
Citation: Maayah, M.; Grubman, S.;

Allen, S.; Ye, Z.; Park, D.Y.; Vemmou,

E.; Gokhan, I.; Sun, W.W.; Possick, S.;

Kwan, J.M.; et al. Clinical

Interpretation of Serum Troponin in

the Era of High-Sensitivity Testing.

Diagnostics 2024, 14, 503. https://

doi.org/10.3390/diagnostics14050503

Academic Editor: Aw Tar-Choon

Received: 1 January 2024

Revised: 3 February 2024

Accepted: 5 February 2024

Published: 26 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diagnostics

Review

Clinical Interpretation of Serum Troponin in the Era of
High-Sensitivity Testing
Marah Maayah 1,† , Scott Grubman 1,†, Stephanie Allen 2, Zachary Ye 3 , Dae Yong Park 4, Evangelia Vemmou 2,
Ilhan Gokhan 1, Wendy W. Sun 5 , Stephen Possick 6, Jennifer M. Kwan 6, Parul U. Gandhi 6,7

and Jiun-Ruey Hu 6,*

1 Yale School of Medicine, Yale University, New Haven, CT 06520, USA; ilhan.gokhan@yale.edu (I.G.)
2 Department of Internal Medicine, Yale School of Medicine, Yale University, New Haven, CT 06520, USA;

evangelia.vemmou@yale.edu (E.V.)
3 Department of Internal Medicine, Temple University Medical Center, Philadelphia, PA 19140, USA
4 Department of Internal Medicine, Cook County Hospital, Chicago, IL 60612, USA
5 Department of Emergency Medicine, Yale School of Medicine, Yale University, New Haven, CT 06520, USA;

wendy.w.sun@yale.edu
6 Section of Cardiovascular Medicine, Yale School of Medicine, Yale University, New Haven, CT 06520, USA
7 Department of Cardiology, Veterans Affairs Connecticut Health Care System, West Haven, CT 06516, USA
* Correspondence: jiun-ruey.hu@yale.edu
† These authors contributed equally to this work.

Abstract: Cardiac troponin (Tn) plays a central role in the evaluation of patients with angina present-
ing with acute coronary syndrome. The advent of high-sensitivity assays has improved the analytic
sensitivity and precision of serum Tn measurement, but this advancement has come at the cost of
poorer specificity. The role of clinical judgment is of heightened importance because, more so than
ever, the interpretation of serum Tn elevation hinges on the careful integration of findings from
electrocardiographic, echocardiographic, physical exam, interview, and other imaging and laboratory
data to formulate a weighted differential diagnosis. A thorough understanding of the epidemiology,
mechanisms, and prognostic implications of Tn elevations in each cardiac and non-cardiac etiology
allows the clinician to better distinguish between presentations of myocardial ischemia and myocar-
dial injury—an important discernment to make, as the treatment of acute coronary syndrome is
vastly different from the workup and management of myocardial injury and should be directed at
the underlying cause.

Keywords: troponin; myocardial injury; myocardial ischemia; myocardial infarction; supply–demand
mismatch

1. Introduction

The role of serum troponin (Tn) testing in the evaluation of patients with acute coro-
nary syndrome (ACS) has evolved as advances have been made in the analytic sensitivity
and precision of serum Tn testing. While the increased sensitivity of newer generations of
serum Tn assays has the potential to improve the rule-out of ACS, this comes at the cost of
poorer specificity. Mild elevations in serum Tn, when detected in otherwise asymptomatic
patients, can lead to unnecessary follow-up testing, preventable radiation exposure, mis-
diagnosis, and financial burden to patients who do not have anginal symptoms. In one
study of 44,448 patients, serum Tn testing was performed in 47% of emergency department
patients admitted to the inpatient setting, 35% of whom had no anginal symptoms [1].
Elevations in serum Tn inform the clinician about the presence of myocardial injury, but not
the mechanism. The interpretation of abnormal Tn levels is both a science and an art that
hinges on a careful consideration of findings from electrocardiographic, echocardiographic,
physical exam, interview, and other imaging and laboratory data to formulate a weighted
differential diagnosis. In the accompanying biochemistry companion to this review [2], we
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highlight the molecular structure of the Tn complex, describe its isoforms, and explore dif-
ferences between the generations of Tn assays, including the characteristics of conventional
vs. high-sensitivity Tn (hs-Tn) testing. In this review, focused on the clinical interpretation
of serum Tn elevations, we explore the evolution of terminology surrounding myocardial
injury, distinguishing between myocardial injury, myocardial ischemia, and myocardial
infarction. We also review the spectrum of cardiac and non-cardiac etiologies of abnormal
serum Tn, as well as the epidemiology, mechanisms, and prognostic implications of each
condition. Given the wealth of resources focused on ACS in existence, the present review
will focus on non-ACS etiologies of Tn elevation.

2. Distinguishing between Myocardial Injury, Myocardial Ischemia, and
Myocardial Infarction
2.1. Historical Evolution of Terminology for Myocardial Injury

The meaning of the term “myocardial infarction” (MI) varied widely until the World
Health Organization first began to standardize heart disease nomenclature in the 1950s–1970s,
largely using electrocardiogram (ECG)-based criteria [3]. Over the next several decades, joint
task forces from the American College of Cardiology, American Heart Association, European
Society of Cardiology, and World Heart Federation issued four successive iterations of the
Universal Definition of Myocardial Infarction (UDMI) Consensus Document. As cardiac
biomarker assays improved, the first UDMI in 2000 adopted the concept of using biomarkers
such as serum troponin T and I (TnT/I) as a core component in the diagnosis of MI [4].
The second UDMI in 2007 introduced the five categories of MI and introduced the concept
of troponin (Tn) rise and/or fall with at least one value above the 99th percentile upper
reference limit (URL) [5]. The third UDMI in 2012 added criteria for the diagnosis of MI
in the setting of left bundle branch block and paced rhythms and introduced an emphasis
on incorporating imaging findings and the clinical presentation into the interpretation of
Tn elevations [6]. The fourth and most recent UDMI published in 2018 issued updated
definitions to accommodate the increased use of hs-Tn, discussed the implications of chronic
elevations in Tn, and further clarified distinctions between the separate yet interrelated entities
of myocardial injury, myocardial ischemia, and myocardial infarction [5].

We will begin with the current definition of these terms. There remains wide variation
and inconsistency in the terminology used by practicing clinicians to describe clinical
scenarios involving elevated Tn. A study of discharge summaries of patients discharged
from the medical service at three Rhode Island hospitals found that 19 distinct terms were
used to describe the patients’ Tn values, many of which were imprecise (e.g., “troponin
bump”, “troponin leak”) or deprecated (e.g., “type 2 NSTEMI” instead of “type 2 MI”
or “NSTEMI”) [7]. This suggests that greater efforts are needed to raise awareness of
the terminology and paradigm espoused in the fourth UDMI, more than five years after
its publication.

2.2. Myocardial Injury

The term “myocardial injury” applies to any patient with a conventional or hs-Tn value
above the 99th percentile URL, regardless of the underlying cause (Figure 1) [5]. Myocardial
injury can be further categorized as acute or chronic [8]. Acute myocardial injury is used to
describe a dynamic rise or fall in conventional or hs-Tn values exceeding typical biological
or analytical variation [9]. While a consensus on the specific threshold for acute injury
remains elusive, it has been proposed that an increase greater than the reference change
value be considered acute for TnT or TnI if the initial value is <99th percentile URL [9].
When the patient’s baseline Tn is >99th percentile URL, Tn increases ≥ 50% of the 99th
percentile URL or changes > 20% of the baseline Tn are considered acute (Figure 2) [10].
Chronic myocardial injury is characterized by persistently elevated Tn values > 99th
percentile URL not meeting the above criteria [10]. There is enthusiasm for defining acute
injury based on absolute “delta” changes in hs-Tn instead of the traditional 20% increase,
but these delta thresholds are manufacturer-specific, and research is ongoing to define the



Diagnostics 2024, 14, 503 3 of 37

optimal delta threshold in each setting of care [11,12]. There are many known etiologies
of acute and chronic myocardial injury, including both intrinsic cardiac and non-cardiac
conditions, to be discussed below.
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Figure 1. (Top) The relationship between myocardial injury, myocardial ischemia, and myocardial
infarction. Myocardial injury refers to any patient with a Tn level above the 99th percentile URL,
regardless of the underlying cause. The diagnosis of myocardial ischemia requires at least one
of the following: clinical ischemic symptoms, new ischemic changes on ECG, new pathologic
Q waves, a new loss of viable myocardium or wall motion abnormalities in an ischemic pattern,
or angiographic or autopsy evidence of an acute coronary thrombus. Myocardial infarction is
defined by the presence of both acute myocardial injury and evidence of myocardial ischemia.
This process can occur via a number of pathobiological mechanisms, most commonly involving
myocyte necrosis and/or apoptosis. (Bottom) Each disease entity (e.g., anemia) exists on a
spectrum, in which it can present in isolation with no myocardial injury, with myocardial injury,
or with acute myocardial ischemia leading to myocardial infarction. For example, a patient with
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a drop in hemoglobin, normal Tn, and no anginal symptoms, ischemic ECG changes, or echo findings,
has no myocardial injury. A patient with a drop in hemoglobin, elevation in Tn, but no anginal
symptoms, ischemic changes, or echo findings, has myocardial injury without myocardial ischemia.
Lastly, a patient with a drop in hemoglobin, elevation in Tn, and either anginal symptoms, ischemic
changes, or echo findings, has myocardial injury with myocardial ischemia, resulting in myocardial
infarction. Abbreviations: ECG: electrocardiogram; Hgb: hemoglobin; LBBB: left bundle branch
block; Tn: troponin; TWI: T-wave inversion. Original figure designed in BioRender.
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Figure 2. Contemporary framework for interpreting myocardial injury, myocardial ischemia, and
myocardial infarction. Original figure designed in BioRender.

It is crucial for clinicians to differentiate between nonischemic myocardial injury, which
may be associated with conditions such as renal failure or sepsis, and myocardial injury in
the setting of acute myocardial ischemia with or without atherosclerotic plaque disruption.
Clinicians should avoid reflexively equating elevated Tn levels with myocardial infarction
solely on the basis of an elevated biomarker. If ischemic ECG changes and/or symptoms are
lacking, a diagnosis of “non-MI Tn elevation due to (an underlying cause)” would be more
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accurate. At times, there may be an overlap between myocardial ischemic and nonischemic
conditions associated with increased Tn values. In these situations, it may be difficult to
discriminate between the mechanisms of myocardial injury. It is important to document all
possible contributors and their relative contributions. The terms “troponinemia”, “troponin
leak”, “troponin bump”, and “troponinitis” should not be used in official documentation
in the electronic medical record [13].

2.3. Myocardial Ischemia

Myocardial ischemia is defined as a mismatch between myocardial oxygen supply
and metabolic demand [14]. The clinical diagnosis of myocardial ischemia requires at least
one of the following: clinical ischemic symptoms, new ischemic changes on ECG, new
pathologic Q waves, a new loss of viable myocardium or wall motion abnormalities in an
ischemic pattern, or angiographic or autopsy evidence of an acute coronary thrombus [5].
Classically, myocardial ischemia is the result of coronary luminal narrowing secondary
to atherosclerosis [8]. Sufficiently high-grade stenosis in the absence of adequate collat-
eralization can lead to ischemic physiology with exertion, often referred to as “chronic
coronary artery disease (CAD)”, “chronic coronary syndrome”, “chronic coronary disease”,
or “stable ischemic heart disease” (SIHD) [15,16]. SIHD classically presents as stable angina,
although it can also manifest as chest pressure, jaw discomfort, arm discomfort, dyspnea,
and epigastric discomfort [17]. There is also increasing recognition that processes such as
epicardial coronary or microvascular dysfunction can also play a role in the development
of myocardial ischemia, with or without concurrent obstructive atherosclerotic disease [18].
More rarely, ischemic damage can result from alternative pathologies, such as coronary
dissection, arteritis, myocardial bridging, thromboembolism, or vasospasm [19].

2.4. Myocardial Infarction

Myocardial infarction (MI) is defined by the presence of both acute myocardial injury
and evidence of myocardial ischemia [5]. Pathologically, MI is typically characterized
by myocardial cell death, with necrosis progressing from the subendocardium to the
subepicardium over the course of several hours [20]. Diagnosing MI requires careful
consideration of findings from a patient’s history, physical exam, labs, ECG, and imaging.
There are five types of MI delineated under current joint society guidelines (Figure 3) [5].

Type 1 MI is caused by atherosclerotic plaque rupture or ulceration and resultant in-
traluminal thrombosis, which may also be complicated by hemorrhage into the plaque [21].
The appearance of new ST-segment elevations in ≥2 contiguous leads or the appearance of
a new bundle branch block with ischemic repolarization patterns indicates an ST-elevation
MI (STEMI), whereas the presence of a Tn elevation in the absence of these ECG changes
indicates a non-ST-elevation MI (NSTEMI). The umbrella of ACS spans STEMI, NSTEMI,
and unstable angina [22]. While the increasing sensitivity of Tn assays has reclassified
many cases of unstable angina to NSTEMI, unstable angina has not yet disappeared [23].
The terms “STEMI” and “NSTEMI” should only be used when referring to type 1 MI and
should be differentiated from type 2 MI and non-MI Tn elevation due to a non-cardiac
cause. For instance, “type 2 NSTEMI” is a misnomer.

Type 2 MI is characterized by a mismatch between myocardial oxygen supply and
demand; however, unlike patients with type 1 MI, patients with type 2 MI are not experi-
encing an acute plaque rupture event. Diagnosis requires evidence of myocardial injury
alongside at least one of the following findings: anginal symptoms, ischemic ECG changes,
or imaging suggestive of a new loss of viable myocardium [5]. Angiography excluding
acute plaque rupture is not necessary for the diagnosis of type 2 MI, although it may be
otherwise clinically indicated to distinguish type 2 from type 1 MI. Some evidence suggests
early cardiac magnetic resonance imaging (MRI) may also have prognostic value in type
2 MI; one study of 437 patients with MI but without coronary obstruction found that late
gadolinium enhancement and abnormal T2 mapping values on cardiac MRI were both
associated with an increased risk of adverse cardiac events [24]. Type 2 MI can be caused
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by increased demand alone, such as during episodes of severe hypertension or sustained
tachyarrhythmia, or by reduced oxygen delivery alone, such as in cases of severe anemia,
hypoxemia, or bradyarrhythmia. Type 2 MI may also be caused by an acute stressor in the
setting of underlying coronary disease, including atherosclerosis, microvascular disease,
vasospasm, dissection, or embolism [5].
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Figure 3. Pathophysiology of type 1, 2, 3, 4A, 4B, 4C and 5 myocardial infarctions (MIs). Abbrevia-
tions: CABG: coronary artery bypass grafting; ECG: electrocardiogram; PCI: percutaneous coronary
intervention; VF: ventricular fibrillation. Original figure designed in BioRender.

Type 3, 4, and 5 MIs describe MIs that occur in patients who expire prior to biomarker
confirmation, MI attributable to percutaneous coronary interventions (PCIs), and MI at-
tributable to coronary artery bypass grafting (CABG) surgery, respectively [5]. As myocar-
dial injury is expected after both PCI and CABG, Tn thresholds for type 4 and 5 MIs are
set more stringently by the fourth UDMI at >5 or >10 times the 99th percentile URL in
those with a normal baseline Tn, respectively (or at a ≥20% increase to these levels in those
with an elevated baseline) [4]. Other entities, such as the Academic Research Consortium,
suggest a higher threshold of ≥35 times the 99th percentile URL [25].

Corroborating Tn elevations with clinical, ECG, or imaging findings is imperative
to the accurate diagnosis of type 4 or 5 MI. Myocardial injury alone is not strongly cor-
related with infarction in PCI or CABG patients. One study of 673 consecutive patients
undergoing left main PCI found that isolated Tn elevation above the UDMI threshold for
type 4 MI was not associated with a higher risk of in-hospital or long-term all-cause mortal-
ity (PMID: 36615044). Another study randomized 60 patients with normal left ventricular
(LV) ejection fraction to either on- or off-pump CABG; the patients were followed with
serial conventional TnI measurements and assessed for irreversible myocardial damage
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using contrast-enhanced cardiac magnetic resonance imaging (CMR). New irreversible
myocardial damage was observed on CMR in 36% of patients in the on-pump group vs. 44%
of those in the off-pump group (p = 0.8). While patients in both the on-pump and off-pump
groups had high median area-under-the-curve (AUC) serial TnI values (182 vs. 135 µg/L;
p = 0.02), individual AUC TnI values were found to be only moderately correlated with the
mean mass of new hyperenhancement on CMR (r2 = 0.4; p = 0.008) [26].

2.5. Mechanisms of Troponin Release

The question of whether Tn release can occur in the absence of myocyte necrosis
has been a subject of debate over the last few decades, as has the question of whether
myocardial injury is an irreversible or reversible process. While, historically, all forms of Tn
elevation were thought to result from myocyte necrosis [27], it is now understood that Tn
elevation can also occur without myocyte necrosis [28]. Tn release can occur via six major
mechanisms: (1) myocyte necrosis, which is the most common mechanism; (2) apoptosis,
whereby caspases are activated that mediate the cleavage of structural proteins during
programmed cell death; (3) myocyte cell turnover, which occurs at a low grade throughout
the lifespan; (4) cellular release of proteolytic Tn degradation products in the absence of
cell death or cell membrane disruption, whereby small fragments of troponin are able to
pass through a cell membrane that is still intact; (5) increased cell wall permeability, which
can occur via myocardial stretch or ischemia; (6) active secretion of vesicles in the absence
of necrosis [29]. At a clinical level, it is not possible to definitively distinguish which
increases in Tn levels are due to which mechanisms [28]. Although it is not possible to
equate myocardial injury with necrosis, the pathway of myocardial injury and myocardial
ischemia resulting in myocardial infarction occurs via myocyte necrosis in the majority
of cases.

3. Clinical Interpretation of High-Sensitivity Troponin
3.1. Implications of High-Sensitivity Testing

As described in the biochemistry companion to this review, successive generations
of Tn assays have increased the sensitivity, precision, and speed of testing [2]. The term
“high-sensitivity” refers to any assay whose total imprecision (as defined by the coefficient
of variance) at the 99th percentile value is ≤10% [30]. Compared with conventional (first to
fourth generations) Tn assays, hs-Tn assays have higher negative predictive value for acute
MI, meaning that a negative test result has a much higher certainty of truly representing
the absence of acute MI. Hs-Tn assays also result in a 4% absolute increase and 20% relative
increase in the detection of type 1 MI, which consequently decreases the diagnosis of
unstable angina because abnormal Tn levels are more easily detected. Furthermore, hs-Tn
assays result in a two-fold increase in the diagnosis of type 2 MI, reduce the “troponin-
blind” interval (meaning that the time course for serial Tn checks can be shortened), and
are more likely to detect circulating levels of cardiac Tn in healthy individuals without
cardiovascular disease [30].

As with prior generations of Tn assays, the degree of elevation of hs-Tn can be
interpreted as a quantitative marker of cardiomyocyte damage, with higher levels generally
carrying a higher likelihood of MI. Elevations in hs-Tn above 5-fold the 99th percentile URL
carry a >90% positive predictive value for acute type 1 MI. On the other hand, elevations
in hs-Tn up to 3-fold the 99th percentile URL carry a limited (50–60%) positive predictive
value for acute type 1 MI, so a thorough investigation of a broad spectrum of cardiac and
non-cardiac etiologies for Tn elevation is warranted [30]. Rising or falling levels of hs-Tn
are more indicative of acute cardiomyocyte damage, including acute MI, whereas stable
levels of hs-Tn are more indicative of chronic cardiomyocyte damage, such as that seen
in chronic kidney disease. It should also be noted that the 99th percentile URL is higher
in men than the 99th percentile URL in women for both hs-TnT and hs-TnI assays [31].
The use of sex-specific thresholds for hsTn increases the diagnosis of MI in women [32]
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but does not necessarily improve cardiovascular outcomes [33] and remains the subject of
further study.

3.2. Guidelines from Specialty Societies

Several academic societies, including the American Heart Association (AHA), the
American College of Cardiology (ACC), and the European Society of Cardiology (ESC),
have published guidelines pertaining to the timing and interpretation of hs-Tn in the setting
of suspected ACS [30,34].

In contrast to the AHA/ACC 2021 guidelines, which do not endorse a specific rule-
in/rule-out algorithm, the ESC 2023 guidelines provide an ESC algorithm for serial hs-Tn
measurements at 0 and 1 h or at 0 and 2 h to rule in and rule out NSTEMI [30,34]. The ESC
2023 guidelines recommend hs-Tn measurement at 3 h if the first two hs-Tn measurements
in the 0 and 1 h algorithm are inconclusive and no alternative diagnoses explaining the
condition have been made [34]. The ESC 2023 guidelines makes an additional statement
with regard to the use of coronary CT angiography (CCTA).

Both the AHA/ACC 2021 and ESC 2023 guidelines recommend the use of high-
sensitivity assays over non-high-sensitivity assays [30,34]. Both guidelines do not recom-
mend the addition of older biomarkers such as CK-MB or investigational biomarkers such
as copeptin in the evaluation of patients with chest pain undergoing Tn testing [30,34].

4. Troponin Elevation in the General Population
4.1. Epidemiology

As Tn assays have become more sensitive, the presence of Tn circulating in the serum
has been found to be more common in the general population—including in healthy
individuals—than previously thought. Of the 3557 individuals enrolled in the Dallas
Heart Study to study subclinical cardiovascular disease, conventional TnT was detectable
in 0.7% using a conventional assay with a detection limit of <0.01 µg/L [35]. The rate
of detectable Tn is significantly higher using an hs-Tn assay, which has a lower limit
of detection. For instance, in the Atherosclerosis Risk in Communities (ARIC) study,
which included 9593 individuals without preexisting cardiovascular disease, hs-TnT was
detectable (≥3 ng/L) in 59% and elevated (>99th percentile URL) in 7% of the study
population [36]. When the ARIC study sample was narrowed only to patients with ideal
cardiovascular health (including controlled cholesterol, blood pressure, and blood glucose,
goal levels of physical activity, and nonsmoking status, with full criteria detailed in the 2010
American Heart Association statement) [37], the prevalence of detectable hs-TnT dropped
from 59% to 44% [36]. The Scottish Family Health Study of 19,501 participants yielded
similar findings, with detectable hs-TnT (>3 ng/L) found in 53.3% of individuals. This
study also measured the levels of hs-TnI, with a lower limit of detection of <1.2 ng/L, and
found the prevalence of detectable hs-TnI to be 74.8%, although patients with a history of
cardiovascular disease were not excluded on enrollment [38].

4.2. Hypothesized Mechanism

The etiology of Tn elevation above the lower limit of detection but below the 99th
percentile of normal in asymptomatic individuals has not been fully elucidated. Hs-Tn
levels in asymptomatic individuals have positive associations with male sex, age, body
mass index, systolic blood pressure (SBP), LV mass, and indices of LV systolic and diastolic
function [39]. Minimal hs-Tn levels are further associated with the presence of cardiovas-
cular risk factors, including hypertension, diabetes, and obesity [36,39]. Detectable Tn
levels may also be explained by some amount of natural cardiomyocyte turnover. A study
examining hearts obtained from the autopsies of 106 men and women found that while
myocardial mass is preserved in women, about 1 g of mass is lost per year through the
physiological loss of myocardium by necrosis and apoptosis in the normal male heart [40].
Subtle structural abnormalities, such as diastolic dysfunction, resulting from advancing
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age and the coexistence of cardiovascular risk factors may also contribute to Tn release in
asymptomatic individuals [41].

Moreover, a study of hourly measurement of hs-TnT demonstrated that Tn levels
exhibit diurnal variation, peaking in the morning (17.1 ± 2.9 ng/L at 8:30 AM), decreasing
throughout the day (1.9 ± 1.6 ng/L at 8:30 PM), and then rising again overnight [42].
However, it is unclear whether these fluctuations represent a disease-specific mechanism
(e.g., ischemia) or a physiological mechanism (e.g., protein turnover) associated with
normal circadian rhythm patterns. Finally, extreme exercise has also been shown to cause
Tn elevation in the general population, as discussed in a subsequent section.

4.3. Prognostic Implications

Even minimally elevated Tn in asymptomatic patients may be associated with ad-
verse outcomes. In a meta-analysis of 28 trials measuring hs-Tn (variable assays) in
154,052 asymptomatic individuals, the levels of hs-TnI and hs-TnT at the upper limit of the
normal range were predictive of cardiovascular mortality [43]. In another study including
individual data from 10 prospective population-based studies and 74,738 participants,
hs-TnI levels exhibited strong associations with cardiovascular mortality, first cardiovascu-
lar events, and overall mortality [44]. In each of the sections that follow, the association
between minimally elevated Tn and adverse outcomes will be a recurrent theme. However,
at this time, there is no consensus or guideline on how to approach mildly elevated tro-
ponins in the setting of acute illness, as clinical management does not necessarily change in
the setting of acute illness. The decision on whether an ischemic evaluation is warranted
should involve an individualized approach that takes into consideration all clinical data,
including the nature of the acute illness and the overall patient prognosis.

5. Cardiovascular Etiologies of Troponin Elevation

Cardiac etiologies of Tn elevation include tachyarrhythmias, heart failure, myocarditis,
pericarditis, endocarditis, hypertensive emergency, acute aortic syndromes, stress car-
diomyopathy, amyloidosis, heart transplant, and cardiac procedures. The possibility of
ACS should be considered alongside non-ACS causes of myocardial injury in each of these
conditions, as detailed below, using clinical judgment based on findings from the history,
physical exam, ECG, and imaging data, such as an echocardiogram.

5.1. Tachyarrhythmia
5.1.1. Epidemiology

The prevalence of Tn elevation in the setting of tachyarrhythmia is generally esti-
mated to be between 30% and 50%. In one study of 100 patients with supraventricular
tachyarrhythmias (atrial fibrillation [AF], atrial flutter [AFL], and reentrant tachycardia),
44.2% of initial hs-TnT testing and 50.7% of repeat testing were positive [45]. In another
study of 73 patients with tachyarrhythmia, 32.9% had abnormal conventional TnT values,
and the magnitude of Tn elevation was associated with the degree of tachycardia [46].
Similarly, a study utilizing conventional TnI assays found that 37.2% of 78 patients with
supraventricular tachycardia had elevated TnI [47]. On average, Tn release in the case of
tachyarrhythmia is not as high as in NSTEMI [48].

5.1.2. Hypothesized Mechanism

Tn elevation in the setting of tachyarrhythmia is often an indicator of myocardial injury
and a supply–demand mismatch from increased energy demands rather than coronary
artery obstruction or myocardial necrosis [49]. Several studies have demonstrated that
many patients with Tn elevation in the setting of tachyarrhythmia have unobstructed
coronary arteries on invasive coronary angiography [46,50]. In a study of 10 patients
undergoing rapid atrial pacing during diagnostic angiography, rapid atrial pacing was
found to increase hs-TnT levels even in patients without CAD or evidence of myocardial
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ischemia [51]. Another possible mechanism is a shortened duration of diastole, leading to
reduced coronary perfusion and subsequent subendocardial ischemia [52].

5.1.3. Prognostic Implications

The presence of elevated Tn with supraventricular tachycardia (SVT) has been associ-
ated with worse outcomes across multiple retrospective studies. For instance, one study
examining 78 patients who had SVT found that even mild elevations in conventional TnI
were associated with an increased risk of the composite outcome of death, myocardial
infarction, or cardiovascular rehospitalization [47]. Although a more recent single-center
study found no significant correlation between hs-TnI and mortality, their findings were
limited by a small sample size, the presence of a nearby unaffiliated cardiology center,
and an extremely low event rate (one instance of mortality from non-cardiac causes over
the study period) [53]. There is increasing evidence that Tn may have higher prognostic
importance in certain subsets of patients with SVT. For instance, one study demonstrated
that while elevations in conventional TnI > 99th percentile URL at admission or 4 h after
the onset of SVT were predictive of a composite of MI, new-onset heart failure, or sudden
cardiac death, this effect was more pronounced for patients with a rate <85% of their
age-predicted maximum compared to those with rates above this threshold [54]. Similarly,
another retrospective trial found that over a mean follow-up period of nearly 2 years,
elevated TnI on admission independently predicted a composite outcome of death, MI, or
PCI only in patients with known CAD (hazard ratio = 3.3, p = 0.05) [55].

5.2. Heart Failure
5.2.1. Epidemiology

Both acutely decompensated and chronic heart failure (HF) are associated with ele-
vated TnI [56], regardless of the presence of coronary artery disease [57]. Elevated conven-
tional Tn has been found in 15–29% of patients with chronic HF [57–59]. Mean conventional
TnI levels are significantly higher in HF patients than in healthy controls and are nega-
tively correlated with LV ejection fraction values in HF patients [58,59]. In a meta-analysis
of 10 studies including 9289 patients with chronic HF (mostly HF with reduced ejection
fraction), the median hs-TnT was 15 ng/L, 18 ng/L, and 22 ng/L in the <40%, 40–49%, and
≥50% LV ejection fraction groups, respectively [60].

5.2.2. Hypothesized Mechanism

Various nonischemic and ischemic mechanisms have been proposed to explain ele-
vated Tn levels in HF. Tn can be elevated by increased ventricular preload in the absence of
coronary ischemia or coronary disease [57,61]. Some studies suggest that even brief periods
of pressure overload begin to manifest biochemical and histopathologic signs of myocardial
damage. For instance, a study using porcine hearts showed that 1 h of phenylephrine-
induced elevations in SBP and LV end-diastolic pressure caused TnI elevations above the
URL for over 24 h, as well as transient myocardial apoptosis without ischemic disturbances
on imaging [62]. Pressure and volume overload increase myocardial wall stress, which can
directly cause Tn release independent of ischemia [56,63,64]. It has also been hypothesized
that the stimulation of stretch-responsive integrins in the overloaded state may result in Tn
release [65].

Tn elevation in chronic HF may also be linked to ventricular remodeling and progres-
sive myocyte loss from necrosis, apoptosis, and autophagy [56,66]. TnI elevation has been
found to be independently correlated with LV wall thickness due to increased LV mass [67].
The increased wall stress caused by pressure and volume overload also predisposes the
ventricular wall to hypertrophy and fibrosis. A thickened myocardium is thus susceptible
to a myocardial demand–supply mismatch, impairing subendocardial microvascular perfu-
sion and worsening ischemia [67–69]. Notably, Tn levels tend to be higher in patients with
ischemic cardiomyopathies compared to those with dilated cardiomyopathies [70].
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5.2.3. Prognostic Implications

Tn elevations are associated with impaired hemodynamic profiles in patients with
HF, including lower ejection fractions, lower cardiac indices, higher systolic pulmonary
artery pressures, higher wedge pressures, higher B-Type Natriuretic Peptide (BNP) levels,
and a higher clinical grading of HF [56]. In light of these multifactorial insults, a meta-
analysis showed that elevated hs-TnT in chronic HF is independently associated with
all-cause mortality, cardiovascular mortality, and cardiovascular hospitalization [60], and
other studies showed that both conventional TnT and hs-TnT are associated with mortality
and combined adverse cardiovascular outcomes [71,72].

5.3. Myocarditis and Pericarditis
5.3.1. Epidemiology

Historical studies estimate that one-third of patients with myocarditis have abnormal
values of conventional Tn. In a study including 53 patients with a histological diagnosis
of myocarditis, conventional TnI was elevated in 34% of patients with myocarditis [73].
In another study of 80 patients with clinically suspected myocarditis, TnT was detected
in 28 (35%) of serum samples [74]. However, these studies are several decades old. The
prevalence of elevated Tn in milder cases of myocarditis is likely higher in the present day
with the widespread use of hs-Tn. In a study of the transition from conventional to hs-Tn
at a single center, the transition from using conventional to hs-Tn was associated with a
two-fold increase in the diagnosis rate [75].

5.3.2. Hypothesized Mechanism

Elevated Tn can be found in patients with myocarditis in whom CAD has been
excluded [76,77]. It has been postulated that this is due, at least in part, to transient
ischemia caused by coronary vasospasm [78]. Given that Tn elevation can be seen in the
absence of LV dysfunction in cases of myocarditis, it is thought that Tn release is more
likely due to transiently increased membrane permeability of myocyte membranes rather
than true cell necrosis [79]. It has been postulated that this increased permeability and
subsequent Tn release is the result of the direct cytotoxic effects of infectious agents (viruses,
bacteria, etc.), exogenous toxins, and autoantibodies directed against cardiomyocytes [80].

Tn elevation can also be seen in cases of pericarditis. The prevalence of Tn eleva-
tion in pericarditis has been described as 32% [76], 49% [77], and 71% [81] in different
studies prior to the introduction of hs-Tn. Notably, although Tn elevation is reported
in cases of pericarditis, Tn is not found in the pericardium itself [69,81]. Therefore, Tn
elevation in pericarditis likely represents the concurrent involvement of the myocardium
(e.g., inflammatory involvement of subepicardial myocytes), and the presentation is better
characterized as myopericarditis or perimyocarditis, with similar mechanisms of Tn release
to those in myocarditis.

5.3.3. Prognostic Implications

Patients with myocarditis and Tn elevation typically have similar features and out-
comes to those of their counterparts without Tn elevation. In a study of 80 patients with
clinically suspected myocarditis with and without elevated values in conventional TnT
assays, the frequency of clinical symptoms was equal in both groups, with no differences
in the frequency of AF, premature supraventricular beats, premature ventricular beats,
bundle branch block, or ST-segment alterations. Hemodynamic variables at rest measured
by ventriculography (ejection fraction, end-diastolic volume, end-systolic volume, stroke
volume) also did not differ by Tn elevation status. The only difference was that patients
with elevated TnT had more frequent pericardial effusions (p = 0.024) [74].

Outcomes are also similar for patients with and without Tn elevation in pericarditis
and myopericarditis. In a study of 69 patients with acute pericarditis, Tn elevation was
associated with increased rates of ST elevation at the time of illness; however, no differences
in symptom intensity, disease severity, or the initial length of hospital stay were observed
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based on conventional Tn levels [77]. Furthermore, long-term outcomes are similar in
patients with pericarditis with and without Tn elevation, with one study of 118 patients
with acute pericarditis showing no cases of cardiac tamponade or residual LV dysfunction
in either group [76]. In myopericarditis, while Tn elevation is believed to be associated
with the extent of myocardial inflammatory involvement, it has not been associated with
an adverse prognosis. In a study of 486 patients with acute pericarditis or myocarditis, the
majority of patients with and without conventional Tn elevation had normalized findings
on echocardiogram, ECG, and treadmill testing at 36 months [82].

5.4. Endocarditis
5.4.1. Epidemiology

The prevalence of elevated Tn in the setting of endocarditis is relatively high and has
been observed to be between 57% and 84% [83–86].

5.4.2. Hypothesized Mechanism

Endocardial myocytes do not contain Tn. As previously discussed in cases of peri-
carditis, it has been hypothesized that serum Tn elevations in endocarditis occur due to
inflammation of the surrounding myocardial tissue [80].

5.4.3. Prognostic Implications

In a meta-analysis of nine observational studies, conventional and hs-Tn elevation in
endocarditis was associated with a significantly increased risk of in-hospital mortality and
the need for surgery or valve replacement [86]. Additionally, patients with Tn elevation
experienced significantly higher rates of cardiac abscesses and ischemic or hemorrhagic
cerebral events [86]. However, it is important to consider that the findings of this meta-
analysis could have been confounded by the relationship between Tn release and greater
degrees of acute illness, as the constituent studies did not systematically account for
the presence of cardiogenic shock, severe HF, or other comorbidities that could affect
the prognosis.

5.5. Hypertensive Emergency
5.5.1. Epidemiology

Elevations in Tn are frequently encountered in patients with a hypertensive emergency.
One study of 467 patients presenting to the emergency department with hypertensive
urgency or emergency found detectable Tn using conventional assays in 35% of patients.
However, myocardial injury, as defined by elevation above the 99th URL, occurred in fewer
than half of this subset of patients, and even fewer patients experienced dynamic changes
in troponin values suggestive of an acute process [87]. On the other hand, the prevalence
of Tn elevation may be higher in the inpatient setting. A prospective study of 205 adults
admitted for hypertensive emergencies at a single center found that 49.8% had elevated
conventional TnI. However, those with elevated troponins also had markedly higher serum
creatinine values (0.89 mg/dL vs. 2.07 mg/dL, p < 0.001), making decreased renal function
a possible confounding factor in this study [88].

5.5.2. Hypothesized Mechanism

The mechanisms of Tn release in a hypertensive emergency are incompletely under-
stood and often confounded by comorbidities such as HF or chronic kidney disease [87,88].
The precise mechanism of Tn release likely varies due to the diversity of pathophysiologic
conditions that fulfill the criteria for a diagnosis of a hypertensive emergency. For instance,
in patients experiencing hypertension-related cardiac manifestations such as an ACS or
type 2 MI, elevations in serum Tn may be the direct result of endomyocardial necrosis [89].
In the setting of HF, a common end-organ manifestation of a hypertensive emergency,
increased intraventricular pressures and resultant rises in wall stress are known to lead to
the release of Tn, even in the absence of coronary disease [57,62]. Hypertension-induced
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endothelial dysfunction may play a role, as it has been hypothesized to cause Tn release
through various proinflammatory, thrombotic, and ischemic downstream effects [90,91].
Although our understanding of the cause of endothelial dysfunction during episodes of
severe hypotension is limited, it may be partially mediated by increased renin–angiotensin–
aldosterone (RAAS) system activity [89,92].

5.5.3. Prognostic Implications

In multiple studies, elevations of both conventional and hs-TnI have been found to be
associated with worse outcomes, including higher rates of pulmonary edema, intubation,
and mortality [88,93,94]. Patients with higher hs-TnI levels were observed to have higher
initial presenting SBP, more abnormal laboratory findings (including creatinine, BNP, D-
dimer, and hemoglobin), and higher rates of admission, revisit, and readmission [93]. In a
prospective study of 918 consecutive patients who presented to the emergency department
with a hypertensive emergency and without ACS, elevated hs-TnI was found to have a
strong association with mortality independent of age, sex, comorbidity burden, and clinical
markers of adverse physiology [94]. In a retrospective analysis of 171 patients presenting
to the ED with a hypertensive emergency or urgency, higher conventional TnI levels were
also found to be associated with a substantially increased risk of major adverse cardiac and
cerebrovascular events (hazard ratio = 2.77, p < 0.001) [95].

5.6. Acute Aortic Syndromes
5.6.1. Epidemiology

In a meta-analysis of four studies and 496 patients with acute aortic dissection (AAD),
predominantly type A, elevated Tn measured by conventional assays was present in
26.8% of patients with AAD and ranged between 23% and 33% in individual studies [96].
Meanwhile, in a study that made use of hs-Tn assays, elevated hs-TnT was seen in 61.2% of
patients who presented with type A aortic dissection [97].

5.6.2. Hypothesized Mechanism

The aortic wall contains the calcium-binding protein calponin but not Tn [98,99],
suggesting that the mechanism of Tn release in AAD is likely multifactorial and may
include coronary artery obstruction, acute LV pressure overload, and shock. A study of
398 patients with AAD found that the presence of Tn elevation (both conventional and
hs-Tn) during AAD was frequently associated with ACS-like ECG abnormalities, with 13%
of patients with abnormal Tn presenting with classic ST elevation [100]. Among 10 patients
who underwent transesophageal echocardiograms, 4 had an anatomic obstruction of at
least one coronary artery due to coronary dissection or diastolic apposition of the flap to the
ostium, illustrating at least one mechanism of myocardial ischemia and likely consequent
Tn release [100].

5.6.3. Prognostic Implications

The association of elevated Tn with mortality in aortic dissection is unclear. In the
aforementioned study, the combination of Tn elevation and ACS-like ECG findings was
associated with a two-fold increased risk of in-hospital diagnostic delay and a significantly
increased risk of the composite endpoint of coronary angiography, antithrombotic therapy,
or in-hospital diagnostic delay. Nevertheless, the in-hospital diagnostic delay did not
influence mortality [100]. In contrast, a meta-analysis of five studies and 711 patients and
a study of 103 patients with type-A AAD showed an association between Tn elevation
(conventional or hs-Tn) and short-term mortality [96,97].

5.7. Stress (Takotsubo) Cardiomyopathy
5.7.1. Epidemiology

Most patients with stress (takotsubo) cardiomyopathy have a modest rise in Tn [101,102].
In a study of 59 patients with stress cardiomyopathy, 95% of patients had elevations in conven-
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tional TnT [103]. Patients with stress cardiomyopathy can have chest pain similar to ischemic
chest pain and ST-segment and T-wave changes on ECG, which can make the condition
difficult to differentiate from ACS. However, the magnitude of the increase in serum Tn is not
as pronounced as that observed in ACS. For example, in a study of 136 patients with stress
cardiomyopathy using conventional Tn, median TnT was 3.88 ng/mL in patients with left
anterior descending artery occlusions and 0.64 ng/mL in patients with stress cardiomyopa-
thy [103]. In another study of 41 patients with ACS and 51 patients with suspected stress
cardiomyopathy, median hs-TnT was 564.3 pg/mL in patients with ACS and 162.0 pg/mL in
patients with stress cardiomyopathy [104].

5.7.2. Hypothesized Mechanism

The pathophysiology of Tn release in stress cardiomyopathy is not well understood.
Proposed mechanisms include catecholamine-induced myocardial stunning, coronary
vasospasm-induced ischemia, and focal myocarditis [105]. It is well known that stress car-
diomyopathy is mediated by supraphysiologic levels of plasma catecholamines and stress-
related neuropeptides [106]. The apical myocardium may have increased responsiveness to
sympathetic stimulation, while there is a relative sparing of the basal segments. An alterna-
tive hypothesis is ischemia-mediated stunning due to coronary vasospasm. Microvascular
dysfunction is present in at least two-thirds of patients at the time of presentation, and its
severity correlates with the magnitude of Tn elevation and ECG abnormalities [107]. Others
have noted that the degree of Tn elevation in stress cardiomyopathy is disproportionately
low compared to the large territory of dysfunctional myocardium on echocardiography,
suggesting that mechanisms other than myocyte necrosis are involved in Tn release [102].
This hypothesis is supported by the absence of late gadolinium enhancement on cardiac
MRI both during the acute phase and on follow-up imaging, in contradistinction to ischemia
or myocarditis [102].

5.7.3. Prognostic Implications

Studies have shown that Tn elevation in stress cardiomyopathy has an independent
association with long-term adverse outcomes, including increased mortality [108,109].
Additionally, in a study of 1750 patients with stress cardiomyopathy, elevations in a com-
bination of conventional TnI, conventional TnT, and hs-TnT more than 10 times the 99%
percentile URL were significantly associated with an increase in the composite endpoint of
in-hospital complications, which included catecholamine use, cardiogenic shock, invasive
or noninvasive ventilation, cardiopulmonary resuscitation, and death [110].

5.8. Amyloidosis
5.8.1. Epidemiology

Persistently elevated Tn levels are frequently found in amyloidosis, including both pri-
mary/light chain (AL) and transthyretin (TTR) amyloidosis. In a study of 117 patients with
cardiac amyloidosis, 64.1% had detectable conventional TnI, defined as ≥0.06 ng/mL [111].
In another study of 102 patients with cardiac amyloidosis, 88.23% had an elevated hs-
TnT of >14 ng/L, with the lower limit of detection being 1 ng/L [112]. In another study
comparing 96 patients with cardiac amyloidosis (AL, wild-type TTR, and mutant TTR amy-
loidosis) and 91 patients with non-amyloid causes of cardiac hypertrophy, hs-TnT levels
were significantly higher in the cardiac amyloidosis group than in the other hypertrophy
group [113].

The degree of elevation may also relate to organ involvement. In a study of 163 patients
with AL amyloidosis, hs-TnT was highest in patients with apparent cardiac involvement,
followed by patients with suspected cardiac involvement, followed by patients with no
apparent cardiac involvement. However, even in AL amyloidosis patients with no apparent
cardiac involvement, median hs-TnT levels were above the 99th percentile, underscoring
the high prevalence of elevated Tn in amyloidosis [114].
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5.8.2. Hypothesized Mechanism

The mechanism of Tn release in patients with cardiac amyloidosis is thought to be mul-
tifactorial. Proposed mechanisms include microvascular ischemia due to luminal stenosis
and extrinsic compression of microvasculature in the setting of amyloid deposits [115,116].
In a study of 96 patients with cardiac amyloidosis, 66% had obstructive coronary amyloido-
sis, and microscopic changes of myocardial ischemia were more common in patients with
intramural coronary amyloidosis [116]. Additionally, amyloid protein and its precursor
can have direct proinflammatory or toxic effects that can lead to myocardial cell damage,
membrane leakage, and Tn release [117,118]. Finally, increased LV filling pressure and wall
stress due to diastolic dysfunction in amyloidosis likely also contribute to Tn release, which
has been demonstrated in multiple studies [56,63,64].

5.8.3. Prognostic Implications

The degree of Tn elevation in amyloidosis may be associated with higher mortality.
Using conventional assays, a study of 98 patients with AL amyloidosis undergoing pe-
ripheral blood stem cell transplantation found that elevations in TnI, but not TnT, were
associated with poorer survival in the 90 days post-transplant [119]. Using hs-Tn assays, a
study of 163 patients with AL amyloidosis found that hs-TnT > 50 ng/L was associated
with poorer survival but that the survival of patients with hs-TnT of 14–50 ng/L did not
differ from that of patients with hs-TnT of 3–14 ng/L. The association between hs-TnT and
mortality persisted after the exclusion of patients with impaired renal function [114].

5.9. Heart Transplant
5.9.1. Epidemiology

Tn elevation occurs in virtually all patients in the post-heart transplant period. In
one study of 110 patients who received a heart transplant, all patients had elevated con-
ventional TnI levels during the first month after transplant, and in 51% of patients, TnI
remained persistently elevated after 12 months [120]. More recently, in a study of 170 cardiac
transplant recipients who underwent hs-TnI measurement serially 10–12 times within the
first year after transplant, detectable hs-TnI levels were found in all samples, and 82% of the
samples had hs-TnI levels above the normal range [121].

5.9.2. Hypothesized Mechanism

In the immediate post-transplant period, myocytes are commonly subject to ischemic
injury and reperfusion injury, leading to coagulative myocyte necrosis [120]. However,
many patients have persistent cardiac Tn elevation lasting over a month. However, because
the half-life of TnT is 2 h, the persistence of Tn elevation suggests the existence of processes
other than perioperative ischemic damage, such as host immunity against the transplanted
heart, that continue to injure myocytes [122].

5.9.3. Prognostic Implications

Post-transplant Tn levels have been shown to be associated with short-term and long-
term mortality. In a study of 212 heart transplant recipients, elevations in hs-TnT measured
48 h postoperatively were associated with increased all-cause mortality at 1 year [123]. In
another study of 156 heart transplant recipients, elevations in hs-TnI measured a median of
10 months post-transplant were associated with increased long-term all-cause mortality at
a median follow-up of 10 years [124].

The role of post-transplant Tn levels in assessing the presence of cardiac transplant
rejection is less clear. In a recent meta-analysis of 27 studies with 1684 heart transplant
recipients, patients with acute rejection had a statistically significant late elevation in
Tn measurements taken at least 1 month postoperatively (the analysis included both
conventional and hs-Tn assays and both TnI and TnT assays) [125]. However, the pooled
diagnostic accuracy was poor, with a sensitivity of 41% and specificity of 76%, suggesting
that Tn is insufficient for use as a stand-alone diagnostic tool. In a study of 110 heart
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transplant recipients, the presence of persistent conventional TnI elevation measured at
12 months was associated with the presence of fibrin deposits in the microvasculature and
cardiomyocytes [120]. Patients with persistently elevated levels of conventional TnI had an
increased risk for the development of CAD and graft failure [121]. In the aforementioned
recent study of 170 patients who underwent routine surveillance endomyocardial biopsy,
there was no association between hs-TnI and the presence of acute cellular rejection on
endomyocardial biopsy [121]. Taken together, the current literature suggests that Tn
elevation has limited reliability as a criterion for assessing transplant rejection.

5.10. Cardiac Procedures (e.g., Ablation, Cardioversion)
5.10.1. Epidemiology

Unsurprisingly, Tn elevation has been seen in the majority of patients undergoing
cardiac ablation. In a study of 60 patients undergoing radiofrequency (RF) ablation by
pulmonary vein isolation for AF who had no underlying structural heart disease and
baseline normal conventional TnT, all patients were found to have increased post-procedure
Tn, with all measurements exceeding the diagnostic threshold for MI [126]. In a study
of 51 patients undergoing RF ablation for different indications using conventional TnI
assays, the lowest release of TnI was found in ablation for atrioventricular nodal reentrant
tachycardia, and the highest release of TnI was found in ablation for AF or AFL [127]. In
another study of patients undergoing ablation for ventricular tachycardia (VT) (19 patients)
and AF (24 patients), the release of hs-TnT was seen in both groups but reached higher
values in VT, though levels equalized after 24 h [128].

Surprisingly, Tn elevation in elective external cardioversion is less common. Many
older studies found no significant increase in conventional Tn levels after cardioversion,
and in the few patients who had a Tn increase post-cardioversion, the increase was usually
mild [129–133]. More recently, a study of hs-TnT in 120 patients who underwent elective
external cardioversion for AF or AFL [134] and a study of hs-TnI in 171 patients who under-
went elective external cardioversion for AF [135] found that although Tn was detectable in
most patients using an hs-Tn assay, it was within the normal range (under 99th percentile),
and there was no significant difference between pre- and post-cardioversion hs-TnT.

5.10.2. Hypothesized Mechanism

It is hypothesized that RF catheter ablation creates a small area of localized necrosis,
causing Tn release through direct myocardial damage from the procedure itself [127]. Since
external cardioversion is not associated with Tn elevation, no mechanism is provided.

5.10.3. Prognostic Implications

In a study of patients who underwent AF ablation, the degree of conventional TnT
elevation was not related to the number of RF lesions, RF time, procedure time, or associated
external cardioversion [126]. Interestingly, the degree of Tn elevation after RF catheter
ablation is associated with favorable outcomes, greater reversal of structural remodeling, a
lower likelihood of the need for repeat RF ablation, and an increased reduction in the left
atrial volume index at 6 months. These findings may be due to elevated TnT being reflective
of the successful ablation of the offending arrhythmia-inducing cardiomyocytes [136]. On
the other hand, the less common, mild elevation in Tn after cardioversion has not been
shown to have any prognostic significance, with no association between hs-TnI levels and
AF recurrence after cardioversion [135].

5.11. Pulmonary Embolism
5.11.1. Epidemiology

Pulmonary embolism (PE) has been reported to be the most common non-cardiac
cause of increased Tn [137], with an estimated 10–50% of patients with PE presenting
with elevated conventional Tn [138,139]. Studies investigating the release kinetics of
conventional TnT have shown that peak TnT in PE tends to be lower and persists for a
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shorter time compared to ACS [140]. Using hs-Tn assays, one study of 834 patients with
hemodynamically stable PE found the prevalence of hs-TnI to be 31.7% [141], and another
study of 4611 patients with PE found the prevalence of hs-TnT to be 76.5% (though this
study did not exclude patients with preexisting cardiac conditions) [142].

5.11.2. Hypothesized Mechanism

The mechanism of Tn elevation in PE is thought to be related to acute right ventricular
(RV) strain and myocardial ischemia secondary to an increase in pulmonary artery resis-
tance [143,144]. This elevation is typically modest, but it typically reflects the amount of
myocardium injured by ischemia [138].

5.11.3. Prognostic Implications

Conventional Tn elevations in PE are associated with an increased risk of a complicated
in-hospital course, including prolonged hypotension, cardiogenic shock, the need for
resuscitation, and death [139–142,145–148]. In a meta-analysis of 20 studies of acute PE,
patients with elevated conventional TnT or TnI had a 5-fold increase in mortality compared
to patients without elevated Tn (19.7% vs. 3.7%) [147]. Additionally, RV dysfunction
increases the risk for adverse clinical outcomes in all patients, but this risk is 10-fold higher
in the presence of elevated conventional TnT (>0.4 ng/mL). Some have suggested that this
increased risk may warrant more aggressive treatment approaches, such as thrombolysis or
embolectomy, in patients with PE and elevated TnT [149]. Using hs-Tn assays, hsTnT has
been found to be associated with both short-term and long-term mortality [142], though
studies show mixed results on the prognostic effects of elevated hsTnI [141,150].

5.12. Pulmonary Hypertension
5.12.1. Epidemiology

Tn elevations can be found in patients with pulmonary hypertension (PH). In a cohort
study of 55 patients with mixed classes of PH, elevated Tn was seen in approximately 27%
and 90% of patients using hs-TnT and hs-TnI assays, respectively, and in 27% and 11% of
patients using fourth-generation TnT and TnI assays, respectively [151].

5.12.2. Hypothesized Mechanism

Tn elevation in PH is likely secondary to RV injury. Elevated pulmonary vascular
resistance leads to increased RV tension, which may cause RV injury and ischemia [152].
In fact, right chamber dilation was more common in patients with PH and detectable
conventional Tn levels. Furthermore, correlations between conventional TnI and C-reactive
protein (CRP) have been reported, suggesting a possible inflammatory component in TnI
elevation [152].

5.12.3. Prognostic Implications

Elevated Tn in PH is associated with adverse outcomes. Specifically, in a cohort
study of 68 patients with group 1 PH, patients with detectable conventional TnI had worse
functional class, lower 6 min walking distance, more evidence of right heart strain on an
echocardiogram, higher levels of BNP, and worse lung-transplant-free survival compared
to patients with undetectable TnI [153]. Similar findings were seen in studies evaluating
conventional TnT and hs-TnT in patients with mixed classes of PH. Specifically, patients
with detectable conventional TnT or hs-TnT had higher heart rates, higher BNP levels,
shorter 6 min walk tests, more right heart strain, and worse 2-year cumulative survival
(29% vs. 81%) [151,152]. In a meta-analysis of eight studies with 739 patients, elevated
conventional Tn in general conferred a higher mortality risk, with TnI predicting mortality
better than TnT [154].
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6. Non-Cardiovascular Etiologies of Troponin Elevation

Although Tn is commonly elevated in ACS and cardiac disorders, it can also be
elevated due to non-cardiac etiologies, including pulmonary, renal, neurologic, muscu-
loskeletal, oncologic, and gastrointestinal causes, as well as acute illness and trauma
(Figure 4). The pathophysiology of elevated Tn due to non-cardiac causes is not completely
clear in some cases, but elevated Tn correlates closely with a poor prognosis in most of
these conditions, which should be considered in the differential diagnosis of patients with
elevated Tn and no clear cardiac cause [155]. The possibility of ACS should be considered
alongside non-ACS causes of myocardial injury in each of the conditions below, using
clinical judgment based on findings from the history, physical exam, ECG, and imaging
data, such as an echocardiogram.
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6.1. Acute Respiratory Distress Syndrome
6.1.1. Epidemiology

The prevalence of Tn elevation is high in acute respiratory distress syndrome (ARDS).
In a study of the Fluids and Catheters Treatment Trial (FACTT) and the Assessment of
Low tidal Volume and elevated End-expiratory volume to Obviate Lung Injury (ALVEOLI)
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trial, which together enrolled 1057 patients with ARDS without signs or symptoms of acute
cardiac ischemia, 94% of ARDS patients had detectable hs-TnI levels, and 56% had hs-TnI
levels above the 99th percentile of a healthy reference population [156].

6.1.2. Hypothesized Mechanism

In the aforementioned study, the mechanism of Tn elevation in ARDS was surmised
to include myocyte necrosis in the setting of critical illness and/or cellular changes in
myocytes without necrosis, including increased myocyte permeability, cell membrane
changes, and the cellular release of Tn degradation products [156]. It should be noted that
in both the FACTT and ALVEOLI trials, patients were excluded from enrollment if they had
signs or symptoms of acute cardiac ischemia. This suggests that the Tn elevation in these
patients with ARDS occurred via myocardial injury rather than myocardial infarction.

6.1.3. Prognostic Implications

Elevated hs-Tn may be associated with increased morbidity and mortality in ARDS
patients [157]. In the study of the FACTT and ALVEOLI trials, increased hs-Tn levels in
ARDS were also associated with markers of other organ dysfunction, such as elevated
serum creatinine, the Sequential Organ Failure Assessment (SOFA) score, ventilation
indices like pH and pCO2, vital signs such as heart rate and body temperature, and
abnormal findings on echocardiography including tricuspid regurgitation and regional
wall motion abnormalities. However, after adjusting for clinical factors like the SOFA
score, heart rate, and vasopressor use, hs-Tn was no longer independently associated with
mortality, suggesting that the degree of Tn elevation may simply be a reflection of the
underlying stressors of critical illness rather than an active player in the pathogenesis of
deterioration [156].

6.2. Chronic Obstructive Pulmonary Disease
6.2.1. Epidemiology

Tn elevation is common in chronic obstructive pulmonary disease (COPD). Patients
with COPD tend to have modestly higher hs-Tn levels at baseline (hs-TnT of 7.75 ng/L)
compared to patients without COPD (3.01 ng/L). Additionally, hs-TnT levels tend to be
higher in acute COPD exacerbations compared to stable disease, and hs-TnT levels are
higher with increasing classes of COPD [158].

6.2.2. Hypothesized Mechanism

Elevated Tn levels in COPD may be a result of hypoxemic pulmonary vasoconstriction,
which leads to elevated pulmonary pressure and, consequently, increased RV stretch, strain,
and possible myocardial necrosis. This dysfunction is similar to the pathophysiology that
occurs secondary to PE [159,160].

6.2.3. Prognostic Implications

Elevated hs-Tn is associated with increased mortality in patients with COPD. In a
study of 2741 patients with COPD, elevated hs-TnI levels were an independent prognostic
factor for mortality after discharge, regardless of the data analysis methodology and general
cardiovascular risk [160]. A cohort study of 1599 patients with COPD further demonstrated
a positive association between hs-TnI levels and the risk of cardiovascular events and
death [161]. Furthermore, a cohort study of 99 patients hospitalized for COPD exacerbation
showed that this association was modified by the heart rate at admission, with a stronger
association demonstrated between mortality and hs-TnT in patients with tachycardia [162].

6.3. Chronic Kidney Disease and End-Stage Kidney Disease
6.3.1. Epidemiology

Persistently elevated Tn is common in patients with end-stage kidney disease (ESKD),
even when there is no suspected myocardial ischemia. The prevalence of Tn elevations in
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ESKD depends on the Tn assay used. For example, in patients with ESKD and no clinical
or reported evidence of cardiovascular disease, conventional TnT elevations can be found
in up to 53% of patients, and hs-TnT may be detectable in up to 81–99% of patients, while
conventional TnI and hs-TnI elevations are less common, found is as few as 6% and 34% of
patients, respectively [163–166].

6.3.2. Hypothesized Mechanism

Both increased cardiac release and decreased clearance have been implicated as possi-
ble mechanisms for increased Tn in ESKD. A study examining the clearance of conventional
TnT in rats and humans found that at high concentrations of TnT (e.g., as occurs after a
large MI), the extrarenal clearance of TnT dominates, while at low concentrations of TnT
(e.g., in patients with chronic kidney disease [CKD]), renal clearance also contributes to
TnT clearance [167]. In addition, increased cardiac release of Tn may occur due to cardiac
abnormalities resulting from ESKD, such as increased ventricular pressures, small-vessel
coronary obstruction, anemia, hypotension, and direct toxic effects on the myocardium
from uremia [1].

6.3.3. Prognostic Implications

Because increased Tn is likely reflective of myocardial injury, it can be an important
prognostic indicator. Several early studies, including a meta-analysis of 28 studies and a ret-
rospective study of 733 ESKD patients, showed that elevated conventional TnT (≥0.1 µg/L)
is associated with increased cardiovascular and all-cause mortality [168,169]. Similarly,
several studies have shown that elevated hs-TnT and hs-TnI are associated with increased
risk for long-term major adverse cardiovascular events (MACE), and hs-TnT is associated
with increased mortality [170–172].

Diagnosing acute MI in patients with CKD and ESKD can be challenging due to the
persistently elevated nature of Tn in these patients. Studies have found that static cutoffs
for hs-TnI and hs-TnT have low specificity in detecting NSTEMI in CKD and ESKD patients,
in whom Tn can be chronically elevated even without acute myocardial injury. Instead,
serial Tn measurements can be used in these patients for higher diagnostic accuracy of
acute MI, and changes in ECG or imaging and clinical judgment must be considered for
diagnosis. It is important to remember that a lack of increase in serial Tn levels may make
acute MI less likely but does not indicate the absence of baseline CAD, as renal dysfunction
and CAD are correlated [5,173].

6.4. Acute Kidney Injury
6.4.1. Epidemiology

Elevated Tn may be seen in patients with acute kidney injury (AKI) alone, without
other conditions known to cause elevated Tn. In a cohort study of 19 patients with AKI
(excluding patients with concomitant multi-organ failure, acute MI, myocarditis, peri-
carditis, infiltrative cardiac disease, arrhythmia, PE, congestive HF, and sepsis), elevated
conventional TnT and TnI were found in 30% of patients. These elevations were more
common in certain scenarios, including older age, a history of ischemic heart disease, and
abnormal ECG [174].

6.4.2. Hypothesized Mechanism

Tn elevation in patients with AKI but no cardiac disease may be due to the decreased
renal clearance of normally released Tn [174,175]. In patients with comorbid conditions, it
is likely that factors that precipitate AKI also precipitate myocardial injury, leading to Tn
release. Of note, kidney function decreases during AKI and increases during the recovery
phase, leading to a rise-and-fall pattern in Tn that may mimic acute MI [176].
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6.4.3. Prognostic Implications

The significance of elevated Tn in AKI without confounding comorbidities is not
well studied.

6.5. Stroke
6.5.1. Epidemiology

Tn elevations may be seen in all types of stroke, including ischemic stroke and intrac-
erebral or subarachnoid hemorrhage. Tn elevations are found in 30–60% of patients with
acute ischemic stroke (hs-Tn) [177–180], 11–52% of patients with subarachnoid hemorrhage
(conventional Tn) [181,182], and 41% of intracerebral hemorrhages (conventional TnI) [183].
Several comorbidities increase the risk of hs-TnT elevation after stroke, including older age,
structural or coronary heart disease, and impaired renal function [179,184,185].

6.5.2. Hypothesized Mechanism

It is thought that Tn elevations in stroke are a result of the activation of the sympathoa-
drenal system and increased catecholamine release, which can lead to direct myocardial
toxicity, demand ischemia, LV dysfunction, arrhythmias, possible plaque instability causing
MI, and neurogenic sudden cardiac death [177,186–188].

6.5.3. Prognostic Implications

Elevations in Tn increase the risk of adverse outcomes after stroke. In ischemic
stroke, hsTnT and TnI elevations are associated with s decline in cognitive function and
an increased risk of cardiac complications, including reduced LV function, arrhythmias,
and MACE [178,186,189,190]. In subarachnoid hemorrhage, several meta-analyses showed
that conventional Tn elevations were associated with increased mortality, more delayed
cerebral ischemia, and worse neurologic status [181,182,187]. Adverse outcomes of Tn
elevations in intracerebral hemorrhage are not as well studied but may be associated with
worse functional status and increased mortality [191,192].

6.6. Sepsis and Septic Shock
6.6.1. Epidemiology

Tn elevations are common in critically ill patients, including patients with sepsis and
septic shock. It is estimated that 31–80% of patients with systemic inflammatory response
syndrome (SIRS; the study was conducted prior to the phasing out of the SIRS definition),
sepsis, or septic shock have elevated conventional TnT and TnI levels [193]. Using hs-Tn
assays, one study found elevated hs-TnI in 60% of patients (excluding patients with other
apparent causes of Tn elevation) [194], and another found hs-TnI elevations in 47% of
patients (excluding post-cardiac arrest patients) [195].

6.6.2. Hypothesized Mechanism

The mechanism of Tn elevation in sepsis and septic shock in the absence of ACS is not
fully understood but may be related to a myocardial oxygen demand–supply mismatch,
microvascular dysfunction, increased myocardial cell membrane permeability, and the
presence of myocardial depressive factors like inflammatory mediators [193].

6.6.3. Prognostic Implications

Tn elevations in sepsis and septic shock are associated with an increased risk of cardio-
vascular complications, even in patients without preexisting cardiovascular disease. In a
retrospective study of over 14,000 patients with sepsis and no CAD, elevated conventional
TnI was found to be associated with an increased risk for the development of atheroscle-
rotic cardiovascular disease, atrial fibrillation, and HF [196]. Furthermore, several studies
have found associations between elevated Tn (conventional Tn and hs-TnI) in sepsis and
mortality [194,197,198].
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6.7. Extreme Exercise
6.7.1. Epidemiology

Exercise-induced Tn elevation is a known phenomenon. For example, in a systematic
review of 16 studies (936 participants), 0.6% of participants had detectable conventional
Tn prior to running a marathon, while 62% of post-marathon participants were found
to have detectable Tn, and 15% were found to have Tn above the myocardial necrosis
threshold [199]. Two recent studies using hs-TnT and hs-TnI found that all marathon
runners had detectable levels after a race [200,201].

6.7.2. Hypothesized Mechanism

A proposed etiology for the Tn increase in exercise is increased myocyte cell membrane
permeability, likely due to transient wounding of the sarcolemma or stress-mediated
integrin-stimulated Tn release [202].

6.7.3. Prognostic Implications

The clinical relevance of Tn elevation after exercise is not clear [203]. Many studies
have found no association between elevated post-exercise Tn (in both healthy patients and
patients with angina) and an increased risk of adverse outcomes [204–207]. One recent
study found an association between detectable conventional Tn after long-distance walking
and an increased risk of long-term MACE, although the sample consisted of middle-aged
adults, making the findings inapplicable to younger athletes [208]. Because of the unclear
significance of elevated Tn after exercise, it is suggested that patients seeking care after
exercise who are found to have elevated Tn be evaluated for ACS using the standard
protocol [202].

6.8. Blunt Chest Trauma
6.8.1. Epidemiology

The reported incidence of cardiac injury following blunt chest trauma is variable,
largely due to a lack of standardized diagnostic criteria. Therefore, Tn elevations are also
variable based on the classification of the trauma. Using conventional Tn assays, various
studies have found detectable levels of TnI in 44–50% and elevated levels of TnI and/or
TnT in 23–43% of patients with blunt chest trauma [209,210]. Using high-sensitivity assays,
a study of 82 patients with blunt chest trauma found detectable levels of hs-TnT in 34%
and elevated levels in 66% of patients [211].

6.8.2. Hypothesized Mechanism

Six potential mechanisms have been suggested for blunt cardiac injury: direct (the most
common), indirect, bidirectional, deceleration, blast, crush, concussive, or combined [212].
The most common cardiac injuries from blunt trauma resulting in death are due to trans-
mural cardiac chamber rupture, venous–atrial confluence tears, or coronary artery tears or
dissection [213].

Direct trauma and damage to cardiac structures can result in the loss of integrity of
cardiac myocytes, resulting in Tn release. Tn release may also happen more indirectly
through increases in intracardiac pressure. Indirect increases in cardiac preload from
the abdominal or extremity veins cause a sharp increase in intracardiac pressure and
subsequent myocardial injury. This type of injury is most likely at the end of diastole,
when the ventricles are already maximally dilated [214]. This suggests that an increase
in intracardiac pressure through these multiple mechanisms is another etiology of Tn
release, which is consistent with multiple studies showing that Tn release is associated with
increased wall stress and myocyte stretch [63–65].

Furthermore, sequelae of trauma, including shock, hypoxia, thermal injury, and sepsis,
can contribute to Tn release [215]. In fact, in a large series of 1081 patients, the degree of
TnI elevation was more strongly related to the degree of overall injury and physiological
stress than to mechanical chest trauma itself [216].
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6.8.3. Prognostic Implications

Higher Tn levels are associated with significantly higher injury severity scores, the
need for pressors, and mortality [216,217]. Multiple studies have shown that in patients
with normal ECG findings and serial measurements of conventional TnI within the ref-
erence interval, there was no development of significant blunt thoracic trauma (defined
as cardiogenic shock, arrhythmias requiring treatment, structural cardiac abnormalities
directly related to the cardiac trauma) [209,210]. In one study of 115 patients with blunt
chest trauma, ECG and conventional TnI had positive predictive values of 28% and 48% and
negative predictive values of 95% and 93%, respectively, for significant blunt cardiac injury.
However, when both tests were concordant (both abnormal or both normal), the positive
and negative predictive values increased to 62% and 100%, respectively [209]. Using hs-Tn
assays, elevated hs-TnT is associated with higher in-hospital mortality, a higher number of
ventilator days, and lower Glasgow Outcome Scale scores on discharge [211]. Therefore, in
the absence of other injuries or hemodynamic instability, patients with normal ECG and Tn
can be discharged, whereas increased Tn may serve to identify patients at increased risk
of mortality.

6.9. Rhabdomyolysis
6.9.1. Epidemiology

Patients presenting with rhabdomyolysis may have elevated conventional TnI levels
in 11–30% of cases [218–220]. In one study using hs-Tn assays, hsTnT and hsTnI levels
were elevated in 63.5% and 41.6% of patients with rhabdomyolysis, respectively (although
this study did not exclude patients with preexisting cardiac disease) [221].

6.9.2. Hypothesized Mechanism

In patients without ACS, the etiology of Tn elevation in rhabdomyolysis is unclear.
Proposed mechanisms include direct injury from free radicals, acidemia, or cytokines;
hypotension; and myocardial stretch from aggressive fluid resuscitation [219]. Others
propose that these are false-positive elevations that may represent minor cardiac injury or
cross-reactivity with skeletal forms of Tn [218].

6.9.3. Prognostic Implications

Studies on the risks of elevated conventional Tn in rhabdomyolysis show mixed
results regarding the increased risk of mortality, although a large study of 404,369 patients
with rhabdomyolysis showed an increased risk of mortality and a higher hospital cost in
patients with elevated Tn [219,222]. Treatment with fluid resuscitation has been found to
reduce measured serum Tn levels to baseline, but patients at risk for CAD should undergo
evaluation after the resolution of rhabdomyolysis [155,221].

6.10. Skeletal Myopathy
6.10.1. Epidemiology

Many patients with hereditary or acquired skeletal myopathy have elevated Tn on
testing. In two studies of patients with various types of skeletal myopathy and no known
cardiac disease, elevations in hs-TnT were common (68% and 69%) [223,224]. On the other
hand, the percentage of hs-TnI elevation is less common and tends to be similar to that of
the general population [223,225].

6.10.2. Hypothesized Mechanism

Discussion is still ongoing regarding the etiology of elevated Tn in myopathy. Some
suggest that cardiac Tn is re-expressed in skeletal muscles after injury and is released into
the bloodstream, while others posit that skeletal TnT can cross-react with cardiac TnT
and lead to false-positive Tn elevation [223,226]. In skeletal myopathies without cardiac
involvement, the source of elevated TnT is skeletal rather than cardiac and is therefore
less likely to be indicative of cardiac involvement in the absence of a change in serial
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Tn measurements [223,227]. On the other hand, isoforms of skeletal and cardiac TnI are
unique, and TnI is rarely elevated in patients with skeletal myopathy and no known cardiac
disease. Therefore, TnI elevations are typically seen in myopathies that tend to have cardiac
involvement and can reflect myocardial fibrosis, myocardial inflammation, and recurrent,
focal microvascular ischemia [223,228].

6.10.3. Prognostic Implications

The prognostic implications of elevated Tn in skeletal myopathy are not well studied.
One study of 142 patients with idiopathic inflammatory myopathy (IIM) found that elevated
levels of hs-TnI in IIM patients were associated with cardiac involvement. On the other
hand, increased levels of TnT were associated with weakness and reduced daily living
function but not cardiac involvement [229].

6.11. Cancer Therapy
6.11.1. Epidemiology

Tn can become elevated in patients receiving various chemotherapy drugs for cancer
treatment, most commonly anthracyclines, trastuzumab, immune checkpoint inhibitors,
and vascular endothelial growth factor (VEGF) inhibitors. In a large early study of patients
receiving chemotherapy, conventional TnI elevations were seen in 30% of patients on
anthracyclines and 14% of patients on trastuzumab [230]. A recent large prospective study
found hs-TnI elevations in 11.2% of patients on immune checkpoint inhibitors [231]. Data
on Tn elevations in patients on VEGF therapy are scarce, despite the known association
between VEGF and LV dysfunction [232].

6.11.2. Hypothesized Mechanism

Tn elevations in patients receiving chemotherapy are often reflective of myocardial
injury, which can occur through direct toxic effects on the myocardium (anthracyclines),
indirect effects that lead to a decline in cardiac function (trastuzumab and VEGF inhibitors),
or inflammatory cell infiltration in the myocardium (checkpoint inhibitors) [232].

6.11.3. Prognostic Implications

Tn assays are an important screening tool for the early assessment of chemotherapy-
related cardiac injury. For example, multiple studies found that hs-TnT and hs-TnI eleva-
tions were predictive of LV dysfunction in patients on anthracyclines and/or
trastuzumab [233–236]. In patients on immune checkpoint inhibitors, elevated conventional
Tn was associated with myocarditis and the risk of MACE, including cardiovascular death,
cardiogenic shock, cardiac arrest, or complete heart block [237]. Because Tn elevations can
be detected prior to echocardiographic changes, the assay can allow clinicians to identify
patients who require cardiotoxicity prevention or treatment and to monitor the response to
therapy in patients who have developed cardiotoxicity [232,238].

6.12. Gastrointestinal Bleed
6.12.1. Epidemiology

Patients presenting with acute gastrointestinal bleeds (GIBs) may have elevations in
Tn, an important finding given that cardiovascular-related deaths account for 30% of deaths
in patients with acute GIB who survive the initial bleeding episode [239]. The prevalence
of conventional TnI elevation in acute GIB is 10–19%, depending on the study. However,
these studies did not control for risk factors and comorbid conditions like chronic kidney
disease and coronary artery disease, which were more likely to be found in the TnI-positive
group [239–241].

6.12.2. Hypothesized Mechanism

The mechanism of Tn elevation in GIB is multifactorial and may include decreased
oxygen supply due to anemia, increased oxygen demand due to tachycardia, and, in
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patients who develop sepsis, cytokine release, leading to increased myocyte permeabil-
ity [241,242]. Another possible mechanism is that patients with elevated hs-TnT may also
have subclinically elevated venous filling pressures, which may increase gastrointestinal
mucosal congestion and subsequently increase the likelihood of GIB. Additionally, since
studies have found associations between hs-TnT and microvascular disease, an increased
incidence of microvascular disease may be contributing to fragile, poorly healing, and
injury-prone vessels in the gastrointestinal tract [243].

6.12.3. Prognostic Implications

In patients admitted for GIB, elevated conventional Tn levels are associated with
higher mortality, though this may be confounded by the higher prevalence of CKD, CAD,
HF, and hypertension in this group [239–241]. In one study that adjusted for GIB severity
and baseline characteristics, elevated Tn was associated with increased long-term mortality
but not increased 30-day mortality [242].

7. Clinical Situations in Which a Normal or Mildly Elevated Abnormal Troponin Is
Not Reassuring

There are several key situations in which clinicians should not be reassured by a
normal or mildly elevated Tn. The first is STEMI, as many patients presenting with STEMI
do not necessarily have a Tn elevation. In a cohort of 14,061 patients who presented to
the emergency department and underwent primary PCI for STEMI, 47.2% had negative
admission conventional Tn [244]. In addition, nearly half of STEMI patients presented
in the initial window between ischemia onset and documented subsequent Tn elevation.
Therefore, a negative Tn might reflect that the patient is presenting in the early hours
of the natural history of STEMI, when the beginnings of ischemia have not yet injured
enough myocardium to result in a level of serum Tn above the limit of normal [245]. This
effect is likely to be significantly attenuated with the use of hs-Tn assays, which feature a
much lower limit of quantification and detection and, as previously mentioned, reduce the
“troponin-blind” time interval.

Second are high-risk patterns, sometimes referred to as STEMI equivalents, on ECG.
These high-risk patterns on ECG can indicate a critical stenosis or occlusion of a coronary
artery and should be evaluated with great vigilance, even if Tn is normal or mildly elevated.
One such pattern is the T waves of Wellen’s syndrome [246,247]. Type 1 Wellen’s syndrome
involves deep symmetric T-wave inversions in at least V2-V3 (though the involvement
of V1-V6, aVL, and I is also possible). Type 2 Wellen’s involves positive-then-negative
biphasic T waves in these leads. In addition, the ECG must show no precordial Q waves to
indicate prior infarct, preserved precordial R-wave progression, and ST segments that are
either isoelectric or less than 1 mm elevated. Another high-risk ECG pattern is De Winter’s
sign, also known as persistent hyperacute T-wave syndrome. ECG will show tall symmetric
T waves and upsloping ST depression > 1 mm deep at the J-point in the precordial leads
V1-V6, especially in V3 [248]. In addition, there will also be an upsloping ST elevation
in AVR ≥ 1 mm. None of the precordial leads should have ST elevation; the precordial
leads should only have an upsloping ST depression. The presence of either of these De
Winter’s signs on ECG has a high likelihood of signifying critical, proximal left anterior
descending or left main artery stenosis, and there should be a low threshold to pursue
coronary angiography regardless of Tn values.

Third is immune-checkpoint-inhibitor-related (ICI) myocarditis, a rare but dangerous
immune-related adverse event caused by ICI therapy. ICIs are therapies that inhibit the
negative regulators of the T-cell immune response, including programmed cell death
protein-1 (PD-1), PD-1 ligand (PD-L1), and cytotoxic T lymphocyte-associated protein-4
(CTLA-4) [249]. Currently approved ICIs include ipilimumab, nivolumab, pembrolizumab,
cemiplimab, atezolizumab, avelumab, and durvalumab. The augmented immune response
resulting from the action of ICI can lead to a range of immune-related toxicities, including
ICI-related myocarditis. In one case series, ICI myocarditis was associated with a MACE
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in nearly half (46%) of patients [250], while a large pharmacovigilance study found the
incidence of fatality in ICI myocarditis to be 50% [251]. Unfortunately, this condition, with
such a high mortality rate, can be difficult to detect. In a recently published case series,
5% of patients with ICI myocarditis had negative hs-Tn values, confounding the diagnosis
of the potentially lethal condition [252]. Although it can occur at any time, most cases
of ICI myocarditis occur early, with a median time to onset of toxicity of 30 days, which
is approximately after the first or second ICI infusion [251]. The receipt of combination
ICI therapy (e.g., a CTLA-4 inhibitor combined with a PD-1 inhibitor) is the most well-
established risk factor for the development of ICI myocarditis, with the combination of
nivolumab and ipilimumab carrying a 4.74-fold risk of myocarditis compared to nivolumab
alone [253]. Therefore, in any patient with an oncologic history, it is imperative to ascertain
whether there has been recent or current use of ICI agents within the last three years and to
maintain a high index of suspicion of the possibility of ICI myocarditis, even if the serum
Tn level is low or normal.

8. Conclusions

The interpretation of serum Tn elevations in the era of high-sensitivity assays requires
a nuanced understanding of a wide array of cardiac and non-cardiac conditions. In this
review, we present a comprehensive survey of the prevalence, hypothesized mechanisms,
and prognostic implications of Tn elevations in cardiac and non-cardiac conditions. As suc-
cessive generations of serum Tn assays increase in sensitivity, there is an even greater need
for comprehensive contextual interpretation, integrating clinical judgment with laboratory
data, to appropriately risk-stratify patients in the diverse landscape of cardiovascular care.
Moreover, recognizing situations where a normal or mildly elevated Tn result may not be
reassuring is crucial in avoiding misdiagnosis.
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