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Abstract

Aims: Randomised controlled trials have reported instantaneous wave-free ratio (iFR) to be non-inferior to
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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 (R?=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.

*Corresponding author: Columbia University Medical Center, Cardiovascular Research Foundation, 1700 Broadway, 9th Floor,
New York, NY 10019, USA. E-mail: zaa2 112@columbia.edu
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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 disease'. FFR
has been validated in several clinical outcome studies as a way
of optimising case selection for percutaneous coronary interven-
tion (PCI)'. 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-up**. 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 contests>”.

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

VALIDATE-RFR

Practice (VERIFY)? and Can Contrast Injection Better Approx-
imate FFR Compared to Pure Resting Physiology? (CON-
TRAST)’ studies. Second, RFR agreement with iFR (<0.89) was
validated using 651 waveforms from the Comparative Study of
Resting Coronary Pressure Gradient, Instantanecous Wave-Free
Ratio and Fractional Flow Reserve in an Unselected Population
Referred for Invasive Angiography (VERIFY 2) study'® and the
Interventional Cardiology Research Incooperation Society Frac-
tional Flow Reserve (IRIS-FFR) registry!!. 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, instantanecous 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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Figure 1. Resting full-cycle ratio. To calculate resting full-cycle ratio
(RFR), Pd/Pa is measured continuously throughout the cardiac
cycle. 1o 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.

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 (R?). 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)'>.

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).
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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.



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 112

myocardial infarction

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 45413

angiography), %

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

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

Values are meanzstandard deviation or n (%).

VALIDATE-RFR

COMPARISON WITH iFR

RFR and iFR were highly correlated, with R*=0.985
(RFR=0.94xiFR+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%
CIL: 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.

Goronary Total RFR in
cycles 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 2,274 2,100 92.3
artery >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 516 349 67.6
artery >0.93 386 225 58.3
0.86-0.93 93 87 8.6
<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-fiee 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 wvalidation 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 stenoses**. 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 systole®” or very early in diastole®. 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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Figure 4. Comparison of resting full-cycle ratio to instantaneous wave-free ratio. ) Resting full-cycle ratio (RFR) and instantaneous
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LOA: limits of agreement; SD: standard deviation

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 utility®'*'5, similar to the current analysis, while
another recent study shows that the dPR is diagnostically and
numerically equivalent'®. 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 data**, reduced sensitivity'’, and the inability to per-
form angiographic co-registration or automated pressure pull-
back!”. 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 available'®. Second, randomised clinical
trials have shown the superiority in reducing death and myocardial
infarction of an FFR-guided revascularisation strategy compared
with angiographic guidance!. Third, randomised clinical trials
have shown superiority in reducing the need for urgent revascu-
larisation by an FFR-guided revascularisation strategy compared
to medical therapy?. Fourth, while non-inferiority claims of iFR
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to FFR for one-year MACE in intermediate lesions clearly exist**,
this should be clearly distinguished from equivalence. The event
rates in FAME! were nearly double those reported in DEFINE-
FLAIR? and SWEDEHEART* (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 patients'>. 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-
ies?, 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 main?' or bifurcation?,
evidence for the utility of physiological assessment exists only for
FFR. Finally, the benefit of post-PCI physiological assessment
exists only for FFR*?* 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.
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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 1V
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 pg/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 VVolcano 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
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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.
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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.
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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.
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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 **).
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