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Abstract

Objectives The fractional flow reserve (FFR) is an index of the severity of coronary stenosis that has been
clinically validated in several studies. The instantaneous wave-free ratio (iFR) and the resting distal coronary
artery pressure/aortic pressure (Pd/Pa) are nonhyperemic pressure-derived indices of the severity of stenosis.
This study sought to examine the diagnostic accuracy of the iFR and resting Pd/Pa with respect to hyperemic
FFR.

Methods Following an intracoronary injection of papaverine, the iFR, resting Pd/Pa, and FFR were continu-
ously measured in 123 lesions in 103 patients with stable coronary disease.

Results The iFR and resting Pd/Pa values were strongly correlated with the FFR (R=0.794, p<0.001, R=
0.832, p<0.0001, respectively). A receiver operator curve (ROC) analysis revealed that the optimal iFR cut-off
value for predicting an FFR of <0.80 was 0.89 (AUC 0.901, sensitivity 84.1%, specificity 80.0%, positive
predictive value 69.8%, negative predictive value 90.0%, diagnostic accuracy 81.3%), while the optimal rest-
ing Pd/Pa cut-off value was 0.92 (AUC 0.925, sensitivity 90.9%, specificity 78.5%, positive predictive value
70.2%, negative predictive value 93.9%, diagnostic accuracy 82.9%). The lesions with an iFR value of <0.89
and a Pd/Pa value of <0.92 were defined as double-positive lesions, while the lesions with an iFR value of >
0.89 and a Pd/Pa value of >0.92 were defined as double-negative lesions. In these 109 lesions, the sensitivity,
specificity, positive predictive value, negative predictive value, and diagnostic accuracy were 92.3%, 82.9%,
75.0%, 95.1%, and 86.2%, respectively.

Conclusion This analysis demonstrated that the iFR and resting Pd/Pa were strongly correlated with the
FFR and that the diagnostic accuracy of the iFR was similar to that of the resting Pd/Pa. The diagnostic accu-
racy can be improved with the use of both the iFR and the resting Pd/Pa.
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in terms of blood flow, are well recognized (1). The frac-
Introduction tional flow reserve (FFR) is an accurate invasive index that
can be used in a catheterization laboratory to determine

The fundamental limitations of coronary angiography and whether angiographically-equivocal stenosis is of functional
its poor correlation with the severity of functional stenosis, significance (2). Recent randomized trials assessing the
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Table 1. Patients Characteristics.
n=103
age (years) 70.4+8.7
Male (%) 77 (74.8%)
Cardiac Status
Stable Angina 92
Previous MI 11
Risk Factors
Hypertension 82
Dyslipidemia 61
Diabetes 40
Smoking 28
Hemodialysis 12

MI: myocardial infarction

value of FFR-guided PCI have demonstrated reduced rates
of major adverse cardiac events, mainly due to a decreased
need for repeat revascularization (3, 4). These results have
led to changes in practice guidelines. The use of the FFR is
recommended for the assessment of lesions of intermediate
severity (5, 6). With regard to the measurement of the FFR,
some drugs are currently used for producing maximal coro-
nary hyperemia in humans. The bolus intracoronary admin-
istration of papaverine or the intravenous infusion of adeno-
sine or adenosine triphosphate (ATP) is capable of produc-
ing maximal coronary hyperemia (7-9).

However, it takes much more time and cost to induce
pharmacological hyperemia and some patients experience
chest discomfort during hyperemia. Two nonhyperemic
measures of inducing pressure might be useful for assessing
the severity of coronary stenosis. The resting distal coronary
artery pressure/aortic pressure (Pd/Pa) is the ratio of distal
coronary artery pressure to aortic pressure over the entire
cardiac cycle. Conversely, the instantaneous wave-free ratio
(iFR) measures coronary pressure during a specific period of
diastole when the resting resistance is the lowest (10). The
assessment of the severity of coronary stenosis without the
induction of hyperemia is attractive because it reducing the
procedural time and cost, and avoids the patient-related dis-
comfort associated with pharmacological hyperemia. This
study sought to examine the diagnostic accuracy of the iFR
and resting Pd/Pa with in comparison to hyperemic FFR.

Material and Methods

Patients

One hundred three patients with mild or moderate coro-
nary stenosis who were undergoing coronary angiography
were selected for this study. The patients’ characteristics are
shown in Table 1. Written informed consent was obtained
from all of the patients prior to coronary angiography and
this study protocol was approved by the ethical committee
of Tsuchiya General Hospital.

Study design

Diagnostic coronary angiography was performed through
a standard percutaneous radial or femoral arterial approach.

After obtaining vascular access, 3,000 units of heparin were
administered intravenously. A 6F guide catheter was intro-
duced into the left or right coronary arteries. The FFR was
measured with a coronary pressure guide wire (Verrata
guide wire; Volcano Corporation, San Diego, CA) as fol-
lows: 1) resting Pd/Pa; 2) iFR; 3) FFR after the intracoro-
nary injection of papaverine (12 mg in the left coronary ar-
tery or 8 mg in the right coronary artery). The FFR, electro-
cardiography results and arterial blood pressure were moni-
tored until the FFR value returned to the baseline value.

Quantitative coronary angiography analysis (QCA)

The results from the single most severe view were re-
corded. The lesion length, minimum lumen diameter (MLD),
reference vessel diameter (RVD) and percent diameter steno-
sis (%DS) were analyzed using a computerized, automated,
edge detection algorithm (Philips Medical System, Best, The
Netherlands), as previously described (11).

Statistical analysis

Continuous variables were expressed as the mean+SD and
compared using the paired #-test. The performance of the
iFR and the resting Pd/Pa in predicting a positive FFR
(<0.80) was assessed in terms of the sensitivity, specificity,
positive predictive value (PPV), negative predictive value
(NPV), and diagnostic accuracy, together with their 95%
confidence interval (CI). A receiver operating characteristic
(ROC) curve was created to measure the accuracy of the test
(area under the ROC curve: AUC) and identify iFR and the
optimal resting Pd/Pa cut-off value that corresponded to an
FFR of <0.80.

Results

The characteristics of the patients and lesions

The patients’ characteristics are summarized in Table 1.
Eleven patients had a past history of myocardial infarction.
Twelve patients had end-stage renal dysfunction with hemo-
dialysis.

The characteristics of the lesion are summarized in Ta-
ble 2. The locations of the lesions were as follows: left ante-
rior descending coronary artery (LAD) (n=90), left circum-
flex coronary artery (LCx) (n=4), and right coronary artery
(RCA) (n=29). The mean % stenosis was 49.1+16.1%.

The correlations between the iFR and FFR values
and between the resting Pd/Pa and FFR values

Both the iFR and resting Pd/Pa were strongly correlated
with the FFR. The correlation between the iFR and the FFR
was R=0.794 (p<0.0001, FFR=0.12+0.77iFR). The correla-
tion between the resting Pd/Pa and the FFR was R=0.832 (p
<0.0001, FFR=-0.34+1.25Pd/Pa) (Fig. 1). The receiver op-
erator curve (ROC) analysis revealed that the optimal iFR
cut-off value for predicting an FFR value of <0.80 was 0.89
(AUC 0.901, sensitivity 84.1%, specificity 80.0%, positive
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Table 2. Lesions’ Characteritics.

Lesion Location n=123
LAD 90
LCx 4
RCA 29
QCA data
Lesion Length (mm) 9.6+5.4
RVD (mm) 2.67+0.65
MLD (mm) 1.36+0.50
% stenosis 49.1+16.1

LAD: left anterior descending artery

LCx: left circumflex artery, RCA: right coronary artery
RVD: reference vessel diameter

MLD: minimum lesion diameter

predictive value 69.8%, negative predictive value 90.0%, di-
agnostic accuracy 81.3%), while the optimal resting Pd/Pa
cut-off value was 0.92 (AUC 0.925, sensitivity 90.9%, speci-
ficity 78.5%, positive predictive value 70.2%, negative pre-
dictive value 93.9%, diagnostic accuracy 82.9%) (Fig. 2).
The lesions with an iFR value of <0.89 and a Pd/Pa value of
<0.92 were defined as double-positive, while those with an
iFR value of >0.89 and a Pd/Pa value of >0.92 were defined
as double-negative lesions. These lesions were summarized
in Table 3. In these 109 lesions, the sensitivity, specificity,
positive predictive value, negative predictive value and diag-
nostic accuracy were 92.3%, 82.9%, 75.0%, 95.1%, 86.2%,
respectively.

Deviated lesions

The lesions in which the actual measured iFR and resting
Pd/Pa values differed from the predicted iFR and resting Pd/
Pa values by >10% (as calculated using the formula: FFR=
0.12+0.77 iFR, FFR=-0.34+1.25 Pd/Pa) were defined as de-
viated lesions. The lesions in which the difference between
the actual measured iFR and the resting Pd/Pa values and
the predicted values were <10% were defined as non-
deviated lesions. The lesions in which the actual measured
iFR and the resting Pd/Pa was >10% higher (iFR, n=11;
resting Pd/Pa, n=11) or >10% lower (iFR, n=6; resting Pd/
Pa, n=4) than the predicted iFR and resting Pd/Pa values
were defined as underestimated lesions and overestimated
lesions, respectively. We compared the QCA data of the de-
viated lesions with those of the non-deviated lesions. In the
lesions underestimated by iFR, the lesion length was signifi-
cantly longer and both the RVD and MLD were signifi-
cantly smaller in comparison to the non-deviated lesions
(Table 4). In the lesions that were underestimated by the
resting Pd/Pa, the lesion length was significantly longer,
both the RVD and MLD were significantly smaller and the
% stenosis was more severe in comparison to the non-
deviated lesions (Table 5). Thus, in small vessels with long,
severe stenosis, both the iFR and the resting Pd/Pa tended to
be larger than the values predicted from the FFR.

Hemodynamics

The patients’ systolic and diastolic blood pressure values
significantly decreased after the injection of papaverine,
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while their heart rates significantly increased (Table 6).

Discussion

Two nonhyperemic measures of pressure might be useful
for assessing the severity of coronary stenosis. Pd/Pa is the
ratio of distal coronary artery pressure to aortic pressure
over the entire cardiac cycle. Conversely, the iFR measures
coronary pressure during a specific period of diastole when
resting resistance is the lowest. In this study the overall lin-
ear correlation between both iFR and resting Pd/Pa and FFR
was moderate, and both of the nonhyperemic indices
showed moderate overall diagnostic accuracy. However, in
prior reports, the diagnostic accuracy of the iFR (in com-
parison to the FFR) ranged widely, from 60% to
91% (10, 12-14), and its relative accuracy in comparison to
the resting Pd/Pa has been debated.

In the present study, in small vessels with severe, long
stenosis both the iFR and the resting Pd/Pa values tended to
be higher than the predicted value that was calculated from
the actual measured FFR value. In other words, the degree
of functional stenosis tended to be underestimated in small
vessels with severe, long stenosis. It would be better to care-
fully evaluate small vessels with long and severe stenosis
using both iFR and resting Pd/Pa.

The diagnostic accuracy of iFR alone or resting Pd/Pa
alone was moderate. However, if the lesions with an iFR
<0.89 and a resting Pd/Pa of <0.92 were defined as double-
positive and those with an iFR of >0.89 and a resting Pd/Pa
of >0.92 were defined as double-negative, the diagnostic ac-
curacy improved. Although the iFR and the resting Pd/Pa
are imperfect surrogates of the FFR when they are close to
the clinically used cutoff value of 0.80, the diagnostic accu-
racy can be improved by using both indices together. Only
14 lesions (11.4%) were neither double-positive nor double-
negative. Thus, in clinical practice, the lesions can be de-
ferred if they are found to be double-negative by both iFR
and resting Pd/Pa.

Only the lesions that were neither double-positive nor
double-negative should be evaluated by FFR with drug-
induced hyperemia.

Several investigators have reported the relationship be-
tween conventional FFR and the non-hyperemic indices of
the severity of stenosis (13-15). In the RESOLVE study, the
overall linear correlation between both the iFR and the Pd/
Pa and the FFR was strong (R value 0.81 and 0.83, respec-
tively), and the optimal cut points for predicting an FFR of
<0.80 were 0.90 and 0.92 respectively. The diagnostic accu-
racy was 80.4% and 81.5% respectively. These results were
similar to those of our own study. Based on the level of ac-
curacy, it seems to be insufficient to separately use either of
the parameters for procedural guidance in all cases because
approximately 20% of the therapeutic decisions would be
discordant from the FFR. However, we are of the opinion
that the combined use both the iFR and the resting Pd/Pa
may have the potential to improve the diagnostic accuracy in
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Figure 1. The correlations between the iFR, Pd/Pa and FFR.

Table 3. Double Positive and Double Nega-
tive Lesions.

FFR<0.80 FFR>0.80

iFR<0.89 and Pd/Pa<0.92 36 12
iFR>0.89 and Pd/Pa>0.92 3 56
Table 5. Deviated Lesions in Resting Pd/Pa.
Underestimated Overestimated Non-Deviated
Lesions Lesions Lesions
n 11 4 108
Lesion Length (mm)  12.6+8.5* 11.1£5.3 9.3+4.9
RVD (mm)  2.40+0.53 2.48+0.45 2.71+0.66
MLD (mm) 0.94+0.35%* 1.20+0.17 1.40+0.50
%stenosis  61.0+£13.5* 50.749.6 47.8+16.1

RVD: reference vessel diameter, MLD: minimum lesion diameter
*p<0.05, **p<0.01 vs. Corrected Estimated Lesions
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Figure 2. The results of the receiver operator curve (ROC)
analysis. The optimal iFR and Pd/Pa cut-off values for predict-
ing an FFR of <0.80 were 0.89 (AUC 0.901) and 0.92 (AUC
0.925), respectively.

Table 4. Deviated Lesions in iFR.

Underestimated Overestimated Non-Deviated

Lesions Lesions Lesions
n 11 6 106
Lesion Length (mm)  12.9+9.0%* 8.3+£5.9 9.3+4.8
RVD (mm) 2.32+0.59* 2.37+0.42 2.73+0.65
MLD (mm) 0.96+0.45%* 1.31+0.44 1.40+0.65
Y%stenosis  58.1+19.7 44.1+17.6 48.5+15.5

RVD: reference vessel diameter, MLD: minimum lesion diameter
*p<0.05, **p<0.01 vs. Corrected Estimated Lesions

Table 6. Hemodynamic Change.

iFR Pd/Pa papaverine
sys BP (mmHg) 130421 131422 120+£19*
dia BP (mmHg) 67+10 67+10 61+£9%
HR (beats/min) 70+11 71411 75£12*

sys BP: systolic blood pressure, dia BP: diastolic blood pressure
HR: heart rate, *p<0.01 vs. iFR and Pd/Pa

clinical practice.

The present study is associated with several limitations.
Although the data were collected prospectively with the ap-
plication of a strict study methodology in patients with in-
termediate stenosis in the clinical setting, the present study
was performed in a single center study and involved a rela-
tively small number of patients. The analyses of the angio-
grams, ECGs, and pressure waveforms were performed at an
in-hospital lab in a blinded fashion, but not by a core labo-
ratory. The RESOLVE study is the first coronary physiology
study to have used a core laboratory for the analysis of the
diagnostic accuracy of hyperemic and resting pressure-
derived indices of the severity of stenosis. In the RESOLVE
study, 19.3% of measurements were found to be suboptimal
and were excluded from the analysis (15). Future clinical
studies should consider including a core laboratory analysis.

Conclusion

Both the iFR and resting Pd/Pa were strongly correlated
with the FFR and the diagnostic accuracy of the iFR
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(81.3%) was similar to that of the resting Pd/Pa (82.9%). In
small vessels with severe, long stenosis the degree of func-
tional stenosis tended to be underestimated by both indices.
The diagnostic accuracy could be improved by the combined
use of both the iFR and the resting Pd/Pa.
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