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ABBREVIATIONS 
 

AAR: area at risk 
AUC: area under the curve 
CAD: coronary artery disease 
CFR: coronary flow reserve 
CMR: cardiovascular magnetic resonance imaging  
cTFC: corrected TIMI frame count 
DES: drug eluting stent 
DS%: percentage diameter stenosis 
EDV: end diastolic volume 
EF: ejection fraction 
eGFR: estimated glomerular filtration rate 
ESV: end systolic volume 
FFR: fractional flow reserve 
GPIIbIIIa: glycoprotein IIbIIIa 
IMR: index of microcirculatory resistance 
IQR: interquartile range  
IRA: infarct related artery 
IS: infarct size 
IS%: percentage of infarct size 
LAD: left anterior descending 
LCx: left circumflex 
LV: left ventricle 
MLD: minimal lumen diameter 
MVO: microvascular obstruction 
MVO%: percentage of microvascular obstruction 
OXAMI: Oxford Acute Myocardial Infarction 
Pa: aortic pressure 
PCI: percutaneous coronary intervention 
Pd: distal pressure 
PICSO: pressure-controlled intermittent coronary sinus occlusion 
PPCI: primary percutaneous coronary intervention 
QCA: quantitative coronary angiography 
RCA: right coronary artery 
STEMI: ST elevation myocardial infarction 
TIMI: thrombolysis in myocardial infarction 
T2W: T2 weighted 
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Summary  

 

ST-segment elevation myocardial infarction (STEMI) is still associated with a 10% 

one-year mortality and up to 25% risk of heart failure. The pressure-wire index of 

microcirculatory resistance (IMR) may have an important role in the assessment of 

the downstream microcirculatory function of the IRA, providing prognostically 

relevant information and identifying patients at risk of suboptimal reperfusion who 

are eligible for additional novel therapies. However, the penetration of IMR in the 

clinical practice is still limited mainly because of the technical complexity of the 

procedure and increased costs and procedural time. Nevertheless, the 

implementation of a risk stratification using coronary physiology in patients with 

STEMI would be highly desirable to further improve the clinical outcomes.  

In this PhD thesis we aimed to assess the long-term prognostic implications of CMD 

investigated using IMR. Furthermore, we aim to develop alternative methods to 

simplify the assessment of CMD in the catheterization laboratory and increase the 

penetration of physiology in the clinical practice. The current thesis consists of five 

main chapters. In Chapter one we explored the long-term clinical outcome of 

patients with STEMI stratified according to IMR and cardiovascular magnetic 

resonance imaging (CMR) in the cohort of the OxAMI Study. Importantly, CMD 

defined by IMR>40 U or by MVO demonstrated a more than 4-fold increase in 

mortality, heart failure or cardiac arrest at a median follow-up of 40 months.  

In Chapter two, pressure-bounded coronary flow reserve (pb-CFR), an index 

derived using standard pressure-wire technology was compared with IMR and CFR 

in predicting microvascular obstruction and the extent of the infarct size at CMR 

imaging. Pb-CFR provided a fair prognostic stratification identifying a subgroup of 

patients with satisfactory myocardial reperfusion after PPCI. Nonetheless, the 

prognostic value of pb-CFR was inferior compared with IMR. Chapter three reports 

the derivation of an angiography-derived pressure-wire free index of 

microcirculatory resistance (IMRangio). IMRangio has been developed to overcome 

some of the limitations of IMR, using the Quantitative Flow Ratio (QFR) algorithm 

to obtain Pd and contrast frame count to estimate coronary flow. IMRangio 

demonstrated to be significantly correlated with invasive IMR in a prospective 
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cohort of patients with STEMI. Importantly, IMRangio was also correlated with the 

presence of MVO at CMR.  

In Chapter four, IMRangio was assessed in a prospective cohort of patients across the 

spectrum of acute and chronic coronary syndromes. Interestingly, IMRangio was 

well-correlated with IMR not only in STEMI but also in patients with NSTEMI e 

stable coronary syndromes. Moreover, we observed that IMRangio measured in non-

hyperemic conditions (NH-IMRangio) provided good diagnostic performance in the 

subgroup of patients with STEMI.  

Chapter five reports on the long-term prognostic implications of patients with 

STEMI stratified according to NH-IMRangio in a retrospective analysis of the 

OxAMI Study. Notably, NH IMRangio demonstrated a prognostic value equivalent 

to invasively measured IMR.  

In conclusion, CMD has important prognostic implications at long-term after 

STEMI. IMRangio has the potential to guide additional novel additional therapies in 

patients undergoing PPCI. Abolishing the need for pressure-wire, IMRangio may 

increase the penetration of CMD assessment in the catheterization laboratory and 

physiology-guided additional therapies. Further additional data are needed to 

explore the role of IMRangio as a routine addition to diagnostic and interventional 

procedures in STEMI patients.  
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INTRODUCTION  
 

Coronary microvascular dysfunction in patients with STEMI 

Prompt patency restoration of the occluded coronary epicardial vessel is a 

cornerstone of the modern management of patients presenting with ST-segment 

elevation myocardial infarction (STEMI)1. Thrombolysis first, and then primary 

percutaneous coronary intervention (PPCI) reduced dramatically the early mortality 

after STEMI. However, despite a satisfactory angiographic result achieved in more 

than 90% of the cases, heart failure (HF) and cardiac death still limit the long-term 

survival after STEMI. Importantly, in the last 15 years, mortality after STEMI 

reached a plateau with no further improvement despite an impressive reduction of 

the door-to-balloon time2.  

The discrepancy between successful PPCI and poor clinical outcome may be 

explained by suboptimal myocardial reperfusion that occurs in up to 40% of the 

patients and may be easily misrecognized using standard clinical and angiographic 

assessment3.  

The extent of infarct size is ultimately responsible for the risk of mortality and HF 

after STEMI. Notably, every 5% increase in infarct size contribute to a 20% 

increase in the relative hazard for mortality or hospitalization for HF within 1 year 

after STEMI4. Time delay and microvascular obstruction (MVO) at cardiovascular 

magnetic resonance imaging (CMR) are the major determinants of infarct size. 

Every 1% increase in MVO extent is associated with 14% relatively increase in 

mortality and 8% increase in HF within 1 year after STEMI5.  

The main determinant of poor myocardial perfusion despite patent epicardial 

arteries in STEMI is the occurrence of coronary microvascular dysfunction (CMD). 

The pathogenesis of CMD in STEMI is a multifactorial and dynamic process 

involving: distal embolization and mechanical small vessel occlusion; endothelial 

and smooth muscle cells dysfunction; ischemia-reperfusion injury6.  

 

Pathophysiology of CMD in STEMI 

Within less than an hour of ischemia in territory of the IRA, oedema develops from 

structural alterations of cardiomyocytes, resulting in cardiomyocyte death after the 
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first 3 hours. PCI is able to restore coronary blood flow in the IRA but may have 

also detrimental effects on the microcirculation causing dislodgement of 

atherothrombotic debris and distal embolization3. Despite endothelial cells are more 

resilient to ischemia compared to cardiomyocytes, eventually prolonged ischemia 

results in endothelial dysfunction. As a consequence, capillary permeability is 

initially increased with oedema formation. Furthermore, endothelial dysfunction 

leads to impaired vasomotion, stasis and release of deleterious substances such as 

vasoconstrictors, inflammatory cytokines and reactive oxygen species. These 

substances co-exist with atherosclerotic debris that lead to MVO and combined, 

cause destruction of the capillaries and haemorrhage7, 8.  

It is well established that intramyocardial haemorrhage (IMH) and MVO are closely 

associated. However, IMH probably reflects a more irreversible myocardial 

damage compared with MVO that has been observed to shrink and disappear at 

follow up. MVO assessed by CMR, is an independent predictor of worse outcome 

irrespective of infarct size, while patients with larger MVO more commonly 

develop heart failure post-ACS leading to an increase in mortality.  

Ischemia and reperfusion injury contribute to CMD by formation of neutrophil-

platelet aggregates that obliterate the vessel lumen and enhance the production of 

vasoconstrictors and inflammatory mediators. Immediately after reperfusion, 

swelling and disruption of capillaries endothelium integrity cause blood 

extravasation in the interstitial space and intramyocardial haemorrhage6. This 

phenomenon causes external compression of the microvasculature and further 

oedema formation. 

The functional or structural obliteration of coronary microcirculation in the 

watershed zones adjacent to the infarcted area limits the healing process and 

promote myocardial necrosis. As a result, in patients with CMD, infarct size is 

larger, myocardial salvage is reduced and left ventricle ejection fraction is 

impaired7.  

 

Temporal changes of coronary physiology in the infarct-related artery 

Cuculi et al. assessed the changes in coronary physiology change over time after 

STEMI9. In that study, 43 STEMI patients underwent repeated IRA physiological 
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assessment at the time of the PPCI, at day 1 and at 6 months of follow-up. Notably, 

the resting coronary flow, estimated via thermodilution, did not change over time 

after STEMI. Conversely, the hyperaemic coronary flow increased significantly at 

follow-up (CFR 1.8±0.9 vs 3.1±1.1, p<0.001). Consistently, the index of 

microcirculatory resistance (IMR) decreased progressively after STEMI, being 

37.0±22.3 after PPCI, 30.6±21.4 at day 1 and 24.0±22.0 at 6 months (p=0.002). 

Interestingly, the epicardial coronary physiology in the IRA showed significant 

variations over time as well. In particular, FFR decreased from 0.93±0.06 after 

PPCI to 0.92±0.06 at day 1 and 0.89±0.06 at 6 months (p<0.001). On the contrary, 

resting coronary physiology estimated by baseline Pd/Pa did not change 

significantly over time (after PPCI: 0.96±0.04; day 1: 0.95±0.05; 6 months: 

0.96±0.04. p=0.22).  

Notably, FFR variations over time were significant in patient with evidence of 

MVO at CMR (0.94±0.04 vs 0.88±0.06, p=0.006) but not in patients without MVO 

(0.94±0.05 vs 0.93±0.04, p=0.21).  

These interesting findings suggest that coronary microcirculation generally 

recovers after STEMI in the IRA and tend to normalize at 6 months after STEMI.  

The hyperemic response to adenosine is blunted in the IRA especially in patients 

with evidence of MVO. Therefore, the reliability of FFR in the acute phase of 

STEMI is questionable in the IRA territory.  

 

How to assess CMD in the catheterization laboratory  

Role of conventional angiographic scores  

Angiographic-based techniques provide an immediate overview of coronary 

microvascular status expressed as no-reflow and defined as zero, partial or delayed 

anterograde coronary flow. These indices are limited by their low sensitivity for 

CMD and by their low inter and intra-observed reproducibility. Nevertheless, most 

of the clinical and procedural decisions in the catheterization laboratory are still 

based on angiographic assessment alone and, moreover, it represents a main 

inclusion criterion for clinical trials aiming to reduce CMD and infarct size in 

STEMI (e.g. PICSO-AMI I trial [NCT03625869])  
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The Thrombolysis in Myocardial Infarction (TIMI) flow is the most commonly 

used angiographic scoring system to grade antegrade coronary flow. TIMI ≤2 flow 

is associated with worse clinical outcome in patients with STEMI compared with 

TIMI 3 flow10. However, TIMI flow is a suboptimal measure of microvascular 

function. In fact, nearly 60% of patients with TIMI 3 flow at completion of PPCI 

demonstrated MVO at CMR imaging11.  

The corrected TIMI frame count (CTFC) has been introduced to increase the 

reproducibility of TIMI flow assessment providing a quantitative estimation of 

coronary flow. CTCF is obtained counting the number of angiographic frames 

required for contrast to reach a distal landmark. CTCF can be used to assess CMD 

but its association with prognosis is still unclear11.  

The myocardial blush grade (MBG) is a more specific measure of CMD compared 

with TIMI flow and it is associated with survival12. MBG is estimated as the 

myocardial contrast blush after injection, grading from no myocardial contrast 

density (MBG=0) to normal myocardial blush, comparable to the contralateral non-

infarct related artery (MBG=3). However, similar to what observed for TIMI flow, 

a normal MBG do not exclude coronary microvascular and MVO at CMR imaging 

is often observed in patients with MBG ≥211. Other angiographic indices of 

coronary microvascular dysfunction are reported in Table 1.   

 

Role of invasive coronary physiology  

A number of coronary physiology measures has been proposed to assess coronary 

microvascular function in patients with STEMI (Table 1), including CFR, IMR, 

hyperaemic microvascular resistance (HMR), resistive reserve ratio (RRR), 

pressure-bounded CFR (pb-CFR), and zero-flow pressure (Pzf). Table 1 

summarises the characteristics of physiology indices potentially usable to assess 

CMD in STEMI and guide novel therapies. 

IMR is the preferred method for the assessment of CMD in the catheterization 

laboratory. 

It is derived using pressure-and-thermodilution wire and it is calculated as distal 

coronary pressure (Pd) multiplied with the hyperaemic transit time (Tmn). IMR is 

specific for the coronary microcirculation and less influenced by presence of 
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epicardial disease and by the baseline hemodynamic conditions compared with 

CFR13. Moreover, being based on thermodilution transit time and pressure, 

obtaining reliable IMR measurements is feasible during primary PCI and less 

challenging compared with Doppler velocity-derived hyperaemic myocardia 

resistance (HMR) index.  

IMR has been validated against CMR imaging and hard clinical outcome. In 

particular, IMR demonstrated superior and independent prognostic value compared 

with CFR in detecting CMD14, 15.  In the setting of STEMI, the threshold of IMR 

>40 U is associated with severe CMD and adverse clinical outcome. Patients with 

IMR >40 U at completion of primary PCI have more frequently evidence of MVO 

and larger infarct size at 6 months16. Moreover, De Maria GL and colleagues 

demonstrated that measuring IMR immediately after flow restoration and before 

stent implantation is feasible in the acute setting of STEMI. Pre-stenting IMR 

predicts post procedural microvascular injury and larger infarct size with high 

accuracy3. Possible limitations to the penetration of IMR in the clinical practice 

include the pressure-wire manipulation in the setting of a thrombus-containing 

infarct related artery, extra procedural time and perceived technical complexity for 

operators who do not perform physiology studies routinely.  

 

Prognostic implications of CMD 

An increasing body of evidence provides insights on the prognostic value of 

invasive physiology assessed at the time of PPCI in regards of acute and final infarct 

size, MVO and residual systolic function and clinical outcome after STEMI. IMR 

at completion of PPCI has been associated with the extent of MVO (rho=0.29, 

p=0.002) and infarct size in the subacute phase post-STEMI (rho=0.21, p=0.03) and 

at 6 months follow-up (rho=0.43, p=0.001)7.  

Moreover, patients with IMR >40 U have a >2-fold higher risk of mortality and 

heart failure at 12 months after STEMI (HR=2.1, 95%CI 1.1-4.1, p=0.03)16. 

Moreover, IMR ≥40 U has demonstrated an excellent performance to predict major 

in-hospital cardiac complications post-PPCI (AUC=0.90, 95% CI: 0.85-0.93)17.  

A preserved vasodilatory capacity, reflecting an intact and functional coronary 

microvasculature, is an important predictor of myocardial functional recovery at 6 
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months after STEMI. The resistive reserve ratio (RRR) has been proposed to assess 

the vasodilatory capacity of the coronary circulation and it is calculated as the ratio 

between the baseline microcirculatory resistance (BMR) and the hyperemic 

microcirculatory resistance expressed as IMR18. Recently, RRR demonstrated 

incremental prognostic value in a small cohort of STEMI patients undergoing PPCI. 

In particular, patients with impaired RRR (<1.98) at completion of PPCI showed 

larger MVO (3.5 [0.0-5.9], p=0.026), larger infarct size at 6 months (22.7 [10.2-

35.0] vs 8.8 [6.9-12.3], p=0.006) and lower myocardial salvage index (34.0 [22.0-

59.2] vs 53.2 [37.7-71.0], p=0.032) compared with patients with preserved RRR19. 
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Therapeutic options to treat CMD and improve Outcomes  

 

In recent years, several device-based interventional techniques have been 

developed in the attempt to improve the outcome of patients undergoing PPCI. 

These novel therapies target one or more than one of the pathophysiological 

pathways responsible for CMD and for the extent of the infarct size by: preventing 

distal embolization; 2) reducing cardiac metabolism; 3) enabling cardiac and/or 

microvascular function to mitigate ischemia-reperfusion injury.  

Figure 1 shows novel device-based therapies available in the setting of STEMI.    

Being a readily available, intraprocedural tool, IMR is able to identify patients at 

high risk of poor reperfusion after stenting and may guide the application of novel 

additional therapies on top of conventional PPCI.  

The Oxford Acute Myocardial Infarction-Pressure Intermittent Coronary Sinus 

Occlusion (OxAMI-PICSO) study was an IMR-guided application of the PICSO 

treatment in high-risk anterior STEMI20. The study demonstrated that the 

experimental treatment was effective in reducing the infarct size and improving 

microvascular function in the infarct-related artery. Notably, the final infarct size 

of high-risk patients treated with PICSO was similar to the one of the low-risk group 

of patients with pre-stenting IMR ≤40 Units20 .  

These results suggest that: 1) IMR is an effective early triage tool; 2) in high-risk 

patients, additional therapies on top of conventional PCI may have beneficial 

effects in terms of microvascular function and infarct size; 3) patients with IMR 

≤40 Units respond well to stenting and are unlike to benefit from novel additional 

therapies.    

Recently, we reported that PICSO appears to improve coronary microvascular 

function immediately after PPCI in patients with STEMI selected according to a 

threshold IMR criterion. The effect of PICSO on the microvascular function also 

advantageously influences measures of coronary microcirculatory vasodilatation, 

as shown by a greater increase in RRR after PICSO treatment compared to controls. 

Importantly, PICSO-assisted PPCI was associated with smaller infarct size at 6 

months (26.0 [17.0-30.0 vs 30.0 [21.3-37.0, p=0.045) observed by CMR compared 

with standard treatment21.   
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RATIONALE 
Patency restoration of the occluded coronary artery is the cornerstone of the current 

treatment of patients presenting with STEMI. However, up to 40% of the patients 

undergoing PPCI presented suboptimal myocardial reperfusion and they are at high 

risk of adverse clinical outcome, including heart failure and cardiac death.  

Coronary microvascular dysfunction (CMD) is the leading cause of incomplete 

myocardial reperfusion after PPCI and it may be related to a number of causes 

including distal embolization and mechanical small vessel occlusion; endothelial 

dysfunction; and ischemia-reperfusion injury. 

IMR, a pressure-wire thermodilution-based technique, is the most commonly used 

index to assess CMD in the catheterization laboratory. IMR demonstrated high 

diagnostic accuracy in detecting CMD and provided prognostic stratification in the 

clinical setting of STEMI. Moreover, IMR was used in clinical trials to guide the 

application of novel additional therapies of patients with STEMI at high risk of 

suboptimal reperfusion. Notably, IMR-guided novel therapies showed favourable 

results in reducing microvascular obstruction and infarct size.  

However, IMR is rarely used in the everyday clinical practice and it is mostly seen 

as a research tool only. The low penetration of IMR in the standard practice has 

several reasons including additional procedural time and costs, technical 

complexity of the procedure, concerns related to the instrumentation of the infarct-

related artery and the use of vasodilators. Moreover, data on the long-term outcome 

of patients stratified according to IMR is scarce.  

 

AIMS 
In order to support the application of coronary physiology indices of CMD in the 

clinical practice, we aim to investigate the long-term clinical outcome of patients 

admitted with STEMI included in the Oxford Acute Myocardial Infarction 

(OxAMI) Study. This study cohort represents a unique opportunity to assess the 

value of invasive IMR evaluation performed systematically at completion of PPCI. 

Moreover, cardiovascular magnetic resonance imaging (CMR) was systematically 

performed within 48 hours from PPCI and at 6 months of follow up and provides 

an excellent comparator to IMR.  
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Once assessed the long-term clinical value of invasive IMR, we aim to develop 

alternative indices to overcome some of the limitations of IMR, in order to increase 

the penetration of CMD assessment in the clinical practice. In first instance, we aim 

to test the diagnostic performance of pressure-bounded coronary flow reserve (pb-

CFR) in patients enrolled in the OxAMI Study. Pb-CFR is derived using standard 

pressure-wire technology without thermodilution or doppler measurements.  

In order to further simplify and standardize the assessment of CMD in the 

catheterization laboratory we then aim to develop a novel angiography-based 

pressure-wire free index called angiography-derived IMR (IMRangio). In order to do 

so, we designed a dedicated prospective study IMRangio will be developed based on 

computational fluid dynamics using the QAngio® XA 3D software (Medis, Leiden, 

the Netherlands). IMRangio will be then compared with invasive IMR and CMR. 

Furthermore, the long-term prognostic value of IMRangio will be assessed 

retrospectively in the OxAMI cohort.  
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CHAPTER 1.  

Long-term prognostic implications of coronary microvascular 

dysfunction assessed using IMR and CMR after STEMI 
 

ABSTRACT 

Objectives. We sought to evaluate the long-term prognostic implications of 

coronary microvascular dysfunction (CMD) when assessed with both 

cardiovascular magnetic resonance (CMR) and index of microcirculatory resistance 

(IMR) in patients with ST-elevation myocardial infarction (STEMI) undergoing 

primary percutaneous coronary intervention (PPCI). 

Background. Post-ischaemic CMD can be assessed using the pressure-wire based 

IMR and/or by the presence of microvascular obstruction (MVO) on CMR.  

Methods.198 patients with STEMI underwent IMR and MVO assessment. Patients 

were classified as follows: Group1, no significant CMD (low IMR (≤40U) and no 

MVO); Group 2, CMD with either high IMR (>40U) or MVO; Group3, CMD with 

both IMR>40U and MVO. The primary endpoint was the composite of all-cause 

mortality, diagnosis of new heart failure, cardiac arrest, sustained ventricular 

tachycardia/fibrillation and cardioverter defibrillator implantation.  

Results.CMD with both high IMR and MVO was present in 23.7% of the cases 

(Group 3) and CMD with either high IMR or MVO was observed in 40.9% of cases 

(Group 2). At a median follow-up of 40.1(12.8-73.8) months, the primary endpoint 

occurred in 34 (17%) cases. At 1-year of follow-up, Group 3 (HR=12.6, 95%CI 

1.6-100.6, p=0.017) but not Group 2 (HR=7.2, 95%CI 0.9-57.9, p=0.062) had 

worse clinical outcomes compared with those with no significant CMD in Group 1. 

However, in the long-term, patients in Group 2 (HR=4.2, 95%CI 1.4-12.5, p=0.009) 

and those in Group 3 (HR=5.2, 95%CI 1.7-16.2, p=0.004) showed similar adverse 

outcomes, mainly driven by the occurrence of heart failure.   

Conclusion. Multimodality assessment CMD provides additional stratification of 

the risk of adverse events after STEMI. Post-ischaemic CMD defined by both high 

IMR and MVO is associated with high risk of events at 1 year after STEMI. 
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However, in the long-term, both this group and the group with IMR>40 or MVO 

have a significantly higher risk of poor clinical outcome when compared with 

having no significant post-STEMI CMD.  

 

INTRODUCTION 

Prompt coronary revascularization has drastically reduced the in-hospital mortality 

of patients with ST-segment elevation myocardial infarction (STEMI). However, 

the occurrence of heart failure (HF) after STEMI has not diminished and may be 

increasing4, 22.  

Unfortunately, suboptimal myocardial reperfusion is still observed in up to 40% of 

the cases despite rapid percutaneous revascularization. Post-ischaemic coronary 

microvascular dysfunction (CMD) plays an important role in the development of 

no-reflow and is a major determinant of suboptimal reperfusion11. Moreover, CMD 

is associated with larger infarct size and with a 2-fold higher risk of mortality and 

hospitalization for HF14, 16.   

Post-ischaemic CMD is considered a heterogenous entity and can be assessed by 

multiple invasive and non-invasive modalities11 . Index of microcirculatory 

resistance (IMR), a pressure-wire-based and thermodilution-derived index, and 

microvascular obstruction (MVO) as detected on cardiovascular magnetic 

resonance (CMR) are the most commonly used indices for assessment of CMD after 

STEMI. Index of microcirculatory resistance (IMR) performed at the time of 

primary percutaneous coronary intervention (PPCI) has shown good accuracy in 

detecting MVO and in predicting large infarct size3. Both high IMR (>40 Units) 

and MVO after STEMI are associated with adverse clinical outcome including 

higher risk of mortality and HF5, 14, 16.  

It is unclear whether IMR and MVO describe the same pathophysiology, or whether 

IMR and MVO reflect distinct features of post-ischaemic CMD. Indeed, we 

previously reported that ~30% of patients with STEMI exhibited discordance in 

CMD with these two indices; they had either IMR >40 U or MVO on CMR 7 and 

that these patients had smaller infarct size at 6 months when compared to patients 

with both high IMR >40U and MVO. Therefore, we hypothesized that patients with 

both elevated IMR and MVO have a more severe form of post-ischaemic CMD 
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when compared to those with either of the indices. We aimed to study if the long-

term clinical outcomes of these two groups of patients would be different from each 

other when compared with patients with preserved microvascular function.  

 

METHODS 

Patients with STEMI admitted to the Oxford Heart Centre for PPCI were 

prospectively considered for enrolment in the Oxford Acute Myocardial Infarction 

(OxAMI) Study from 2011 to 2019. Patients who underwent post-procedural IMR 

assessment and CMR prior to discharge from hospital were included in this 

analysis. Details of the study protocols have been previously reported3. 

STEMI was diagnosed in the presence of chest pain lasting at least 30 minutes, 

within 12 hours from onset of symptoms, and ST-segment elevation of >2 mm (0.2 

mV) in at least 2 contiguous leads on ECG. Patients were excluded in case of 

symptom duration longer than 12 hours, presence of severe hemodynamic 

instability, severe left main disease, contraindications to adenosine infusion and 

general contraindications to CMR.  

PPCI was performed in a standard fashion and decisions about direct stenting 

technique, thrombectomy and glycoprotein IIb/IIIa adoption were all left to 

operator’s discretion. All patients were loaded with dual antiplatelet therapy. 

Weight-adjusted unfractionated heparin or bivalirudin was adopted as 

antithrombotic regimen.  

The study protocol was approved by the local ethics committee (REC number 

10/H0408/24) and conducted in accordance with the Declaration of Helsinki. All 

participants provided written informed consent.  

Angiographic analysis  

Coronary flow was graded using the standard TIMI criteria23. Angiographic 

thrombus score was graded from 0 to 5 after the passage of the guidewire, as 

previously described24. Myocardial blush grade at the end of the procedure was 

evaluated according to van’t Hof25.  

Index of microcirculatory resistance  

A standard pressure and temperature-monitoring guidewire (Abbott, Santa Clara, 

CA) was advanced in the distal segment of the culprit vessel at completion of PPCI. 
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Coronary flow was estimated using thermodilution to derive mean transit time. 

Maximal hyperaemia was induced with Adenosine i.v. infusion (140 mcg/kg/min).  

IMR was defined as the mean distal pressure multiplied by the mean transit time at 

hyperaemia as previously described3. IMR >40 Units was considered indicative of 

clinically significant CMD in patients with STEMI as previously reported3.  

CMR analysis 

CMR was performed using a 3.0 Tesla magnetic resonance scanner (either 

MAGNETOM TIM Trio or MAGNETOM Verio; Siemens Healthcare, Erlangen, 

Germany) within 48 hours after PPCI. The CMR protocol is described in detail in 

Supplementary Material. In 144 (72.7%) cases CMR was also performed at 6-

month follow-up to assess final infarct size.  Cvi42 image analysis software (Circle 

Cardiovascular Imaging Inc, Calgary, Canada) was used for image analysis. Left 

ventricular (LV) volumes and ejection fraction (EF%) were assessed from steady-

state free precession images. To quantify the percentage of LV mass infarct size 

(IS%), as depicted by late gadolinium enhancement (LGE), the signal intensity 

threshold was set at 5 standard deviations above the mean SI of the remote reference 

myocardium26. The MVO was defined as the hypointense area within the LGE 

region and its size was quantified by manual delineation of the area. 

Groups definition 

CMD was defined as the presence of MVO and/or high IMR (>40 U). Patients were 

categorized as follows: no significant CMD with low IMR (≤ 40U) and without 

MVO (Group 1), CMD with either high IMR (>40U) or MVO (Group 2) and CMD 

with both high IMR (>40U) and MVO (Group 3).  

Endpoints and definitions 

The primary endpoint of the study was the composite of all-cause mortality, HF, 

resuscitated cardiac arrest, malignant ventricular arrhythmias (sustained ventricular 

tachycardia/ventricular fibrillation) and the need for a primary prevention 

implantable cardioverter defibrillator (ICD). Secondary endpoints were all-cause 

mortality, HF and recurrent myocardial infarction (MI). Diagnosis of HF was 

obtained from electronic patient records (both hospital and primary care facilities) 

and from OxAMI study follow up visits. HF was defined by the development of 

new symptoms of HF and/or prescription of diuretics with documented evidence of 
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LV systolic dysfunction (LVEF <50%) on CMR or echocardiogram and/or raised 

levels of natriuretic peptide.  

Statistical analysis 

The normal distribution of the variables was tested using Shapiro-Wilk test and 

histograms. Continuous variables were reported as mean r standard deviation or as 

median and interquartile range as appropriate. Categorical variables were reported 

as numbers and percentages. Continuous variables were compared with Student’s 

t-test or analysis of variance with Scheffe’ post hoc comparison. Mann-Whitney U 

test or Kruskal-Wallis test were used for non-normal distributed variables. 

Frequencies were compared with chi-square test or Fisher exact test, as appropriate. 

Survival analysis and endpoint comparison between groups were performed with 

the Cox regression analysis for the calculation of hazard ratio with 95% confidence 

interval and the log-rank test. Kaplan Meier curves were constructed. Survival 

analysis of the primary endpoint was adjusted for variables with p-value <0.1 at the 

univariate analysis. The test for proportional-hazards assumption was applied to 

confirm the validity of the model. Logistic regression analysis was performed to 

assess variables associated with CMD after STEMI. Multicollinearity of variables 

included in the final model used was assessed using variance inflation factor 

analysis. The validity of the model was tested using the Hosmer-Lemeshow 

goodness-of-fit test. Statistical analysis was performed with Stata version 15.1 

(StataCorp LLC, College Station TX). A p-value <0.05 was considered significant.  

 

RESULTS 

Study population 

Between September 2011 and September 2019, 222 patients with STEMI 

underwent both IMR assessment at completion of PPCI and CMR at a median time 

of 40.8 hours (IQR 24.7-47.8 hrs) after STEMI. Sixteen patients were excluded 

because of insufficient quality of CMR imaging (n=7), gadolinium-based contrast 

agent not administered (n=4) or inadequate pressure-wire traces (n=5). Eight 

patients were lost to follow-up after hospital discharge (Supplementary Table 1). 

Therefore, a total of 198 patients with STEMI were included in this study. The 

overall characteristics of the study cohort are presented in Table1. The mean age 
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was 60.2±10.7, 170 (85.9%) were male and 39 (19.8%) had diabetes. The median 

duration of follow up was 40.1(12.8-73.8) months. 

 

IMR and MVO  

High IMR (>40 U) was observed in 72 (36.4%) patients at completion of PPCI. 

Conversely MVO was observed in 100 (50.5%) patients.  

70 (35.4%) patients had no significant CMD after STEMI (Group 1). CMD defined 

as presence of either high IMR or MVO (Group 2) was present in 81 (40.9%) 

patients (low IMR with MVO = 56 [28.3%]; high IMR without MVO = 25 

[12.6%]). CMD defined as presence of both high IMR and MVO was observed in 

47 (23.7%) patients (Group 3).  

Significant differences in the infarcted myocardial territory and the severity of 

myocardial injury were observed across the groups (Table 1-3). In particular, 

patients with CMD with both high IMR and MVO (Group 3) had higher troponin 

release, lower coronary flow reserve, lower post-PPCI LVEF and larger IS%, both 

at 48 hours and at 6 months, compared with the other groups (Table 1-3).  
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42.6±15.7 

49.9±14.9 
<0.0001 

0.117 
<0.0001 

0.028 

LV
EF, %

 
51.4±8.5 

46.0±10.1 
43.2±8.8 

<0.0001 
<0.0001 

<0.0001 
0.114 

IS%
 

17.1±10.1 
29.9±12.9 

35.5±11.8 
<0.0001 

<0.0001 
<0.0001 

0.008 

M
V

O
%

 
0(0-0) 

1.0(0.0-3.7) 
4.0(2.2-8.6) 

0.0001 
<0.0001 

<0.0001 
<0.0001 

C
M

R
 at 6 m

onths  
 

 
 

 
 

 
 

ED
V

i, m
l/m

2  
76.0±15.5 

81.4±17.8 
94.3±24.1 

<0.0001 
0.326 

<0.0001 
0.008 

ESV
i, m

l/m
2  

31.6±10.8 
39.4±14.7 

51.2±21.1 
<0.0001 

0.036 
<0.0001 

0.003 

LV
EF, %

 
59.0±7.7 

52.9±8.8 
45.8±10.5 

<0.0001 
0.001 

<0.0001 
<0.0001 

IS%
 

9.7±9.4 
20.8±11.2 

26.9±10.7 
<0.0001 

<0.0001 
<0.0001 

0.006 
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On regression analysis, LAD territory infarct (OR 2.53, 95% CI 1.14-5.66, 

p=0.023), diabetes (OR 3.20, 95% CI 1.05-9.72, p=0.040) and impaired TIMI flow 

at baseline (OR 0.53, 95% CI 0.28-0.99, p=0.049) were independently associated 

with CMD (high IMR and/or MVO) (Supplementary Table 2).  Predictors of 

Groups 2 and 3 are presented in Supplementary Table 3-4.  

Association between post-ischaemic CMD and the extent of infarct size and 

systolic function impairment 

Significant differences in post-PPCI LVEF% and extent of infarct size were 

observed across the 3 groups. Group 2 had lower LVEF% and larger IS% acutely 

and at 6 months compared with Group 1 with no significant CMD (Figure 1; Table 

3), but smaller IS% at 48 hours and at 6 months and higher LVEF% at 6 months 

when compared with patients with Group 3 with severe CMD (Figure 1; Table 3).  

 
Figure 1. Left ventricular ejection fraction and Infarct size in patients stratified 
according to IMR and MVO. Box plots of LVEF% and IS% at 48 hours and 6 
months in patients stratified according to IMR and MVO. 
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Table 4. Adverse clinical events at follow up 

 Overall Group 1 

(No 

significant 

CMD) 

 

Group 2 

(CMD with 

high IMR 

or MVO) 

Group 3 

(CMD with 

high IMR 

and MVO) 

p-value 

No. Patients 198(100.0) 70(35.4) 81(40.9) 47(23.7)  

Primary 

endpoint 

34(17.2) 4(5.7) 18(22.2) 12(25.5) 0.016 

All cause 

death 

15(7.6) 4(5.7) 8(9.9) 3(6.4) 0.080 

Cardiac 

death 

6(3.0) 1(1.4) 3(3.7) 2(4.2) 0.459 

Heart 

failure 

27(13.6) 1(1.4) 15(18.5) 11(23.4) 0.003 

VT/VF 11(5.5) 0(0.0) 4(4.9) 7(14.9) 0.001 

ICD  5(2.5) 0(0.0) 2(2.5) 3(6.4) 0.153 

ICD, implantable cardiac defibrillator; VF, ventricular fibrillation; VT, ventricular 

tachycardia.  

 

Association between post-ischaemic CMD and the primary clinical outcome 

At a median follow up time of 40.1 (12.8-73.8) months, the primary outcome 

occurred in 34 (17.2%) patients (Table 4).  

Group 3 with severe CMD had a significantly higher risk of adverse events 

compared with patients with no significant CMD (Group 1) at 1 year (HR=12.6, 

95%CI 1.6-100.6, p=0.017) and at long term follow up (HR=5.2, 95%CI 1.7-16.2, 

p=0.004, Figure 2, Table 5).  

Group 2 with either high IMR or MVO showed no significant difference in the 

primary endpoint at 1 year of follow-up when compared with Group 1 with no 

significant CMD. However, the risk of long-term adverse events was significantly 

higher at long term follow up (Figure 2, Table 5).  
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Notably, whilst Group 2 CMD with either high IMR or MVO demonstrated a 4.2-

fold increase in long-term risk when compared to Group 1 with no significant CMD, 

this risk was similar to Group 3 with severe CMD (HR=0.81, 95%CI 0.39-1.68, 

p=0.575, Figure 2).  

 

Table 5. Cox Regression analysis of the primary endpoint  

 Univariate  Multivariate  

Variable HR (95%CI) p-value HR (95%CI) p-value 

Age, years 1.04(1.01-1.07) 0.018 1.04(1.01-1.08) 0.037 

Male sex 0.65(0.28-1.50) 0.319 0.82(0.30-2.26) -  

Smoker 0.58(0.26-1.29) 0.184 1.22(0.50-2.99) - 

Diabetes 1.35(0.61-2.99) 0.462 1.54(0.68-3.52) - 

LAD 1.27(0.65-1.50) 0.483 1.15(0.53-2.49) - 

Ischemic time 1.00(1.00-1.01) 0.041 1.00(0.99-1.01) 0.144 

Troponin (peak)§ 1.00(0.99-1.01) 0.721 1.00(0.99-1.01) - 

Post-PCI TIMI 

flow 

0.39(0.22-0.68) 0.001 0.74(0.37-1.49) 0.405 

Group2 (IMR>40U 

or MVO) 

4.24(1.43-12.52) 0.009 4.69(1.36-16.15) 0.014 

Group3 (IMR>40U 

and MVO) 

5.22(1.68-16.21) 0.004 6.80(1.83-25.22) 0.004 

HR, hazard ratio; LAD, left anterior descending artery; IMR, index of microcirculatory resistance; 

MVO, microvascular obstruction; TIMI, thrombolysis in myocardial infarction. 

§Magnitude of troponin release defined as the multiple of upper limit of normal reference 

 

In Group 2 CMD with either high IMR or MVO, there was no significant difference 

in the long-term clinical outcome between those patients with low IMR with MVO 

vs. patients with high IMR but without MVO (HR 0.82, 95%CI 0.29-2.34, p=0.715) 

(Figure 3).  

CMD defined as high IMR and/or MVO was associated with the primary endpoint 

independently of post-PPCI TIMI flow and CMR-based infarct size 

(Supplementary Table 5). Cox regression analysis adjusted for clinical confounders 

is presented in Table 5.  
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Figure 2. Survival analysis of the primary endpoint  
Kaplan-Meier curves of patients stratified according to IMR and MVO at 1 year (a) 
and at long term (b). Hazard ratios for patients with IMR >40 U and MVO (Group 
3) and for those with either high IMR or MVO (Group 2) are provided in 
comparison with patients with no significant CMD (Group 1).   
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Figure 3. Survival analysis of the subgroups with either elevated IMR or MVO  
Kaplan-Meier curves of patients stratified according to IMR and MVO at 1 year (a) 
and at long term(b). Hazard ratios for patients are provided in comparison with 
patients with no significant CMD (Group 1).   
 

 

Association between IMR, MVO and adverse outcomes  

IMR and MVO were both associated with the primary outcome. In particular, 

patients with high IMR demonstrated significantly higher risk of composite adverse 

events (HR 2.07, 95% CI 1.06-4.07, p=0.03), heart failure (HR 2.82, 95% CI 1.23-

6.46, p=0.01) and malignant ventricular arrhythmias and/or ICD implantation (HR 

19.2, 95% CI 2.45-150.16, p=0.005) (Supplementary Figure 3). Patients with MVO 

demonstrated significantly higher risk of composite adverse events (HR 2.46, 95% 

CI 1.17-5.18, p=0.02) and heart failure (HR 3.37, 95% CI 1.32-8.60, p=0.01). 

(Supplementary Figure 4). 
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All-cause mortality  

All-cause mortality occurred in 15 (7.6%) cases during the study period. No 

significant difference was observed among patients stratified according to IMR and 

MVO (Supplementary figure 3). Age (HR=1.14, 95% CI 1.06-1.23, p<0.0001) and 

LVEF% (HR=0.93, 95% CI 0.88-0.97, p=0.004) were independently associated 

with all-cause mortality on Cox regression analysis (Supplementary Table 6). 

Heart failure 

Overall, 27 (13.6%) patients developed HF during the study period. Patients in 

Group 3 with severe CMD (HR=17.4, 95%CI 2.2-136.5, p=0.006) and Group 2 

CMD with either high IMR or MVO (HR=12.6, 95%CI 1.6-96.6, p=0.015) 

demonstrated higher risk of developing HF compared with patients in Group 1 

(Supplementary Figure 4).  

Longer ischemic time (HR=1.01, 95% CI 1.00-1.02, p=0.042), LVEF% (HR=0.91, 

95% CI 0.86-0.96, p<0.0001) and being in Group 3 with severe CMD (HR=17.4 

95% CI 2.2-136.1, p=0.006) or Group 2 CMD with either high IMR or MVO 

(HR=12.6, 95% CI 1.6-96.6, p=0.015) were associated with HF at Cox regression 

analysis (Supplementary Table 7). 

Recurrent Myocardial Infarction  

Myocardial infarction occurred in 11 (5.5%) cases during the study period. No 

significant difference in the risk of recurrent infarction was observed when patients 

were stratified according to IMR and MVO (Supplementary figure 5).  

The presence of diabetes (HR=8.23, 95% CI 2.05-32.95, p=0.003) and lower 

thrombus burden (HR=0.53, 95% CI 0.34-0.82, p=0.005) were associated with 

recurrent infarction on Cox regression analysis. (Supplementary Table 8). 

 

DISCUSSION 

In this study, the pathophysiology of post-ischaemic CMD and its long-term 

prognostic implications were analysed in patients with revascularized STEMI. We 

used a multimodality approach, comparing IMR and MVO, in the same patients. 

The principal findings are as follows:  
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1. When assessed with IMR and CMR, 35% had no evidence of significant 

CMD (Group 1) and had significantly better clinical outcomes than patients 

with CMD.  

2. Severe CMD with high IMR and MVO (Group 3) was present in 24% of the 

study cohort and these patients had a larger infarct size and lower LVEF 

when compared to patients with CMD with either high IMR or MVO 

(Group 2) or patients with no evidence of CMD (Group 1). Patients in Group 

3 with severe CMD had the highest risk of adverse clinical outcome at 1 

year.  

3. 41% of our cohort had abnormality of only one of the indices (Group 2) 

(either IMR >40 U or MVO). While the risk of adverse events at 1 year was 

not different compared with patients with no significant CMD (Group 1), in 

the longer term, these patients had similar outcomes to patients with the 

highest risk (Group 3 CMD with both high IMR and MVO). Ultimately, 

they exhibited a > 4-fold higher risk of adverse outcome at long-term when 

compared with patients with no significant CMD at initial assessment 

(Group 1).  

Coronary microvascular dysfunction is reported in a significant proportion of 

patients undergoing PPCI and it is a major determinant of adverse outcome in 

STEMI4,5. CMD is associated with suboptimal myocardial recovery and adverse 

LV remodelling, predisposing to both HF and ventricular arrhythmias27, 28. 

Importantly, CMD has important prognostic implications even when post-

procedure TIMI flow is normal 29. Our study found that more than 65% of patients 

had post-ischaemic CMD, defined by either or both IMR and CMR and that it was 

adversely prognostic. 

Post-ischaemic CMD is a heterogenous entity and can be assessed with multiple 

tools. MVO on CMR and elevated IMR are the most commonly used indices of 

post-ischaemic CMD.  

A 1% increase in MVO size is associated with a 14% relative increase in mortality 

and an 8% increase in HF at 1 year of follow-up5. IMR has been extensively 

validated to predict infarct size and clinical outcomes including mortality and 

hospitalization for HF in patients with STEMI14, 16.  
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However, it is unclear which of either CMR or invasive physiology or even both 

should be used to risk stratify patients with CMD early after STEMI and how it 

should alter the clinical management. Our study is the first to show that combining 

MVO and IMR, may offer incremental long-term risk stratification compared to 

assessments of MVO and IMR in isolation. Although this will require further 

investigations to be confirmed, implementing this approach in the clinical setting 

could represent an important step towards personalized precision medicine. In 

particular, patients identified with CMD may benefit from being followed up 

regularly in order to aggressively optimize medical therapy and promptly detect and 

treat the onset of heart failure (Central Figure). The effectiveness of this approach 

and its implications on health care systems will need to be tested in adequately 

powered studies.   

In a proportion of patients with STEMI, IMR (≤40 or >40 U) can be discordant 

from the presence (or absence) of MVO at CMR7.  In a previous study, we showed 

that patients with both MVO and IMR>40 U presented an 11.9-fold increased risk 

of having IS larger than 25% of the myocardial mass at 6 months follow up7. 

Similarly, patients with either IMR>40 or MVO showed a larger IS at 6 months 

compared with patients with no MVO and preserved IMR ≤40 U7. Moreover, IMR 

≤40U appeared associated with a favourable reduction of the infarct size at six 

months, irrespective of MVO, suggesting the possibility that IMR could offer 

complementary information to CMR, in assessing the severity of post-ischemic 

CMD7.   

In the present study, we observed that, when compared to patients with either 

IMR>40 or MVO (Group 2), patients with IMR >40 and MVO (Group 3) have 

larger infarcts both acutely and at 6 months. However, this study, looking at long 

term events, shows that the patients with either high IMR or MVO, defined here as 

Group 2 CMD, also had adverse clinical outcomes similar to Group 3 with severe 

CMD (with both high IMR and MVO) at a median follow up of 40 months (3.3 

years). 

This implies that the multi-faceted pathophysiology of CMD, when detected by 

either IMR or MVO after PPCI for STEMI, may continue to drive adverse changes 
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in the myocardium and cardiac function, with lasting effects translating into adverse 

clinical events beyond 6 months.   

The difference in the primary endpoint between groups was mainly driven by the 

development of HF at follow up and there was no difference in all-cause mortality.  

These observations on long-term clinical outcomes further confirm and extend the 

previously reported effect of combined IMR and MVO on IS and left ventricular 

remodelling at 6 months post-STEMI7. However, contrary to previous speculation 

that patients with discordant IMR and MVO could represent a group of patients 

with moderate CMD and therefore at intermediate risk, this study suggests that this 

is only partially true. This is because patients in this group tend to develop HF after 

the first year and, eventually, at long term, a prognosis not dissimilar from those of 

patients with both IMR>40 and MVO at completion of PPCI. Our data suggest that 

these patients should be carefully followed-up and considered at risk of developing 

late HF.  

We previously observed that in patients where the IMR is preserved, even in 

presence of MVO, a significant regression of the infarct size over time is possible, 

whereas in patients with an IMR above 40 Units, the microvasculature in the infarct 

zone appeared to be irreversibly damaged7. Inevitably, IMR and MVO are dynamic 

processes, and the extent of any abnormality will regress after the acute phase of 

STEMI. Consideration of our data suggests that MVO represents a severe perfusion 

defect and a profound marker of microvascular injury, especially when associated 

with intramyocardial haemorrhage.  

On the other hand, IMR measured acutely is probably a combination of reversible 

stunning the of the microcirculation and irreversible damage related to the ischemia 

and reperfusion injury and/or distal embolization. Notably, IMR and MVO can 

reflect residual CMD and the disintegrity of the watershed zones adjacent to the 

infarct core, which are ultimately responsible for the final extent of the infarct size. 

It is also possible that an elevated IMR measured post infarct could contain a 

proportion of pre-existing CMD and it may not be entirely be related to the acute 

ischemic injury11.  

By offering a good compromise between ease of use and diagnostic accuracy, IMR 

is becoming the preferred method for the assessment of microvascular status in the 
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catheterization laboratory. Based on our study, IMR should be measured 

immediately post PPCI to detect clinically significant CMD.  Our study also 

supports the use of CMR to detect MVO. If either or both are found, the patient can 

be diagnosed with clinically significant and prognostically important post-ischemic 

CMD. In such cases, close long-term follow up should be initiated to detect and 

treat the onset of heart failure (Central illustration).  

 
Central illustration. Proposed risk stratification pathway post PPCI 

IMR is measured post PCI in the catheterization laboratory. CMR is performed 
before hospital discharge. If both IMR>40 U and MVO are present patient should 
be considered at high risk of adverse outcomes both in the short and long terms. If 
either are present, they should be considered at high risk in the long term. Both of 
these groups (2 and 3) should be given ‘enhanced care’; with close and regular 
clinical follow up, optimal medical therapy and prompt treatment for heart failure 
upon detection.  
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CONCLUSIONS 

The presence of CMD post-myocardial infarction, predicts a more than 4-fold 

increase in long-term risk of adverse outcomes, which is mainly driven by the 

occurrence of heart failure. Importantly, patients with abnormality of either one of 

the CMD indices (Group 2: IMR >40 U or MVO) also presented a similar long-

term risk of adverse outcome compared with patients with neither elevated IMR 

and MVO (Group 1).  

 

Limitations  

This is a single centre study with a relatively small sample size. Importantly, further 

large dedicated studies are warranted to confirm these observations. Nevertheless, 

this is the largest report available in which post-ischemic CMD has been assessed 

using a multimodality approach in the same patient, including invasive physiology 

and CMR assessment of MVO. Secondly, the survival analysis was conducted 

using a time-to-first-event approach. Therefore, the risk of having subsequent 

multiple events was not analysed in this study. Furthermore, the OxAMI study was 

not designed to detect differences in mortality between subgroup of patients 

stratified according to IMR and MVO.  

In this study only HF with reduced ejection fraction has been considered, as systolic 

dysfunction is the predominant phenomenon after STEMI and due to the 

overwhelming evidence that post-ischemic CMD is contributory. However, it is 

possible that pre-existing CMD may have caused worse hemodynamic profile and 

high filling pressures in our patients with STEMI as previously reported in patients 

with HF with preserved ejection fraction (HFpEF)30.  
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SUPPLEMENTARY MATERIAL 

 

1. Cardiovascular magnetic resonance (CMR) protocol  

CMR was performed using a 3.0 Tesla magnetic resonance scanner (either 

MAGNETOM TIM Trio or MAGNETOM Verio; Siemens Healthcare, Erlangen, 

Germany) within 48 hours after PPCI and at 6-month follow-up. 

The scan protocol comprised Steady-State Free Precession (SSFP) for functional 

images, Shortened Modified Look-Locker Inversion recovery (ShMOLLI) native 

T1-mapping for area at risk characterization (1), T2* mapping and T2-weighted 

(T2-prepared SSFP) for intramyocardial hemorrhage assessment, and late 

gadolinium enhancement (LGE) for infarct size and MVO quantification.  

Typical acquisition parameters for steady-state free precession (SSFP) 

retrospectively gated cine images were TE / TR =1.4/3.2 ms; flip angle 50°; voxel 

size: 2.4 x 1.8 x 8.0 mm.  

T2W was performed using a T2-prep-SSFP single shot sequence with surface coil 

correction (TE/TR = 1/4.1 msec; effective TE = 60 msec; flip angle 90°; voxel size: 

2.1 x 1.6 x 8.0 mm). 

ShMOLLI T1 maps were generated from 5-7 SSFP images with variable inversion 

preparation S2 time as described previously (1). Typical acquisition parameters 

were: TE/TR = 1.07/2.14 msec, flip angle=35°, FOV=340×255mm, matrix 

size=192×144, 107 phase encoding steps, actual experimental voxel size = 1.8 × 

1.8 × 8 mm, interpolated reconstructed voxel size = 0.9 x 0.9 x 8 mm, GRAPPA = 

2, 24 reference lines, cardiac delay time TD = 500 msec and 206 msec acquisition 

time for single image, phase partial Fourier 6/8.  

T2* maps were obtained using a gradient echo sequence. Typical imaging 

parameters were: flip angle 20°; voxel size 1.8 x 1.8 x 8 mm. 

LGE was performed with a T1-weighted segmented inversion recovery gradient 

echo-phase sensitive-inversion recovery (GRE_PSIR) sequence (TE/TR = 2.5 

msec/5 msec, voxel size =1.8 x 1.4 x 8.0 mm, flip angle 20°). LGE images were 

collected 10-15 min after the administration of 0.1 mmol/kg contrast agent 

(Dotarem, Guerbet, Villepinte, France). The inversion time was adjusted for 

optimal nulling of remote normal myocardium. 
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Supplementary Table 1. Clinical and procedural characteristics of patients lost at 

follow up  

 

Variable Patients lost at 

follow-up (n=8) 

Patients included 

in the analysis 

(n=198) 

p-value 

Age, years 66.5(57.2-74.5) 61.0(53.0-68.0) 0.14 

Sex male, % 6(75.0) 170(85.9) 0.32 

Hypertension, % 6(75.0) 88(44.9) 0.15 

Diabetes, % 1(12.5) 39(19.8) 0.51 

Smoker, % 1(12.5) 72(36.7) 0.26 

Ischemic time, min 285(194-386) 183(125-347) 0.14 

Systolic blood 

pressure on 

admission, mmHg 

123(110-160) 128(110-150) 0.73 

Heart rate on 

admission, bpm 

82(66-92) 80(68-90) 0.77 

Culprit vessel   0.84 

LAD 3(37.5) 98(49.5) 

LCX 1(12.5) 21(10.6) 

RCA 4(50.0) 75(37.9) 

Diagonal 0(0.0) 4(2.0) 

TIMI pre   0.42 

0-1 5(62.5) 165(83.3) 

2-3 3(37.5) 33(16.7) 
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TIMI post   0.12 

0-1 1(12.5) 3(1.5) 

2-3 7(87.5) 195(98.5) 

Post-PPCI FFR 0.95(0.84-1.00) 0.93(0.90-0.98) 0.78 

Post-PPCI CFR 1.59(1.43-2.51) 1.58(1.18-2.28) 0.64 

Post-PPCI IMR 36.8(23.8-40.2) 31.7(20.0-50.5) 0.87 

LVEF% within 48h 50(42-58) 49(40-53) 0.64 

IS% within 48h 26.0(2.0-33.0) 24.6(15.5-34.0) 0.68 

MVO% 0.0(0.0-8.0) 0.5(0.0-3.14) 0.98 

 

 

 

Supplementary Table 2. Predictors of CMD defined as high IMR and/or MVO 

Univariate logistic regression analysis 

Variable OR (95%CI) p-value 

Age 1.01 (0.99-1.04) 0.355 

Male sex 1.22 (0.53-2.77) 0.639 

LAD  2.31 (1.27-4.22 0.006 

Smoker 0.40 (0.22-0.73) 0.003 

Hypertension 0.99 (0.55-1.80) 0.995 

Hypercholesterolemia  1.50 (0.77-2.95) 0.236 

Diabetes 2.10 (0.93-4.72) 0.074 

Ischemic time 1.00 (0.99-1.01) 0.650 

Clopidogrel  1.35 (0.62-2.96) 0.451 

Ticagrelor  0.68 (0.33-1.39) 0.294 

IIbIIIa 1.20 (0.59-2.43) 0.617 

Thrombus score 1.79 (1.31-2.44) <0.0001 

Predilatation  1.28 (0.34-4.75) 0.714 

Postdilatation  0.99 (0.39-2.53) 0.990 

Number of stents 0.70 (0.40-1.26) 0.212 

Stent volume 1.01 (0.99-1.01) 0.690 

TIMI pre 0.52 (0.38-0.73) <0.0001 

TIMI post 0.20 (0.06-0.68) 0.010 

MBG 0.69 (0.48-0.98) 0.041 
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Supplementary Table 3. Predictors of Group 2 defined as the presence of high IMR 

or MVO 

SBP on admission 1.01 (0.99-1.02) 0.115 

DBP on admission  1.01 (0.99-1.03) 0.131 

Multivariate Logistic Regression analysis 

Variable  OR (95% CI) p-value 

LAD 2.53 (1.14-5.66) 0.023 

Smoker 0.47 (0.21-1.06) 0.070 

Diabetes 3.20 (1.05-9.72) 0.040 

Thrombus score 1.41 (0.87-2.27) 0.158 

TIMI pre 0.53 (0.28-0.99) 0.049 

TIMI post 0.50 (0.14-1.82) 0.291 

MBG 0.64 (0.36-1.13) 0.125 

Hosmer-Lemeshow goodness-of-fit test: Chi-square=6.80, p=0.558). 

 

Univariate logistic regression analysis 

Variable OR (95%CI) p-value 

Age 1.02 (0.99-1.05) 0.148 

Male sex 0.77 (0.34-1.72) 0.522 

LAD  1.21 (0.69-2.14) 0.503 

Smoker 0.67 (0.36-1.22) 0.187 

Hypertension 1.42 (0.80-2.51) 0.234 

Hypercholesterolemia  1.32 (0.70-2.46) 0.389 

Diabetes 1.96 (0.96-3.97) 0.063 

Ischemic time 0.99 (0.99-1.00) 0.284 

Clopidogrel  1.75 (0.76-4.05) 0.189 

Ticagrelor  0.66 (0.32-1.38) 0.272 

IIbIIIa 0.90 (0.45-1.77) 0.756 

Thrombus score 1.37 (1.01-1.86) 0.045 

Predilatation  6.75 (0.83-54.73) 0.074 

Postdilatation  1.36 (0.54-3.44) 0.515 

Number of stents 1.08 (0.62-1.90) 0.776 



 46 

 

 

 

Supplementary Table 4. Predictors of Group 3 defined as the presence of high 

IMR and MVO 

Stent volume 1.00 (0.99-1.01) 0.636 

TIMI pre 0.68 (0.48-0.96) 0.030 

TIMI post 1.36 (0.64-2.86) 0.423 

MBG 0.64 (0.36-1.13) 0.125 

SBP on admission 1.01 (0.99-1.02) 0.352 

DBP on admission  1.01 (0.99-1.03) 0.168 

Multivariate Logistic Regression analysis 

Variable  OR (95% CI) p-value 

Diabetes 1.89 (0.82-4.38) 0.135 

Thrombus score 1.15 (0.75-1.76) 0.530 

TIMI pre 0.64 (0.35-1.17) 0.146 

Predilatation 6.89 (0.83-57.07) 0.073 

Hosmer-Lemeshow goodness-of-fit test: Chi-square=6.82, p=0.234). 

 

Univariate logistic regression analysis 

Variable OR (95%CI) p-value 

Age 0.99 (0.96-1.02) 0.523 

Male sex 2.03 (0.67-6.19) 0.212 

LAD  2.21 (1.12-4.35) 0.021 

Smoker 0.51 (0.24-1.06) 0.071 

Hypertension 0.62 (0.32-1.22) 0.170 

Hypercholesterolemia  1.12 (0.55-2.28) 0.757 

Diabetes 0.95 (0.41-2.17) 0.898 

Ischemic time 1.00 (0.99-1.01) 0.084 

Clopidogrel  0.75 (0.32-1.76) 0.506 

Ticagrelor  1.04 (0.46-2.32) 0.931 

IIbIIIa 1.43 (0.67-3.05) 0.354 
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Thrombus score 1.47 (1.01-2.16) 0.046 

Predilatation  0.30 (0.08-1.09) 0.067 

Postdilatation  0.68 (0.26-1.82) 0.447 

Number of stents 0.46 (0.19-1.13) 0.090 

Stent volume 1.00 (0.99-1.01) 0.289 

TIMI pre 0.63 (0.40-0.99) 0.049 

TIMI post 0.23 (0.10-0.50) <0.0001 

MBG 0.48 (0.32-0.71) <0.0001 

SBP on admission 1.01 (0.99-1.02) 0.455 

DBP on admission  1.01 (0.98-1.02) 0.903 

Multivariate Logistic Regression analysis 

Variable  OR (95% CI) p-value 

LAD 1.31 (0.51-3.32) 0.574 

Smoker 0.36 (0.12-1.07) 0.067 

Ischemic time 1.01 (1.00-1.02 0.013 

Thrombus score 0.96 (0.55-1.67) 0.887 

TIMI pre 0.51 (0.20-1.33) 0.171 

TIMI post 0.67 (0.21-2.18) 0.508 

MBG 0.42 (0.21-0.84) 0.014 

Number of stents 0.76 (0.26-2.23) 0.618 

Hosmer-Lemeshow goodness-of-fit test: Chi-square 11.5, p=0.176). 
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Supplementary Table 5. Cox regression analysis including CMD, TIMI flow 

and infarct size  

Models HR (95%CI) p-value 

CMD (high IMR and/or 

MVO) 

1.76 (1.09-2.85) 0.022 

Post-PPCI TIMI Flow 0.51 (0.28-0.95) 0.033 

CMD (high IMR and/or 

MVO) 

1.74 (1.02-2.98) 0.042 

Infarct size at 48 hours 1.02 (0.99-1.05) 0.230 

Group 2 (IMR>40 or 

MVO) 

3.82 (1.28-11.35) 0.016 

Group 3 (IMR>40 and 

MVO) 

4.04 (1.24-13.20) 0.021 

Post-PPCI TIMI Flow 0.50 (0.27-0.92) 0.027 

Group 2 (IMR>40 or 

MVO) 

4.91 (1.38-17.52) 0.014 

Group 3 (IMR>40 and 

MVO) 

4.93 (1.23-19.71) 0.024 

Infarct size at 48 hours 1.01 (0.99-1.04) 0.325 
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Supplementary Figure 1. Association of high IMR (>40 U) with the primary 

and secondary outcomes  
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Supplementary Figure 2. Association of MVO with the primary and secondary 

outcomes  
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Supplementary Figure 3. Association between CMD Groups and all-cause 

mortality 

 
 

 

 

Supplementary Figure 4. Association between CMD Groups and heart failure 

 

 
 

 



 52 

Supplementary Table 6. Predictors of all-cause mortality   
  
Univariate 

  
Multivariate 

Variable  HR (95% CI)  p-
value  

HR (95% CI) p-value 

Age, years  1.09 (1.03-1.16) 0.003 1.14 (1.06-1.23) <0.0001 
Sex male 0.45 (0.14-1.44) 0.182 - 

 

Smoking 0.52 (0.14-1.85) 0.311 - 
 

Hypertension  0.83 (0.28-2.48) 0.742 - 
 

Diabetes  1.88 (0.59-6.06) 0.286 - 
 

Insulin-dependent diabetes 3.85 (0.86-17.25) 0.078 - 
 

Previous MI  1.32 (0.29-5.93) 0.713 - 
 

Creatinine on admission  1.01 (0.99-1.03) 0.089   
Pain-to-balloon time 1.01 (0.99-1.02) 0.791 -  

 

Troponin (peak) 1.00 (0.99-1.01) 0.696 - 
 

IIb-IIIa 1.02 (0.31-3.35) 0.970 - 
 

N.vessel disease 1.14 (0.44-2.92) 0.787 - 
 

Thrombus score  1.15 (0.62-2.12) 0.648 - 
 

Thrombus aspiration  0.58 (0.17-1.96) 0.385 - 
 

TIMIpre 1.01 (0.59-1.74) 0.961 - 
 

TIMIpost 1.84 (0.26-12.9 0.539 - 
 

MBG 1.24 (0.59-2.64) 0.569 - 
 

post-PCI FFR 44.6 (0.01-59.6) 0.523 - 
 

post-PCI tTmn 1.92 (0.71-5.18) 0.196 - 
 

post-PCI CFR 0.77 (0.36-1.65) 0.507 - 
 

post-PCI IMR 1.01 (0.99-1.01) 0.648 - 
 

post-PCI IMR>40 U 1.76 (0.62-5.03) 0.290 - 
 

CMR  
    

EDV 0.99 (0.98-1.01) 0.656 - 
 

ESV  1.01 (0.98-1.02) 0.713 - 
 

LVEF% 0.98 (0.92-1.03) 0.423 
  

IS% 1.01 (0.97-1.04) 0.718 - 
 

MVO% 0.99 (0.87-1.14) 0.934 - 
 

MVO>0 0.93 (0.32-2.69) 0.890 - 
 

EDV at 6 months 1.01 (0.99-1.01) 0.870 -  
ESV at 6 months  1.01 (0.99-1.02) 0.248 -  
LVEF% at 6 months  0.94 (0.89-0.99) 0.029 0.93 (0.88-0.97) 0.004 
IS% at 6 months  1.04 (0.99-1.08) 0.110 -  
IMR-MVO groups  

    

IMR>40 and MVO 1.78 (0.52-6.12) 0.355 - 
 

IMR>40 or MVO  1.43 (0.32-6.40) 0.639 - 
 

* excluded from the 

multivariate analysis 

because of collinearity 
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Supplementary Table 7. Predictors of heart failure  
Univariate 

  
Multivariate 

Variable  HR (95% CI)  p-value  HR (95% CI) p-value 
Age, years  1.03 (0.99-1.07) 0.157 - 

 

Sex male 1.04 (0.36-3.00) 0.945 - 
 

Smoking 0.82 (0.36-1.89) 0.647 - 
 

Hypertension  1.98 (0.91-4.31) 0.087 - 
 

Diabetes  1.10 (0.41-2.94) 0.847 - 
 

Insulin-dependent 
diabetes 

1.38 (0.18-10.4) 0.753 - 
 

Previous MI  2.42 (0.79-7.46) 0.122 - 
 

eGFR 0.99 (0.97-1.02) 0.474 - 
 

Creatinine on admission  0.99 (0.97-1.02) 0.876   
Pain-to-balloon time 1.01 (1.00-1.02) 0.011 1.01 (1.00-

1.02)  
0.042 

Troponin (peak) 1.00 (0.99-1.01) 0.100 - 
 

ACEi 1.14 (0.40-3.20) 0.801 - 
 

Beta-blockers 1.03 (0.30-3.57) 0.962 - 
 

Statin  2.17 (0.84-5.60) 0.110 - 
 

N.vessel disease 1.33 (0.74-2.39) 0.333 - 
 

Infarct-related artery 
(LAD) 

1.27 (0.59-2.71) 0.536   

Thrombus score  1.37 (0.85-2.23) 0.199 - 
 

Thrombus aspiration  2.55 (0.76-8.57) 0.130 - 
 

TIMIpre 0.70 (0.41-1.18) 0.181 - 
 

TIMIpost 0.35 (0.19-0.67) 0.002 1.16 (0.44-
3.11) 

0.761 

MBG 0.63 (0.41-0.98) 0.041 0.79 (0.44-
1.41) 

0.417 

post-PCI FFR 0.86 (0.01-
702.35) 

0.966 - 
 

post-PCI tTmn 1.67 (0.85-3.25) 0.125 - 
 

post-PCI CFR 0.54 (0.29-1.00) 0.052 * 
 

post-PCI IMR 1.01 (1.00-1.02) 0.006 * 
 

post-PCI IMR>40 U 2.61 (1.21-5.62) 0.014 * 
 

CMR  
    

EDV 1.01 (1.00-1.03) 0.001 * 
 

ESV  1.02 (1.01-1.04) <0.0001 * 
 

LVEF% 0.89 (0.85-0.93) <0.0001 0.91 (0.86-
0.96) 

<0.0001 

IS% 1.05 (1.02-1.08) 0.002 * 
 

MVO% 1.11 (1.05-1.18) 0.001 * 
 

MVO>0 3.97 (1.58-9.95) 0.003 * 
 

EDV at 6 months 1.01 (1.00-1.02) 0.001 *  
ESV at 6 months  1.02 (1.01-1.03) <0.0001 *  
LVEF% at 6 months  0.90 (0.86-0.93) <0.0001 *  
IS% at 6 months  1.06 (1.03-1.10) <0.0001 *  
IMR-MVO groups  

    

IMR>40 and MVO 17.40 (2.20-
136.51) 

0.006 2.10 (1.14-
3.89) 

0.017 
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IMR>40 or MVO  12.61 (1.60-
96.65) 

0.015 

* excluded from the 

multivariate analysis 

because of collinearity 

    

 

 

 

 

Supplementary Figure 5. Association between CMD Groups and recurrent 

myocardial infarction 

 

 

 
 

 

 

 

 

 

 



 55 

Supplementary Table 8. Predictors of recurrent myocardial infarction   
Univariate 

  
Multivariate 

Variable  HR (95% CI)  p-
value  

HR (95% CI) p-value 

Age, years  0.98 (0.93-1.05) 0.678 - 
 

Sex male 1.40 (0.17-11.22) 0.749 - 
 

Smoking 1.01 (0.25-4.06) 0.983 - 
 

Hypertension  0.63 (0.16-2.50) 0.508 - 
 

Diabetes  8.23 (2.05-32.95) 0.003 4.90 (1.11-
21.24) 

0.035 

Insulin-dependent 
diabetes 

10.14 (2.10-48.97) 0.004 * 
 

Previous MI  1.05 (0.13-8.37) 0.965 - 
 

eGFR 0.99 (0.97-1.03) 0.887 - 
 

Pain-to-balloon time 1.01 (0.99-1.01) 0.118  - 
 

Troponin (peak) 1.03 (0.99-1.01) 0.179 - 
 

ACEi 0.82 (0.17-3.93) 0.801 - 
 

Beta-blockers 0.77 (0.09-6.18) 0.808 - 
 

Statin  3.13 (0.84-11.67) 0.089 - 
 

N.vessel disease 1.59 (0.71-3.58) 0.261 - 
 

Infarct-related artery 
(LAD) 

0.84 (0.22-3.13) 0.797   

Thrombus score  0.53 (0.34-0.82) 0.005 0.64 (0.40-
1.02) 

0.06 

Thrombus aspiration  1.06 (0.22-5.13) 0.940 - 
 

TIMIpre 1.58 (0.93-2.68) 0.092 - 
 

TIMIpost 0.39 (0.12-1.28) 0.121 
  

MBG 0.71 (0.33-1.57) 0.403 
  

post-PCI FFR 0.96 (0.93-1.01) 0.106 - 
 

post-PCI tTmn 1.04 (0.28-3.83) 0.957 - 
 

post-PCI CFR 0.20 (0.04-1.06) 0.058 * 
 

post-PCI IMR 1.01 (0.99-1.01) 0.869 * 
 

post-PCI IMR>40 U 0.48 (0.10-2.32) 0.364 * 
 

Post-PCI RRR     
CMR  

    

LVEF% 0.99 (0.92-1.06) 0.732 
  

IS% 1.02 (0.97-1.07) 0.403 * 
 

MVO% 1.09 (0.94-1.24) 0.238 * 
 

MVO>0 1.19 (0.32-4.44) 0.793 * 
 

LVEF% at 6 months  1.05 (0.96-1.15) 0.268 *  
IS% at 6 months  0.99 (0.92-1.06) 0.694 *  
IMR-MVO groups  

    

IMR>40 and MVO 0.75 (0.14-4.13) 0.747 
  

IMR>40 or MVO 0.63 (0.14-2.83) 0.549 
* excluded from the 

multivariate analysis 

because of collinearity 
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CHAPTER 2.  
 

 

Towards the simplification of CMD assessment: Pressure-bounded 

coronary flow reserve in patients with STEMI. 
 

ABSTRACT 

Aims. Assessment of microvascular function in patients with ST-elevation acute 

myocardial infarction (STEMI) may be useful to determine treatment strategy. The 

possible role of pressure-bounded coronary flow reserve (pb-CFR) in this setting 

has not been determined.  

Methods and Results. Thermodilution-pressure-wire assessment of the infarct-

related artery was performed in 148 STEMI patients before stenting and/or at 

completion of primary percutaneous coronary intervention (PPCI). The extent of 

the myocardial injury was assessed with cardiovascular magnetic resonance 

imaging at 48-hours and 6-months after STEMI. Post-PPCI pb-CFR was impaired 

(<2) and normal (>2) in 69.9% and 9.0% of the cases respectively. In the remaining 

21.1% of the patients, pb-CFR was “indeterminate”.  

In this cohort, pb-CFR correlated poorly with thermodilution-derived coronary flow 

reserve (k=0.03, p=0.39). The index of microcirculatory resistance (IMR) was 

significantly different across the pb-CFR subgroups. Similarly, significant 

differences were observed in microvascular obstruction (MVO), myocardium area-

at-risk and 48-hours infarct-size (IS). A trend towards lower 6-month IS was 

observed in patients with high (>2) post-PPCI pb-CFR. Nevertheless, pb-CFR was 

inferior to IMR in predicting MVO and the extent of IS.  

Conclusions. Pb-CFR can identify microvascular dysfunction in patients after 

STEMI and provided superior diagnostic performance compared to thermodilution-

derived CFR in predicting MVO. However, IMR was superior to both pb-CFR and 

thermodilution-derived CFR and consequently, IMR was the most accurate in 

predicting all of the studied CMR endpoints of myocardial injury after PPCI. 
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INTRODUCTION 

Coronary physiology is a useful tool to assess the extent of coronary microvascular 

dysfunction in patients with ST-elevation acute myocardial infarction (STEMI) 

undergoing primary percutaneous coronary intervention (PPCI)3.  

The presence of microvascular obstruction (MVO) or high values of index of 

microcirculatory resistance (IMR) have been associated with poor myocardial 

reperfusion after PPCI, larger infarct size and worse long-term clinical outcome3, 7, 

14. Moreover, STEMI patients with high IMR are at increased risk of post-

procedural and in-hospital complications compared with patients with low post-

PPCI IMR17.  

However, the use of coronary physiology to assess the extent of microvascular 

dysfunction in STEMI patients remains limited in routine clinical practice, partly 

because of the complexity of the available techniques to assess coronary flow and 

coronary resistance in the catheterization laboratory31.  

Recently, pressure-bounded coronary flow reserve (pb-CFR) has been proposed to 

estimate CFR using standard pressure-wire technology, obviating the need for 

intracoronary thermodilution or doppler-velocity measurements32. pb-CFR 

demonstrated a good correlation with Doppler and thermodilution-derived CFR 

although its value to predict clinical outcomes remains uncertain32-34.   

The diagnostic accuracy of pb-CFR in detecting the extent of coronary 

microvascular dysfunction and predicting myocardial injury has not been assessed 

in patients with STEMI. In this study we aimed to compare pb-CFR with 

thermodilution derived physiology including IMR and CFRthermo in a consecutive 

series of patients enrolled in the Oxford Acute Myocardial Infarction (OxAMI) 

study. Moreover, we aimed to assess the presence of MVO and myocardial injury 

on cardiovascular magnetic resonance imaging (CMR) performed at 48 hours and 

6 months in STEMI patients stratified according to pb-CFR.  

 

METHODS 

Patients with STEMI admitted to the Oxford Heart Centre for PPCI were 

prospectively considered for enrolment in the Oxford Acute Myocardial Infarction 

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

Helsinki. Details of the OxAMI study have been previously described3. The 

diagnosis of STEMI required chest pain lasting at least 30 min, within 12 h from 

onset of symptoms, and ST-segment elevation of >2 mm (0.2 mV) in at least 2 

contiguous leads on ECG. Symptom duration >12 hours, presence of severe 

hemodynamic instability, severe left main disease, contraindications to adenosine 

infusion, balloon angioplasty without stent implantation and general 

contraindications to CMR were all exclusion criteria for this analysis. PPCI was 

performed in a standard fashion and decisions about direct stenting technique, 

thrombectomy and glycoprotein IIb/IIIa adoption were all left to operator’s 

discretion. All patients were loaded with dual antiplatelet therapy. Weight-adjusted 

unfractionated heparin or bivalirudin was adopted as antithrombotic regimen. 

Angiographic thrombus score was graded from 0 to 5 after the passage of the 

guidewire, as previously described24.  

Coronary angiography  

Coronary flow was graded using the standard TIMI criteria23. Myocardial blush 

grade at the end of the procedure was evaluated according to van’t Hof25. 

Angiographic no-reflow was defined as TIMI flow grade <3 and/or TIMI flow 

grade 3 with myocardial blush grade <2 at completion of the procedure. Two 

interventional cardiologists blinded to clinical and outcome parameters performed 

the angiographic analyses, and differences were resolved by consensus.  

Invasive coronary physiology measurements  

Indices of coronary physiology of the infarct-related artery were assessed after flow 

restoration (before stenting) and/or at completion of PPCI. IMR was defined as the 

mean distal pressure multiplied by the mean transit time (Tmn) at hyperemia as 

previously described3 using a coronary PressureWire (Abbott - St. Jude Medical, 

St. Paul, Minnesota). When measured before stent implantation, IMR value was 

corrected for collateral flow by coronary wedge pressure (Pw), measured during 

prolonged balloon inflation, as follows  

Pahyp x Tmnhyp [(Pdhyp-Pw) / (Pahyp – Pw)] 
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CFRthermo was defined as the ratio of hyperemic to resting coronary flow and was 

calculated using the equation:  

Tmnbase / Tmnat hyperemia 

Pressure-bounded coronary flow reserve 

The concept of pb-CFR has been proposed to estimate CFR applying a fundamental 

fluid dynamics equation that quantifies the pressure-gradient induced across a 

lesion in an epicardial coronary vessel:  

Δ𝑃 = 𝑓 ∗ 𝑄 + 𝑠 ∗ 𝑄2 

where 'P is the pressure gradient across the lesion, Q is coronary flow, f is friction 

coefficient and s is separation coefficient. f and s are geometric and rheologic 

properties of the lesion and the vessel.  

Pb-CFR assumes that, at one extreme, the lower bound of CFR is calculated as 

√Δ𝑃 𝑑𝑢𝑟𝑖𝑛𝑔 ℎ𝑦𝑝𝑒𝑟𝑒𝑚𝑖𝑎)/√Δ𝑃 𝑎𝑡 𝑟𝑒𝑠𝑡 , assuming that all the energy losses 

across the stenosis may be explained by separation forces and, on the other extreme, 

the upper CFR bound is calculated as the ratio between ΔP at hyperemia and ΔP at 

rest, assuming that the energy losses may be due to friction across the lesion32. In 

other words, pb-CFR defines the interval between the minimum and the maximum 

possible CFR values as follows: 

 

√[∆𝑃ℎ𝑦𝑝
∆𝑃𝑟𝑒𝑠𝑡

] ≤ 𝐶𝐹𝑅 ≤ ∆𝑃ℎ𝑦𝑝
Δ𝑃𝑟𝑒𝑠𝑡

  (1) 

As reported by Ahn at al., the equation can also be rewritten as:  

√
1−𝑃𝑑

𝑃𝑎ℎ𝑦𝑝

1−𝑃𝑑
𝑃𝑎𝑟𝑒𝑠𝑡

 ≤ 𝐶𝐹𝑅 ≤
1−𝑃𝑑

𝑃𝑎ℎ𝑦𝑝

1−𝑃𝑑
𝑃𝑎𝑟𝑒𝑠𝑡

  (2) 

Since Pd/Pa was available in 100% of the cases we adopted equation (2) to derive 

pb-CFR (Supplementary Figure 1).  

Pb-CFR was considered abnormal when both the upper and the lower bounds of 

PB-CFR were <2 and normal when both the upper and the lower bounds were >2. 

In all other cases PB-CFR was considered indeterminate as previously described32,8. 

Patients with resting Pd/Pa >0.98 were excluded from the analysis.  
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Cardiovascular magnetic resonance image protocol and analysis 

CMR was performed using a 3.0 Tesla magnetic resonance scanner (either 

MAGNETOM TIM Trio or MAGNETOM Verio; Siemens Healthcare, Erlangen, 

Germany) within 48 hours after PPCI and at 6-month follow-up. CMR protocol has 

been previously reported12. Cvi42 image analysis software (Circle Cardiovascular 

Imaging Inc, Calgary, Canada) was used for image analysis.   

Statistical analysis 

Normally distributed variables are reported as mean SD, and the Student t test used 

for comparisons. Nonparametric distributions are reported as median (interquartile 

range), and the Mann-Whitney test used for unpaired data. Difference between 

groups were compared with one-way ANOVA or Kruskal-Wallis as appropriate. 

The Fisher exact chi-square test was used for binary variables. Correlation between 

variables was tested by Spearman-rho method. Choen’s kappa coefficient method 

and % agreement were used to assess the agreement between pb-CFR and 

CFRthermo. Receiver Operating Characteristic (ROC) curve analysis was used to test 

the diagnostic performance of physiological variables to predict the extent of 

microvascular dysfunction and myocardial injury after STEMI. In calculating ROC 

curves for IS, the cut-off value for the highest quartile was used to define the 

endpoint (IS% (48h)t38.1% and IS% (6months) t30.0%).  Areas under the ROC 

curve were compared using the Delong method. In cases with repeated pre- and 

post-stent physiological assessment, the variations of IMR were measured using 

non-parametric Wilcoxon’s test and variations in pb-CFR were assessed using 

McNemar’s test. Patients were classified in good responders or partial/poor 

responders to stenting according to the final IMR value ≥40U, as previously 

described1. For regression and ROC curve analysis, Pb-CFR was used a binary 

categorical variable in the analysis, excluding patients with indeterminate results. 

Statistical analysis was performed using SPSS, Version 25.0 (IBM Corp., Armonk, 

NY, USA) and MedCalc statistical software, version 15.8 (Mariakerke, Belgium). 

All tests were 2-tailed and a p-value <0.05 was considered statistically significant.  
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RESULTS 

One-hundred-and-sixty-five patients presenting with STEMI underwent coronary 

physiological assessment of the infarct-related artery during PPCI as part of the 

OxAMI study. Pb-CFR was available in 148 patients (before and/or after PPCI) and 

was measured before stenting in 112 patients and at completion of PPCI in 123 

patients. 87 patients had both pre- and post-stenting pb-CFR data. was CMR 

available in all the cases (100%) at 48 hours and in 109 (74%) patients at 6 months 

of follow-up.  

 

Pb-CFR in the infarct-related artery before stenting (immediately after flow 

restoration) 

After flow restoration pb-CFR was <2 in 89/112 (79.5%) patients, >2 in 5/112 

(4.5%) patients and indeterminate in 18/112 (16.0%) patients (Supplementary 

Table 1). No significant difference in CFRthermo was observed in patients stratified 

according to pb-CFR (Supplementary Table 2). Notably, significant differences in 

pre-stenting IMR were observed stratifying the patients according to pb-CFR 

(Supplementary Table 2).  

 

Correlation between pre-stenting pb-CFR and the extent of myocardial injury 

after STEMI  

Pre-stenting pb-CFR >2 was associated with smaller myocardial AAR% (Figure 1). 

Moreover, a trend towards smaller infarct size at 48 hours and 6 months was 

observed in patients with pre-stenting pb-CFR >2 (Figure 1; Supplementary Table 

1).  

 

 

 

 

 

 

 

 



 62 

 
 

Figure 1. Upper panel: differences in IMR, MVO, myocardial AAR% and 48 hours 
IS% in patients stratified according to pre-stenting pb-CFR. *indicates overall p-
value. Lower panel: differences in IMR, MVO, myocardial AAR% and 48 hours 
IS% in patients stratified according to pb-CFR measured at completion of PPCI. 
*indicates overall p-value.  
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At ROC curve analysis, pre-stenting pb-CFR demonstrated inferior but not 

statistically different diagnostic value compared to pre-stenting IMR in predicting 

the infarct size at 48 hours (AUClPB-CFR=0.53 [0.42-0.64] vs AUCIMR=0.63 [0.52-

0.73], p=0.12), the final infarct size at 6 month (AUCPB-CFR=0.54 [0.42-0.67] vs 

AUCIMR=0.64 [0.52-0.76]; p=0.17) and the presence of intramyocardial 

hemorrhage (AUCPB-CFR=0.50 [0.32-0.68] vs AUCIMR=0.60 [0.41-0.77]; p=0.35). 

Moreover, the performance of pb-CFR in predicting the presence of MVO was 

inferior but marginally non-statistically different compared with IMR (AUCpb-

CFR=0.52 [0.41-0.63] vs AUCIMR= 0.64 [0.53-0.74], p for AUC comparison=0.052).  

 
Table 1. Clinical and procedural characteristic of patients with STEMI stratified 

according to post-procedural PB-CFR 

 
PB-CFR <2 

PB-CFR 

indeterminate PB-CFR >2 

p-

value 

Clinical data n=86 n=26 n=11   

Age, years 61(54-67) 65(55-71) 54(48-68) 0.34 

Sex, male 75(87) 21(81) 11(100) 0.28 

Hypertension 46(53) 10(38) 8(72) 0.14 

Dyslipidaemia  32(37) 17(65) 2(18) 0.10 

Diabetes  36(42) 6(23) 3(27) 0.17 

Smoking  39(45) 13(50) 5(45) 0.91 

eGFR, ml/min/1.73m2 94.2(78.9-106.8) 89.2(77.0-99.0) 83.0(75.0-121.1) 0.41 

Pain-to-balloon time, 

min 193(125-379) 146(118-234) 195(167-380) 0.14 

Peak troponin 32.1(8.3-67.8) 32.1(0.5-60.0) 2.5(1.99-2.5) 0.07 

CMR imaging at 48 h         

EDV, ml 

168.5(142.0-

199.0) 148.0(125.5-180.5) 

132.0(109.0-

162.0) 0.005 

ESV, ml 92.0(73.2-114.7) 76.0(58.0-95.0) 67.0(56.0-87.0) 0.005 

LVEF% 46.5(40.0-50.7) 49.0(39.5-55.0) 48.0(46.0-55.0) 0.26 

SV, ml 77.0(66.0-89.0) 66.0(55.0-84.5) 59.0(52.0-78.0) 0.044 

AAR% 46.1(37.0-55.6) 39.7(31.5-53.0) 33.3(27.1-40.2) 0.005 

IS% at 48h 28.7(20.4-39.3) 30.0(18.0-41.0) 15.5(8.3-25.0) 0.010 
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MVO, % 2.0(0.0-4.43) 1.0(0.0-10.0) 0.0(0.0-2.2) 0.003 

CMR imaging at 6 months        

EDV, ml 

172.5(147.5-

197.5) 147.5(119.0-184.5) 

159.0(120.5-

165.0) 0.052 

ESV, ml 78.5(57.7-103.0) 66.0(55.2-86.5) 69.0(44.0-72.0) 0.13 

LVEF, % 52.5(43.0-60.0) 55.5(48.0-59.0) 57.0(55.5-65.0) 0.21 

SV, ml 88.5(73.5-99.0) 81.5(59.0-93.5) 88.0(76.5-94.0) 0.37 

IS at 6 m, % 21.8(13.3-30.3) 20.0(8.0-30.4) 12.9(5.5-21.8) 0.18 

Salvage, %  34.5(23.5-48.8) 37.1(14.8-60.6) 42.9(32.7-64.4) 0.39 

     
Pb-CFR in the infarct-related artery at completion of primary PCI  

At completion of PPCI 86/123 (69.9%) patients presented a pb-CFR <2 and 11/123 

(9.0%) patients had a pb-CFR >2. In the remaining 26/123 (21.1%) patients pb-

CFR was indeterminate. Clinical, angiographic and imaging characteristics of 

patients stratified according to the post-PPCI pb-CFR are presented in Table 1 and 

Supplementary Table 3. Patients with pb-CFR >2 at completion of PPCI presented 

a trend toward lower frequency of LAD as culprit vessel, higher TIMI flow post-

stenting and lower peak troponin level.  

No significant difference was observed in CFRthermo across the pb-CFR groups 

(Table 2). Moreover, a poor agreement was observed between pb-CFR and 

CFRthermo (k=0.031, p=0.39; % agreement=65%; Supplementary Figure 2).  

At completion of PPCI, IMR was significantly different across the pb-CFR groups, 

with pb-CFR>2 associated with lower IMR values (Table 2).  

We found no interaction between binary Pb-CFR and culprit vessel (p for 

interaction=0.601). 
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Figure 2. IMR and pb-CFR variations before and after stenting.  
Patients with both pre- and post-stenting physiological measurements were 
classified, according to the final IMR, as good responders to stenting (post-PPCI 
IMR <40U) or partial/poor responders (post-PPCI IMR ≥40U). Pb-CFR improved 
significantly good responders but not in partial/poor responders to stenting. 
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Significant variations were observed in IMR values before and after stenting (44.0 

[28.4-80.0] to 28.7 [16.7-50.6], p<0.001). Notably, an overall improvement was 

observed in pb-CFR values at completion of pPCI (p<0.001; Figure 2A; 

Supplementary material). 54/87 (62%) patients were classified as good responders 

to stenting according to final IMR value <40U. In this subgroup pb-CFR 

significantly improved at completion of PCI (p=0.007; Figure 2B; Supplementary 

material 8). Conversely no significant variations in pb-CFR were observed in 

patients categorized as partial or poor responders to stenting according to final 

IMR≥40U (Figure 2C). Notably, good responders to stenting presented smaller IS% 

at 48 hours and 6 months, less MVO% and greater myocardial salvage compared 

with partial/poor responders to stenting (Supplementary table 4; Supplementary 

Figure 3).   

 
 

Table 2. Intracoronary physiology of patients with STEMI stratified according PB-CFR 
 

 
PB-CFR <2 PB-CFR indeterminate PB-CFR >2 p-value 

Post-Stenting 
  

  

Baseline Pd/Pa 0.93(0.91-0.95) 0.97(0.94-0.98) 0.98(0.97-0.98) <0.001 

FFR  0.91(0.89-0.94) 0.93(0.89-0.97) 0.91(0.88-0.93) 0.43 

Delta PdPa-FFR, 0.01(0.0-0.03) 0.02(0.01-0.07) 0.07(0.04-0.10) <0.001 

Pd(Hyp), mmHg 75(68-88) 75(64-84) 76(67-85) 0.55 

Tmn(Rest) 0.75(0.44-1.14) 0.64(0.39-1.01) 0.50(0.35-0.98) 0.23 

Tmn(Hyp) 0.41(0.27-0.86) 0.39(0.20-0.55) 0.28(0.22-0.44) 0.10 

CFR 1.50(1.10-2.18) 1.81(1.34-2.59) 1.96(1.35-2.46) 0.17 

IMR 32.5(20.3-55.4) 26.0(13.3-41.0) 20.2(16.5-37.0) 0.03 

RA pressure, 

mmHg 8(6-10) 8(2-12) 5(3-8) 0.42 

LowerPB 1.10(1.00-1.22) 1.53(1.41-1.67) 2.45(2.01-2.83) <0.001 

UpperPB 1.22(1.00-1.45) 2.33(2.00-2.87) 6.00(4.00-8.00) <0.001 
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Correlation between pb-CFR at completion of PPCI and the extent of 

myocardial injury after STEMI  

Post-PCI pb-CFR was significantly associated with the myocardial AAR% and the 

extent of myocardial injury at 48 hours after STEMI (Figure 1). A trend towards 

smaller infarct size at 6 months was observed in patients with pb-CFR >2. Notably, 

IMR and CFRthermo outperformed pb-CFR in predicting the extent of final IS (Table 

3 and Supplementary Table 5-6).  

 

Table 3. Regression analysis for pb-CFR, CFR and IMR in predicting physiological 

and CMR endpoints 

 Pb-CFR CFR IMR 

 OR 

(95%CI) 

p-

value 

OR 

(95%CI) 

p-

value 

OR 

(95%CI) 

p-value 

IS% (48h)* 0.93 (0.32-

2.66) 

0.89 0.75 (0.45-

1.27) 

0.29 1.01 (1.00-

1.02) 

0.022 

MVO** 0.08 (0.02-

0.42) 

0.003 0.71 (0.48-

1.05) 

0.09 1.02 (1.01-

1.03) 

0.008 

Hemorrhage

% 

0.42 (0.04-

4.32) 

0.46 0.75 (0.43-

1.31) 

0.31 1.02 (1.01-

1.04) 

0.019 

IS% 

(6months)* 

0.92 (0.29-

2.91) 

0.89 0.54 (0.27-

1.06) 

0.07 1.02 (1.01-

1.03) 

0.017 

IS, infarct size; MVO, microvascular obstruction. 

*For infarct size (IS) at 48 hours and 6 months the cut-off value for the highest quartile 

was used to define the endpoint: IS% (48h)t38.1% and IS% (6months) t30.0% 

**The presence vs. absence of MVO at 48 hours CMRhas been used to define the endpoint 

MVO. 

 

No significant differences were observed in the LV ejection fraction across pb-CFR 

groups 6 months after STEMI (Figure 3).  

Post-PPCI pb-CFR was significantly associated with the presence of MVO (Table 

1 and Figure 1). Using regression analysis, pb-CFR outperformed CFRthermo in 

predicting the presence of MVO (OR=0.08; 95%CI: 0.02-0.42, p=0.003; Table 3) 

but presented only modest diagnostic accuracy at ROC curve analysis (AUC=0.63 
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[0.52-0.73], p=0.003). Nonetheless, a pb-CFR >2 demonstrated high sensitivity 

(96.7% [88.5%-99.6%]) and fair negative predictive value (81.8% [48.2%-97.7%]) 

in excluding the presence of MVO.  

Pb-CFR was inferior compared to IMR in predicting the presence of hemorrhage 

and the extent of IS% at 48 hours and 6 months (Table 3 and Figure 3). Using 

alternate cutoffs other than 2 for Pb-CFR (1.5 or 2.5) to define microvascular 

dysfunction did not improve the prognostic role of the index regarding CMR 

endpoints (please see Supplementary Table 7).  

 

 
Figure 3. Diagnostic accuracy of physiological indices in predicting the final 
infarct size at 6 months after STEMI. IMR and CFRthermo presented a significantly 
higher AUC at ROC curve analysis compared with pb-CFR in predicting an IS 
≥30.0% at CMR.  
In the lower panel, a trend towards smaller IS% at 6 months was observed for 
patients with post-PPCI pb-CFR>2. Conversely, no difference in LV ejection 
fraction (LVEF%) was observed between the groups.   
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DISCUSSION 

Pb-CFR measured before and after stent placement has poor correlation with 

CFRthermo in this cohort of patients with STEMI undergoing PPCI. However, pb-

CFR was associated with the extent of microvascular dysfunction assessed both in 

the catheterization laboratory using IMR and with MVO measured using CMR. In 

particular, pb-CFR was able to identify a subgroup of patients (pb-CFR >2) who 

experienced better reperfusion after PPCI with lower IMR, MVO and smaller acute 

myocardial injury after STEMI. 

Unfortunately, despite the advantage of being an easy technique based on standard 

pressure-wire without additional measurements of transit time or other coronary 

flow surrogates, pb-CFR is a suboptimal index of microvascular dysfunction in the 

STEMI population, with inferior diagnostic metrics compared with IMR.  

Prompt restoration of coronary flow in the infarct related artery by PPCI is the 

standard of care in patients presenting with STEMI. Nevertheless, a significant 

number of patients do not achieve complete myocardial reperfusion despite 

apparent satisfactory angiographic result in the epicardial vessel3. This is mainly 

related to microvascular injury after PPCI and it has been associated with larger 

infarct size, adverse LV remodelling and increased risk of heart failure and 

cardiovascular mortality14, 20, 35, 36.  

The identification of patients who are less likely to experience optimal reperfusion 

post-PPCI and may be candidates to adjunctive or alternative therapeutic strategies 

is a field of ongoing research13. Coronary physiological indices, and specifically 

CFR and IMR have been extensively investigated as potential tools to identify high-

risk patients in the catheterization laboratory. In particular IMR emerged as an 

accurate index of microvascular function with good predictive value for adverse 

outcome after STEMI15-17, as confirmed by this analysis (Figure 2 and 

supplementary table 4).  

However, the use of physiological assessment in STEMI is still limited because of 

the additional technical complexity, the additional procedural time and requirement 

for dedicated equipment to measure coronary flow using either Doppler or 

thermodilution techniques31.  
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Pb-CFR offers the advantage of avoiding thermodilution or Doppler velocity 

measurements and has been demonstrated to provide important information on the 

relationship between FFR and CFR32, 34. However, Ahn et al. showed that pb-CFR 

was not associated with clinical outcome in a large cohort of patients with stable 

coronary artery disease34 and this result was recently confirmed by Wijntjens et al. 

at long-term follow-up33. 

The applicability of pb-CFR is also limited by the fact that it produces an 

indeterminate result (lower limit < 2 and upper limit > 2) in those cases that cannot 

be classified as normal (both limits > 2) or abnormal (both limits < 2)32, 34. In our 

study pb-CFR resulted “indeterminate” in 21.1% of the cases at completion of 

PPCI. Notably the proportion of cases categorized as “indeterminate” is lower than 

what observed by previous investigators6-8. It is of interest that this subgroup of 

patients presented intermediate risk characteristics compared with the low and high 

CFR groups, with lower IMR values and smaller AAR% compared with patients 

with pb-CFR <2, but larger IS% compared with patients with pb-CFR >2.  

In this study pb-CFR measured in the infarct-related artery was impaired when 

measured post-stenting in the majority of the cases (86/123=69.9%) and, 

consequently, the value of pb-CFR <2 in identifying cases with high IMR (>40 U) 

or MVO is limited. However, a lower limit pb-CFR >2 (normal pb-CFR) was 

significantly associated with lower IMR, smaller MVO and IS% at 48 hours and 6 

months after STEMI.  

 

Limitations 

Our study has several limitations. This is a retrospective analysis of the OxAMI 

study and pb-CFR has been calculated using pre-existing recorded physiological 

data.  

Another limitation of our study is the relatively small sample size and the fact that 

the prognostic value of pb-CFR has been tested against thermodilution-derived 

indices and CMR parameters and not against clinical endpoint. Nevertheless, this 

is the first study to explore the value of pb-CFR in predicting the extent of 

microvascular dysfunction and myocardial damage in the setting of STEMI 

patients. 
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An additional inherent limitation of pressure-derived CFR is the required minimum 

resting pressure gradient. In fact, in cases with small ΔP at rest, the measurement 

of pb-CFR might become inaccurate, as the value of √Δ𝑃 at rest is in the range of 

the error of the pressure measurement itself18-19. To overcome this limitation, we 

excluded those patients with a final resting Pd/Pa >0.98 as previously described. In 

our series, the overall mean Pd/Pa and FFR were 0.94±0.04 and 0.92±0.05 

respectively and even in the subgroup of patients with post-PPCI pb-CFR>2, the 

resting and hyperaemic gradient across the lesion allowed a reliable measurement 

of pb-CFR (Table 2). Nonetheless, we cannot exclude some degree of inaccuracy 

in the measurement of post-PCI pb-CFR, especially in those cases with high FFR.  

   

CONCLUSIONS 

Pb-CF is a pressure-only derived index of coronary flow reserve. In our study pb-

CFR was impaired (upper limit < 2) in 70% of the cases at completion of PPCI and 

it was modestly associated with the extent of microvascular dysfunction and 

myocardial injury after STEMI. Pb-CFR provided superior diagnostic performance 

compared to thermodilution-derived CFR in predicting MVO after STEMI. 

However, IMR was superior to both pb-CFR and thermodilution-derived CFR and 

consequently, IMR was the most accurate in predicting all of the studied CMR 

endpoints of myocardial injury after PPCI. 
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SUPPLEMENTARY MATERIAL 

 

Supplementary Figure 1  

 

In panel A, Pd/Pa at rest is plotted vs Pd/Pa measured at maximal hyperaemia. In 
panel B, transit time (Tmn) at rest is plotted vs Tmn at hyperaemia. 
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Supplementary Table 1  

 
Table S1. Clinical and procedural characteristic of patients with STEMI stratified 
according to pre-stenting pb-CFR 

 PB-CFR <2 
PB-CFR 
indeterminate PB-CFR >2 

p-
value 

Clinical data n=89 n=18 n=5   

Age, years 61(54-67) 61(46-68) 68(61-74) 0.26 
Sex, male 83(93) 12(67) 5(100) 0.003 
Hypertension  46(52) 12(67) 5(100) 0.06 
Dyslipidemia  40(45) 8(44) 1(20) 0.55 
Diabetes  36(40) 8(44) 2(40) 0.95 
Smoking  43(48) 10(56) 0(0) 0.08 
eGFR  95.7(82.0-106-8) 87.2(77.7-101.0) 77.7(65.7-89.2) 0.03 
Pain-to-balloon time, 
min 190(129-360) 130(91-171) 231(157-478) 0.006 
Procedural data         

LAD (Culprit) 57(64) 3(17) 0(0) <0.001 
Baseline TIMI flow 3 7(7.9) 2(11) 1(20) 0.45 
Thrombus score (4&5) 52(58) 9(50) 4(80) 0.48 
Thrombus aspiration  59(66) 13(72) 3(60) 0.84 
Pre-dilatation  87(98) 17(94) 5(100) 0.68 
Total stent length, mm 28(20-38) 28(20-42) 18(13-30) 0.19 
Total stent diameter, 
mm 3.5(3.0-3.7) 4.0(3.0-4.0) 3.5(3.5-4.25) 0.14 
Post-dilatation  66(74) 14(78) 4(80) 0.92 
Final TIMI flow 3 79(89) 15(83) 5(100) 0.21 
ST-resolution  62(70) 12(67) 4(80) 0.85 
Final MBG>2 69(77) 12(67) 5(100) 0.28 
CMR imaging at 48 h         

EDV, ml 
170.5(142.0-
193.7) 136.0(104.0-165.2) 

200.0(138.0-
220.5) 0.007 

ESV, ml 90.0(65.7-114.0) 58.0(53.5-74.5) 
104.0(63.0-
129.5) 0.003 

LVEF% 49(40-52) 54(46-61) 48(41-55) 0.078 
SV, ml 78(63-93) 70(52-94) 78(75-100) 0.36 
AAR% 44(36-53) 33(26-44) 33(28-45) 0.009 
IS% at 48h 28.6(18.6-41) 21.3(13.6-34.1) 14.7(6.8-29.4) 0.10 
MVO 2.0(0.0-6.0) 0.0(0.0-1.9) 1.0(0.0-7.4) 0.04 
CMR imaging at 6 months        

EDV, ml 
171.5(145.0-
189.5) 140.0(116.5-157.5) 

156.0(140.5-
200.7) 0.03 

ESV, ml 75.0(57.0-100.0) 59.0(39.5-79.0) 73.5(52.7-101.0) 0.11 
LVEF% 52(43-61) 56(49-63) 52(46-66) 0.48 
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SV, ml 88(72-100) 71(61-90) 96(72-101) 0.17 
IS at 6 m, % 22.3(12.3-34.5) 16.8(9.6-29.2) 14.3(3.6-24.2) 0.28 
Salvage, %  32.8(18.2-50.0) 41.9(24.2-56.9) 44.6(16.4-80.2) 0.47 
     

 

 

 

Supplementary Table 2  

 
Supplementary Table 2. Intracoronary physiology of patients with STEMI stratified 

according pre-stenting pb-CFR 

 
Pb-CFR <2 Pb-CFR indeterminate Pb-CFR >2 p-value 

 
        

Baseline Pd/Pa 0.82(0.72-0.88) 0.93(0.87-0.97) 0.93(0.83-0.96) <0.001 

FFR  0.74(0.62-0.83) 0.82(0.66-0.92) 0.78(0.64-0.91) 0.17 

Delta PdPa-FFR 0.06(0.02-0.11) 0.08(0.04-0.18) 0.08(0.03-0.25) 0.15 

Pd(Hyp) 62(52-73) 66(46-70) 55(48-70) 0.69 

Tmn(Rest) 0.94(0.64-1.39) 1.26(0.88-1.59) 0.77(0.21-1.10) 0.054 

Tmn(Hyp) 0.78(0.47-1.24) 0.99(0.31-1.45) 0.37(0.26-0.82) 0.44 

CFR 1.20(1.00-1.43) 1.31(1.18-2.35) 1.00(1.00-3.10) 0.055 

IMR 45.9(31.9-82.9) 54.7(22.2-82.4) 17.9(13.7-51.2) 0.05 

IMR corrected 41.0(27.0-78.9) 54.9(22.5-79.7) 15.6(9.7-46.1) 0.09 

P Wedge, mmHg 20(16-27) 17(13-19) 22(18-25) 0.12 

LowerPB 1.14(1.04-1.22) 1.58(1.49-1.71) 2.24(2.02-2.61) <0.001 

UpperPB 1.30(1.08-1.50) 2.50(2.23-2.93) 5.00(4.08-6.91) <0.001 
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Supplementary Table 3 

 
Supplementary Table 3. Procedural data of patients with STEMI stratified according 

to post-procedural pb-CFR 

 
 Pb-CFR <2 

Pb-CFR 

indeterminate Pb-CFR >2 

 p-

value 

LAD (Culprit) 67(78) 14(54) 3(27) 0.001 

Baseline TIMI flow 3 3(4) 3(11) 3(27) 0.16 

Thrombus score (4&5) 55(64) 17(65) 5(45) 0.46 

Thrombus aspiration  67(78) 15(58) 6(54) 0.06 

Pre-dilatation  80(93) 25(95) 10(91) 0.79 

total stent length, mm 24(20-32) 24(20-38) 24(18-38) 0.99 

total stent diameter, mm 3.5(3.0-3.5) 3.5(3.0-4.0) 3.5(3.0-4.0) 0.27 

Post-dilatation  59(69) 21(81) 9(82) 0.36 

Final TIMI flow 3 74(86) 23(88) 10(91) 0.87 

ST-resolution  60(70) 18(69) 8(73) 0.98 

MBG 67(78) 23(88) 9(82) 0.49 

 

 

Supplementary Figure 2. Agreement between pb-CFR and CFRthermo 

The agreement between pb-CFR and CFRthermo has been tested using Cohen’s kappa 

coefficient and % agreement. 
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Supplementary Table 4 

 

Table S4. Comparison between post-pPCI pb-CFR, thermodilution-derived CFR and IMR in 

predicting CMR endpoints at 48 hours and 6 months after STEMI. 
 

 Pb-

CFR<2 

Pb-

CFR>2 

p-

value 

CFR<2 CFRt2 p-

value 
IMRt40 IMR<40 p-

value 

LVEF% 

(48h) 

46.5  

(40.0-

50.7) 

48.0  

(46.0-

55.0) 

0.13 46.5 

(39.0-

51.0) 

47.0 

(42.5-

52.0) 

0.67 45.0 

(39.0-

50.7) 

47.0 

(41.0-

51.0) 

0.67 

AAR% 46.1  

(37.0-

55.6) 

33.3 

(27.1-

40.2) 

0.002 45.2 

(34.5-

53.8) 

45.6 

(37.0-

56.1) 

0.74 46.4 

(38.0-

56.1) 

45.1 

(34.0-

52.0) 

0.21 

IS% (48h) 28.7  

(20.4-

39.3) 

15.5 

(8.3-25.0) 

0.003 28.8  

(18.3-

40.9) 

25.2  

(17.1-

33.7) 

0.22 32.4 

(23.0-

44.0) 

25.0 

(12.6-

33.6) 

0.002 

MVO % 2.0  

(0.0-4.4) 

0.0 

(0.0-0.0) 

0.001 1.8  

(0.0-4.2) 

0.9  

(0.0-4.2) 

0.37 3.7 

(1.3-6.0) 

0.5 

(0.0-2.1) 

<0.001 

Hemorrhag

e% 

0.0 

(0.0-3.5) 

0.0 

(0.0-2.2) 

0.49 0.0  

(0.0-3.0) 

0.0  

(0.0-4.0) 

0.81 1.0 

(0.0-1.0) 

0.0 

(0.0-1.0) 

0.018 

Salvage% 34.5 

(23.5-

48.8) 

42.9 

(32.7-

64.4) 

0.16 32.6  

(20.4-

47.9) 

38.8  

(28.9-

57.3) 

0.06 27.8 

(17.5-

37.8) 

42.0 

(29.2-

55.5) 

<0.001 

LVEF% 

(6mo) 

52.5 

(43.0-

60.0) 

57.0 

(55.5-

65.0) 

0.09 52.0  

(42.0-

59.0) 

55.5  

(50.5-

61.0) 

0.09 47.0 

(37.7-

57.5) 

55.0 

(49.0-

60.5) 

0.024 

IS% (6mo) 21.8  

(13.3-

30.3) 

12.9 

(5.5-21.8) 

0.09 20.5  

(12.6-

35.2) 

19.0  

(16.0-

26.7) 

0.66 30.0 

(21.4-

37.7) 

16.2 

(8.9-22.8) 

<0.001 

 

LVEF, left ventricle ejection fraction; AAR, myocardial area at risk; IS, infarct size; MVO, microvascular obstruction.  
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Supplementary Table 5. Sensitivity analysis excluding cases with pre-stent 

resting Pd/Pa >0.96 and >0.95 

 

Table S5. Sensitivity analysis of pre-pPCI pb-CFR accuracy according to resting Pd/Pa 

 Excluding cases with 

resting Pd/Pa>0.98 

Excluding cases with 

resting Pd/Pa>0.96 

Excluding cases with 

resting Pd/Pa>0.95 

 Pb-

CFR<2 

Pb-

CFR>2 

p-

val

ue 

Pb-

CFR<2 

Pb-

CFR>2 

p-

val

ue 

Pb-

CFR<2 

Pb-

CFR>2 

p-

val

ue 

CFRth

ermo 

1.2 

(1.0-

1.4) 

1.0 

(1.0-

3.1) 

0.8

4 1.2 

(1.0-1.4) 

1.0 

(1.0-

3.1) 

0.3

2 

1.2  

(1.0-

1.4) 

1.0 

(1.0-

3.1) 

0.3

1 

IMR 45.9  

(31.9-

82.9) 

17.9 

(13.7-

51.2) 

0.0

26 

46.2 

(31.3-

83.1) 

17.6 

(11.9-

55.8) 

0.0

27 

45.9 

(30.8-

82.5) 

17.6 

(11.9-

55.8) 

0.0

29 

LVEF

% 

(48h) 

49.0 

(40.0-

52.2) 

48.0 

(41.0-

55.0) 

0.7

1 

49.0 

(40.0-

52.2) 

46.0 

(39.5-

58.5) 

0.8

9 

49.0 

(40.0-

52.7) 

46.0 

(39.5-

58.5) 

0.9

0 

AAR

% 

44.3 

(36.1-

53.0) 

33.1 

(28.0-

44.9) 

0.1

0 

43.6 

(36.1-

52.7) 

36.0 

(30.0-

36.0) 

0.3

1 

44.3 

(36.1-

53.0) 

36.0 

(30.0-

36.0) 

0.3

1 

IS% 

(48h) 

28.6 

(18.6-

41.0) 

14.7 

(6.8-

29.4) 

0.1

1 

28.5 

(18.6-

41.0) 

21.0 

(6.2-

21.0) 

0.3

5 

28.5 

(18.6-

41.0) 

21.0 

(6.2-

21.0) 

0.3

5 

MVO 

% 

2.0 

(0.0-

6.0) 

1.05 

(0.0-

7.4) 

0.6

0 

1.8 

(0.0-5.4) 

2.1 

(0.0-

2.1) 

0.9

5 

2.0 

(0.0-

5.6) 

2.1 

(0.0-

2.1) 

0.9

6 

Salva

ge% 

32.8 

(18.3-

50.0) 

44.6 

(16.4-

80.2) 

0.5

2 

33.3 

(18.2-

50.0) 

20.0 

(15.1-

20.0) 

0.9

6 

33.9 

(18.4-

50.8) 

20.0 

(15.1-

20.0) 

0.9

5 

LVEF

% 

(6mo) 

52.0 

(43.0-

60.7) 

52.0 

(46.5-

65.7) 

0.7

1 

52.0 

(43.0-

61.0) 

48.0 

(46.0-

48.0) 

0.9

1 

52.0 

(43.0-

61.0) 

48.0 

(46.0-

48.0) 

0.9

1 



 78 

IS% 

(6mo) 

22.3 

(12.3-

34.5) 

14.3 

(3.6-

24.2) 

0.2

3 

21.8 

(12.2-

34.0) 

21.0 

(2.0-

21.0) 

0.4

8 

21.8 

(12.2-

34.0) 

21.0 

(2.0-

21.0) 

0.4

8 

CFRthermo, thermodilution-derived coronary flow reserve; IMR, index of microcirculatory 

resistance; LVEF, left ventricle ejection fraction; AAR, myocardial area at risk; IS, infarct 

size; MVO, microvascular obstruction.  

 

 

 

Supplementary Table 6. Sensitivity analysis excluding cases with post-stent 

resting Pd/Pa >0.97 and >0.96 

 

Table S6. Sensitivity analysis of post-pPCI pb-CFR accuracy according to resting Pd/Pa 

 Excluding cases with 

resting Pd/Pa>0.98 

Excluding cases with 

resting Pd/Pa>0.97 

Excluding cases with 

resting Pd/Pa>0.96 

 Pb-

CFR<2 

Pb-

CFR>2 

p-

val

ue 

Pb-

CFR<2 

Pb-

CFR>2 

p-

val

ue 

Pb-

CFR<2 

Pb-

CFR>2 

p-

val

ue 

CFRth

ermo 

1.5 

(1.1-

2.2) 

2.0  

(1.3-

2.5) 

0.2

3 

1.5 

(1.1-2.2) 

1.8 

(1.0-

2.7) 

0.9

3 

1.5 

(1.1-

2.2) 

1.4 

(1.0-

1.4) 

0.5

0 

IMR 32.5 

(20.3-

55.4) 

20.2 

(16.5-

37.0) 

0.0

5 

32.3 

(20.0-

54.5) 

17.0 

(12.9-

21.6) 

0.0

17 

33.1 

(20.2-

56.1) 

18.6 

(16.9-

18.6) 

0.2

2 

LVEF

% 

(48h) 

46.5 

(40.0-

50.7) 

48.0 

(46.0-

55.0) 

0.1

3 

45.0 

(39.0-

50.0) 

51.0 

(45.0-

55.5) 

0.1

1 

45.5 

(39.0-

50.0) 

47.0 

(43.0-

47.0) 

0.6

1 

AAR

% 

46.1 

(37.0-

55.6) 

33.3 

(27.1-

40.2) 

0.0

02 

45.9 

(37.0-

55.6) 

33.1 

(19.1-

36.5) 

0.0

15 

45.9 

(36.8-

56.3) 

35.7 

(34.2-

35.7) 

0.2

6 

IS% 

(48h) 

28.7 

(20.4-

39.3) 

15.5 

(8.3-

25.0) 

0.0

03 

28.5 

(20.0-

39.3) 

13.2 

(5.3-

22.2) 

0.0

12 

28.6 

(20.2-

40.3) 

21.1 

(13.2-

21.1) 

0.4

7 
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MVO 

% 

2.0 

(0.0-

4.43) 

0.0 

(0.0-

2.2) 

0.0

01 

2.0 

(0.0-4.4) 

0.0 

(0.0-

0.6) 

0.0

2 

2.0 

(0.0-

4.7) 

0.0 

(0.0-

0.0) 

0.0

8 

Salva

ge% 

34.5 

(23.5-

48.8) 

42.9 

(32.7-

64.4) 

0.1

6 

34.5 

(23.6-

48.7) 

54.7 

(23.8-

63.1) 

0.3

4 

34.5 

(22.6-

48.4) 

38.7 

(15.8-

38.7) 

0.9

3 

LVEF

% 

(6mo) 

52.5 

(43.0-

60.0) 

57.0 

(55.5-

65.0) 

0.0

9 

52.0 

(43.0-

60.0) 

55.0 

(55.0-

60.0) 

0.8

2 

52.0 

(43.0-

60.2) 

- Na 

IS% 

(6mo) 

21.8 

(13.3-

30.3) 

12.9 

(5.5-

21.8) 

0.1

0 

22.3 

(12.9-

30.2) 

14.6 

(11.8-

21.0) 

0.5

7 

22.8 

(12.9-

31.5) 

- Na 

CFRthermo, thermodilution-derived coronary flow reserve; IMR, index of microcirculatory 

resistance; LVEF, left ventricle ejection fraction; AAR, myocardial area at risk; IS, infarct size; 

MVO, microvascular obstruction.  

 

 

Supplementary Table 7. Comparison between pb-CFR and CFRthermo: ROC 

curve analysis  

 

Supplemental Table S7. Comparison between different cutoffs for pb-CFR in discriminating 

major cardiac MRI endpoints 

 Pb-CFR (cut-off=2) Pb-CFR (cut-off=1.5) Pb-CFR (cut-off=2.5) 

 AUC 

(95%CI) 

p-value AUC 

(95%CI) 

p-value AUC 

(95%CI) 

p-value 

MVO** 0.37 (0.24-

0.50) 

0.045 0.37 (0.25-

0.498) 

0.047 0.46 (0.33-

0.59) 

0.50 

IS% 

(6months)* 

0.45 (0.31-

0.60)  

0.55 0.41 (0.27-

0.55) 

0.23 0.48 (0.35-

0.62) 

0.81 

IS, infarct size; MVO, microvascular obstruction. 

*For infarct size (IS) at 6 months the cut-off value for the highest quartile was used to define the 

endpoint: IS% (6months) t30.0% 
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**The presence vs. absence of MVO at 48 hours cardiac MRI has been used to define the endpoint 

MVO. 

 
  

Supplementary Table 8. Comparison of areas under the curve (AUC) for Pb-

CFR (binary) and CFR in predicting CMR endpoints 

 

Table S8. Comparison of areas under the curve (AUC) for Pb-CFR (binary) and CFR in predicting CMR 

endpoints 

 Pre-stent Post-stent 

 AUC (95%CI) 

Pb-CFR        vs.        CFR 

p-

valu

e 

AUC (95%CI) 

Pb-CFR        vs.        CFR 

p-

value 

IS% (48h)*     0.53 (0.42-0.64)         0.53 (0.42-

0.63) 

0.94       0.58 (0.47-0.68)         0.69 (0.58-

0.78) 

0.29 

MVO**     0.52 (0.41-0.63)         0.53 (0.42-

0.64) 

0.87       0.63 (0.52-0.73)         0.62 (0.51-

0.72) 

0.87 

Hemorrhage

% 

    0.50 (0.32-0.68)         0.58 (0.39-

0.75) 

0.46       0.53 (0.38-0.67)         0.55 (0.41-

0.70) 

0.80 

IS% (6m)*     0.54 (0.42-0.67)         0.52 (0.39-

0.64) 

0.74       0.55 (0.43-0.66)         0.79 (0.68-

0.88) 

0.004 

IS, infarct size; MVO, microvascular obstruction. 

*For infarct size (IS) at 48 hours and 6 months the cut-off value for the highest quartile was used to define the 

endpoint: IS% (48h)t38.1% and IS% (6months) t30.0% 

 

 

 
IMR and pb-CFR variations before and after stenting.  

 

Patients with both pre- and post-stenting physiological measurements were classified, 

according to the final IMR, as good responders to stenting (post-PPCI IMR <40U) or 

partial/poor responders (post-PPCI IMR ≥40U).  

Repeated measurements of IMR and pb-CFR before and after stenting were available in 87 

(58.8%). Overall, IMR decreased significantly after stenting (from 44.0 (28.4-80.0) to 28.7 

(16.7-50.6), p<0.001 (Figure 2).  
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Similarly, a significant overall variation was observed in pb-CFR after stenting of the 

infarct related artery. In particular, pre-stent pb-CFR was <2 in 88.5% of the cases, 

indeterminate in 9.2% and >2 in 2.3%. After stenting pb-CFR was <2 in 67.8%, 

indeterminate in 23% and >2 in 9.2% of the cases (p<0.0001).  

54 out of 87 (62%) of the patients were classified as good responders to stenting based on 

post-pPCI IMR <40U (Figure 2B). In this subgroup IMR significantly decreased after 

stenting (36.5 [25.5-59.9] vs 19.1 [15.4-26.4], p<0.001). Consistently, pb-CFR 

significantly improved after stenting (Pre-stent pb-CFR was <2 in 85.2%, indeterminate in 

11.1% and >2 in 3.7% of the patients. Post-stent pb-CFR was <2 in 61.1%, indeterminate 

in 25.9% and >2 in 13.0% of the cases [p=0.007]).  

33 out of 87 (38%) of the patients were classified as partial or poor responders to stenting 

based on post-pPCI IMR t40U (Figure 2C). In this subgroup IMR did not vary significantly 

after stenting (67.7 [44.5-97.5] vs 64.4 [45.9-71.9], p=ns). Similarly, pb-CFR did not 

significantly improve after stenting (Pre-stent pb-CFR was <2 in 94.0%, indeterminate in 

6.0% and >2 in 0% of the patients. Post-stent pb-CFR was <2 in 78.8%, indeterminate in 

18.2% and >2 in 3% of the cases [p=ns]).  

Table S7 summarizes the cardiac MRI endpoints stratified according to microcirculatory 

response to stenting categorized according to post-stenting IMR < or t40 U. 

 

 

 

Supplementary Table 9. CMR endpoints according to microcirculatory 

response to stenting defined according to post-pPCI IMR t40 U 

 Good responders Partial/Poor 

responders 

p-value 

AAR% 44.3(34.1-52.0) 44.7(36.9(55.0) 0.37 

LVEF% 49.0(43.0-54.0) 46.0(39.0-51.0) 0.36 

IS% 48h 25.2(15.6-34.2) 32.0(21.4-43.2) 0.041 

MVO % 0.8(0.0-4.6) 4.1(1.8-7.0) 0.001 

Hemorrhage% 0.0(0.0-4.5) 4.0(0.0-12.0) 0.046 

Salvage% 40.7(23.7-55.5) 21.8(14.5-38.8) 0.011 

IS% 6mo 17.5(9.5-25.9) 30.4(24.3-41.4) <0.0001 
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Supplementary figure 3.  

Patients categorized as good responders to stenting (post-PPCI IMR <40U) 
presented significant less microvascular obstruction (MVO) at 48 hours cardiac 
MRI compared with partial/poor responders (post-PPCI IMR ≥40U) 
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CHAPTER 3.  

Angiography-derived index of microcirculatory resistance as a 

novel, pressure-wire-free tool to assess coronary microcirculation 

in STEMI 

 

ABSTRACT 

Aims: Immediate assessment of coronary microcirculation during treatment of ST 

elevation myocardial infarction (STEMI) may facilitate patient stratification for 

targeted treatment algorithms. Use of pressure-wire to measure the index of 

microcirculatory resistance (IMR) is possible but has inevitable practical 

restrictions. We aimed to develop and validate angiography-derived index of 

microcirculatory resistance (IMRangio) as a novel and pressure-wire-free index to 

facilitate assessment of the coronary microcirculation. 

Methods and Results: 45 STEMI patients treated with primary percutaneous 

coronary intervention (pPCI) were enrolled. Immediately before stenting and at 

completion of pPCI, IMR was measured within the infarct related artery (IRA). At 

the same time points, 2 angiographic views were acquired during hyperaemia to 

measure quantitative flow ratio (QFR) from which IMRangio was derived. In a subset 

of 15 patients both IMR and IMRangio were also measured in the non-IRA. Patients 

underwent cardiovascular magnetic resonance imaging (CMR) at 48 hours for 

assessment of microvascular obstruction (MVO). IMRangio and IMR were 

significantly correlated (rho: 0.85, p<0.001). Both IMR and IMRangio were higher 

in the IRA rather than in the non-IRA (p= 0.01 and p= 0.006, respectively) and were 

higher in patients with evidence of clinically significant MVO (>1.55% of left 

ventricular mass) (p=0.03 and p=0.005, respectively). Post-pPCI IMRangio 

presented and area under the curve (AUC) of 0.96 (CI95% 0.92-1.00, p<0.001) for 

prediction of post-pPCI IMR>40U and of 0.81 (CI95% 0.65-0.97, p<0.001) for 

MVO>1.55%. 

Conclusion: IMRangio is a promising tool for the assessment of coronary 

microcirculation.  Assessment of IMR without the use of a pressure-wire may 
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enable more rapid, convenient and cost-effective assessment of coronary 

microvascular function.   

 

INTRODUCTION 

Coronary microvascular injury remains an important determinant of poor prognosis 

and an unsolved challenge in the management of patients with ST elevation 

myocardial infarction (STEMI). The index of microcirculatory resistance (IMR) 

has been proposed to provide information about the status of coronary 

microvasculature and it is based on the combined application of thermodilution 

technique and of coronary pressure-wire1. It has been validated against 

cardiovascular magnetic resonance imaging (CMR)2 and against major clinical 

outcomes.  Measured at the completion of the procedure, a post-pPCI IMR ≥ 40U 

is associated with a higher rate of mortality and readmission for heart failure in 

STEMI patients3. Moreover, IMR has been showed to provide information about 

the status of the microvasculature before stenting4, and either alone or in 

combination with other clinical and anatomical parameters it can provide an 

immediate indicator of patients at high risk of suboptimal reperfusion5,6. 

Despite encouraging preliminary results of studies showing the potential efficacy 

of IMR-guidance in triaging novel therapies in STEMI7, IMR is still perceived as a 

research tool and its application within clinical practice remains extremely limited. 

Probable reasons for a lack of clinical penetration include the additional procedural 

time /complexity, increased procedural cost and the potential challenge of pressure 

wire manipulation in the infarct related artery (IRA) in STEMI patients.  

Quantitative flow ratio (QFR) is a novel angiography-based index derived from 

application of computational flow dynamics to three-dimensional modelling of the 

coronary artery8. QFR has been shown to have a good correlation with invasive 

fractional flow reserve (FFR) and it appears to be superior to angiography in 

assessing the ischemic potential of angiographically intermediate coronary 

stenosis9. QFR does not rely on pressure-wire use, but it remains an index for 

characterization of coronary epicardial segment and does not provide direct 

assessment of coronary microcirculation. 
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By measuring QFR in the IRA, we aimed to derive and validate a novel index, the 

angiography-derived index of microcirculatory resistance (IMRangio), to provide a 

pressure-wire-free alternative to IMR for the assessment of coronary 

microvasculature. 

 

METHODS 

Patients with STEMI admitted to the Oxford Heart Centre for pPCI between 

September 2018 and August 2019 were prospectively considered for enrolment in 

the OxAMI (Oxford Acute Myocardial Infarction) study. Details about OxAMI 

study have been previously described10. The OxAMI study protocol was approved 

by the local ethics committee (REC number 10/H0408/24) and conducted in 

accordance with the Declaration of Helsinki.  

STEMI was defined as the occurrence of ongoing chest pain for at least 30 minutes 

associated with ST-segment elevation >2 mm in at least two contiguous leads. 

Enrolled patients were excluded for IMRangio and IMR assessment in case of 

haemodynamic instability, evidence of angiographic left main disease, anticipated 

plain old balloon angioplasty without stent implantation or unsuitability for CMR 

assessment. 

Figure 1 summarizes the study-methods as described in detail within the next 

sections.  
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Figure 1. Study M
ethods Flow

 C
hart. 
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Index of microcirculatory resistance measurement 

IMR was measured using thermodilution technique on the CoroFlow system 

(Coroventis, Uppsala Sweden) as previously described, immediately before 

stenting and at completion of pPCI4. Briefly, a standard pressure wire 

(PressureWire X, Abbott, Santa Clara, CA) was calibrated, equalized and advanced 

towards the distal third of the IRA. After intracoronary injection of 250 Pg 

isosorbide dinitrate, mean aortic pressure (Pa), mean distal pressure (Pd) and mean 

transit time (tTmean) were measured both at baseline and at hyperaemia, achieved 

with intravenous infusion of adenosine at a rate of 140 µg/kg/min. Mean transit 

time was calculated as the average of three transit time measurements during three 

separate injections of 3ml of room temperature 0.9% saline solution. IMR was then 

calculated as follows: 

 

IMR = Pd(hyperaemia) x tTmean(hyperaemia) 

 

When assessed before stenting, IMR was measured either according to the above 

formula and also corrected for coronary wedge pressure, to account for residual 

collateral flow: 

 

𝐼𝑀𝑅 =  Pa(hyperaemia) x tTmean(hyperaemia) x 𝑃𝑑(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)−𝑃𝑐𝑜𝑟𝑤𝑒𝑑𝑔𝑒
𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)−𝑃𝑐𝑜𝑟𝑤𝑒𝑑𝑔𝑒

 

 

Coronary wedge pressure was measured by the pressure sensor of the pressure-wire 

during prolonged angioplasty-balloon inflation. 

In a subset of patients, IMR was measured also in one of the two non-IRAs. The 

selection of which non-IRA to assess was left to operator’s discretion. 

 

Quantitative flow ratio measurement 

At the same time points when IMR was measured, and only when measurement of 

IMR was completed, angiographic images were acquired at 15 frame/second with 

manual injection of contrast dye during maximal hyperaemia, using a monoplane 

radiographic system (Siemens Healthcare, Germany). Pre-specified projections 

were agreed with the radiographer to guarantee views at least 25° apart.  
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Three-dimensional quantitative coronary angiography (3D-QCA) and then QFR 

were measured off-line using QAngio® XA 3D software (Medis, Leiden, the 

Netherlands) by two independent operators (RS, MS) blinded to clinical, IMR and 

CMR data. Contrast-flow QFR (cQFR) and fixed-flow QFR (fQFR) were provided. 

Cases of disagreement were resolved by consensus. 

Since IMR is measured during maximal hyperaemia, we elected to assess IMRangio 

under hyperaemic conditions, as well. For this reason, QFR was assessed using the 

angiographic views taken at peak hyperaemia during adenosine infusion. Pressure-

wire was left in place during angiographic acquisition to allow calculation of QFR 

exactly at the site of the distal pressure/temperature transducer. 

As per IMR, in a subset of patients, QFR was measured also in one of the two non-

IRAs. 

 

Angiography-derived Index of Microcirculatory Resistance 

IMRangio was derived starting from the formula for calculation of IMR. 

 

IMR = Pd(hyperaemia) x tTmean(hyperaemia) 

 

where Pd(hyperaemia) is distal pressure at hyperaemia and tTmean(hyperaemia) is mean 

transit time at hyperaemia. By multiplying and dividing by hyperaemic aortic 

pressure (Pa(hyperaemia)), the formula becomes: 

𝐼𝑀𝑅 = 𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)𝑥 
𝑃𝑑(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)
𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎) 𝑥 𝑡𝑇𝑚𝑒𝑎𝑛(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎) 

 

Since QFR is a surrogate of Pd(hyperaemia)/Pa(hyperaemia) ratio, (QFR ~ 
𝑃𝑑(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)
𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎) ), QFR  can be used to replace  𝑃𝑑(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)

𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)  in the formula. 

Similarly, tTmean(hyperaemia) can be expressed as the ratio between the number of 

frames (Nframes) for contrast dye to travel, during hyperaemia, from the guiding 

catheter to a distal reference (corresponding to the position of the distal marker of 

the pressure wire) divided by the acquisition rate (fps). 

In this way the formula becomes: 
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𝐼𝑀𝑅𝒂𝒏𝒈𝒊𝒐 = 𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎) 𝑥 𝑄𝐹𝑅 𝑥 
𝑁𝑓𝑟𝑎𝑚𝑒𝑠(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)

𝑓𝑝𝑠
 

 

being fps set at 15 frame/second for QFR measurement. 

IMRangio was derived in the IRA at the same time points when IMR was measured, 

and in the non-IRAs where IMR assessment was performed per protocol. 

 

Cardiovascular magnetic resonance imaging 

CMR scans were performed at 48 hours after pPCI using a 3.0 Tesla scanner (either 

MAGNETOM TIMTrio or MAGNETOM Verio, Siemens Healthcare, Germany). 

Sequence acquisition was performed as previously described11.  

Microvascular obstruction (MVO) was defined as hypointense area within the 

hyperenhancement region on the late gadolinium enhancement images and was 

manually contoured11. We considered an MVO>1.55% of left ventricle mass as 

prognostically significant based on de Waha et al12.  

 

Statistical analysis 

After verifying normal distribution by Shapiro-Wilk’s test, variables were 

expressed as mean and (±) standard deviation (SD) or as median accompanied by 

interquartile range (IQR), as appropriate. Frequencies were compared using Chi 

square test or Fisher’s exact test, as appropriate. Continuous variables were 

compared using T test or analysis of variance (ANOVA) with Scheffe’s post-hoc 

comparisons, as appropriate. Non-normally distributed continuous variables were 

compared using Mann-Whitney’s test or Kruskall Wallis’ test, as appropriate. T test 

or Wilcoxon test were used as appropriate for paired samples. Correlations between 

variables were expressed using Pearson r or Spearman rho coefficients as 

appropriate. 

Inter-rater reliability was assessed by interclass coefficient (ICC) and 

corresponding 95% confidence interval.  

The concordance between IMRangio and IMR was assessed by Bland-Altman plot 

and the diagnostic efficiency of IMRangio in predicting IMR ≥ 40U and 

MVO>1.55% was assessed by the area under the receiver-operating characteristic 
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curve. Youden index analysis was used to identify best cut-off of IMRangio for 

prediction of post-pPCI IMR ≥ 40U. 

Statistical analysis was performed using SPSS 24.0 (SPSS, Inc Chicago, Illinois) 

and a p value <0.05 was considered statistically significant. 

 

Figure 2. Patients Flow Chart.  
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RESULTS 

 

Clinical and procedural characteristics 

A total of 45 STEMI patients were included in the current analysis (Figure 2). 

Clinical and procedural characteristics are presented for the whole cohort (Table 1) 

and stratified according to IMRangio above or below 40 U (Supplementary Table 

1&2). The cut-off of 40U for IMRangio was derived from ROC analysis (see section 

“Correlations between IMR and IMRangio”). 

 

 
Table 1. Overall clinical, angiographic and procedural characteristics  
  
Clinical data n=45 
Age, years 61.5(54.7-71.0) 
Male (%) 35(77.8) 
Hypertension (%) 28(62.2) 
Hypercholesterolemia (%) 19(42.2) 
Active Smoker (%) 26(57.0) 
Diabetes (%) 8(17.7) 
Family history of CAD (%) 14(31.1) 
Ischemic time, minutes (IQR) 196.0(127.5-425.5) 
Culprit vessel  

LAD (%) 22(48.8) 
LCx (%) 6(13.3) 
RCA (%) 17(37.9) 
TIMI flow at presentation  

0 (%) 26(57.8) 
1 (%) 4(8.9) 
2 (%) 10(22.2) 
3 (%) 5(11.1) 
Periprocedural Medication   

Aspirin (%) 45(100.0) 
Clopidogrel (%) 45(100.0) 
Heparin (%) 21(46.7) 
Bivalirudin (%) 24(53.3) 
GPIIbIIIa inhibitors (%) 3(6.6) 

Angiographic and procedural data   
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Thrombus aspiration (%) 10(22.2) 
Predilation (%) 45(100) 
Total Stent length, mm  24.0(20.0-38.0) 
Stent Diameter, mm  3.5(3.0-4.0 
Postdilation (%) 38(84.4) 
Final TIMI flow  

0 (%) 0(0.0) 
1(%) 2(4.4) 
2 (%) 3(6.7) 
3 (%) 40(88.9) 
Thrombus Score ≥4 23(51.1)  

Haemodynamics   
Pre-stenting   
Hyperemic Pd/Pa 0.75(0.61-0.85) 
CFR 1.27(1.11-1.67) 
IMR 48.6(25.5-60.3) 
cQFR 0.76(0.64-0.86) 
fQFR 0.74(0.57-0.84) 
IMRangio 37.3(23.7-50.2) 
Post-pPCI   
Hyperemic Pd/Pa 0.95(0.90-0.98) 
CFR 1.81(1.51-2.26) 
IMR 30.9(16.5-52.9) 
cQFR 0.95(0.88-0.98) 
fQFR 0.95(0.89-0.99) 
IMRangio 30.0(19.3-43.9) 

 

 

 

Correlations between IMR and IMRangio 

Satisfactory inter-rater reliability was detected for QFR (ICC 0.83 (CI95% 0.61-

0.93), F=6.37, p<0.001) and IMRangio (ICC 0.93 (CI95% 0.84-0.97), F=14.02, 

p<0.001). 

Good correlation was observed between FFR and QFR (Supplementary Figure 1).  

IMR and IMRangio were significantly correlated in the overall sample of 92 lesions 

(37 IRA pre-pPCI, 40 IRA post-pPCI and 15 non IRA) (rho= 0.85, p<0.001). 

Correlation between the two variables was maintained when analysis was restricted 
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to only IRA pre-pPCI (rho= 0.73, p< 0.001), IRA post-pPCI (rho= 0.88, p<0.001) 

and to the non-IRA (rho= 0.64, p= 0.009) (Figure 3).  

 

 

 

 
Figure 3. IMRangio and IMR correlations in acute STEMI patients. Scatter plots 
summarise significant correlations between IMRangio and IMR in the overall cohort 
of 92 lesions assessed (panel A) and then split into IRA before stent implant (panel 
B), IRA after stent implant (Panel C) and non-IRA (panel D). Dotted lines represent 
95% Confidence interval. Panel E reports ROC curve analysis for IMRangio in 
predicting IMR≥40U in the whole cohort of 92 lesions. 
 

 

Pre-pPCI IMRangio was also significantly correlated with pre-pPCI IMR corrected 

by coronary wedge pressure (rho=0.80, p=0.03).  

Notably, both IMRangio and IMR were significantly lower in the non-IRA compared 

to IRA (IMRangio = 17.8U (12.2-29.9) vs 30.0U (20.5-44.3), p= 0.006; IMR= 19.0U 

(12.5-27.5) vs 31.0 (16.8-55.2), p= 0.01) (Supplementary Figure 2). 
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ROC curve analysis showed an excellent diagnostic performance of IMRangio in 

predicting an IMR≥ 40 U (AUC= 0.96 (CI95% 0.92-1.00, p< 0.001; Figure 3e). 

The optimal cut-off of IMRangio for prediction of IMR≥ 40 U was 40U (sensitivity 

83.0%, specificity 100%, negative predictive value 90.2%, positive predictive value 

96.8%, diagnostic accuracy 92.4%). 

Bland Altman analysis further confirmed concordance between IMRangio within the 

whole sample and across subgroups (IRA pre-pPCI, IRA post-pPCI and non IRA) 

(Figure 4). Only seven discordant cases were identified when a threshold of 40U 

was applied for both IMR and IMRangio. Binary logistic regression analysis could 

not identify any clinical or procedural factors associated with IMR/IMRangio 

discordance (Supplementary Table 3).  

 

 

 

 
Figure 4. IMRangio and IMR concordance. Bland-Altman plots summarise 

concordance between IMRangio and IMR in the overall cohort of 92 lesions (panel 

A) and then split into IRA before stent implant (panel B), IRA after stent implant 

(Panel C) and non-IRA (panel D).  
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Variation of IMR and IMRangio after pPCI 

Assessment of both IMRangio and IMR before and after stenting was available in 33 

out of 45 patients. Both IMRangio and IMR decreased significantly after stenting in 

the IRA (IMRangio from 40.7U (25.0-50.2) to 28.2 (20.2-41.7), p= 0.048; IMR from 

48.6U (25.5-64.4) to 31.0 (16.9-51.7), p= 0.048) (Figure 5). Variation in IMRangio 

mirrored the one observed for IMR when patients were labelled as good or 

partial/poor responders to stenting, based on post-pPCI IMR≥ or <40U, 

respectively. In good responders IMRangio went from 32.4U (23.7-48.2) to 21.3U 

(14.9-31.7) (p=0.002) and IMR from 41.9U (22.6-58.9) to 20.3U (15.0-28.0) 

(p=0.001). In partial/poor responders IMRangio went from 44.3U (25.0-57.6) to 

44.8U (41.2-64.3) (p=0.18) and IMR from 57.5U (34.4-102.8) to 66.2U (43.1-

105.9) (p=0.21). Using the threshold of 40U, post-pPCI IMR categorized 63.6% of 

patients as good responders, whilst post-pPCI IMRangio categorized 69.7% of 

patients as good responders (p= 0.69). IMRangio presented a 3% misclassification 

rate for response to stenting, with only 1 out of the 33 patients misclassified as 

“good responder” by IMRangio and labelled as “poor responder” according to IMR 

variation post pPCI. 
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Figure 5. IM
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) responders to stent im
plant. 
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Correlation between IMRangio and MVO  

CMR data are summarised in Table 2 and stratified according to post-pPCI IMRangio 

above or below 40U. 

IMRangio was significantly higher in patients with MVO>1.55% (48.1U (29.3-68.9) 

vs 22.6U (13.7-39.0), p= 0.005). Post-pPCI IMRangio presented a satisfactory 

efficiency for prediction of MVO>1.55% (AUC= 0.81 (CI95% 0.65-0.97), p= 

0.006) (Figure 6). At the pre-specified cut-off of 40U, IMRangio presented a 60.0% 

sensitivity, 80.0% specificity, 83.3% negative predictive value, 60.0% positive 

predictive value and 76.5% diagnostic accuracy).  

 

 

 

 

 
 
Figure 6. IMRangio and MVO. The figure depicts two STEMI cases with IMR 
(Panels A&D), IMRangio (Panels B&E) assessment and corresponding short axis 
CMR images with presence (Panel C) and absence (Panel F) of MVO. The 
correlation between IMRangio and IMR with the occurrence of clinically relevant 
MVO (>1.55% of left ventricle mass) is summarised by the box plots (Panel G). 
Panel H depicts the ROC curve analysis of post-pPCI IMRangio in predicting 
MVO>1.55.  
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Table 2. CMR at 48h assessment stratified according to post-pPCI IMRangio ≥40U 

Variable  

post-pPCI 

IMRangio<40U 

post-pPCI 

IMRangio≥40U p-value 

Number of patients 21(67.7) 10(32.3)  

LVEDV(ml) 151(126-179) 166 (146-201) 0.19 

LVESV(ml) 80 (56-108) 83 (67-121) 0.67 

LVEF(%) 49(40-54) 50 (41-57) 0.70 

Infarct Size(g) 18 (13-27) 22 (15-30) 0.86 

Infarct Size(%) 22(18.0-30) 25(19-31) 0.77 

MVO >1.55% 4(19) 6(60) 0.03 
 

DISCUSSION 

In the current study, we have derived and validated IMRangio as a novel and 

pressure-wire-free index for the assessment of coronary microcirculation in STEMI 

patients. We have specifically observed that: 

1) IMRangio is significantly correlated with IMR both in the IRA and in the non-

IRA of STEMI patients 

2) Both IMR and IMRangio are significantly higher in the IRA than in the non-

IRA  

3) A value of 40 U appears the best threshold of IMRangio to predict an 

abnormal IMR (≥ 40 U) in STEMI patients 

4) The correlation between IMRangio and IMR is maintained when these 

variables are measured before or after pPCI 

5) IMRangio variation before and after pPCI mirrors the same variation that is 

observed in IMR 

6) IMRangio measured at the end of pPCI is higher in patients with significant 

MVO and can predict the occurrence of significant MVO (>1.55% of left 

ventricle mass). 

 

The availability and performance of pPCI have changed the prognosis for patients 

presenting with STEMI. However, up to 25-33% of STEMI patients will develop 

heart failure within five years of treatment, despite contemporary therapy13. 

Extensive coronary microvascular injury results in suboptimal reperfusion and this 
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portends a larger infarct size and a higher risk of adverse remodelling12. Identifying, 

minimising and potentially reversing microvascular injury in STEMI is an unmet 

clinical need.  

In addressing this challenge, assessing the status of coronary microvasculature 

within the catheter laboratory at the time of STEMI is pivotal since it has the 

potential to triage patients who might benefit from additional therapy. Early 

diagnosis/identification of “high risk’ individuals is essential and IMR 

measurement using pressure-wire can offer a reasonable compromise between 

practicality and diagnostic accuracy. However, measuring IMR increases 

procedural time, cost and has an intrinsic (but small) risk related to additional wire 

manipulation of the IRA (Central illustration).  

Within routine interventional practice, novel angiography-based indices are 

becoming available to address the limitations of pressure-wire-based measurement 

of FFR, using computational flow dynamics to model the coronary artery8. 

Amongst these indices, QFR is the one with the largest amount of data cumulated 

so far9,14. QFR has been used extensively in routine practice to predict FFR, and its 

application to derive an angiography-based, pressure-wire-free parameter to depict 

the status of coronary microcirculation is now emerging15.  

This study demonstrates that IMR derived from QFR, labelled as IMRangio, can be 

measured in STEMI patients in the vast majority of cases in a standard catheter 

laboratory (95.7% of lesions were successfully analysed for QFR and IMRangio). 

Comparisons showed a significant correlation between IMR and IMRangio, as 

confirmed by the ROC curve analysis. Previously, a post-pPCI IMR≥ 40U has been 

shown to be prognostically relevant3 and notably in our data, IMRangio showed a 

similar upper cut-off of 40U to predict abnormal IMR. When applying this 

threshold of 40U for both IMR and IMRangio, they were concordant in 92% of cases, 

especially when the assessment was performed at the end of pPCI or in the non-

IRA compared to assessment in the IRA before stent implant. 

This result is further confirmed by the Bland-Altman analysis showing that IMRangio 

and IMR are not numerically different for IMR values below 75U. Above 75U, 

IMRangio can be instead either higher or lower than IMR. This observation 

emphasises that the absolute numerical values of the two variables are less related 
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in cases of extreme (very high IMR) microvascular dysfunction (Figure 4). This 

may reflect the previous suggestion that agreement between QFR and FFR is 

negatively affected by the presence of severe microvascular impairment14.  

However, even though the difference between IMR and IMRangio values tends to 

widen with the severity of microvascular impairment, it remains a clinically 

meaningful concordance between the two measures. Indeed, both IMR and IMRangio 

measurements are within the adverse range (> 40U) in cases of extreme 

microvascular dysfunction, with no cases of severely abnormal IMR presenting a 

normal IMRangio and vice versa. Notably, the few cases of discordance were 

clustered around the threshold of 40U (Figure 4). 

Interestingly, in the subset of 15 patients with multivessel assessment, IMRangio and 

IMR were correlated both in the IRA as in the non-IRA. Moreover, both IMR and 

IMRangio appeared to be significantly higher in the IRA. This is in line with previous 

observations that microvascular impairment in the non-IRA, when present, is 

usually not severe and the observed values of IMR are not significantly different 

from those measured in patients with stable coronary artery disease16. 

In our study IMR and IMRangio were measured at two time points (before and after 

stenting). We have previously described that, overall, IMR tends to improve after 

stenting, as a consequence of flow-mediated dilation of the microvascular bed4. 

However, a proportion of patients appear to experience a suboptimal response to 

stent implant, ending with a final IMR≥40 U as consequence of post-pPCI IMR 

increase or incomplete reduction below the desired threshold of 40 U4. The same 

trends were observed for IMRangio in this study, with a similar rate of poor or partial 

responders to stenting when classification was based either on final IMRangio or 

IMR.  

Recently de Waha et al have reported, in a pooled cohort of 1688 STEMI patients 

undergoing post-pPCI CMR, that MVO>1.55% of left ventricle mass was 

associated with higher rates of mortality and heart failure at one year12. In our study, 

post-pPCI IMRangio appeared significantly elevated in patients with evidence of 

clinically significant MVO (>1.55 % of left ventricle mass) on CMR. This 

observation echoes that by McGeoch et al who reported higher IMR values in 

STEMI patients with MVO2.  
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Notably, whilst IMR and IMRangio were correlated with the presence of MVO, 

neither of them presented a strong correlation with the extent of MVO and infarct 

size. This discrepancy is consistent with previous studies2. Potential explanations 

include the difference in the timing of IMR/ IMRangio measurement and CMR 

scanning and the fact that IMR/ IMRangio provides a functional assessment of 

coronary microcirculatory injury, whilst CMR an anatomical one17.  
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Central illustration. Potential clinical implications of IMRangio in STEMI. IMR or 
IMRangio can be used to assess microvascular function in patients with STEMI 
undergoing pPCI before stenting (after flow restoration in the IRA) and at 
completion of pPCI.  
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Limitations 

The relatively small sample size represents a limiting factor to keep into account 

when interpreting the results of the current study. A second observation is that QFR 

and IMRangio were both measured offline. This accounts for a small proportion of 

lesions that had to be discarded for IMRangio assessment because of suboptimal 

quality of angiographic views. One of the advocated benefits of QFR in 

management of patients with stable coronary disease is that accuracy is maintained 

in predicting FFR, irrespective of the use of adenosine to achieve maximal 

vasodilation. The so called “contrast-QFR” represents an index that is pressure-wire 

and adenosine-free8. In our study, in order to replicate IMR, QFR (and thus 

IMRangio), was derived from angiographic views acquired at maximal hyperaemia 

achieved during intravenous adenosine infusion. In fact, the assessment of 

microvascular function in STEMI appears to be more reliable and consistent at 

maximal hyperaemia, since it is less prone to the heterogeneity of the same 

measurements obtained under resting conditions18. Whether IMRangio might 

maintain the same diagnostic accuracy in predicting IMR and MVO also under non-

hyperaemic conditions needs to be evaluated in future studies.  

 

CONCLUSIONS 

IMRangio is a pressure-wire-free index with the potential to provide an easier and 

routine assessment of coronary microcirculation in the emergency setting of 

STEMI. Ultimately, even though further prospective validation is necessary in 

STEMI and across the spectrum of coronary artery disease, IMRangio can be an easy, 

quick and cost-effective point-of-care test for routine assessment of microvascular 

function in the catheter lab with the ultimate goal of facilitating prognostic 

stratification and early triage of ad-hoc/personalised therapies.  
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SUPPLEMENTARY MATERIAL 

 

Supplementary Figure 1. Correlation between QFR and FFR 

Scatter plot in (a) shows the correlation between the hyperaemic thermodilution-

derived transit time and the total frame count (TCF) divided by the angiographic 

acquisition frame rate (TFC/15 fps).  

Scatter plot in (b) shows the correlation between distal coronary pressure (Pd) 

measured with pressure wire and derived using QFR analysis. QFR-based Pd was 

derived according to the following formula:  

FFR=Pd/Pa (1) 

FFR a QFR (2) 

Solving (1) and (2): QFR a Pd/Pa (3) 

Pd = QFR x Pa (4).  

Scatter plot in (c) shows the correlation between QFR and FFR in the study cohort. 

Red dotted lines identified QFR and FFR conventional cut-offs (d0.80).  
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Supplementary Figure 2. IMRangio and IMR in IRA versus non-IRA. Box plots 
show how both IMRAngio (Panel A) and IMR (Panel B) are significantly higher in 
IRA than in non-IRA. Box plot represent median and interquartile range. Whiskers 
identify maximum and minimum observations within the upper and lower fences.   
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Supplementary Table 1. Clinical, angiographic and procedural 
characteristics stratified according to post-pPCI IMRangio≥40U 

Variable IMRangio<40U IMRangio≥40U p-
value 

  (N=27) (N=13)   
Age, years 64.0(54.4-69.5)   57.5(54.2-71.7) 0.76 
Male (%) 21(78)  11(85) 0.48 
Hypertension (%) 13(52)  9(75) 0.28 
Hypercholesterolemia (%) 12(48)  5(42) 0.50 
Active Smoker (%) 14(56)  8(68)  0.40  
Diabetes (%) 5(20)  2(17)  0.59 
Family history of CAD (%)  9(36) 3(25) 0.71 
Ischemic time, minutes 
(IQR) 

196.0(128.2-
480.5)  

246.0(90.0-
614.0) 0.84 

Angiographic and procedural data     
Culprit vessel    

LAD (%) 14(52)  5(38.5)  
0.41  LCx (%) 3(11)  3(23)  

RCA (%) 10(37)  5(38.5)  
TIMI flow at presentation 
0 (%) 15(60)  10(83)  

0.32  
1 (%) 2(8)   0(0) 
2 (%)  4(16)  2(17) 
3 (%) 4(16)   0(0) 
Periprocedural Medication  
Aspirin (%)  22(96)  12(100) 0.66  
Clopidogrel (%) 12(54)  5(50)  1.00 
Heparin (%)  10(42) 7(58) 0.48 
Bivalirudin (%) 15(60) 5(42) 0.48 
GPIIbIIIa inhibitors (%)  0(0) 3(25) 0.03 
Predilation (%) 100 100 1.00 
Total Stent length, mm  24.0(19.0-38.0) 24.0(20.0-29.5) 0.75 
Stent Diameter, mm  3.5(3.0-4.0) 3.2(3.0-3.8) 0.73 
Postdilation (%) 23(96) 10(91) 0.54 
Final TIMI flow    

0 (%) 0(0) 0(0) 

0.006 
1(%) 1(4) 0(0) 
2 (%) 0(0) 4(36) 
3 (%) 23(96) 7(64) 
Thrombus Score ≥4 13(48) 9(69) 0.31 
Post-pPCI haemodynamic 
data       
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Hyperemic Pd/Pa 0.94(0.90-0.98) 0.95(0.91-1.00) 0.64 

IMR 20.1(14.6-31.0) 85.1(51.1-
115.9) <0.001 

CFR 1.9(1.5-2.3) 1.5(1.2-2.5) 0.12 
QFR 0.95(0.87-0.98) 0.95(0.89-1.00) 0.48 
IMRangio 21.5(15.0-30.0) 55.7(42.9-69.9) <0.001 
CAD, coronary artery disease; CFR, coronary flow reserve; IMR, index 
microcirculatory resistance; IMRangio, angiography-derived index of 
microcirculatory resistance; QFR, quantitative flow reserve; TIMI, 
thrombolysis in myocardial infarction.  
 

 

Supplementary Table 2. Clinical, angiographic and procedural 

characteristics stratified according to pre-stenting IMRangio≥40U 

Variable IMRangio<40U IMRangio≥40U 
p-

value 

  (N=19) (N=18)   

Age, years 63.0(55.7-67.2) 64.5(53.7-71.7) 0.57 

Male (%) 13(68.4) 14(77.8) 0.71 

Hypertension (%) 9(47.5) 11(61.1) 0.31 

Hypercholesterolemia (%) 9(47.5) 7(38.8) 0.74 

Active Smoker (%) 13(68.4) 8(44.4) 0.29 

Diabetes (%) 4(21.0) 3(16.6) 0.57 

Family history of CAD (%) 4(21.0) 5(27.7) 0.43 

Ischemic time, minutes 

(IQR) 

170.0(102.5-

299.5) 

309.0(193.5-

624.0) 
0.03 

Angiographic and procedural data     

Culprit vessel    

LAD (%) 10(52.6) 9(50.0) 

0.52 LCx (%) 3(15.8) 1(5.6) 

RCA (%) 6(31.6) 8(44.4) 

TIMI flow at presentation  

0 (%) 12(63.2) 10(55.6) 

0.96 1 (%) 2(10.5) 2(11.1) 

2 (%) 4(21.1) 5(27.8) 
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3 (%) 1(5.3) 1(5.6) 

Periprocedural Medication   

Aspirin (%) 37(100) 37(100) 1.00 

Clopidogrel (%) 37(100) 37(100) 1.00 

Heparin (%) 7(36.8) 9(50.0) 0,3 

Bivalirudin (%) 12(63.2) 9(50.0) 0.20 

GPIIbIIIa inhibitors (%) 0(0.0) 2(5.4) 0.21 

Predilation (%) 37(100) 37(100) 1.00 

Total Stent length, mm  24.0(20.0-38.0) 23.5(16.5-20.5) 0.25 

Stent Diameter, mm  3.5(3.0-4.0) 3.5(3.0-3.8) 0.96 

Postdilation (%) 18(94.7) 13(72.2) 0.44 

Final TIMI flow    

0 (%) 0(0.0) 0(0.0) 

0.04 
1(%) 0(0.0) 2(11.1) 

2 (%) 0(0.0) 2(11.1) 

3 (%) 19(100) 14(77.8) 

Thrombus Score ≥4 10(52.6) 10(55.6) 1.00 

Pre-stenting haemodynamic data     

Hyperemic Pd/Pa 0.74(0.61-0.82) 0.75(0.60-0.88) 0.52 

IMR 26.6(19.7-54.1) 59.2(47.7-89.1) <0.001 

CFR 1.27(1.06-1.95) 1.26(1.11-1.53) 0.71 

QFR 0.72(0.55-0.870 0.77(0.69-0.86) 0.30 

IMRangio 24.5(17.7-30.1) 50.2(44.0-59.2) <0.001 

CAD, coronary artery disease; CFR, coronary flow reserve; IMR, index 

microcirculatory resistance; IMRangio, angiography-derived index of 

microcirculatory resistance; QFR, quantitative flow reserve; TIMI, 

thrombolysis in myocardial infarction.  
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Supplementary Table 3. Predictors of IMR/IMRangio disagreement 

Variable  OR (95% CI) p-value 

Age, years 1.01 (0.92-1.11) 0.84 

Sex male 0.67 (0.07-6.47) 0.73 

Smoker 0.36 (0.05-2.44) 0.30 

Hypertension 0.41 (0.06-2.73) 0.35 

Diabetes 1.07 (0.10-11.13) 0.95 

Pain time 0.99 (0.99-1.00) 0.39 

LAD vs. non LAD 2.20 (0.33-14.79) 0.42 

Thrombus score 0.44 (0.08-2.53) 0.36 

TIMI flow 0.93 (0.37-2.32) 0.88 

MVO 0.75 (0.41-1.37) 0.34 

IMR value 1.00 (0.98-1.03) 0.88 

LAD, left anterior descending artery; IMR, index of microcirculatory resistance; 

IMRangio, angiography-derived index of microcirculatory resistance; MVO, 

microvascular obstruction; TIMI, thrombolysis in myocardial infarction.  
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CHAPTER 4  

Angiography-derived index of microcirculatory resistance 

(IMRangio) in acute coronary syndromes and stable coronary artery 

disease 
 

ABSTRACT 

Aims. To investigate the diagnostic accuracy of 1) hyperaemic angiography-

derived index of microcirculatory resistance (IMRangio) in defining coronary 

microvascular dysfunction (CMD) across patients with acute coronary syndromes 

(ST-elevation myocardial infarction [STEMI]; non-ST elevation acute coronary 

syndrome [NSTE-ACS]) and stable chronic coronary syndrome [CCS]) and 2) the 

accuracy of non-hyperaemic IMRangio (NH-IMRangio) to detect CMD in STEMI.   

Methods. 145 patients (STEMI=66; NSTEMI=43; CCS=36) were enrolled. 246 

pressure-wire IMR measurements were made in 189 coronary vessels. IMRangio and 

NH-IMRangio was derived using quantitative flow ratio (QFR). In patients with 

STEMI, cardiac magnetic resonance (CMR) was performed to quantify 

microvascular obstruction (MVO).  

Results. IMRangio was correlated with IMR (overall rho=0.78, p<0.0001; STEMI, 

rho=0.85 p<0.0001; NSTE-ACS and rho=0.72, p<0.0001; CCS, rho=0.70, 

p<0.0001) and demonstrated good diagnostic performance in predicting high IMR 

(STEMI AUCROC=0.93 [0.88-0.98]; NSTE-ACS AUCROC=0.77 [0.63-0.92]; CCS 

AUCROC=0.88 [0.79-0.97]). Agreement between the two indices was evident on 

Bland Altman analysis.  

In STEMI, NH-IMRangio was also well correlated with IMR (rho=0.64, p<0.0001), 

with good diagnostic accuracy in predicting high invasive IMR (AUCROC=0.82 

[0.74-0.90]). Both IMRangio (AUCROC=0.74 [0.59-0.89]) and NH-IMRangio 

(AUCROC=0.76 [0.54-0.87]) were significantly associated with MVO in STEMI.  

Conclusions. IMRangio is a valid alternative to invasive IMR to detect CMD in 

patients with acute and stable coronary syndromes, whilst NH-IMRangio has a good 

diagnostic accuracy in STEMI where it could be become is user-friendly diagnostic 

tool as it is adenosine-free. 
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INTRODUCTION 

 

Coronary microvascular dysfunction (CMD) often remains under-diagnosed in 

patients with coronary artery disease, despite its well reported clinical and 

prognostic implications37. Various methods have been proposed to aid the diagnosis 

of CMD in the catheterization laboratory38. Among them, the index of 

microcirculatory resistance (IMR) has gained particular attention39. It has been 

validated in patients with ST-elevation myocardial infarction (STEMI), in whom 

an elevated IMR (>40U) has been associated with adverse clinical outcome and 

more extensive myocardial injury3, 14. IMR has also been adopted to define the 

degree of CMD in patients with stable chronic coronary syndrome (CCS) with or 

without obstructive coronary disease40,41. However, the application of invasive 

coronary physiology to assess the extent of CMD remains very limited in routine 

clinical practice. This is partly due to the required additional procedural time, costs 

and technical complexity mainly related with pressure-wire manipulation and the 

need of adenosine infusion to achieve maximal hyperaemia. We have recently 

presented a novel pressure-wire-free and angiography-based index of 

microcirculatory resistance (IMRangio), to assess coronary microvascular function 

in patients with STEMI based on computational flow analysis42. We investigated 

whether the utility of IMRangio can be broadened across the spectrum of coronary 

syndrome, by assessing its diagnostic performance also in patients with non-ST-

elevation acute coronary syndrome (NSTE-ACS) and CCS compared to pressure-

wire-derived IMR. Furthermore, we assessed whether IMRangio could retain its 

diagnostic accuracy also in non-hyperaemic conditions (NH-IMRangio), thus 

overcoming the inherent limitation of adenosine-dependence of IMR. Moreover, 

we investigated the relationship of IMRangio and NH-IMRangio with microvascular 

obstruction (MVO) cardiac magnetic resonance (CMR), as a structural index of 

CMD and known to be related with IMR43.  
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METHODS 

Patients admitted to the Oxford Heart Centre from September 2018 until February 

2020, for a clinically indicated invasive coronary angiography were prospectively 

consented for enrolment into the OxAMI (Oxford Acute Myocardial Infarction) 

study3. Exclusion criteria are reported in Supplementary Materials. OxAMI study 

was approved by the Oxford University Hospitals ethics committee and conducted 

in accordance with the Declaration of Helsinki (REC number 10/H0408/24). All 

patients provided informed consent for participation to the study. Enrolled patients 

were divided into 3 groups according to the clinical presentation (STEMI, NSTE-

ACS and CCS), defined according to the most recent recommendations 

(Supplementary material). In patients with STEMI undergoing primary PCI, 

invasive coronary physiology assessment of the infarct related artery (IRA) was 

performed after flow restoration with thrombus aspiration and/or balloon dilatation 

(e.g. immediately before stenting) and/or at completion of primary PCI, as 

previously described3 (Figure 1).  
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In patients with NSTE-ACS or CCS, invasive coronary physiology assessment was 

performed before and/or at completion of revascularization. In a subset of patients 

with STEMI and NSTE-ACS, IMR was also measured in one of the non-IRAs. The 

identification of the IRA was based on the combination of 1) lesion angiographic 

appearance compatible with plaque instability or presence of thrombus, 2) 

electrocardiographic and 3) echocardiographic findings. 

In patients with CCS, microvascular angina was defined as a condition of increased 

IMR (>25U) in the absence of both angiographic and functional (fractional flow 

reserve (FFR) > 0.8) significant stenosis40.  

Index of microcirculatory resistance and Microvascular vasodilatory capacity 

IMR was measured in a standard fashion using thermodilution technique and 

pressure wire (Abbott, Santa Clara CA) on the CoroFlow system (Coroventis, 

Uppsala Sweden) as previously reported4.  

Resistive reserve ratio (RRR) was calculated in all patients at the same time-points 

when IMR was assessed, as previously described18 (For details see Supplementary 

material). RRR was measured to assess if the coronary microvascular vasodilatory 

capacity was associated with the diagnostic performance of IMRangio and NH-

IMRangio in different clinical settings.  

Quantitative flow ratio measurement 

Three-dimensional quantitative coronary angiography (3D-QCA) and then QFR 

were measured off-line using QAngio® XA 3D software (Medis, Leiden, the 

Netherlands) by two independent certified operators (RS, MS) blinded to clinical, 

IMR and CMR data. At each time-point, QFR was assessed both at resting and at 

maximal hyperaemia. See supplementary material for details.  

Angiography-derived Index of Microcirculatory Resistance 

IMRangio was derived from QFR as previously described42 and reported in details in 

the Supplementary material.  

Briefly, IMRangio was calculated as: 

𝐼𝑀𝑅𝑎𝑛𝑔𝑖𝑜

= 𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎) 𝑥 𝑄𝐹𝑅(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎) 𝑥 
𝑁𝑓𝑟𝑎𝑚𝑒𝑠(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)

𝑓𝑝𝑠
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being Pa(hyperaemia) mean aortic pressure at hyperaemia, Nframes the number of 

frames for contrast dye to travel from the guiding catheter to a distal reference 

(corresponding to the position of the distal marker of the pressure wire) and the fps 

is frame-acquisition rate, set at 15 frames/second. 

NH-IMRangio was derived using the same formula but replacing the hyperaemic 

parameters with the resting ones as follows:  

𝑁𝐻 − 𝐼𝑀𝑅𝑎𝑛𝑔𝑖𝑜 = 𝑃𝑎(𝑟𝑒𝑠𝑡𝑖𝑛𝑔) 𝑥 𝑄𝐹𝑅(𝑟𝑒𝑠𝑡𝑖𝑛𝑔) 𝑥 
𝑁𝑓𝑟𝑎𝑚𝑒𝑠(𝑟𝑒𝑠𝑡𝑖𝑛𝑔)

𝑓𝑝𝑠
 

IMRangio and NH-IMRangio were derived for all the time points when invasive IMR 

was measured.  

QFR and IMRangio were analyzed by 2 independent operators in 29 vessels, in order 

to assess interobserver variability. Given the satisfactory interclass coefficient (see 

Results), the remaining 217 vessels included in the analysis was assessed by either 

of the two operators, blinded to the clinical characteristics including invasive 

coronary physiology data (FFR, IMR or CFR). 

Cardiac magnetic resonance imaging in patients with acute myocardial 

infarction 

In STEMI patients, CMR scans were performed following primary PCI but before 

discharge from hospital using a 3.0 Tesla scanner (either MAGNETOM TIMTrio 

or MAGNETOM Verio, Siemens Healthcare, Germany). Sequence acquisitions 

included cine and late gadolinium enhancement (LGE) imaging were performed as 

previously described7. Microvascular obstruction (MVO) was defined as 

hypointense areas within the hyperenhancement region on the LGE images and was 

manually contoured7. We considered an MVO>1.55% of LV mass as prognostically 

significant based on de Waha et al5.  

Statistical analysis 

Continuous variables were expressed as median accompanied by interquartile 

range. Frequencies were compared using Fisher’s exact test. Continuous variables 

were compared using Mann-Whitney’s test or Kruskall Wallis’ test, as appropriate. 

Wilcoxon test were used for paired samples. Correlations between variables were 

expressed using Spearman rho coefficients. To assess inter-rater reliability, 

interclass coefficient (ICC) estimates and their 95% confident intervals were 

calculated based on a mean-rating (k = 2), absolute-agreement, 2-way mixed-effects 
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model. The correlation of the readings of the two readers was also assessed using 

Spearman’s Rho correlation coefficient. 

The agreement between IMRangio, NH-IMRangio and invasive IMR was assessed 

using Bland-Altman plot. Receiver-operating characteristic (ROC) curve analysis 

was used to define the diagnostic performance of IMRangio and NH-IMRangio in 

detecting CMD. In STEMI, CMD was defined as IMR >40U or MVO>1.55%. In 

NSTE-ACS and CCS patients, CMD was defined as IMR >25U40. Areas under the 

ROC curves (AUC) were compared using the DeLong method. In STEMI, a hybrid 

algorithm using both NH-IMRangio and IMRangio was developed to define the 

presence of significant CMD (IMR>40 U) in the IRA territory. Lower and upper 

NH-IMRangio cut-offs were identified as ≥90% negative predictive value (NPV) and 

≥90% positive predictive value (PPV), respectively, for an IMR>40 U. Statistical 

analysis was performed using SPSS 25.0 (Inc Chicago, Illinois) and MedCalc 

(Ostend, Belgium). A p value <0.05 was considered statistically significant 

 

 

RESULTS 

 

Clinical and procedural characteristics  

A total of 145 patients were included in the current analysis, including 66 STEMI, 

43 NSTEMI and 36 CCS patients. Clinical and procedural characteristics are 

presented in Table1. Consequently, the agreement between angiography-derived 

and thermodilution-derived IMR was assessed in a total of 246 measurements (189 

coronary vessels) (Figure 2).  
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Figure 2. Study Flow Chart.  

 

 

Coronary microvascular dysfunction across the spectrum of coronary 

syndromes 

Before intervention, IMR was significantly higher in the IRA of STEMI patients 

(IMR 46.2 [24.6-68.3]) compared with NSTE-ACS (22.3 [18.1-29.0]) and CCS 

(20.5 [14.1-32.9]; p<0.0001) (Table 1 and Supplementary Figure1), whilst no 

significant differences in IMR were observed between patients with NSTE-ACS 

and CCS.  

IMR decreased post-PCI in patients with STEMI (IMR 46.2 [24.6-68.3] vs 30.9 

[19.2-51.1], p=0.001) but not in patients with NSTE-ACS and CCS (Supplementary 

Figure1).  

Overall, in patients with STEMI, IMR was significantly higher in the IRA 

compared with the non-IRAs (35.8 [20.2-60.0] vs 18.9 [12.8-26.9], p<0.0001). No 

difference in IMR was observed between the IRA and non-IRA in NSTE-ACS 

(22.7[17.2-28.9] vs 18.6[13.3-28.5], p=0.27)(Supplementary Figure2). 

In the CCS group 15 coronary vessels in 12 patients presented an abnormal FFR 

(≤0.80). Within the CCS group a condition of microvascular angina (FFR>0.80 and 

IMR>25U) was observed in 8 out of 36 patients (22.2%), whist 14 out of 36 (38.9%) 

did not show either significant epicardial stenosis (FFR>0.80) or presence of 
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microvascular impairment (IMR<25U). Notably, a substantial agreement was 

observed between IMR and IMRcorrected as shown in the Supplementary Figure 3.  

 

 
 

Figure 3. IMRangio across the spectrum of coronary syndromes 
Box plots depict IMRangio median values in patients with STEMI, NSTE-ACS and 
CCS before and after PCI. CCS cases with FFR >0.80 at baseline did not undergo 
PCI. p-value is provided for statistically significant differences between the 
subgroups. Other comparisons were not statistically significant.  
 

IMRangio across the spectrum of coronary syndromes  

Satisfactory ICC was observed for IMRangio (0.97, 95%CI 0.93-0.99; F=31.8, 

p<0.0001). 

Before intervention IMRangio was significantly higher in the IRA of STEMI patients 

(39.6 [26.1-50.9]) compared with NSTE-ACS (25.3[16.6-42.3]) and CCS 

(20.1[14.4-30.6], p<0.0001) (Table 1 and Figure 3). As IMR, IMRangio also 

decreased significantly post-PCI in STEMI (39.6 [26.1-50.9] vs 31.8 [21.0-45.2], 

p=0.002) but did not change significantly in NSTE-ACS and CCS (Figure 3). 

Notably in the subgroup of CCS patients without obstructed coronary disease 

(FFR>0.80) IMRangio was significantly higher in patients with microvascular angina 
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(defined as invasive IMR>25U) compared to those without (31.0[25.3-42-5] vs 

16.6[14.1-19.7] p<0.001) (Figure 4).  

 

 
Figure 4. IMRangio in patients with microvascular angina (defined as FFR >0.8 and 
IMR >25 U) vs patients with unobstructed coronary artery disease (FFR >0.8) but 
normal microcirculatory function (IMR ≤25 U).  
 

Overall, IMRangio and invasive IMR were significantly correlated (rho=0.78, 

p<0.0001).  

Notably, the correlation was maintained across the whole spectrum of coronary 

syndromes, both before and after PCI, as well as in the IRA as in the non-IRA for 

STEMI and NSTE-ACS (Figure5). The Bland Altman analysis showed a significant 

agreement between IMR and IMRangio especially in cases with IMR below 75 U. 

Conversely, the absolute numerical values of the two indices are less related in 

cases of severe microvascular dysfunction (Figure 6). The correlation between 

IMRangio and IMR in LAD vs non-LAD vessels is presented in the Supplementary 

Figure 4. 
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Table 1. Clinical, procedural and haemodynamic data 
 STEMI NSTE-ACS CCS p-value 
Clinical data 
Age, years 63.5(56.0-

71.0) 
63.0(56.0-71.2) 67.0(59.0-

74.0) 
0.244 

Sex male, n(%) 56(84.8) 26(60.5) 24(66.6) 0.014 
Hypertension, n(%) 33(50.0) 26(60.5) 24(66.6) 0.424 
Hypercholesterolaemia, 
n(%) 

24(36.4) 14(32.6) 17(47.2) 0.397 

Diabetes, n(%) 9(13.6) 6(13.9) 6(16.7) 0.938 
Current smoker, n(%) 34(51.5) 20(46.5) 14(38.9) 0.279 
Target vessel*     
LAD, n(%) 29(43.9) 24(55.8) 27(77.1) 

0.016 LCX, n(%) 7(10.6) 8(18.6) 1(2.9) 
RCA, n(%) 28(42.4) 9(20.9) 6(17.1) 
Intermediate, n(%) 2(3.0) 2(4.7) 1(2.9) 
TIMI Flow – pre-PCI     
0  44(66.7) 2(4.6) 0(0.0) <0.0001 
1 6(9.0) 1(2.3) 0(0.0)  
2 10(15.3) 13(30.2) 0(0.0)  
3 6(9.0) 27(62.8) 52(100)  
TIMI Flow – post-PCI     
0 0(0.0) 0(0.0) 0(0.0) <0.001 
1 2(3.0) 0(0.0) 0(0.0)  
2 10(15.2) 3(7.0) 0(0.0)  
3 54(81.8) 40(93.0) 52(100)  
Ischemic time, min 196(127-425) - - - 
Coronary physiology 
data - pre-PCI** 

    

FFR 0.75(0.61-
0.86) 

0.85(0.80-0.94) 0.83(0.73-
0.90) 

0.008 

QFR 0.78(0.72-
0.84) 

0.83(0.78-0.93) 0.87(0.77-
0.93) 

0.002 

CFR 1.30(1.10-
1.91) 

3.00(1.37-4.46) 2.10(1.58-
3.90) 

0.001 

RRR 1.60(1.33-
1.94) 

3.00(2.12-4.89) 2.78(1.61-
4.28) 

<0.0001 

IMR 47.5(24.4-
68.2) 

22.3(17.7-28.9) 20.5(14.7-
31.8) 

<0.0001 

IMRangio 39.6(26.1-
50.9) 

25.3(16.6-42.3) 20.1(14.4-
30.6) 

<0.0001 

NH-IMRangio 39.9(28.3-
60.4) 

42.7(25.5-62.8) 36.7(23.5-
44.4) 

0.110 

Coronary physiology 
data - post-PCI** 

    

FFR 0.94(0.89-
0.98) 

0.88(0.84-0.96) 0.87(0.82-
0.93) 

0.015 

QFR 0.96(0.91-
0.99) 

0.94(0.86-0.97) 0.93(0.88-
0.99) 

0.182 

CFR 1.80(1.41-
2.65) 

2.59(2.03(3.35) 2.10(1.58-
3.47) 

0.004 
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RRR 2.04(1.63-
2.81) 

2.86(2.00-4.09) 2.41(1.64-
3.70) 

0.003 

IMR 29.7(19.8-
49.3) 

22.7(15.7-28.4) 15.8(11.9-
34.8) 

0.035 

IMRangio 31.8(21.0-
45.2) 

24.8(16.5-33.0) 23.9(8.1-27.7) 0.018 

NH-IMRangio 45.5(31.7-
67.6) 

45.1(22.4-58.1) 39.7(23.1-
42.6) 

0.316 

*Target vessel in STEMI and NSTE-ACS corresponds to IRA **complete physiology data is 
available in Supplementary Table 1 

 

 

 

Non-Hyperaemic-IMRangio across the spectrum of coronary syndromes  

Satisfactory ICC was observed for NH-IMRangio (0.90, 95%CI 0.64-0.92; F=11.7, 

p<0.0001).  

Before intervention, NH-IMRangio did not differ significantly between STEMI 

(39.9[28.3-60.4]), NSTE-ACS (42.7[25.5-62.8]) and CCS (36.7[23.5-44.4], 

p=0.110) (Table 1 and Supplementary Figure 5). However, in STEMI patients NH-

IMRangio was significantly higher in the IRA compared with the non-IRA 

(39.9[28.3-60.4]vs 22.5[21.2-43.3], p=0.031).  

Overall, NH-IMRangio showed a significant correlation with IMR in STEMI 

(rho=0.64, p<0.0001, Figure5), a modest correlation in CCS (rho=0.33, p=0.018) 

and it was not correlated with IMR in NSTE-ACS (rho=0.23, p=0.121) 

(Supplementary Figures 6,7).  
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Figure 5. Correlation between IMRangio and IMR 
Scatter plots summarise correlations between IMRangio and IMR in patients with 
STEMI, NSTE-ACS and CCS. Final IMR for CCS include baseline measurements 
for patients with FFR >0.8 and  
post-PCI values for patients with FFR≤0.8 who underwent PCI.  
 

 

Notably, in the STEMI cohort, the correlation between NH-IMRangio and IMR was 

maintained when analysis was restricted to the IRA either pre-PCI (rho=0.68, 

p<0.0001), or post-PCI (rho=0.67, p<0.0001) but not in the non-IRA (rho=0.33, 

p=0.21).  

The Bland Altman analysis confirmed the good agreement between NH-IMRangio 

and invasive IMR in STEMI, up to severe degree of microvascular dysfunction 

(Figure 6, Supplementary Figures 6,7). The correlation between NH-IMRangio and 

IMR in LAD vs non-LAD vessels is presented in the Supplementary Figure 8. 
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Figure 6. Bland-Altman plots  
Bland-Altman plots summarise agreement between IMRangio and IMR in STEMI 
and NSTEMI/CCS patients. 
 

 

Microvascular vasodilatory capacity and angiography-derived 

microcirculatory resistance indices  

RRR was significantly lower in patients with STEMI compared with NSTE-ACS 

and CCS patients, indicating a more severe impairment of microvascular 

vasodilatory capacity in the STEMI group (Table 1 and Supplementary Figure6). 

No significant differences in RRR were observed between NSTE-ACS and CCS 

(Table 1 and Supplementary Figure 9). The median RRR value in the whole cohort 

was 2.18, with higher proportion of STEMI patients (67.3%) presenting impaired 

RRR (<2.18) in the IRA, compared with NSTE-ACS (27.9%), CCS (43.7%) and 

the non-IRA (32.2%, p<0.001).  

IMRangio maintained a good correlation with IMR both in the group with low 

(rho=0.80, p<0.001) as in the group with high RRR (rho=0.64, p<0.001) 
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(Supplementary Figure 10). Conversely, NH-IMRangio and thermodilution-derived 

IMR were well related (rho=0.66, p<0.001) in patients with low RRR (<2.18) but 

less well correlated (rho=0.36, p<0.001) in patients with high RRR (≥2.18) 

(Supplementary Figure 10).   

 

Diagnostic performance of IMRangio and NH-IMRangio 

In patients with STEMI, IMRangio predicted IMR>40 U with an AUC of 0.93 (CI 

95%: 0.88-0.98, p< 0.0001) (Figure 7). The best IMRangio cut-off to predict IMR>40 

U was 40 (Youden index=0.79). IMRangio>40 U presented a diagnostic accuracy of 

88.6%, NPV of 87.9%, PPV of 89.6%, sensitivity of 84.3% and specificity of 

92.1%.  

A good accuracy of IMRangio was also maintained in NSTE-ACS. IMRangio predicted 

an invasive-IMR>25 U with an AUC of 0.78 (CI 95%: 0.64-0.93, p<0.0001) 

(Supplementary Figure 7). The best IMRangio cut-off in NSTE-ACS was 25 and 

demonstrated a diagnostic accuracy of 73.3%, NPV of 87.1%, PPV of 58.6%, 

sensitivity of 80.9% and specificity of 69.2%.  

In patients with CCS, IMRangio predicted IMR>25 U with an AUC of 0.88 (CI 95%: 

0.79-0.97, p<0.0001) (Supplementary Figure 8). The best IMRangio cut-off in CCS 

was 25 and demonstrated a diagnostic accuracy of 78.4%, NPV of 80.0%, PPV of 

76.2%, sensitivity of 72.7% and specificity of 82.8%.  

In STEMI patients, NH-IMRangio demonstrated a good diagnostic performance in 

predicting IMR>40 U in the IRA (AUC=0.82, 95%CI 0.74-0.90, p<0.0001), but 

was less accurate when compared with IMRangio (p=0.001) (Figure7). The 

diagnostic performance of NH-IMRangio was however suboptimal in patients with 

NSTE-ACS (AUC=0.64, 95%CI 0.47-0.81, p=0.11) and CCS (AUC=0.63, 95%CI 

0.48-0.79, p=0.10)(Supplementary Figures 7,8).  
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Figure 7. Non-Hyperaemic-IMRangio in the infarct-related-artery of STEMI 

Scatter plot (A) and Bland Altman (B) analysis summarise significant correlation 
and agreement between NH-IMRangio and IMR in patients with STEMI. Panel C 
shows the ROC curve analysis for IMRangio and NH-IMRangio in predicting a 
pressure-wire IMR >40 U in the IRA of STEMI.  
 

 

IMRangio, NH-IMRangio and MVO  

CMR imaging was performed in 49 STEMI patients (Supplementary Table 1). 

MVO>1.55% was present in 18 (36.7%) cases. Patients with MVOt1.55% showed 

both higher IMRangio (41.0[29.5-64.3] vs 27.4[15.7-38.4], p=0.008) and NH-

IMRangio (58.9[42.6-90.8] vs 43.4[30.1-59.1], p=0.026) compared with patients 

with MVO<1.55% (Supplementary Figure 11). IMRangio (AUC=0.76, 95%CI:0.61-

0.91, p=0.007) and NH-IMRangio (AUC=0.71, 95%CI:0.54-0.87, p=0.033) 

presented fair and comparable diagnostic accuracy in predicting the presence of 

MVO>1.55% (Supplementary Figure 11).  
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Hybrid IMRangio algorithm to assess coronary microvascular dysfunction in 

STEMI infarct-related artery  

A cut-off value of <30U of NH-IMRangio presented a NPV=92.3% in excluding an 

IMR>40 U. Conversely, a NH-IMRangio >90U presented a PPV=93.3% in detecting 

an IMR>40U.  

A hybrid decision-making strategy in which IMRangio was measured only in vessels 

presenting NH-IMRangio higher than 30U and lower than 90U, yielded an 88.0% 

agreement with IMR classification, sparing the administration of adenosine in 

38.0% of the cases (Figure 8).  

 

 

 
Figure 8. Hybrid IMRangio algorithm in STEMI 
Panel A shows the flow-chart of microcirculatory assessment of the IRA in STEMI 
patients using a “hybrid” NH-IMRangio/ IMRangio decision making strategy. Details 
of lesion distribution are shown in B. Overall, 38% of the lesions can be assed with 
high-accuracy by means of NH-IMRangio only. A NH-IMRangio cut-off of 30U 
presents a NPV of 92% in excluding IMR>40U. Conversely, a NH-IMRangio cut-off 
of 90U presents a PPV of 93% in detecting IMR>40U. The algorithm offers a 
diagnostic accuracy in predicting invasive IMR of 88.0%. 
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DISCUSSION  

The main results of our analysis are the following:  

1. IMRangio, is a hyperaemic, angiography-based and pressure-wire-free index, 

with good diagnostic accuracy in defining an abnormal value of invasively 

measured pressure-wire-derived IMR.  

2. The diagnostic accuracy of IMRangio is maintained across the whole 

spectrum of coronary syndromes, including STEMI, NTE-ACS and CCS. 

In STEMI, its diagnostic value is further confirmed by its correlation with 

MVO on CMR. 

3. NH-IMRangio, a non-hyperaemic resting version, maintains a good diagnostic 

performance in STEMI whilst the same does not hold true in the non-IRA 

and in NSTE-ACS and CCS. This is likely to be due to the depleted 

vasodilatory capacity of the coronary microcirculation in STEMI, as 

reflected by a lower RRR.   

Besides the well-established assessment of the epicardial segment of the coronary 

tree, a comprehensive physiological evaluation of CMD has important prognostic 

and therapeutic implications40, 41. Specifically, in patients with STEMI, the 

presence of microvascular injury has been associated with an increased risk of 

adverse outcome7, 14, 16. More recently, IMR has also been proposed as an accurate 

tool to early identify STEMI patients at increased risk of suboptimal reperfusion, 

who have potential benefit from additional therapies or closer monitoring38. 

Nevertheless, the application of CMD assessment in routine clinical practice 

remains extremely limited. This has been attributed to the requirement for a 

pressure-wire assessment and the associated additional procedural time, procedural 

cost and increased procedural complexity. The need of inducing hyperaemia with 

adenosine infusion is also a limiting factor.  

In order to overcome some of these limitations, we have recently developed and 

validated IMRangio as an angiography-derived and pressure-wire-free index to assess 

CMD42. However, its validation was limited to a relatively small cohort of STEMI 

patients. In this study we have extended those observations and shown that IMRangio 

maintains an excellent diagnostic performance also in patients with NSTE-ACS and 

CCS compared with pressure-wire-derived IMR. 
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To the best of our knowledge, this represents one of the few available reports 

comparing the degree of CMD, measured by pressure-wire derived IMR across the 

spectrum of coronary syndromes. However, this is the first time it has been done 

with the newly proposed angiography-derived IMR (IMRangio). 

Unsurprisingly, STEMI presentations were characterized by a higher degree of 

CMD (high IMR) and reduced microvascular vasodilatory capacity (low RRR) 

compared to NSTE-ACS and CCS. 

Notably, IMR, IMRangio and RRR were not significantly different in NSTE-ACS 

and CCS and they did not differ between the IRA and non-IRA. This is in line with 

previous observations that microvascular impairment in the non-IRA, when 

present, is usually not severe and that the observed values of IMR are not 

significantly different from those measured in patients with CCS44, 45.  

Importantly, IMRangio closely reproduced the measured invasive IMR across the 

spectrum of coronary syndromes. Notably, on Bland Altman analysis, the 

agreement between IMRangio and invasive IMR was very close in NSTE-ACS and 

CCS, whereas it appeared more scattered in STEMI. This different behaviour is 

clearly due to the inherently higher biological variability of IMR in STEMI, in 

which the degree of CMD ranges from low to very high. This is in line with our 

previous observation that the absolute numerical values of IMR and IMRangio are 

less correlated in cases of extreme (very high IMR) microvascular dysfunction42. 

Consistently, it has been previously shown that the agreement between QFR and 

FFR is negatively affected by the presence of severe microvascular impairment46. 

Nonetheless, even though the difference between IMR and IMRangio values tends to 

widen with the severity of microvascular impairment, it remains a clinically 

meaningful concordance between the two measures using standard conventional 

thresholds for IMR. In particular, the classification agreement between IMRangio and 

IMR remains excellent (88.6%) in STEMI, when using the established cut-off of 

>40 U for both parameters. Similarly, in patients with STEMI patients, the numeric 

agreement between NH-IMRangio and IMR remains strong up to extreme degrees 

of microvascular dysfunction, where the correlation between the two indices 

scatters. 
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In this study we also tested the accuracy of a non-hyperaemic and adenosine-free 

version of IMRangio, named NH-IMRangio against IMR. We observed that it reliably 

detects abnormal IMR in the IRA in STEMI but it did not do so in the non-IRA and 

in NSTE-ACS and in CCS. The good correlation of NH-IMRangio in the IRA in 

STEMI is dependent on a blunted vasodilatory response of the microcirculation to 

the hyperaemic agent, as reflected by a low RRR. This important observation is a 

further reflection of the different functional status of coronary microcirculation 

across the clinical presentations of STEMI, NSTE-ACS and CCS. When the 

vasodilatory response to adenosine is blunted, the RRR is exhausted and the 

difference between basal/non-hyperaemic and hyperaemic resistance is minimal, as 

observed in the IRA of STEMI19. This explains why in this setting, the agreement 

between a non-hyperaemic index of microvascular resistance (NH-IMRangio) and 

the invasive (hyperaemic) IMR is maintained. Conversely, when the microvascular 

vasodilatory capacity is intact and the vasodilatory reserve is preserved, the 

vascular tone changes significantly after the administration of adenosine. In this 

case, a non-hyperaemic index of microvascular resistance does not reliably reflect 

the minimal level of resistance achievable at maximal hyperaemia. This is why in 

our study, the agreement between NH-IMRangio and IMR was poor in the non-IRA 

of STEMI patients, and in NSTE-ACS and CCS, since the corresponding vascular 

beds were characterised by relatively preserved RRR and IMR.  

Interestingly, when assessed against CMR-derived MVO, NH-IMRangio and 

IMRangio showed similar correlations. Importantly, similar prediction of MVO is a 

further proof that NH-IMRangio and IMRangio could be used, to a certain extent, 

interchangeably in the IRA of patients with STEMI.  

Whether the two angiography-derived indices have similar long-term prognostic 

value needs to be tested in dedicated studies measuring validated clinical outcomes.  

Our data suggest that NH-IMRangio can be a valid and a more practical alternative 

to assess CMD in the IRA of STEMI undergoing primary PCI. Indeed, when 

incorporated and combined with IMRangio into a hybrid decision-making algorithm, 

NH-IMRangio would allow an adenosine-free microvascular assessment in nearly 

half of the cases (Figure 8). 
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Whilst the prognostic value of CMD in STEMI patients is well documented, its 

prognostic relevance in patients with CCS or with unobstructed coronary disease 

has only recently been considered47. In this setting, a dedicated assessment of the 

coronary microvascular function in the catheterization laboratory was shown to be 

effective in reducing symptoms and increasing quality of life and treatment 

satisfaction40. In our study we showed that IMRangio was significantly higher in 

patients with unobstructed coronary arteries but with high IMR. This means that 

IMRangio is a potential tool in the assessment of CMD in patients with microvascular 

angina, in whom the adoption of physiology-based assessment is sometimes 

perceived as problematic because of the necessity to manipulate with a pressure-

wire an unobstructed epicardial coronary artery. 

 

Limitations 

The relatively small sample limits the conclusions of our analysis. In particular, the 

final sample size for each clinical subgroup (STEMI, NSTE-ACS and CCS) has to 

be acknowledged as a potential limiting factor of our analysis. Secondly, in our 

study, IMR was used to define CMD with different cut-offs in STEMI and in NSTE-

ACS/CCS. The IMR cut-off of 40 is a well-established and validated threshold to 

define CMD in STEMI14, 16. An IMR>25 U has been previously proposed to define 

an abnormal coronary microcirculatory function in patients with CCS40. However, 

an analogous reference threshold for NSTE-ACS is missing. In our study we 

applied the same IMR threshold of 25 U used for CCS in NSTE-ACS, and this 

could explain the lower PPV and NPV observed for IMRangio in NSTE-ACS 

compared to CCS. In the presence of severe epicardial disease and particularly 

when FFR is lower than 0.60, IMR tends to overestimate the true microvascular 

resistance because of the distal vessel underfilling and the collapse of microvessels 

with consequent falsely elevated microvascular resistance13, 48. Moreover, the 

contribution of collateral flow may cause a falsely increased value of distal 

coronary pressure measured by the pressurewire49. A slight overestimation of the 

IMR values cannot be excluded by our analysis since the coronary wedge pressure 

(Pw) was not available in this series. Nevertheless, only 5.7% of the coronary 

vessels included in the analysis presented a severe epicardial stenosis (FFR <0.60). 
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Moreover, the corrected IMR obtained applying the Yong formula presented a 

substantial agreement with the IMR values (Supplementary Figure 3). Therefore, 

we did not anticipate a significant overestimation of the true IMR in the vast 

majority of the assessed coronary vessels3, 49.  

In this study the angiographic views for IMRangio analysis were prospectively 

acquired immediately after invasive IMR measurement. However, in the everyday 

practice, it may be difficult to be sure of the achievement of the maximal hyperemic 

status without the use of a pressure-wire. We anticipate that continuous i.v. 

adenosine infusion for a standardized time > 1 minute should guarantee the 

achievement of the maximal hyperemic status. This approach needs to be tested in 

future dedicated studies.  

Lastly, other novel angiography-derived indices of microvascular function have 

been recently developed. In particular, Tebaldi and colleagues proposed an index 

that included the vessel length and correction for epicardial disease50. In this study, 

IMRangio was not compared with other angiography-derived indices and future 

dedicated studies are warranted to explore these aspects of angiography-derived 

CMD assessment.  

 

 CONCLUSIONS  

IMRangio measured at maximal hyperaemia is a viable and pressure-wire-free 

alternative to IMR, with the potential of significantly simplifying the assessment of 

CMD in patients with acute and chronic coronary syndromes. NH-IMRangio 

represents a reasonable alternative to IMR in the IRA of patients with STEMI, who 

usually have a blunted response to adenosine, as a consequence of the intra and 

peri-procedural microvascular injury. Both IMRangio and NH-IMRangio correlated 

well with MVO on CMR in STEMI patients. 

When combined with IMRangio in a hybrid decision-making algorithm, NH-IMRangio 

can limit the need of inducing hyperaemia in nearly half of the cases, making the 

assessment of CMD in patients with STEMI even simpler and hence more easily 

adoptable in future research and clinical practice.  
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SUPPLEMENTARY MATERIAL 

 

Inclusion criteria  

 

1. Clinical indication for invasive coronary angiography for suspected 

coronary artery disease  

 

Exclusion criteria  

 

1. Haemodynamic instability 

2. Previous history of coronary artery bypass grafting 

3. Angiographic evidence of severe left main disease or complex coronary 

anatomy (such as high tortuosity, very high calcific burden, concomitant 

presence of chronic total occlusion) 

4. Severe chronic kidney disease 

5. General contraindications for CMR (specifically for STEMI patients) 

6. Suboptimal angiographic imaging quality (not suitable for QFR analysis) 

 

 

 

Coronary syndromes definition  

 

STEMI 

STEMI was defined as the occurrence of ongoing chest pain for at least 30 minutes 

associated with ST-segment elevation >2 mm in at least two contiguous leads or 

new left bundle branch block1.  

 

NSTE-ACS 

NSTE-ACS was defined as the evidence of increased high-sensitivity troponin 

(above the 99th percentile of the upper reference limit) combined with the 

occurrence of typical symptoms of myocardial ischemia and/or new significant ST-
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T changes (other than ST elevation/new left bundle branch block) on 

electrocardiogram and/or imaging evidence of new regional wall motion 

abnormalities51.  

 

CCS 

CCS was defined as story of symptoms compatible with exertional myocardial 

ischemia and/or non-invasive evidence of coronary artery disease and/or inducible 

myocardial ischemia41.  

 

Index of microcirculatory resistance  

IMR was measured in a standard fashion using thermodilution technique on the 

CoroFlow system (Coroventis, Uppsala Sweden).  

Maximal hyperaemia was achieved with intravenous infusion of adenosine at a rate 

of 140 µg/kg/min. Mean transit time was calculated as the average of three transit 

time measurements during three separate injections of 3ml of room temperature 

0.9% saline solution. IMR was then calculated as follows: 

IMR = Pd(hyperaemia) x tTmean(hyperaemia) 

Where Pd is distal pressure detected by the pressure-wire and tTmean is mean 

transit time. 

 

Microvascular vasodilatory capacity 

Resistive reserve ratio (RRR) was calculated in all patients at the same time-points 

when IMR was assessed. RRR is a measure of coronary microvascular vasodilatory 

capacity, describing the ability of the microcirculation to respond to a vasodilatory 

stimulus (e.g. adenosine infusion)18. It is calculated as:  

𝑅𝑅𝑅 =
Pd(resting)𝑥 𝑡𝑇𝑚𝑒𝑎𝑛(𝑟𝑒𝑠𝑡𝑖𝑛𝑔)

Pd(hyperemia)𝑥 𝑡𝑇𝑚𝑒𝑎𝑛(ℎ𝑦𝑝𝑒𝑟𝑒𝑚𝑖𝑎)
 

An RRR below the median value was used to define an impaired microvascular 

vasodilatory capacity. 
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Quantitative flow ratio measurement 

At the same time points when IMR measurement was scheduled, angiographic 

images at least 25 ° apart were acquired at 15 frame/second with manual injection 

of contrast dye, both at rest and during maximal hyperaemia, using a monoplane 

radiographic system (Siemens Healthcare, Germany). In order to avoid any possible 

confounder of contrast dye injection on IMR assessment, the angiographic views 

during hyperaemia were acquired after IMR measurement was completed.   

QFR was measured also in one of the non-IRA in STEMI and NSTE-ACS cases 

who had invasive IMR assessment of the non-IRA.  

 

 

Angiography-derived Index of Microcirculatory Resistance 

 

IMRangio was calculated by starting from the formula for calculation of IMR as 

previously described4: 

IMR = Pd(hyperaemia) x tTmean(hyperaemia) 

 

where Pd(hyperaemia) is distal pressure at hyperaemia and tTmean(hyperaemia) is mean 

transit time at hyperaemia. By multiplying and dividing by hyperaemic aortic 

pressure (Pa(hyperaemia)), the formula becomes: 

𝐼𝑀𝑅 = 𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)𝑥 
𝑃𝑑(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)

𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)
𝑥 𝑡𝑇𝑚𝑒𝑎𝑛(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎) 

 

Since QFR is a surrogate of Pd(hyperaemia)/Pa(hyperaemia) ratio, (QFR ~ 
𝑃𝑑(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)
𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎) ), QFR  can be used to replace  𝑃𝑑(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)

𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)  in the formula. 

Similarly, tTmean(hyperaemia) can be expressed as the ratio between the number of 

frames (Nframes) for contrast dye to travel, during hyperaemia, from the guiding 

catheter to a distal reference (corresponding to the position of the distal marker of 

the pressure wire) divided by the frame-acquisition rate (fps). 

In this way the formula becomes: 
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𝐼𝑀𝑅𝑎𝑛𝑔𝑖𝑜 = 𝑃𝑎(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎) 𝑥 𝑄𝐹𝑅(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎) 𝑥 
𝑁𝑓𝑟𝑎𝑚𝑒𝑠(ℎ𝑦𝑝𝑒𝑟𝑎𝑒𝑚𝑖𝑎)

𝑓𝑝𝑠
 

 

 
Supplementary Table 1. Coronary physiology measures across the spectrum of coronary 
syndromes 
 STEMI NSTEMI CCS p-value 
Coronary physiology data – pre-PCI 
Resting Pa, mmHg 95(76-108) 89(78-98) 84(74-94) 0.251 
Resting Pd, mmHg 77(61-90) 83(70-96) 78(68-86) 0.261 
Resting tTmn, sec 1.04(0.71-1.39) 0.86(0.47-1.25) 0.74(0.50-1.22) 0.122 
Hyperaemic Pa, mmHg 84(71-103) 85(72-98) 84(72-96) 0.883 
Hyperaemic Pd, mmHg 62(47-84) 74(62-83) 70(60-82) 0.151 
Hyperaemic tTmn, sec 0.72(0.40-1.17) 0.32(0.23-0.43) 0.34(0.22-0.50) <0.0001 
FFR 0.75(0.61-0.86) 0.85(0.80-0.94) 0.83(0.73-0.90) 0.008 
Contrast-QFR 0.78(0.72-0.84) 0.83(0.78-0.93) 0.87(0.77-0.93) 0.002 
Adenosine-QFR 0.78(0.67-0.87) 0.84(0.74-0.88) 0.82(0.73-0.93) 0.123 
Coronary physiology data - post-PCI 
Pa, mmHg 93(79-105) 85(81-100) 89(74-98) 0.651 
Pd, mmHg 90(76-96) 83(77-97) 81(68-98) 0.634 
Resting tTmn, sec  0.68(0.45-1.25) 0.59(0.44-1.09) 0.65(0.45-1.38) 0.951 
Hyperaemic Pa, mmHg 84(75-94) 82(74-95) 74(44-87) 0.132 
Hyperaemic Pd, mmHg 78(68-91) 74(67-86) 76(58-89) 0.297 
Hyperaemic tTmn, sec 0.37(0.25-0.65) 0.28(0.21-0.41) 0.30(0.22-0.60) 0.094 
FFR 0.94(0.89-0.98) 0.88(0.84-0.96) 0.87(0.82-0.93) 0.015 
Contrast-QFR 0.96(0.91-0.99) 0.94(0.86-0.97) 0.93(0.88-0.99) 0.182 
Adenosine-QFR 0.95(0.89-0.98) 0.92(0.89-0.96) 0.90(0.85-0.99) 0.301 
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Supplementary Figure 1.  

 

Box plots show IMR median values in patients with STEMI, NSTE-ACS and CCS 

before and after PCI. CCS cases with FFR >0.80 at baseline did not undergo PCI. 

p-value is provided for statistically significant differences between the subgroups. 

Other comparisons were not statistically significant.  
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Supplementary Figure 2 
Box plots show IMR, IMRangio and NH-IMRangio in the infarct-related-artery and 
non-IRA of patients with STEMI and NSTE-ACS.  
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Supplementary Figure 3 
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Supplementary Figure 4. Correlation between IMR and IMRangio in LAD vs 

non-LAD coronary vessels 
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Supplementary Figure 5 

 

Box plots show NH-IMRangio median values in patients with STEMI, NSTE-ACS 

and CCS before and after PCI. CCS cases with FFR >0.80 at baseline did not 

undergo PCI. p-value is provided for statistically significant differences between 

the subgroups. Other comparisons were not statistically significant.  
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Supplementary Figure 6 

 

Scatter plot (A) and Bland Altman analysis (B) of NH-IMRangio and IMR in patients 

with NSTE-ACS.  

In panel C is shown the ROC curve analysis of IMRangio and NH-IMRangio in 

predicting an invasive IMR >25 U.  
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Supplementary Figure 7 

 

Scatter plot (A) and Bland Altman analysis (B) of NH-IMRangio and IMR in patients 

with CCS.  

In panel C is shown the ROC curve analysis of IMRangio and NH-IMRangio in 

predicting an invasive IMR >25 U.  

 

 
 

 

 

 

 

 

 

 

 



 

 143 

Supplementary Figure 8. Correlation between IMR and NH-IMRangio in LAD 

vs non-LAD coronary vessels.  
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Supplementary Figure 9 

Box plots show RRR median values in patients with STEMI, NSTE-ACS and CCS 

before and after PCI. CCS cases with FFR >0.80 at baseline did not undergo PCI. 

p-value is provided for statistically significant differences between the subgroups. 

Other comparisons were not statistically significant.  
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Supplementary Figure 10. Microvascular vasodilatory properties and 

IMRangio 

 

The relationship between RRR and IMR is shown in the main panel. Coronary 

lesions have been stratified according to low (<2.18) vs. high (t2.18) RRR. 

Notably, the rate of STEMI is significantly higher in the low RRR group (67% vs 

33%). The correlation between NH-IMRangio and IMR is preserved in patients in 

cases with low RRR whereas is poor in cases with high RRR. Conversely, IMRangio 

showed an excellent correlation with IMR irrespectively of the RRR.  
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Supplementary Figure 11.  

 

Patients with evidence of CMR-based MVO showed higher IMRangio and NH-

IMRangio compared with patients without MVO (A). ROC curve analysis of IMRangio 

and NH-IMRangio in predicting MVO >1.55% (B).  

 

 

 

 

 

 

Supplementary Table 2. CMR characteristics of patients presenting with 
STEMI 
STEMI n=49 
LVEDV(ml) 150 (127-172) 
LVESV(ml) 76 (57-98) 
LVEF(%) 50 (43-55) 
Infarct Size(g) 18 (15-28) 
Infarct Size(%) 24.3 (18.0-31.7) 
MVO(%) 0.0 (0.0-3.1) 
MVO >1.55% 18 (36.7) 
LV oedema(%) 41.6(37.2-51.3) 
Salvaged Myocardial Area(%) 15.9(10.5-23.5) 
Salvaged Myocardial Index(%) 38.7(29.2-49.3) 
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CHAPTER 5 

Long-term prognostic value of angiography-derived index of 

microcirculatory resistance in patients with STEMI 
 

ABSTRACT 
 

Aims 

Microvascular injury evaluation yields prognostically relevant information in ST-

segment-elevation myocardial infarction (STEMI) patients. However, widespread 

adoption of invasive pressure-wire-based evaluation of coronary microvascular 

function is limited due to cost, technical and procedural complexity. We explored 

the diagnostic and prognostic potential of non-hyperaemic angiography-derived 

index of microcirculatory resistance (NH IMRangio) as a pressure-wire and 

adenosine-free microvascular function evaluation tool. 

Methods and Results  

A total of 262 STEMI patients were prospectively enrolled in our study. NH 

IMRangio was retrospectively derived on the infarct related artery (IRA) through a 

dedicated software-based application of computational fluid dynamics to three-

dimensional coronary artery modelling. Invasive pressure-wire-based assessment 

of the index of microcirculatory resistance (IMR) was performed. Measurements 

were performed on IRAs at completion of primary percutaneous coronary 

intervention (pPCI). The combination of all-cause mortality resuscitated cardiac 

arrest and new heart failure diagnosis was the prespecified primary endpoint.  

NH IMRangio showed a good diagnostic performance in identifying microvascular 

injury AUC0.78(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-value=0.91). NH IMRangio>43U was an 

independent predictor of the primary endpoint (adjusted HR 2.13,95%CI:1.01-

4.48).  
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Conclusion  

NH IMRangio has a reliable diagnostic performance to identify microvascular injury 

in STEMI patients with a prognostic value equivalent to invasively measured IMR. 

NH IMRangio can be a feasible alternative to IMR for risk stratification in pPCI 

treated STEMI patients. 

 

 

INTRODUCTION 

 

The adoption of primary percutaneous coronary intervention (pPCI) has contributed 

to improvement of short- and long-term outcome in patients with ST-segment-

elevation myocardial infarction (STEMI).52 However, despite the widespread 

implementation of guideline based treatment53, a significant subset of patients still 

experiences poor outcomes due to the development of heart failure.54, 55 Severe 

coronary microvascular injury and subsequent suboptimal reperfusion are key 

pathological processes underlying post myocardial infarction heart failure 

development.56 Microvascular injury in patients admitted with ST-segment-

elevation myocardial infarction (STEMI) is biologically7 and prognostically 

relevant 57 and cardiac magnetic resonance (CMR) imaging is conventionally 

accepted as the gold standard for detecting it.58 However, the relative expense and 

limited availability of CMR imaging still represents a main barrier to its widespread 

clinical adoption especially in the emergency pPCI setting.59 Therefore, to evaluate 

microvascular injury as early as possible and in the catheterization laboratory, the 

index of microvascular resistance (IMR), based on the use of a conventional 

pressure-wire and thermodilution technique, has been proposed and investigated.60 

Our group and others have previously shown the good diagnostic performance of 

IMR in predicting microvascular injury diagnosed by CMR imaging.7, 14 

Contemporary studies highlight the early- and long-term prognostic implications of 

an IMR >40U in STEMI patients.17, 61 Recently, IMR has also been proposed as a 

tool to triage novel or additional therapies in STEMI, with promising clinical and 

research implications.20, 62 Despite its proposed role as a prognostic and 

theragnostic biomarker 62, the clinical adoption of IMR remains limited. Additional 
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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 modelling of the coronary artery represents an 

excellent opportunity to angiographically derive indices of coronary physiology 

(such as fractional flow reserve or IMR) avoiding the use of a pressure wire.63 Our 

group has recently described a novel, angiography-derived, pressure-wire free 

index of microcirculatory resistance (IMRangio).64 This index showed a good 

diagnostic performance in predicting an invasive IMR >40U in STEMI patients.  

The aim of this work was to evaluate the diagnostic and prognostic performance of 

non-hyperaemic IMRangio (NH IMRangio) in STEMI patients.   

 

METHODS 
Patient population 

Patients 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. STEMI was diagnosed in the presence of chest 

pain lasting for at least 30 minutes accompanied by ST segment elevation (>2 mm) 

in at least 2 anatomically contiguous leads. The current study is based on 

prospectively enrolled participants who had pressure-wire based IMR 

measurements. Pressure-wire-based coronary physiology was not performed if any 

of the following exclusion criteria were met: i) haemodynamic instability, ii) history 

of coronary artery bypass grafting, iii) severe chronic renal failure, iv) angiographic 

evidence of severe left main disease or complex coronary anatomy (tortuous IRA, 

presence of a chronic total occlusion), and v) pPCI performed with plain old balloon 

angioplasty. This retrospective analysis includes all participants on whom both 

invasive IMR measurement and angiography-derived coronary physiology 

assessment was feasible. The patient flow diagram is reported in Supplementary 

figure S1.  

pPCI was performed in standard fashion with the use of adjunctive therapies 

(mechanical thrombectomy, glycoprotein IIb/IIIa) and choice of stenting technique 
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at the operator’s discretion. The Thrombolysis in Myocardial Infarction (TIMI) trial 

grading system was used as a semiquantitative angiographic tool to assess coronary 

flow before and at completion of pPCI on the IRA.65 ST-segment resolution was 

calculated using surface electrocardiography acquired before and at 90 minutes 

after pPCI as described previously.66 We defined an ST-segment resolution ≥70% 

as complete. The OxAMI study design has been previously described in detail.3 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  

NH IMRangio was measured on the IRA, using two dedicated coronary angiographic 

projections acquired at the end of the pPCI procedure. The methodology employed 

and its reproducibility have been published previously.64 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: 

𝑁𝐻 𝐼𝑀𝑅𝒂𝒏𝒈𝒊𝒐 = 𝑃𝑎(𝑟𝑒𝑠𝑡𝑖𝑛𝑔) 𝑥 𝑄𝐹𝑅 𝑥 
𝑁𝑓𝑟𝑎𝑚𝑒𝑠

𝑓𝑝𝑠
 

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.  

All analyses were performed at the OxACT corelab (University of Oxford, Oxford 

Heart Centre, John Radcliffe Hospital, Oxford, UK) by independent operators 

blinded to physiology and clinical outcome data. Disagreement was resolved by 

consensus. 

Invasive measurement of coronary physiology indices 

Invasive assessment of coronary physiology indices on the IRA was performed with 

pressure-wire technology (Abbott, Santa Clara, California, US or Certus, St. Jude 

Medial, St. Paul, Minnesota, US) and a thermodilution technique at the end of the 

pPCI as previously reported.3 Briefly, measurements were taken after intracoronary 

injection of 250Pg of isosorbide dinitrate. Transit time was calculated as the 

average of transit time measurements during three separate injections of 3 ml of 
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0.9% room temperature saline at resting and hyperaemic conditions. Hyperaemia 

was induced by intravenous adenosine infusion at a rate of 140Pg/kg/min. IMR was 

defined as the product of mean distal coronary pressure and mean transit time 

during hyperaemia.14 Coronary flow reserve (CFR) was expressed as the ratio of 

resting to hyperaemic mean transit times.14 Resistive reserve ratio (RRR) was 

defined as the ratio of resting to hyperaemic coronary microcirculatory resistance.67 

Based on established literature, IMR and CFR were dichotomized using thresholds 

of 40U and 2.0, respectively.14  

Clinical Follow-up 

The primary clinical outcome of the study was the hierarchical composite endpoint 

of all-cause mortality, resuscitated cardiac arrest and new heart failure diagnosis. 

The secondary clinical outcome of the study was the hierarchical 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 (left 

ventricular ejection fraction (LVEF) <50%) and/or raised brain natriuretic peptide. 

Follow-up was performed through electronic case record review, clinic visit and 

telephone contact. 

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 (25th to 75th percentile) as 

appropriate and categorical variables as numbers (percentage). Between-group 

comparisons for categorical variables were performed using Pearson’s F2 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 to predict an IMR >40U by identifying the value that maximised Youden’s 

J statistic.  
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We subsequently performed survival analyses for the primary and secondary 

endpoints stratified according to i) NH IMRangio and ii) IMR (both expressed as 

dichotomous variables) using Kaplan Meier and Cox proportional hazard 

regression modelling methods. In a sensitivity analysis we also added CFR (as a 

dichotomous variable) to the survival analyses for the primary and secondary 

endpoints. We compared the hazard ratios of dichotomised NH IMRangio, IMR and 

CFR with paired Student’s t-tests.68 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. Missingness for ST segment resolution was 

addressed by creating a third group for the variable (yes/no/unknown) and median 

imputation for discharge echocardiography LVEF%. Proportional hazard 

assumptions were graphically and statistically assessed. Explanatory variables with 

a p-value of <0.1 at univariate analysis were entered in the model using a 

conditional backward stepwise method. We measured the goodness of fit using 

concordance (C-statistic) and deviance 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  was set at 0.05.  
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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 and imaging characteristics are reported in Table 1. 

Data about post pPCI NH IMRangio and invasive indices of coronary physiology 

indices are presented in Table 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 & Echocardiographic Characteristics 

Total Number 262 

Clinical  

Age, years 62 ± 11 
Male gender, n (%) 215 (82) 
Hypertension, n (%) 119 (46) 
Hypercholesterolemia, n (%) 101 (39) 
Diabetes, n (%) 41 (16) 
Smoker, n (%) 110 (42) 
Previous cardiology history, n (%)* 37 (14) 
Family history of IHD, n (%) 101 (39) 
Procedural  
Ischemic time, minutes 180 (122, 317) 
Target vessel  
LAD, n(%) 119 (45) 
LCX, n(%) 25 (10) 
RCA, n(%) 109 (42) 
Other, n(%) 9 (3) 
TIMI Flow – pre-PCI  
0  197 (75) 
1 22 (8) 
2 30 (12) 
3 13 (5) 
TIMI Flow – post-PCI  
0 0 (0) 
1 3 (1) 
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2 33 (13) 
3 226 (86) 
  
Complete ST segment resolution, n (%)* 151 (73) 
Discharge Echocardiography LVEF, %*  50 (45, 56) 

IHD: ischaemic heart disease; LAD: left anterior descending artery; LCx: left circumflex 
artery; LVEF: left ventricle ejection fraction; PCI: percutaneous coronary intervention; 
RCA: right coronary artery; TIMI: the Thrombolysis in Myocardial Infarction; *Degree of 
missingness: Previous cardiological history = 0.4%, Complete ST segment resolution = 
21%, Discharge LVEF % Echocardiography = 2%. 
 

 

Table 2. Post PCI pressure-wire- and angiography-derived coronary 

physiology indices 

Total Number 262 

Pressure-wire-derived  

Resting Pa, mmHg 92 ± 18 

Resting transit time, s* 0.69 (0.48, 1.13) 

Hyperaemic Pa, mmHg* 83 ± 16 

Hyperaemic Pd, mmHg 76 (67, 87) 

Hyperaemic transit time, s 0.43 (0.28, 0.78) 

FFR* 0.94 (0.90, 0.98) 

IMR 33 (20, 55) 

CFR* 1.5 (1.1, 2) 

RRR* 1.7 (1.3, 2.3) 

Angiography-derived  

Fixed flow QFR* 0.95 (0.90, 0.98) 

Contrast QFR 0.96 (0.90, 0.99) 

NH IMRangio 43 (30, 59) 

CFR: coronary flow reserve; FFR: fractional flow reserve; IMR: index of microvascular 
resistance; NH IMRangio: non-hyperaemic IMRangio; Pa: aortic pressure; Pd: distal pressure; 
PCI: percutaneous coronary intervention; QFR: quantitative flow ratio; RRR: resistive 
reserve ratio; *Degree of missingness: resting transit time = 1.1%, hyperaemic Pa= 0.4%, 
FFR = 0.4%, CFR = 1.1%, RRR= 1.1%; Fixed flow QFR = 0.8%. 
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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%) coinciding with the median NH 

IMRangio value of 43U observed in the overall study cohort. Patients with a high NH 

IMRangio (>43U) were characterised by longer ischaemic times, worse rates of 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 (Table S1). 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 (Table S2). 

 

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 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). 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 4.56 (95% CI 1.08-19.18, p<0.04). Pairwise 

comparisons 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 

high versus low NH IMRangio and IMR are shown in Figures 1 and 2 respectively. 
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The profiles of the survival curves are similar. Kaplan Meier survival curves 

displaying the relationship between survival free from the primary and secondary 

endpoints for high and low NH IMRangio, IMR and CFR are displayed in 

Supplementary figures 3 and 4.  

 

 
 

Figure 1: 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 2: 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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Kaplan Meier landmark curves displaying the relationship between high versus low 

NH IMRangio and survival-free from the primary and secondary endpoints after 30 

days are shown in Figure 3.  

 

 

 
Figure 3: 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. NH IMRangio >43U was an independent 

predictor of the primary endpoint, adjusted HR 2.13 (95% CI: 1.01-4.48, p<0.05) 

in a model with age, ischaemic time, and discharge LVEF%. Kaplan Meier curves 

displaying the relationship between adjusted survival free of a major adverse event 

and high versus low NH IMRangio are shown in Figure 4. The addition of NH 

IMRangio >43U as a variable to a cox regression model including age, ischaemic 
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time and discharge LVEF% yielded a good model (C-statistic 0.82, F2: 67) with a 

significant improvement in predictive performance (F2 difference: 4.30, p=0.04).  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CI: confidence interval; IMR: index of microvascular resistance; IRA: infarct related 
artery; LAD: left anterior descending artery; LVEF: left ventricle ejection fraction; NH 
IMRangio: non-hyperaemic IMRangio; *Missingness for discharge echocardiography LVEF% 
was addressed by median imputation. 
  

Table 3.  Univariate and Multivariate Predictors of All-cause mortality, 
cardiac arrest, heart failure (p ≤0.1) 

 
Univariate Predictors Hazard Ratio 95% CI p-value 

Age (per 1 year increase) 1.07 1.03-1.10 <0.001 

Male gender 2.01 1.00-4.07 0.05 

LAD as IRA 2.07 1.09-4.00 0.03 

Ischaemic time (per 1min 
delay) 

1.00 1.00-1.00 0.04 

Discharge Echocardiography 
LVEF (per % increase)* 

0.91 0.89-0.94 <0.0001 

NH IMRangio >43U 3.43 1.67-7.07 0.001 

Multivariate predictors    

Age (per 1 year increase) 1.07 1.03-1.11 <0.001 

Ischaemic time (per min) 1.00 1.00-1.00 0.034 

Discharge Echocardiography 
LVEF (per % increase) 

0.92 0.90-0.95 <0.0001 

NH IMRangio >43U 2.13 (1.01-4.48) 0.047 
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Figure 4: 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%.  
aHR: adjusted hazard ratio; CI: confidence interval; LVEF%: left ventricle ejection 
fraction; NH IMRangio: non-hyperaemic IMRangio. 
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DISCUSSION 
To our knowledge, this is the first study to assess the diagnostic and prognostic 

value of a dedicated pressure-wire and adenosine-free index (NH IMRangio) for the 

assessment of coronary microvascular dysfunction/injury in STEMI patients. 

Microvascular dysfunction/injury in STEMI is prognostically important 57, 61 due to 

the resulting poor structural and functional myocardial recovery.7, 69 Although 

CMR remains the gold standard investigation for microvascular injury 

characterisation58, the associated cost and limited availability – particularly in the 

emergency care setting – pose some technical and logistic constraints in its routine 

adoption as an early tool for risk stratification and guidance of additional/alternative 

therapeutic strategies. .59 For this reason, biomarkers derived from invasive 

assessment coronary microvascular function at the time of pPCI (e.g. IMR) 

represent a reasonable and reliable alternative with a demonstrated complementary 

value providing a grading of the severity of microvascular obstruction detected by 

CMR imaging.7, 60 The advantage of being immediately measurable in the 

catheterization laboratory has facilitated the evaluation of IMR as a theragnostic 

and prognostic biomarker62. However, its clinical adoption 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 angiography derived index of 

microcirculatory resistance (IMRangio) against pressure-wire-based IMR 

represented the first study in this field.64  

Diagnostic performance of NH IMRangio 

In the current analysis, we have expanded our previous results by showing that the 

non-hyperaemic version of IMRangio – NH IMRangio - reliably predicts microvascular 

injury as defined by an IMR >40U in the IRA of STEMI patients. Notably, the 

optimal NH IMRangio cut-off of >43U derived from the ROC analysis coincides with 

the median NH IMRangio value in our cohort. Using a non-hyperaemic index to 

evaluate microvascular injury in the IRA of STEMI patients is still reliable, as the 

vasodilatory response to adenosine in the IRA has been shown to be blunted. 14, 19 

In our cohort, the median value of RRR - a dedicated index to express the 

vasodilatory capacity of coronary microcirculation - was 1.7. This value is 
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suggestive of a depressed coronary microvascular vasodilatory capacity in this 

cohort of STEMI patients, a finding consistent with previous reports.19, 67 This 

depressed vasodilatory capacity can explain why, particularly in STEMI patients, a 

non-hyperaemic index such as NH IMRangio retains a fair degree of diagnostic 

accuracy in identifying microvascular injury.  

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 STEMI patients 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 seminal work by Fearon and colleagues 

on the prognostic role of invasive and pressure-wire based IMR in STEMI 

patients.61 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.17 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 only driven by early events. This can be 

explained by the significant contribution of new heart failure diagnoses to our 

combined endpoints. In our previous work, we have already shown that hyperaemic 

IMRangio is significantly elevated in patients with clinically significant 

microvascular obstruction assessed by cardiac magnetic resonance.64 This provides 

a further biologically plausible explanation for the prognostic significance of NH 

IMRangio we report herein 64.  

Finally, this study proves 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 
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findings of the independent prognostic value of an IMR> 40U in predicting long-

term outcomes.14, 61 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 independent and incremental 

prognostic significance of NH IMRangio as a novel tool for risk stratification. 

 

Limitations 

Despite it being the first study to evaluate a pressure-wire and adenosine-free 

method to assess coronary microvascular function early on in the catheterization 

laboratory, the relatively small sample size and single-centre nature ought to be 

acknowledged as limitations. For this reason, further testing in larger and external 

cohorts is needed to further corroborate our findings and to increase the precision 

of the reported effect estimates. We recognise 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 STEMI 

patients, as reflected by the relative low rate of adverse events at follow up. Despite 

this limitation, NH IMRangio retained its diagnostic and prognostic accuracy and it 

is possible that its performance could improve in a larger “all comers” cohort. 

Similarly, 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 ones included in our 

analysis) that would benefit the most from personalised and stratified medicine 

approaches based on theragnostic indices.70 

Finally, from a translation to clinical practice perspective, we acknowledge that a 

limitation of this work is represented by the off-line evaluation of NH IMRangio.. 

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 
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evaluation.71, 72. We are anticipating that these results are likely to be extended to 

NH IMRangio real time evaluation, as the time-limiting factor in computation of NH 

IMRangio is indeed the QFR measurement. 

 

CONCLUSIONS 

 

Non-hyperaemic Angiography-derived IMRangio has a reliable diagnostic 

performance to identify microvascular injury in STEMI patients with a prognostic 

value equivalent to invasively measured IMR. NH IMRangio can be a feasible 

alternative to IMR for risk stratification in pPCI treated STEMI patients. 
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SUPPLEMENTARY MATERIAL 

Supplementary Figure 1 

 
Figure S1: Patient flow diagram  
NH IMRangio: non-hyperaemic IMRangio.; pPCI: primary percutaneous coronary 
intervention; 3D: three dimensional.  
 
 

Supplementary Figure 2 

 
Figure S2: Diagnostic utility of NH IMRangio in identifying an IMR >40U. 
AUC: area under the curve; CMD: coronary microvascular dysfunction; IMR: 
index of microcirculatory resistance; NH IMRangio: non-hyperaemic IMRangio; ROC: 
receiver operating characteristic. 
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Supplementary Figure 3 

 

 
Figure S3: 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). CFR: coronary flow reserve; HR: hazard ratio; IMR:  index of microcirculatory 
resistance; NH IMRangio: non-hyperaemic IMRangio; ns= not significant.  
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Supplementary Figure 4 

 

 
 Figure S4: Kaplan Meier curves of freedom from cardiac mortality, resuscitated 
cardiac arrest, new heart failure diagnosis with high vs low i) NH IMRangio, ii) IMR 
and iii) CFR (A). Forrest plot displaying the hazard ratio of high i) NH IMRangio, ii) 
IMR, and iii) CFR (B). CFR: coronary flow reserve; HR: hazard ratio; IMR:  index 
of microcirculatory resistance; NH IMRangio: non-hyperaemic IMRangio; ns= not 
significant.  
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Table S1. Clinical, Procedural & Echocardiographic Characteristics according to low 
versus high NH IMRangio 

 
NH IMRangio ≤43 NH IMRangio >43 p value 

Total Number 136 126  

Age, years 60 ± 11 64 ± 11 <0.01 
Male gender, n (%) 118 (87) 97 (77) 0.04 
Hypertension, n (%) 56 (42) 63 (50) 0.17 
Hypercholesterolemia, n (%) 50 (37) 51 (41) 0.54 
Diabetes, n (%) 23 (17) 18 (14) 0.56 
Smoker, n (%) 66 (49) 44 (35) 0.03 
Previous cardiology history, 
n (%)* 17 (13) 20 (16) 0.45 

Family history of IHD, n (%) 55 (40) 46 (37) 0.51 
Target vessel   

0.37 
LAD, n(%) 55 (41) 64 (51) 
LCX, n(%) 12 (9) 13 (10) 
RCA, n(%) 63 (46) 46 (37) 
Other, n(%) 6 (4) 3 (2) 
TIMI Flow – pre-PCI   

0.84 
0 103 (76) 94 (75) 
1 11 (8) 11 (9) 
2 14 (10) 16 (13) 
3 8 (6) 5 (4) 
TIMI Flow – post-PCI   

<0.001 
0 0 (0) 0 (0) 
1 0 (0) 3 (2) 
2 8 (6) 25 (20) 
3 128 (94) 98 (78) 
Ischemic time, minutes 158 (113, 293) 201 (137, 337) 0.02 
Complete ST segment 
resolution, n(%)* 87 (82%) 64 (64%) 0.003 

Discharge echocardiography 
LVEF*, % 53 (47, 56) 49 (43, 55) 0.03 

IHD: ischaemic heart disease; LAD: left anterior descending artery; LCx: left circumflex 
artery; LVEF: left ventricle ejection fraction; MVO: microvascular obstruction; NH 
IMRangio: non-hyperaemic IMRangio; PCI: percutaneous coronary intervention; RCA: right 
coronary artery; TIMI: the Thrombolysis in Myocardial Infarction. *Degree of 
missingness: Previous cardiological history = 0.4%, Complete ST segment resolution = 
21%, Discharge LVEF % Echocardiography = 2% 
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Table S2. Post PCI invasive and angiography-derived coronary physiology 

indices according to low versus high NH IMRangio. 

 NH IMRangio ≤43 NH IMRangio >43 p-value 

Total Number 136 126  

Pressure-wire-derived    

Resting Pa, mmHg 88 ± 16 97 ± 18 <0.001 

Resting transit time, s* 0.59 (0.38, 0.83) 0.88 (0.59, 1.40) <0.001 

Hyperaemic Pa, mmHg*   80 (70, 89) 85 (74, 95) <0.001 

Hyperaemic Pd, mmHg 72 ± 14 82 ± 16 <0.001 
Hyperaemic transit time, 
s 0.33 (0.24, 0.55) 0.59 (0.36, 1.03) <0.001 

FFR* 0.92 (0.88, 0.97) 0.95 (0.90, 0.99) 0.002 

IMR 25 (17, 35) 46 (29, 85) <0.001 

CFR* 1.6 (1.2, 2.1) 1.4 (1.1, 1.9) 0.044 

RRR* 1.8 (1.3, 2.5) 1.6 (1.2, 2.2) 0.022 

Angiography-derived    

Fixed flow QFR* 0.95 (0.90, 0.98) 0.96 (0.90, 0.99) 0.651 

Contrast QFR 0.95 (0.89, 0.98) 0.97 (0.91, 0.99) 0.039 

NH IMRangio 31 (22, 37) 60 (50, 77) <0.001 

CFR: coronary flow reserve; FFR: fractional flow reserve; IMR: index of microvascular 
resistance; NH IMRangio: non-hyperaemic IMRangio; Pa: aortic pressure; Pd: distal pressure; 
PCI: percutaneous coronary intervention; QFR: quantitative flow ratio; RRR: resistive 
reserve ratio; *Degree of missingness: resting transit time = 1.1%, hyperaemic Pa= 0.4%, 
FFR = 0.4%, CFR = 1.1%, RRR= 1.1%; Fixed flow QFR = 0.8%. 
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CONCLUSIONS 
The results reported in the current thesis contribute to improve the knowledge on 

coronary physiology in patients with STEMI and to develop alternative methods to 

assess the severity of CMD in patients undergoing PPCI.  

The main conclusions that can be drawn by this work are the following:  

1. Post-ischaemic severe CMD assessed either by invasive IMR or by CMR is 

associated with adverse clinical outcome at long-term follow up after 

STEMI. In particular, IMR>40 U or the presence of MVO was associated 

with more than 4-fold increase in the risk of mortality, heart failure or 

cardiac arrest. Notably, patients with both high IMR and MVO represent a 

subgroup at high risk of adverse events during the first year of follow up 

after STEMI.  

2. Pressure-bounded CFR is a novel index derived using standard pressure-

wire technology. Pb-CFR is associated with the presence of CMD in 

STEMI. However, the diagnostic performance of pb-CFR is inferior to 

invasive IMR.  

3. Based on 3-D reconstruction of the coronary artery and computational fluid 

dynamics, we developed an angiography-derived IMR. IMRangio 

demonstrated an excellent diagnostic performance compared with invasive 

IMR and with CMR-based MVO in patients with STEMI.  

4. IMRangio is well correlated with invasive IMR across the spectrum of acute 

and chronic coronary syndromes. In patients with STEMI, non-hyperemic 

IMRangio (NH-IMRangio) demonstrated good accuracy in detecting CMD and 

can be used as an alternative to IMR.  

5. NH-IMRangio demonstrated a good prognostic value in a retrospective 

analysis of the OxAMI study. In particular, NH-IMRangio >43 U was 

associated with the composite adverse outcome, including mortality, heart 

failure and cardiac arrest, at long-term after STEMI.  
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CLINICAL AND RESEARCH IMPLICATIONS  
This PhD thesis has important clinical ramifications for the contemporary 

management of STEMI patients. By overcoming the technical and logistic 

limitations associated with pressure-wire based assessment of IMR, the novel 

IMRangio can facilitate a wider adoption of coronary microvascular assessment in 

STEMI patients, particularly in cost-constrained healthcare settings. This could 

translate into an improvement in risk stratification and the implementation of 

stratified medicine approaches for the deployment of novel or adjunct therapeutics 

and the selection of dedicated clinical pathways in STEMI care.  

Beyond its proposed clinical role, IMRangio may have important implications for 

research. IMRangio could indeed facilitate recruitment into clinical trials of patients 

selected according to their risk of coronary microvascular injury/dysfunction or act 

as a new and easily available surrogate outcome measure for microvascular 

injury/dysfunction.  
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