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Objective: The aim of this study was to evaluate non-hyperemic resting pressure ratios (NHPRs), especially the novel “resting full-cycle ratio” (RFR; lowest pressure distal to the stenosis/aortic pressure during the entire cardiac cycle), compared to the gold standard fractional flow reserve (FFR) in a “real-world” setting.

Methods: The study included patients undergoing coronary pressure wire studies at one German University Hospital. No patients were excluded based on any baseline or procedural characteristics, except for insufficient quality of traces. The diagnostic performance of four NHPRs vs. FFR ≤ 0.80 was tested. Morphological characteristics of stenoses were analyzed by quantitative coronary angiography.

Results: 617 patients with 712 coronary lesions were included. RFR showed a significant correlation with FFR (r = 0.766, p < 0.01). Diagnostic accuracy, sensitivity, specificity, positive predictive value, and negative predictive value of RFR were 78% (95% confidence interval = 75; 81), 72% (65; 78), 81% (77; 84), 63% (57; 69), and 86% (83; 89). Relevant predictors for discordance of RFR ≤ 0.89/FFR > 0.8 were LAD lesions, peripheral artery disease, age, female sex and non-focal stenoses. Predictors for discordance of RFR > 0.89/FFR ≤ 0.8 included non-LCX lesions, percent diameter stenosis and previous percutaneous coronary intervention in the target vessel. RFR and all other NHPRs were highly correlated with each other.

Conclusion: All NHPRs have a similar correlation with the gold standard FFR and may facilitate the acceptance and implementation of physiological assessments of lesion severity. However, we found ~20% discordant results between NHPRs and FFR in our “all-comers” German cohort.
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INTRODUCTION

Despite great advances in the prevention and treatment of cardiovascular diseases, ischemic heart disease remains one of the main causes of morbidity and mortality worldwide (1). Fractional flow reserve (FFR) is the gold standard pressure-derived index for the assessment of the physiological severity of coronary artery stenosis, and several guidelines and studies have highlighted the benefit of FFR-guided percutaneous coronary intervention (PCI) (2–6). FFR is derived from the ratio between the mean distal coronary artery pressure (Pd) to the mean aortic pressure (Pa) under maximum hyperemia and is considered to be significant with a threshold of ≤0.80 (7, 8). Administration of adenosine to achieve maximum hyperemia is associated with possible side effects (9), increased costs, and longer examination time, which may cause reservations against the application of FFR. Therefore, utilization remains low and heterogeneous between different hospitals in Germany (10).

The development of resting indices, referred to as non-hyperemic pressure ratio (NHPR), is therefore of great importance. Two large randomized clinical trials among patients with stable angina or acute coronary syndrome revealed that instantaneous wave-free ratio (iFR), which is calculated during the diastolic wave-free period and used by one of the leading manufacturers of pressure wires, is clinically non-inferior to FFR with regard to serious adverse events at one year (11, 12). Moreover, a previous study demonstrated that NHPRs have a comparable diagnostic quality for diagnosing positron emission tomography defined myocardial ischemia and show a comparable outcome with FFR at two years (13). Lately, it has been found that the resting full-cycle ratio (RFR), described as the lowest ratio of resting Pd/Pa during the entire cardiac cycle, which is used by another leading manufacturer, is diagnostically equivalent to iFR (13–15). Randomized trials comparing RFR and FFR are lacking. Although FFR ≤ 0.8 or NHPRs ≤ 0.89 can predict ischemia-inducing coronary stenoses with high accuracy, the correlation and agreement between FFR and NHPRs test results varies in clinical practice (13, 14, 16). Available data show that FFR and iFR test results are discordant in about 15–20% of cases, leading to uncertainty about revascularization decisions. This might be caused by limitations such as the assumption of maximal flow and minimal resistance occurring during the wave-free period of the diastole, which is the rationale of iFR (17, 18). Several clinical, angiographic, and hemodynamic factors contribute to iFR/FFR discordance (19–21). Available data do not represent a broader population in a real-world setting. Many patients were excluded from studies due to wide exclusion criteria such as vessels with a previous myocardial infarction, previous coronary artery bypass graft surgery, left main disease, chronic renal disease, bradycardia, atrial fibrillation or in-stent lesions (17, 22, 23). Furthermore, patients from Western Europe are underrepresented in most trials.

In the present retrospective, single-center study, we sought to investigate the diagnostic accuracy of FFR and NHPRs and the clinical utility of NHPRs and especially the relatively new non-hyperemic index RFR in a German “all-comers” population with intermediate coronary stenoses. The objective of this study is to assess the correlation of FFR and NHPRs in a real-world setting and evaluate predictors of discrepancies.



MATERIALS AND METHODS


Study Population

From 9th of March 2015 until 15th of February 2019, a total of 696 adult patients underwent 869 pressure wire recordings of at least one intermediate coronary lesion (30–80%, determined visually by the treating physician) for standard clinical indications at the Heart Center of the University of Cologne. Pressure wire recordings were not performed in the following settings: (1) contraindication for adenosine, (2) cardiogenic shock (3), ST-segment elevation myocardial infarction, (4) culprit vessels in the setting of myocardial infarction (5), stenosis technically not suitable for analysis and (6) lesions without myocardial viability. All patients with FFR recordings in this period were included in this study, i.e., no patients were excluded from the analysis based on any baseline or procedural characteristics, except for insufficient quality of recorded traces, which impeded a reliable retrospective analysis (see pressure wire assessment). All collected patient data were anonymized before the analysis. The study design was approved by the local ethics committee and complied with the Declaration of Helsinki.



Invasive Coronary Angiography and Quantitative Coronary Angiography

Coronary angiography was executed according to current guidelines and institutional standards by a femoral or radial approach, using a diagnostic or guiding catheter and low-osmolar contrast agents. Angiographic views were obtained in multiple standard projections. Diameter stenosis percentage, minimal and reference lumen diameter, and lesion length were assessed retrospectively by quantitative coronary angiography with validated software (CAAS II, Pie Medical System, Maastricht, The Netherlands).



Pressure Wire Assessment

Interventional procedures and application of medication were performed according to current guidelines and manufacturer's and institutional standards. A pressure guidewire (Pressure Wire™ X Guidewire [Abbott Vascular Inc., Santa Clara, CA], or Verrata® [Philips, San Diego, CA]) was calibrated, equalized, and advanced distal to the target lesion, and intracoronary nitrate was administered. Then continuous intravenous adenosine (140 μg/kg per min) was applied through a peripheral vein to induce hyperemia in the target vessel for FFR measurement. In the majority of cases, a pullback recording was made to exclude pressure drift.

For this study, all analyses were performed retrospectively using the raw data of pressure wire recordings. Distal (Pd) and aortic pressure (Pa) traces at baseline, i.e., before application of adenosine, were used to determine NHPRs. FFR was calculated using the lowest Pd/Pa under hyperemic conditions. FFR, RFR, diastolic pressure ratio during wave-free period (dPR[WFP]), diastolic pressure ratio during entire diastole (dPR[entire]), and Pd/Pa values (see Figure 1 for exact definitions) were calculated by a fully automated offline software algorithm at an independent core laboratory (CoroLab; Coroventis Research AB, Uppsala, Sweden). The thresholds for a hemodynamically significant stenosis (FFR ≤ 0.80, RFR ≤ 0.89, dPR[WFP] ≤ 0.89, dPR[entire] ≤ 0.89, and Pd/Pa ≤ 0.92) were defined according to current guidelines and recommendations. One hundred and fifty seven of 869 (18.1%) pressure recordings had to be excluded from the analysis, since resting or hyperemic periods could not be reliably identified or pressure recordings were instable. Hence, 617 patients with 712 stenoses were finally included in the study to assess the correlation of FFR to NHPRs. For patients with multivessel disease and recordings at different timepoints, baseline characteristics at first presentation were used for per-patient analysis.


[image: Figure 1]
FIGURE 1. Schematic explanation of the NHPRs and FFR. Diastole starts at the nadir of the dicrotic notch. The dPR[entire] is defined as mean Pd/Pa over the entire diastole. The dPR[WFP] is defined as the mean Pd/Pa value in the wave-free period for 5 heart cycles (from 25% of the entire diastole to 5 ms before the end of diastole; equivalent to the definition of iFR). Whole cycle resting Pd/Pa was calculated continuously throughout the entire cardiac cycle for three heart cycles. FFR is defined as the lowest, artifact-free Pd/Pa during maximal hyperemia over at least three heart cycles (Pd/Pa and FFR are calculated in the same way, just under different conditions, i.e. resting conditions vs hyperemic conditions). RFR is defined as the lowest Pd/Pa value in systole and diastole (mean of 5 consecutive cardiac cycles). dPR[entire], diastolic pressure ratio during entire diastole; dPR[WFP], diastolic pressure ratio during wave-free period; FFR, fractional flow reserve; NHPR, non-hyperemic pressure ratio; Pa, aortic pressure; Pd, distal coronary pressure; RFR, resting full-cycle ratio.


In principle, assessment of non-focal (serial, diffuse) stenoses was performed using a dedicated software for calculation of quantitative flow ratio (QFR) based on coronary angiography (QAngio XA 3D version 2.0, Medis Medical Imaging Systems) (24).



Statistical Analysis

Continuous variables are presented as mean ± standard deviation or median with interquartile range (IQR), while categorical variables are reported as frequencies and percentages. The differences were evaluated using Chi-square test or Fisher's exact test for categorical variables and Student's t-test or Mann-Whitney-U test for continuous variables, depending on their distribution. Kruskal–Wallis test was used to test for differences among >2 groups followed by post-hoc Mann-Whitney U tests with Bonferroni correction. Pearson's correlation coefficient was used to assess the relationship between several indices.

To assess the diagnostic value of NHPRs in comparison to FFR (≤0.80), the area under the curve (AUC) of the receiver-operating characteristic (ROC), as well as the accuracy metric were used. Diagnostic accuracy, sensitivity, specificity, negative, and positive predictive value, likelihood positive and negative ratio were calculated. Diagnostic agreement between the different indices was assessed by Bland-Altman plots with corresponding 95% limits of agreement.

Predictors of discordance between FFR and NHPRs were determined using a logistic regression model. The associated covariates with a p-value < 0.05 by forward selection in univariate analysis were included in the multivariable model after testing for multicollinearity. Backward stepwise selection was performed using a binary logistic model (backward elimination method: Wald). A two-tailed p-value of < 0.05 was regarded as statistically significant. Statistical analysis was conducted in SPSS Statistics, version 28 (IBM, Armonk, New York) and R programming language version 4.1.2 (R Foundation for Statistical Computing, Vienna, Austria).




RESULTS


Patient and Vessel Characteristics

Clinical and angiographic characteristics are displayed in Table 1. The cohort consisted of patients with advanced age (median 69 years), with a high proportion of males (72.6%) and a high prevalence of comorbidities.


Table 1. Patient demographics and vessel characteristics.
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The lesions were located most often in the left anterior descending coronary artery (LAD; 424 vessels; 59.6%). The reference diameter showed sufficient size for PCI (2.98 ± 0.57 mm). The lesions had a minimum diameter of 1.42 ± 0.42 mm, the mean percent diameter stenosis (%DS) was 52.9 ± 8.7 %, and the mean lesion length 15.6 ± 9.54 mm. Two hundred and ninety (40.7%) lesions were non-focal.



Pressure Wire-Derived Indices

The median values of pressure wire-derived indices were 0.84 (IQR: 0.79 to 0.90) for FFR, 0.91 (IQR: 0.88 to 0.96) for RFR, 0.92 (IQR: 0.88 to 0.96) for dPR[entire], 0.92 (IQR: 0.88 to 0.96) for dPR[WFP] and 0.94 (IQR: 0.90 to 0.97) for Pd/Pa, respectively. Ischemia defined as FFR ≤ 0.80 was detected in 222 of 712 lesions (31.2%; 201 of 617 patients). Nineteen (3%) minor side effects [chest discomfort/dyspnea (1.4%) and transient atrioventricular block (0.5%)] occurred during adenosine infusion, but no serious adverse events were observed. Resting indices suggested ischemia in 253 lesions (35.5%) for RFR, 222 (31.2%) for dPR[entire], 238 (33.4%) for dPR[WFP], and 280 (39.3%) for Pd/Pa. The prevalence of ischemia, regarding the cut-off value of 0.89, between dPR[WFP] and RFR were not statistically significant (p = 0.43). FFR was correlated with NHPRs (r = 0.766 for RFR; r = 0.763 for dPR[WFP]; r = 0.772 for dPR[entire]; r = 0.792 for Pd/Pa, p < 0.01; see Figure 2). Bland-Altman plot showed the mean bias ± SD between FFR and NHPRs (Figure 3).


[image: Figure 2]
FIGURE 2. Concordance and discordance among NHPRs and FFR. (A) FFR and RFR showed a significant correlation (r = 0.766; p < 0.01), but 21.0% of lesions showed discordant classifications with FFR and RFR cutoff values of ≤0.80 and ≤0.89, respectively. (B–D) The correlation of FFR and dPR[entire], dPR[WFP] and Pd/Pa was also significant with a similar correlation coefficient. The frequency of discordant indices was comparable, too. dPR[entire], diastolic pressure ratio during entire diastole; dPR[WFP], diastolic pressure ratio during wave-free period; FFR, fractional flow reserve; NHPR, non-hyperemic pressure ratio; Pa, aortic pressure; Pd, distal coronary pressure; RFR, resting full-cycle ratio.
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FIGURE 3. Bland-Altman plots of differences against the means are displayed for RFR (A), dPR[entire] (B), dPR[WFP] (C) and Pd/Pa (D). Solid lines represent the mean bias, enclosed by the limits of agreement (dashed lines). The Bland-Altman plots demonstrate a good agreement between FFR and NHPRs. dPR[entire], diastolic pressure ratio during entire diastole; dPR[WFP], diastolic pressure ratio during wave-free period; FFR, fractional flow reserve; NHPR, non-hyperemic pressure ratio; Pa, aortic pressure; Pd, distal coronary pressure; RFR, resting full-cycle ratio.


The diagnostic performance of NHPRs to predict FFR ≤ 0.80 is shown in Table 2. RFR and the other NHPRs were highly correlated (r = 0.993 for dPR[WFP]; r = 0.992 for dPR[entire]; r = 0.943 for Pd/Pa, all p < 0.01). Increasing the per-lesion threshold to RFR ≤ 0.93 resulted in higher sensitivity of 90% to predict FFR ≤ 0.80, RFR ≤ 0.97 had 100% sensitivity. ROC curve analysis was performed to examine diagnostic performance of NHPRs using FFR ≤ 0.80 as the reference standard (Figure 4A). As shown in Figure 4B, large AUC were observed for the NHPRs using RFR ≤ 0.89 as the reference standard.


Table 2. Diagnostic performance of non-hyperemic pressure ratios for predicting FFR ≤ 0.80 at vessel level.
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FIGURE 4. ROC curves. (A) ROC curves for RFR, dPR[entire], dPR[WFP] and Pd/Pa showed a similar performance of all NHPRs tested against an FFR ≤ 0.80. (B) ROC curves for dPR[WFP], dPR[entire], and Pd/Pa tested against RFR ≤ 0.89. All three indexes showed an excellent prediction for RFR defined ischemia, supporting the similar performance of all NHPRs. dPR[entire], diastolic pressure ratio during entire diastole; dPR[WFP], diastolic pressure ratio during wave-free period; FFR, fractional flow reserve; NHPR, non-hyperemic pressure ratio; Pa, aortic pressure; Pd, distal coronary pressure; RFR, resting full-cycle ratio.


The analysis yielded a total recording of 3,560 cardiac cycles in 712 lesions. The RFR values showed a high reproducibility within the 5 measurements. The lowest ratio of resting Pd/Pa, i.e., the RFR, was located within systole in at least one cardiac cycle in 295 (8.2%) pressure tracings; in 80 (2.2%) pressure tracings the lowest ratio of Pd/Pa was located within systole in all analyzed cycles. The RFR was more frequently located within systole, when left circumflex artery (LCX) and right coronary artery (RCA) were examined [CABG 0%, RIM 0%, LAD 4.9% (404 out of 424), LCX 12.8% (108 out of 124), RCA 15.4% (121 out of 143), left main 16.7% (1 out of 6)].



Discordance Between FFR and NHPRs

Concordant and discordant findings of FFR and NHPRs are summarized in Figure 2. One hundred and fifty seven lesions (22.1 %) in 138 patients (22.4%) showed discordant results of FFR and RFR, i.e., therapeutic decision would have differed. One hundred and forty eight lesions (20.8%) in 131 patients (21.2%) were discordant for FFR and dPR[WFP]. In the group with FFR ≤ 0.80 and RFR > 0.89, median FFR was 0.78 (IQR: 0.76–0.8) and median RFR 0.92 (0.91–0.93). In the group with FFR > 0.80 and RFR ≤ 0.89, median FFR was 0.84 (0.82–0.86) and median RFR 0.88 (0.85–0.89).

Patient and lesion characteristics of discordant and concordant RFR/FFR groups are shown in Tables 3A,B. In the univariate logistic regression analysis, age (p < 0.01), female sex (p = 0.01), peripheral artery disease (p = 0.01), LAD lesion (p < 0.01) und non-focal lesion (p = 0.02) were associated with discordance of RFR ≤ 0.89/FFR > 0.8 (Table 4A). Previous PCI in target vessel (p = 0.01), % DS (p < 0.01) and non-LCX lesions (p < 0.01) were associated with discordance of RFR > 0.89/FFR ≤ 0.8 (Table 4B). The multivariate analysis confirmed age (Odds Ratio [OR], 1.04; 95% confidence interval [CI], 1.02–1.07; p = 0.01), non-focal stenoses (OR, 1.84; 95% CI, 1.17–2.89; p = 0.01), female sex (OR, 1.70; 95% CI, 1.06–2.74; p = 0.03), peripheral artery disease (OR, 2.63; 95% CI, 1.36–5.09; p=0.01) and LAD lesion (OR, 3.22; 95% CI, 1.88–5.52; p < 0.01) as predictors of RFR ≤ 0.89/FFR > 0.8 (Table 4A). Previous PCI in target vessel (OR, 2.10; CI 1.15–3.85; p = 0.02), % DS (OR, 1.14; 95% CI, 1.1–1.19; p < 0.01) and non-LCX lesion (OR for LCX, 0.11; 95% CI, 0.02–0.52; p = 0.01) were confirmed as predictors of RFR > 0.89/FFR ≤ 0.8 in the multivariate analysis (Table 4B). The presence of acute coronary syndromes (ACS, mainly unstable angina) and the lesion location (proximal, medial or distal segment) did not predict discordance of RFR ≤ 0.89/FFR > 0.8 or RFR > 0.89/FFR ≤ 0.8 in the univariate analysis.


Table 3A. Comparison of patient characteristics between concordant and discordant cases of RFR and FFR.
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Table 3B. Vessel and lesion characteristics between concordant and discordant cases of RFR and FFR.
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Table 4A. Independent predictors of disagreement between RFR and FFR.
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Table 4B. Independent predictors of disagreement between RFR and FFR.
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DISCUSSION

We validated NHPRs, with a special focus on RFR, vs. the gold standard FFR in patients with angiographically intermediate coronary stenoses in a German “all-comers” population. All NHPRs correlated very well with each other and showed a diagnostic accuracy of 77–81% for FFR. Discrepancies between FFR and RFR were found in 22.0% of recordings, and a higher rate of ischemia was diagnosed by RFR compared to FFR. We identified several clinical parameters that may predict discordance of RFR and FFR.

FFR-guided revascularization is supported by several randomized trials (3–5) and recommended by European guidelines (2, 6). Despite convincing evidence and clear recommendations, the rate of FFR-guided revascularizations is low (e.g., ~17% of interventions performed in Germany in 2019 were FFR-guided; unpublished survey of the German Society of Cardiology 2019, DGK). Reasons may include the costs and prolongation of procedures associated with administration of adenosine. Adenosine-free NHPRs may facilitate the acceptance and implementation of physiological assessments. Two randomized trials have demonstrated that iFR-guided treatment is non-inferior to FFR-guided treatment (11, 12), while other NHPRs were not yet validated in randomized trials. However, discrepancies between NHPRs and FFR have been reported, and literature about this topic is growing (17, 20, 25), but still limited by a small number of examined patients (26).

Our study represents a broad “all-comers” German population, which is one of the largest studied so far. Previous studies on NHPRs mostly enrolled Asian, American or Scandinavic patients, which may not be fully representative of the Central European population due to different patient characteristics and regional differences in the use of percutaneous coronary interventions (13–15). Furthermore, 26.7% of the patients presented with ACS in our study, which is more than in previous studies (23).

Diagnostic accuracy of NHPRs was between 78–81%, if the “gold standard” FFR is taken as reference, which must be rated as only moderate. This finding is in line with most prior studies (14, 16, 23). A slightly higher diagnostic accuracy of 86.6% for RFR and 87.5% for dPR[entire] was reported in the analysis of the 3V FFR-FRIENDS study (13), which included a population with less severe stenoses as indicated by a median FFR of 0.89 as compared to 0.84 in the present study. The moderate correlation of NHPRs and FFR justifies a carful interpretation of resting indices, e.g., adding FFR recordings in cases of borderline NHPRs may be considered, but it does not question the high value of resting indices, since the feasibility and costs are superior to FFR, which will facilitate the broad application of pressure-wire recordings and help to avoid clearly inferior angiography-based decision making.

To our knowledge, this is the largest study focusing on discordant findings of RFR and FFR. Discordant results were found in 22% of the lesions, which is more frequent compared to previous smaller studies with a range from 7.2–19.7% (14, 22, 26–28). This may be attributed to the broad inclusion criteria, which may affect physiologic measurements and cause discrepancies (21). Discordant findings of NHPRs and FFR have been associated with worse prognosis as compared to concordant negative indices in previous trials (28). On the other hand, iFR-based revascularization was non-inferior to an FFR-based approach despite lower revascularization rates in both randomized trials (11, 12). There is an ongoing debate, whether discordant lesions should be revascularized (20, 27, 28). Thus, there is a strong need for more data on the clinical impact of discordance on outcome as well as the indication for revascularization, which was beyond the scope of our study and encourages future - ideally randomized prospective—trials.

Since a single index is usually applied in clinical practice and determination of both resting and hyperemic indices is performed only in the minority of cases, discordance of results is usually inapparent, which increases the importance of potential predictors of discordant findings. Several clinical factors such as gender, anemia, LV diastolic dysfunction, diabetes mellitus and angiographic factors have been proposed as predictors of discordance of low NHPRs /high FFR (19, 20, 22, 26, 29), i.e., revascularization would be performed based on an NHPRs but deferred based on FFR. In our population, female sex, age, LAD lesion, PAD and non-focal lesion were predictors of RFR ≤ 0.89/FFR > 0.8.

Multivariate analysis revealed LAD lesions as a highly relevant predictor for RFR ≤ 0.89/FFR > 0.8 with an odds ratio of 3.17, confirming the findings of present studies of NHPRs (26, 29).

Kobayashi et al. speculated that the larger myocardial territory supplied by LM/LAD vs. non-LAD may cause larger coronary flow variation between resting and hyperemic conditions, which could be responsible for the difference (25).

PAD was a relevant predictor of discrepancy of RFR ≤ 0.89 /FFR > 0.8 with an odds ratio of 2.63. The same finding was reported by Goto et al. (26). Pellegrino et al. reported that the coronary flow reserve (CFR) was significantly lower in patients with PAD than in those without PAD (30), which could explain the discordance, since reduced flow may lead to an underestimation of stenosis severity by FFR. Also Cook et al. suggested that iFR ≤ 0.89 /FFR > 0.8 might be explained by differences in hyperemic coronary flow (17).

The odds ratio was 1.67 for female sex in the multivariate analysis. Two previous studies reported that female sex was significantly associated with NHPRs ≤ 0.89/FFR > 0.8 (20, 22), but not all studies confirmed this finding (26). A post-hoc analysis of the DEFINE-FLAIR study demonstrated that an FFR-guided strategy was associated with a higher rate of revascularization than an iFR-guided strategy in men, but not in women (31), so gender differences of pressure-derived indices appear to have a clinical impact. Kobayashi et al. speculated that women tend to have a higher coronary flow at rest leading to higher trans-stenotic pressure losses and lower NHPRs (32).

The odds ratio for age was only 1.04, so despite statistical significance in the multivariate analysis, the impact of age appears to be of minor relevance. Age was also not found as a predictor of discordance in most previous studies for FFR and NHPRs (19, 20, 22, 26). Just like described above for PAD, older age is associated with a decrease in CFR (33) and an increase in microvascular resistance under hyperemia, which may cause an underestimation of stenosis severity by FFR.

The presence of non-focal stenoses, i.e., serial stenoses or diffuse disease, was another predictor for discordance of RFR ≤ 0.89/FFR > 0.8. It has been described that the presence of serial stenoses increases the risk of discordance of FFR and iFR (34). In non-focal disease, downstream stenoses may impede hyperemic flow, thus FFR may underestimate the true physiological impact of analyzed stenoses. Therefore, NHPRs may be superior to FFR in the assessment of non-focal stenoses, although this hypothesis needs confirmation by further clinical trials.

Interestingly, RFR suggested ischemia more frequently than FFR (35.5% of patients had RFR ≤ 0.89, 31.2% had FFR ≤ 0.80) in the present study, although most previous studies reported slightly higher rates of ischemia determination by FFR (22, 26). Both randomized studies of iFR- vs. FFR-guided revascularization demonstrated a lower number of revascularizations in the iFR group (12, 35).

Predictors of RFR > 0.89 /FFR ≤ 0.8 discordance, i.e., revascularization would be performed based on FFR but deferred based on an NHPR, were %DS, history of percutaneous coronary intervention in the target vessel, and non-LCX lesions in the multivariate analysis. The relevance of %DS was small with an odds ratio of 1.14. %DS was also a predictor of iFR > 0.90 /FFR ≤ 0.8 discordance in the work by Lee et al. (19). Other studies could not predict this type of discordance, maybe due to the small number of analyzed lesions (22, 26). History of percutaneous coronary intervention in the target vessel (odds ratio 2.10) and non-LCX lesions (odds ratio 0.11 for LCX) were stronger predictors of RFR > 0.89 /FFR ≤ 0.8 discordance in the present trial.

Lesion location (proximal, medial and distal segments) and multivessel disease had no significant effect on the concordance or discordance of indices. Due to the relatively high number of patients with ACS in our study, we could analyze the interaction between the presence of an ACS and the concordance or discordance of indices, which was not significant. This is an interesting finding, since microvascular function may be altered in patients with ACS, which may diminish the effect of adenosine and lead to false negative FFR values (36). Moreover, resting coronary flow in non-culprit ACS lesions may be higher than in stable coronary artery disease (37), which may also contribute to discordance of indices. Our finding of no relevant interaction between the presence of an ACS and the discordance of RFR and FFR is in line with a previous study on iFR and FFR (38).

A subgroup analysis of patients with and without prior myocardial infarction (irrespective of the location) revealed no interaction with the discordance of indices, too. However, we cannot exclude that an analysis of prior myocardial infarction in the territory of the examined vessel may have led to different findings. Unfortunately, information on the exact location of prior myocardial infarction was not available for our population.

It was speculated that coronary stenoses with iFR > 0.90 /FFR ≤ 0.75 show similar coronary flow properties as angiographically unobstructed vessels and, in cases with normal or high CFR and FFR ≤ 0.75, the low FFR may reflect high flow states in response to adenosine rather than significant stenoses, which would be associated with a good prognosis (39, 40). In line with this hypothesis, the randomized trials DEFINE-FLAIR and iFR-SWEDEHEART showed that the risk of coronary events was not increased, although more lesions were deferred for revascularization based on iFR compared to FFR (41).

In our study, all parameters of diagnostic performance were similar for all analyzed NHPRs, increasing the body of evidence that NHPRs are largely comparable among one another, as suggested by one previous trial (13). Thus, a special algorithm of any company has little advantage compared to the “open source” index Pd/Pa. One potential advantage may be that Pd/Pa shows a higher susceptibility to pressure-sensor drifts and to pressure-curves artifacts (42).

Since iFR is the only NHPR with evidence from randomized controlled trials, differences between iFR and other NHPRs are of particular interest. Van't Veer et al. reported that available diastolic resting indices calculated in the “wave-free period” are identical to iFR despite minor differences in algorithms (43), so we consider dPR[WFP] used in our study to be equal to iFR. We found a difference of only 2.2% for dPR[WFP] vs. RFR in the rate of ischemia determination, which was not statistically significant. So, an RFR-based approach would have led to the same treatment strategy as an iFR-based in the majority of cases.

Accordingly, only 2.2% of RFR measurements detected the lowest Pd/Pa in systole. This is much lower than reported in most previous studies with a range from 11.4–12.2% (13, 14). Flow profiles between LCA und RCA are different (44), which may be explained by differences in supplied myocardial mass (45) and may have an impact on the timing of lowest Pd/Pa. In the VALIDATE study, lowest Pd/Pa was detected in systole in 32.4% in the RCA (14). In the present study, lowest Pd/Pa was in systole in 15.4% of RCA analyses. In contrast, Hoshino et al. found only 2.4% of RFR values in systole in the RCA (23).


Limitations

Our trial has several limitations. It was an observational retrospective cohort study conducted at a single center. Revascularization of the target lesion was based on FFR values and operators' decision, and not on NHPRs. Patient selection for pressure-wire assessment was also within the discretion of the treating physician, which may have led to bias. However, we intended to study pressure wire-derived indices under real-life conditions. Another limitation is that we did not investigate clinical outcomes after revascularization. Thus, the clinical impact of discrepancies between FFR and NHPRs could not be assessed.

Our cohort comprised patients with diabetes, CABG, and intake of beta-blockers. On the other side, we consider the broad “all-comers” population as one strength of the present study, since it probably better reflects the realities of care than previous studies with more extensive exclusion criteria.

No assessment of microvascular function or coronary flow was performed. A better understanding of microcirculation and coronary flow under baseline and hyperemic conditions would have improved the interpretation of discrepant findings of NHPRs and FFR.

A total of 157 out of 869 (18.1%) pressure tracings could not be analyzed. Previous studies have shown that even in the context of a prospective clinical trial, physiological assessments of stenosis severity may be limited by pressure tracings being unanalyzable due to artifacts and failure in up to 30% (16, 25). Patients were not excluded from our analysis based on any clinical parameters, but all non-analyzed recordings had to be excluded due to insufficient tracings (e.g., dampened aortic pressure, no stable resting or hyperemic recording, resting or hyperemic period not recorded at all). We did not collect clinical data of these patients, but we consider it very likely, that the technical shortcomings leading to exclusion of tracings from the analysis were not associated with any clinical characteristics.

The external analysis of pressure curves by an expert core lab is not fully representative for the real-life situation, however it reduces inter-observer variability and ensures reliability of the calculations. Moreover, due to the retrospective nature of our study and the incapability of commercially available systems to calculate all investigated resting indices online in the catheterization laboratory, an offline analysis was necessary.




CONCLUSIONS

All NHPRs have a similar correlation with the gold standard FFR and may facilitate the acceptance and implementation of physiological assessments of lesion severity. However, we found ~20% discordant results between NHPRs and FFR in our “all-comers” German cohort. Most relevant predictors for discordance of RFR ≤ 0.89 /FFR > 0.8 were LAD lesions, PAD, female sex and non-focal stenoses. Strong predictors for discordance of RFR > 0.89/FFR ≤ 0.8 were non-LCX lesions and previous percutaneous coronary intervention in the target vessel. The impact of discrepant findings on outcome and the optimal treatment strategy needs to be further elucidated by future prospective trials.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee Medical Faculty, University of Cologne. The Ethics Committee waived the requirement of written informed consent for participation.



AUTHOR CONTRIBUTIONS

HW, MH, and SB: study concept and design. HW, AM, VM, and TB: acquisition and analysis or interpretation of data. HW: writing and original draft preparation of the manuscript. HW, VM, MA, SB, and MH: discussion or critical revision of the interpretation for important intellectual content. MH: study supervision. All authors reviewed the manuscript.



FUNDING

The corelab analysis at Coroventis Research AB was supported by Abbott Vascular.



ABBREVIATIONS

%DS, percent diameter stenosis; CABG, coronary artery bypass surgery; CFR, coronary flow reserve; dPR[entire], diastolic pressure ratio during entire diastole; dPR[WFP], diastolic pressure ratio during wave-free period; FFR, fractional flow reserve; LAD, left anterior descending; LM, left main coronary artery; LCX, left circumflex artery; NHPRs, non-hyperemic pressure ratios; Pa, proximal aortic pressure; Pd, distal arterial pressure; PAD, peripheral artery disease; PCI, percutaneous coronary intervention; RCA, right coronary artery; RFR, resting full-cycle ratio; RIM, Ramus intermedius; QCA, quantitative coronary angiography; QFR, quantitative flow ratio.



REFERENCES

 1. Roth GA, Johnson C, Abajobir A, Abd-Allah F, Abera SF, Abyu G, et al. Global, regional, and national burden of cardiovascular diseases for 10 causes, 1990 to 2015. J Am Coll Cardiol. (2017) 70:1–25. doi: 10.1016/j.jacc.2017.04.052

 2. Neumann F-J, Sousa-Uva M, Ahlsson A, Alfonso F, Banning AP, Benedetto U, et al. 2018 ESC/EACTS Guidelines on myocardial revascularization. Eur Heart J. (2019) 40:87–165. doi: 10.1093/eurheartj/ehy394

 3. Xaplanteris P, Fournier S, Pijls NH, Fearon WF, Barbato E, Tonino PA, et al. Five-year outcomes with PCI guided by fractional flow reserve. N Engl J Med. (2018) 379:250–9. doi: 10.1056/NEJMoa1803538

 4. Zimmermann FM, Ferrara A, Johnson NP, van Nunen LX, Escaned J, Albertsson P, et al. Deferral vs. performance of percutaneous coronary intervention of functionally non-significant coronary stenosis: 15-year follow-up of the DEFER trial. Eur Heart J. (2015) 36:3182–8. doi: 10.1093/eurheartj/ehv452

 5. van Nunen LX, Zimmermann FM, Tonino PA, Barbato E, Baumbach A, Engstrøm T, et al. Fractional flow reserve versus angiography for guidance of PCI in patients with multivessel coronary artery disease (FAME): 5-year follow-up of a randomised controlled trial. Lancet. (2015) 386:1853–60. doi: 10.1016/S0140-6736(15)00057-4

 6. Knuuti J, Wijns W, Saraste A, Capodanno D, Barbato E, Funck-Brentano C, et al. 2019 ESC guidelines for the diagnosis and management of chronic coronary syndromes. Eur Heart J. (2020) 41:407–77. doi: 10.1093/eurheartj/ehz425

 7. Bruyne B de, Pijls NH, Kalesan B, Barbato E, Tonino PA, Piroth Z, et al. Fractional flow reserve-guided PCI versus medical therapy in stable coronary disease. N Engl J Med. (2012) 367:991–1001. doi: 10.1056/NEJMoa1205361

 8. Pijls NH, Bruyne B, Peels K, Voort PH, Bonnier HJ, Bartunek J, et al. Measurement of fractional flow reserve to assess the functional severity of coronary-artery stenoses. N Engl J Med. (1996) 334:1703–8. doi: 10.1056/NEJM199606273342604

 9. Röther J, Achenbach S, Tröbs M, Blachutzik F, Nef H, Marwan M, et al. Comparison of standard- and high-dose intracoronary adenosine for the measurement of coronary Fractional Flow Reserve (FFR). Clin Res Cardiol. (2016) 105:1003–10. doi: 10.1007/s00392-016-1010-0

 10. Härle T, Zeymer U, Hochadel M, Zahn R, Kerber S, Zrenner B, et al. Real-world use of fractional flow reserve in Germany: results of the prospective ALKK coronary angiography and PCI registry. Clin Res Cardiol. (2017) 106:140–50. doi: 10.1007/s00392-016-1034-5

 11. Götberg M, Christiansen EH, Gudmundsdottir IJ, Sandhall L, Danielewicz M, Jakobsen L, et al. Instantaneous wave-free ratio versus fractional flow reserve to guide PCI. N Engl J Med. (2017) 376:1813–23. doi: 10.1056/NEJMoa1616540

 12. Davies JE, Sen S, Dehbi H-M, Al-Lamee R, Petraco R, Nijjer SS, et al. Use of the instantaneous wave-free ratio or fractional flow reserve in PCI. N Engl J Med. (2017) 376:1824–34. doi: 10.1056/NEJMoa1700445

 13. Lee JM, Choi KH, Park J, Hwang D, Rhee T-M, Kim J, et al. Physiological and clinical assessment of resting physiological indexes. Circulation. (2019) 139:889–900. doi: 10.1161/CIRCULATIONAHA.118.037021

 14. Svanerud J, Ahn J-M, Jeremias A, van 't Veer M, Gore A, Maehara A, et al. Validation of a novel non-hyperaemic index of coronary artery stenosis severity: the Resting Full-cycle Ratio (VALIDATE RFR) study. EuroIntervention. (2018) 14:806–14. doi: 10.4244/EIJ-D-18-00342

 15. Kumar G, Desai R, Gore A, Rahim H, Maehara A, Matsumura M, et al. Real world validation of the nonhyperemic index of coronary artery stenosis severity-Resting full-cycle ratio-RE-VALIDATE. Catheter Cardiovasc Interv. (2020) 96:E53–8. doi: 10.1002/ccd.28523

 16. Jeremias A, Maehara A, Généreux P, Asrress KN, Berry C, Bruyne Bde, et al. Multicenter core laboratory comparison of the instantaneous wave-free ratio and resting Pd/Pa with fractional flow reserve: the RESOLVE study. J Am Coll Cardiol. (2014) 63:1253–61. doi: 10.1016/j.jacc.2013.09.060

 17. Cook CM, Jeremias A, Petraco R, Sen S, Nijjer S, Shun-Shin MJ, et al. Fractional flow reserve/instantaneous wave-free ratio discordance in angiographically intermediate coronary stenoses: an analysis using doppler-derived coronary flow measurements. JACC Cardiovasc Interv. (2017) 10:2514–24. doi: 10.1016/j.jcin.2017.09.021

 18. Sen S, Escaned J, Malik IS, Mikhail GW, Foale RA, Mila R, et al. Development and validation of a new adenosine-independent index of stenosis severity from coronary wave-intensity analysis: results of the ADVISE (ADenosine Vasodilator Independent Stenosis Evaluation) study. J Am Coll Cardiol. (2012) 59:1392–402. doi: 10.1016/j.jacc.2011.11.003

 19. Lee JM, Shin E-S, Nam C-W, Doh J-H, Hwang D, Park J, et al. Discrepancy between fractional flow reserve and instantaneous wave-free ratio: clinical and angiographic characteristics. Int J Cardiol. (2017) 245:63–8. doi: 10.1016/j.ijcard.2017.07.099

 20. Arashi H, Satomi N, Ishida I, Soontorndhada K, Ebihara S, Tanaka K, et al. Hemodynamic and lesion characteristics associated with discordance between the instantaneous wave-free ratio and fractional flow reserve. J Interv Cardiol. (2019) 2019:3765282. doi: 10.1155/2019/3765282

 21. Dérimay F, Johnson NP, Zimmermann FM, Adjedj J, Witt N, Hennigan B, et al. Predictive factors of discordance between the instantaneous wave-free ratio and fractional flow reserve. Catheter Cardiovasc Interv. (2019) 94:356–63. doi: 10.1002/ccd.28116

 22. Muroya T, Kawano H, Hata S, Shinboku H, Sonoda K, Kusumoto S, et al. Relationship between resting full-cycle ratio and fractional flow reserve in assessments of coronary stenosis severity. Catheter Cardiovasc Interv. (2020) 96:E432–8. doi: 10.1002/ccd.28835

 23. Hoshino M, Yonetsu T, Sugiyama T, Kanaji Y, Hamaya R, Kanno Y, et al. All resting physiological indices may not be equivalent - comparison between the diastolic pressure ratio and resting full-cycle ratio. Circ J. (2020) 84:1147–54. doi: 10.1253/circj.CJ-19-1110

 24. Biscaglia S, Uretsky BF, Tebaldi M, Erriquez A, Brugaletta S, Cerrato E, et al. Angio-based fractional flow reserve, functional pattern of coronary artery disease, and prediction of percutaneous coronary intervention result: a proof-of-concept study. Cardiovasc Drugs Ther. (2021). doi: 10.1007/s10557-021-07162-6. [Epub ahead of print].

 25. Kobayashi Y, Johnson NP, Berry C, Bruyne B de, Gould KL, Jeremias A, et al. The influence of lesion location on the diagnostic accuracy of adenosine-free coronary pressure wire measurements. JACC Cardiovasc Interv. (2016) 9:2390–9. doi: 10.1016/j.jcin.2016.08.041

 26. Goto R, Takashima H, Ohashi H, Ando H, Suzuki A, Sakurai S, et al. Independent predictors of discordance between the resting full-cycle ratio and fractional flow reserve. Heart Vessels. (2021) 36:790–8. doi: 10.1007/s00380-020-01763-1

 27. Lee JM, Rhee TM, Choi KH, Park J, Hwang D, Kim J, et al. Clinical outcome of lesions with discordant results among different invasive physiologic indices- resting distal coronary to aortic pressure ratio, resting full-cycle ratio, diastolic pressure ratio, instantaneous wave-free ratio, and fractional flow reserve. Circ J. (2019) 83:2210–21. doi: 10.1253/circj.CJ-19-0230

 28. Lee JM, Lee SH, Hwang D, Rhee T-M, Choi KH, Kim J, et al. Long-term clinical outcomes of nonhyperemic pressure ratios: resting full-cycle ratio, diastolic pressure ratio, and instantaneous wave-free ratio. J Am Heart Assoc. (2020) 9:e016818. doi: 10.1161/JAHA.120.016818

 29. Kato Y, Dohi T, Chikata Y, Fukase T, Takeuchi M, Takahashi N, et al. Predictors of discordance between fractional flow reserve and resting full-cycle ratio in patients with coronary artery disease: evidence from clinical practice. J Cardiol. (2020) 77:313–9. doi: 10.1016/j.jjcc.2020.10.014

 30. Pellegrino T, Storto G, Filardi PP, Sorrentino AR, Silvestro A, Petretta M, et al. Relationship between brachial artery flow-mediated dilation and coronary flow reserve in patients with peripheral artery disease. J Nucl Med. (2005) 46:1997–2002.

 31. Kim CH, Koo B-K, Dehbi H-M, Lee JM, Doh J-H, Nam C-W, et al. Sex differences in instantaneous wave-free ratio or fractional flow reserve-guided revascularization strategy. JACC Cardiovasc Interv. (2019) 12:2035–46. doi: 10.1016/j.jcin.2019.06.035

 32. Kobayashi Y, Fearon WF, Honda Y, Tanaka S, Pargaonkar V, Fitzgerald PJ, et al. Effect of sex differences on invasive measures of coronary microvascular dysfunction in patients with angina in the absence of obstructive coronary artery disease. JACC Cardiovasc Interv. (2015) 8:1433–41. doi: 10.1016/j.jcin.2015.03.045

 33. van de Hoef TP, Echavarria-Pinto M, Meuwissen M, Stegehuis VE, Escaned J, Piek JJ. Contribution of age-related microvascular dysfunction to abnormal coronary: hemodynamics in patients with ischemic heart disease. JACC Cardiovasc Interv. (2020) 13:20–9. doi: 10.1016/j.jcin.2019.08.052

 34. Warisawa T, Cook CM, Howard JP, Ahmad Y, Doi S, Nakayama M, et al. Physiological pattern of disease assessed by pressure-wire pullback has an influence on fractional flow reserve/instantaneous wave-free ratio discordance. Circ Cardiovasc Interv. (2019) 12:e007494. doi: 10.1161/CIRCINTERVENTIONS.118.007494

 35. Götberg M, Cook CM, Sen S, Nijjer S, Escaned J, Davies JE. The evolving future of instantaneous wave-free ratio and fractional flow reserve. J Am Coll Cardiol. (2017) 70:1379–402. doi: 10.1016/j.jacc.2017.07.770

 36. Niccoli G, Indolfi C, Davies JE. Evaluation of intermediate coronary stenoses in acute coronary syndromes using pressure guidewire. Open Heart. (2017) 4:e000431. doi: 10.1136/openhrt-2016-000431

 37. Mejía-Rentería H, Lee JM., van der Hoeven, Nina W, Gonzalo N, Jiménez-Quevedo P, Nombela-Franco L, et al. Coronary microcirculation downstream non-infarct-related arteries in the subacute phase of myocardial infarction: implications for physiology-guided revascularization. J Am Heart Assoc. (2019) 8:e011534. doi: 10.1161/JAHA.118.011534

 38. Indolfi C, Mongiardo A, Spaccarotella C, Torella D, Caiazzo G, Polimeni A, et al. The instantaneous wave-free ratio (iFR) for evaluation of non-culprit lesions in patients with acute coronary syndrome and multivessel disease. Int J Cardiol. (2015) 178:46–54. doi: 10.1016/j.ijcard.2014.03.210

 39. Petraco R, van de Hoef TP, Nijjer S, Sen S, van Lavieren MA, Foale RA, et al. Baseline instantaneous wave-free ratio as a pressure-only estimation of underlying coronary flow reserve: results of the JUSTIFY-CFR Study (Joined coronary pressure and flow analysis to determine diagnostic characteristics of basal and hyperemic indices of functional lesion severity-coronary flow reserve). Circ Cardiovasc Interv. (2014) 7:492–502. doi: 10.1161/CIRCINTERVENTIONS.113.000926

 40. van de Hoef TP, van Lavieren MA, Damman P, Delewi R, Piek MA, Chamuleau SA, et al. Physiological basis and long-term clinical outcome of discordance between fractional flow reserve and coronary flow velocity reserve in coronary stenoses of intermediate severity. Circ Cardiovasc Interv. (2014) 7:301–11. doi: 10.1161/CIRCINTERVENTIONS.113.001049

 41. Escaned J, Ryan N, Mejía-Rentería H, Cook CM, Dehbi H-M, Alegria-Barrero E, et al. Safety of the deferral of coronary revascularization on the basis of instantaneous wave-free ratio and fractional flow reserve measurements in stable coronary artery disease and acute coronary syndromes. JACC Cardiovasc Interv. (2018) 11:1437–49. doi: 10.1016/j.jcin.2018.05.029

 42. Cook CM, Ahmad Y, Shun-Shin MJ, Nijjer S, Petraco R, Al-Lamee R, et al. Quantification of the effect of pressure wire drift on the diagnostic performance of fractional flow reserve, instantaneous wave-free ratio, and whole-cycle Pd/Pa. Circ Cardiovasc Interv. (2016) 9:e002988. doi: 10.1161/CIRCINTERVENTIONS.115.002988

 43. Van't Veer M, Pijls NH, Hennigan B, Watkins S, Ali ZA, Bruyne B de, et al. Comparison of different diastolic resting indexes to iFR: are they all equal? J Am Coll Cardiol. (2017) 70:3088–96. doi: 10.1016/j.jacc.2017.10.066

 44. Marcus JT, Smeenk HG, Kuijer JP, van der Geest RJ, Heethaar RM, van Rossum AC. Flow profiles in the left anterior descending and the right coronary artery assessed by MR velocity quantification: effects of through -plane and in-plane motion of the heart. J Comput Assist Tomogr. (1999) 23:567–76. doi: 10.1097/00004728-199907000-00017

 45. Leone AM, Caterina AR de, Basile E, Gardi A, Laezza D, Mazzari MA, et al. Influence of the amount of myocardium subtended by a stenosis on fractional flow reserve. Circ Cardiovasc Interv. (2013) 6:29–36. doi: 10.1161/CIRCINTERVENTIONS.112.971101

Conflict of Interest: SB and MH received institutional grant support and speakers' honoraria from Abbott Vascular. HW received institutional grant support from Abbott Vascular. Abbott Vascular had no influence on the design of the study, data analysis or interpretation of findings.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wienemann, Meyer, Mauri, Baar, Adam, Baldus and Halbach. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcvm-08-744181-t001.jpg
Age (years)
Female gender
Hypertension
Dysiipidemia
Diabetes melitus
Insulin dependent
Current or past smoker
Peripheral arterial disease
Atral fibrilation
Previous stroke
Previous myocardial infarction
Previous coronary artery bypass surgery
Family history of coronary artery disease
B-Blocker use
Indication

NSTEMI

Unstable angina

Stable angina

Atypical angina

Silent ischeria
Muli-vessel disease

Previous percutaneous coronary intervention i the

target vessel

Left main
Left anterior descending artery
Ramus intermedius
Right coronary artery
Left circumflex artery
Coronary artery bypass
Non-focal stenoses
Target segment

Proximal

Mid

Distal

Data are given in n (%) or median (Q1-Q3).

Al patients
(n=617)

69 (61-77)
169 (27.4)
448 (72.6)
322 (52.2)
168 (27.2)
61(9.9)
216/(35.0)
47(7.6)
65(105)
55(8.9)
180 (20.2)
41(6.6)
95 (15.4)
417 (67.6)

28(4.5)
137 (22.2)
192 (31.1)
63(102)
197 (31.9)
444 (72.0)
126 (20.4)

All vessels
(n=712)
6008
424(59.6)
1(1.5)
143 (20.1)
124 (17.4)
4(06)
290 (40.7)

308 (43.3)
300 (42.1)
104 (14.6)





OPS/images/fcvm-08-744181-t002.jpg
True positive, n
True negative, n

False positive, n

False negative, n

Accuracy, %

Sensitivity, %

Specificity, %

Positive predictive value, %
Negative predictive value, %
Positive likelihood ratio
Negative likelihood ratio

Values are n (%) or n (95% confidence interval).

RFR < 0.89

159 (22.3)
396 (55.6)
94(13.2)
63(8.8)
77.9 (74.7-80.9)
716 (65.2-77.5)
80.8(77.0-84.2)
62.8 (56.6-68.8)
86.3(82.8-89.9)
37 (32-4.6)
0.4 (0.3-0.4)

dPRIentire] < 0.89

153 (21.5)
421 (59.1)
69(9.7)
69(9.7)
80.6 (17.5-83.5)
68.9(62.4-74.9)
85.9(82.5-83.9)
68.9(62.4-74.9)
85.9(82.5-88.9)
49(39-62)
0.4 (0.3-0.4)

dPR[WFP] < 0.89

156 (21.9)
408 (57.3)
82(11.5)
66(9.9)
79.2(76.0-82.1)
70.3(63.8-76.2)
83.3 (79.7-86.5)
65.5(59.1-71.6)
86.1(82.6-89.1)
42(34-52)
0.4 (0.3-0.4)

Pd/Pa <0.92

174 (24.4)
384 (53.9)
106 (14.9)
48(6.7)
78.4 (75.2-813)
78.4 (72.4-83.6)
78.4 (74.5-819)
62.1(56.2-67.8)
83.9(85.5-91.7)
36(3.0-4.4)
03(0.2-0.4)





OPS/images/fcvm-08-744181-g003.gif
[rm——






OPS/images/fcvm-08-744181-g004.gif
e
/

100-specifity %

[——





OPS/images/fcvm-08-744181-t005.jpg
Age, per 1-year increment
Female

Diabetes melltus
Hypertension
Hyperiipidemia

Curtent or former smoking
Peripheral arterial disease
NSTEMI o unstable AP
Previous PCI In target vessel
Previous myocardial infarction
Non-focal lesion
Multivessel disease
Proximal or mid segment*
Proximal segment

Mid segment

Distal segment

% DS

Minimal lumen diameter
Lesion length

Lesion location LAD
Lesion location RCA
Lesion location LCX

Odds ratio

1.04
1.88
0.99
1.08
1.24
1.21
242
0.97
1.33
112
1.70
0.85
1.98
0.93
1.38
051
0.98
0.96
0.99
3.04
0.33
0.46

Discordance with RFR <0.89 and FFR >0.8

Univariate Analysis

95% Cl

1.02-1.07
1.19-2.92
0.6-1.61
0.65-1.74
0.8-1.92
0.77-1.89
1.29-4.54
0.59-1.69
0.81-2.19
0.70-1.80
1.10-2.63
0.53-1.38
093-4.21
0.60-1.44
0.90-2.14
0.24-1.08
0.96-1.01
0.58-1.62
0.96-1.01
1.8-6.16
0.16-0.7
0.23-0.95

P-value

<0.01
0.01
096
0.80
033
041
0.01
091
026
064
0.02
052
0.08
073
0.14
0.08
0.14
0.89
027

<0.01

<001
0.04

Odds ratio

1.04
1.70

2.71

3.22

Multivariate Analysis

95% Cl

1.02-1.07
1.06-2.74

1.39-5.28

1.17-2.89

1.88-5.62

P-value

0.01
0.03

0.01

0.01

<0.01

“Target lesion located in the proximal or mid segment of the target vessel. Cl, confidence interval; other abbreviations as in the text. Bold numbers represent statistically significant p

values.





OPS/images/fcvm-08-744181-t003.jpg
RFR > 0.89 RFR < 0.89 RFR < 0.89 RFR>089  pvalue Concordance Discordance p value

FFR> 08 FFR > 08 FFR<08 FFR=<08
Bothnegative  Discordance  Both positive  Discordance
Age 69(61-77) 74 (69-80) 68 (61-74) 65 (56-74) <0.01 69(61-79  71(63-78  0.15
Female 104 (31.1) 31(37.8) 25(17.2) 9(16.1) <0.01 129 (26.9) 40(29.0) 063
Diabstes melitus 89(26.6) 22(26.8) 46 31.7) 11 (19.6) 037 135 (28.2) 33(23.9) 032
Insulin dependent 34(102) 9(11.0) 15(103) 3(5.4) 069 49(10.2) 12(87) 060
Dyslipidemia 172(51.5) 46 (56.1) 70 (48.3) 34 (60.7) 038 242 (50.5) 80(58.0) 0.12
Hypertension 241(722) 59(72.0) 104 (71.7) 44(78.6) 078 345 (72.0) 108(746) 054
Peripheral arterial disease 22(6.6) 13(15.9) 10 6.9) 2(36) 0.02 32(6.7) 15(10.9) 0.10
Current or former smoking 107 (82.0) 35 (42.7) 53(36.6) 21(37.5) 029 160 (33.4) 56 (40.6) 012
p-Blocker use 226 (68.1) 57 (70.4) 106 (73.1) 30 (53.6) 0.06 332 (69.6) 87 (635) 0.18
Indication
NSTEMI 14(4.2) 5(6.1) 3@1) 6(10.7) 0.06 1735) 11(80) 0.03
Unstable angina 69(20.7) 17 20.7) 41(283) 10(17.9) 023 110(23.0) 27 (19.6) 0.40
Stable angina 98(293) 24(29.3) 49(33.8) 21(37.5) 054 147 30.7) 45 (32.6) 067
Atypical angina 39(11.7) 10(12.2) 12 (83) 2(36) 022 51(10.6) 12(87) 051
Silent ischemia 114.(34.1) 26(31.7) 40 (27.6) 17 (30.4) 056 154 (32.2) 43(31.2) 0.83

Data are presented as n (%) or median (Q1-Q3). Bold numbers represent statistically significant p values.





OPS/images/fcvm-08-744181-t004.jpg
RFR > 0.89 RFR < 0.89 RFR < 0.89 RFR>089  pvalue Concordance Discordance p value

FFR > 08 FFR> 08 FFR<08 FFR<08
Bothnegative  Discordance  Both positive  Discordance

No. of vessels 396 (55.7) 94(132) 159 (22.3) 63(8.8) 555(78.0) 157 (22.0)

Target Vessel

Left anterior descending 174 (43.9) 75(79.8) 131 (82.4) 44.(69.8) <001  805(650) 1190758  <0.01

Ramus intermedius 7018 2@.1) 2(1.9) 00 070 9(1.6) 2(1.9) 076

Right coronary artery 108 (27.3) 8(85) 10(6.3) 17 27) <001 118(213)  25(15.9) 0.14

Left circumflex artery 98(24.7) 9(9.6) 15(9.4) 2(32) <001 113(204) 1@) <0.01

Number of diseased vessels total

1 94(23.7) 25 (26.6) 28(17.6) 11(17.5) 023 122 (22) 36 (22.9) 0.80

2 159 (40.2) 33(35.1) 51(32.1) 29 (46) 016 2100878  62(395) 071

3 120 (30.3) 34(36.2) 78 (49.1) 23(36.5) <001 198 (36.7) 57 (36.3) 0.88

Lesion location

Proximal 191 48.2) 39(415) 58 (36.5) 2031.7) 002 249(449)  59(37.6) 0.11

Mid 147 37.1) 47 (50.0) 74 (46.5) 32(50.8) 003 221(398)  78(49.7) 0.03

Distal 58(14.6) 8(85) 27(17) 11(17.5) 027 85 (15.3) 19 (12.1) 031

Non-focal lesion 136 (34.9) 49 (52.1) 81(509) 24(38.1) <001 217(39.1) 73465 0.10

QCA analysis

Diameter stenosis, % 49454726  51.69%7.43 5007 £8.1 6104696 <001 5224868 5544+ <001

856

Reference diameter, mm 3124061 294061 276 +0.57 279+£056 <001 3024062 286£059 001

Minimal lumen diameter, mm 1.68 £ 039 1.41:£039 1.18 031 1124082 <001 1464042 13£039  <0.01

Lesion length, mm 1427£853 1461917  1807+£1096 19461025 <001 15.36 = 16.56 & 0.17

9.44 9.88

Pressure wire-derived index

FFR 0.89 (0.86-0.93) 0.84 0.76 (0.71-0.78) 0.78 <0.01 0.86 0.82 <0.01
(0.82-0.86) (0.76-0.8) (0.79-0.91) (0.79-0.85)

RFR 095 (0.93-0.98) 088 085 (0.81-0.87) 092 <001 093 0.89 <0.01
(0.85-0.89) 0.91-099) (0.88-097)  (0.87-0.91)

GPRWFP] 096 (0.93-0.98) 088 085 (0.81-0.87) 092 <001 0.94 0.89 <0.01
(0.86-0.89) (0.91-094) (0.88-097)  (0.87-0.91)

dPR[diastole] 0.96 (0.93-0.98) 088 086 (0.82-0.88) 092 <001 094 090 <0.01
(0.86-0.90) (0.91-094) (089-098)  (0.88-0.92)

Resting Pd/Pa 096 (0.95-0.99) 091 0.88(0.85-0.9) 094 <001 095 092 <0.01
(0.9-0.92) (0.92-0.95) 091-098)  (0.9-0.94)

Data are presented as n (%), mean SD, or median (Q1-QX

\bbreviations as in the text. Bold numbers represent statistically significant p values.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comparison of Resting Full-Cycle Ratio and Fractional Flow Reserve in a German Real-World Cohort



		Introduction



		Materials and Methods



		Study Population



		Invasive Coronary Angiography and Quantitative Coronary Angiography



		Pressure Wire Assessment



		Statistical Analysis







		Results



		Patient and Vessel Characteristics



		Pressure Wire-Derived Indices



		Discordance Between FFR and NHPRs







		Discussion



		Limitations







		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Abbreviations



		References

















OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

Comparison of Resting Full-Cycle
Ratio and Fractional Flow Reserve in
a German Real-World Cohort





OPS/images/fcvm-08-744181-g001.gif





OPS/images/fcvm-08-744181-g002.gif





OPS/images/fcvm-08-744181-t006.jpg
Age, per 1-yr increment
Female

Diabetes melltus
Hypertension
Hyperiipidemia

Curtent or former smoking
Peripheral arterial disease
NSTEMI or unstable AP
Previous PCI In target vessel
Previous myocardial infarction
Non-focal lesion
Multivessel disease
Proximal or mid segment*
Proximal segment

Mid segment

Distal segment

% DS

Minimal lumen diameter
Lesion length

Lesion location LAD
Lesion location RCA
Lesion location LCX

Odds ratio

0.97
0.50
0.62
1.37
121
1.10
0.33
1.38
2.04
0.99
0.89
1.73
0.79
0.6
1.48
1.27
1.14
0.08
1.04
1.64
183
0.14

Discordance with RFR >0.89 and FFR=< 0.8

Univariate Analysis Multivariate Analysis

95% Cl P-value Odds ratio 95% Cl P-value
0.95-1.00 0.02

0.26-0.99 0.05

0.32-1.19 0.15

0.74-2.55 031

0.72-2.04 047

0.64-1.88 073

0.08-1.4 0.13

0.80-2.41 0.25

1.18-3.55 0.01 2.10 1.15-3.85 0.02
0.56-1.76 0.97

0.52-1.51 0.87

0.88-3.4 0.11

0.4-1.57 050

0.34-1.02 0.06

0.89-2.48 0.14

0.64-2.51 053

1.1-1.18 <0.01 1.14 1.10-1.19 <0.01
0.04-0.2 <0.01

1.02-1.06 <0.01

0.94-2.87 0.08

0.85-2.77 0.16

0.03-0.59 0.01 0.11 0.02-0.62 0.01

“Target lesion located in the proximal or mid segment of the target vessel. Cl confidence interval; other abbreviations as in the text. Bold numbers represent statistically significant p

values.









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cardiovascular Medicine





