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ABSTRACT 16 

Background. Pathological mechanisms of myocardial infarction with non-obstructive coronary 17 
arteries (MINOCA) are heterogeneous, with an unknown impact on prognosis, and often remain 18 
unrecognised in clinical practice. This study aimed to evaluate the prevalence and prognostic 19 
impact of pathological findings by invasive coronary angiography (ICA), optical coherence 20 
tomography (OCT), and coronary function testing in MINOCA. 21 

Methods. Studies published until August 2023 were searched on PubMed and SCOPUS and 22 
included if reporting the prevalence of patients with non-obstructive coronary arteries (NObs-CA; 23 
1-49% coronary stenosis) versus normal coronary arteries (NCA; 0% coronary stenosis) by ICA, 24 
pathological findings by OCT, and/or coronary vasomotor tests in MINOCA. Newcastle-Ottawa 25 
Scale was used for quality assessment. The pooled prevalence of pathological findings was 26 
estimated with random-effects models. Pooled risk ratios (RR) with 95% confidence intervals (CI) 27 
of all-cause death, MI, and the composite of both in patients with NObs-CA versus NCA, were 28 
calculated at short-term (<1 month), 1-year, and long-term follow-up (> 1 year). 29 

Results. Forty-five studies including 17539 patients were analysed. The pooled prevalence of 30 
NObs-CA at ICA was 53% [95% CI 0.47-0.60]. OCT showed acute pathological findings in 62% 31 
[95% CI 0.44-0.78] of patients and coronary vasomotor tests were positive in 49% [95% CI 0.31-32 
0.67]. NObs-CA compared to NCA was associated with an increased 1-year risk of all-cause death 33 
or MI (RR = 1.49 [95% CI 1.17-1.90]) and MI alone (RR = 1.80 [95% CI 1.26-2.59]), whereas the 34 
risk of all-cause death was comparable. Similar results were seen at long-term, but not at short-35 
term follow-up.  36 

Conclusions. Stratification of MINOCA into NObs-CA versus NCA has prognostic value. OCT 37 
and vasospasm testing, often informative about the pathological mechanism of MINOCA, should 38 
be part of an invasive diagnostic algorithm. 39 

Keywords: MINOCA, invasive coronary angiography, optical coherence tomography, 40 
acetylcholine, vasospasm.  41 
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ABBREVIATIONS 42 

ACh = acetylcholine 43 

CMD = coronary microvascular dysfunction 44 

ICA = invasive coronary angiography 45 

IVUS = intravascular ultrasound 46 

MI = myocardial infarction 47 

MINOCA = myocardial infarction with non-obstructive coronary arteries 48 

NCA = normal coronary arteries (0% coronary arteries stenosis) 49 

NObs-CA = non-obstructive coronary arteries (1-49% coronary arteries stenosis) 50 

OCT = optical coherence tomography  51 
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INTRODUCTION 52 

Myocardial infarction with non-obstructive coronary arteries (MINOCA) represents 53 

approximately 10% of all acute myocardial infarctions (MI). [1] The diagnosis can be considered 54 

when the criteria for acute MI according to the 4th Universal definition are met, in the absence of 55 

coronary stenosis ≥50% and other causes of non-ischemic myocardial injury. [2,3] The best 56 

treatment for MINOCA has not been clearly established as several pathophysiological mechanisms 57 

may be responsible for myocardial injury, including plaque disruption, spontaneous coronary 58 

artery dissection (SCAD), coronary vasospasm, and microvascular dysfunction. [4–6] In the early 59 

phase of an acute coronary syndrome (ACS), intravascular imaging (including intravascular 60 

ultrasound [IVUS] and optical coherence tomography [OCT]) and coronary function testing help 61 

to identify the pathophysiological mechanisms, especially when invasive coronary angiography 62 

(ICA) is inconclusive. [7] The current European Society of Cardiology Guidelines regarding ACS 63 

recommend a diagnostic algorithm that includes intravascular imaging and assessment of coronary 64 

physiology as a first-line approach to identify the aetiology of MINOCA. [8] However, the 65 

prognostic impact of the pathological findings detected at ICA and other invasive assessment tools 66 

in this setting is currently poorly understood. The primary objective of this systematic review was 67 

to evaluate the prevalence and relative prognostic impact of pathological findings by ICA, 68 

intracoronary imaging, and coronary function testing in MINOCA.  69 
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METHODS 70 

The protocol of this meta-analysis was registered in the International Prospective Register of 71 

Systematic Reviews (PROSPERO), registration number CRD42023468183. The results are 72 

reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis 73 

(PRISMA) guidelines (Supplementary Table 1). [9] 74 

 75 

Search strategy and selection criteria 76 

Studies for potential inclusion were searched in PubMed and SCOPUS using “myocardial 77 

infarction” and “no coronary artery stenosis ≥50%” as key concepts (complete search strings in 78 

Supplementary Table 2). The references of included studies and the key systematic reviews were 79 

screened to identify additional studies. Observational studies and randomized trials published in 80 

English up to August 2023 were considered for inclusion. Case reports, comments, editorials, 81 

duplicate publications, and abstracts were excluded. Two reviewers (D.F. and D.C.) screened the 82 

studies according to the following inclusion criteria: 83 

1) Studies including patients admitted for acute MI without coronary artery stenosis ≥50% at 84 

ICA. 85 

2) Reporting at least one outcome of interest among: 86 

a) The prevalence of patients with non-obstructive coronary arteries (NObs-CA), defined 87 

as the presence of at least one stenosis between 1-49%, compared to patients with 88 

normal coronary arteries (NCA; 0% coronary stenosis) at ICA. 89 

b) The prevalence of pathological findings by OCT. IVUS was not included in the 90 

quantitative analysis because less than 3 studies concerning this technique were found. 91 

c) The results of vasospasm testing. 92 
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Studies with cut-offs other than 50% to define obstructive coronary arteries or only focusing on 93 

specific alternative diagnoses to explain myocardial damage were excluded. The study with the 94 

larger sample size was considered if more studies with overlapping populations were found. A 95 

third reviewer (C.P.) solved disagreements. The quality of the included studies was assessed 96 

independently by two reviewers (F.B. and N.S.) using the Newcastle-Ottawa Scale. 97 

 98 

Endpoints 99 

The endpoints with effect measures investigated in this meta-analysis including patients with 100 

MINOCA are shown in Table 1. The prognostic impact of OCT and vasospasm tests findings was 101 

not analysed by quantitative meta-analysis as less than three studies reporting prognostic data were 102 

found. 103 

 104 

Statistical analysis 105 

The pooled prevalence of NObs-CA on ICA, pathological findings on OCT, and positive 106 

vasospasm tests was estimated with 95% confidence intervals (CI). Pooled risk ratios (RR) with 107 

95% CI comparing NObs-CA with NCA was estimated for the short-term, 1-year, and long-term 108 

outcomes. A DerSimonian-Laird random-effects model was used for all analyses. Funnel plots and 109 

Egger test were used to assess possible publication bias or small study effect for the analysis of 110 

prognostic outcomes. A leave-one-out meta-analysis was performed to test statistical robustness. 111 

The data are presented using forest plots. Heterogeneity was assessed using I2. In the case relevant 112 

heterogeneity (I2>50%), subgroup analyses were performed, adjusting for time of publication, 113 

study design, and geographical context. Meta-regression including the most relevant clinical and 114 

instrumental characteristics was used to estimate the effect of these characteristics on 115 
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heterogeneity. Bubble plots were constructed to show the relationships between outcomes and 116 

statistically significant characteristics. Further information on quality assessment, definitions used 117 

as synonyms during data extraction, subgroup analysis, and characteristics included in meta-118 

regression is provided in the Supplementary material – Extended methods. All analyses were 119 

performed using Stata 18.0 (Stata Corp LLC, College Station, TX). Statistical significance was 120 

defined as p<0.05.  121 
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RESULTS 122 

After a thorough literature search, 374 articles underwent full-text evaluation, with 45 studies 123 

eventually included in the meta-analysis (Figure 1). The quality assessment showed an overall 124 

low risk of biases. Only 5 studies had potential selection bias or comparability concerns scoring 125 

7/9 points at the Newcastle-Ottawa Scale (Supplementary Table 3). Sensitivity analyses 126 

excluding these studies have been performed and are discussed below. 127 

 128 

Prevalence of non-obstructive versus normal coronary arteries 129 

Thirty-five studies reported the prevalence of NObs-CA versus NCA in MINOCA, including 130 

17281 patients. The characteristics of the patients in these studies are shown in Supplementary 131 

Table 4. The pooled prevalence of NObs-CA was estimated to be 53% [95%CI: 0.47-0.60] 132 

(Figure 2). The leave-one-out analysis and the sensitivity analyses excluding studies with a sample 133 

size of <100 patients or with 7/9 points at Newcastle-Ottawa Scale confirmed this result 134 

(Supplementary Figure 1). Heterogeneity was high (I2=98.0%), but none of the clinical-135 

instrumental characteristics tested in meta-regression analyses had a significant impact on the I2, 136 

except for a minimal influence of the age (residual I2=97.2%, p=0.014). Subgroup analysis showed 137 

no significant differences when studies were stratified by geographical context or by the inclusion 138 

of myocarditis, takotsubo syndrome, and cardiomyopathies (Supplementary Figure 2). Finally, 139 

variability in MINOCA definition and use of CMR across studies might partially account for the 140 

heterogeneity (Supplementary Table 5). 141 

 142 

Prognosis of non-obstructive versus normal coronary arteries 143 

Thirteen studies, including 7925 patients, reported at least one outcome of interest. None of the 144 
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funnel plots nor the Egger test showed a possible publication bias or small study effect for any of 145 

the outcomes (Supplementary Figure 3D-F, Figure 3D-F, Figure 4D-F). No differences in 146 

patients with NObs-CA compared to NCA at ICA were found regarding short-term outcomes 147 

(Supplementary Figure 3A-C). Considering 1-year events (Figure 3A-C), NObs-CA patients 148 

had a higher risk of the composite of all-cause death or MI (RR=1.49; 95%CI 1.17-1.90) and MI 149 

alone (RR=1.80; 95%CI 1.26-2.59), but not of all-cause death alone (RR=1.12; 95%CI 0.77-1.60) 150 

compared to patients with NCA. Similar results were confirmed for follow-up periods longer than 151 

1 year (range 2-10 years; Figure 4A-C), with NObs-CA being associated with a higher risk than 152 

NCA of the composite of all-cause death or MI (RR=1.54; 95%CI 1.11-2.14), driven by a higher 153 

risk of MI (RR=2.16; 95%CI 1.26-3.71). Sensitivity analyses excluding studies with 7/9 points on 154 

the Newcastle-Ottawa Scale confirmed all the results obtained, except for the outcome of all-cause 155 

death at long-term follow-up (Table 2). Indeed, the trend seen for a higher risk of all-cause death 156 

at a longer follow-up period (>1 year) in NObs-CA compared with NCA became statistically 157 

significant (RR=1.62; 95%CI 1.32-1.97). Heterogeneity was very low for all the considered short-158 

term and 1-year follow-up events. The low-to-moderate heterogeneity found for long-term events 159 

may be due to the wide variability in the follow-up periods, so no further analyses were performed. 160 

Four studies reported the medications at discharge stratified by the presence or absence of NObs-161 

CA (Supplementary Table 6). NObs-CA compared to NCA patients received more often aspirin 162 

(89% vs 69%), P2Y12-inhibitors (52% vs 29%), renin-angiotensin-system antagonists (53% vs 163 

40%), beta-blockers (70% vs 57%), and statins (86% vs 60%; p<0.01 for all). 164 

 165 

Prevalence of acute pathological findings detected by OCT 166 

Five studies reporting acute OCT findings (i.e., plaque disruption, lone thrombus, calcified 167 
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nodules, and SCAD) in MINOCA were identified. The definitions used in the studies and the 168 

characteristics of participants are summarized in Supplementary Tables 7-8. In these 5 studies, 169 

the pooled prevalence of acute OCT findings was 50% [95%CI 0.23-0.77] with high heterogeneity 170 

(I2=95.1%). The leave-one-out analysis showed no significant difference (Supplementary Figure 171 

4), but a trend towards a higher prevalence of acute OCT findings with a reduction in heterogeneity 172 

was observed, when the study by Reynolds et al. was excluded. [10] Importantly, when extracting 173 

data from this study, we did not count some of the findings that the Authors considered as “culprit 174 

lesion”, such as layered plaque and intraplaque cavity. As later highlighted, the first entity does 175 

not play a certain role in the acute phase of an ACS and the second is not clearly defined. [11,12] 176 

In addition, the study by Reynolds and colleagues [10] might have introduced a selection bias 177 

because the population entirely consisted of females and performing a meta-regression model 178 

including this study indicated a significant effect of female sex on heterogeneity (residual 179 

I2=84.1%; p=0.007). For all these concerns, we excluded the latter study from the final analysis. 180 

In the remaining 4 studies, we obtained a prevalence of 62% [95%CI 0.44-0.78] of acute OCT 181 

findings in MINOCA (Figure 5A). The subgroup analysis showed similar results when stratifying 182 

for the inclusion of myocarditis, takotsubo syndrome, and cardiomyopathies (Supplementary 183 

Figure 5). Meta-regression highlighted the significant impact of age (residual I2=12.8%, p<0.001), 184 

smoking status (residual I2=45.8%, p=0.007), diabetes mellitus (residual I2=61.0%, p=0.034), and 185 

dyslipidaemia (residual I2=44.4%, p=0.007) on heterogeneity (Supplementary Figure 6). The 186 

pooled prevalence of each component of “acute OCT findings” is shown in Supplementary 187 

Figure 7. Specifically, plaque disruption was the most frequent with a prevalence of 47% [95%CI 188 

0.33-0.62]. 189 

 190 
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Prevalence of vasospasm as a pathological mechanism in MINOCA 191 

Seven studies reported the prevalence of vasospasm in MINOCA. The definitions used in the 192 

studies and the characteristics of participants are summarised in Supplementary Tables 9-10. The 193 

pooled prevalence of positive vasospasm tests was 49% [95%CI 0.31-0.67] with high 194 

heterogeneity (I2=94.5%), as shown in Figure 5B. The leave-one-out analysis showed no 195 

significant difference. Left ventricular ejection fraction was the only clinical-instrumental 196 

characteristic tested in the meta-regression accounting for some of the heterogeneity (residual 197 

I2=71.3%, p<0.001). Stratification according to the protocol used for vasospasm testing, but not 198 

geographical context, seems to partially explain heterogeneity (Supplementary Figure 8). Indeed, 199 

studies using acetylcholine (ACh) as a stressor, rather than ergonovine, had a higher prevalence of 200 

positive results (57% vs 44%) and lower heterogeneity, even though not reaching significance.   201 
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DISCUSSION 202 

To our knowledge, this is the first large-scale meta-analysis evaluating the integration of 203 

anatomical and functional invasive assessment in identifying the aetiology of MINOCA and its 204 

prognostic implications. Our key findings are: i) the prevalence of NObs-CA as assessed by ICA 205 

was 53%; ii) NObs-CA emerged as a relevant predictor of adverse outcomes at both 1-year and 206 

longer follow-up, despite medical therapy being prescribed more often in these patients compared 207 

to those with NCA; iii) OCT detected a pathological finding in 62% of MINOCA, mainly 208 

consisting of plaque disruption; iv) coronary vasomotor testing led to the diagnosis of coronary 209 

vasospasm in 49% of MINOCA. 210 

 211 

Non-obstructive versus normal coronary arteries in MINOCA 212 

We estimated a 53% prevalence of NObs-CA in MINOCA, in agreement with previous studies. 213 

[13,14] Prior meta-analyses compared the prognosis of MINOCA to MI with obstructive CAD. 214 

[15] Conversely, the evolving concept emphasising the importance of atherosclerotic burden rather 215 

than stenosis has not been extensively analysed in MINOCA. Only two studies demonstrated a 216 

worse long-term prognosis in the case of 3-vessel or left main NObs-CA. [16,17] A meta-analysis 217 

by Pasupathy et al. including 4 studies showed no differences in the prognosis of patients with 218 

NObs-CA versus NCA. [1] A more recent analysis suggested an association between NObs-CA 219 

and higher mortality. [5] However, it was affected by a high risk of bias and high heterogeneity 220 

due to a wide variability in follow-up time. Therefore, this is the first meta-analysis to show that 221 

MINOCA patients with NObs-CA have a higher risk of all-cause death or MI compared to NCA, 222 

mainly driven by a higher risk of MI, probably due to the risk of the atherosclerotic plaque-related 223 

acute events. Indeed, a progression of atherosclerosis has been recently shown in MINOCA 224 
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patients with a recurrent MI. [18] In our analysis, there was also a trend towards an increased risk 225 

of 1-year and long-term all-cause death in patients with NObs-CA, especially in the sensitivity 226 

analysis. However, given the inclusion of fewer studies and the variability in the length of follow-227 

up, this finding should be interpreted with caution. Our results support the need to stratify 228 

MINOCA patients into those with NCA and those with coronary artery stenosis of 1-49%, as this 229 

is prognostically relevant and may guide treatment. Compared to NCA patients, NObs-CA patients 230 

are more likely to receive medical therapy at discharge but appear to be undertreated compared to 231 

patients with obstructive MI [19,20], probably due to the limited evidence favouring secondary 232 

prevention in MINOCA. [21–24] Specific studies should aim to determine whether patients with 233 

NObs-CA may benefit from a more aggressive treatment. 234 

 235 

The role of intravascular imaging 236 

The worse prognosis in NObs-CA prompts to better characterize atherosclerosis in MINOCA. Our 237 

results confirm the potential role of OCT, showing pathological findings in 62% of cases, similar 238 

to previous estimates, ranging between 42% and 75%. [25] Conversely, Pelliccia et al. reported a 239 

lower overall prevalence of plaque disruption of 38% [26]. This might be explained by the stricter 240 

criteria for studies selection in our analysis, according to the current definition of MINOCA, and 241 

the inclusion of up-to-date literature. Moreover, Pelliccia and colleagues included studies using 242 

both OCT and IVUS. However, IVUS has a lower resolution in detecting superficial plaque 243 

features. [27] Over time, there has been increasing interest in the use of OCT over IVUS in 244 

MINOCA. Only two independent studies evaluated IVUS in MINOCA, showing a 38-45% 245 

prevalence of atherosclerotic plaque disruption. [28,29] Additionally, OCT can also identify 246 

vulnerable plaque features (e.g. thin-cap fibroatheromas) and signs of previous plaque disruption 247 
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(e.g. layered plaque), with an estimated rate in MINOCA of 27-30% and 13-21%, respectively. 248 

[10,30,31] In our study, the pooled prevalence of SCAD was 6%, lower than the 12% estimate by 249 

Pelliccia et al., which was driven by the inclusion of studies focusing only on SCAD. The 250 

prognostic impact of each pathological finding at OCT in MINOCA is still debated, but there is 251 

some evidence that the prognosis is worse when OCT detects plaque disruption, SCAD, or thin-252 

cap fibroatheromas. [31,32] 253 

 254 

Vasospasm testing and microvascular dysfunction in MINOCA 255 

Coronary vasomotor disorders can cause MINOCA. [33] Prior studies reported a prevalence of 256 

coronary vasospasm in MINOCA ranging from 3% to 95%. [14,26] We estimated a rate of 49% 257 

of positive coronary vasospasm testing in MINOCA. The use of ACh was associated with more 258 

homogeneous results and a higher likelihood of positive tests compared with ergonovine, possibly 259 

due to a more standardized ACh protocol and its ability to detect microvascular spasm. Thus, ACh 260 

should be preferred also in MINOCA, as recommended by the COVADIS group for the chronic 261 

setting. [34] The prognostic role of vasospasm in MINOCA remains uncertain, with a possible 262 

increased risk of hospitalizations for UA in patients with positive functional tests. [35–37] Some 263 

safety concerns regarding the administration of stressors during acute events may have limited the 264 

use of vasospasm testing in MINOCA. However, a low complication rate has been reported in 265 

MINOCA. [35,38] Coronary microvascular spasm may indicate coronary microvascular 266 

dysfunction (CMD). [39] Assessment of CMD is poorly studied in MINOCA [40–42] but CMD 267 

was identified in one third of patients by a pilot study. [43] Additionally, the coronary 268 

angiography-derived index of microvascular resistance (IMR) appears to predict major adverse 269 

cardiac events. [44,45] Hence, the invasive measurement of IMR and coronary flow reserve in 270 
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MINOCA is an interesting area for further investigation. [46] 271 

 272 

Clinical impact of invasive assessment of MINOCA: the need for a diagnostic algorithm 273 

Our meta-analysis highlights the importance of a comprehensive invasive assessment in the 274 

diagnostic work-up of patients with MINOCA (Figure 6). While invasive assessment might 275 

unmask the cause, CMR reveals the effects of MINOCA on the myocardium. [47] OCT could 276 

detect high-risk plaque features and aid in identifying the culprit lesion. As vasospasm could be 277 

provoked by the plaque disruption itself rather than an intrinsic predisposition of the coronary 278 

artery to spasm, OCT should be prioritized. [48] In the absence of acute findings by OCT, 279 

vasomotor testing should follow, given the high prevalence of vasospasm detection in this 280 

population and the potential therapeutic implications. Coronary physiology could then be assessed 281 

to investigate CMD. Definite conclusions on the timing and the clinical benefit of each invasive 282 

test require further investigations. The ongoing PROMISE trial (NCT05122780) will evaluate the 283 

efficacy of a structured diagnostic algorithm versus a standard prescription of secondary 284 

prevention drugs. [49] 285 

 286 

Limitations of the study 287 

Differences in baseline clinical characteristics and treatment between groups may have influenced 288 

prognosis. The high heterogeneity in the prevalence analysis was probably due to changes in 289 

MINOCA definition, in the availability of advanced diagnostic techniques, and in the criteria for 290 

defining a positive vasospasm testing across studies spanning a wide publication period. To 291 

estimate the pooled effect sizes across different populations with high variability, we used a 292 

random-effects model in which the weights of each study to the overall findings depend not only 293 
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on the within-study variance (and therefore on the sample size), but also on the between-study 294 

variance. Additionally, subgroup and meta-regression analyses considering the key differences in 295 

study characteristics were performed to assess heterogeneity. In observational studies, the decision 296 

to perform OCT may have been favoured by the presence of some degree of coronary artery 297 

stenosis, which may alter the estimate of the true prevalence of pathological findings by OCT in 298 

MINOCA. Visual assessment of coronary artery stenosis is operator-dependent, altering the 299 

estimation of the relative prevalence of NObs-CA and NCA. Few studies have evaluated the 300 

predictive value of OCT and vasospasm testing, preventing to infer robust conclusions.  301 
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CONCLUSIONS 302 

About one half of MINOCA patients have non-significant coronary artery stenosis, with an 303 

increased risk of all-cause death or MI at 1-year and long-term follow-up compared to patients 304 

with NCA, mainly due to a higher risk of MI. OCT identifies a possible explanation for ACS in 305 

62% of patients and vasospasm tests are positive in 49% of them. Therefore, a comprehensive 306 

invasive assessment of MINOCA should be pursued to determine the aetiology of ACS, stratify 307 

prognosis, and possibly guide management.  308 



   
 

18 
 

Sources of Funding: None. 309 

Disclosures: MB reports research grant from CardioPaTh PhD Program. The other authors declare 310 

that they have no competing interests. 311 

Patient and Public Involvement: Patients were not involved in this Systematic Review and Meta-312 
Analysis.  313 



   
 

19 
 

REFERENCES 314 

1. Pasupathy S, Lindahl B, Litwin P, et al. Survival in Patients With Suspected Myocardial 315 

Infarction With Nonobstructive Coronary Arteries: A Comprehensive Systematic Review 316 

and Meta-Analysis From the MINOCA Global Collaboration. Circ Cardiovasc Qual 317 

Outcomes. 2021;14:e007880. doi: 10.1161/CIRCOUTCOMES.121.007880 318 

2. Thygesen K, Alpert JS, Jaffe AS, et al. Fourth Universal Definition of Myocardial Infarction 319 

(2018). Glob Heart. 2018;13:305–38. doi: 10.1016/j.gheart.2018.08.004 320 

3. Tamis-Holland JE, Jneid H, Reynolds HR, et al. Contemporary Diagnosis and Management 321 

of Patients With Myocardial Infarction in the Absence of Obstructive Coronary Artery 322 

Disease: A Scientific Statement From the American Heart Association. Circulation. 323 

2019;139. doi: 10.1161/CIR.0000000000000670 324 

4. Agewall S, Beltrame JF, Reynolds HR, et al. ESC working group position paper on 325 

myocardial infarction with non-obstructive coronary arteries. Eur Heart J. 2016;ehw149. doi: 326 

10.1093/eurheartj/ehw149 327 

5. Pelliccia F, Pasceri V, Niccoli G, et al. Predictors of Mortality in Myocardial Infarction and 328 

Nonobstructed Coronary Arteries: A Systematic Review and Meta-Regression. Am J Med. 329 

2020;133:73-83.e4. doi: 10.1016/j.amjmed.2019.05.048 330 

6. Foà A, Canton L, Bodega F, et al. Myocardial infarction with nonobstructive coronary 331 

arteries: from pathophysiology to therapeutic strategies. Journal of Cardiovascular Medicine. 332 

2023;24:e134–46. doi: 10.2459/JCM.0000000000001439 333 

7. Ford TJ, Stanley B, Good R, et al. Stratified Medical Therapy Using Invasive Coronary 334 

Function Testing in Angina. J Am Coll Cardiol. 2018;72:2841–55. doi: 335 

10.1016/j.jacc.2018.09.006 336 



   
 

20 
 

8. Byrne RA, Rossello X, Coughlan JJ, et al. 2023 ESC Guidelines for the management of 337 

acute coronary syndromes. Eur Heart J. 2023;44:3720–826. doi: 10.1093/eurheartj/ehad191 338 

9. Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 statement: an updated 339 

guideline for reporting systematic reviews. BMJ. 2021;n71. doi: 10.1136/bmj.n71 340 

10. Reynolds HR, Maehara A, Kwong RY, et al. Coronary Optical Coherence Tomography and 341 

Cardiac Magnetic Resonance Imaging to Determine Underlying Causes of Myocardial 342 

Infarction With Nonobstructive Coronary Arteries in Women. Circulation. 2021;143:624–40. 343 

doi: 10.1161/CIRCULATIONAHA.120.052008 344 

11. Allard-Ratick MP, McCarthy CP, Jang I-K. Letter by Allard-Ratick et al Regarding Article, 345 

“Coronary Optical Coherence Tomography and Cardiac Magnetic Resonance Imaging to 346 

Determine Underlying Causes of Myocardial Infarction With Nonobstructive Coronary 347 

Arteries in Women”. Circulation. 2021;144. doi: 10.1161/CIRCULATIONAHA.120.053480 348 

12. Reynolds HR, Kwong RY, Maehara A, et al. Response by Reynolds et al to Letters 349 

Regarding Article, “Coronary Optical Coherence Tomography and Cardiac Magnetic 350 

Resonance Imaging to Determine Underlying Causes of Myocardial Infarction With 351 

Nonobstructive Coronary Arteries in Women”. Circulation. 2021;144. doi: 352 

10.1161/CIRCULATIONAHA.121.055516 353 

13. Pizzi C, Xhyheri B, Costa GM, et al. Nonobstructive Versus Obstructive Coronary Artery 354 

Disease in Acute Coronary Syndrome: A Meta-Analysis. J Am Heart Assoc. 2016;5. doi: 355 

10.1161/JAHA.116.004185 356 

14. Pasupathy S, Air T, Dreyer RP, et al. Systematic review of patients presenting with suspected 357 

myocardial infarction and nonobstructive coronary arteries. Circulation. 2015;131:861–70. 358 

doi: 10.1161/CIRCULATIONAHA.114.011201 359 



   
 

21 
 

15. Lu X, Zhu S, Lu Y, et al. Long term all-cause mortality after myocardial infarction with non-360 

obstructed vs obstructed coronary artery disease: a meta-analysis of adjusted data. BMC 361 

Cardiovasc Disord. 2024;24:9. doi: 10.1186/s12872-023-03674-1 362 

16. Ciliberti G, Coiro S, Tritto I, et al. Predictors of poor clinical outcomes in patients with acute 363 

myocardial infarction and non-obstructed coronary arteries (MINOCA). Int J Cardiol. 364 

2018;267:41–5. doi: 10.1016/j.ijcard.2018.03.092 365 

17. Ciliberti G, Verdoia M, Merlo M, et al. Pharmacological therapy for the prevention of 366 

cardiovascular events in patients with myocardial infarction with non-obstructed coronary 367 

arteries (MINOCA): Insights from a multicentre national registry. Int J Cardiol. 2021;327:9–368 

14. doi: 10.1016/j.ijcard.2020.11.040 369 

18. Ciliberti G, Guerra F, Pizzi C, et al. Characteristics of patients with recurrent acute 370 

myocardial infarction after MINOCA. Prog Cardiovasc Dis. 2023;81:42–7. doi: 371 

10.1016/j.pcad.2023.10.006 372 

19. Smilowitz NR, Mahajan AM, Roe MT, et al. Mortality of Myocardial Infarction by Sex, 373 

Age, and Obstructive Coronary Artery Disease Status in the ACTION Registry–GWTG 374 

(Acute Coronary Treatment and Intervention Outcomes Network Registry–Get With the 375 

Guidelines). Circ Cardiovasc Qual Outcomes. 2017;10. doi: 376 

10.1161/CIRCOUTCOMES.116.003443 377 

20. Figtree GA, Vernon ST, Hadziosmanovic N, et al. Mortality and Cardiovascular Outcomes in 378 

Patients Presenting With Non–ST Elevation Myocardial Infarction Despite No Standard 379 

Modifiable Risk Factors: Results From the SWEDEHEART Registry. J Am Heart Assoc. 380 

2022;11. doi: 10.1161/JAHA.121.024818 381 



   
 

22 
 

21. Samaras A, Papazoglou AS, Balomenakis C, et al. Prognostic impact of secondary 382 

prevention medical therapy following myocardial infarction with non-obstructive coronary 383 

arteries: a Bayesian and frequentist meta-analysis. European heart journal open. 384 

2022;2:oeac077. doi: 10.1093/ehjopen/oeac077 385 

22. Tao M, Al-Sadawi M, Dhaliwal S, et al. Outcomes and Medical Therapy in Myocardial 386 

Infarction With Nonobstructive Coronary Arteries: A Systematic Review and Meta-Analysis. 387 

Am J Cardiol. 2023;207:456–64. doi: 10.1016/j.amjcard.2023.08.189 388 

23. Lindahl B, Baron T, Erlinge D, et al. Medical Therapy for Secondary Prevention and Long-389 

Term Outcome in Patients With Myocardial Infarction With Nonobstructive Coronary Artery 390 

Disease. Circulation. 2017;135:1481–9. doi: 10.1161/CIRCULATIONAHA.116.026336 391 

24. Eggers KM, Hadziosmanovic N, Baron T, et al. Myocardial Infarction with Nonobstructive 392 

Coronary Arteries: The Importance of Achieving Secondary Prevention Targets. Am J Med. 393 

2018;131:524-531.e6. doi: 10.1016/j.amjmed.2017.12.008 394 

25. Machanahalli Balakrishna A, Ismayl M, Thandra A, et al. Diagnostic Value of Cardiac 395 

Magnetic Resonance Imaging and Intracoronary Optical Coherence Tomography in Patients 396 

With a Working Diagnosis of Myocardial Infarction With Non-obstructive Coronary Arteries 397 

– A Systematic Review and Meta-analysis. Curr Probl Cardiol. 2023;48:101126. doi: 398 

10.1016/j.cpcardiol.2022.101126 399 

26. Pelliccia F, Pepine CJ, Berry C, et al. The role of a comprehensive two-step diagnostic 400 

evaluation to unravel the pathophysiology of MINOCA: A review. Int J Cardiol. 401 

2021;336:1–7. doi: 10.1016/j.ijcard.2021.05.045 402 



   
 

23 
 

27. Jia H, Kubo T, Akasaka T, et al. Optical Coherence Tomography Guidance in Management 403 

of Acute Coronary Syndrome Caused by Plaque Erosion. Circulation Journal. 2018;82:302–404 

8. doi: 10.1253/circj.CJ-17-1373 405 

28. Reynolds HR, Srichai MB, Iqbal SN, et al. Mechanisms of Myocardial Infarction in Women 406 

Without Angiographically Obstructive Coronary Artery Disease. Circulation. 407 

2011;124:1414–25. doi: 10.1161/CIRCULATIONAHA.111.026542 408 

29. Ouldzein H, Elbaz M, Roncalli J, et al. Plaque rupture and morphological characteristics of 409 

the culprit lesion in acute coronary syndromes without significant angiographic lesion: 410 

Analysis by intravascular ultrasound. Ann Cardiol Angeiol (Paris). 2012;61:20–6. doi: 411 

10.1016/j.ancard.2011.07.011 412 

30. Gerbaud E, Arabucki F, Nivet H, et al. OCT and CMR for the Diagnosis of Patients 413 

Presenting With MINOCA and Suspected Epicardial Causes. JACC Cardiovasc Imaging. 414 

2020;13:2619–31. doi: 10.1016/j.jcmg.2020.05.045 415 

31. Zeng M, Zhao C, Bao X, et al. Clinical Characteristics and Prognosis of MINOCA Caused 416 

by Atherosclerotic and Nonatherosclerotic Mechanisms Assessed by OCT. JACC Cardiovasc 417 

Imaging. 2023;16:521–32. doi: 10.1016/j.jcmg.2022.10.023 418 

32. Taruya A, Tanaka A, Nishiguchi T, et al. Lesion characteristics and prognosis of acute 419 

coronary syndrome without angiographically significant coronary artery stenosis. Eur Heart 420 

J Cardiovasc Imaging. Published Online First: 5 May 2019. doi: 10.1093/ehjci/jez079 421 

33. Ong P, Aziz A, Hansen HS, et al. Structural and Functional Coronary Artery Abnormalities 422 

in Patients With Vasospastic Angina Pectoris. Circulation Journal. 2015;79:1431–8. doi: 423 

10.1253/circj.CJ-15-0520 424 



   
 

24 
 

34. Ford TJ, Ong P, Sechtem U, et al. Assessment of Vascular Dysfunction in Patients Without 425 

Obstructive Coronary Artery Disease. JACC Cardiovasc Interv. 2020;13:1847–64. doi: 426 

10.1016/j.jcin.2020.05.052 427 

35. Montone RM, Rinaldi R, Del Buono MG, et al. Safety and prognostic relevance of 428 

acetylcholine testing in patients with stable myocardial ischaemia or myocardial infarction 429 

and non-obstructive coronary arteries. EuroIntervention. 2022;18:e666–76. doi: 10.4244/EIJ-430 

D-21-00971 431 

36. Choo EH, Chang K, Lee KY, et al. Prognosis and Predictors of Mortality in Patients 432 

Suffering Myocardial Infarction With Non‐Obstructive Coronary Arteries. J Am Heart Assoc. 433 

2019;8. doi: 10.1161/JAHA.119.011990 434 

37. Wang C-H, Kuo L-T, Hung M-J, et al. Coronary vasospasm as a possible cause of elevated 435 

cardiac troponin I in patients with acute coronary syndrome and insignificant coronary artery 436 

disease. Am Heart J. 2002;144:275–81. doi: 10.1067/mhj.2002.123843 437 

38. Tateishi K, Saito Y, Kitahara H, et al. Safety and usefulness of acetylcholine provocation test 438 

in patients with no culprit lesions on emergency coronary angiography. Int J Cardiol. 439 

2018;269:27–30. doi: 10.1016/j.ijcard.2018.06.108 440 

39. Lanza GA, Camici PG, Galiuto L, et al. Methods to investigate coronary microvascular 441 

function in clinical practice. Journal of Cardiovascular Medicine. 2013;14:1–18. doi: 442 

10.2459/JCM.0b013e328351680f 443 

40. Kaski JC. Provocative tests for coronary artery spasm in MINOCA: necessary and safe? Eur 444 

Heart J. 2018;39:99–101. doi: 10.1093/eurheartj/ehx737 445 



   
 

25 
 

41. Noaman S, Kaye DM, Nanayakkara S, et al. Haemodynamic and metabolic adaptations in 446 

coronary microvascular disease. Heart. 2023;109:1166–74. doi: 10.1136/heartjnl-2022-447 

322156 448 

42. De Vita A, Manfredonia L, Lamendola P, et al. Coronary microvascular dysfunction in 449 

patients with acute coronary syndrome and no obstructive coronary artery disease. Clinical 450 

Research in Cardiology. 2019;108:1364–70. doi: 10.1007/s00392-019-01472-4 451 

43. Demandt JPA, El Farissi M, de Vos A, et al. Continuous thermodilution and microvascular 452 

resistance reserve during the index procedure in acute coronary syndrome without obstructive 453 

coronary artery disease: A pilot study. Catheterization and Cardiovascular Interventions. 454 

2024;104:241–6. doi: 10.1002/ccd.31122 455 

44. Abdu FA, Liu L, Mohammed A-Q, et al. Prognostic impact of coronary microvascular 456 

dysfunction in patients with myocardial infarction with non-obstructive coronary arteries. 457 

Eur J Intern Med. 2021;92:79–85. doi: 10.1016/j.ejim.2021.05.027 458 

45. Milzi A, Dettori R, Lubberich RK, et al. Coronary microvascular dysfunction is a hallmark 459 

of all subtypes of MINOCA. Clinical Research in Cardiology. Published Online First: 2 460 

September 2023. doi: 10.1007/s00392-023-02294-1 461 

46. De Vita A, Pizzi C, Tritto I, et al. Clinical outcomes of patients with coronary microvascular 462 

dysfunction in absence of obstructive coronary atherosclerosis. Journal of Cardiovascular 463 

Medicine. 2022;23:421–6. doi: 10.2459/JCM.0000000000001305 464 

47. Mileva N, Paolisso P, Gallinoro E, et al. Diagnostic and Prognostic Role of Cardiac 465 

Magnetic Resonance in MINOCA. JACC Cardiovasc Imaging. 2023;16:376–89. doi: 466 

10.1016/j.jcmg.2022.12.029 467 



   
 

26 
 

48. Park H-C, Shin JH, Jeong WK, et al. Comparison of morphologic findings obtained by 468 

optical coherence tomography in acute coronary syndrome caused by vasospasm and chronic 469 

stable variant angina. Int J Cardiovasc Imaging. 2015;31:229–37. doi: 10.1007/s10554-014-470 

0543-4 471 

49. Montone RA, Cosentino N, Graziani F, et al. Precision medicine versus standard of care for 472 

patients with myocardial infarction with non-obstructive coronary arteries (MINOCA): 473 

rationale and design of the multicentre, randomised PROMISE trial. EuroIntervention. 474 

2022;18:e933–9. doi: 10.4244/EIJ-D-22-00178  475 



   
 

27 
 

TABLES 476 

Table 1. Effect measures, outcomes, and definitions used in this meta-analysis including 477 

patients with myocardial infarction with non-obstructive coronary arteries. 478 

 Effect measure and outcome Follow-up length 

1)  Prevalence of NObs-CA (1-49% coronary artery stenosis) versus NCA (0% 
coronary artery stenosis) as assed by ICA N/A 

2)  Relative risk in patients with NObs-CA compered to NCA of: 
• All-cause death or MI 
• All-cause death 
• MI 

• Short-term (in-hospital to 
1 months after discharge) 

• 1-year 
• Long-term (>1 year) 

3)  Prevalence of acute OCT findings, including plaque disruption (rupture or 
erosion), calcified nodule, lone thrombus, and SCAD* N/A 

4)  Prevalence of positive vasospasm testing (epicardial or microvascular spasm)* N/A 
*: The definition of acute findings by OCT and positive vasospasm testing was based on the criteria outlined in 479 
individual studies. 480 

Abbreviations: ICA = invasive coronary angiography; MI = myocardial infarction; N/A = not applicable; NCA = 481 
normal coronary arteries; NObs-CA = non-obstructive coronary arteries; OCT = optical coherence tomography; RR 482 
= relative risk; SCAD = spontaneous coronary artery dissection. 483 

 484 

Table 2. Sensitivity analyses evaluating the prognostic impact of NObs-CA in MINOCA at 485 

short-term (<1 month), 1-year, and long-term (>1 year) follow-up, excluding the 5 studies 486 

with 7/9 points in the Newcastle-Ottawa Quality Assessment scale. The relative risk with 95% 487 

confidence intervals of each outcome comparing patients with non-obstructive coronary arteries 488 

with normal coronary arteries is shown. I2 represents the estimated heterogeneity. 489 

Outcome Included studies, n RR [95% CI] I2 

Short-term all-cause death or MI 2 1.90 [0.82 – 4.39] 0% 

Short-term all-cause death 5 1.73 [0.87 – 3.46] 0% 

Short-term all-cause MI 2 1.25 [0.23 – 6.67] 1% 

1-year all-cause death or MI 3 1.62 [1.22 – 2.14] 0% 

1-year all-cause death 4 1.42 [0.99 – 2.03] 0% 

1-year all-cause MI 3 1.95 [1.25 – 3.07] 0% 

Long-term all-cause death or MI 3 1.84 [1.42 – 2.39] 45% 

Long-term all-cause death 4 1.62 [1.32 – 1.97] 0% 

Long-term all-cause MI 3 2.83 [1.17 – 6.82] 73% 
Abbreviations: CI = confidence intervals; MI = myocardial infarction; n = number; RR = relative risk.  490 
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FIGURE LEGENDS 491 

Figure 1. Flowchart of the meta-analysis. Studies utilizing cut-off other than 0% versus 1-49% 492 

in the stratification of the myocardial infarction were excluded. NObs-CA = Non-Obstructive 493 

Coronary Arteries (coronary artery stenosis 1-49%); OCT = optical coherence tomography. 494 

Figure 2. Forest plot of studies evaluating the prevalence of non-obstructive coronary 495 

arteries in MINOCA. NObs-CA = non-obstructive coronary arteries. 496 

Figure 3. 1-year outcomes comparison between non-obstructive coronary arteries versus 497 

normal coronary arteries in MINOCA. On the left, forest plots illustrating the risk ratio of 1-498 

year all-cause death or myocardial infarction (A), all-cause death (B), and myocardial infarction 499 

(C) with heterogeneity. On the right, funnel plots of the studies evaluating the 1-year risk of all-500 

cause death or myocardial infarction (D), all-cause death (E), and myocardial infarction (F) with 501 

Egger tests. NCA = normal coronary arteries; NObs-CA = non-obstructive coronary arteries. 502 

Figure 4. Long-term outcomes comparison between non-obstructive coronary arteries versus 503 

normal coronary arteries in MINOCA. On the left, forest plots illustrating the risk-ratio of long-504 

term (2 years through 10 years) all-cause death or myocardial infarction (A), all-cause death (B), 505 

and myocardial infarction (C) with heterogeneity. On the right, funnel plots of the studies 506 

evaluating the long-term risk of all-cause death or myocardial infarction (D), all-cause death (E), 507 

and myocardial infarction (F) with Egger tests. NCA = normal coronary arteries; NObs-CA = non-508 

obstructive coronary arteries. 509 

Figure 5. The pooled prevalence of pathological findings by invasive assessment tools. Forest 510 

plot illustrating the pooled prevalence of acute findings by optical coherence tomography (A) and 511 

vasospasm testing (B). OCT = optical coherence tomography. 512 
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Figure 6. A proposal for a comprehensive invasive assessment of MINOCA. The usefulness 513 

of each diagnostic tool in establishing the diagnosis and stratifying prognosis is represented in 514 

green or red boxes according to the certainty of the evidence assessed by this systematic review. 515 

Blue borders are used in the case of entities that were not assessed in our work, representing areas 516 

that require further investigation. BBs = beta-blockers; CAD = coronary artery disease; CCBs = 517 

calcium-channel blockers; CMD = coronary microvascular dysfunction; DAPT = dual antiplatelet 518 

therapy; MINOCA = myocardial infarction with non-obstructive coronary arteries; NObs-CA = 519 

non-obstructive coronary arteries; PE = pulmonary embolism; SCAD = spontaneous coronary 520 

artery dissection; UDMI = universal definition of myocardial infarction. 521 


