested that different cut-off val-
ues may need to be applied for LAD vs. non-LAD vessels to 
predict TVF, but because of the low number of CD and MI 
in their study, no conclusion could be drawn about cut-offs 
to predict “hard” end points. Also, in contrast to our cohort, 
pre-PCI FFR values in LAD were lower than in non-LAD 
vessels.

FFR has gained widespread acceptance in the indication 
of PCI, and it is generally assumed that an “FFR-guided” 
PCI—usually meaning the measurement of FFR at a distal 
spot in the artery of interest before PCI and performing the 
intervention angiography-guided—will result in the elimina-
tion of epicardial resistance to flow, myocardial ischemia, 
and anginal symptoms. An increasing number of reports 
attest to the fact that this is far from being the reality in a 
sizable proportion of cases, also reflected by the high per-
centage of patients returning for recoronary angiography 
because of persistent symptoms after technically successful 
PCI. This may be caused by microvascular angina or extra-
cardiac causes as well as by a failure to relieve significant 
epicardial resistance to flow.

Post-PCI FFR measurement quantifies the remaining epi-
cardial reduction of maximally achievable flow after revas-
cularization which may be related to diffuse disease or focal, 
angiographically mild-looking lesions of the untreated seg-
ments, or stent-related issues (gross underexpansion, poten-
tially malapposition, geographical miss, edge dissections, 

tissue protrusion, etc.). Technically, drifts can influence the 
measured FFR value after PCI and a contralateral chronic 
total occlusion with retrograde filling from the index vessel 
can influence post-PCI FFR to a variable degree [33]. These 
different mechanisms could be elucidated by hyperemic pull-
back recording at the end of the procedure which is seldom 
performed. Likewise, pre-PCI FFR is usually applied as a 
“snapshot,” reflecting the total amount of epicardial resist-
ance proximal to the sensor of the pressure wire, and in most 
cases, no attempt is made to elucidate the relative contribu-
tion of the different segments which could potentially influ-
ence the procedural plan. The concept of 2-dimensional FFR 
has been put forward: hyperemic pullback recording not only 
shows the severity but also the distribution of plaques [34].

Does it matter whether a post-PCI FFR of 0.83 is related 
to diffuse or focal disease? Emerging evidence suggests 
that it does. A higher pressure drop across a plaque may be 
related to plaque fatigue and rupture leading to ischemic 
events [35]. However, as stated above, this is usually not 
clarified, and this may be one of several reasons why the 
predictive value of post-PCI FFR and its cut off to predict 
TVF has been different among published reports.

The report by Collet et al. [36] attest to that angiogra-
phy is inaccurate in assessing the physiological pattern of 
coronary artery disease (focal or diffuse). Applying the PPG 
index (Pullback Pressure Gradient), these authors showed 
that 36% of the cases were reclassified.

All the above-mentioned factors must be considered when 
the meaning and actual value of post-PCI FFR are contem-
plated. Our analysis provides one further piece of evidence: 
the importance of the vessel. We demonstrated that even 
though pre-PCI FFR values did not differ between LAD and 
non-LAD vessels, post-PCI FFR is significantly lower in the 
LAD, and we found that post-PCI FFR cut-off values to pre-
dict TVF as well as a composite of CD and MI were different 

Fig. 5   Relationship between 
TVF and post-PCI FFR
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in LAD vs. non-LAD vessels. The explanation behind this is 
speculative yet, and includes the fact that LAD usually per-
fuses a larger myocardial mass making the remaining disease 
functionally more relevant and emerging evidence supports 
that hydrostatic pressure differences also play a role [37]. 
The latter is related to the fact that the middle and distal 
segments of the LAD in a supine patient run higher than the 
aortic root where the catheter measures the aortic pressure; 
therefore, the pressure measured by the sensor of the Pres-
sureWire is lower [37]. Before PCI, most of the hyperemic 
gradient stems from the disease and the hydrostatic pressure 
difference is negligible, whereas, after successful PCI, the 
gradient caused by significant stenoses is eliminated making 
the hydrostatic pressure difference more relevant.

In all, post-PCI FFR can be viewed as a safety net at 
the end of an angiographically successful PCI indicating 
a suboptimal functional result which has implications not 
only for TVR but also for hard endpoints like CD and MI 
independently from other clinical or angiographic variables. 
Elucidating the cause of a “suboptimal” functional result by 
hyperemic pullback recording [12] or intravascular imaging 
[38] may allow for improving not only the post-intervention 
physiology but also the clinical outcome.

Study Limitations

Several limitations of the present analysis must be noted. 
First, it is a single-center cohort of a limited number 
of patients. Including patients who received only DES 
reduced the number of subjects and vessels but made our 
cohort more homogeneous. Some received first genera-
tion whereas the majority had second, and third-generation 
DES implanted, we did not evaluate the effect of this dif-
ference. The cause of death could not be firmly established 
in all cases, these were considered cardiac deaths. TVR 
was sometimes performed without FFR measurement, only 
based on angiography. Events were not adjudicated by an 
independent Clinical Event Committee. We could not study 
the anginal status of our patients, hence could not estab-
lish the relationship between post-PCI FFR and quality of 
life. PPG was not measured, and no systematic pull-back 
recording was performed; therefore, we could not establish 
the role of diffuse vs. focal nature of the remaining disease. 
However, in all cases, we checked for drifts and in case a 
drift of > 0.03 units was found, we corrected the measured 
value or repeated the measurement after re-equalizing. 
Angiograms were not systematically checked for diffuse 
disease and no intravascular imaging (IVUS or OCT) was 
performed to establish the diagnosis of diffuse disease not 
recognized by angiography. Patients and their treating physi-
cians were aware of the measured post-PCI FFR; however, 

all interventions were considered angiographically success-
ful and only a small minority of vessels had a post-PCI FFR 
of ≤ 0.80.

Conclusions

In conclusion, we found that post-PCI FFR was an inde-
pendent predictor of TVF as well as of the composite of 
CD and MI in an unselected patient population undergoing 
FFR-guided DES implantation. Moreover, LAD location was 
found to be a predictor of a lower post-PCI FFR. Our data 
suggest that no uniform target post-PCI FFR value exists; 
in order to improve the predictive power of post-PCI FFR, 
different cut-off values may have to be applied in LAD as 
opposed to non-LAD vessels.
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ORIGINAL RESEARCH

Correlation and Relative Prognostic 
Power of Post–Percutaneous Coronary 
Intervention Fractional Flow Reserve and 
Quantitative Flow Ratio
Bettina Csanádi, MD; Tamás Ferenci, PhD; Róbert Gál, MD; Noémi Bora, MD; Zsolt Piróth , MD, PhD

BACKGROUND: Post–percutaneous coronary intervention (PCI) fractional flow reserve (FFR) is an established method to evaluate 
the functional result of angiographically successful PCI; however, it is rarely measured. Quantitative flow ratio (QFR) is shown 
to be correlated with FFR before PCI. In this observational study we sought to evaluate the correlation and relative prognostic 
value of post-PCI QFR compared with post-PCI FFR.

METHODS AND RESULTS: We analyzed the outcome of all patients who underwent FFR-guided PCI with post-PCI FFR 
measurement. Post-PCI QFR was calculated offline, blinded to the value of post-PCI FFR and the clinical outcome. The 
primary end point was target-vessel failure (TVF) defined as the composite of cardiovascular death, target-vessel–related 
nonfatal myocardial infarction, and target-vessel repeat revascularization. The secondary end point was the composite of 
cardiovascular death and myocardial infarction. Median follow-up was 50 months. QFR calculation was unsuccessful in 15.6% 
of the vessels; thus, 422 vessels of 365 patients were included in the analysis. Post-PCI QFR systematically overestimated post-
PCI FFR with a mean bias of +0.052, and their correlation was poor (Pearson’s r=0.424). Post-PCI FFR was an independent 
predictor of TVF and cardiovascular death/myocardial infarction. Post-PCI QFR was associated with TVF, but was not an 
independent predictor of either TVF or cardiovascular death/myocardial infarction. The optimal cutoff of post-PCI FFR to 
predict TVF was 0.83, whereas no optimal cutoff of post-PCI QFR could be found.

CONCLUSIONS: Post-PCI QFR has a poor correlation with and overestimates post-PCI FFR. Whereas post-PCI FFR is an 
independent predictor of clinical outcome, post-PCI QFR is not.

Key Words: follow-up studies ■ fractional flow reserve ■ myocardial ■ percutaneous coronary intervention ■ prognosis

The result of a percutaneous coronary intervention 
(PCI) has traditionally been evaluated by angiog-
raphy. Albeit post-PCI physiologic assessment by 

fractional flow reserve (FFR) has been proven to pro-
vide prognostic implications with higher post-PCI FFR 
linked to better event-free survival,1–4 FFR is rarely mea-
sured after angiographically successful PCI. This may 
be related to a general reliance on anatomic rather than 
functional landmarks during PCI, a lack of a universally 

accepted cutoff value, and the need for placing a pres-
sure wire and inducing hyperemia. The fact that some 
19% to 50% of patients are readmitted within a year for 
chest pain after angiographically successful PCI5 calls 
for better means to assess procedural success.

Over the past years, angiography-derived functional 
coronary indices have been found to be correlated 
with invasively measured FFR. One of the best-studied 
such indices is quantitative flow ratio (QFR),6–9 which 
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received a class I, level-of-evidence B recommenda-
tion for the functional assessment of epicardial artery 
stenosis severity during invasive coronary angiogra-
phy to guide revascularization in the latest European 
Society of Cardiology guidelines of chronic coronary 
syndrome.10 In general, the main advantage is that no 
pressure wire or induction of hyperemia is needed, and 
calculations can be made offline.

However, little is known about the value of post-
PCI QFR. Hence, the aim of our study is to assess the 
correlation between post-PCI FFR and QFR, deter-
mine the clinical and angiographic factors influencing 
both, and compare their power to predict prognosis 

after angiographically successful PCI in a real-world 
environment.

METHODS
The data that support the findings of this study 
are available from the corresponding author upon 
reasonable request. The study was approved by 
the institutional and regional ethics committee and 
complied with the Declaration of Helsinki. All patients 
provided written informed consent.

The corresponding author had full access to all the 
data in the study and takes responsibility for their in-
tegrity and the data analysis.

Patients and Procedures
We enrolled all patients aged ≥18 years who received 
successful, FFR-guided PCI exclusively with drug-
eluting stent implantation and underwent post-PCI FFR 
assessment at our tertiary care center. Before PCI, FFR 
was measured for clinical reasons in all cases and data 
were analyzed retrospectively. FFR was measured in 
417 arteries (99%); in 1, resting ratio of distal coronary 
artery pressure to aortic pressure was 0.78, and in 4, the 
lesion was subtotal, and therefore no FFR measurement 
was undertaken. Follow-up was a minimum of 3 years. 
We applied only 2 exclusion criteria: patients who had 
undergone heart transplantation before PCI and those 
in whom the PCI was performed in bypass grafts. We 
did not apply any restrictions regarding the indication 
for coronary angiography. In acute coronary syndrome 
(ACS), measurements were performed in the nonculprit 
arteries.

Fractional Flow Reserve
Invasive coronary angiography and PCI were 
performed following best practices. FFR was measured 
immediately after PCI using commercially available 
pressure wires from St. Jude Medical, now Abbott. 
All analyzed post-PCI FFR values were final, with no 
further interventions performed thereafter. Hyperemia 
was induced using intracoronary boluses of adenosine 
(200 μg for the left coronary artery and 100 μg for 
the right coronary artery) in 360 patients (99%) or an 
intravenous infusion of adenosine at a standard dose 
of 140 μg/kg per min in 5 patients (1%). Following PCI, 
all patients received guideline-recommended medical 
therapy.

Quantitative Flow Ratio
Offline computation of QFR was performed retrospec-
tively, blinded to FFR measurements and outcome 
data, using the Medis Suite 4.0.62.4 software (Medis 
Medical Imaging Systems BV, Leiden, the Netherlands). 

CLINICAL PERSPECTIVE

What Is New?
•	 Quantitative flow ratio is indicated for the func-

tional assessment of epicardial artery stenosis 
severity during invasive coronary angiography 
to guide revascularization.

What Are the Clinical Implications?
•	 In a real-world setting, quantitative flow ratio 

measured after percutaneous coronary interven-
tion overestimated post–percutaneous coronary 
intervention fractional flow reserve, and albeit it 
was associated with target-vessel failure with 
higher values linked to better outcome, it was not 
an independent predictor of target-vessel failure. 
Further studies are needed to establish the role 
and applicability of post–percutaneous coronary 
intervention quantitative flow ratio.

Nonstandard Abbreviations and Acronyms

CD	 cardiovascular death
FAVOR III Europe	 Quantitative Flow Ratio 

Versus Fractional Flow 
Reserve for Coronary 
Revascularisation 
Guidance

FFR	 fractional flow reserve
HAWKEYE	 Angio-Based Fractional 

Flow Reserve to Predict 
Adverse Events After 
Stent Implantation

QFR	 quantitative flow ratio
TVF	 target-vessel failure
TVR	 target-vessel 

revascularization
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No specific angiographic acquisition protocols for QFR 
were followed. Two end-diastolic frames of the coronary 
artery, separated by at least 25 degrees, were used to 
reconstruct a 3-dimensional model of the vessel, en-
suring minimal foreshortening and overlap. QFR was 
assessed at the location of the sensor of the pressure 
wire. The reference diameter of the vessel was deter-
mined by identifying healthy segments within the target 
artery. Contrast frame counting was used to estimate 
contrast velocity, which was then transformed into vir-
tual hyperemic flow velocity for calculating the pres-
sure drop and QFR across the artery. In cases in which 
contrast counting was imprecise (n=67), a predefined 
hyperemic flow velocity was applied to determine the 
pressure drop and QFR.

End Points
In the present study, we investigated the relationship 
between post-PCI QFR and clinical outcomes at a 
vessel level. The primary end point of the study was 
target-vessel failure (TVF), defined as a composite 
of cardiac death (CD), nonfatal target-vessel–
related myocardial infarction (MI), and target-vessel 
revascularization (TVR). The secondary end point of 
the study was the composite of CD and MI.

All events were assessed blindly with respect to 
post-PCI FFR and QFR values. Events were catego-
rized as either vessel related or non–vessel related. 
Deaths were classified as cardiac unless a definite 
noncardiac cause was confirmed. In cases with mul-
tiple treated vessels, cardiac death was attributed to 
each vessel. MIs without a specific culprit vessel were 
treated as target-vessel related. Periprocedural MIs 
occurring during the index procedure were excluded 
from the analysis. Both urgent and elective TVRs were 
included as end points. Notably, no follow-up coronary 
angiography was scheduled. In case of repeated ad-
verse events related to the same vessel, only the first 
event was counted.

Follow-up data were gathered from the institutional 
database, telephone inquiries, and databases of other 
centers. If no follow-up information could be obtained 
from these sources, the patient’s unique insurance num-
ber was used to check the national death records.

Statistical Analysis
Continuous variables are presented as mean±SD, 
and categorical variables are presented as count 
(percentage). Methods comparison is carried out using 
Bland–Altman plots and equivariant Passing–Bablok 
regression.

Post-PCI FFR and QFR are multivariably modeled 
using linear regression. All explanatory variables are 
entered without variable selection, but nonlinearity is 
first checked with spline expansion. In case nonlinearity 

is nonsignificant with the joint F-test, a linear model is 
used.

Multivariable survival analysis is carried out in similar 
fashion using a Cox proportional hazards model. The 
multivariable models’ standard errors were estimated 
with the Huber–White method to adjust for measure-
ments coming from the same patient. To measure the 
added predictive value of FFR and QFR, a base model 
was first fitted that contained clinical and demographic 
covariates, then either FFR or QFR was added to the 
model. Goodness of fit was measured with likelihood 
ratio χ2, and the added predictive value was charac-
terized with an adequacy index and fraction of new in-
formation. Univariate receiver operating characteristic 
curves for survival were calculated as time-dependent 
receiver operating characteristic curves for the time 
point of 5 years.

Results were considered significant if the P value 
was <0.05. Statistical calculations were carried out 
using the R statistical program package version 4.4.0 
(R Foundation for Statistical Computing, Vienna, 
Austria).

RESULTS
Between February 19, 2010, and January 19, 2021, 
474 patients underwent successful FFR-guided drug-
eluting stent implantation and had post-PCI FFR meas-
urement at our center. After excluding patients who 
also had bare metal stent implantation, had undergone 
heart transplantation, or had bypass graft PCIs, of-
fline QFR measurement was attempted in 500 arter-
ies of 434 patients. QFR analysis was unsuccessful 
in 78 (15.6%) vessels due to extensive vessel overlap 
(5%), no 25-degree view deviation (4.8%), poor con-
trast opacification (3.4%), or inadequate image quality 
(2.4%). Of note, all angiograms were taken using 15 
frames per second. No ostial stenosis was included. 
The flowchart of vessels is shown in Figure 1.

Thus, a total of 422 vessels of 365 patients un-
derwent both post-PCI FFR and post-PCI QFR mea-
surements during the study period. The mean age of 
the patients was 64±10 years, and 70% were men. A 
significant majority of these patients had hypertension 
and hypercholesterolemia, and 48% had diabetes. 
The baseline characteristics of patients are shown in 
Table 1.

Of the 422 coronary arteries analyzed, the left an-
terior descending artery (LAD) was most frequently 
assessed, representing 68% of the cases. In 14% of 
cases, the indication for coronary angiography was 
ACS. In-stent restenosis was observed in 11%. The 
majority of lesions were proximal. Atrial fibrillation oc-
curred during the procedure in 10% of the cases, and 
prior MI in the supplying territory was reported in 10% 
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of the vessels. The mean pre-PCI FFR and QFR were 
0.69 and 0.73, respectively, and post-PCI values were 
0.88 and 0.93, respectively. Procedural characteristics 
of the study are summarized in Table 2. The distribu-
tion of post-PCI FFR and QFR values are shown in 
Figure 2. Figure S1 shows the distribution of pre-PCI 
FFR and QFR values.

Predictors of Post-PCI FFR and Post-PCI 
QFR
LAD location (versus non-LAD, P<0.001), male sex 
(P=0.005), smaller stent diameter (P=0.007), and im-
paired estimated glomerular filtration rate (P=0.044) 
resulted in lower post-PCI FFR, while LAD loca-
tion (P<0.001), male sex (P=0.045), hypertension 
(P=0.045), shorter stent length (P<0.001), atrial fibril-
lation during the procedure (P=0.0033), in-stent reste-
nosis (P=0.013), and distal lesion (versus proximal, 
P=0.0049) led to lower post-PCI QFR by multivariate 
regression analysis. Notably, measured post-PCI FFR 
values did not significantly differ in nonculprit vessels 
in ACS and chronic coronary syndrome, and no sig-
nificant difference was noted between these in terms 
of measured post-PCI QFR value either. The predic-
tors of post-PCI FFR and post-PCI QFR are shown in 
Figures S2 and S3, respectively.

Methods Comparison
In our analysis, post-PCI QFR exhibited a systematic 
bias when compared with post-PCI FFR, with a mean 
difference of +0.052 (P<0.001). This finding indicates 
a consistent overestimation of the gold standard, in-
vasively measured post-PCI FFR by the post-PCI 
QFR. The Bland–Altman plot is shown in Figure  3. 
Mean bias in the LAD was greater (0.058, P<0.001) as 
compared with non-LAD vessels (0.038, P<0.001). Of 
note, a similar but lesser bias was observed in pre-PCI 

Figure 1.  Flowchart of vessels.
Of the 540 vessels that had FFR-guided drug-eluting stent implantation and post-PCI FFR assessment during the study period, 40 
were excluded because of a concomitant BMS implantation, or PCI performed in a transplanted heart or a vein graft. Of the remaining 
500, QFR could not be calculated in 15.6% for technical reasons. BMS indicates bare metal stent; DES, drug-eluting stent; FFR, 
fractional flow reserve; HTX, heart transplantation; PCI, percutaneous coronary intervention; and QFR, quantitative flow ratio.

Table 1.  Baseline Characteristics of Patients

Total no. of patients 365

Age, y 63±10

Male sex 257 (70)

Hypertension 311 (85)

Hypercholesterolemia 274 (75)

Diabetes, any 177 (48)

Treated with insulin 48 (27)

Smoking 212 (58)

Status-post PCI 150 (41)

Status-post CABG 8 (2)

eGFR, mL/min per 1.73 m2 69±17

LVEF, % 55±13

LVEF <50% 99 (27)

2 vessels included/patient 39 (11)

3 vessels included/patient 7 (2)

Values are presented as mean±SD, or count (%). CABG indicates coronary 
artery bypass grafting; eGFR, estimated glomerular filtration rate; LVEF, left 
ventricular ejection fraction; and PCI, percutaneous coronary intervention.
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assessments, where pre-PCI QFR overestimated pre-
PCI FFR with a mean difference of 0.037 (P<0.001) 
(LAD, 0.038; P<0.001; and non-LAD vessels, 0.036; 
P<0.001). This is shown in Figure S4.

The correlation between post-PCI FFR and QFR was 
poor (Pearson’s r=0.42 for all measurements, 0.33 for 
measurements in LAD, 0.47 for non-LAD vessels); and 
Passing–Bablok regression also indicated poor agree-
ment, with neither intercept nor slope well calibrated 
(Figure 4 shows the results for all vessels). The correlation 

of pre-PCI FFR and QFR was 0.73 (0.68 in LAD, 0.82 
in non-LAD vessels). The results of Passing–Bablok re-
gression for pre-PCI values are shown in Figure S5, in-
dicating these are much better calibrated with the slope 
being 1, but the intercept is still somewhat biased.

Follow-Up
Survival time was measured from the date of PCI. Of 
the 365 patients, 2 had>1 vessel treated and included 
at different times; all the others had either 1 vessel 
treated or all their vessels treated in the same setting.

Follow-up was complete in 100% of patients. After 
a median follow-up period of 50 (interquartile range, 
30–68) months, 23 CDs, 14 nonfatal target-vessel–re-
lated MIs, and 39 TVRs occurred.

Of the 39 TVRs, 20 were guided by FFR measure-
ments, with an FFR ≤0.80 before TVR. In 4 cases, the 
lesions were subtotally occlusive, deemed functionally 
significant by the operator, while in 15 cases, revas-
cularization was guided solely by angiography. In this 
latter group, FFR measurement might have led to the 
deferral of revascularization.

In a univariate analysis, post-PCI FFR emerged as a 
significant predictor of TVF (P<0.001), this is shown in 
Figure 5. Post-PCI QFR was also found to be a signifi-
cant predictor of the primary end point of our study, TVF 
(P=0.013), as shown in Figure 6.

In a base model with clinical and demographic char-
acteristics only, LAD vessel (P=0.0379) and male sex 
(P=0.0333) were significant predictors of TVF, while for 
the composite of CD and nonfatal target-vessel–related 

Table 2.  Procedural Characteristics of Study Vessels

Total no. of vessels 422

LAD 288 (68)

Circumflex coronary artery 55 (13)

Right coronary artery 79 (19)

Acute coronary syndrome indication 61 (14)

In-stent restenosis 49 (11)

Proximal lesion 255 (60)

Stent diameter, mm 2.98±0.37

Total stent length, mm 32.6±16.7

Atrial fibrillation during the procedure 42 (10)

Prior myocardial infarction in the territory 38 (10)

Pre-PCI FFR 0.69±0.10

Pre-PCI QFR 0.73±0.09

Post-PCI FFR 0.88±0.05

Post-PCI QFR 0.93±0.07

Values are presented as mean±SD, or count (%). FFR indicates fractional 
flow reserve; LAD, left anterior descending artery; PCI, percutaneous 
coronary intervention; and QFR, quantitative flow ratio.

Figure 2.  Distribution of post-PCI FFR and post-PCI QFR values.
FFR indicates fractional flow reserve; PCI, percutaneous coronary intervention; and QFR, quantitative flow ratio.
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MI, only diabetes was a significant predictor (P=0.0434). 
Table 3 shows the added predictive value of post-PCI 
FFR and QFR for both end points. The added predictive 

value of post-PCI QFR was marginal, with minimal new 
information carried by its value: models with post-PCI 
QFR were almost as adequate as the model without 

Figure 4.  Correlation between post-PCI FFR and post-PCI QFR.
Poor correlation between post-PCI FFR and post-PCI QFR (Pearson’s r=0.424). FFR indicates fractional flow reserve; PCI, 
percutaneous coronary intervention; and QFR, quantitative flow ratio.

Figure 3.  Bland–Altman plot of post-PCI FFR and post-PCI QFR.
Post-PCI QFR overestimates post-PCI FFR with a mean difference of 0.052 (P<0.001). Green and red correspond to the upper and 
lower limit of agreement, respectively; blue corresponds to the mean difference. Shaded areas indicate the 95% CIs for the respective 
quantities. FFR indicates fractional flow reserve; PCI, percutaneous coronary intervention; and QFR, quantitative flow ratio.
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it. The difference in predicting the end points between 
models with post-PCI QFR and the base model was 
not significant for either of the end points. In contrast, 
post-PCI FFR carried much more information, making 
the model without FFR measurement less adequate, 
and the difference was statistically significant for both 
end points.

By univariate survival (TVF) receiver operating char-
acteristic analysis, a post-PCI FFR value of 0.83 was 
found to be the optimal cutoff for predicting TVF on 
the basis of the Youden index, demonstrating a sen-
sitivity of 53%, specificity of 79%, and an area under 
the curve (AUC) of 0.683. Additionally, when examining 
FFR values within specific coronary territories, the me-
dian of post-PCI FFR values in the LAD was found to 
be 0.07 units lower compared with non-LAD vessels. 
Consequently, the analysis was stratified by vessel 
type. In the LAD, which constituted two thirds of the 
vessels studied, the optimal post-PCI FFR cutoff was 
0.83, with a sensitivity of 67%, specificity of 71%, and 
an AUC of 0.696. For non-LAD vessels, making up one 
third of the sample, the best cutoff was found to be 
0.89, yielding a sensitivity of 59%, specificity of 72%, 
and an AUC of 0.621. This is shown in Figure 7.

Conversely, no optimal cutoff value of post-PCI QFR 
is presented, as all AUCs for post-PCI QFR are close to 
or <0.55, indicating a poor predictive value, as shown 
by Figure 8.

We performed a sensitivity analysis excluding pa-
tients with in-stent restenosis, a prior myocardial in-
farction in the same vessel territory, and ACS as the 
indication for coronary angiography. The results were 
similar to those found in the original cohort both in 
terms of pre- and post-PCI correlation of QFR versus 
FFR and the power of post-PCI FFR and post-PCI 
QFR to predict TVF as well as CD and nonfatal target-
vessel–related MI.

DISCUSSION
This study provides insights into the predictive capa-
bilities of post-PCI FFR and QFR in a real-world clinical 
setting. The salient findings are as follows: post-PCI 
QFR could not be calculated in 15.6% of the studied 
coronary arteries. Second, clinical and angiographic 
parameters influenced both post-PCI FFR and QFR; 
of note, LAD was a predictor of a lower value of both, 
while ACS did not influence these values (measured 
in the nonculprit vessels). Third, albeit correlated with 
post-PCI FFR, post-PCI QFR had a mean bias of +0.05 
compared with post-PCI FFR. Fourth, consistent with 
existing literature,1–4,11,12 our data reaffirm the robust 
predictive value of post-PCI FFR in assessing the risk 
of TVF, as well as hard end points such as CD and 
nonfatal target-vessel–related MI. On the other hand, 

Figure 5.  Proportion of vessels with TVF at any time during the follow-up as a function of post-PCI FFR (spline-smoothed 
curve).
In a univariate analysis, post-PCI FFR was associated with TVF (P<0.001). The shaded area shows the 95% CI. FFR indicates 
fractional flow reserve; PCI, percutaneous coronary intervention; and TVF, target-vessel failure.
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although post-PCI QFR was found to be associated 
with TVF, when corrected for possible confounders, it 
did not prove to be an independent predictor of unto-
ward events. Finally, while post-PCI FFR was demon-
strated to have moderate AUCs when used individually 
(0.6–0.7, depending on the vessel), the predictive value 
of post-PCI QFR when used individually was poor 
(AUCs close to or <0.55, depending on vessel).

Angiography proved inferior to FFR in guiding mul-
tivessel PCI,13 and several trials attest to the superiority 
of intravascular imaging in the intraprocedural man-
agement of complex PCI.14,15 Not surprisingly, post-PCI 
angiography is superseded by both physiologic1–4,11,12 
and imaging guidance.14,15

In the present single-center analysis, post-PCI FFR 
not only predicted TVF, but also emerged as a strong 
independent predictor of hard end points. This under-
scores the importance of measuring FFR after angio-
graphically successful PCI. Despite these findings, the 
use of FFR following PCI remains low, primarily due to 
the need for a pressure wire, drug-induced hyperemia, 
longer procedure times, and challenges of reimburse-
ment. This is found to be the case even among patients 
who underwent pre-PCI FFR measurement.16

To overcome these limitations, several methods 
using 3-dimensional reconstruction techniques have 
been developed to calculate FFR without invasive pres-
sure wires or hyperemic agents. One such method is 
QFR, a new technique that can quickly compute FFR 
from coronary angiography. QFR has been shown to 
have a strong correlation with FFR8,9 and be of clin-
ical value in guiding decision making before PCI.6–9 
However, recently in the FAVOR III Europe (Quantitative 
Flow Ratio Versus Fractional Flow Reserve for Coronary 
Revascularisation Guidance) trial, QFR did not meet 
noninferiority to FFR.17

Figure 6.  Proportion of vessels with TVF at any time during the follow-up as a function of post-PCI QFR (spline-smoothed curve).
In a univariate analysis, post-PCI QFR was associated with TVF (P=0.013). The shaded area shows the 95% CI. PCI indicates 
percutaneous coronary intervention; QFR, quantitative flow ratio; and TVF, target-vessel failure.

Table 3.  Added Predictive Value of Post-PCI FFR and QFR 
for Both End Points

Likelihood 
ratio, χ2

New information, 
%

P 
value

TVF

Base model 21.43

+ Post-PCI FFR 48.10 55 <0.001

+ Post-PCI QFR 22.72 6 0.255

CD/nonfatal target-vessel–related MI

Base model 19.27

+ Post-PCI FFR 51.70 63 <0.001

+ Post-PCI QFR 19.50 1 0.632

Base model included clinical and demographic characteristics (age, 
estimated glomerular filtration rate, LAD (vs non-LAD) location, sex, indication 
category (acute vs chronic coronary syndrome), proximal (vs nonproximal) 
lesion, prior myocardial infarction in the territory). CD indicates cardiac death; 
FFR, fractional flow reserve; LAD, left anterior descending coronary artery; 
MI, myocardial infarction; PCI, percutaneous coronary intervention; QFR, 
quantitative flow ratio; and TVF, target-vessel failure.
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Although post-PCI QFR could be considered a 
less invasive and potentially cost-effective alterna-
tive to FFR, our results indicate limitations in its pre-
dictive accuracy. Unlike post-PCI FFR, post-PCI QFR 

was not shown to be an independent predictor of ei-
ther TVF, or hard end points. These findings suggest 
that while QFR offers a noninvasive assessment tool, 
its utility might be limited by factors such as imaging 

Figure 7.  Predictive capacity of post-PCI FFR for TVF, ROC analysis stratified by vessel type.
FFR indicates fractional flow reserve; LAD, left anterior descending coronary artery; PCI, percutaneous coronary intervention; ROC, 
receiver operating characteristic; and TVF, target vessel failure.

Figure 8.  Predictive capacity of post-PCI QFR for TVF, ROC analysis stratified by vessel type.
LAD indicates left anterior descending coronary artery; PCI, percutaneous coronary intervention; QFR, quantitative flow ratio; ROC, 
receiver operating characteristic; and TVF, target vessel failure.
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quality, procedural variables, and operator expertise. 
Of note, pre-PCI QFR had less bias and was well cal-
ibrated with respect to FFR, while post-PCI QFR had 
a poor correlation to post-PCI FFR. This may be re-
lated to that after a good angiographic result following 
PCI; the measured QFR may principally reflect residual 
native disease, whereas FFR provides information on 
both residual native disease and trans-stent pressure 
gradient. However, not having performed hyperemic 
pullback pressure measurements and quantitative 
coronary angiography assessments, we are unable to 
prove this.

Our findings are at odds with the HAWKEYE (Angio-
Based Fractional Flow Reserve to Predict Adverse 
Events After Stent Implantation) trial in which post-PCI 
QFR was an independent predictor of adverse events.18 
However, in HAWKEYE, at the end of the angiograph-
ically successful PCI, two angiographic projections at 
least 25 degrees apart were taken with the explicit aim 
of calculating QFR, and the investigators were required 
to obtain high-quality images with minimal foreshort-
ening and vessel overlap. Of note, even in this study 
with many measures taken to facilitate QFR calcula-
tion, there was a rate of 15% of QFR calculation failure. 
Also, the follow-up was limited to 1 year as opposed 
to a median of 50 months in our analysis. The median 
value of post-PCI QFR in the HAWKEYE trial was 0.97 
(as opposed to 0.93 in our study), with 34% of the pop-
ulation showing residual diffuse disease, which likely 
reflects a selected patient population, whereas we ap-
plied an all-comers design.

Measuring QFR also has a learning curve; we ob-
served that after 300 measurements, the time required 
for each measurement significantly decreased and 
precision improved as its bias compared with FFR 
decreased (data not shown). Additionally, QFR mea-
surements require manual adjustments, such as vessel 
contour detection correction by the operator. However, 
as the QFR software continues to be developed with 
newer iterations allowing less manual input and cal-
culations becoming more automatic, the impact of 
personal experience is expected to be reduced, and 
measurement more streamlined. Although expertise 
in QFR can influence the reliability of the results, our 
study reflects real-world outcomes, where the opera-
tors are not necessarily experts in QFR.

Moreover, the discrepancies in QFR performance 
could partly be attributed to the physiological variances 
between the LAD and non-LAD territories. In fact, we 
found that the bias was greater in LAD than in non-
LAD vessels. In our study, more than two thirds of the 
studied vessels were LAD, whereas in the HAWKEYE 
trial, this ratio was only 48%.

In a post hoc analysis of the SYNTAX II (Synergy 
Between Percutaneous Coronary Intervantion With 
Taxus and Cardiac Surgery) population, post-PCI QFR 

was found to be an independent predictor of the 2-
year vessel-oriented composite end point defined as 
a composite of vessel-related cardiac death, vessel-
related MI, and TVR.19 This study was characterized by 
patients having de novo 3-vessel disease and close to 
80% intravascular ultrasound use, and QFR was ana-
lyzed in a core laboratory by analysts certified for the 
use of the Medis software. Of note, both this and our 
study agreed that a higher QFR value at the end of the 
successful PCI was linked to a better clinical outcome. 
The differences between their findings and ours may 
be related to the above-mentioned factors and the dis-
tinct primary end points and lengths of follow-up.

The importance of length of follow-up is exemplified 
by the study of Chen et al20 in which the impact of low 
3-vessel post-PCI QFR changed over time: neither di-
abetes status nor post-PCI 3-vessel QFR was predic-
tive of clinical outcome at 1 year, whereas between 1 
and 2 years, 3-vessel post-PCI QFR was the dominant 
predictor of major adverse cardiac events, while after 
2 years, diabetic status emerged as the principal deter-
minant of clinical outcome.

On the other hand, You et al found that in patients 
undergoing rotational atherectomy of calcified lesions, 
postinterventional QFR of the vessel measured offline 
was not predictive of target-lesion failure.21 It is not 
known if periprocedural microvascular injury affects 
post-PCI FFR and QFR measurements to a different 
extent. In our study, not measuring microvascular 
functional indices, we were unable to quantitate the 
changes in microvascular function induced by PCI.

Along the same lines, in another study, QFR measured 
at the end of successful chronic total occlusion PCI was 
not found to be predictive of the 2-year TVF.22

Our study’s findings on optimal cutoff values of 
post-PCI FFR provide practical thresholds that could 
be used in clinical settings to enhance decision mak-
ing. These thresholds, particularly the lower post-PCI 
FFR values in LAD compared with non-LAD territo-
ries could tailor patient management strategies more 
effectively.

In previous studies, the optimal post-PCI QFR cutoff 
values varied between 0.89 and 0.94.23 However, in 
our analysis, no optimal cutoff value could be found to 
predict the occurrence of TVF.

Limitations
This study is limited by its single-center design and the 
relatively small number of patients and vessels included. 
Also, a significant proportion of vessels (15.6%) were ex-
cluded from the analysis due to suboptimal projections 
or poor image quality, but our findings reflect the real-
world experience where angiograms are not performed 
with the explicit aim of QFR analysis. Additionally, it is 
not known how the learning curve affects the reliability 
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of measurements; however, this is expected to be less 
of an issue, with newer iterations having a higher level of 
automation. The diffuseness of coronary artery disease 
was not assessed, a factor known to impact the predic-
tive power of post-PCI QFR.24

In conclusion, our findings suggest that post-
PCI QFR significantly overestimates post-PCI FFR. 
Post-PCI FFR was found to be an independent pre-
dictor of long-term survival free from TVF and hard 
end points (CD/nonfatal target-vessel–related MI). 
Conversely, post-PCI QFR, after adjusting for clinical 
and procedural parameters, failed to predict the occur-
rence of TVF or CD/nonfatal target-vessel–related MI. 
Additionally, unlike post-PCI FFR, post-PCI QFR could 
not be used individually for predicting TVF. Further 
studies are needed to evaluate the clinical applicability 
of post-PCI QFR in the real-world setting.
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