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Aims: Despite the prognostic value of coronary microvascular dysfunction (CMD) in patients with ST-segment-elevation myocardial infarction (STEMI), its assessment with pressure-wire-based methods remains limited due to cost, technical and procedural complexities. The non-hyperaemic angiography-derived index of microcirculatory resistance (NH IMRangio) has been shown to reliably predict microvascular injury in patients with STEMI. We investigated the prognostic potential of NH IMRangio as a pressure-wire and adenosine-free tool.

Methods and Results: NH IMRangio was retrospectively derived on the infarct-related artery at completion of primary percutaneous coronary intervention (pPCI) in 262 prospectively recruited STEMI patients. Invasive pressure-wire-based assessment of the index of microcirculatory resistance (IMR) was performed. The combination of all-cause mortality, resuscitated cardiac arrest and new heart failure was the primary endpoint. NH IMRangio showed good diagnostic performance in identifying CMD (IMR > 40U); AUC 0.78 (95%CI: 0.72–0.84, p < 0.0001) with an optimal cut-off at 43U. The primary endpoint occurred in 38 (16%) patients at a median follow-up of 4.2 (2.0–6.5) years. On survival analysis, NH IMRangio > 43U (log-rank test, p < 0.001) was equivalent to an IMR > 40U(log-rank test, p = 0.02) in predicting the primary endpoint (hazard ratio comparison p = 0.91). NH IMRangio > 43U was an independent predictor of the primary endpoint (adjusted HR 2.13, 95% CI: 1.01–4.48, p = 0.047).

Conclusion: NH IMRangio is prognostically equivalent to invasively measured IMR and can be a feasible alternative to IMR for risk stratification in patients presenting with STEMI.
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INTRODUCTION

Coronary microvascular dysfunction in patients admitted with ST-segment-elevation myocardial infarction (STEMI) is biologically (1) and prognostically relevant (2, 3). An early assessment of CMD in the catheterisation laboratory is desirable to triage additional therapies and/or plan ad-hoc clinical care strategies. This can be achieved by measuring the index of microvascular resistance (IMR) with a conventional pressure-wire and thermodilution technique (4). Our group and others have previously shown the good diagnostic performance of IMR in predicting microvascular injury diagnosed by cardiac magnetic resonance (CMR) imaging (1, 5). Contemporary studies highlight the early- and long-term prognostic implications of an IMR > 40U in patients with STEMI (6, 7). Recently, IMR has also been proposed as a tool to triage novel or additional therapies in STEMI, with promising clinical and research implications (8, 9).

Despite its proposed role as a prognostic biomarker (9) the clinical adoption of IMR remains limited. Additional cost, procedural time, an extra—though small—procedural risk associated with the manipulation of a pressure wire in the infarct related artery (IRA) and patient discomfort due to intravenous adenosine infusion, are amongst some of the barriers to its widespread use. The recent development and application of computational flow dynamics to three-dimensional modeling of the coronary artery represents an excellent opportunity to derive angiographic indices of coronary physiology (such as fractional flow reserve (FFR) or IMR) avoiding the use of a pressure wire (10). Our group has recently described a novel, angiography-derived, pressure-wire free index of microcirculatory resistance (IMRangio) (11). This index showed a good diagnostic performance in predicting an invasive IMR > 40U in patients with STEMI. Whilst IMRangio accurately diagnoses CMD in patients with STEMI, it would be desirable to have an adenosine free angiographic index of CMD. It is reported that in most patients with STEMI the vasodilatory capacity of the microvascular coronary bed is blunted and consequently the response of coronary microcirculation to adenosine is often minimal or incomplete. (12, 13). In this regard, we have recently described the non-hyperaemic version of IMRangio–NH IMRangio, and shown it retains its diagnostic reliability in most patients with STEMI (14). Thus, we hypothesized that NH IMRangio would provide similar prognostic information to invasively-measured IMR.

The aim of this work was to evaluate the prognostic performance of NH IMRangio in patients with STEMI.



METHODS


Patient Population

Patients with a diagnosis of STEMI presenting between January 2010 and March 2020 with STEMI at the Oxford Heart Centre were enrolled in the prospective OxAMI (Oxford Acute Myocardial Infarction) cohort study (15). The current study is based on prospectively enrolled participants who had pressure-wire based IMR measurements, unless they met any specific exclusion criteria for enrolment (Supplementary Material, Supplementary Figure 1). This analysis includes all participants on whom both invasive IMR measurement and angiography-derived coronary physiology assessment was possible.

Primary percutaneous coronary intervention (pPCI) was performed in standard fashion with the use of adjunctive therapies (manual thrombectomy, glycoprotein IIb/IIIa) and choice of stenting technique at the operator's discretion. ST-segment resolution was calculated using surface electrocardiography acquired before and at 90 min after pPCI as described previously (16), and defined as complete if ≥70%. Post-pPCI left ventricular ejection fraction (LVEF) was derived from echocardiogram performed prior to hospital discharge.

The study protocol was approved by the local ethics committee (10/H0408/24) and conducted in accordance with the Declaration of Helsinki.



Non-hyperaemic IMRangio Measurement

The methodology for the derivation of NH IMRangio and its reproducibility have been published previously (14). According to the published methodology, we measured NH IMRangio on the IRA, using two dedicated coronary angiographic projections acquired at the end of the pPCI procedure. Angiographic views were acquired at resting conditions (not during adenosine intravenous infusion). In brief, three-dimensional quantitative coronary angiography and quantitative flow ratio (QFR) analyses were performed using QAngio® XA 3D software (Medis, Leiden, the Netherlands). NH IMRangio was computed using the following formula:

[image: image]

where Pa was the post PCI mean aortic pressure at resting conditions, Nframes was the number of angiographic frames from contrast dye to travel from the guiding catheter to a distal reference (placed at the distal third of the IRA) in resting conditions and fps was the frame-acquisition rate (Figure 1).


[image: Figure 1]
FIGURE 1. NH IMRangio derivation. fps, frames per second; Nframes, number of angiographic frames from contrast dye to travel from the guiding catheter to a distal reference in resting conditions; NH IMRangio, non-hyperaemic IMRangio; Pa, post percutaneous coronary intervention mean aortic pressure at resting conditions; QFR, quantitative flow ratio.


All analyses were performed at the OxACT core lab (University of Oxford, Oxford Heart Centre, Oxford, UK) by independent operators blinded to physiology and clinical outcome data.



Invasive Measurement of Coronary Physiology Indices

Invasive assessment of coronary physiology indices on the IRA was performed with pressure-wire technology (Pressure Wire X, Abbott, California, US or Certus, St. Jude Medical, Minnesota, US) and thermodilution technique at the end of the pPCI as previously reported (Supplementary Material) (15). We routinely collected IMR, coronary flow reserve (CFR) and resistive reserve ratio (RRR) data. Based on established literature, IMR and CFR were dichotomized using thresholds of 40U and 2.0, respectively (5).



Clinical Follow-Up

The primary clinical outcome of the study was the composite endpoint of all-cause mortality, resuscitated cardiac arrest and new heart failure diagnosis. The secondary clinical outcome of the study was the composite endpoint of cardiac mortality, resuscitated cardiac arrest and new heart failure diagnosis. Heart failure was defined as the development of new heart failure symptomatology and/or prescription of diuretics in conjunction with supporting new non-invasive imaging findings of left ventricular systolic dysfunction (LVEF) < 50% and/or raised levels of brain natriuretic peptide. Outcome data was collected from scheduled study follow-up visits and annual telephone calls and review of electronic case records and contacting the participants' General Practitioners.



Statistical Analysis

We tested the normality assumption of continuous variables with statistical (Shapiro-Wilk test) and graphical (histogram) means. We expressed continuous variables as mean ± standard deviation or median (25–75 percentile) as appropriate and categorical variables as numbers (percentage). Between-group comparisons for categorical variables were performed using Pearson's χ2 or Fisher's exact test as appropriate, while continuous variables were compared using Student's t-test, Mann-Whitney U test or Kruskal-Wallis test. Correlations between variables were expressed using Spearman rho coefficients.

We used receiver operator characteristic curve analysis to explore the diagnostic utility of NH IMRangio to predict an IMR > 40U. We then selected the optimal NH IMRangio cut-off value by identifying the value that maximizes the Youden's J statistic.

We subsequently performed survival analyses for the primary and secondary endpoints stratified according to (i) NH IMRangio, (ii) IMR and (iii) CFR (expressed as dichotomous variables) using Kaplan Meier and Cox proportional hazard regression modeling methods. We compared the hazard ratios of dichotomised NH IMRangio, IMR and CFR with paired Student's t-tests (17).

To evaluate the prognostic utility of NH IMRangio (as a dichotomous variable) for our primary endpoint we constructed multivariate Cox regression models adjusted for clinical, procedural, angiographic and echocardiographic variables. We measured the goodness of fit using concordance (C-statistic) statistics. By adding NH IMRangio in a baseline multivariate model, we assessed for improvement in model performance by performing a likelihood ratio test.

Statistical analyses were performed with SPSS version 26 (IBM Inc. New York USA) and R studio version 1.3 (survival, survminer, forestplot and survcomp packages). All tests were two-sided and α was set at 0.05.




RESULTS


Study Population

A total of 262 patients with both post pPCI invasive IMR and NH IMRangio assessment were included in the current analysis. Complete follow-up data was available for 241 participants (92%) with a median follow-up of 4.2 (2.0–6.5) years. Baseline clinical, procedural, imaging and post pPCI coronary physiology data are reported in Tables 1, 2. The median IMR and NH IMRangio values at the end of the procedure were 33 (20–55) and 43 (30–59) units respectively.


Table 1. Clinical, procedural and echocardiographic characteristics.
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Table 2. Post PCI pressure-wire- and angiography-derived coronary physiology indices.
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Diagnostic Performance of NH IMRangio

NH IMRangio was significantly correlated with IMR (rho = 0.50, p < 0.0001) and predicted an IMR > 40U with an AUC of 0.78 (95% CI: 0.72–0.84, p < 0.0001) (Supplementary Figure 2). The optimal NH IMRangio cut-off to predict an IMR > 40U was 43U (Sensitivity: 77%, Specificity: 67%, Diagnostic accuracy: 70%) coinciding with the median NH IMRangio value of 43U observed in the overall study cohort. Patients with a high NH IMRangio (>43U) were characterized by longer ischaemic times, worse post pPCI TIMI flow grade, lower occurrence of complete ST-segment resolution, and lower left ventricular ejection fraction at discharge than patients with a low NH IMRangio (Supplementary Table 1). A high NH IMRangio (>43U) was associated with a significantly higher degree of invasively assessed microvascular dysfunction (expressed by either IMR, CFR or RRR) than a low NH IMRangio (Supplementary Table 2).



Prognostic Value of NH IMRangio

At 7 years of follow-up, the primary and secondary endpoints occurred in 38 (16%) and 30 (12%) participants respectively. All-cause death occurred in 13 (5%) participants (4 cardiac, 1 sepsis-related and 6 neoplasm-related deaths), two (1%) had a resuscitated cardiac arrest and 28 (12%) had a new diagnosis of heart failure. Cox regression analyses showed that a post pPCI NH IMRangio >43U was significantly associated with a higher risk of both the primary and secondary endpoints, (HR 3.43, 95% CI: 1.67–7.07, p = 0.001 and HR 3.32, 95% CI: 1.48–7.47, p = 0.004, respectively). A post pPCI IMR >40U was also significantly associated with a higher risk of the primary and secondary endpoints (HR 2.07, 95% CI: 1.09–3.92, p < 0.03 and HR 2.17, 95% CI 1.06–4.48, p < 0.04, respectively). The comparison of the hazard ratio estimates of NH IMRangio > 43U and IMR > 40U did not yield a statistically significant difference for either endpoint (p = 0.91 and p = 0.85).

In an exploratory analysis, a CFR ≤ 2.0 was significantly associated with a higher risk of the primary and secondary endpoints (HR 3.82, 95% CI 1.17–12.43, p < 0.03 and HR 4.56, 95% CI 1.08–19.18, p < 0.04, respectively). Pairwise comparisons of CFR ≤ 2.0 with IMR > 40U and NH IMRangio > 43U hazard ratios were not statistically significant.

The Kaplan Meier curves displaying the relationship between survival-free from the primary and secondary endpoints for participants with high vs. low NH IMRangio and IMR have a similar profile (Figures 2, 3 respectively). The analysis of participants dichotomised according to low vs. high CFR yield similar Kaplan Meier survival curve profiles to the profiles observed when participants were dichotomised according to IMR and NH IMRangio for both endpoints (Supplementary Figures 3, 4). In a landmark analysis excluding participants who experienced a primary or secondary endpoint event at 30 days, survival free from a primary and secondary endpoint was significantly lower in participants with an NH IMRangio > 43U (Figure 4). In a further sub-analysis excluding patients with post pPCI TIMI Flow grade <3, NH IMRangio > 43U was significantly associated with a higher risk of the primary endpoint (Supplementary Figure 5).
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FIGURE 2. Kaplan Meier curves of freedom from all-cause mortality, resuscitated cardiac arrest, new heart failure diagnosis with high vs. low (i) NH IMRangio and (ii) IMR (A). Forrest plot displaying the hazard ratio of high (i) NH IMRangio and (ii) IMR (B). HR, hazard ratio; IMR, index of microcirculatory resistance; NH IMRangio, non-hyperaemic IMRangio.
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FIGURE 3. Kaplan Meier curves of freedom from cardiac mortality, resuscitated cardiac arrest, new heart failure diagnosis with high vs. low (i) NH IMRangio and (ii) IMR (A). Forrest plot displaying the hazard ratio of high (i) NH IMRangio and (ii) IMR (B). HR, hazard ratio; IMR, index of microcirculatory resistance; NH IMRangio, non-hyperaemic IMRangio.
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FIGURE 4. Landmark analysis (30 days onward) Kaplan Meier curves of freedom from all-cause mortality, resuscitated cardiac arrest, new heart failure diagnosis (A) and cardiac mortality, resuscitated cardiac arrest and new heart failure diagnosis (B) stratified according to high versus low NH IMRangio. NH IMRangio, non-hyperaemic IMRangio.


To further evaluate the prognostic utility of NH IMRangio >43U a multivariate Cox regression analysis was performed. The univariate and multivariate predictors of the primary endpoint are listed in Table 3. Post pPCI TIMI flow grade <3, myocardial blush grade <3 and incomplete ST-segment resolution were not significant predictors (Table 3). NH IMRangio >43U was an independent predictor of the primary endpoint (adjusted HR 2.13, 95% CI: 1.01–4.48, p = 0.047) alongside age, ischaemic time, and discharge LVEF (Figure 5). NH IMRangio >43U was an independent predictor of long-term outcome even when patients with post pPCI TIMI flow <3 were excluded from the analysis (adjusted HR 2.82, 95% CI: 1.28–6.19, p = 0.01). The addition of NH IMRangio >43U as a variable to a cox regression model including age, ischaemic time and discharge LVEF% yielded a good model (C-statistic 0.82, χ2: 67) with a significant improvement in predictive performance (χ2 difference: 4.30, p = 0.04).


Table 3. Univariate and multivariate analysis results for predictors of all-cause mortality, resuscitated cardiac arrest, new heart failure.
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FIGURE 5. Kaplan Meier curves of freedom from all-cause mortality, resuscitated cardiac arrest, new heart failure diagnosis with high vs. low NH IMRangio adjusted for age, ischaemic time, LVEF%. HR, hazard ratio; CI, confidence interval; LVEF, left ventricle ejection fraction; NH IMRangio, non-hyperaemic IMRangio.





DISCUSSION

This study extends our preliminary findings (14) and explores the prognostic value of a dedicated pressure-wire and adenosine-free angiographic index (NH IMRangio) for the assessment of CMD in patients with STEMI.

Coronary microvascular dysfunction in STEMI is prognostically important (2, 7) due to the resulting poor structural and functional myocardial recovery (1, 18). Physiological measurements derived from invasive assessment of coronary microvascular function at the time of pPCI (e.g. IMR) provide a grading of the severity of CMD and correlate well with CMR-defined structural microvascular injury (1, 4). However, the routine clinical adoption of IMR remains limited due to a number of factors including additional cost and procedural time. These constraints can be overcome with angiography-derived, pressure wire-free indices of coronary physiology indices. Our recent validation of the non-hyperaemic angiography-derived index of microcirculatory resistance (NH IMRangio) against pressure-wire-based IMR represented a preliminary dataset (14).


Diagnostic Performance of NH IMRangio

In the current analysis, we expand our preliminary findings to a larger cohort and show that the non-hyperaemic version of IMRangio–NH IMRangio reliably predicts CMD as defined by an IMR >40U in the IRA of patients with STEMI. Using a non-hyperaemic index to evaluate CMD in the IRA of patients with STEMI could have a certain value, as the response of coronary microcirculation to a vasodilatory agent is highly likely to be blunted and compromised as a reflection of distal embolisation and ischaemia-reperfusion injury (5, 13). As a confirmation of this hypothesis, in our cohort, the median value of RRR—a dedicated index to express the vasodilatory capacity of the coronary microcirculation—was 1.7. This value is suggestive of a depressed coronary microvascular vasodilatory capacity in this cohort of patients with STEMI, a finding consistent with previous reports (12, 13). This depressed vasodilatory capacity can explain why, particularly in patients with STEMI, a non-hyperaemic index such as NH IMRangio retains some diagnostic accuracy in identifying microvascular injury (14).



Prognostic Value of NH IMRangio

The main finding of the current study is the observation that an NH IMRangio >43U, measured in the IRA of patients with STEMI at the end of pPCI, is equivalent to an IMR >40U in predicting long-term adverse events. The survival curves of patients stratified according to low or high values of IMR or NH IMRangio present a similar profile, while the stratification is prognostically significant for both indices. The hazard ratios of a high IMR (>40U) or NH IMRangio (>43U) are not significantly different, further supporting the prognostic equivalence of the two indices. The prognostic equivalence is also maintained when analysing a stricter cardiac endpoint excluding non-cardiac mortality. These findings are consistent with the results and effect estimates reported in the previous work by Fearon et al. on the prognostic role of invasive and pressure-wire based IMR in patients with STEMI (7).

Kaplan-Meier survival curves separate early on, suggesting a prognostic role of NH IMRangio for early cardiac complications; a finding corroborated by previous IMR based work (6). Since this early separation could influence our analysis, we conducted a landmark analysis from 30 day onwards. An NH IMRangio >43U retained its significance in this landmark analysis suggesting that the long-term prognostic performance is not exclusively driven by early events. This may be explained by the significant contribution of new heart failure diagnoses to our combined study endpoints. In our previous work, we have already shown that non-hyperaemic IMRangio is significantly elevated in patients with clinically significant microvascular obstruction assessed by cardiac magnetic resonance (14). This provides a further biologically plausible explanation for the prognostic significance of NH IMRangio we report herein (14).

Finally, this study suggests that an NH IMRangio >43U is an independent predictor of adverse events, with an associated two-fold increased risk of a poor clinical outcome at 7 years follow-up. Our findings resonate with previously published findings of the independent prognostic value of an IMR > 40U in predicting long-term outcomes in patients with STEMI (5, 7). Specifically, adding NH IMRangio into a model with other clinically relevant and universally available variables incrementally improved the predictive performance of the model itself, supporting the independent and incremental prognostic significance of NH IMRangio as a novel alternative tool for risk stratification.



Limitations

Firstly, we acknowledge that the relatively small sample size, low number of cardiac events and single-centre origin of our study is amongst the limitations of our work. For this reason, further testing in larger and external cohorts is needed to corroborate and to increase the precision of the findings. We also recognize that our cohort study might have been subject to selection bias due to the exclusive inclusion of patients in whom invasive coronary physiology measurements were performed. This might have led to the unintentional inclusion of a relatively intermediate-low risk cohort of patients with STEMI, as reflected by the relative low rate of adverse events at follow up. However, on a practical level it must also be considered that the real unmet need is to improve risk-stratification in patients at intermediate risk of adverse events. Patients presenting with high-risk features (multiple comorbidities, haemodynamic instability, complex coronary anatomy) have already “declared” their risk category, whilst it is the majority of “intermediate risk” patients (like the patients included in our analysis) that may benefit the most from personalized and stratified medicine approaches (19).

In addition, we recognize the limitations arising from the use of a non-hyperaemic index to study coronary microvascular function. A future large-scale, prospective study assessing the prognostic value of the hyperaemic angiography-derived index is indeed needed, and it could abate the limitations of the current analysis focused on a non-hyperaemic version of the index. Nonetheless, it must be acknowledged that in the current study, NH IMRangio resulted prognostically equivalent to invasive IMR. Whilst this observation is evident in STEMI patients, we do not anticipate that a non-hyperaemic index will work as well in patients with coronary syndromes characterized by a lesser degree of CMD, as also already recently reported (14). Finally, a limitation of this work is the off-line evaluation of NH IMRangio and our ability to perform the analysis in 71% of patients. Even though our tool should be formally evaluated in a “real-time” setting, there is little doubt about its suitability as a real-time catheterisation laboratory tool. A large body of evidence suggests that real-time measurement of QFR is not only feasible but significantly quicker than pressure-wire based coronary physiology evaluation (20). Indeed, we expect that dedicated acquisitions for real-time assessment of NH IMRangio in a prospective study would enable analysis in >95% of cases.




CONCLUSION

In an analysis of 262 patients with STEMI, NH IMRangio is reliable at predicting CMD defined as an IMR >40U. An NH IMRangio of >43U was an independent multivariate associate of long-term all-cause mortality, resuscitated cardiac arrest and new heart failure diagnosis. Since the prognostic profile of NH IMRangio was equivalent to that of IMR, it can be a feasible alternative to IMR for catheterisation laboratory assessment of CMD and long-term risk stratification.
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