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Background: Instantaneous wave free ratio (iFR) does not require adenosine, but has a relatively wide
intermediate range where functional assessment remains inconclusive. In this pilot study, we sought to
enhance iFR through with the use of intracoronary (IC) saline (iFRs) and contrast media (iFRc) and
determine whether these techniques correlated well with fractional flow reserve (FFR).
Methods: Patients with coronary artery stenosis (CAS) associated with an iFR in the intermediate zone
(≥0.86 and ≤0.93) were prospectively assessed with resting distal coronary pressure/aorta pressure (Pd/Pa),
iFR, iFRs, iFRc and FFR.
Results: A total of 40 coronary lesions were studied (40 patients). Pearson correlation coefficients for
FFR and iFR, FFR and iFRs, FFR and iFRc were respectively: 0.57 (P=0.0002), 0.80 (P<0.0001) and 0.77
(P<0.0001). Receiver-operating characteristic (ROC) curve analysis showed similar area under the curve
(AUC) of iFRs and iFR [0.90 (95% CI: 0.76–1) vs. 0.89 (95% CI: 0.79–0.99), P=0.89]. Youden’s index
established cut-off values of ≤0.90 for iFR (sensitivity =91%, specificity =74%) and ≤0.78 for iFRs
(sensitivity =73%, specificity =100%). In contrast, the AUC of iFRc was superior to the AUC of iFR [0.99
(95% CI: 0.98–1), P=0.049]. iFRc showed excellent accuracy and established cut-off values of ≤0.81 in
predicting an FFR value of ≤0.80 (sensitivity =100%, specificity =93%).
Conclusions: When iFR is in the intermediate zone, functional assessment of CAS by iFR is enhanced
with the use of contrast media but not saline. This pilot study could be hypothesis generating for further
study to enhance iFR specificity and sensibility.
Keywords: Instantaneous wave free ratio (iFR); fractional flow reserve (FFR); contrast media; saline solution;
coronary artery disease
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Introduction
Determining the physiologic significance of coronary artery
stenosis (CAS) by coronary angiography has significant
limitations (1). Fractional flow reserve (FFR) has emerged
as an invasive tool to help identify hemodynamically
significant coronary lesions and is commonly used in
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clinical practice. Its clinical relevance as a predictor of major
outcomes has been clearly demonstrated (2-4).
Instantaneous wave free ratio (iFR) is a newer method
introduced to measure the functional impact of an
intermediate CAS under resting conditions without the
need to induce a hyperaemic reaction (5,6). iFR isolates
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a specific period in diastole, called the wave-free period,
and uses the ratio of distal coronary pressure (Pd) to the
pressure observed in the aorta (Pa) over this period. During
this period, pressure and flow are linearly related (wave
free) as compared to the rest of the cardiac cycle resulting in
a constant coronary resistance (5). Large and retrospective
comparisons of iFR vs. the more traditional FFR initially
showed conflicting results regarding the correlation between
iFR and FFR. Whereas the ADenosine Vasodilator
Independent Stenosis Evaluation (ADVISE) registry
demonstrated an excellent correlation between iFR and
FFR (7), the Verification of Instantaneous Wave-Free
Ratio and Fractional Flow Reserve for the Assessment of
Coronary Artery Stenosis Severity in Everyday Practice
(VERIFY) study failed to show such a correlation (8).
In order to overcome limitations and methodological
heterogeneity of prior comparative studies, the ADVISE
II trial was designed to assess the diagnostic accuracy of
iFR in a prospective, independent core laboratory—based
environment (9). This study showed a strong correlation
between iFR and FFR when iFR values were <0.86
or >0.93. However, there was a poor correlation when
lesions fell within an intermediate range of iFR ≥0.86
and ≤0.93. When lesions fell within this intermediate
range decisions regarding physiological significance of
the lesion could not be determined. This situation arises
in approximately 30% of cases necessitating that the
operator reverts to an adenosine mediated FFR assessment.
Therefore, relying on these good correlations with FFR,
this hybrid strategy was recommended.
Adenosine is the gold standard to induce hyperaemia in
FFR procedures (10). However, its use is associated with
hemodynamic and arrhythmic side effects, entails additional
costs and becomes time consuming. Saline solution and
contrast media have also been shown to increase shear
stress and ischemia induced vasodilatation (11,12). They
may represent in many situations a simple, safe, less costly,
readily available and instantaneously accessible alternative
to adenosine in functional assessment of CAS.
In this study, we sought to determine whether iFR
with an additional saline injection (iFRs) or iFR with
an additional contrast injection (iFRc) can be used as
an alternative to adenosine mediated FFR when the
functional assessment of a coronary stenosis falls within the
intermediate (grey zone) of standard iFR. We also sought
to establish a threshold value for functional significance of
a coronary lesion using iFRs and iFRc in comparison to
adenosine mediated FFR.
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Methods
Study population
This study was prospectively conducted between September
2015 and September 2016 at Montréal Heart Institute,
Montréal, Canada. Patients referred for coronary angiography
were deemed eligible if the presence of a CAS warranted an
iFR or FFR measurement. Only patients with an intermediate
(inconclusive) iFR ≥0.86 and ≤0.93 were included in
this study. Exclusion criteria included the following:
ST-segment elevation myocardial infarction, functional test
on a culprit lesion in non-ST-segment elevation myocardial
infarction patients, hemodynamically unstable patients,
uncompensated heart failure and risk of contrast induced
nephropathy (creatinine clearance ≤60 mL/min). The study
was approved by our local ethics review board (registration
number 2015-1837). Written informed consent was
obtained from all patients.
iFR and FFR procedures
Coronary artery lesions were evaluated using a 0.014-inch
pressure wire (ComboWire XT, Volcano Corporation, San
Diego, California, USA), introduced through a 6-F guiding
catheter into the coronary artery. The guide wire was
advanced at least 2 cm distally to the target lesion. Distal
coronary and aortic pressures were recorded at baseline
and during induction of hyperemia. Continuous pressure
signals and electrocardiogram monitoring was performed
and digitally stored. Intra-coronary nitroglycerin 1 mg was
given at the beginning of every procedure. Heart rate and
arterial pressure were recorded at the moment of each iFR,
iFRs, iFRc and FFR evaluation.
Measurements were recorded as follows: (I) resting
Pd/Pa; (II) standard iFR; (III) iFRs after an intracoronary
(IC) injection of saline solution (10 mL); (IV) iFRc after
an IC injection of nonionic iso-osmolar contrast agent,
Iodixanol (Visipaque®) (8 mL); (V) FFR after 240 µg IC
injection of adenosine.
Measurements of iFRs or iFRc were started one heart
beat following bolus administration. FFR was started three
heart beats following bolus administration. A continuous
measurement was made with the guiding catheter
disengaged from the coronary ostium and stopped when
the pressure curve returned to the baseline value. Duplicate
measurements were performed in order to evaluate
reproducibility. An FFR value ≤0.8 was used to define a
significant CAS with hemodynamic impairment (3).
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Table 1 Baseline demographic and clinical characteristics of patients

Table 2 Angiographic and procedural characteristics

Clinical characteristics

Angiographic characteristics

Number of patients

Frequency [n (%)]
40

Demographic characteristics
Age (years) (mean ± SD)
Male

Number of lesions

Frequency
40

Number of diseased vessels
66±8

1

20 [50]

35 [88]

2

11 [28]

3

9 [22]

Clinical characteristics
Smoking

10 [25]

Diabetes mellitus

17 [43]

LAD

Hypertension

33 [83]

Circumflex

4 [10]

Dyslipidemia

30 [75]

RCA

2 [5]

Previous revascularization

15 [38]

Medication

Target vessel FFR
34 [85]

Lesion location
Proximal

11 [28]
26 [65]

Aspirin

39 [98]

Mid

Clopidogrel

22 [55]

Distal

Beta-blockers

27 [68]

% stenosis visual estimation

RAA antagonists

22 [55]

Contrast volume

180±64

8 [20]

Rate of stenting

21 [53]

Calcium-channel blockers
Statins
LVEF (%) (mean ± SD)

37 [93]
57±8

3 [7]
49±11

Values are expressed as mean ± SD or n [%]. FFR, fractional
flow reserve; LAD, left anterior descending; RCA, right coronary
artery; IQR, interquartile range.

Indication for angiography
Stable angina/silent ischemia

29 [73]

Unstable angina

11 [28]

Creatinin (µmol/L) (mean ± SD)

85±24

SD, standard deviation; LVEF, left ventricular ejection fraction;
RAA, renin-angiotensin-aldosterone.

Angiographic characteristics and stenosis evaluation
Data on the number of diseased vessels, target vessels, lesion
locations and percent diameter stenosis were collected.
Subsequent procedural decisions were left to the operator’s
discretion.
Statistical analysis
The data are expressed as mean ± standard deviation
(SD). The reproducibility of iFRs and iFRc was assessed,
using the intra-class correlation coefficient with 95% CI.
Univariate correlations between continuous variables were
assessed by Pearson’s correlation (r). Receiver-operating
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characteristic (ROC) curves analysis was performed to
estimate the diagnostic performance of iFR, iFRs and
iFRc. Comparison of ROC curves analysis were made and
a P value <0.05 was considered significant. Youden’s index
was used to determine the optimal threshold value of iFR,
iFRs and iFRc. Sensitivity, specificity, negative predictive
value (NPV), positive predictive value (PPV) of iFR, iFRs
and iFRc using a FFR value ≤0.8 as a reference value were
calculated and 95% CI were reported. The data analysis was
generated using SAS/STAT software, version 9.4.
Results
A total of 40 coronary lesions in 40 patients were included
in the present study. Baseline clinical, lesion and procedural
characteristics are reported in Tables 1,2.
Reproducibility and correlation
Reproducibility
Reproducibility of iFRs and iFRc showed an excellent intra-
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ROC curves analysis and threshold values

1.00
0.95
iFRc/iFRs/iFR

0.90
0.85
0.80
0.75
0.70

iFR =0.57 (P=0.0002)

0.65

iFRs =0.80 (P<0.0001)
iFRc =0.77 (P<0.0001)

0.60
0.70

0.75
iFR

0.80
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0.90
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FFR
iFR salin
iFR contraste

1.00

Figure 1 Pearson’s correlation r analysis between iFR and FFR,
iFRs and FFR, iFRc and FFR. iFR, instantaneous wave free ratio;
iFRc, iFR with additional contrast injection; iFRs, iFR with
additional saline injection; FFR, fractional flow reserve.

ROC curves for comparisons
1.00

0.75
Sensitivity
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0.50

0.25

iFR
iFRs
iFRc

AUC
0.89
0.90
0.99

ROC curve analysis demonstrated an area under the curve
(AUC) for iFR at 0.89 (95% CI: 0.79–0.99) (Figure 2).
Youden’s index established an iFR cut-off at 0.90,
sensitivity =91% (95% CI: 59–100%), specificity =74%
(95% CI: 54–89%). Using this threshold value, lesions were
incorrectly classified in 23% of the cases, confirming the
necessity of additional adenosine mediated FFR testing for
intermediate iFR lesions.
ROC curve analysis of iFRs showed a good accuracy for
predicting FFR values ≤0.80 with an AUC of 0.90 (95%
CI: 0.76–1) (Figure 2). There was no statistical difference
between the ROC curve of iFR and the ROC curve of iFRs:
0.89 vs. 0.90, P=0.89. Youden’s index testing established a
threshold value of ≤0.78 for iFRs, sensitivity =73% (95%
CI: 39–94%), specificity =100% (95% CI: 87–100%). This
threshold value correctly classified 92% of subjects.
ROC curve analysis of iFRc demonstrated an excellent
accuracy with an AUC of 0.99 (95% CI: 0.98–1) (Figure 2).
There was a statistical difference between the ROC curve
of iFRc and the ROC curve of iFR: 0.99 vs. 0.89, P=0.049.
Youden’s index established a threshold value of ≤0.81
for iFRc, sensitivity =100% (95% CI: 72–100%),
specificity =93% (95% CI: 76–99%). Compared to
adenosine mediated FFR, 95% of subjects were positively
identifying (Figure 3). Sensitivity, specificity, PPV and NPV
of each method are summarized in Table 3.
Discussion

0.00
0.00

0.25

0.50

0.75

1.00

1-specificity

Figure 2 ROC curve analysis of iFR, iFRs and iFRc. ROC,
receiver-operating characteristic; AUC, area under the curve; iFR,
instantaneous wave free ratio; iFRc, iFR with additional contrast
injection; iFRs, iFR with additional saline injection.

class correlation coefficient of 0.94 (0.88–0.97) and 0.92
(0.85–0.96) respectively.
Correlation between iFR, iFRs and iFRc with FFR
As expected, an inconclusive iFR (intermediate range
value), showed a poor correlation with FFR values: r=0.57
(P=0.0002). In contrast, iFRs and iFRc showed a strong
correlation with FFR: r=0.80 (P<0.0001) and r=0.77
(P<0.0001) respectively (Figure 1).
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In this study, we sought to determine whether the
sensitivity and specificity of an intermediate (inconclusive)
iFR measurement could be enhanced by iFRs or iFRc
and whether these simple procedures can be used as an
alternative to adenosine mediated FFR. The main findings
of our study can be summarized as follows: (I) when iFR is
in the intermediate zone, iFRc is predictive of an adenosine
FFR value under 0.80 and potentially represents a simple
alternative to FFR; (II) iFRc is reproducible and showed
an excellent correlation with adenosine FFR when iFR
is in the intermediate zone; (III) an iFRc threshold value
of ≤0.81 can predict a positive FFR value (≤0.80); (IV) in
contrast, iFR accompanied by IC injection of saline did not
demonstrate a statistically significant correlation compared
to adenosine mediated FFR.
The functional and invasive assessment of CAS is
based on a constant and minimized myocardial resistance.
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0.85
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Figure 3 Correlation between iFRc and FFR with respective
threshold values. iFRc, iFR with additional contrast injection; FFR,
fractional flow reserve.

Currently, two methods are used in modern catheterization
laboratories: FFR and iFR. The former is the established
gold standard and is calculated during hyperaemia,
originally obtained with adenosine, and averaged
through several cardiac cycles. In order to facilitate FFR
adoption, two different approaches have been proposed:
intra coronary adenosine administration (13), and more
recently introduction of contrast medium as an alternative
hyperemic agent. Contrast medium induced FFR, studies
have shown a good correlation between contrast induced
Pd/Pa and adenosine mediated FFR (14-17).
The cornerstone of the iFR is based on the identification
of a period in diastole with a natural, constant and
minimized resistance represented by an almost quiescent
wave free period (8). Introduced by Sen and colleagues in
2012, this method avoids the use of pharmacologic agents
such as adenosine to induce hyperaemia. Consequently, iFR
represents an interesting alternative to FFR for functional
assessment of CAS (5).
The diagnostic value of iFR in identifying CAS with
an FFR ≤0.80 varied between studies. In the ADVISE
registry, which looked at 339 coronary stenosis, the cutoff value for iFR was 0.89 and accuracy was calculated at
94% (7). In the prospective VERIFY study which included
206 prospectively studied patients and 500 retrospective
analysis of pressure recordings, the diagnostic accuracy of an
iFR value of ≤0.80, was only 60% when compared to the FFR
cut-off value of ≤0.80 (8). Similarly, a retrospective analysis
from the RESOLVE study analyzing 1,593 coronary lesions
established an iFR cut-off of 0.90 with a diagnostic accuracy
of only 81.5% (18). Wide methodological differences may
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explain the conflicting results between threshold values and
accuracy. In order to overcome this limitation, Escaned et al.
demonstrated that a hybrid iFR-FFR decision-making
process can be used to improve diagnostic accuracy (9).
They found a very good correlation when iFR was <0.86
or >0.93 with a PPV =93% and a NPV =95% compared
to adenosine mediated FFR. A poor correlation was found
when lesions fells within the iFR intermediate zone (≥0.86
and ≤0.93). This situation occurred in 30% of cases,
requiring additional adenosine mediated FFR testing.
Adenosine during iFR did not improve the diagnostic
accuracy when compared to iFR in a study involving 51
patients (19). Unlike our study where we focused only on
intermediate lesions, all lesion types were considered in the
former study. This may have contributed to the absence of
observed diagnostic accuracy.
A major shortcoming of iFR, is its large intermediate
or inconclusive zone as compared to FFR. The adoption
of iFR in clinical practice could be significantly improved,
by reducing the need of reverting to adenosine mediated
FFR. We hypothesized that an alternative, less expensive,
readily available and safe pharmacologic hyperaemic
agents could improve the diagnostic accuracy of iFR by
enhancing the quiescent diastolic wave free period. Saline
solution and contrast media represent such agents. Saline
solution (isotonic or hypertonic) has never been evaluated
in the functional assessment of CAS despite his wellknown effect on coronary artery blood flow. Saline solution
decreases coronary resistances and increases vasodilatation
(11,12). Contrast media, on the other hand has already
been evaluated as a hyperemic agent in FFR (14-17).
In one multicenter study, adjudicated by a central core
laboratory, contrast mediated FFR compared favorably
to adenosine mediated FFR and was superior to iFR for
predicting CAS severity (15). This study differs from our
study in that all coronary lesions were included for analysis
regardless if values were in the intermediate (inconclusive)
zone. Recently, contrast media induced Pd/Pa during
end-diastolic FFR was shown to offer a better diagnostic
performance than contrast induced FFR (20). However, this
calculation is a tedious and a labor-intensive process that
limits its acceptance in everyday clinical practice. Since iFR
is focused on a very narrow period of the diastolic phase
(beginning 25% of the way into diastole and ending 5 ms
before the end of diastole), hyperaemia induced iFR may
provide a standardized easily reproducible alternative.
However, despite the large intermediate and inconclusive
zone of iFR as compared to FFR, clinical outcome associated
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Table 3 Sensitivity, specificity, PPV and NPV of iFR, iFRs and iFRc when compared to FFR values (significant lesion ≤0.80) (95% CI)
iFR accuracy

iFR ≤0.90 [%]

iFRs ≤0.78 [%]

iFRc ≤0.81 [%]

Sensitivity

91 [59–100]

73 [39–94]

100 [72–100]

Specificity

74 [54–89]

100 [87–100]

93 [76–99]

PPV

59 [33–82]

100 [63–100]

85 [55–98]

NPV

95 [76–100]

90 [73–98]

100 [86–100]

iFR, instantaneous wave free ratio; iFRc, iFR with additional contrast injection; iFRs, iFR with additional saline injection; PPV, positive
predictive value; NPV, negative predictive value; FFR, fractional flow reserve.

with the use of iFR have recently been investigated in two
multicenter, randomized and controlled trials (21,22). In
patients with stable or acute coronary syndrome, these
studies showed that an iFR-guided revascularization
(using a threshold value of 0.89) was non-inferior to FFRguided revascularization. The rate of major adverse cardiac
events at 12 months were similar between the two groups.
Nevertheless, FFR is derived from comparison with several
non-invasive evaluations of ischemic heart disease and the
clinical outcome and longer follow-up have been evaluated
in several trials. Whether interventional cardiologists will
rely solely on iFR in regard of these two studies, using a
single threshold for iFR despite the poor correlation with
FFR when in the grey zone remain unknown. Our study
could also be hypothesis generating for further studies to
evaluate whether iFRc could enhance iFR specificity and
sensibility when using a single threshold of 0.89.
Alternatively of invasive functional assessment of CAS,
a number of approaches have been proposed to derive
a virtual FFR that would be computed from various
image acquisition techniques including cardiac computed
tomography (23) or diagnostic coronary angiography, in
combination with computational algorithms, rather than
measured with a pressure wire. While acceptable correlation
has been reported, three-dimensional quantitative coronary
angiography provided a higher image resolution and
appeared to be superior to coronary computed tomography
angiography for functional evaluation (24). Indeed, two
ongoing trials (FAVOR Europe Japan and FAVOR China)
also based on quantitative flow ratio (QFR), will evaluate
the diagnostic accuracy and determine the presence or
absence of hemodynamically-significant CAS of QRF when
compared to FFR as the reference standard. In the future,
this technique could avoid the need for pressure wire
evaluation. Nevertheless, further studies are required to
determine the clinical and economic benefit of such imaging
evaluation.
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Limitations
Although prospective and methodologically rigorous, this
remains a single center study with a small cohort of patients.
This small cohort could explain why iFRs correlated well
with FFR but did not have significantly improved diagnostic
accuracy as compared to iFRc. Also, despite meticulous
reporting and collection of data, a blinded core laboratory
did not independently analyze the data. A single 10 mL dose
of saline solution and 8 mL of contrast media were used
and dose-effect analysis with different amounts on iFRs or
iFRc was not performed. This choice was supported by the
simplicity of use and based on previous studies involving
contrast induced Pd/Pa where volumes of 6 to 10 mL of
contrast was used. In addition, there was no correlation
with non-invasive stress-testing or imaging to document
the ability to identify ischemia-generating stenosis nor was
there any clinical correlation to these physiological findings.
Since this was planned as a pilot study to improve on an
iFR technique, we did not collect data on patients who had
positive or negative iFR values. Therefore, the proportion
of patients that fell into the intermediate zone is not
reported. As a result of the relatively low number of lesions
studied, we cannot account for the heterogeneity in lesion
location or lesion related factors such as bifurcation lesions,
calcifications, level of disease, etc.
Conclusions
Functional assessment of coronary artery lesions by iFR is
enhanced by the use of IC contrast media and compares
favorably to adenosine mediated FFR. In patients where
functional assessment by iFR falls within an intermediate
value, injection of contrast media followed by an immediate
iFR can predict lesion severity as well as adenosine
mediated FFR. Our study could be hypothesis generating
for further studies to evaluate whether iFRc could enhance
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iFR specificity and sensibility when using a single threshold
of 0.89.
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