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Abstract
Aims: Randomised controlled trials have reported instantaneous wave-free ratio (iFR) to be non-inferior to 
fractional flow reserve (FFR) for major adverse cardiovascular events at one year; however, iFR is limited 
by sensitive landmarking of the pressure waveform, and the assumption that maximal flow and minimal 
resistance occur during a fixed period of diastole. We sought to validate the resting full-cycle ratio (RFR), 
a novel non-hyperaemic index of coronary stenosis severity based on unbiased identification of the lowest 
distal coronary pressure to aortic pressure ratio (Pd/Pa), independent of the ECG, landmark identification, 
and timing within the cardiac cycle.

Methods and results: VALIDATE-RFR was a retrospective study designed to derive and validate the 
RFR. The primary endpoint was the agreement between RFR and iFR. RFR was retrospectively determined 
in 651 waveforms in which iFR was measured using a proprietary Philips/Volcano wire. RFR was highly 
correlated to iFR (R2=0.99, p<0.001), with a mean bias of –0.002 (95% limits of agreement –0.023 to 
0.020). The diagnostic performance of RFR versus iFR was diagnostic accuracy 97.4%, sensitivity 98.2%, 
specificity 96.9%, positive predictive value 94.5%, negative predictive value 99.0%, area under the receiver 
operating characteristic curve of 0.996, and diagnostically equivalent within 1% (mean difference –0.002; 
95% CI: –0.009 to 0.006, p=0.03). The RFR was detected outside diastole in 12.2% (341/2,790) of all car-
diac cycles and 32.4% (167/516) of cardiac cycles in the right coronary artery where the sensitivity of iFR 
compared to FFR was lowest (40.6%).

Conclusions: RFR is diagnostically equivalent to iFR but unbiased in its ability to detect the lowest 
Pd/Pa during the full cardiac cycle, potentially unmasking physiologically significant coronary stenoses that 
would be missed by assessment dedicated to specific segments of the cardiac cycle.
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Abbreviations
DA diagnostic accuracy
DPR diastolic pressure ratio
ECG electrocardiogram
FFR fractional flow reserve
iFR instantaneous wave-free ratio
MACE major adverse cardiovascular events
NPV negative predictive value
Pa aortic pressure
PCI percutaneous coronary intervention
Pd diastolic pressure
Pd/Pa distal coronary pressure to aortic pressure ratio
PPV positive predictive value
RCA right coronary artery
RFR resting full-cycle ratio
ROC receiver operating characteristic
Sn sensitivity
Sp specificity

Introduction
Fractional flow reserve (FFR) measurement under hyperaemic 
conditions has been the gold standard for invasively determin-
ing the physiologic significance of coronary artery disease1. FFR 
has been validated in several clinical outcome studies as a way 
of optimising case selection for percutaneous coronary interven-
tion (PCI)1,2. Recently, two large-scale randomised controlled tri-
als using a non-hyperaemic resting measurement for physiological 
assessment of moderate coronary stenoses, the instantaneous 
wave-free ratio (iFR), reported non-inferiority for major adverse 
cardiovascular events (MACE) comparing iFR to FFR at one-year 
follow-up3,4. These studies demonstrated a statistically significant 
reduction in patient discomfort and in cost by avoiding adeno-
sine. However, iFR has a number of inherent limitations including 
sensitive automated landmarking of components of the pressure 
waveform and the assumption that maximal flow and minimal 
resistance during resting conditions occur during a precise period 
within diastole, which previous evidence contests5-7.

Here we aimed to validate a novel hyperaemia-free resting 
measure of pressure at the point of absolute lowest resting dias-
tolic pressure (Pd) to aortic pressure (Pa) ratio (Pd/Pa) during the 
cardiac cycle, the resting full-cycle ratio (RFR). The RFR repre-
sents the maximal relative pressure difference in the cardiac cycle 
completely independent of the ECG and irrespective of systole or 
diastole, thus being an unbiased physiological assessment of coro-
nary artery stenosis.

Methods
STUDY DESIGN
VALIDATE-RFR was a post hoc analysis of individual subject 
data. First, the optimal cut-off for RFR versus FFR (≤0.80) was 
derived using 633 waveforms from the VERification of Instan-
taneous Wave-Free Ratio and Fractional Flow Reserve for the 
Assessment of Coronary Artery Stenosis Severity in EverydaY 

Practice (VERIFY)8 and Can Contrast Injection Better Approx-
imate FFR Compared to Pure Resting Physiology? (CON-
TRAST)9 studies. Second, RFR agreement with iFR (≤0.89) was 
validated using 651 waveforms from the Comparative Study of 
Resting Coronary Pressure Gradient, Instantaneous Wave-Free 
Ratio and Fractional Flow Reserve in an Unselected Population 
Referred for Invasive Angiography (VERIFY 2) study10 and the 
Interventional Cardiology Research Incooperation Society Frac-
tional Flow Reserve (IRIS-FFR) registry11. The institutional 
review board of each participating centre approved the respective 
study protocols; all subjects provided written informed consent.

PARTICIPANTS
Patients with one or more intermediate coronary lesions in which 
FFR measurement and/or iFR measurements were performed with 
a 0.014-inch pressure sensor guidewire were included. In the deri-
vation cohort, 427 patients from CONTRAST and 206 patients 
from VERIFY with both resting measurement of Pd/Pa and hyper-
aemic FFR (PressureWire™ Certus™; St. Jude Medical, St. Paul, 
MN, USA) were included in the study. In the validation cohort, 
395 measurements from the IRIS-FFR registry and 256 measure-
ments from the VERIFY 2 study with both iFR and hyperaemic 
FFR (PrimeWire Prestige® or Verrata®; Philips Volcano, Rancho 
Cordova, CA, USA) were included. In the validation cohort, iFR 
measurements were performed exclusively using commercial 
devices from Philips Volcano and the RFR measured retrospec-
tively on waveforms acquired from the Philips Volcano system. 
Inclusion and exclusion criteria of the individual studies are 
included in Supplementary Appendix 1.

DATA ANALYSIS
RFR methodology was co-developed by Abbott Vascular (Santa 
Clara, CA, USA) and Coroventis Research AB (Uppsala, Sweden). 
The pressure waveform tracings were reviewed and quality con-
trolled in their original studies according to the criteria described 
in the individual studies and are summarised in Supplementary 
Appendix 2. All pressure waveform recordings from the respec-
tive study cohorts were anonymised, and RFR was calculated 
from each individual waveform using a fully automated off-line 
software algorithm (CoroLab; Coroventis Research AB, Uppsala, 
Sweden) following standardisation of the pressure sampling rate 
to 100 Hz.

To calculate RFR, instantaneous Pd/Pa was measured continu-
ously throughout the cardiac cycle. A minimum of four, but pref-
erentially five, consecutive heart cycles were needed to determine 
the RFR. To eliminate signal artefacts inherent to subcycle meas-
urement, a low-pass filter was applied to the phasic Pd/Pa. The 
RFR was defined as the point at which the ratio of Pd and Pa was 
lowest during the entire cardiac cycle (Figure 1).

The optimal binary cut-off for RFR was determined using the 
receiver operating characteristic (ROC) curve and diagnostic accu-
racy (DA), sensitivity (Sn), and specificity (Sp) of RFR versus 
FFR in the derivation cohort. The FFR threshold to detect clinical 
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significance was ≤0.80 and Pd/Pa ≤0.91. The primary endpoint 
was the agreement of RFR and iFR in the validation cohort, using 
the optimal binary RFR cut-off value previously determined. 
Secondary endpoints included correlations of RFR, iFR and basal 
Pd/Pa as well as comparisons of DA, Sn, Sp, positive predictive 
value (PPV), and negative predictive value (NPV).

STATISTICAL ANALYSIS
Categorical variables are presented as counts and percentages. 
Continuous patient and procedural characteristics are presented 
as mean and standard deviation. Distributions of physiological 
assessments are reported by median and interquartile range. 
Correlations are summarised by linear regression models and 
the coefficient of determination (R2). Systematic differences are 
assessed by Bland-Altman analysis. ROC analysis was performed 
to examine the agreement of RFR using FFR ≤0.80, iFR ≤0.89 
and Pd/Pa ≤0.91 as reference standards and an optimal cut-off was 
determined using Youden’s index. Diagnostic agreement between 
RFR and iFR was tested by Cohen’s kappa statistic, and equiva-
lence testing between RFR and FFR was performed using a two-
one-sided test (TOST) with a 1% margin for error. A p-value 

<0.05 was considered statistically significant. Statistical analyses 
were performed with R, version 3.4.2 (R Foundation for Statistical 
Computing, Vienna, Austria)12.

Results
RFR DERIVATIONS
The derivation cohort consisted of 633 waveform measurements 
from 633 patients. The median FFR was 0.78 (interquartile range 
[IQR] 0.70–0.84) and the median RFR was 0.87 (IQR 0.80–0.92) 
(Supplementary Figure 1). Using a ROC curve analysis (area 
under the curve [AUC] 0.86; 95% confidence interval [CI]: 0.83-
0.89, p<0.001), the optimal binary cut-off for RFR compared to 
FFR was 0.89 (Figure 2A). Comparison of diagnostic accuracy, 
sensitivity and specificity for a range of cut-off values  con-
firmed 0.89 as the optimal cut-off, where the diagnostic accu-
racy was 0.78, sensitivity 0.84, and specificity 0.69 (Figure 2B).

Figure 1. Resting full-cycle ratio. To calculate resting full-cycle ratio 
(RFR), Pd/Pa is measured continuously throughout the cardiac 
cycle. To eliminate signal artefacts inherent to sub-cycle 
measurement, a low-pass filter is applied to the phasic Pd/Pa. The 
RFR is defined as the point at which the relative difference in the 
diastolic pressure (Pd) and the aortic pressure (Pa) is greatest 
(lowest Pd/Pa ratio) during the entire cardiac cycle.

AUC=0.862 (0.834, 0.889)
p<0.001
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Figure 2. Diagnostic characteristics of resting full-cycle ratio. 
A) Receiver operating characteristic (ROC) curves were calculated 
using fractional flow reserve (FFR) as the reference gold standard. 
The threshold cut-off for FFR was ≤0.80. The ROC was found to 
have an area under the curve (AUC) of 86%, suggesting high 
accuracy of resting full-cycle ratio (RFR) as a diagnostic test. The 
optimal cut-off to detect clinical significance compared to the FFR 
threshold (≤0.80) was ≤0.89. B) Diagnostic accuracy, sensitivity and 
specificity were plotted against a range of RFR cut-off values, in 
comparison with FFR ≤0.80. The results confirmed the ROC analysis 
with RFR cut-off ≤0.89 favouring marginally higher sensitivity over 
specificity. 
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RFR VALIDATION
A total of 672 pressure waveforms from 504 patients were avail-
able for the validation cohort. Of these, 21 pressure tracings were 
excluded (13 phase differences in Pd versus Pa, 6 pressure distur-
bance within the tracing, 2 insufficient number of cardiac cycles 
for analysis), leaving 651 with analysable data. RFR was calcu-
lated on 4.3±0.5 cycles per sample with a standard deviation of 
0.0036 units (95% CI: 0.0032-0.0041). Table 1 provides the base-
line characteristics of the validation cohort. The median FFR was 
0.82 (IQR 0.75–0.87), median iFR was 0.92 (IQR 0.87–0.96), and 
median RFR was 0.91 (IQR 0.87–0.96) (Supplementary Figure 2).

COMPARISON WITH FFR AND Pd/Pa
Overall, RFR, iFR and basal Pd/Pa were correlated with FFR 
(Figure 3A-Figure 3C). The DA, Sn, Sp, PPV, NPV, and AUC were 
nearly identical for both RFR and iFR compared to FFR (Figure 3D, 
Figure 3E). While DA for basal Pd/Pa was similar to RFR and iFR, 
sensitivity and NPV were higher but Sp and PPV lower (Figure 3D, 
Figure 3E). The sensitivity of RFR, iFR and basal Pd/Pa against 
FFR was lower in the right coronary artery (RCA) compared with 
the left coronary artery (Supplementary Figure 3).

Table 1. Patient and procedural characteristics.

Patient-level characteristics (N=504)
Age, years 63±10

Male 360 (71)

Diabetes 121 (24)

Hypertension 345 (68)

Hypercholesterolaemia 388 (76)

Current or former smoker 208 (41)

Family history of coronary artery disease 150 (30)

Previous myocardial infarction 103 (20)

Previous percutaneous coronary intervention 121 (24)

Percutaneous coronary intervention indication

Stable angina 240 (47)

Non-ST-segment elevation myocardial infarction 84 (17)

Unstable angina 36 (7)

Silent ischaemia 132 (26)

Non-culprit vessel ST-segment elevation 
myocardial infarction 11 (2)

Lesion-level characteristics (N=651)
Target vessel

Left main 8 (1.2)

Left anterior descending 397 (61)

Left circumflex 117 (18)

Right 124 (19)

Diameter stenosis (by visual estimation), % 52±15

Diameter stenosis (by quantitative coronary 
angiography), % 45±13

Area stenosis (by quantitative coronary angiography), % 68±16

Lesion length (by quantitative coronary angiography), mm 16±10

Values are mean±standard deviation or n (%).

COMPARISON WITH iFR
RFR and iFR were highly correlated, with R2=0.985 
(RFR=0.94×iFR+0.05, p<0.001) (Figure 4A). Bland-Altman analy-
sis did not identify systematic differences between RFR and iFR, 
with a mean difference of –0.002±0.011 (95% limits of agree-
ment –0.023 to 0.020) (Figure 4B). Using the binary cut-off of 
iFR ≤0.89 as a reference standard, RFR showed near identical 
agreement according to ROC curve analysis (AUC: 0.996, 95% 
CI: 0.993-0.998, p<0.001) (Figure 4C). Compared to iFR, RFR 
showed excellent DA (97.4%), Sn (98.2%), Sp (96.9%), PPV 
(94.5%), and NPV (99.0%) (Figure 4D). iFR and RFR were highly 
concordant (kappa 0.94, 95% CI: 0.92-0.97, p<0.001) with sta-
tistical testing for equivalence, within a margin of 1% error, con-
firming that RFR and iFR were diagnostically equivalent (mean 
difference –0.002, 95% CI: –0.009-0.006, p=0.03) (Figure 4E).

RFR LOCALISATION WITHIN THE CARDIAC CYCLE
As the unique feature of RFR compared with iFR is its unbiased 
nature regarding where the lowest Pd/Pa is within the cardiac 
cycle, we determined the frequency of the RFR localisation in 
systole versus diastole. Overall, RFR was found outside of dias-
tole in 12.2% of waveforms. The largest discrepancy occurred 
when the iFR was >0.93, with the frequency of discrepancy 
decreasing with lower iFR values (Table 2). While the discrep-
ancy in the left coronary artery was small within and below the 
iFR “grey zone”, in the RCA we detected the RFR outside of 
diastole in 6.5% of cycles when the iFR was between 0.86 and 
0.93. However, this discrepancy was only 1.5% when the iFR 
was ≤0.89. There was no instance within the data set where iFR 
was ≤0.89 and RFR >0.89 in the RCA.

Table 2. RFR distribution across the cardiac cycle.

Coronary
iFR  

range
Total 

cycles
RFR in 

diastole
%

All 2,790 2,449 87.8

>0.93 1,063 749 70.5

0.86-0.93 1,172 1,150 98.1

≤0.89 983 977 99.4

<0.86 555 550 99.1

Left coronary 
artery

2,274 2,100 92.3

>0.93 677 524 77.4

0.86-0.93 1,079 1,063 98.5

≤0.89 915 910 99.5

<0.86 518 513 99.0

Right coronary 
artery

516 349 67.6

>0.93 386 225 58.3

0.86-0.93 93 87 93.5

≤0.89 68 67 98.5

<0.86 37 37 100.0

iFR: instantaneous wave-free ratio; RFR: resting full-cycle ratio
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Figure 3. Comparison of resting full-cycle ratio, instantaneous wave-free ratio and basal Pd/Pa to fractional flow reserve. The correlations 
between resting full-cycle ratio (RFR) (A), instantaneous wave-free ratio (iFR) (B) and basal Pd/Pa (C) compared to fractional flow reserve 
(FFR) were similar. D) The diagnostic accuracy (DA), sensitivity (Sn), specificity (Sp), positive predictive value (PPV), and negative predictive 
value (NPV) of RFR versus FFR and iFR versus FFR are nearly identical, while basal Pd/Pa had similar DA but higher Sn and NPV but 
lower Sp and PPV. E) Receiver operating characteristic curves comparing RFR, iFR and basal Pd/Pa versus FFR are nearly overlapped. 
AUC: area under the curve

Discussion
VALIDATE-RFR describes the derivation and validation of 
a novel non-hyperaemic resting physiological index for coronary 
artery stenosis severity. We report a number of clinically relevant 
findings. First, using ROC, DA, Sn, and Sp analyses in the deri-
vation cohort comparing RFR to the clinically significant cut-off 
FFR of ≤0.80, the optimal cut-off value for RFR was ≤0.89, iden-
tical to the threshold used for iFR in clinical practice. Second, the 
DA, Sn, Sp, PPV, and NPV of RFR and iFR were nearly identi-
cal when compared with FFR, confirming not only the similarity 
between RFR and iFR but also the ability of RFR to detect clini-
cally significant stenosis at an acceptable level when compared 
with FFR. Third, when compared directly, iFR and RFR are highly 
concordant and statistically diagnostically equivalent. Finally, the 
RFR detected the lowest Pd/Pa to be outside of diastole in 12% of 
all cardiac cycles, suggesting that RFR may detect clinically signi-
ficant lesions that would be missed by assessments dedicated to 
a specific segment of the cardiac cycle, specifically lesions in the 
RCA within the iFR grey zone.

The iFR is a non-hyperemic index of coronary artery steno-
sis based on the resting coronary pressure during the “wave-free 
period” (WFP) of diastole. Two large randomised controlled tri-
als have reported non-inferiority of iFR compared to FFR in 

preventing MACE at one year in patients with intermediate coro-
nary stenoses3,4. By avoiding use of adenosine, these studies dem-
onstrated a statistically significant reduction in patient discomfort 
as well as cost savings. However, iFR also has some limitations 
including the need for sensitive landmarking of components of the 
pressure waveform, and the assumption that resting maximal flow 
and minimal microcirculatory resistance occur during the WFP. 
Here we show that the RFR eliminates these limitations, being 
independent of the ECG, landmarking, and bias within the car-
diac cycle. Whether these differences translate into superior clini-
cal utility merits further research.

We found the RFR to be outside of diastole in 12.2% of all car-
diac cycles assessed. While a discrepancy between RFR and iFR 
is of little clinical impact when ischaemia is clearly absent (iFR 
>0.93), within or below the grey zone (iFR 0.86-0.93) this discrep-
ancy may be of potential significance. We detected the RFR out-
side of diastole in 1.5% of all waveforms with an iFR between 
0.86 and 0.93 but in 6.5% of waveforms in the RCA, where we 
found the sensitivity of resting indices to be lowest compared to 
FFR. Previous studies have shown that peak flow in the RCA 
may occur during systole5,7 or very early in diastole6. The differ-
ences in flow profiles between the left and right coronary arteries 
may be explained by the perfusion bed pressure, whereby in the 
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left coronary artery during systole large intramural pressures are 
generated by the thick left ventricular wall overcoming perfusion 
pressure. On the other hand, in the RCA perfusion bed, intramural 
pressure in the right ventricular wall is considerably lower during 
systole. In instances of RFR and iFR discrepancy, peak coronary 
flow could occur outside the WFP, either in systole or early dias-
tole, and thus lesions of potential significance might be missed by 
iFR. The RFR is unbiased and thus has the potential to identify 
pressure-based stenosis severity independent of timing within the 
cardiac cycle, such as shown in the representative example of dis-
crepancy within the validation cohort between RFR and iFR in 
Supplementary Figure 4. Nonetheless, due to the low incidence of 
discrepancy, and the absence of other non-invasive assessments to 
confirm or refute ischaemia, these findings should only be consid-
ered hypothesis-generating and the basis for future research.

Alternative non-hyperaemic indices to iFR include the rest-
ing Pd/Pa and, more recently, the diastolic pressure ratio (dPR). 
Multiple studies have shown that Pd/Pa and iFR are similar in 
their diagnostic utility9,13-15, similar to the current analysis, while 
another recent study shows that the dPR is diagnostically and 
numerically equivalent16. While Pd/Pa and dPR share the same 
advantages as iFR, including shorter procedural times, reduced 

symptoms, and lower cost compared to FFR, the broad applicabil-
ity of Pd/Pa and dPR in their ability to be measured by any coro-
nary pressure wire may be an advantage over iFR. Nonetheless, 
while dPR is still commercially unavailable, Pd/Pa adoption for 
clinical decision making has been limited, potentially due to lack 
of outcome data3,4, reduced sensitivity15, and the inability to per-
form angiographic co-registration or automated pressure pull-
back17. The RFR dynamic range is similar to iFR and thus has the 
potential for pressure pullback recordings at rest (Supplementary 
Figure 5) with similar clinical utility to iFR.

While we show that the concordance between RFR versus FFR 
and iFR versus FFR is present in 81% of cases and that RFR and 
iFR are diagnostically equivalent, specific mention of differences 
between resting and hyperaemic indices is warranted. First, 15-year 
follow-up data confirming the safety of deferring PCI based on an 
FFR-guided strategy are available18. Second, randomised clinical 
trials have shown the superiority in reducing death and myocardial 
infarction of an FFR-guided revascularisation strategy compared 
with angiographic guidance1. Third, randomised clinical trials 
have shown superiority in reducing the need for urgent revascu-
larisation by an FFR-guided revascularisation strategy compared 
to medical therapy2. Fourth, while non-inferiority claims of iFR 
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Figure 4. Comparison of resting full-cycle ratio to instantaneous wave-free ratio. A) Resting full-cycle ratio (RFR) and instantaneous 
wave-free ratio (iFR) are well correlated across the entire range of stenosis severity. B) Bland-Altman plot demonstrates excellent agreement 
without systematic differences comparing RFR to iFR. C) Receiver operating characteristic curves for RFR and iFR are overlapped. D) The 
diagnostic accuracy (DA), sensitivity (Sn), specificity (Sp), positive predictive value (PPV), and negative predictive value (NPV) show high 
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LOA: limits of agreement; SD: standard deviation
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to FFR for one-year MACE in intermediate lesions clearly exist3,4, 
this should be clearly distinguished from equivalence. The event 
rates in FAME1 were nearly double those reported in DEFINE-
FLAIR3 and SWEDEHEART4 (13.2% versus 6.5%), a reflection 
of the higher SYNTAX score (15-28 versus <15), lower mean 
FFR (0.71 versus 0.83), greater proportion of multivessel disease 
(100% versus 40%), and overall higher PCI risk. Fifth, in proxi-
mal stenoses in large coronary arteries (left main, proximal left 
anterior descending), iFR is discordant with FFR in up to 30% 
of patients19. While recent reports suggest that this discordance 
may be due to differences in hyperaemic coronary flow velocity 
whereby resting coronary flow reserve is normal in these arter-
ies20, these data are discrepant from the high event rates found 
in these patients consistent with the ischaemic continuum. Sixth, 
for specific lesion subsets such as the left main21 or bifurcation22, 
evidence for the utility of physiological assessment exists only for 
FFR. Finally, the benefit of post-PCI physiological assessment 
exists only for FFR23,24 as submaximal hyperaemia may potentially 
persist following PCI, limiting the utility of resting indices.

Study limitations
Our study has some limitations. First, this was a retrospective 
post hoc analysis of previously published reports. Nevertheless, 
we used individual subject data and tracings for all analyses, pro-
viding scientific validity to our findings. Second, use of a core 
laboratory to eliminate artefacts and signal noise may impact on 
real-world agreement. Third, while finding RFR outside of dias-
tole is hypothesis-generating, with the potential for improved 
utility to detect clinically relevant coronary artery stenoses, the 
impact of this discovery is unclear and requires validation. Indeed, 
the detection of RFR outside of the WFP needs to be correlated to 
ischaemia using non-invasive modalities. Finally, the benefits of 
RFR over dPR have not been investigated, the latter having many 
of the same benefits as RFR and iFR.

Conclusions
RFR is diagnostically equivalent to iFR but unbiased in its ability 
to detect the lowest Pd/Pa during the full cardiac cycle, potentially 
unmasking significant coronary stenoses that would be missed by 
assessment dedicated to specific segments of the cardiac cycle.

Impact on daily practice
The resting full-cycle ratio (RFR) may be used as an alterna-
tive to resting distal coronary pressure to aortic pressure ratio 
(Pd/Pa) and instantaneous wave-free ratio (iFR) as a non-hyper-
aemic index to assess coronary artery stenosis severity. Unlike 
iFR, RFR is not limited by sensitive landmarking of compo-
nents of the pressure waveform or specific to the wave-free 
period, and thus may have greater clinical utility as a result of 
its versatility. Nonetheless, RFR is diagnostically equivalent 
to iFR, justifying its extension to all guidelines and clinical 
recommendations for iFR.

Conflict of interest statement
J. Svanerud reports personal fees from Abbott Vascular and 
Coroventis Research AB during the conduct of the study, and per-
sonal fees from Coroventis Research AB, and St. Jude Medical, 
outside the submitted work. In addition, he has a patent on RFR 
technology pending. A. Jeremias reports grants and personal fees 
from Abbott Vascular and personal fees from Philips Volcano and 
Opsens outside the submitted work. M. van ‘t Veer reports per-
sonal fees from Abbott, outside the submitted work. A. Maehara 
reports grants from Abbott Vascular and Boston Scientific out-
side the submitted work. N. Pijls reports grants from Abbott, per-
sonal fees from Abbott and from Opsens, other from Philips and 
other from HeartFlow, outside the submitted work. B. De Bruyne 
reports grants from Abbott and from Opsens during the conduct of 
the study. N. Johnson reports an institutional grant from Abbott/
St. Jude Medical during the conduct of the CONTRAST study, an 
institutional grant from Philips/Volcano and an institutional licens-
ing agreement with Boston Scientific outside the submitted work. 
B. Hennigan reports personal fees from Philips Volcano outside the 
submitted work. C. Berry reports other from Abbott Vascular, other 
from Coroventis, other from Philips, other from Opsens, outside the 
submitted work. K. Oldroyd reports personal fees and non-financial 
support from Abbott Vascular, and grants, personal fees and non-
financial support from Boston Scientific outside the submitted work. 
Z. Ali reports grants from St. Jude Medical and Cardiovascular 
Systems Inc. outside the submitted work, and personal fees from 
St Jude Medical (now Abbott), ACIST Medical, Boston Scientific, 
Cardiovascular Systems Inc., Siemens, Opsens and Canon USA, 
outside the submitted work. The other authors have no conflicts of 
interest to declare.

References
 1. Tonino PA, De Bruyne B, Pijls NH, Siebert U, Ikeno F, van’ t 
Veer M, Klauss V, Manoharan G, Engstrom T, Oldroyd KG, Ver 
Lee PN, MacCarthy PA, Fearon WF; FAME Study investigators. 
Fractional flow reserve versus angiography for guiding percutane-
ous coronary intervention. N Engl J Med. 2009;360:213-24.
 2. De Bruyne B, Pijls NH, Kalesan B, Barbato E, Tonino PA, 
Piroth Z, Jagic N, Mobius-Winkler S, Rioufol G, Witt N, Kala P, 
MacCarthy P, Engstrom T, Oldroyd KG, Mavromatis K, 
Manoharan G, Verlee P, Frobert O, Curzen N, Johnson JB, Juni P, 
Fearon WF; FAME-2 Trial Investigators. Fractional flow reserve-
guided PCI versus medical therapy in stable coronary disease. 
N Engl J Med. 2012;367:991-1001.
 3. Davies JE, Sen S, Dehbi HM, Al-Lamee R, Petraco R, 
Nijjer SS, Bhindi R, Lehman SJ, Walters D, Sapontis J, Janssens L, 
Vrints CJ, Khashaba A, Laine M, Van Belle E, Krackhardt F, 
Bojara W, Going O, Harle T, Indolfi C, Niccoli G, Ribichini F, 
Tanaka N, Yokoi H, Takashima H, Kikuta Y, Erglis A, Vinhas H, 
Canas Silva P, Baptista SB, Alghamdi A, Hellig F, Koo BK, 
Nam CW, Shin ES, Doh JH, Brugaletta S, Alegria-Barrero E, 
Meuwissen M, Piek JJ, van Royen N, Sezer M, Di Mario C, 
Gerber RT, Malik IS, Sharp ASP, Talwar S, Tang K, Samady H, 



813

E
uroIntervention 2

0
1
8

;14
:8

0
6

-814

VALIDATE-RFR

Altman J, Seto AH, Singh J, Jeremias A, Matsuo H, Kharbanda RK, 
Patel MR, Serruys P, Escaned J. Use of the Instantaneous Wave-free 
Ratio or Fractional Flow Reserve in PCI. N Engl J Med. 2017;376: 
1824-34.
 4. Gotberg M, Christiansen EH, Gudmundsdottir IJ, Sandhall L, 
Danielewicz M, Jakobsen L, Olsson SE, Ohagen P, Olsson H, 
Omerovic E, Calais F, Lindroos P, Maeng M, Todt T, Venetsanos D, 
James SK, Karegren A, Nilsson M, Carlsson J, Hauer D, Jensen J, 
Karlsson AC, Panayi G, Erlinge D, Frobert O. Instantaneous Wave-
free Ratio versus Fractional Flow Reserve to Guide PCI. N Engl 
J Med. 2017;376:1813-23.
 5. 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.
 6. Johnson K, Sharma P, Oshinski J. Coronary artery flow meas-
urement using navigator echo gated phase contrast magnetic reso-
nance velocity mapping at 3.0 T. J Biomech. 2008;41:595-602.
 7. Wilson RF, Laughlin DE, Ackell PH, Chilian WM, 
Holida MD, Hartley CJ, Armstrong ML, Marcus ML, White CW. 
Transluminal, subselective measurement of coronary artery blood 
flow velocity and vasodilator reserve in man. Circulation. 
1985;72:82-92.
 8. Berry C, van ‘t Veer M, Witt N, Kala P, Bocek O, Pyxaras SA, 
McClure JD, Fearon WF, Barbato E, Tonino PA, De Bruyne B, 
Pijls NH, Oldroyd KG. VERIFY (VERification of Instantaneous 
Wave-Free Ratio and Fractional Flow Reserve for the Assessment 
of Coronary Artery Stenosis Severity in EverydaY Practice): a mul-
ticenter study in consecutive patients. J Am Coll Cardiol. 2013;61: 
1421-7.
 9. Johnson NP, Jeremias A, Zimmermann FM, Adjedj J, Witt N, 
Hennigan B, Koo BK, Maehara A, Matsumura M, Barbato E, 
Esposito G, Trimarco B, Rioufol G, Park SJ, Yang HM, Baptista SB, 
Chrysant GS, Leone AM, Berry C, De Bruyne B, Gould KL, 
Kirkeeide RL, Oldroyd KG, Pijls NHJ, Fearon WF. Continuum of 
Vasodilator Stress From Rest to Contrast Medium to Adenosine 
Hyperemia for Fractional Flow Reserve Assessment. JACC 
Cardiovasc Interv. 2016;9:757-67.
 10. Hennigan B, Oldroyd KG, Berry C, Johnson N, McClure J, 
McCartney P, McEntegart MB, Eteiba H, Petrie MC, Rocchiccioli P, 
Good R, Lindsay MM, Hood S, Watkins S. Discordance Between 
Resting and Hyperemic Indices of Coronary Stenosis Severity: The 
VERIFY 2 Study (A Comparative Study of Resting Coronary 
Pressure Gradient, Instantaneous Wave-Free Ratio and Fractional 
Flow Reserve in an Unselected Population Referred for Invasive 
Angiography). Circ Cardiovasc Interv. 2016 Nov;9(11).
 11. Ahn JM, Park DW, Shin ES, Koo BK, Nam CW, Doh JH, 
Kim JH, Chae IH, Yoon JH, Her SH, Seung KB, Chung WY, 
Yoo SY, Lee JB, Choi SW, Park K, Hong TJ, Lee SY, Han M, 
Lee PH, Kang SJ, Lee SW, Kim YH, Lee CW, Park SW, Park SJ. 
Fractional Flow Reserve and Cardiac Events in Coronary Artery 
Disease: Data From a Prospective IRIS-FFR Registry (Interventional 

Cardiology Research Incooperation Society Fractional Flow 
Reserve). Circulation. 2017;135:2241-51.
 12. R Core Team. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing Vienna, Austria. 2017.
 13. Jeremias A, Maehara A, Genereux P, Asrress KN, Berry C, 
De Bruyne B, Davies JE, Escaned J, Fearon WF, Gould KL, 
Johnson NP, Kirtane AJ, Koo BK, Marques KM, Nijjer S, 
Oldroyd KG, Petraco R, Piek JJ, Pijls NH, Redwood S, Siebes M, 
Spaan JA, van ‘t Veer M, Mintz GS, Stone GW. 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.
 14. Kobayashi Y, Johnson NP, Zimmermann FM, Witt N, Berry C, 
Jeremias A, Koo BK, Esposito G, Rioufol G, Park SJ, Nishi T, 
Choi DH, Oldroyd KG, Barbato E, Pijls NHJ, De Bruyne B, 
Fearon WF. Agreement of the Resting Distal to Aortic Coronary 
Pressure With the Instantaneous Wave-Free Ratio. J Am Coll 
Cardiol. 2017;70:2105-13.
 15. Lee JM, Park J, Hwang D, Kim CH, Choi KH, Rhee TM, 
Tong Y, Park JJ, Shin ES, Nam CW, Doh JH, Koo BK. Similarity 
and Difference of Resting Distal to Aortic Coronary Pressure and 
Instantaneous Wave-Free Ratio. J Am Coll Cardiol. 2017;70: 
2114-23.
 16. Van’t Veer M, Pijls NHJ, Hennigan B, Watkins S, Ali ZA, 
De Bruyne B, Zimmermann FM, van Nunen LX, Barbato E, 
Berry C, Oldroyd KG. Comparison of Different Diastolic Resting 
Indexes to iFR: Are They All Equal? J Am Coll Cardiol. 2017;70:
3088-96.
 17. Nijjer SS, Sen S, Petraco R, Mayet J, Francis DP, Davies JE. 
The Instantaneous wave-Free Ratio (iFR) pullback: a novel innova-
tion using baseline physiology to optimise coronary angioplasty in 
tandem lesions. Cardiovasc Revasc Med. 2015;16:167-71.
 18. Zimmermann FM, Ferrara A, Johnson NP, van Nunen LX, 
Escaned J, Albertsson P, Erbel R, Legrand V, Gwon HC, 
Remkes WS, Stella PR, van Schaardenburgh P, Bech GJ, De 
Bruyne B, Pijls NH. Deferral vs. performance of percutaneous 
coronary intervention of functionally non-significant coronary ste-
nosis: 15-year follow-up of the DEFER trial. Eur Heart J. 2015;36: 
3182-8.
 19. Kobayashi Y, Johnson NP, Berry C, De Bruyne B, Gould KL, 
Jeremias A, Oldroyd KG, Pijls NHJ, Fearon WF. The Influence of 
Lesion Location on the Diagnostic Accuracy of Adenosine-Free 
Coronary Pressure Wire Measurements. JACC Cardiovasc Interv. 
2016;9:2390-9.
 20. Cook CM, Jeremias A, Petraco R, Sen S, Nijjer S, Shun-
Shin MJ, Ahmad Y, de Waard G, van de Hoef T, Echavarria-
Pinto M, van Lavieren M, Al Lamee R, Kikuta Y, Shiono Y, Buch A, 
Meuwissen M, Danad I, Knaapen P, Maehara A, Koo BK, Mintz GS, 
Escaned J, Stone GW, Francis DP, Mayet J, Piek JJ, van Royen N, 
Davies JE. 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.



814

E
uroIntervention 2

0
1
8

;14
:8

0
6

-814

 21. Mallidi J, Atreya AR, Cook J, Garb J, Jeremias A, Klein LW, 
Lotfi A. Long-term outcomes following fractional flow reserve-
guided treatment of angiographically ambiguous left main coronary 
artery disease: A meta-analysis of prospective cohort studies. 
Catheter Cardiovasc Interv. 2015;86:12-8.
 22. Koo BK, Park KW, Kang HJ, Cho YS, Chung WY, Youn TJ, 
Chae IH, Choi DJ, Tahk SJ, Oh BH, Park YB, Kim HS. Physiological 
evaluation of the provisional side-branch intervention strategy for 
bifurcation lesions using fractional flow reserve. Eur Heart J. 
2008;29:726-32.
 23. Agarwal SK, Kasula S, Hacioglu Y, Ahmed Z, Uretsky BF, 
Hakeem A. Utilizing Post-Intervention Fractional Flow Reserve to 
Optimize Acute Results and the Relationship to Long-Term 
Outcomes. JACC Cardiovasc Interv. 2016;9:1022-31.
 24. Piroth Z, Toth GG, Tonino PAL, Barbato E, Aghlmandi S, 
Curzen N, Rioufol G, Pijls NHJ, Fearon WF, Juni P, De Bruyne B. 
Prognostic Value of Fractional Flow Reserve Measured Immedi-
ately After Drug-Eluting Stent Implantation. Circ Cardiovasc 
Interv. 2017 Aug;10(8).

Supplementary data
Supplementary Appendix 1. Study methods.
Supplementary Appendix 2. Study data analysis.
Supplementary Figure 1. Distribution of the fractional flow 
reserve and resting full-cycle ratio.
Supplementary Figure 2. Distribution of fractional flow reserve, 
instantaneous wave-free ratio, and resting full-cycle ratio.
Supplementary Figure 3. Diagnostic characteristics of resting 
full-cycle ratio, instantaneous wave-free ratio and basal Pd/Pa 
versus fractional flow reserve in the left and right coronary 
arteries.
Supplementary Figure 4. Representative example of resting full-
cycle ratio versus instantaneous wave-free ratio discrepancy.
Supplementary Figure 5. Representative example of resting full-
cycle ratio and instantaneous wave-free ratio pullback.

The supplementary data are published online at: 
http://www.pcronline.com/
eurointervention/140th_issue/140
 



 

 

Supplementary data 

Supplementary Appendix 1. Study methods. 

CONTRAST 

Seven hundred and sixty-three (763) patients undergoing routine FFR assessment were recruited 

for paired, repeated measurements of physiology metrics (Pd/Pa, iFR, cFFR, and FFR). Subjects 

with previous coronary bypass surgery, known severe cardiomyopathy (left ventricular ejection 

fraction <30%) or left ventricular hypertrophy (septal wall thickness >13 mm), contraindication 

to adenosine or renal insufficiency were excluded. In cases of multivessel disease, only the first 

lesion studied using FFR was included. Culprit lesions for an acute infarction were excluded, but 

non-culprit lesions were permitted. Only FFR measurements (n=427) assessed during IV 

adenosine infusion were included in VALIDATE-RFR from CONTRAST.  

 

VERIFY 

Prospective, multicentre, international study of 206 consecutive patients referred for PCI and a 

retrospective analysis of 500 archived pressure recordings. Aortic and distal coronary pressures 

were measured in duplicate in patients under resting conditions and during intravenous adenosine 

infusion at 140 µg/kg/min. Exclusion criteria were a history of coronary artery bypass surgery, 

extremely tortuous coronary arteries, an occluded coronary artery, severely calcified lesions, or a 

history of acute myocardial infarction within five days. Only FFR measurements from the 

prospective cohort (n=206) were included in VALIDATE-RFR from VERIFY. 

 

IRIS-FFR 

The IRIS-FFR registry is a prospective, multicentre registry designed to follow patients after 

intracoronary pressure assessment. A total of 30 heart centres in South Korea participated. The 

registry consecutively enrolled all patients who underwent intracoronary pressure assessment of 

at least one coronary lesion between August 2009 and August 2015. The exclusion criteria were 

minimal: Thrombolysis In Myocardial Infarction (TIMI) flow <3, a bypass graft lesion, severe 

heart failure, and technical unsuitability for pressure wire evaluation. Only FFR/iFR 

measurements performed at the Asan Medical Center (395 measurements from 395 vessels) were 

included in VALIDATE-RFR from the IRIS-FFR registry. 

 



 

 

VERIFY 2 

Prospective study in consecutive patients undergoing FFR for clinical indications using 

proprietary software to calculate iFR. One hundred and ninety-seven patients with 257 stenoses 

(mean diameter stenosis 48%) were studied. Patients aged 18 to 90 years with angiographically 

intermediate coronary stenoses in which FFR measurement was clinically indicated were eligible 

to be included. Standard exclusion criteria for pressure wire studies applied and included the 

following: severe calcific coronary disease, severe tortuosity rendering pressure wire studies 

difficult or impossible, recent myocardial infarction within the previous 72 hours, ongoing 

unstable chest pain, known intolerance of adenosine, or severe asthma. A total of 257 FFR/iFR 

measurements from 257 vessels were included in the VALIDATE-RFR study from VERIFY 2.  



 

 

Supplementary Appendix 2. Study data analysis. 

CONTRAST 

All pressure tracings were anonymised and sent to the Cardiovascular Research Foundation 

physiology core lab for blinded and standardised central review. 

 

VERIFY 

All pressure tracings were anonymised and submitted to a core laboratory (Department of 

Biomedical Engineering, University of Technology, Eindhoven, the Netherlands) for centralised 

data analysis and review. 

 

IRIS-FFR 

Baseline characteristics and outcome data were collected by specialised personnel at each centre 

using a dedicated, electronic case report form. The registry data were periodically monitored and 

verified in participating hospitals by members of the academic coordinating centre (Clinical 

Research Center, Asan Medical Center, Seoul, Korea). FFR and iFR calculations were performed 

using standard Volcano algorithms.  

 

VERIFY 2 

The data were stored on the Volcano s5 Console hard disk drive with intermittent anonymised 

data back-up to an encrypted hard disk drive for archiving and external core laboratory analysis. 

The results were recorded on a standardised case report form by the operating cardiologist, and 

further patient demographics and risk factor data were extracted from the online electronic 

patient record and tabulated for analysis. All vessels were analysed for quantitative coronary 

angiography data by an interventional cardiologist blinded to the pressure wire data. 

  



 

 

Supplementary Figure 1. Distribution of the fractional flow reserve and resting full-cycle ratio. 

Distribution of the fractional flow reserve (A) and resting full-cycle ratio (RFR) (B) in 633 lesions.  

IQR: interquartile range 

 

 



 

 

Supplementary Figure 2. Distribution of fractional flow reserve, instantaneous wave-free ratio, and 

resting full-cycle ratio. 

Distribution of fractional flow reserve (FFR) (A), instantaneous wave-free ratio (iFR) (B), and resting 

full-cycle ratio (RFR) (C) in 651 lesions. 

 

  



 

 

Supplementary Figure 3. Diagnostic characteristics of resting full-cycle ratio, instantaneous wave-free 

ratio and basal Pd/Pa versus fractional flow reserve in the left and right coronary arteries.  

 

 

iFR: instantaneous wave-free ratio; LCA: left coronary artery; RCA: right coronary artery; RFR: resting 

full-cycle ratio 

 

  



 

 

Supplementary Figure 4. Representative example of resting full-cycle ratio versus instantaneous wave-

free ratio discrepancy. 

The ostial right coronary artery (RCA) has a diameter stenosis (assessed by quantitative coronary 

angiography [QCA]) of 59.6%, which, when assessed by instantaneous wave-free ratio (iFR), is non-

ischaemic (0.92); however, resting full-cycle ratio (RFR) identifies the lowest Pd/Pa to be outside of the 

wave-free period and is below the ischaemic threshold (0.88). The fractional flow reserve was 0.66. 

  

 

  



 

 

Supplementary Figure 5. Representative example of resting full-cycle ratio and instantaneous wave-free 

ratio pullback. 

Verrata (Philips Volcano, Rancho Cordova, CA, USA) and Pressure X (Abbott Vascular, Santa Clara, 

CA, USA) wires were placed adjacent to one another in the left anterior descending coronary artery and 

pulled back simultaneously. The instantaneous wave-free ratio (iFR) (0.75) and resting full-cycle ratio 

(RFR) (0.75) are identical in vivo. Pressure pullback shows nearly identical tracings with two distinct 

step-ups (denoted by * and **). 

 

 


