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Abstract: Introduction: Peri-procedural myocardial infarction (PMI) after cardiac surgery is
a significant yet often under-recognised complication, sometimes necessitating urgent coro-
nary angiography (PMI-rCA). This meta-analysis evaluates its prevalence, angiographic
findings, management strategies, and associated mortality. Methods: A systematic re-
view and meta-analysis were conducted according to PRISMA guidelines. Data from
nine studies comprising 104,445 post-cardiac surgery patients were analysed. Among
them, those undergoing PMI-rCA were categorised by treatment strategy: conservative
management, percutaneous coronary intervention (PCI), or reperform surgery. A network
meta-analysis compared mortality risks across these groups, with findings visualised using
forest plots, network diagrams, and SUCRA rankings. Results: PMI-rCA was performed
in 1205 patients (2%). Of these, 34.3% had no significant angiographic abnormalities,
53.7% exhibited graft failure, and 10.4% had native vessel ischemia. Management strategies
included conservative treatment (55.5%), PCI (23.5%), and reperforming surgery (21%).
Network meta-analysis indicated that conservative management was associated with the
lowest mortality risk, followed by PCI, while reperforming surgery had the highest risk.
Discussion: These findings highlight the complexity of PMI diagnosis and treatment. The
high proportion of patients without significant angiographic abnormalities raises concerns
about potential overuse of invasive procedures. Meanwhile, PCI appears to be a more
favourable interventional strategy than reperforming surgery in terms of mortality out-
comes. Conclusions: PMI requiring coronary angiography is uncommon but clinically
significant, with a 16% mortality rate. A tailored, risk-based approach is essential to opti-
mise management, balancing conservative therapy, PCI, and reperforming surgery based
on individual patient profiles.
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1. Introduction

Invasive coronary angiography is not uncommon after cardiac surgery; it is estimated
that 1-5% of patients may require an urgent/emergent coronary angiography in the first
30 days after surgery [1]. The clinical indications are different (graft failure, injury or
peri-operative infarction, coronary obstruction after valve surgery, ischemia-triggered ar-
rhythmias) and ICA remains the diagnostic gold standard, especially when intervention is
needed in the context of PMI/type 5 infarction. Type 5 myocardial infarction (PMI) follow-
ing cardiac surgery remains a poorly understood and under-recognised condition despite
its prognostic significance. Unlike type 1 (spontaneous MI) or type 2 (supply—demand
imbalance MI), PMI lacks a standardised diagnostic and therapeutic approach and is a key
secondary outcome in comparisons between surgical and percutaneous revascularisation
strategies [2]. The definition of Type 5 myocardial infarction varies among different classifi-
cation systems used for defining PMI, as each criterion uses different biomarker thresholds
(cTn or CK-MB) within 48 h post-procedure. The variability between high-sensitivity
troponin assays (hs-cTnT and hs-cTnl) and arbitrarily set reference limits makes uniform
classification challenging. Therefore, a revision of the peri-procedural myocardial infarction
(PMI) definition has been proposed, incorporating more standardised thresholds, imaging
evidence, and greater clinical context [3].

The definitions of myocardial injury, type 5 myocardial infarction, and ischemia are
inherently overlapping, with subtle interpretative nuances. While myocardial injury is
identified by isolated troponin elevation, type 5 MI requires substantial biomarker increase
and definitive ischemic evidence; ischemia itself reflects impaired perfusion, not necessarily
necrosis. In peri-operative settings, procedural trauma and hemodynamic variability
further obscure these boundaries, introducing bias and complicating outcome assessment
in clinical research.

Beyond definitions, PMI presents a complex clinical scenario influenced by both
patient-specific factors and procedural complications. Etiologies range from ischemia,
plaque rupture, and graft failure to thrombus formation, coronary spasm, or extrinsic
compression by a prosthetic valve [4]. Clinical presentation often overlaps with other
cardiac conditions, manifesting as chest pain, ECG changes, echocardiographic abnormal-
ities, arrhythmias, or hemodynamic instability. Many patients have complex coronary
anatomies, multiple comorbidities (e.g., renal dysfunction, diabetes, heart failure), and
delayed biomarker detection due to peri-operative factors [5]. Management remains con-
troversial, balancing conservative and interventional strategies, often in hemodynamically
unstable patients requiring inotropes or mechanical support [6]. Coronary angiography
is crucial but lacks clear indications, varying by institutional protocols and clinical status.
Paradoxically, coronary angiography fails to identify a culprit lesion in one-third of cases
but guides revascularisation (PCI or redo surgery) in nearly half of patients. Given its
impact on outcomes, PMI demands a multidisciplinary approach integrating serial ECGs,
biomarkers, non-invasive imaging (e.g., coronary CT), and advanced circulatory support [7].
The arbitrary definition of PMI, increasingly sensitive cardiac markers with increased risk
of false positives, the limitations of instrumental diagnostics in the postoperative context,
the lack of studies, and the absence of specific guidelines, make PMI a controversial re-
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search area of modern cardiology. The purpose of this meta-analysis is to fill, with all the
limitations of our study, this clinically relevant knowledge gap [8].

2. Methods
2.1. Aims

This study aimed to estimate the prevalence of patients with post-procedural myocar-
dial infarction (PMI) requiring coronary angiography (PMI-rCA) and assess the estimated
mortality rate reported in the included observational studies. Additionally, it sought to
compare mortality rates based on treatment modality, including conservative manage-
ment, percutaneous coronary intervention (PCI), or reperforming surgery, and to identify
study-level variables associated with PMI prevalence and mortality.

2.2. Methodology
The meta-analysis and its preliminary methodology were registered on PROSPERO
(ID: 646120).
This study followed the PICO framework as follows:
Population (P): Patients with PML
Intervention (I): Undergoing coronary angiography.
Comparator (C): Treatment strategy (conservative vs. interventional /surgical therapy).
Outcome (O): Mortality.

Observational studies were identified using a predefined key search strategy. A total
of 13,084 records were identified through database and registry searches. Following the
PRISMA 2020 guidelines, after screening and full-text assessment, 9 studies were included
in the review. No randomised controlled trials were identified, as illustrated in Figure A1
(Appendix A).

The identification, screening, and inclusion process is reported in Appendix A, Table Al.
Patients undergoing coronary angiography after cardiac surgery were included; the distinc-
tion between injury and myocardial infarction is beyond the scope of this meta-analysis.
Two authors (AC and MR) independently performed the study selection process. Any
discrepancies were resolved with the assistance of a third reviewer (AF). The literature
search was conducted in PubMed and Google Scholar. Data extraction was performed
using Excel 365, and only studies that reported mortality stratified by treatment type were
included. While most studies exhibited a low overall risk of bias, Hultgren et al. (2016),
Rupprecht et al. (2019), and Sharma et al. (2021) showed a higher risk profile, with moder-
ate concerns in multiple domains, particularly regarding intervention classification and
outcome measurement. Risk of bias was assessed using the ROBINS-E tool, which evaluates
potential biases across seven domains: bias due to confounding, bias in the selection of
participants, bias in the classification of exposures, bias due to deviations from intended
exposures, bias due to missing data, bias in the measurement of outcomes, and bias in the
selection of the reported result (Appendix A, Figure A2). See clinical profile of patients
included in Table 1 [9-17].

The population analysed in this meta-analysis consisted of patients with peri-operative
myocardial infarction after cardiac surgery who underwent coronary angiography. This
population, defined by the acronym PMI-rCA (peri-operative myocardial infarction requir-
ing coronary angiography), represents a subset of the broader PMI population. The present
meta-analytic analysis specifically refers to the PMI-rCA population.
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Table 1. Patient characteristics, surgery type, urgent CAG indications, support strategies, angio-
graphic findings, management, and outcomes.

Demographic and Clinical Profile

All patients undergoing cardiac surgery, N 104,445
Number of patients with peri-procedural MI, N 1205
Mean age, years 4= SD 67 2
Female sex, n/N(%) 365 (30.3)
Hypertension, n/N(%) 928 (77)
Dyslipidemia, n/N(%) 786 (65)
Diabetes, n/N(%) 341 (32.5)
Hystory of Smoking, n/N(%) 254 (39)
COPD, n/N(%) 91 (10)
Prior ACS, n/N(%) 157 (36)
Prior PCIL, n/N(%) 185 (24.3)
Prior Heart Surgery, n/N(%) 33 (4.9)
EF < 55%, n/N(%) 258 (33)
Type of Surgery

Isolated CABG Surgery, n/N(%) 568 (47.1)
Isolated Valve Surgery, n/N(%) 83 (6.9)
Combine Surgery, n/N (%) 554 (46)
Cross-Clamping Time, min & SD 63 + 38
Clinical Indication for Cag

ST/T EKG Abnormalities, n/N(%) 526 (43.7)
Ventricular Arrhythmias, n/N(%) 269 (22.3)
Hemodinamic Instability, n/N(%) 410 (34)
Mechanical Circulatory Support

Mechanical Support, n/N(%) 304 (25.2)
TABP insertion, n/N(%) 248 (20.5)
CPR/Resuscitation, n/n (%) 160 (13.2)
ECMO, n/N(%) 46 (3.8)
Cag Findings

Graft Failure, n/N(%) 647 (53.7)
Native Vessel Ischemia, n/N(%) 125 (10.4)
Non-Critical Angiography Findings, n/N(%) 413 (34.2)
Spasm, n/N(%) 20 (1.7)
Treatment

Conservative Treatment, n/N(%) 669 (55.5)
PTCA, n/N(%) 284 (23.5)
Redo Surgery, n/N(%) 252 (21)
Outcomes

30 d mortality in conservative treatment, n/N(%) 92 (14.9)
30 d mortality in PTCA, n/N(%) 55 (19.3)
30 d mortality in Redo Surgery, n/N(%) 46 (18.3)
30 d mortality, n/N(%) 193 (16)
One year mortality, n/N(%) 204 (16.9)

2.3. Statistical Analysis

At the study level, demographic data, clinical profiles, and types of cardiac surgery
were collected (see Table 1). Coronary angiography findings were categorised as either non-
pathological (“Normal Angiography”) or pathological. Patients with abnormal findings
were further classified based on their treatment strategy, which included conservative
management, percutaneous coronary intervention (PCI), or reperforming surgery. An
overview of treatment pathways is provided in Figure 1, while the clinical characteristics of
the meta-analytic population are detailed in Table 1 and Table A1l (Appendix A). Mortality
was assessed for each subgroup and compared using a network meta-analysis.
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Figure 1. Flowchart of the meta-analysis.

Qualitative data were expressed as percentages, while quantitative data were pre-
sented as means with standard deviations (SD). The effect size for PMI prevalence and
mortality was estimated using the restricted maximum likelihood (REML) model, and
heterogeneity was assessed through the I and the Q test. A random effects model was
used for the meta-analysis, with results visualised through forest plots, normalised Q-Q
plots for normal distribution assessment, and funnel plots to evaluate publication bias.

Mortality analysis was conducted using a network meta-analysis, where conservative
therapy served as the reference group in comparison with PCI and reperforming surgery.
Binary mortality outcomes were reported as odds ratios (ORs) within a random-effects
model. Results were further illustrated using network plots: the Litmus Rank-O-Gram
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and the Radial SUCRA plot [18]. Network meta-analysis results were summarized using
the Litmus Rank-O-Gram and Radial SUCRA plot, graphical tools designed to improve
the readability and interpretation of complex ranking data compared with traditional
numerical tables. Meta-regression analyses were conducted for prevalence and mortality
in the PMI-rCA population. In the network meta-analysis, the regression curves were all
parallel/flat due to the limited power of the analysis at the study level; therefore, they were
not reported. Statistical analyses were primarily conducted using STATA, while online
tools such as metaHUN were employed for prevalence and mortality estimation, while
Metalnsight was used for network meta-analysis visualiation.

3. Results

In this meta-analysis, we included 104,445 patients who underwent cardiac surgery
across nine studies. Among them, 1205 patients experienced post-procedural myocardial
infarction (PMI-rCA) severe enough to require urgent coronary angiography. Of these,
413 patients showed no significant pathological findings, while 792 had abnormalities, and
nearly 45% required some interventional or surgical treatment.

When looking at overall survival, we found that 83% of these patients were alive
at one year. The prevalence of PMI-rCA in this population was estimated at 2%, with a
mortality rate of 16% among those requiring coronary angiography. Smaller studies tended
to report higher prevalence and mortality rates compared with those with larger patient
populations, suggesting a potential overestimation in smaller datasets (Figures 2—4).
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Figure 2. PMI-rCA prevalence displayed with forest plot (left), Q-Q plot (top right), and funnel plot
(bottom right).

Looking deeper into the clinical profiles, we found that the average age was 67 years
with a female prevalence of 30%; 32.5% of patients were diabetic, and COPD comorbidity
was present in 10% of cases. Overall, 36% of patients had a history of previous acute
coronary syndrome, 25% of patients had already undergone PCI, and only 5% of patients
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had already undergone cardiac surgery. It was not possible to analyse the surgical risk in
terms of standardised scores (see Table 1).

One-third of patients had a reduced ejection fraction, and half underwent isolated
coronary artery bypass grafting (CABG), while almost 7% had isolated valve surgery. A
large proportion, 46% of the patients, had combined CABG and valve surgery, making
this a significant subgroup. When looking at clinical presentation, ischemic ECG changes
were more common than ventricular arrhythmias or instability, and a quarter of patients
required circulatory support, primarily an intra-aortic balloon pump (IABP).

MORTALITY
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Figure 3. PMI-rCA mortality displayed with forest plot (left), Q-Q plot (top right), and funnel plot
(bottom right).

Epidemiological chart of urgent coronary
angiography and related mortality after
cardiac surgery (Adapted scale 1000:10:1)

/ m Cardiac Surgeries

Urgent Coronary
Angiography

m Mortality

Figure 4. Pie chart showing PMI-rCA prevalence (yellow) and mortality (red).
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Coronary angiography revealed that more than half of the patients (53.7%) had graft
failure, while in 10.4%, the issue lay in the native coronary arteries rather than the by-
pass grafts. Interestingly, one in three patients (34%) had no significant abnormalities on
angiography despite their clinical presentation.

We observed some notable trends in mortality outcomes when we analysed treatment
strategies. Patients who underwent PCI tended to have higher mortality than those man-
aged conservatively, and those who required surgery to be reperformed had the highest
mortality of all. However, PCI still appeared to be a better option than reperforming surgery
in terms of survival. The network meta-analysis confirmed these trends, showing that con-
servative management had the lowest mortality risk, followed by PCI, with reperforming
surgery carrying the highest risk (Figure 5 and Figure A3 in the Appendix A).
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Figure 5. Network plot (left) and individual study results compared by treatment (right).

Using statistical models, including Litmus Rank-O-Gram and Radial SUCRA plots, we
ranked treatment strategies based on cumulative survival probabilities. The results placed
conservative treatment as the best-performing option, followed by PCI, and then reper-
forming surgery (Figure 6). These findings reinforce the idea that in this particular patient
population more invasive interventions do not always translate into better outcomes.

Finally, we explored what factors might predict PMI-rCA prevalence and mortality. Fe-
male sex did not seem to influence outcomes. However, CABG surgery was linked to higher
PMI prevalence, while combined CABG and valve surgery was associated with increased
mortality. Interestingly, having a reduced ejection fraction did not increase the likelihood
of developing PMI, but it did correlate with a higher risk of death. The strongest predictor
of mortality, however, was hemodynamic instability, which profoundly impacted patient
outcomes. Additionally, arrhythmic events and hemodynamic instability often occurred
together and were frequently seen in patients who had normal angiographic findings
despite their symptoms (Figure A4 in the Appendix A) The meta-regression data within
the network meta-analysis were not statistically significant due to the limited statistical
power of the analysis. Therefore, it is currently not possible to determine whether clinical
presentation variables (such as ST elevation, arrhythmias, or hemodynamic instability)
influence the results of the network meta-analysis.



J. Clin. Med. 2025, 14, 3407

90f19

Treatment

CONSERVATIVE
PCI
REDO_SURGERY

r

Comparison: other vs 'CONSERVATIVE'

(Random Effects Model) OR  95%-Cl

R —

100

127 [0.65;2.48]

= 202 [099;413]
|

04

T
05

T
12 5

Treatment

CONSERVATIVE
PCI
REDO_SURGERY

r

Comparison: other vs 'PCI'
(Random Effects Model) OR  95%-Cl

-

0.79 [0.40;153]
1.00

—&=— 150 [077;3.29]
|

0.1

T
05

T
12 5

NS ERYATIVE

]

Cumulative Probability

REDD
i o fSlsuRGERY

1 2 a

Treatment

CONSERVATIVE
PCI

Comparison: other vs '/REDO_SURGERY"

(Random Effects Model) OR  95%-Cl

-

049 [0.24:1.01)
063 [0.30:1.30]
1.00

REDO_SURGERY
r

0.1

T
05 1

T 1
2 5

SUCRA 74}

N
Sy, ’9&00 5@“‘(\\
iw@% o

10d

Figure 6. Comparison by treatment (left) and graphical representation of the ranking with Litmus
Rank-O-Gram (top right) and Radial SUCRA (bottom right).

4. Discussion

Post-procedural myocardial infarction (PMI) is often under-recognised and misunder-
stood in clinical practice. The distinction between myocardial injury and infarction remains
unclear, but that does not make it any less significant from a prognostic standpoint. PMI
is treated as an inevitable side effect of life-saving procedures, but ignoring PMI does not
change the fact that even subclinical myocardial injury is increasingly linked to higher
mortality and major adverse cardiovascular events (MACE). Rather than being overlooked
“collateral damage”, PMI should be seen as an opportunity to better understand myocardial
damage and improve outcomes [19].

In the context of PMI, the difference between myocardial injury and infarction can be
unclear. Myocardial injury is defined as an isolated rise in cardiac biomarkers above the
upper reference limit, without evidence of myocardial ischemia. It may be due to procedural
trauma, embolisation, or microvascular dysfunction but does not meet the criteria for
infarction. The definition of myocardial infarction (PMI, Type 5 MI) requires biomarker
elevation beyond a defined threshold plus at least one additional criterion of myocardial
ischemia, such as ECG changes, imaging evidence of new myocardial loss, angiographic
documentation of a coronary occlusion, or symptoms consistent with infarction. The
distinction can be unclear and coronary angiography can be an invasive diagnostic test [20].

The topic is an “elephant in the room” and there are few comprehensive, retrospective,
single-centre studies. The results are sometimes heterogeneous with different interpreta-
tive biases
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In the study by Toselli et al. (the most recent study included in the meta-analysis),
6505 cardiac surgeries performed between 2016 and 2021 were analysed; they found that
1.83% (119 patients) required urgent coronary angiography during the same hospitalisa-
tion. The incidence was higher for post-coronary artery bypass grafting (CABG) at 2.62%
compared with 1.35% for non-CABG procedures. Graft failure was detected in 31.1% of
cases, and native vessel complications in 36.1% [17].

The study by Thielmann et al. found that urgent percutaneous coronary intervention
(PCI) was associated with lower myocardial injury compared to emergency reperformance
of surgery and suggests that the early identification and rapid intervention were crucial for
improving survival and preserving myocardial function [9].

The study by Litwinowicz et al. analysed 11,537 cardiac surgeries performed over
five years, identifying 115 patients (1.19%) who underwent emergency coronary angiogra-
phy within 24 h post-operation due to hemodynamic instability or suspected myocardial
ischemia. Findings from coronary angiography included graft failure (31.3%), native coro-
nary artery occlusion (7.8%), coronary artery embolism (7.0%), coronary artery spasm
(4.3%), diffuse atherosclerosis (1.7%), and subclavian artery stenosis (0.9%). No pathologi-
cal findings were observed in 43.5% of cases. Percutaneous coronary intervention (PCI) was
performed in 40% of patients, while 2.6% underwent surgical revascularisation. The overall
in-hospital mortality rate was 36.5%, with no significant differences between groups, unlike
the Toselli and Thielmann studies [15].

The study by Davierwala et al. (2013) is the most comprehensive to date, with the
longest follow-up, and addresses potential interpretative biases in managing peri-operative
myocardial ischemia (PMI). Patients were categorised into four groups based on post-
operative angiography and treatment: reperform surgery, PCI, conservative treatment,
and normal angiogram. Reperform surgery patients had more frequent multiple graft
failures, PCI patients often had incomplete revascularisation, and conservative treatment
was reserved for clinically stable or high-risk patients. Those with normal angiograms
showed no graft-related issues. Preoperative profiles were generally comparable, aside
from higher COPD in the PCI group and greater incidence of diabetes in the conservative
group. Minimally invasive surgery was more common in PCI patients, and revascular-
isation occurred more rapidly with PCI than with reperforming surgery. Reperforming
surgery was associated with the highest complication and in-hospital mortality rate (10.8%),
while PCI had the lowest mortality among patients with graft failure (5.9%). Although
conservative treatment showed reduced 5-year survival compared to normal angiogram
patients, in-hospital mortality was similar.

In our meta-analysis, we focused specifically on PMI cases severe enough to require
invasive coronary angiography after cardiac surgery. The findings reinforce that PMI is
not rare, with a 2% prevalence and a 16% mortality rate. To put this into perspective: in a
tertiary centre performing 2000 cardiac surgeries per year, that translates to around 40 cases
of PMI annually, potentially contributing to a 0.3% post-surgical mortality rate. On a global
scale, where 1-2 million cardiac surgeries are performed each year, PMI is far from an
insignificant issue (Figure 4).

Interestingly, our meta-regression analysis did not reveal any strong study-level pre-
dictors of PMI risk or mortality. Patients with hemodynamic instability and a reduced
ejection fraction also had a trend toward higher mortality, though no definitive risk profile
for PMI could be established. Even clinical signs such as ST elevation, malignant arrhyth-
mias, or documented graft failure did not correlate with significant differences in mortality.
A particularly intriguing finding was that patients who presented with arrhythmias and
hemodynamic instability were more likely to have a normal coronary angiography, suggest-
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ing a complex interplay between ischemia, electrical instability, and hemodynamic stress
rather than just anatomical occlusion [21].

One of the most striking findings of the study was that 34.3% of patients who under-
went coronary angiography showed no significant pathology, raising concerns about the
potential overuse of invasive angiography in the postoperative setting.

It is important to note that a ‘normal’ coronary angiography in the context of peri-
operative myocardial infarction (PMI) after cardiac surgery can be explained by several
mechanisms. These include non-atherothrombotic causes of PMI such as oxygen supply—
demand imbalance (type 2 MI), transient coronary vasospasm, microembolic events, or
myocardial injury related to surgical manipulation or cardiopulmonary bypass. In addition,
coronary angiography may fail to detect distal or microvascular obstructions, and the
definition of ‘normal’ coronary arteries may include minor, non-critical irregularities.
Therefore, a normal angiographic finding does not exclude a peri-operative ischemic
event, and this observation highlights the complexity of PMI diagnosis and management
in this population.

While coronary angiography remains critical, especially given that 23.5% of patients
ultimately required PCI—there is an increasing interest in alternative imaging modalities
such as coronary CT angiography (CTA). These non-invasive approaches could help refine
diagnostic strategies and potentially reduce unnecessary invasive procedures. However,
the role of coronary CTA in the postoperative period remains poorly defined, and further
research is needed before it can be incorporated into routine clinical practice [22].

Another key finding was that conservative treatment was the most commonly used
strategy (55.5%) and appeared to be associated with lower mortality compared to PCI and
redo surgery. Our network meta-analysis was not conclusive enough to establish defini-
tive superiority, but when ranking treatments in terms of survival, conservative therapy
consistently came out on top, followed by PCI, with reperforming surgery associated with
the highest mortality risk. These results should not be misinterpreted as a reason to avoid
intervention—but rather as a call for a more nuanced, patient-specific approach. Instead
of defaulting to PCI or reperforming surgery, a more thoughtful risk-benefit discussion is
necessary, particularly when handling high-risk, post-cardiac surgery patients [23].

One of the biggest challenges in PMI-rCA management is that it often occurs during
off-hours, in the context of urgency/emergency. The decision-making process is further
complicated by the need for rapid action in critically ill patients in the absence of strong
management evidence. To address this, we have developed a management algorithm for
PMI cases requiring coronary angiography, providing a structured approach to decision
making. (See proposed algorithm in Figure 7).

Clinical decision making in the postoperative setting should begin with a comprehen-
sive clinical interpretation, assessing ischemic symptoms, ECG changes, echocardiographic
findings, and biomarkers. A heart team approach is essential, involving interventional
cardiologists, cardiac surgeons, intensivists, and clinical cardiologists to guide decisions
regarding coronary angiography. In ambiguous cases, coronary CT may be considered
when expertise is available to help reduce unnecessary invasive procedures [24]. Before
proceeding with angiography, it is crucial to review prior imaging and surgical details, en-
suring a thorough understanding of the original surgical strategy. Finally, post-angiography
findings should be discussed within the heart team before deciding on PCI or surgery,
prioritising optimal patient outcomes rather than solely focusing on treating detected
lesions [25].

The therapeutic strategy can also be used stepwise with hybrid solutions, such as PCI,
to treat the culprit lesion and then the surgical revascularisation can be proposed again
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at a later time, or repeat CABG/ cardiac surgery and the complete revascularisation of a
secondary vessel with PCI [26].

Suspected Myocardial Infarction after Cardiac Surgery
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Figure 7. Evidence-informed algorithm for the management of peri-operative myocardial injury-
related coronary angiography (PMI-rCA), based on the findings of our systematic review.

Another notable point from our analysis was the frequent use of an intra-aortic balloon
pump (IABP) for hemodynamic support. While IABP was historically a mainstay, its use is
now declining in favour of more advanced mechanical circulatory support (MCS) devices
like Impella and ECMO. The fact that our study population had such high IABP usage
reflects the limitations of historical data, and future research should explore how mod-
ern MCS strategies affect PMI outcomes [27,28]. In this meta-analysis, we identified five
key clinical takeaways regarding peri-operative myocardial infarction requiring coronary
angiography (PMI-rCA) after cardiac surgery. First, although PMI-rCA is relatively uncom-
mon (2% prevalence), it carries a significant 16% mortality risk, underscoring its clinical
relevance. Second, nearly one-third of patients undergoing urgent coronary angiography
show no critical lesions, raising concerns about potential overuse of invasive diagnostics.
Third, conservative management was associated with the lowest mortality rates, suggesting
it should be the preferred initial strategy when clinically appropriate. Fourth, reperform-
ing surgical revascularisation was linked to the highest mortality, supporting a cautious,
highly selective use of this intervention. Finally, given the absence of clear predictors and
the complex clinical presentations, a multidisciplinary, individualised approach remains
essential to optimise decision making and outcomes in this high-risk population.
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Limitations of the Research

This meta-analysis is limited by its reliance on observational studies, which, while
providing valuable real-world data, lack the control of randomised trials. Nevertheless, the
inclusion of multiple studies strengthens the overall findings.

This study is based on observational data, as no randomised controlled trials (RCTs)
were available on this topic. PMI itself remains a heterogeneous entity, with definitions still
evolving, making standardisation difficult. Additionally, since we specifically analysed
PMI cases requiring coronary angiography, there is a deliberate selection bias in this dataset.
The time range across the included studies is wide, extending from the study by Thielmann
published in 2006 to the most recent by Toselli in 2024; moreover, as all studies were
retrospective, temporal variability may have influenced clinical practices and may not fully
reflect the contemporary management of peri-operative ischemia.

Analysing the available data on mechanical circulatory support in our study, the
relatively low use of ECMO and the higher reliance on IABP, compared with more contem-
porary cohorts, may be attributed to the evolution of clinical practices and the progressive
availability of advanced circulatory support technologies over time.

The interpretation of our study findings must be contextualised in light of a poten-
tial time-related bias, encompassing both historical and technological components; the
generalisability of our results is inevitably influenced by these biases.

That said, the goal of this study is not to provide absolute answers, but rather to
highlight the complexity of PMI and encourage further investigation. Future large-scale
registries and multicentre studies will be necessary to provide clearer guidance.

The approach must be tailored to the patient, individualised to their coronary anatomy,
the territory of ischemia distribution, and surgical/procedural risk. Furthermore, the thera-
peutic choice must be shared in a multidisciplinary team without therapeutic prevarications.
In the case of non-critical ischemia without arrhythmias, and hemodynamic instability,
medical therapy will be chosen. In the case of occlusion of a venous graft, it is perhaps
better to resort to PCI rather than surgery. The therapeutic choice can also be sequential
and resort to surgery in the case of PCI failure. In the case of cardiogenic shock, the choice
of PCI/re-surgery will also depend on the hemodynamic support used, in favour of PCI
in the case of JABP/Impella and surgery if ECMO is used in patients with arterial graft
failure or residual valvular dysfunction.

Future research perspectives: Although the present meta-analysis helps to fill an
important knowledge gap regarding PMI-rCA, many unresolved issues remain. We con-
sider this study a starting point for future prospective research, and it is our intention
that this meta-analysis may at least serve as a reference point for the development of a
dedicated registry.

5. Conclusions

PMI requiring invasive coronary angiography is not a rare occurrence (2%), and
its impact on mortality is significant (16%). Despite analysing multiple variables, no
clear study-level predictors emerged that could help better phenotype this complication.
However, within the limitations of this meta-analysis, we observed a trend favouring
conservative therapy over PCI and reperforming surgery in terms of lower mortality risk.
These findings should serve as a starting point for further research, rather than a definitive
guideline. Ultimately, PMI-rCA management should be multidisciplinary, with decisions
tailored to each patient’s risk profile and clinical presentation. The best approach is likely
a combination of optimal medical therapy, advanced imaging, and a thoughtful heart
team discussion before proceeding with PCI or surgery. With more research and better-
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defined protocols, we can move towards minimising the impact of PMI-rCA and improving
outcomes for post-cardiac surgery patients.
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Table A1l. Variables reported for each study included in the meta-analysis.

Variables Davierwala et al. Gaudino et al. Laflamme etal.  Litwinowicz et al. Sharma et al. Tosellietal.  Thielmannetal. Rupprechtetal. Hultgren etal.

Total patients, N 7461 5275 5598 11,537 53,287 6505 5427 4909 4446
Patient with PMI, n/N 399 40 39 115 180 119 118 108 87
E/Oli] survided (with evidence of PMI), 29 4 7 4 28 38 10 19 6
Age, years 68 71 66 66 66 69 66 66 67
Female Sex, % 0.23 0.35 0.31 0.34 0.30 0.39 042 0.39 0.22
Hypertension, % 0.91 0.90 0.56 0.80 0.81 0.67 0.36 0.79 0.69
Dyslipidemia, % 0.76 0.58 0.49 0.67 0.73 0.60 0.38 0.64 0.56
Diabetes, % 0.42 - 0.10 - 0.43 0.23 0.19 0.28 0.17
Smoke, % - - 0.33 - 0.54 0.50 0.28 0.37 0.11
COPD, % 0.06 0.55 0.13 - - 0.10 0.08 0.11 0.06
Prior ACS, % - 0.13 0.44 0.60 - 0.22 0.34 - -
Prior PTCA, % 0.25 - 0.15 0.31 - 0.16 - - 0.28
Lower EF, % 0.29 0.28 0.41 - 0.31 0.50 - - -
Triple vessel disease, % 0.73 0.33 0.10 - - - 043 091 0.59
Left main, % 0.09 0.15 0.36 - - - - 0.48 0.43
Isolated CABG, % 0.00 048 1.00 0.49 0.57 0.40 1.00 1.00 0.89
Valve Surgery, % - 0.38 - 0.08 0.07 0.39 - - -
ST/T abnormalities, % 0.50 0.63 0.59 0.25 0.29 0.39 0.09 0.67 0.78
Ventricular arrhytmias, % 0.20 0.38 0.23 0.23 0.32 0.26 0.22 0.15 0.10
Graft failure (total), % 0.64 043 0.82 0.31 0.45 0.31 0.57 0.65 0.60
Only medical therapy, % 0.59 0.55 0.51 0.57 0.54 0.46 0.66 0.43 0.67
Operative revascularization, % 0.41 0.45 0.49 0.43 0.46 0.38 0.30 0.57 0.45
Redo Surgery, % 0.33 0.08 0.10 0.03 0.24 0.16 0.21 0.09 0.29
PTCA, % 0.09 0.38 0.38 0.40 0.21 0.38 0.13 0.48 0.16
Mechanic support, % 0.25 - - 0.28 0.40 0.63 0.22 - -
IABP insertion, % 0.22 - - 0.28 0.29 0.49 0.16 - -
ECMO, % 0.03 - - - - 0.14 0.12 - 0.02

Mortality 1 year, % 0.10 0.15 0.13 0.37 0.23 0.34 0.12 0.18 0.11
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