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A coronary angiography-derived index of microvascular resistance (caIMR) is proposed for physiological assessment of microvasular diseases in coronary circulation. The aim of the study is to assess diagnostic performance of caIMR, using wire-derived index of microvascular resistance (IMR) as the reference standard. IMR was demonstrated in 56 patients (57 vessels) with stable/unstable angina pectoris and no obstructive coronary arteries in three centers using the Certus pressure wire. Based on the aortic pressure wave and coronary angiograms from two projections, the caIMR was computed and assessed in blinded fashion against the IMR at an independent core laboratory. Diagnostic accuracy, sensitivity, specificity, positive predictive value and negative predictive value of the caIMR with a cutoff value of 25 were 84.2% (95% CI: 72.1% to 92.5%), 86.1% (95% CI: 70.5% to 95.3%), 81.0% (95% CI: 58.1% to 94.6%), 88.6% (95% CI: 76.1% to 95.0%), and 77.3% (95% CI: 59.5% to 88.7%) against the IMR with a cutoff value of 25. The receiver-operating curve had area under the curve of 0.919 and the correlation coefficient equaled to 0.746 between caIMR and wire-derived IMR. Hence, caIMR could eliminate the need of a pressure wire, reduce technical error, and potentially increase adoption of physiological assessment of microvascular diseases in patients with ischemic heart disease.
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INTRODUCTION

Microvascular diseases have recently shown an increase in importance for the diagnosis and management of patients with chronic coronary syndrome (Kaski et al., 2018; Ford et al., 2020a; Knuuti et al., 2020; Kunadian et al., 2020). The pathological mechanisms for coronary microvascular diseases are heterogeneous (Huo and Kassab, 2009; Huo et al., 2009; Lanza, 2019). Microvascular angina (MVA) features patients with normal coronary arteries and evidence of myocardial ischemia owing to coronary microvascular dysfunctions (Cannon and Epstein, 1988; Kunadian et al., 2020). This type of patients constitute >20% patients in the cardiac catheterization laboratory (Ford et al., 2018, 2020b). Although multiple non-invasive methods, such as PET and cardiac MRI, were suggested for assessment of the MVA (Kunadian et al., 2020), invasive methods are considered the gold standard. Fearon and his colleagues proposed an index of microcirculatory resistance (IMR) to quantify microcirculatory dysfunctions in patients with ischemic heart disease (IHD) (Fearon et al., 2003, 2004; Aarnoudse et al., 2004), the measurements of which by a thermodilution wire in the maximal hyperemia were assumed to be remarkably reproducible as compared with other hemodynamic parameters (e.g., coronary flow reserve-CFR, hyperemic myocardial resistance-HMR, and hyperemic stenosis resistance-HSR) (Fearon et al., 2004; Pagonas et al., 2014).

Physiological parameters, fractional flow reserve (FFR) (Pijls et al., 2007, 2010; Tonino et al., 2009; van Nunen et al., 2015) and adenosine-free instantaneous wave–free ratio (iFR) (Davies et al., 2017; Gotberg et al., 2017), have been strongly suggested to guide the decision-making revascularization for epicardial stenoses that are not a sole cause of IHD (Lee et al., 2015). Lee et al. (2015) suggested a combination of IMR and FFR to show the relative contribution of macro- and microvascular diseases in patients with IHD. In recent years, coronary angiography-derived FFR without using invasive pressure-wire measurement and hyperemic stimulus has shown high diagnostic accuracy by using wire-derived FFR as the reference standard (Xu et al., 2017; Fearon et al., 2019; Li et al., 2020). Here, we propose a novel coronary angiography-derived index of microvascular resistance (caIMR) (see the definition in the Appendix A). There is, however, lack of clinical validation for the caIMR.

The objective of the study is to evaluate diagnostic performance of the caIMR using wire-derived IMR as the reference standard. This study retrospectively analyzed patients with stable/unstable angina pectoris and no obstructive coronary arteries in three hospitals at Beijing, China. The computed caIMR was compared with the measured IMR in these patients. The significance and implications of the study were discussed relevant to adenosine-free indexes of coronary physiology.



MATERIALS AND METHODS


Theory

Based on the aortic pressure wave and coronary angiograms from two projections, a novel physiological parameter, caIMR (unit: mmHg⋅s/mm), is proposed as follows:
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where L is a constant (non-dimentional) that mimics the length from the inlet to the distal position (L=75, mimicking 75 mm downstream from the inlet of coronary arterial tree), (Pd)hyp is the mean pressure (unit: mmHg) at the distal position at the maximal hyperemia, Vdiastole is the mean flow velocity (unit: mm/s) at the distal position at diastole, and K is a constant (K = 2.1) obtained from a previous literature (Johnson et al., 2013) and Vhyp = K⋅Vdiastole refers to the mean flow velocity (unit: mm/s) at the distal position at the maximal hyperemia, as shown in Figure 1. Here, caIMR characterizes the microvascular resistance in unit volume of myocardium distal to the L position. The detailed theoretical derivation is described in the Appendix A.
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FIGURE 1. Schematic representative performance of caIMR.




Clinical Study

The retrospective trial was demonstrated to assess diagnostic performance (e.g., feasibility, accuracy and safety) of the caIMR in the FlashAngio system (including the FlashAngio console, FlashAngio software and FlashPressure pressure transducer; Rainmed Ltd., Suzhou, China). The retrospective clinical trial was approved by the Institutional Review Boards (IRB) in Beijing Hospital, PLA General Hospital and Peking University First Hospital at Beijing, China, which conforms the declaration of Helsinki and Good Clinical Practice Guidelines of the China Food and Drug Administration. Written consent was waived owing to the minimal patient risk in accordance with the relevant guidelines and regulations of the IRB from the three centers.



Participants

Patients (aged at least 18 years) with stable or unstable angina pectoris and no obstructive coronary arteries by angiographic visual estimation (i.e., area stenoses <50% from the observation of the interventional cardiologist) were enrolled in Beijing Hospital, PLA General Hospital and Peking University First Hospital at Beijing, China. Participants were excluded if they had suffered myocardial infarction within previous 7 days; had left ventricular ejection fraction ≤ 50%; estimated glomerular filtration rate (eGFR) < 45 ml/min (or 1.73 m2); had known severe coagulopathy or bleeding disorders; were allergic to iodine contrast agents, adenosine or ATP. Angiographic exclusion criteria included poor contrast opacification, severe vascular overlap or distortion of the interrogated vessel, or when poor angiographic image quality precluded contour detection required by the FLASH software.



Procedures

Coronary angiography from multiple views, at the operators’ discretion, was recorded at 15 or 30 frames per second. For computation of the caIMR, contrast was injected with standard manual force to opacify the coronary arterial tree. At least two angiographic projections avoiding vessel overlap, separated by ≥ 30o, without table movement, were required to compute the caIMR (Li et al., 2020). The measured aortic pressure wave during the wire-derived IMR measurement and Digital Imaging and Communications in Medicine (DICOM) angiography images were input to the FlashAngio console. A three-dimensional (3D) mesh reconstruction of coronary arteries was generated along the vessel path from the inlet to the most distal position. Mean aortic pressure (MAP) were computed by averaging the pressure waves in three cardiac cycles, based on which the maximal hyperemic MAP, (Pa)hyp, is determined using the mathematical formula in the Appendix of a previous study (Li et al., 2020).

The diastolic flow velocity (Vdiastole) was determined automatically by the FlashAngio software, similar to a previous study (Gong et al., 2020). Briefly, based on the movement of the tip of the guiding catheter (direct connecting to the coronary arterial tree) in angiograms, we can determine systolic and diastolic periods, where the shorter time interval refers to the systolic period and the longer time interval represents the diastolic period as the tip of guiding catheter moves in or out. We compute the diastolic flow velocity by the Thrombolysis in Myocardial Infarction (TIMI) Frame Count Method (Gibson et al., 1996; Dodge et al., 1998), i.e., diastolic flow velocity = (contrast passing length)/(diastolic time interval), where contrast passing length is the distance that contrast moves in 3D reconstructed coronary arteries during the period of diastole. The maximal hyperemic flow velocity, Vhyp, is assumed equal to 2.1×Vdiastole (Johnson et al., 2013).

We have developed a specially designed CFD model to carry out the steady-state laminar flow simulation across the stenotic blood vessel in 10–30 s (Li et al., 2020), which is described in Appendix B. The CFD method with the inlet velocity of Vhyp was used to solve Navier-Stokes and continuity equations in the FlashAngio software and compute the pressure drop [(ΔP)hyp] along meshed coronary arteries from the inlet to the distal position (L = 75mm downstream from the inlet of coronary arterial tree) and (Pd)hyp = (Pa)hyp−(ΔP)hyp. The caIMR was computed in equation [1] by some researchers in an independent core lab blinded to the wire-derived IMR measurement.



Wire-derived IMR Measurement

A Certus pressure wire (St. Jude Medical, St. Paul, MI, United States) was inserted to the distal position (i.e., the same position in the FlashAngio software) by interventional cardiologists. Intracoronary nitrate (100 μg) was administered before physiological measurements. Hyperemic blood flow was induced by IV administration of adenosine-5′-triphosphate (ATP) at ≥140 μg/kg/min. To derive mean transit time (Tmn), thermodilution curves were obtained by at least 3 injections of 3–4 ml of 4o C saline during sustained hyperemia. Performance of the wire-derived IMR measurement was according to the standard procedures suggested by the RadiAnalyzer Xpress instrument (St. Jude Medical, St. Paul, MI, United States). Moreover, examination of pressure drift was carried out through a pull-out of the pressure wire to the guiding catheter tip, where the ratio of (wire-derived mean pressure)/MAP should be between 0.97 and 1.03.



Statistical Analysis

Baseline demographics of all patients were recorded as mean ± standard deviation (SD) or percentage with counts. Diagnostic accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) (Trevethan, 2017) of the caIMR were calculated with wire-derived IMR as the reference standard. Two-sided 95% confidence intervals (CIs) were added to these parameters using the Clopper-Pearson exact method. Receiver-operating curves of the caIMR, with the IMR as the gold standard, were estimated by using the logistic regression model. The cutoff value of 25 was applied to the IMR (Ford et al., 2020a; Kunadian et al., 2020) and receiver-operating curves were used to find a good correlation between caIMR and IMR. All statistical analyses were performed with a test significance level of 0.05.



RESULTS

Wire-derived IMR and caIMR were successfully demonstrated in 56 patients (57 vessels) with no obstructive coronary arteries at the age of 61.9 ± 9.2 years (53.6% male). Baseline patient characteristics are presented in Table 1. The predominant patient presentation is stable angina pectoris (62.5%) and unstable angina pectoris (32.1%). There are no prior myocardial infarctions in all patients. Offline caIMR computations are carried out in these patients at an independent laboratory in blinded fashion. The mean values of IMR and caIMR equal to 37.1 ± 22.1 and 35.5 ± 17.4, respectively, showing no statistical difference.


TABLE 1. Baseline characteristics of the study population.

[image: Table 1]Figure 2A shows the linear relationship between caIMR and wire-derived IMR (caIMR = 0.590⋅IMR + 13.4, R = 0.746). Bland-Altman analysis did not identify systematic differences between caIMR and IMR, with a mean difference of −1.68 ± 14.8 (95% limits of agreement −30.7 to 27.4, Figure 2B). Table 2 lists diagnostic performance of the caIMR for 57 vessels by using wire-derived IMR as the standard reference with a cutoff value of 25. The caIMR with a cutoff value of 25 has the highest receiver-operating characteristic AUC. The caIMR has diagnostic accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of 84.2% (95% CI: 72.1% to 92.5%), 86.1% (95% CI: 70.5% to 95.3%), 81.0% (95% CI: 58.1% to 94.6%), 88.6% (95% CI: 76.1% to 95.0%), and 77.3% (95% CI: 59.5% to 88.7%) against the wire-derived IMR. Accordingly, Figure 3 shows the receiver-operating characteristic AUC of 0.919.
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FIGURE 2. Correlation and agreement between wire-derived IMR and caIMR. A A least-squares fit shows a relationship: caIMR = 0.590⋅IMR + 13.4 (R = 0.746) (Vessel Number: n = 57) and (B) Bland-Altman plots for pairwise comparisons (mean difference: −1.68; SD: 14.8; 95% limits of agreement −30.7 to 27.4) (Vessel Number: n = 57). The student’s t-test shows p value of 0.654 (Vessel Number: n = 57).



TABLE 2. Diagnostic characteristics of caIMR using the wire-derived IMR as standard reference in 57 vessels.
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FIGURE 3. Receiver-operating curve for wire-derived IMR (a cutoff of 25) and caIMR (a cutoff of 25), where AUC (area under the curve) is 0.919 (Vessel Number: n = 57).




DISCUSSION

This retrospective study assessed the caIMR against the wire-derived IMR in 56 patients (57 vessels). We reported that caIMR (a cutoff value of 25) showed the correlation coefficient of R = 0.746 (receiver-operating characteristic AUC of 0.919) with wire-derived IMR (a cutoff value of 25) in patients with stable/unstable angina pectoris and no obstructive coronary arteries.

Substantial clinical trials have shown that FFR improved patient outcomes and led to significant resource savings in patients with stenoses (Fearon et al., 2010). Since intracoronary pressure and flow decline in a linear fashion at the wave-free period (WFP) of the diastole (Hoffman and Spaan, 1990), microvascular resistance is stable and lower than that over the rest of a cardiac cycle, but higher than that at the maximal hyperemia (Sen et al., 2012). Hence, adenosine-free iFR was defined in the WFP of the diastole to feature physiological impact of coronary stenoses on the distal coronary bed without the confounding influences of myocardial contraction on coronary circulation (Sen et al., 2012), showing a non-inferior revascularization strategy to a FFR-guided strategy with respect to the rate of major adverse cardiac events at 1 year (Davies et al., 2017; Gotberg et al., 2017). Moreover, diastolic pressure ratio (dPR) offered numerical equivalency to iFR (Johnson et al., 2019) such that the entire period of diastole had the same physiological characteristics in the distal coronary bed as the WFP of the diastole. Here, we assumed that the mean flow velocity in the entire period of diastole is approximately proportional to that in hyperemia, i.e., Vhyp = K⋅Vdiastole and K≈ 2.1 obtained from Table T10 in a previous study (Johnson et al., 2013). This model was applied to computation of caIMR albeit significant improvement are still required in future studies.

In comparison with FFR-, iFR- and dPR-guided revascularization for epicardial stenoses, the thermodilution-derived IMR was applied to the diagnosis of microcirculatory diseases in patients with different manifestations, e.g., patient has abnormal stress study and angina but has no significant epicardial coronary lesions; patient has undergone successful PCI but continues to have angina; patient presenting with acute coronary syndrome; and patient after heart transplantation (Lee et al., 2015; Ahn et al., 2016; Kobayashi et al., 2017). Although HMR and HSR were proposed for microcirculation assessment, there was still lack of data about their clinical values in guiding revascularization given less used doppler evaluation in a combo-pressure-velocity-wire. On the other hand, Fearon and his colleagues have confirmed the IMR as a quantitative assessment of the hyperemic microvascular resistance independent of the FFR and supported IMR-guided interventions of microcirculation by using a pressure–temperature sensor guidewire (Martinez et al., 2015). The wire-free and CFD-derived caIMR was first defined in Eq. [1] of the present study for physiological assessment of microcirculatory dysfunction, based on the measured aortic pressure wave and TIMI-frame count-based flow velocity during the entire diastolic period. The caIMR could be associated with the IMR (Johnson et al., 2016).

The wire-derived IMR was found to be < 25 in a control group without evidence of atherosclerosis (Melikian et al., 2010). The high IMR was defined as ≥ 25, i.e., ≥ 75th percentile in 1096 patients with major coronary arteries from 8 centers in 5 countries (Lee et al., 2015). Hence, the cutoff value of IMR was assumed equal to 25 in patients of ischemia with non-obstructive coronary arteries (INOCA) according to the EAPCI Expert Consensus Document in Collaboration with European Society of Cardiology Working Group published in 2020 (Kunadian et al., 2020). In the retrospective study, the caIMR with a cutoff value of 25 has shown diagnostic accuracy, sensitivity and specificity of 84.2%, 86.1%, 81.0%, respectively, by using wire-derived IMR as the standard reference with a cutoff value of 25 (AUC of 0.919). This shows reasonable agreement between caIMR and wire-derived IMR.

On the other hand, Fearon et al. have measured IMR immediately after PCI in 253 patients with acute coronary syndrome from 3 centers. A cutoff of 40 measured immediately after PCI was suggested given higher 1-year rates of death or hospitalization (Fearon et al., 2013). Hence, patients with INOCA have different cutoff value of IMR from patients with acute coronary syndrome (25 vs. 40), the application to whom requires more validations.



LIMITATIONS

This study only compared caIMR with the measured IMR in patients with INOCA by angiographic visual estimation (area stenoses <50%). Patients have undergone successful PCI but continue to have angina, patients with acute coronary syndrome, and patients after heart transplantation should be considered in the following studies. On the other hand, patients with vascular reactivity related to abnormalities in endothelial function (vasospastic angina) were recommended to take the intracoronary acetylcholine test (Kunadian et al., 2020).

The retrospective study only included 56 patients (57 vessels) to test the proposed caIMR. The sample size was relatively small. We also used the measured aortic pressure wave during the wire-derived IMR measurement. There were some discordances between caIMR and IMR. IMR was measured in the maximal hyperemia while caIMR was computed based on the angiography-derived diastolic flow velocity in the contrast-induced sub-hyperemia, which is the main reason for the discordances between caIMR and IMR. A comparison of FFR (in the maximal hyperemia) and iFR (WTP period of the diastole at the baseline) has shown some discordances, but iFR showed a non-inferior revascularization strategy to the FFR with respect to the rate of major adverse cardiac events at ≥12 months. This study is still at an early stage of development in angiography-derived microvascular diagnosis and no outcome studies have been performed. The following prospective study in multiple centers should be demonstrated to compare the rates of major adverse cardiac events at ≥12 months between caIMR and IMR in a large cohort of patients when the aortic pressure is measured by using a specialized pressure transducer (FlashPressure, Rainmed Ltd., Suzhou, China) connected to the guiding catheter to record the aortic pressure wave during the entire procedure. A combination of caFFR (Li et al., 2020) and caIMR should also be performed for physiological assessment of patient macro- and microvascular diseases.



CONCLUSION

A novel parameter, caIMR, was proposed to characterize physiological impact of the microcirculatory dysfunction. There is correlation coefficient of R = 0.746 between caIMR and wire-derived IMR in patients with INOCA. The caIMR for physiological assessment of the microvascular diseases could provide important insights to patients with IHDs, which requires further investigations.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the retrospective clinical trial was approved by the Institutional Review Board (IRB) in Beijing Hospital, PLA General Hospital and Peking University First Hospital, which conforms the declaration of Helsinki and Good Clinical Practice Guidelines of the China Food and Drug Administration. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

HA, H-PZ, BZ, QJ, FS, and YC performed the experimental measurement. YF and YG performed the theoretical analysis. YLH drafted the manuscript. YLH, JL, and YH reviewed the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by Rainmed Ltd., Suzhou, China.



ACKNOWLEDGMENTS

We thank all participants of the study.



REFERENCES

Aarnoudse, W., Fearon, W. F., Manoharan, G., Geven, M., van de Vosse, F., Rutten, M., et al. (2004). Epicardial stenosis severity does not affect minimal microcirculatory resistance. Circulation 110, 2137–2142. doi: 10.1161/01.CIR.0000143893.18451.0E

Ahn, S. G., Hung, O. Y., Lee, J. W., Lee, J. H., Youn, Y. J., Ahn, M. S., et al. (2016). Combination of the thermodilution-derived index of microcirculatory resistance and coronary flow reserve is highly predictive of microvascular obstruction on cardiac magnetic resonance imaging after ST-segment elevation myocardial infarction. JACC Cardiovasc. Interv. 9, 793–801. doi: 10.1016/j.jcin.2015.12.025

Cannon, R. O. III, and Epstein, S. E. (1988). “Microvascular angina” as a cause of chest pain with angiographically normal coronary arteries. Am. J. Cardiol. 61, 1338–1343. doi: 10.1016/0002-9149(88)91180-0

Davies, J. E., Sen, S., Dehbi, H. M., Al-Lamee, R., Petraco, R., Nijjer, S. S., et al. (2017). Use of the instantaneous wave-free ratio or fractional flow reserve in PCI. N. Engl. J. Med. 376, 1824–1834. doi: 10.1056/NEJMoa1700445

Dodge, J. T. Jr., Rizzo, M., Nykiel, M., Altmann, J., Hobkirk, K., Brennan, M., et al. (1998). Impact of injection rate on the thrombolysis in myocardial infarction (TIMI) trial frame count. Am. J. Cardiol. 81, 1268–1270. doi: 10.1016/s0002-9149(98)00138-6

Fearon, W. F., Aarnoudse, W., Pijls, N. H., De Bruyne, B., Balsam, L. B., Cooke, D. T., et al. (2004). Microvascular resistance is not influenced by epicardial coronary artery stenosis severity: experimental validation. Circulation 109, 2269–2272. doi: 10.1161/01.CIR.0000128669.99355.CB

Fearon, W. F., Achenbach, S., Engstrom, T., Assali, A., Shlofmitz, R., Jeremias, A., et al. (2019). Accuracy of fractional flow reserve derived from coronary angiography. Circulation 139, 477–484. doi: 10.1161/CIRCULATIONAHA.118.037350

Fearon, W. F., Balsam, L. B., Farouque, H. M., Caffarelli, A. D., Robbins, R. C., Fitzgerald, P. J., et al. (2003). Novel index for invasively assessing the coronary microcirculation. Circulation 107, 3129–3132. doi: 10.1161/01.CIR.0000080700.98607.D1

Fearon, W. F., Bornschein, B., Tonino, P. A., Gothe, R. M., Bruyne, B. D., Pijls, N. H., et al. (2010). Economic evaluation of fractional flow reserve-guided percutaneous coronary intervention in patients with multivessel disease. Circulation 122, 2545–2550. doi: 10.1161/CIRCULATIONAHA.109.925396

Fearon, W. F., Low, A. F., Yong, A. S., McGeoch, R., Berry, C., Shah, M. G., et al. (2013). Prognostic value of the index of microcirculatory resistance measured after primary percutaneous coronary intervention. Circulation 127, 2436–2441. doi: 10.1161/CIRCULATIONAHA.112.000298

Ford, T. J., Ong, P., Sechtem, U., Beltrame, J., Camici, P. G., Crea, F., et al. (2020a). Assessment of vascular dysfunction in patients without obstructive coronary artery disease: why, how, and when. JACC Cardiovasc. Interv. 13, 1847–1864. doi: 10.1016/j.jcin.2020.05.052

Ford, T. J., Stanley, B., Good, R., Rocchiccioli, P., McEntegart, M., Watkins, S., et al. (2018). Stratified medical therapy using invasive coronary function testing in angina: the CorMicA trial. J. Am. Coll. Cardiol. 72(23 Pt A), 2841–2855. doi: 10.1016/j.jacc.2018.09.006

Ford, T. J., Stanley, B., Sidik, N., Good, R., Rocchiccioli, P., McEntegart, M., et al. (2020b). 1-year outcomes of angina management guided by invasive coronary function testing (CorMicA). JACC Cardiovasc. Interv. 13, 33–45. doi: 10.1016/j.jcin.2019.11.001

Gibson, C. M., Cannon, C. P., Daley, W. L., Dodge, J. T. Jr., Alexander, B. Jr., Marble, S. J., et al. (1996). TIMI frame count: a quantitative method of assessing coronary artery flow. Circulation 93, 879–888. doi: 10.1161/01.cir.93.5.879

Gong, Y., Feng, Y., Yi, T., Yang, F., Li, Y., Zhang, L., et al. (2020). Coronary angiography-derived diastolic pressure ratio. Front. Bioeng. Biotechnol. 8:596401. doi: 10.3389/fbioe.2020.596401

Gotberg, M., Christiansen, E. H., Gudmundsdottir, I. J., Sandhall, L., Danielewicz, M., Jakobsen, L., et al. (2017). Instantaneous wave-free ratio versus fractional flow reserve to guide PCI. N. Engl. J. Med. 376, 1813–1823. doi: 10.1056/NEJMoa1616540

Hoffman, J. I., and Spaan, J. A. (1990). Pressure-flow relations in coronary circulation. Physiol. Rev. 70, 331–390. doi: 10.1152/physrev.1990.70.2.331

Huo, Y., Kaimovitz, B., Lanir, Y., Wischgoll, T., Hoffman, J. I., and Kassab, G. S. (2009). Biophysical model of the spatial heterogeneity of myocardial flow. Biophys. J. 96, 4035–4043. doi: 10.1016/j.bpj.2009.02.047

Huo, Y., and Kassab, G. S. (2009). Effect of compliance and hematocrit on wall shear stress in a model of the entire coronary arterial tree. J. Appl. Physiol. 107, 500–505. doi: 10.1152/japplphysiol.91013.2008

Huo, Y., and Li, B. Q. (2004). Three-dimensional Marangoni convection in electrostatically positioned droplets under microgravity. Int. J. Heat Mass Transf. 47, 3533–3547. doi: 10.1016/j.ijheatmasstransfer.2004.01.021

Johnson, N. P., Jeremias, A., Zimmermann, F. M., Adjedj, J., Witt, N., Hennigan, B., et al. (2016). Continuum of vasodilator stress from rest to contrast medium to adenosine hyperemia for fractional flow reserve assessment. JACC Cardiovasc. Interv. 9, 757–767. doi: 10.1016/j.jcin.2015.12.273

Johnson, N. P., Kirkeeide, R. L., Asrress, K. N., Fearon, W. F., Lockie, T., Marques, K. M., et al. (2013). Does the instantaneous wave-free ratio approximate the fractional flow reserve? J. Am. Coll. Cardiol. 61, 1428–1435. doi: 10.1016/j.jacc.2012.09.064

Johnson, N. P., Li, W., Chen, X., Hennigan, B., Watkins, S., Berry, C., et al. (2019). Diastolic pressure ratio: new approach and validation vs. the instantaneous wave-free ratio. Eur. Heart J. 40, 2585–2594. doi: 10.1093/eurheartj/ehz230

Kaski, J. C., Crea, F., Gersh, B. J., and Camici, P. G. (2018). Reappraisal of ischemic heart disease. Circulation 138, 1463–1480. doi: 10.1161/CIRCULATIONAHA.118.031373

Knuuti, J., Wijns, W., Saraste, A., Capodanno, D., Barbato, E., Funck-Brentano, C., et al. (2020). 2019 ESC guidelines for the diagnosis and management of chronic coronary syndromes. Eur. Heart J. 41, 407–477. doi: 10.1093/eurheartj/ehz425

Kobayashi, Y., Lee, J. M., Fearon, W. F., Lee, J. H., Nishi, T., Choi, D. H., et al. (2017). Three-vessel assessment of coronary microvascular dysfunction in patients with clinical suspicion of ischemia: prospective observational study with the index of microcirculatory resistance. Circ. Cardiovasc. Interv. 10:e005445. doi: 10.1161/CIRCINTERVENTIONS.117.005445

Kunadian, V., Chieffo, A., Camici, P. G., Berry, C., Escaned, J., Maas, A., et al. (2020). An EAPCI expert consensus document on ischaemia with non-obstructive coronary arteries in collaboration with european society of cardiology working group on coronary pathophysiology & microcirculation endorsed by coronary vasomotor disorders international study group. Eur. Heart J. 41, 3504–3520. doi: 10.1093/eurheartj/ehaa503

Lanza, G. A. (2019). Diagnostic approach to patients with stable angina and no obstructive coronary arteries. Eur. Cardiol. 14, 97–102. doi: 10.15420/ecr.2019.22.2

Lee, J. M., Layland, J., Jung, J. H., Lee, H. J., Echavarria-Pinto, M., Watkins, S., et al. (2015). Integrated physiologic assessment of ischemic heart disease in real-world practice using index of microcirculatory resistance and fractional flow reserve: insights from the international index of microcirculatory resistance registry. Circ. Cardiovasc. Interv. 8:e002857. doi: 10.1161/CIRCINTERVENTIONS.115.002857

Li, J., Gong, Y., Wang, W., Yang, Q., Liu, B., Lu, Y., et al. (2020). Accuracy of computational pressure-fluid dynamics applied to coronary angiography to derive fractional flow reserve: FLASH FFR. Cardiovasc. Res. 116, 1349–1356. doi: 10.1093/cvr/cvz289

Martinez, G. J., Yong, A. S., Fearon, W. F., and Ng, M. K. (2015). The index of microcirculatory resistance in the physiologic assessment of the coronary microcirculation. Coron. Artery Dis. 26(Suppl. 1), e15–e26. doi: 10.1097/MCA.0000000000000213

Melikian, N., Vercauteren, S., Fearon, W. F., Cuisset, T., MacCarthy, P. A., Davidavicius, G., et al. (2010). Quantitative assessment of coronary microvascular function in patients with and without epicardial atherosclerosis. EuroIntervention 5, 939–945. doi: 10.4244/EIJV5I8A158

Meuwissen, M., Chamuleau, S. A., Siebes, M., Schotborgh, C. E., Koch, K. T., de Winter, R. J., et al. (2001). Role of variability in microvascular resistance on fractional flow reserve and coronary blood flow velocity reserve in intermediate coronary lesions. Circulation 103, 184–187. doi: 10.1161/01.cir.103.2.184

Nijjer, S. S., de Waard, G. A., Sen, S., van de Hoef, T. P., Petraco, R., Echavarria-Pinto, M., et al. (2016). Coronary pressure and flow relationships in humans: phasic analysis of normal and pathological vessels and the implications for stenosis assessment: a report from the Iberian-Dutch-English (IDEAL) collaborators. Eur. Heart J. 37, 2069–2080. doi: 10.1093/eurheartj/ehv626

Pagonas, N., Gross, C. M., Li, M., Bondke, A., Klauss, V., and Buschmann, E. E. (2014). Influence of epicardial stenosis severity and central venous pressure on the index of microcirculatory resistance in a follow-up study. EuroIntervention 9, 1063–1068. doi: 10.4244/EIJV9I9A180

Pijls, N. H., Fearon, W. F., Tonino, P. A., Siebert, U., Ikeno, F., Bornschein, B., et al. (2010). Fractional flow reserve versus angiography for guiding percutaneous coronary intervention in patients with multivessel coronary artery disease: 2-year follow-up of the FAME (Fractional flow reserve versus angiography for multivessel evaluation) study. J. Am. Coll. Cardiol. 56, 177–184. doi: 10.1016/j.jacc.2010.04.012

Pijls, N. H., van Schaardenburgh, P., Manoharan, G., Boersma, E., Bech, J. W., van’t Veer, M., et al. (2007). Percutaneous coronary intervention of functionally nonsignificant stenosis: 5-year follow-up of the DEFER study. J. Am. Coll. Cardiol. 49, 2105–2111. doi: 10.1016/j.jacc.2007.01.087

Sen, S., Escaned, J., Malik, I. S., Mikhail, G. W., Foale, R. A., Mila, R., et al. (2012). Development and validation of a new adenosine-independent index of stenosis severity from coronary wave-intensity analysis: results of the ADVISE (ADenosine vasodilator independent stenosis evaluation) study. J. Am. Coll. Cardiol. 59, 1392–1402. doi: 10.1016/j.jacc.2011.11.003

Tonino, P. A., De Bruyne, B., Pijls, N. H., Siebert, U., Ikeno, F., van’ t Veer, M., et al. (2009). Fractional flow reserve versus angiography for guiding percutaneous coronary intervention. N. Engl. J. Med. 360, 213–224. doi: 10.1056/NEJMoa0807611

Trevethan, R. (2017). Sensitivity, specificity, and predictive values: foundations, pliabilities, and pitfalls in research and practice. Front. Public Health 5:307. doi: 10.3389/fpubh.2017.00307

van Nunen, L. X., Zimmermann, F. M., Tonino, P. A., Barbato, E., Baumbach, A., Engstrom, T., et al. (2015). Fractional flow reserve versus angiography for guidance of PCI in patients with multivessel coronary artery disease (FAME): 5-year follow-up of a randomised controlled trial. Lancet 386, 1853–1860. doi: 10.1016/S0140-6736(15)00057-4

Xu, B., Tu, S., Qiao, S., Qu, X., Chen, Y., Yang, J., et al. (2017). Diagnostic accuracy of angiography-based quantitative flow ratio measurements for online assessment of coronary stenosis. J. Am. Coll. Cardiol. 70, 3077–3087. doi: 10.1016/j.jacc.2017.10.035


Conflict of Interest: YH holds stocks of Rainmed Ltd., Suzhou, China. HA is supported by the Beijing Hospital Clinical Research 121 Project (BJ-2019-193); and there is nothing to disclose for others.

Copyright © 2020 Ai, Feng, Gong, Zheng, Jin, Zhang, Sun, Li, Chen, Huo and Huo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


APPENDIX A

Similar to the wave-free period (WFP) of the diastole (Sen et al., 2012; Nijjer et al., 2016), the entire diastolic period provides higher flow velocity and results in lower microvascular resistance than the whole cardiac cycle at rest (Hoffman and Spaan, 1990). Moreover, an IC injection of contrast medium can reasonably induce some degree of hyperemia (Johnson et al., 2016) albeit an IV injection of adenosine leads to the maximal hyperemia. We assume that the flow velocity at diastole (Vdiastole, unit: mm/s) is proportional to that in hyperemia (Vhyp, unit: mm/s), i.e., Vhyp = K⋅Vdiastole and K is a constant [K≈ 2.1 obtained from Table T10 in a previous study (Johnson et al., 2013)]. Hence, we propose a novel physiological parameter, caIMR (unit: mmHg⋅s/mm), as:

[image: image]

where L is a constant that mimics the length from the inlet to the distal position (L=75, mimicking 75 mm downstream from the inlet of coronary arterial tree) and (Pd)hyp is the mean pressure (unit: mmHg) at the distal position at the maximal hyperemia, which is computed by the FlashAngio software.

Fearon et al. proposed the IMR to assess the microcirculation using the thermodilution method measured by a pressure–temperature sensor guidewire (Fearon et al., 2003) as:

[image: image]

where (Pd)hyp is the mean pressure (unit: mmHg) at the distal position (∼75 mm downstream from the inlet of coronary arterial tree) and Tmn is the mean transit time (unit: s) at the maximal hyperemia, which are measured by the pressure–temperature sensor guidewire. On the other hand, Meuwissen et al. (2001) defined the hyperemic myocardial resistance-velocity based index (HMR, unit: mmHg⋅s/cm given that the unit of Vhyp in HMR is cm/s) to evaluate microvascular dysfuctions as:

[image: image]

To assess the microcirculation, we propose caIMR (= HMR×L). Since [image: image], there should have a proportional relationship between caIMR and IMR and HMR.



APPENDIX B

A CFD method was applied to solving the equations of continuity and Navier-Stokes as:

[image: image]

where [image: image], P, ρ, and μ represent the velocity, pressure, blood mass density, and viscosity, respectively. The inlet boundary condition is the hyperemic flow velocity, Vhyp = K⋅Vdiastole. The pressure drop, (ΔPs)hyp, across a stenosis is computed from the CFD simulation. If the interval between the centers of two serial stenoses <3 cm, the pressure drops across them are computed together. We generated a database including thousands of various pipe flows by using the previously validated finite element model (Huo and Li, 2004). The database took account of the changes of the inlet flow velocity, stenotic diameter and length, inlet and outlet of a stenosis, and curvature of a stenosis. Based on the database, we optimized the initial condition for various cases to significantly reduce the iterations of the convective term in the steady-state laminar flow simulation. Moreover, we significantly reduced the meshes of the control volume to ensure the relative error < 2% between dense and sparse meshes. The specifically designed CFD solver can fast and accurately compute the pressure drop in the steady-state laminar flow simulation. The pressure drop, (ΔP)hyp, along the meshed coronary arteries in the vessel path from the inlet to the most distal position was:

[image: image]

The computational time of CFD simulation is 10–30 s.
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