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Abstract

Perioperative myocardial infarction (MI) and myocardial injury after noncardiac surgery
(MINS) remain major causes of postoperative morbidity and mortality, yet optimal perioper-
ative cardiovascular risk stratification remains challenging. This narrative review examines
how cardiovascular imaging and circulating biomarkers may be integrated to improve
perioperative risk assessment and to support more individualized preventive strategies in
patients undergoing noncardiac surgery. We reviewed major clinical guidelines, landmark
perioperative cohort studies, and key investigations addressing coronary computed tomog-
raphy angiography, coronary calcium burden, natriuretic peptides, and cardiac troponin
in the perioperative setting. Available evidence suggests that imaging and biomarkers
provide complementary information, with imaging primarily reflecting structural coro-
nary disease burden and biomarkers reflecting myocardial stress, biological vulnerability,
and perioperative injury. Such multimodal assessment may refine risk estimation beyond
conventional clinical indices alone, particularly in selected intermediate-risk patients or
those with uncertain functional capacity. However, important limitations remain. Cur-
rent evidence is heterogeneous across study populations, testing strategies, and endpoints,
and standardized pathways for integrating imaging and biomarkers into routine clinical
decision-making are not yet established. In addition, cost-effectiveness, accessibility, and the
extent to which improved risk discrimination translates into better perioperative outcomes
remain uncertain. Overall, the integration of imaging and biomarkers offers a clinically
relevant framework for moving from perioperative risk stratification toward prevention,
but its practical implementation and outcome benefit require further prospective validation.

Keywords: perioperative myocardial infarction; noncardiac surgery; coronary com-
puted tomography angiography; biomarkers; cardiac troponin; natriuretic peptides;
risk stratification; prevention

1. Introduction
Perioperative myocardial infarction (MI) and related cardiovascular events remain ma-

jor causes of morbidity and mortality in patients undergoing noncardiac surgery. Accurate
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preoperative cardiovascular risk stratification is therefore essential for identifying vulnera-
ble patients and guiding perioperative management. However, conventional approaches
based on clinical risk indices and functional assessment alone often have limited discrim-
inatory performance in real-world practice, particularly in patients with heterogeneous
cardiovascular risk profiles.

Recent studies have highlighted the incremental value of advanced testing strategies be-
yond traditional clinical assessment. In a large prospective cohort, preoperative NT-proBNP
provided significant prognostic information for perioperative cardiovascular events in pa-
tients undergoing noncardiac surgery, remaining independently associated with vascular
death and myocardial injury after noncardiac surgery in multivariable analysis [1]. Accumu-
lating evidence also suggests that coronary computed tomography angiography (CTA) may
improve perioperative risk stratification by directly characterizing structural coronary dis-
ease burden and refining risk assessment beyond conventional functional testing alone [2–4].
Across prospective studies, this value has been observed in different but related clinical
settings, including intermediate-risk noncardiac surgery, comparison with dobutamine
stress echocardiography, and further risk refinement after treadmill testing [2–4]. At the
same time, these studies were conducted in selected populations and should be interpreted
in the context of differences in study design, comparator tests, and endpoint definitions.
This issue is particularly relevant because perioperative myocardial ischemic events are
frequently silent or present atypically owing to anesthesia, analgesia, and postoperative
clinical complexity. Accordingly, many clinically important events may be missed unless
systematic surveillance and risk-based evaluation are applied. The concept of myocardial
injury after noncardiac surgery (MINS) has further expanded the clinical spectrum of pe-
rioperative ischemic injury by recognizing prognostically relevant postoperative troponin
elevation even in the absence of overt ischemic symptoms [5,6]. In parallel, contemporary
international guidelines have increasingly emphasized the role of biomarkers, selective
noninvasive testing, and individualized perioperative cardiovascular evaluation [7,8].

Despite these advances, an important gap remains between improved risk predic-
tion and effective prevention. Perioperative ischemic complications arise through diverse
mechanisms, including obstructive coronary artery disease, plaque instability, oxygen
supply–demand mismatch, tachyarrhythmia, hypotension, anemia, and perioperative
inflammatory stress [6,9]. Although both imaging and biomarkers have demonstrated prog-
nostic relevance, several important uncertainties remain unresolved, including the optimal
strategy for integrating these modalities in routine perioperative care, the most appropriate
target population for multimodal testing, the timing of assessment before surgery, and the
cost-effectiveness and practical feasibility of broader implementation. In addition, prior
studies have been performed in selected populations and differ in surgical risk profile,
endpoint definitions, and testing protocols, which may limit generalizability across diverse
clinical settings. Thus, improved risk discrimination should not be assumed to translate
automatically into improved perioperative outcomes unless test results meaningfully alter
clinical decision-making and management.

These unresolved issues define the central knowledge gap addressed in this re-
view. Therefore, available evidence from selected cohort studies and guideline-supported
biomarker strategies suggests that a more integrated approach combining anatomical imag-
ing, functional assessment, and circulating biomarkers may provide a more comprehensive
estimate of perioperative cardiovascular risk than conventional approaches alone. At the
same time, such integration requires critical evaluation of its limitations, implementation
barriers, and real-world applicability.

In this review, we summarize the contemporary evidence regarding perioperative
MI and MINS, with particular emphasis on the complementary roles of cardiovascular
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imaging and circulating biomarkers in perioperative risk assessment. Rather than merely
listing supportive findings, we also examine the limitations, inconsistencies, and practical
challenges of current evidence, including uncertainty regarding standardized integration
pathways and the limited prospective data demonstrating that testing-guided strategies
improve clinical outcomes. We further discuss how these tools may help bridge the gap
between risk stratification and prevention of perioperative myocardial infarction in patients
undergoing noncardiac surgery.

2. Methods of Literature Review
This manuscript was conducted as a narrative review. A literature search was per-

formed using PubMed and Google Scholar to identify relevant studies published in English
on perioperative myocardial infarction, myocardial injury after noncardiac surgery, coro-
nary computed tomography angiography, coronary calcium, natriuretic peptides, cardiac
troponin, and perioperative cardiovascular risk stratification. Major international guide-
lines, landmark cohort studies, key prospective studies, and clinically relevant review
articles were prioritized. Additional references were identified through manual review of
reference lists from selected articles. The aim of this review was not to perform a formal
systematic review or meta-analysis, but rather to provide a clinically focused and critical
synthesis of the current evidence regarding integration of imaging and biomarkers in
perioperative cardiovascular care.

3. Definitions and Clinical Spectrum of Perioperative Myocardial Infarction
Perioperative MI represents a clinically important ischemic complication occurring in

the setting of noncardiac surgery and is associated with substantial short- and long-term
adverse outcomes. In contrast to spontaneous MI in nonoperative settings, perioperative
ischemic events frequently occur without typical chest pain or other classic ischemic
symptoms because of anesthesia, sedation, analgesia, and the competing physiological
stressors of the postoperative period [5,6]. As a result, reliance on symptoms alone may
substantially underestimate the true burden of perioperative myocardial injury.

This recognition has led to broader attention to MINS, which refers to prognosti-
cally relevant postoperative troponin elevation attributed to ischemia, with or without
accompanying symptoms or electrocardiographic changes [5,10]. The concept of MINS is
particularly important because many patients with postoperative troponin elevation do
not fulfill the full diagnostic criteria for spontaneous MI, yet still experience significantly
higher short-term mortality [5,10]. The Fourth Universal Definition of Myocardial Infarc-
tion provides a useful framework for distinguishing myocardial injury from myocardial
infarction by emphasizing that myocardial injury is defined by cardiac troponin values
above the 99th percentile upper reference limit, whereas MI additionally requires evidence
of acute myocardial ischemia [6]. Accordingly, perioperative myocardial injury is a broader
biochemical concept, whereas perioperative MI refers to the subset of patients in whom my-
ocardial injury is accompanied by clinical, electrocardiographic, imaging, or other evidence
of acute ischemia. MINS occupies an important intermediate position in this framework,
referring specifically to perioperative myocardial injury attributed to ischemia, even when
the full diagnostic criteria for myocardial infarction are not met.

For clarity, we use the term “perioperative myocardial injury” to denote postoperative
troponin elevation in general, “MINS” to denote ischemia-related perioperative myocardial
injury of prognostic significance, and “perioperative MI” to denote myocardial injury that
fulfills the diagnostic criteria for myocardial infarction. In perioperative practice, this
distinction is essential because postoperative troponin elevation may reflect type 1 MI, type
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2 MI caused by oxygen supply–demand mismatch, or nonischemic myocardial injury, and
careful clinical interpretation is therefore required.

Accordingly, the clinical spectrum of perioperative myocardial ischemic events extends
beyond overt infarction to include asymptomatic myocardial injury, silent ischemic troponin
elevation, and clinically recognized perioperative MI. This broader spectrum better reflects
the biology and prognostic relevance of postoperative ischemic injury and provides the
conceptual basis for modern perioperative surveillance strategies [5,10].

4. Pathophysiology and Mechanisms of Perioperative Ischemic Events
Perioperative ischemic events arise through heterogeneous and often overlapping

mechanisms. In some patients, perioperative MI is related to plaque rupture, plaque erosion,
or coronary thrombosis superimposed on preexisting atherosclerotic disease, a mechanism
conceptually similar to type 1 MI in nonoperative settings [6,10]. However, many perioper-
ative events are thought to result from type 2 ischemic injury, in which myocardial oxygen
demand exceeds oxygen supply during periods of physiological stress [6,10]. Surgery
induces a unique milieu characterized by sympathetic activation, inflammatory responses,
hemodynamic fluctuations, hypercoagulability, pain, anemia, hypoxemia, and fluid shifts,
all of which may precipitate ischemia in susceptible patients.

This pathophysiological complexity has important clinical implications. Patients
with anatomically significant coronary artery disease may be particularly vulnerable to
perioperative hypotension, tachycardia, or anemia, whereas others may have relatively
nonobstructive coronary anatomy but still develop myocardial injury in the presence of
severe physiological stress or microvascular dysfunction [6,8,10]. Moreover, perioperative
myocardial injury may coexist with arrhythmia, heart failure, or systemic complications
such as sepsis and renal dysfunction, further complicating diagnostic interpretation.

Importantly, these mechanisms should not be viewed as isolated or static processes.
Rather, perioperative ischemic injury often reflects the interaction between a pre-existing
structural substrate of risk and superimposed perioperative physiological stressors. Coro-
nary atherosclerosis may determine baseline vulnerability, while intraoperative hypoten-
sion, tachycardia, bleeding, or hypoxemia may acutely reduce oxygen supply or increase
myocardial demand. In the postoperative period, persistent sympathetic activation, inflam-
matory response, hypercoagulability, anemia, and arrhythmia may further amplify this
imbalance and contribute to ongoing myocardial injury.

Thus, the timing of injury is also clinically relevant. Preoperative disease burden may
establish the background risk, intraoperative perturbations may trigger ischemic imbalance,
and postoperative factors may sustain or worsen myocardial injury even in the absence of
overt symptoms. This temporal and mechanistic overlap helps explain why perioperative
myocardial injury is frequently multifactorial and why no single test fully captures risk
across the perioperative continuum.

Taken together, these mechanisms suggest that perioperative risk cannot be fully
understood through a single-domain approach. Anatomical coronary disease burden,
myocardial reserve, neurohormonal activation, and perioperative physiological stress all
contribute to event occurrence. This mechanistic heterogeneity helps explain why purely
clinical models often have limited predictive precision and supports the need for more
integrated approaches using both imaging and biomarkers [1–4,10].

5. Conventional Preoperative Cardiovascular Risk Assessment: Strengths
and Limitations

Conventional preoperative cardiovascular assessment has traditionally relied on clin-
ical history, comorbidity burden, estimated surgical risk, and functional capacity. The
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Revised Cardiac Risk Index (RCRI) remains one of the most widely recognized tools and
incorporates six variables: high-risk surgery, ischemic heart disease, heart failure, cerebrovas-
cular disease, insulin-treated diabetes, and elevated serum creatinine [11]. This simplified
framework has had major practical value because it offers a rapid and reproducible esti-
mate of perioperative cardiac risk. Contemporary guidelines also continue to emphasize a
stepwise approach integrating urgency of surgery, active cardiac conditions, surgical risk,
functional capacity, and selective testing rather than indiscriminate screening [7,8].

Despite these strengths, conventional assessment has important limitations. Clinical
indices primarily reflect overt comorbidity and procedural risk but do not directly quantify
coronary atherosclerotic burden, plaque characteristics, or subclinical myocardial vulnera-
bility [7,8,11]. Functional capacity assessment may be imprecise, especially in elderly or
frail patients, and symptoms are often confounded by noncardiac limitations. In addition,
clinical scores do not fully account for the dynamic interaction between baseline cardiovas-
cular disease and perioperative physiological stress. As a result, two patients with similar
RCRI scores may differ substantially in coronary anatomy, hemodynamic reserve, and
postoperative event risk.

For these reasons, conventional risk assessment should be viewed as the foundation
rather than the endpoint of perioperative cardiovascular evaluation. It identifies broad risk
categories, but it may not provide sufficient granularity to guide individualized prevention
in intermediate-risk or diagnostically ambiguous patients [7,8,11,12].

6. Imaging-Based Risk Stratification in the Perioperative Setting
Noninvasive imaging has long played a role in perioperative cardiovascular evalua-

tion, particularly when symptoms, functional limitation, or clinical risk factors raise concern
for occult ischemic heart disease. Functional tests such as exercise treadmill testing, stress
echocardiography, and myocardial perfusion imaging have traditionally been used to detect
inducible ischemia and estimate perioperative risk [7,8]. These techniques can be clinically
useful in selected patients, but each has practical and interpretive limitations related to
exercise tolerance, image quality, operator dependence, and incomplete characterization of
coronary anatomy.

Coronary computed tomography angiography (CCTA) offers a different and po-
tentially complementary paradigm by directly visualizing coronary anatomy and total
atherosclerotic burden. Rather than assessing ischemia alone, CCTA can identify obstruc-
tive stenosis, multivessel disease, and calcific atherosclerosis, thereby providing a more
structural view of perioperative coronary risk [2–4,13]. However, the available evidence
should be interpreted with caution, as prior studies have generally been conducted in
selected surgical populations and differ in sample size, comparator modality, endpoint
definition, and clinical context. In an earlier study, CCTA-based risk stratification was
shown to predict perioperative cardiac events in patients undergoing intermediate-risk non-
cardiac surgery, supporting the concept that direct anatomical evaluation of coronary artery
disease may improve preoperative cardiovascular risk assessment beyond conventional
approaches [3]. In the PANDA trial, CCTA demonstrated superior prognostic accuracy com-
pared with dobutamine stress echocardiography in patients undergoing noncardiac surgery,
suggesting that direct anatomical assessment may be more informative than functional
imaging in selected preoperative populations [2]. More recently, coronary CTA performed
after treadmill testing was shown to provide incremental prognostic value, particularly in
patients with positive exercise test results, reinforcing the role of anatomical refinement
after initial functional screening [4]. At the same time, these studies do not establish that
CCTA is uniformly superior in all perioperative settings, and their generalizability may be
limited by local expertise, patient selection, and differences in perioperative care pathways.
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In addition, CCTA has several practical limitations that should be considered in
perioperative decision-making. These include radiation exposure, the use of iodinated
contrast with potential risk in patients with impaired renal function, and the possibility of
incidental extracardiac or coronary findings that may complicate interpretation or trigger
additional testing. Furthermore, anatomical abnormalities identified by CCTA do not
always translate directly into lesion-specific ischemia or management benefit, and therefore
the clinical value of CCTA depends on appropriate patient selection and whether the
findings are expected to alter perioperative care.

Additional evidence supports the prognostic importance of coronary calcium burden.
In the ENCORES study, coronary calcium detected on existing nongated chest CT improved
preoperative risk stratification before noncardiac surgery, highlighting the practical value
of opportunistic calcium assessment even outside dedicated cardiac CT protocols [13].
Nevertheless, coronary calcium burden is an indirect marker of atherosclerotic risk and
does not by itself define lesion-specific ischemia or guarantee clinical benefit from additional
testing or intervention. Taken together, these studies support the potential role of imaging
as a risk-refinement tool in selected perioperative patients, particularly when conventional
clinical or functional assessment is inconclusive. However, the strength of evidence remains
heterogeneous, and imaging should not be interpreted as uniformly superior or universally
required across all perioperative settings. The major tools currently used for perioperative
cardiovascular risk stratification, along with their respective strengths and limitations, are
summarized in Table 1.

Table 1. Summary of major tools for perioperative cardiovascular risk stratification in patients
undergoing noncardiac surgery.

Modality Main Purpose Strengths Limitations Potential Clinical Role

Clinical risk
indices (e.g.,

RCRI)

Baseline risk
estimation

Simple, widely available,
guideline-based, easy to

apply

Limited granularity, does not
directly assess coronary anatomy

or myocardial vulnerability

First-step screening and baseline
perioperative risk classification

Functional
capacity

assessment

Estimate
physiological

reserve

Noninvasive, clinically
intuitive, commonly used

in routine practice

Subjective, often inaccurate in
elderly or frail patients,

influenced by noncardiac
limitations

Initial evaluation and selection of
patients for further testing

Exercise treadmill
testing

Detect
exercise-induced

ischemia

Widely available, low cost,
provides functional

information

Limited sensitivity/specificity,
requires exercise ability, no

direct anatomical information

Selected patients with suspected
ischemia and preserved exercise

capacity

Dobutamine
stress

echocardiography

Detect inducible
ischemia and
wall-motion

abnormalities

Functional ischemia
assessment, no radiation

Operator-dependent, limited by
image quality, indirect

assessment of coronary anatomy

Alternative functional testing in
selected higher-risk patients

Coronary
computed

tomography
angiography

Define coronary
anatomy and

atherosclerotic
burden

Direct visualization of
stenosis, plaque burden,
multivessel disease, high
negative predictive value

Radiation/contrast exposure,
incidental findings, not

necessary for all patients

Anatomical risk refinement,
especially in intermediate-risk or
diagnostically uncertain patients

Coronary artery
calcium

assessment

Estimate calcific
atherosclerotic

burden

Simple structural risk
marker, may be derived

from nongated CT,
opportunistic use possible

Does not directly define
lesion-specific ischemia, limited

functional information

Additional structural risk
stratification, especially when
chest CT is already available

BNP/NT-proBNP

Identify myocardial
stress and

hemodynamic
vulnerability

Strong prognostic value,
useful for preoperative
risk refinement, easy to

measure

Nonspecific elevations in renal
dysfunction, heart failure, age,
and other systemic conditions

Preoperative biomarker-based risk
refinement and selection of

higher-risk patients for
postoperative troponin

surveillance and closer monitoring

Cardiac troponin Detect myocardial
injury

Sensitive marker of
perioperative myocardial
injury, central for MINS

detection

Interpretation may be
challenging without clinical

context, not primarily an
anatomical marker

Postoperative surveillance and
early identification of silent

perioperative myocardial injury,
particularly in selected higher-risk

patients

https://doi.org/10.3390/biomedicines14051023

https://doi.org/10.3390/biomedicines14051023


Biomedicines 2026, 14, 1023 7 of 13

7. Biomarker-Based Risk Stratification
Circulating biomarkers provide a biologically complementary approach to periopera-

tive risk assessment by capturing myocardial stress, subclinical injury, and neurohormonal
activation. Among available markers, natriuretic peptides and cardiac troponins have
the strongest evidence base in noncardiac surgery [1,5,9,14,15]. Preoperative BNP or NT-
proBNP reflects underlying myocardial strain and hemodynamic vulnerability, whereas
postoperative troponin surveillance helps identify ischemic injury that is often clinically
silent but prognostically important.

The perioperative utility of natriuretic peptides has been supported by both meta-
analytic and guideline-level evidence. An individual patient data meta-analysis demon-
strated that preoperative and postoperative natriuretic peptide measurements improve
prediction of death or nonfatal MI after noncardiac surgery [15]. Consistent with this, the
Canadian Cardiovascular Society guideline recommended measuring BNP or NT-proBNP
before surgery in selected higher-risk patients to refine risk estimation and guide post-
operative troponin monitoring [14]. More recently, in a multicenter prospective cohort,
NT-proBNP provided significant incremental prognostic value beyond treadmill testing
for perioperative cardiovascular events, supporting its role as a clinically meaningful
biomarker for preoperative risk refinement [1]. However, interpretation of natriuretic
peptide levels requires clinical context, as elevations may reflect age, renal dysfunction,
heart failure, or other systemic conditions rather than perioperative ischemic risk alone.
In addition, study populations, assay thresholds, and perioperative endpoints vary across
studies, which may limit standardization and broad applicability.

Cardiac troponin plays a somewhat different role. Rather than primarily functioning
as a baseline screening tool, postoperative troponin measurement is central to detection of
MINS and silent perioperative MI [5,9,10]. Large prospective data have shown that even
modest postoperative elevations in high-sensitivity troponin are strongly associated with
30-day mortality, including in the absence of overt ischemic symptoms [9]. Nonetheless,
troponin elevation is not synonymous with type 1 perioperative MI, and interpretation
may be complicated by supply–demand mismatch, renal dysfunction, sepsis, heart failure,
or other nonischemic causes of myocardial injury. Thus, biomarker-based strategies extend
perioperative risk assessment beyond preoperative prediction alone and enable systematic
postoperative event detection in patients who would otherwise go unrecognized.

8. Complementary Roles of Imaging and Biomarkers
A major conceptual advance in perioperative cardiovascular evaluation is the recogni-

tion that imaging and biomarkers measure different but highly complementary dimensions
of risk. Imaging, particularly CCTA and coronary calcium assessment, characterizes the
structural substrate of risk, including coronary stenosis, plaque burden, and extent of
atherosclerosis [2–4,13]. Biomarkers, by contrast, reflect biological vulnerability, including
myocardial wall stress, latent ventricular dysfunction, and ongoing or recent myocardial
injury [1,5,9,14,15]. Neither domain alone fully captures the complexity of perioperative
ischemic risk.

This complementarity is especially relevant in patients with intermediate clinical risk.
A patient may have only modest symptoms and an equivocal treadmill test, yet CCTA may
reveal extensive coronary disease or high calcium burden, suggesting substantial structural
risk [2–4,13]. Conversely, a patient with nonobstructive coronary anatomy may still have
elevated NT-proBNP, implying impaired cardiac reserve or subclinical myocardial dysfunc-
tion that increases perioperative vulnerability [1,15]. When both structural disease burden
and biomarker-defined vulnerability are present, the overall probability of perioperative
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cardiac events is likely to be substantially higher than would be inferred from clinical
assessment alone.

In this context, several prospective studies have illustrated a coherent multimodal
framework across more than a decade: early work demonstrated the prognostic relevance
of CCTA-based perioperative risk stratification in intermediate-risk noncardiac surgery [3],
subsequent prospective comparison suggested that CCTA may offer additional prognostic
information compared with dobutamine stress echocardiography in selected patients [2],
more recent multicenter data confirmed the incremental prognostic value of NT-proBNP
beyond treadmill testing [1], and contemporary evidence showed that CCTA may provide
further prognostic refinement after treadmill testing [4]. Together, these findings support a
model in which perioperative risk stratification is strengthened when anatomical imaging
and biomarkers are used in a targeted, integrated manner rather than as isolated tests.

9. From Risk Stratification to Prevention
The clinical value of improved perioperative risk stratification lies not merely in

prediction but in prevention. Identification of high-risk patients should prompt actionable
measures such as optimization of guideline-directed medical therapy, careful perioperative
hemodynamic management, individualized decisions regarding timing and intensity of
monitoring, and structured postoperative surveillance [7,8,10,14]. Without a management
response, even highly accurate risk prediction offers limited practical benefit.

Preventive strategies may include intensified control of heart rate and blood pressure,
avoidance of prolonged hypotension and severe anemia, perioperative continuation or
optimization of statin therapy when appropriate, careful management of antithrombotic
therapy, and postoperative troponin surveillance in patients judged to be at increased
risk [7,8,10,14]. In selected patients, preoperative identification of high anatomical coronary
risk or markedly elevated natriuretic peptides may also justify closer postoperative teleme-
try, step-down or intensive monitoring, or early cardiology involvement. Importantly, such
strategies should be individualized, because indiscriminate escalation of testing or therapy
may increase cost and complexity without improving outcomes.

Therefore, the real promise of multimodal perioperative evaluation is that it can shift
care from broad, population-level risk estimation to patient-specific prevention. The goal is
not simply to label patients as high risk, but to use that information to guide actionable
perioperative management. However, whether such risk-guided strategies consistently
reduce perioperative MI, MINS, or mortality remains to be established in prospective
interventional studies.

10. Proposed Integrated Clinical Approach
An integrated clinical approach to perioperative MI prevention can be conceptualized

as a stepwise refinement process (Figure 1). First, all patients should undergo conventional
clinical assessment using surgical urgency, active cardiac conditions, procedural risk,
comorbidity profile, and functional status as the baseline framework [7,8,11]. This initial
step helps distinguish patients who can proceed with routine perioperative care from those
in whom further evaluation may be warranted, as well as those in whom additional testing
is unlikely to alter management. Second, in patients with elevated clinical risk, uncertain
functional capacity, or borderline findings on initial evaluation, selective natriuretic peptide
testing may help identify individuals with heightened myocardial vulnerability [1,14,15].
Biomarker testing is particularly useful when additional biological risk information may
influence postoperative surveillance intensity or perioperative monitoring. Third, when
diagnostic uncertainty remains or when anatomical clarification is likely to influence
perioperative management, CCTA may provide valuable information regarding coronary
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stenosis, plaque burden, and calcium burden [2–4,13]. However, advanced testing should
be applied selectively, should not delay urgent surgery, and should generally be reserved for
patients in whom the results are expected to affect clinical decision-making. The practical
feasibility of this approach may vary according to institutional resources, local expertise,
test availability, and the urgency of the surgical setting.

Figure 1. Proposed integrated framework for perioperative myocardial infarction risk stratification
and prevention in patients undergoing noncardiac surgery. Perioperative cardiovascular evaluation
begins with conventional clinical assessment, including surgical risk, active cardiac conditions,
comorbidities, and functional capacity. In selected patients, biomarkers such as natriuretic peptides
help assess myocardial vulnerability, whereas imaging modalities, particularly coronary computed
tomography angiography, define the structural burden of coronary artery disease. Integrating
clinical, biomarker, and imaging data may improve identification of high-risk patients and support
individualized preventive strategies, including optimization of medical therapy, hemodynamic
stabilization, postoperative troponin surveillance, and intensified perioperative monitoring, while
emphasizing that multimodal testing should be selective and should not delay urgent surgery.

This framework is particularly relevant for patients with intermediate clinical risk,
in whom management decisions are often most uncertain. In practice, such patients may
include those with poor or uncertain functional capacity, positive or equivocal functional
testing, elevated natriuretic peptides, or suspected substantial coronary risk. Low-risk
patients may proceed with standard care, whereas very high-risk patients with unstable or
active cardiac conditions may require treatment or postponement regardless of additional
testing [7,8]. Similarly, advanced multimodal testing is unlikely to be useful when the
results are not expected to change perioperative management. The greatest opportunity
for multimodal refinement lies in the large intermediate-risk group, in whom biomarkers
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and imaging may reveal vulnerability not captured by conventional scoring systems alone.
Postoperatively, patients with elevated preoperative biomarkers or significant imaging
abnormalities may benefit from systematic troponin surveillance and closer monitoring to
enable earlier detection and treatment of MINS or overt perioperative MI [5,9,10,14].

Although prospective intervention trials remain needed, a practical integrated path-
way that combines clinical assessment, selected biomarkers, and anatomical imaging may
better align perioperative cardiovascular evaluation with the actual mechanisms of peri-
operative ischemic injury. The value of such integration lies not only in improving risk
discrimination but also in guiding decisions regarding postoperative surveillance, hemody-
namic management, perioperative medical optimization, and early cardiology involvement
in selected patients. At the same time, this strategy should not be interpreted as a routine
or universally applicable pathway, because cost-effectiveness, accessibility, and implemen-
tation in real-world clinical practice remain incompletely defined. Such an approach offers
a plausible bridge between contemporary risk stratification and meaningful prevention.

11. Discussion
This review highlights the evolving paradigm of perioperative cardiovascular evalua-

tion from conventional clinical risk estimation toward a more integrated and individualized
strategy. Although traditional approaches based on clinical risk indices, surgical risk, and
functional capacity remain essential, they provide only a partial view of perioperative
cardiovascular vulnerability [7,8,11,12]. Recent observational and guideline-supported
evidence indicates that anatomical imaging and circulating biomarkers provide comple-
mentary information that may improve identification of patients at increased risk for
perioperative MI and MINS, although the consistency and clinical applicability of this
evidence vary across populations and testing strategies [1–4,13–15].

A central challenge in this field is the mechanistic heterogeneity of perioperative
ischemic events. Some events are related to obstructive coronary artery disease and plaque-
related complications, whereas others arise primarily from oxygen supply–demand mis-
match during periods of hemodynamic stress [6,10]. This complexity helps explain why
no single test can fully capture perioperative risk. Imaging modalities such as CCTA
characterize structural coronary disease burden, whereas natriuretic peptides and troponin
reflect biological vulnerability, myocardial stress, and perioperative injury [1–4,9,13–15].
However, complementarity should not be interpreted as proof that routine multimodal
testing is universally warranted. Rather, the available evidence supports selective integra-
tion in clinically appropriate patients, while broader implementation remains constrained
by cost, accessibility, local expertise, and uncertainty regarding whether additional testing
meaningfully changes management.

Several prospective studies have illustrated this integrated concept across different
perioperative settings. Early work demonstrated that CCTA-based risk stratification could
predict perioperative cardiac events in intermediate-risk noncardiac surgery [3]. Subse-
quent prospective comparison suggested that CCTA may provide additional prognostic
information relative to dobutamine stress echocardiography in selected patients [2]. More
recent multicenter data showed that NT-proBNP added prognostic information beyond
treadmill testing [1] and that coronary CTA may further refine risk assessment after tread-
mill testing [4]. Taken together, these findings support the view that perioperative risk
stratification may be strengthened when structural and biological domains are assessed
together, although the available evidence remains heterogeneous and does not define a
single universally applicable testing pathway.

A key unresolved issue is that improved risk discrimination does not necessarily
translate into improved clinical outcomes. A more precise understanding of periopera-
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tive cardiovascular risk may support better selection of patients for closer postoperative
surveillance, intensified hemodynamic management, optimization of medical therapy,
and early cardiology involvement [7,8,10,14]. However, evidence remains limited as to
whether imaging- or biomarker-guided strategies actually reduce perioperative MI, MINS,
or mortality, rather than simply identifying patients at higher risk. This distinction is
particularly important in patients whose management remains uncertain after conventional
evaluation, because the practical value of testing depends on whether it leads to actionable
and effective prevention.

Another important limitation in the current literature is the absence of a standard-
ized integration pathway. Existing studies vary in patient selection, surgical populations,
endpoint definitions, biomarker protocols, and imaging strategies, which limits direct com-
parability and generalizability [1–5,13–15]. In addition, routine use of advanced imaging or
biomarker testing in all surgical candidates is unlikely to be cost-effective or necessary, and
interpretation of perioperative troponin elevation remains challenging when ischemic and
nonischemic mechanisms may coexist [6,9,10]. These limitations underscore the need to
move beyond descriptive prognostic studies toward prospective clinical pathways that test
whether selective multimodal assessment can improve perioperative decision-making and
patient outcomes.

Despite these limitations, the available evidence supports a shift away from
a one-dimensional model of perioperative evaluation toward a more nuanced and
mechanism-informed approach that better reflects the biology of perioperative ischemic
injury [1–4,9,10,13–15]. The most promising future direction is not simply broader testing,
but more selective and evidence-based integration of clinical assessment, imaging, and
biomarkers into practical perioperative care pathways. In this regard, integrated evalua-
tion may represent an important step toward more precise and preventive cardiovascular
care in patients undergoing noncardiac surgery, provided that future studies define its
cost-effectiveness, feasibility, and outcome benefit more clearly.

12. Conclusions
Perioperative myocardial infarction and MINS remain important causes of adverse

outcomes after noncardiac surgery and are frequently under-recognized because of their
silent or atypical presentation. Conventional clinical risk assessment provides an essential
framework for perioperative evaluation but may not adequately capture the full spectrum
of structural coronary disease and biological vulnerability contributing to perioperative
ischemic events.

Available evidence indicates that imaging modalities, particularly CCTA, and circu-
lating biomarkers such as NT-proBNP and cardiac troponin can provide complementary
and clinically meaningful information beyond traditional assessment. By integrating these
modalities, clinicians may achieve more precise perioperative cardiovascular risk stratifica-
tion and better identify patients who may benefit from individualized preventive strategies
and closer surveillance.

Overall, the integration of imaging and biomarkers offers a clinically relevant bridge be-
tween perioperative risk stratification and prevention. A multimodal, mechanism-informed
approach may improve the precision of perioperative cardiovascular care and ultimately
help reduce avoidable ischemic complications in patients undergoing noncardiac surgery.

13. Future Directions
Future research should focus on translating improved risk prediction into actionable

and outcome-improving clinical strategies. Prospective studies are needed to determine
whether multimodal approaches combining clinical assessment, imaging, and biomark-
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ers can guide interventions that reduce perioperative MI, MINS, and mortality. Such
studies should evaluate not only discrimination metrics but also clinical utility, feasibility,
and cost-effectiveness.

Another important direction is the development of integrated perioperative risk mod-
els that combine structural, functional, and biomarker data into a unified framework for
selective clinical application. These models may allow more precise identification of pa-
tients with distinct perioperative risk phenotypes and help guide tailored surveillance and
prevention strategies. Advances in artificial intelligence and clinical decision support may
further facilitate individualized perioperative cardiovascular assessment by integrating
complex multimodal data in real time.

Standardization is also needed in the measurement and interpretation of perioperative
biomarkers, especially postoperative troponin surveillance, as well as in the selective use of
CCTA and coronary calcium assessment in preoperative pathways. Finally, future studies
should clarify which subgroups of patients derive the greatest benefit from multimodal
assessment, particularly among those with intermediate clinical risk, equivocal functional
testing results, or discordant findings across testing domains.

As perioperative medicine continues to evolve, the greatest opportunity may lie not
simply in predicting risk more accurately, but in using that information to deliver targeted,
practical, and preventive care. In this regard, integrated imaging- and biomarker-guided
evaluation represents a promising next step in perioperative cardiovascular medicine.
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