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ABSTRACT

The ECG is crucial in the prehospital (and early inhospital) phase of patients with symptoms suggestive of
myocardial ischemia. Therefore, new algorithms for ECG-based myocardial ischemia detection are continuously
being researched. Development and validation of these algorithms require a database of acute ECGs (from the
prehospital or emergency department setting) including a representative mix of cases (ischemia present) and
controls (no ischemia present). Therefore, for every patient in this mix, the “truth” regarding the actual presence
or absence of myocardial ischemia during the recording of the acute ECG has to be determined to compare the
newly developed algorithm against. This post hoc adjudication process of determining whether an acute (either
prehospitally acquired or acquired in the emergency department) ECG was made under ischemic conditions
should use all available clinical data (the clinical diagnosis, cardiac imaging data, and laboratory values) of the
subsequent patient's admission.

Even with all data at hand, post hoc labeling a patient and their acute ECG as a myocardial ischemia case or
control cannot be forced into a binary division between definite cases and definite controls. More specifically, to
be used for the development of a new algorithm, the patients' ECG has to be scored for the presence or absence of
myocardial ischemia at the exact moment of its recording, which renders the classification even more difficult.
For instance, even though it may be plausible that myocardial ischemia was present at a given moment during
the patient's admission, this is not necessarily proof that the prehospital (or early inhospital) ECG was also made
in ischemic conditions: ischemia can be a fluctuating process (as is, e.g., the case in unstable angina pectoris).
Therefore, post hoc classification of an acute ECG in terms of the absence or presence of ischemia requires a
multipoint scale ranging between definite ischemic to definite non-ischemic, for instance using a 5-point scale
(presumed non-ischemic, probably non-ischemic, uncertain, probably ischemic, presumed ischemic).

To summarize, the post hoc adjudication process of ECGs of ambulance (and emergency department) patients
cannot result in a binary division into definite cases and controls (i.e., patients with or without myocardial
ischemia during the recording of the acute ECG), as myocardial ischemia is often dynamic rather than constant.
ECGs could be labeled on a multi-point scale, in which the label represents the probability of the actual presence
(or absence) of myocardial ischemia at the exact moment of the recording of that ECG. Further development of
algorithms for myocardial ischemia detection should consider this concept.

Introduction

with) cardiac catheterization facilities. However, at the other end of the
spectrum, the vast majority of patients does not have myocardial

When patients present to the emergency medical services (EMS)/
ambulance (prehospital) or at the emergency department (ED, early
inhospital) with symptoms suggestive of myocardial ischemia, e.g.,
chest pain, myocardial ischemia needs to be ruled in or out for accurate
triage and treatment. At one end of the spectrum, occlusion of a large
coronary artery obviously necessitates swift presentation to (a hospital

ischemia [1] and can be transported to another (non-cardiac) depart-
ment, go/stay home, or go to the general practitioner.

In the case of suspected myocardial ischemia, the ECG, being an
objective tool, is routinely used in accordance with guideline recom-
mendations [2-4]. Therefore, new algorithms for ECG-based myocardial
ischemia detection are continuously being explored.
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Developing and validating such a myocardial ischemia detection
algorithm requires a database that contains a representative mix of cases
(ischemia present in the ECG) and controls (no ischemia present). Such a
database consists of acute ECGs made in ambulance (prehospital phase)
or ED (early inhospital phase) patients. To discover myocardial
ischemia-induced ECG changes, these ECG changes have to be compared
to whether or not the patient was actually ischemic during the recording
of that ECG. Therefore, for each patient, and more specifically for each
ECG, the “ground truth” regarding the presence or absence of myocar-
dial ischemia has to be determined (i.e., during that specific time point
of the recording of that ECG). This truth regarding the actual presence of
myocardial ischemia during the recording of the acute ECG can only be
found by retrospectively reviewing each patient with all clinical data of
the subsequent admission of the patient (e.g., if a patient was admitted
and was appointed a myocardial infarction diagnosis, it is presumable
that the earlier acquired acute ECG was made under ischemic
conditions).

However, this post hoc adjudication process can be challenging,
especially if a database representative of the real-life situation is used, i.
e., including more than only the clear-cut cases on the outer edges of the
myocardial ischemia spectrum (e.g., STEMI vs hyperventilation syn-
drome). In this article, we discuss the possibilities and impossibilities of
post hoc adjudication of the acute (either ambulance/prehospital or ED)
ECG in a database that has to facilitate development and testing of new
computer algorithms for myocardial ischemia detection. Additionally,
we provide recommendations and an example on how such a post hoc
myocardial ischemia classification algorithm can be put together, as we
did in earlier research [1].

Approach for a post hoc myocardial ischemia classification
algorithm

Post hoc classification of an patient presenting either at the EMS or at
the ED and their ECG at that moment of first medical contact (the acute
ECG) as ischemic or non-ischemic should use all clinical data that are
collected during the subsequent admission of that patient. We herewith
outline and discuss the usefulness of the most relevant clinical data.
Subsequently, we recommend how these data can be incorporated into
the post hoc adjudication process and how the myocardial ischemia
classification algorithm can be designed. Off note, labeling a patient as
ischemic or non-ischemic is easier than labeling their acute ECG. How-
ever, for the development of a new ECG algorithm, one needs to know
whether that specific ECG was made under ischemic circumstances, not
only whether the patient was ischemic at one point during their
admission. We, therefore, focus on and emphasize labeling the acute
ECGs rather than the patients themselves.

Contribution of clinical data to the post hoc ischemia labeling of acute
ECGs

Clinical diagnosis

In post-hoc labeling of the acute ECG for the presence of myocardial
ischemia, the clinical diagnosis should be the leading factor. The clinical
diagnosis is established by the treating physician during or at the end of
the patient's admission, after initial medical history taking, physical
examination, and reviewing of the subsequently made in-hospital ECG
(s), laboratory results, (cardiac) imaging data, and the clinical course
during admission. Despite inter-physician variability, the clinical diag-
nosis contains the most reliable information for post hoc ischemia la-
beling of the acute ECG. Because it is an expert opinion, the
interpretation by the treating doctor has added value to the other data
that can be retrieved from the medical records. However, since errors
cannot completely be avoided in clinical practice, the plausibility of the
clinical diagnosis should always be checked by an expert panel using all
available clinical data, briefly discussed below.

76

Journal of Electrocardiology 81 (2023) 75-79

ECGs

All ECGs acquired from a patient presenting to the EMS or ED include
valuable information. Especially, serial ECG changes (prehospital-pre-
hospital, prehospital-inhospital and inhospital-inhospital) could retro-
spectively add evidence for the presence of myocardial ischemia [5,6].

Of note, strictly methodologically seen, an independent post hoc
assessment of the presence or absence of myocardial ischemia in the
acute ECG would require that the ECG itself be left out of consideration
and that, ideally, only subsequently recorded inhospital ECGs should be
taken into account. In clinical reality, however, the physician's overall
(ECQG) interpretation will inevitably also be based on all available ECGs,
including the acute ECG.

Additionally, whether or not symptoms were present during the
instant of the recording of the acute ECG could prove helpful in
myocardial ischemia classification by providing additional information
in situations with fluctuating degrees of ischemia (i.e., the patient has
episodes of myocardial ischemia, but it is unknown whether it was
present during the recording of that ECG). Ideally, the patient's pain
score should be digitally entered as a comment and saved together with
the ECG to be incorporated into the myocardial ischemia classification.

Laboratory values

Recent myocardial necrosis can be assessed in blood by measuring
cardiac troponin levels with high sensitivity [2-4]. Moreover, cardiac
troponin levels are objective, often available, and allow for different cut-
off values to be used depending on the clinical diagnosis (e.g., troponin
levels can discriminate between cardiac decompensation with or
without myocardial ischemia). However, myocardial ischemia does not
always induce necrosis, and if it does, it takes time [7,8]; it takes even
more time for troponin proteins to be released in the bloodstream.
Hence, the usefulness of this laboratory value is limited for the purpose
of (acute) myocardial ischemia detection.

Obviously, since the adjudication process is done retrospectively, all
troponin values measured during the patients' admission can be used;
hence it is less important that it takes time for troponins to become
positive. However, cardiac troponin merely tells you that necrosis (and
hence myocardial ischemia) has occurred at some time before, but not at
which point in time exactly (thus, it is unknown whether it was already/
still present during the recording of the acute ECG). Moreover, in the
case of unstable angina pectoris (UAP) there is a by definition a
discrepancy between the presence of myocardial ischemia and the
elevation of troponins [9]. Additionally, troponin levels are often
elevated due to non-coronary or even non-cardiac diseases, e.g., peri-
myocarditis and rhabdomyolysis [10], resulting in possible false
positives.

Renal function affects troponin levels due to impaired excretion,
therefore before troponin levels can be interpreted, they must be cor-
rected for renal function [11,12]. Since different troponin types and
different assays are used in various hospitals [9], we recommend to
adhere to the hospital's protocol for determining the cutoff values for the
presence of cardiac ischemia.

Cardiac imaging

In the myocardial ischemic cascade, wall motion abnormalities
precede ECG changes and even symptoms [7,8] and are therefore a
useful tool for myocardial ischemia detection. However, evaluating a
cardiac ultrasound regarding (new) wall motion abnormalities is diffi-
cult and time consuming and is therefore reserved to be performed and
interpreted by a specialist. The results of a cardiac ultrasound mea-
surement can however aid in checking the diagnosis by discriminating
regional wall abnormalities (myocardial ischemia) from generalized
wall abnormalities (heart failure).

Secondly, as the gold standard for epicardial coronary obstruction,
cardiac catheterization results (in case available) can be used to check
the clinical diagnosis. Unfortunately (in terms of information), but
logically (in terms of medical decision-making), only a small percentage
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of patients presenting with chest pain undergo cardiac catheterization
during the subsequent hospital admission. Moreover, the time delay
between the recording of the prehospital or early inhospital ECG and the
cardiac catheterization could cloud their association. Hence, catheteri-
zation data are only playing a role in a minority of the patients in whom
a post hoc assessment of the absence or presence of ischemia in an acute
ECG is to be made.

Incorporation of clinical data obtained during admission into the
myocardial ischemia classification algorithm

As stated above, the myocardial ischemia classification algorithm for
post hoc adjudication of an ambulance or ED patient and their acute ECG
should, in the first place, rest on the clinical diagnosis as assessed by the
responsible physician. The clinical data obtained during the admission
of the patient are particularly useful for checking the plausibility of the
clinical diagnosis.

Importantly, if the treating physician's clinical diagnosis does not
necessarily involve myocardial ischemia, as is, e.g., the case in pulmo-
nary embolism, an expert panel should use the clinical data for the
myocardial ischemia classification of the acute ECG. For instance,
troponin values measured during the initial hours, by reflecting cardiac
necrosis, can aid in retrospectively evaluating whether there would have
been (persistent) myocardial ischemia present during the recording of
the acute ECG in other than primarily coronary-related diagnoses, e.g.,
cardiac decompensation with elevated troponin levels. This adjudica-
tion process of difficult cases should be done by an expert panel.

Multi-point scale myocardial ischemia classification algorithm

Since in medical practice, even with all data at hand, not all di-
agnoses can be made with complete certainty, the post hoc adjudication
process also cannot result in a binary division into definite cases and
controls (i.e., patients with or without myocardial ischemia during the
recording of the acute ECG). Obviously, the two extremes of the
myocardial ischemia spectrum are easy to defend (STEMI vs hyperven-
tilation syndrome). However, what about the cases in-between [13], in
which the balance of coronary supply and demand is disrupted, e.g.,
severe sepsis with mildly elevated troponin levels. Moreover, even
though it may be plausible that myocardial ischemia was present at a
given moment during the patient's admission, and hence the patient it-
self is a myocardial ischemia case, this is not necessarily proof that the
acute ECG was made in ischemic conditions, as myocardial ischemia is

no myocardial ischemia
present during
acute ECG recording

Journal of Electrocardiology 81 (2023) 75-79

often dynamic rather than constant.

Hence, adequate post hoc labeling of an acute ECG in terms of the
absence or presence of ischemia requires a multipoint scale, to be able to
label, in addition to the clear-cut cases (most likely ischemic) and con-
trols (most likely non-ischemic), the less certain cases (probably
ischemic) and controls (probably non ischemic), and the unknown ECGs
(for instance, with the clinical diagnosis unstable angina, the acute ECG
may have been made during an ischemic episode or not). In summary: a
5-point scale: presumed non-ischemic (most likely non-ischemic),
probably non-ischemic, uncertain, probably ischemic, and presumed
ischemic (most likely ischemic) [1]. Fig. 1 provides an example of
different diagnoses could fit into the myocardial ischemia spectrum.

An example of a post hoc ischemia classification algorithm for acute ECGs

Until here, we described the guiding principles for an algorithm to
classify acute ECGs as ischemic or not on a 5-point scale. The actual
realization of such an algorithm requires ample discussions of a large
spectrum of clinical cases involved in the evaluation of chest pain with
an eye on ischemia as one possible cause of chest pain or discomfort. To
demonstrate what the probable result of such a discussion could prac-
tically imply, we summarize in the following example how we have
realized and used such a post hoc ischemia classification algorithm in
our own research [1].

Classification “Presumed ischemic”: Clinical diagnoses where either
necrosis is inherent to the diagnosis, e.g., ST-elevation myocardial
infarction (STEMI) or non-ST-elevation myocardial infarction
(NSTEMI), i.e., any type of myocardial infarction, or if the diagnosis
could involve myocardial ischemia, e.g., pulmonary embolism, in
combination with supporting evidence for myocardial necrosis (elevated
troponin levels and/or positive cardiac imaging) [14].

Classification “Probably ischemic”: Clinical diagnoses that could
involve myocardial ischemia, in combination with troponin levels or
imaging results that are slightly, but not clearly, pointing in the direction
of myocardial necrosis, e.g., cardiac decompensation with moderately
elevated troponin levels [15].

Classification “Uncertain”: Assigned in case of insufficient diagnostics
or if the actual occurrence of ischemia during the recording of the acute
ECG remains unknown due to presumed fluctuations in myocardial
perfusion, e.g., with the diagnosis of unstable angina pectoris [16].

Classification “Probably nonischemic”: Clinical diagnoses that could
be associated with myocardial ischemia, but neither troponin levels nor
cardiac imaging results were available to definitely exclude myocardial

myocardial ischemia
present during
acute ECG recording

presumed probably uncertain probably presumed
nonischemic nonischemic ischemic ischemic
n=1,014 n=21 n =196 n=28 n =166

Fig. 1. Certainty of the presence of myocardial ischemia during recording of the acute ECG: a spectrum.
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ischemia, e.g., severe pneumothorax [17], with a single nonrepresen-
tative low troponin level; in this case, myocardial ischemia cannot be
excluded, and hence the resulting -classification is “probably
nonischemic.”

Classification “Presumed nonischemic”: Clinical diagnoses that are not
associated with myocardial ischemia, e.g., hyperventilation syndrome,
or possibly associated with myocardial ischemia but for which there is
no support by the troponin levels and/or imaging, e.g., cardiac decom-
pensation with negative representative troponin levels.

Again, as an example, we achieved the following diagnostic spectrum
in our recent study [1]. In this study, we post hoc labeled the pre-
hospital/ambulance ECGs of patients who were urgently attended by the
EMS because of chest pain for the purpose of ruling-in or ruling-out
myocardial ischemia. A total of 1425 patients were included, of these
166 had presumed ischemia, 28 had probably ischemia, 196 patients
were classified as uncertain (no convincing evidence for either presence
or absence of ischemia), 21 were probably nonischemic, and 1014 were
presumed nonischemic (see also Fig. 1).

Discussion
Uncertainty

No matter how much effort one puts into adjudicating acute ECGs on
the basis of post hoc clinical data, it is unlikely that ECGs can be labeled
as ischemic or non-ischemic with absolute certainty. This is especially
the case when the database includes (albeit necessary for the represen-
tativity for clinical practice) the complete spectrum of myocardial
ischemia, which is broader than acute coronary syndrome only. No
myocardial ischemia classification algorithm is perfect. However, by
avoiding bias and endorsing the algorithm's reproducibility, even a
slightly imperfect algorithm could be of great use.

In fact, the advantage of using “uncertain” and “probable” classes is
that it allows for doubtful cases to be properly classified, in accordance
with medical practice in which not every diagnosis is completely certain.
Without uncertain and probable classes, such cases would have been
wrongly forced into a binary classification. Off note, in case the devel-
opment of a new ECG-based myocardial ischemia classification algo-
rithm would require a binary input, the presumed and probable cases
and the presumed and probable controls on the 5-point scale could be
combined into two classes, cases and controls; the uncertain category
would have to be excluded, however.

Troponin values and renal function

Renal excretion of cardiac troponin is impaired in patients with
kidney failure. However, the guidelines state not to correct cardiac
troponins for renal function because it is not proven that a better balance
between safety and efficacy could be achieved [9]. Contrastingly, in
clinical practice, correction is often actually still done by the treating
physician, understandably, since troponin values are gravely affected by
renal function [18]. Therefore, in our opinion, for scientific purposes,
such a correction must be done somehow; for a myocardial ischemia
classification algorithm this could, e.g., be done by linear correction
[11], or with modified cut-off values [12].

Type 1 (supply) and type 2 (demand) myocardial ischemia

Myocardial ischemia type 1 (myocardial ischemia due to a depriva-
tion of coronary blood supply) [19] and type 2 (myocardial ischemia
due to an increased demand of coronary blood supply) [19] require
different treatments. This poses a gigantic challenge however, because
the myocardial ischemia could be due to multiple factors or a combi-
nation of factors (e.g., plaque rupture with coronary spasm, fulminant
cardiac decompensation due to myocardial ischemia). Moreover, the
gold standard for assessing myocardial infarction type 1 is cardiac
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catheterization in which often, especially in the less clear-cut cases, a
large time gap exists between the recording of the prehospital or, to a
lesser extent, the early inhospital ECG and the cardiac catheterization
procedure. During this time, symptoms and ECGs can fluctuate, or there
is no cardiac catheterization performed during that hospital admission
at all. Additionally, patients with either type of myocardial ischemia
should anyway be transferred to a hospital. Therefore, the first step in
the development of myocardial ischemia detection algorithms in the
acute ECG should be the recognition of myocardial ischemia of any
cause. Next steps could include algorithmic refinements to discriminate
between type 1 or type 2 ischemia [19].

Conclusions

In order to continue improving (pre)hospital health care, the
development of algorithms for myocardial ischemia detection in the
acute ECG requires representative databases consisting of ambulance or
ED patients' ECGs, each with a post hoc adjudicated multipoint-scale
ischemia label based on the clinical data obtained from the patient's
subsequent admission.

Whether or not myocardial ischemia was presence during the
recording of the acute ECG cannot be forced into a binary division,
hence is not black and white, but can better be classified on a spectrum.
Examples of various (groups of) diagnoses and how these diagnoses
could be placed on the myocardial ischemia certainty spectrum are
depicted in this figure. Off note, these diagnoses are meant as an
example and do not include the complete differential diagnosis of pa-
tients with complaints suggestive of myocardial ischemia. Below the
figure is the 5-point scale as an example as used in our earlier research
with the corresponding number of patients in each class [1].
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