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Background: There is great degree of inter-observer variability in the visual angiographic 

assessment of LMCD. Fractional flow reserve and intravascular ultrasound (IVUS) are often used 

in this setting. The use of iFR for evaluation of LMCD has not been well studied. The aim of this 

study is to evaluate the use of instantaneous wave-free ratio (iFR) in the assessment of 

angiographically intermediate left main (LMCD).

Methods: This is an international multicenter retrospective observational study of patients who 

underwent both iFR and IVUS evaluation for angiographically intermediate LMCD. An 

independent core laboratory performed blinded off-line analysis of all IVUS data. A minimum 

lumen area (MLA) of 6 mm2 was used as the cutoff for significant disease.

Results: 125 patients (mean age 68.4 ± 9.5 years, 84.8% male) were included in this analysis. 

Receiver operating curve (ROC) analysis showed that an iFR of ≤0.89 identified MLA <6 mm2 

with an area under the curve of 0.77 (77% sensitivity, 66% specificity; P <0.0001). Among the 69 

patients without ostial left anterior descending artery or left circumflex artery disease, ROC 

analysis showed that an iFR of ≤0.89 identified MLA <6 mm2 with an area under the curve of 0.84 

(70% sensitivity, 84% specificity; P <0.0001). The correlation was not significantly different when 

the body surface area (BSA) was considered.

Conclusions: In this study, in patients with intermediate LMCD, iFR of ≤0.89 correlates with 

IVUS MLA <6 mm2 regardless of BSA. The current study supports the use of iFR for the 

evaluation of intermediate LMCD.
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Introduction

There is a great degree of inter-observer variability in the visual angiographic assessment of 

left main coronary disease (LMCD), more so than any other coronary segment 1. This has 

led to the widespread use of multiple adjunctive modalities including anatomical evaluation 

with intravascular ultrasound (IVUS) and optical coherence tomography, as well as 

physiologic evaluation with fractional flow reserve (FFR). Both IVUS and FFR have been 

validated, and are frequently used as adjunctive diagnostic modalities in the evaluation of 

LM disease. An FFR value of 0.80 and a minimum lumen area (MLA) on IVUS of 6 mm2 

are the separately accepted cutoff points above which LMCD intervention can be safely 

deferred with favorable long-term outcomes 2–9. In the largest left main trial to date 

(EXCEL), in patients with intermediate LMCD, IVUS with an MLA ≤ 6mm2 was strongly 

recommended as the preferred diagnostic modality, over physiology, to qualify for 

randomization 10. Ostial and mid LMCD assessment with IVUS can be prone to error 

depending on co-axiality of the guide with the vessel. Small variations in angle can lead to 

overestimation of MLA with distortion of the lumen shape on IVUS, therefore great care 

must be taken with technique and co-axiality; this may not be possible depending on the 

angle of left main take off. Additionally, IVUS is an anatomic, non-physiologic assessment; 

the accepted cutoff used can theoretically be affected by the body surface area (BSA) of the 
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patient as evidenced by variations in described optimal cutoff MLA values, particularly in 

different patient cohorts such as Asian populations 11.

In recent years, instantaneous wave-free ratio (iFR), when compared to FFR, has proven to 

be safe for deferral of revascularization of intermediate lesions using a cutoff of 0.89, with 

improved median procedural time, and decrease adverse procedural effects secondary to 

adenosine administration 12, 13. This has led to increasing use of iFR. However, the use of 

iFR in LMCD had not been well established or validated, as patients with LMCD were 

mostly excluded from both the iFR-SWEDEHEART and the DEFINE-FLAIR studies. We 

have recently reported on the safety of iFR guided revascularization in 314 patients. The 

DEFINE LM registry, evaluated the prognostic significance of an iFR cutoff of 0.89 in the 

LM; clinical outcomes were similar in patients with iFR >0.89 who were not revascularized, 

compared to patients with iFR ≤0.89 who were revascularized 14. The study concluded that 

deferral of revascularization of intermediate LM stenosis using iFR cutoff 0.89 appears to be 

safe. In this study, we aim to evaluate the correlation between iFR and IVUS MLA to help 

further guide the clinical care of patients with LM disease.

Methods

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Patient Population

This international multicenter retrospective cohort study was approved by the Mayo 

Foundation Institutional Review Board (IRB# 19-003352) and local ethics committee at 

each participating center, and was conducted in accordance with the guideline of the 

Declaration of Helsinki. Consecutive patients were enrolled from January 1, 2013 to June 

30, 2019 at 10 centers in the USA, Japan, and Europe (Spain and United Kingdom). Patients 

included had stable angina and angiographically intermediate LMCD (40% to 70% stenosis 

on visual angiographic assessment) noted during clinically indicated coronary angiography 

and were further evaluated with IVUS and iFR. Patients were identified via query of 

electronic medical records for left main coronary artery disease, and were excluded from 

analysis if either IVUS or iFR were not attempted or were unable to be obtained. If the 

bifurcation lesion involved in LM and the ostial LAD or LCX, the lesion was considered to 

be LMCD. Patients with downstream stenoses in the LAD or LCX were also included. All 

patients provided written informed consent.

Data Collection

Baseline demographics and comorbidities were collected including age, sex, race, height, 

weight, significant family history of coronary disease, as well as medical conditions 

including hypertension, dyslipidemia, diabetes, chronic kidney disease, tobacco use, prior 

myocardial infarction, and cardiomyopathy. Angiographic findings such as location of 

LMCD (ostium, mid, or distal bifurcation), Medina classification for bifurcation lesions, 

SYNTAX score, and quantitative coronary analysis (QCA) measurements were recorded, as 

well as iFR values and IVUS parameters including MLA, lumen area stenosis, and atheroma 
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burden. QCA analysis done by the individual sites. All IVUS images (0.1 mm interval) were 

independently reviewed off-line by a core laboratory at the Mayo Clinic using standard 

techniques with automated software algorithms (QIvus 3.1, MEDIS medical imaging 

systems Inc., NC, USA) per the American College of Cardiology clinical expert consensus 

document on standards for acquisition, measurement, and reporting of IVUS studies 15. 

MLA was measured at which the lumen was the smallest within the left main coronary 

artery above the bifurcation. The interobserver intraclass correlation coefficients for MLA in 

randomly selected 20 patients was 0.97. Reference lumen area was measured at which the 

lumen was the largest within 10 mm of MLA segment with no intervening branches. Percent 

area stenosis was calculated as (reference lumen area – MLA)/reference lumen area × 100 

(%). IVUS was obtained using a variety of equipment, including Boston Opticross (n = 21), 

Philips Volcano (n=54), and Terumo (n=50). IVUS pullback was performed manually 

(n=22) or automatically at a preset speed of 0.5 mm/s (n=39) or 1 mm/s (n=64).

Standard protocol was followed for iFR measurements with administration of intracoronary 

nitroglycerine prior to measurement, use of a Philips Verrata wire (San Diego, CA, USA), 

and pullback confirmation for lack of drift in pressure measurements. iFR was measured at 

the distal point of the left main segment either in LAD or in LCX at the non-diseased 

segment. iFR was measured in LAD in 103 patients (82%), in LCX in 11 patients (9%), and 

in both LAD and LCX in 10 patients (9%). The higher iFR value was chosen as the 

representative iFR value for the patient when iFR was recorded in both LAD and LCX (6 

patients had ostial lesions in both LAD and LCX with both iFR values ≤0.89; the remaining 

4 patients had ostial LAD diseases and higher iFR values measured in LCX was chosen). 

FFR was simultaneously measured in 75 patients (60%) with standard protocol.

Statistical Analysis

Continuous variables are presented as mean ± standard deviation, and those with a skewed 

distribution are presented as the median with interquartile range (IQR). Categorical variables 

are presented as counts and percentages. For between-group comparisons, unpaired t-test 

was used for normally distributed continuous variables, Mann-Whitney U test for non-

normally distributed variables, and chi-square or Fisher exact tests for categorical variables. 

Receiver-operating curve analysis was performed to assess the discriminative power of iFR 

value for MLA of <6 mm2 and of MLA/body surface area (BSA) for iFR value of ≤0.89 to 

define the sensitivity and specificity. The optimal cutoff values were identified as the value 

for which the sum of the sensitivity and specificity was the greatest. The correlations 

between two variables were assessed using the Spearman rank-sum test. For all tests, a two-

tailed P value <0.05 was considered to be statistically significant. All statistical analyses 

were performed using JMP Pro software (SAS Institute, Inc., Cary, NC, USA) and R version 

3.2.3 (R Foundation for Statistical Computing, Vienna, Austria).

Results

A total of 125 patients (mean age 68.4 ± 9.5 years) were included for analysis in this study. 

Baseline characteristics, angiographic appearance, IVUS measurements, and iFR values are 

as described in Table 1. Most patients were male (84.8%), with 56.8% of Asian ethnicity. 
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Two patients had significant left ventricular impairment at presentation (1.6%). Eighty-nine 

(71.2%) patients were found to have distal left main disease. Ostial left anterior descending 

artery (LAD) and/or left circumflex artery (LCX) lesions were present in 56 patients 

(44.8%). Mean QCA-derived % stenosis of all lesions was 46.3 ± 13.4% stenosis.

Median MLA (IQR), mean lumen area stenosis, and median atheroma burden (IQR) were 

4.99 (3.74-6.95) mm2, 48.9 ± 17.2%, and 72.5 (63.3-78.2) %, respectively. Median iFR 

(IQR) was 0.87 (0.78-0.93) and the iFR was ≤0.89 in 75 patients (60.0%). The receiver 

operating curve analysis (Figure 1A) showed that an iFR of ≤0.89 identified MLA <6 mm2 

with an area under the curve of 0.77 with a sensitivity and specificity of 77% and 66% 

respectively (P <0.0001). Among the 69 patients without ostial LAD or LCX disease, 

receiver operating curve analysis showed that an iFR of ≤0.89 identified MLA <6 mm2 with 

an area under the curve of 0.84, with sensitivity and specificity of 70% and 84% respectively 

(P <0.0001) (Figure 1B). Positive and negative predictive value of using iFR of ≤0.89 to 

identify MLA <6 mm2 were 0.77 and 0.66 in all patients, and 0.84 and 0.71 in those without 

ostial disease (Figure 1C, 1D). Direct correlation of IVUS MLA and iFR revealed a 

correlation coefficient of 0.42 (P <0.0001) (Figure 1E, Table 2). IVUS MLA correlated with 

simultaneously measured FFR (N = 75) with a correlation coefficient of 0.32 (P = 0.01) 

(Supplemental Table I), and there was a moderate positive correlation between iFR and FFR 

values (correlation coefficient r = 0.67, P <0.0001). However, discordance between iFR and 

FFR was observed in 16 patients (21%).

To evaluate the influence of BSA on our results, we separated our patients by median BSA 

(1.75 mm2) into 2 groups. 64 patients had a BSA <1.75 mm2 (78% Asian) and 61 patients 

had a BSA ≥1.75 mm2 (34% Asian). 17 out of 64 patients in the BSA <1.75 mm2 group had 

a normal iFR while 47 had an abnormal iFR. 33 out of 61 patients in the BSA ≥ 1.75 mm2 

group had a normal iFR and 28 had an abnormal iFR. The receiver operating curve analysis 

showed that in patients with BSA <1.75 mm2, an iFR of ≤0.89 was the optimal cutoff for the 

identification of an MLA <6 mm2 with an area under the curve of 0.74 (P=0.003), with a 

sensitivity of 85% and specificity of 59% (Figure 2A). In patients with a BSA ≥1.75 mm2, 

an iFR of 0.86 was the optimal cutoff for the identification of an MLA <6 mm2 with an area 

under the curve of 0.72 (P=0.003) with a sensitivity of 57% and specificity of 85%. The 

sensitivity and specificity were 64% and 70% respectively when a cutoff of ≤0.89 was used 

(Figure 2B). This shows that, in this study, BSA did not have a major impact in defining the 

best cutoff for iFR for patients with LM disease.

We repeated our analysis to evaluate correlation between indexed MLA/BSA and iFR ≤0.89. 

Median MLA/BSA (IQR) was 2.77 (2.17-3.80) mm2/m2. The receiver operating curve 

analysis (Figure 3A) showed than an MLA/BSA of 2.86 mm2/m2 correlated to an iFR ≤0.89 

with an area under the curve of 0.75 (P <0.0001) with a sensitivity of 70% and specificity of 

68%. When ostial LAD and LCX disease was excluded, the receiver operating curve 

analysis (Figure 3B) showed than an MLA/BSA of 2.86 mm2/m2 correlated to an iFR ≤0.89 

with an area under the curve of 0.82 (P <0.0001) with a sensitivity of 77% and specificity of 

76%. Correlation of indexed IVUS MLA/BSA and iFR showed a correlation coefficient of 

0.40 (P <0.0001).
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Discussion

Our study demonstrates that for LMCD, iFR of ≤0.89 correlates well with IVUS MLA of <6 

mm2; this includes patients with ostial LAD or LCX disease. This suggests that the use of 

iFR can be a viable adjunctive test in the evaluation of intermediate LMCD.

The evaluation of LMCD is a difficult challenge. Traditionally, angiographic stenosis of 50% 

or greater has been used as the cutoff for significant obstruction. This is unfortunately 

subject to significant inter-observer variability, with studies showing less than 50% 

concordance in visual assessment of intermediate LMCD lesions among experienced 

operators 1. As a result, adjunctive diagnostic evaluation is necessary. Stenosis percentage as 

determined by QCA did not correlate to iFR values and as previously shown does not predict 

physiologic significance of LMCD 16.

FFR has been well established in the evaluation of the physiologic significance of 

intermediate coronary lesions, with multiple randomized control trials shaping its use in 

coronary interventions today 17–19. However, these trials excluded LMCD, and the 

application of FFR guided intervention of LMCD are based mostly on a retrospective 

nonrandomized study of 213 patients 9. Additionally, the use of FFR is limited when faced 

with the high prevalence of downstream LAD and or LCX lesions, iFR pullback however 

may allow for improved pre-intervention assessment of tandem lesions 20, 21. The 

assessment of tandem lesions remains difficult with both modalities in the setting of distal 

LMCD. FFR limitations also include side effects with administration of adenosine as well as 

false negative measurements secondary to failure to induce hyperemia; this is avoided with 

iFR as it is a resting, hyperemia-independent index. Inaccurate measurements secondary to 

guide dampening in ostial lesions during normalization as well as recording are limitations 

to both iFR and FFR, and can be avoided with attention to technique. Deferral of 

intervention based on IVUS MLA is based on an anatomic measure that may be influenced 

by BSA with various studies concluding a cutoff of MLA ranging from 4.5 mm2 to 7.5 mm2. 

An MLA of 6 mm2 is the recommended cutoff and was prospectively validated in 354 

patients in the LITRO study 8. In the present study, we found that IVUS MLA and iFR 

demonstrated a significant positive correlation, which was not improved by accounting for 

BSA.

Two pivotal studies supporting the non-inferiority of iFR to FFR in terms of safety, the 

DEFINE-FLAIR and iFR SWEDEHEART trials, did not include LMCA stenoses. However, 

recent studies support the value of iFR as a decision-making tool in this setting. Overall, an 

81% concordance in positive iFR and FFR values in LM disease, using an iFR cutoff of 0.89 

and FFR cutoff of 0.80, was found by De Rosa et al 22. More importantly, using a study 

design similar to those supporting the value of FFR in the LM, the DEFINE-LM study found 

that deferring revascularization of LM lesions with iFR >0.89 was as safe as performing PCI 

in those with iFR ≤0.89 14. Our study provides in this regard complementary information, 

suggesting that iFR may also reflect severity of LM stenoses with an IVUS MLA similar to 

that found previously for FFR (6 mm2) and used in studies supporting IVUS as a guiding 

tool in this specific coronary location 8.
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Study Limitations

This was a retrospective cohort analysis, and the lack of randomization may have allowed 

potential for selection bias in the patients who underwent evaluation with iFR and IVUS. 

Additionally, this study was designed with IVUS MLA of 6 mm2 as the standard 

measurement for significance of obstruction, which may not be an optimal cutoff value for 

every patient. We attempted to account for this limitation by also correlating iFR to an 

indexed IVUS MLA/BSA, which showed similar results; however, we could not account for 

all the possible confounders such as sex, race, and myocardial mass because of a small 

sample size and/or lack of data 23. Also, IVUS pullback was manually performed in 22 

patients, leaving a potential risk of missing true MLA. Finally, this study was not designed 

to evaluate major adverse cardiovascular events, but rather correlation of diagnostic 

modalities used in a real world setting to help guide the clinician. The presence of severe 

downstream stenoses in LAD/LCX (>85-90% diameter stenosis) may potentially predispose 

to underestimating the pressure gradient and overestimating the iFR value by decreasing 

resting coronary flow 24, 25; nevertheless, we demonstrated that iFR of ≤0.89 correlates well 

with IVUS MLA of 6 mm2, reflecting the real-world use of iFR in clinical practice to guide 

LMCD management.

Conclusion

In patients with angiographically intermediate left main coronary artery disease, an iFR 

cutoff of 0.89 positively correlates with an IVUS cutoff of 6 mm2. This may further support 

the use of iFR with a cutoff point of 0.89 to guide management of patients with intermediate 

left main disease, requiring further validation. Also, future studies are necessary to 

investigate how we can integrate iFR with IVUS findings to make a critical decision whether 

to revascularize intermediate left main disease or not.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations List

BSA body surface area

FFR fractional flow reserve

iFR instantaneous wave-free ratio

IVUS intravascular ultrasound

IQR interquartile range

LAD left anterior descending

LCX left circumflex

LMCD left main coronary disease

MLA minimum lumen area

QCA quantitative coronary analysis
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What is known

• The evaluation of left main coronary artery lesions is a difficult challenge.

• iFR use is growing, however iFR of the left main has not been well studied.
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What the Study Adds

• This study finds that iFR ≤0.89 can be used in the evaluation of 

angiographically intermediate left main coronary disease, and correlates well 

with accepted IVUS MLA cutoffs.

• The correlation is not significantly different when BSA was taken into 

account.

• iFR can add information in the challenging evaluation of left main disease.
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Figure 1: 
Receiver operating curves for correlation of iFR for prediction of MLA <6 mm2. Legend: A 

and C: All patients included in the analysis. B and D exclude ostial left anterior descending 

and left circumflex artery disease from the analysis. E. Scatter plot showing the correlation 

between iFR and MLA.

Abbreviations: iFR: instantaneous wave-free ratio, IVUS: intravascular ultrasound, MLA: 

minimum lumen area
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Figure 2: 
Receiver operating curve analysis for optimal cut-off of iFR for prediction of MLA <6 mm2 

divided into 2 body surface groups separated by the median. Legend: A includes patients 

with BSA <1.75 and B includes patients with BSA ≥1.75.

Abbreviations: BSA: Body surface area, iFR: instantaneous wave-free ratio, MLA: 

minimum lumen area.
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Figure 3: 
Receiver operating curve analysis for indexed MLA to BSA for prediction of positive iFR 

(≤0.89). Legend: A includes all patients included in the analysis. B excludes ostial left 

anterior descending and left circumflex artery disease from the analysis.

Abbreviations: ROC: Receiver operating Curve, MLA: Minimum Lumen area, BSA: Body 

surface area, iFR: instantaneous wave-free ratio.
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Table 1:

Clinical characteristics, angiographic, imaging, and physiologic parameters.

Total (N=125)

Clinical characteristics

Age (years) 68.4 ± 9.5

Male Sex (%) 106 (84.8)

Asian (%) 71 (56.8)

Hypertension (%) 93 (74.4)

Hyperlipidemia (%) 100 (80.0)

Diabetes mellitus (%) 42 (33.6)

Chronic kidney disease (%) 38 (30.4)

Smoking (%) 47 (37.6)

Family history (%) 29 (23.2)

Previous myocardial infarction (%) 35 (28.0)

Left ventricular ejection fraction <30% (%) 2 (1.6)

Height (cm) 165.6 ± 10.5

Weight (Kg) 68 (61 - 87)

Body surface area (m2) 1.75 (1.62 - 2.00)

Angiographical parameters

Location of left main disease

 ostial 47 (37.6)

 mid 40 (32.0)

 distal 89 (71.2)

QCA %stenosis (%) 46.3 ± 13.4

IVUS parameters

Minimum lumen area (mm2) 4.99 (3.74 - 6.95)

Minimum lumen area/BSA (mm2/m2) 2.77 (2.17 - 3.80)

Lumen area stenosis (%) 48.9 ± 17.2

Atheroma burden (%) 72.5 (63.3 - 78.2)

Physiological parameters

iFR 0.87 (0.78 - 0.93)

Positive iFR (≤0.89) 75 (60.0)

Abbreviations: QCA: Quantitative coronary angiography, IVUS: Intravascular Ultrasound, iFR: instantaneous wave-free ratio
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Table 2:

Correlation between IVUS-derived parameters and iFR

IVUS-derived value
Correlation with iFR

Correlation coefficient P value

MLD (mm) 2.19 ± 0.68 0.41 <0.0001

MLA (mm2) 4.99 (3.74 – 6.95) 0.42 <0.0001

Area stenosis (%) 48.9 ± 17.2 −0.38 <0.0001

MLA/BSA (mm2/m2) 2.77 (2.17 – 3.80) 0.40 <0.0001

Abbreviations: IVUS: Intravascular ultrasound, iFR: instantaneous wave free ratio, MLD: Minimum Lumen Diameter, MLA: Minimum Lumen 
Area, BSA: Body Surface Area
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