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ARTICLE INFO ABSTRACT
Keywords: Background: Acute coronary syndrome (ACS), specifically ST-segment elevation myocardial infarction is a major
Acute coronary syndrome cause of morbidity and mortality throughout Europe. Diagnosis in the acute setting is mainly based on clinical

Myocardial infarction
Electrocardiogram
Artificial intelligence

symptoms and physician’s interpretation of an electrocardiogram (ECG), which may be subject to errors. ST-
segment elevation is the leading criteria to activate urgent reperfusion therapy, but a clear ST-elevation
pattern might not be present in patients with coronary occlusion and ST-segment elevation might be seen in
patients with normal coronary arteries.

Methods: The ASSIST project is a retrospective observational study aiming to improve the ECG-assisted assess-
ment of ACS patients in the acute setting by incorporating an artificial intelligence platform, Willem™ to analyze
12-lead ECGs. Our aim is to improve diagnostic accuracy and reduce treatment delays. ECG and clinical data
collected during this study will enable the optimization and validation of Willem™. A retrospective multicenter
study will collect ECG, clinical, and coronary angiography data from 10,309 patients. The primary outcome is the
performance of this tool in the correct identification of acute myocardial infarction with coronary artery oc-
clusion. Model performance will be evaluated internally with patients recruited in this retrospective study while
external validation will be performed in a second stage.
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Conclusion: ASSIST will provide key data to optimize Willem™ platform to detect myocardial infarction based on
ECG-assessment alone. Our hypothesis is that such a diagnostic approach may reduce time delays, enhance
diagnostic accuracy, and improve clinical outcomes.

Introduction

Ischemic heart disease is the leading single cause of death in Europe
[1]. A large percentage of patients are managed in the emergency care
setting, where a correct and rapid interpretation of the electrocardio-
gram (ECG) is essential to avoid treatment delays, especially when
emergent reperfusion therapy is indicated [2]. To date, the presence of
ST-segment elevation is the leading criteria to activate primary percu-
taneous intervention or to use fibrinolytics. Usually this elevation im-
plies acute occlusion of an epicardial coronary artery, which is
associated with adverse outcomes. However, ECG interpretation can be
challenging. Patients may not exhibit a clear ST-elevation pattern on the
ECG but can still have a high-risk coronary lesion (occlusive or sub-
occlusive in a clinically important vessel). In fact, increasing evidence
suggests that the ST-segment elevation dogma fails to accurately classify
patients who will benefit from invasive treatment [3] and the paradigm
is shifting towards the identification of occlusion myocardial infarction
(OMI) based on angiographic evidence of culprit vessels [4]. In addition,
10-28% patients who present with ST-segment elevation and are
referred for emergent revascularization do not have significant coronary
artery stenosis (Fig. 1) [5-10]. This inappropriate diagnosis might have
important clinical and economic implications, as coronary angiography
is an expensive invasive procedure with potential complications
[11,12]. On the other hand, revascularization delays, due to either the
absence of clear ECG abnormalities or ECG misinterpretation, have
negative impact on left ventricular function preservation, in-hospital
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Fig. 1. Causes of ST-segment elevation not related with acute coronary syn-
dromes (ACS). The figure classifies the possible causes responsible for ST-
segment elevation not related with ACS into cardiac (repolarization changes,
acute pulmonary embolism, Brugada syndrome, arrhythmogenic cardiomyop-
athy, and pericarditis) and non-cardiac (potassium or calcium disturbances,
pneumothorax, aortic dissection, thoracic abnormalities, athletes, and hypo-
thermia) causes.

Hypothermia

complications, and 30-day mortality [13,14].

In recent years, different tools based on artificial intelligence [AI]
have been developed for ECG analysis [15,16]. In patients with sus-
pected acute coronary syndrome (ACS), correct ECG interpretation is
essential, and the use of Al tools in this clinical context is of particular
interest. The ASSIST study aims to improve diagnostic accuracy and
consequently reduce treatment delays in patients with ACS. These im-
provements are expected to reduce in-hospital mortality, closely asso-
ciated with reducing revascularization delays [17,18].

Our aim is to optimize and validate the Willem™ Platform as a
medical device (Idoven, Madrid, Spain), previously used for triage of
ECG data from insertable cardiac monitors [19,20]. An ECG-analysis
tool based on AI will be optimized for improving ACS triage. Our re-
sults could lead to a reduction in false positives (blank coronary angi-
ographies) and improve diagnostic times.

Methods
Design

The ASSIST study includes retrospective and prospective phases but
this manuscript is focused in the retrospective phase (Table 1). The
prospective study intended to validate the Willem™ Platform within the
current clinical setting will be detailed in a second step, once it has been
optimized and validated in a subset of the retrospective cohort.

The retrospective study is a multicenter study for optimizing and
validating a deep learning based 12-lead ECG analysis algorithm, Wil-
lem™, to classify OMI versus non-OMI patients. Its multicenter design
will enable heterogeneity in the collection of ECG and clinical data,
which is needed to ensure that the deep learning model can be gener-
alized in different international hospitals and geographies, with
different types of ECG machines, patient baseline characteristics, and
clinical workflows.

Study population

We estimate that 10,309 patient records and ECGs with suspected
ACS referred for emergent invasive coronary angiography will be
collected from the following health areas:

- Leiden University Medical Center (Leiden, the Netherlands).

- Servicio Madrileno de Salud (Madrid, Spain).

- Institut Catald de Salut (Catalonia, Spain).

- Latin America, through the Interamerican Society of Cardiology.

Data collection

Patient data will be pseudo-anonymized, all personal information
will be removed or replaced by a unique code within the electronic case
report form.

Retrospective inclusion will use two methods: 1) manual entry in the
electronic Case Report Form (eCRF) of all relevant data obtained from
medical records; 2) technical integration between the electronic medical
record systems (EMRs) at each center and Idoven’s platform. This
integration allows data from the EMRs to be exported and transferred to
the Willem™ platform.

All data will be stored and processed in Idoven’s cloud platform in
accordance with the regulations described in ISO 27001 and the Spanish
National Security Framework. This ensures the application of best
practices in information security management, guaranteeing the
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confidentiality, integrity, and availability of data at all times. In addi-
tion, procedures complying with ISO 27017 for cloud security, ISO
27018 for personal data protection in the cloud, and ISO 27701 for
privacy information management will be enforced, guaranteeing
comprehensive data security and privacy protection.

To ensure proper correlation between ECGs and clinical data, each
center will include a dedicated directory labeled with a unique patient
identifier. All the data included will be regularly assessed to check for
inconsistencies, ensuring the accuracy, quality, and reliability of all
collected information.

ECG data

A 12-lead,10-s raw ECG data will be collected where possible. Other
ECG formats might be included after checking technical feasibility.

ECG-derived data will be also collected such as device type and
brand, version of the software, format, time of acquisition.

Clinical data and labels

In addition to ECG data, clinical data will be also collected. Clinical
variables are needed for several reasons: to extract the labels needed for
supervised learning, to define the population of interest in which the
model has been developed and validated, to assess the performance of
the model with regards to different subgroups of interest.

The following variables will be systematically collected: baseline
characteristics including age, sex, height, weight, hypertension, dia-
betes, dyslipidemia, smoking, obesity, type of infarction, culprit coro-
nary artery, number of coronary vessels with significant coronary
stenosis, lab results such as hemoglobin, glucose, creatinine, and cardiac
troponin; and follow-up clinical outcomes such as death or myocardial
infarction.

If available, additional variables may be collected such as baseline
information on previous ischemic heart disease, previous coronary
revascularization, time of onset of chest pain, time of hospital arrival,
door-to-balloon time; and outcomes during follow up such as medication
at discharge, repeated coronary intervention, and major adverse car-
diovascular events defined as the composite of first occurrence of stroke,
myocardial infarction, heart failure, or all-cause mortality.

Angiographic reports will be used to extract the following relevant
information to optimize the model, in particular: coronary dominance,
culprit coronary vessel information, total coronary occlusion status,
cardiac troponin level, creatinine level, and percutaneous coronary
intervention.

The first level of classification will be OMI versus non-OMI patients.
To do that, evidence of OMI will be extracted from the angiographic
report. OMI will be defined as proof of percutaneous coronary inter-
vention or evidence of occluded coronary vessel (TIMI flow 0-1). This
data will be obtained from string search in angiographic reports. Dif-
ferentiation between acute and chronic occlusion will be done locally
based on information of troponin levels, symptoms, angiographic in-
formation, and ECG changes.

A second level of classification will be to classify OMI patients ac-
cording to the presence of ST-segment elevation. A model to determine

Table 1
Inclusion and exclusion criteria of ASSIST retrospective study.
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the culprit vessel will also be developed and tested in a second step.

Willem™ platform development for acute myocardial infarction

In order to develop and evaluate a machine learning model for the
classification of OMI based on ECG data, we plan to use the last ECG
recording available before coronary angiography. Next, we will apply
inclusion and exclusion criteria to the dataset, considering factors such
as ECG data quality, to ensure that only relevant and reliable data are
included in the analysis. The dataset will then be split into training,
validation, and test sets, with appropriate clinical variables being
considered in order to minimize biases and ensure that the model is
generalizable to a diverse patient population. Also, we will be evaluating
scenarios where the entire database of a hospital is contained in only one
of the sets whenever possible.

ECG data will be preprocessed and analyzed using Willem™ soft-
ware, which extracts cardiac patterns from the raw ECG signal. The
Willem™ Platform will then be optimized using the training and vali-
dation datasets to classify OMI vs. non-OMI patients based on ECG data
alone. Further model development will also be performed, according to
the presence of ST-segment elevation and the identification of occlusion
areas if possible.

Model performance will be evaluated using both internal and
external validation to ensure an independent assessment that mitigates
the risk of overfitting and erroneous conclusions. Patient recruitment
regarding the retrospective study described in the Study Population
Section will feed the training and internal validation datasets. External
validation will be carried out in a second stage with new and indepen-
dent datasets.

For internal validation, the retrospective database will be divided by
center into two random distinct sets: (1) a training set, which will
contain a high percentage of the data (typically >70%) and will be used
to train the model and fine-tuning its parameters; and (2) a test set,
which will include the remaining data and will be used for validation.
Furthermore, this process will be iterated multiple times (runs) to more
accurately estimate the variability of the model’s performance. Each
iteration will involve: (1) a random selection of the samples included in
each training and test set to ensure diverse training and validation
scenarios; and (2) a training model and fine-tune of parameters.

For external validation, the model’s performance will be assessed
using entirely separate new databases that were not included in the
internal validation phase. This validation will be conducted for each
model iteration obtained from the internal validation runs, allowing for
the evaluation of result variability. Additionally, this phase will incor-
porate new data from ongoing patient recruitment, further testing the
model’s robustness and applicability to new patient populations.

Sample size

The sample size of this study was calculated according to the pre-
liminary performance that has been obtained from a previous multi-
center study (La Elevacion del ST Observada no Necesita Necrosis Aguda
Cardiaca -LESTONNAC) [5]. Considering a 95% confidence interval,
95% power and assuming, respectively 16% and 14% of STEMI

Inclusion criteria
Age > 18 years.

Available digitally stored 12-lead ECG tracing prior to emergent invasive coronary angiography.

Available angiographic and clinical data.

Exclusion criteria
ECGs with poor signal quality.
Lack of digitally stored 12-lead ECG tracing prior to coronary angiography.
Non-available clinical or angiographic data.
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inadequate activation without and with Willem [21] then at least 8278
patients would be needed to demonstrate a significant difference. Ac-
counting for nearly 25% of patients with inappropriate ECG data as
observed in ongoing Willem trial (NCT05890716), 10,309 individuals
suitable for analysis must be included to demonstrate the performance of
the Willem™ tool. This sample size is in accordance with the dataset size
from previously reported and ongoing clinical studies [22,23] applying
the Willem™ Platform as a Clinical Decision Support System in different
environments with different intended uses. In addition, the proposed
sample size is adjusted to a 50% confidence level for the total number of
committed patients to be included in the study by the collaborating
centers.

Study outcomes and statistical analysis

The primary outcome is the evaluation of the Willem™ platform
performance to detect OMI. Accuracy of OMI diagnosis through ECG
analysis will be compared with OMI clinical label as defined earlier
(evidence of PCI or total coronary occlusion from angiography reports).
Accuracy, positive predictive value, negative predictive value, sensi-
tivity, specificity, Fl-score, and the area under the curve ROC will be
obtained as figures of merit for performance evaluation.

The same metrics will be also computed according to the presence of
ST-segment elevation and coronary vessel area classification.

Sensitivity and specificity analysis will be performed according to
different subgroups such as age categories, sex, presence/absence of
different risk factors, lab measurements, extracted ECG cardiac patterns.

Patients with pacemaker rhythms will be analyzed in a separate sub-
analysis to assess whether these devices could affect diagnosis accuracy.

Ethics

This study protocol has been approved by the ethics committee of the
Hospital General Universitario Gregorio Maranén, Madrid, Spain and is
in accordance with the Helsinki Declaration. In the first retrospective
phase, no informed consent will be registered. In the second prospective
phase, the principal investigator at each participating center will be
responsible for the on-site obtainment and storage of informed consents
according to current European law.

Discussion

The results of the ASSIST study will provide information about the
performance of an Al-based ECG-platform that helps to identify high-
risk patients within the (suspected) ACS population. In recent years,
we have been witnessing an acceleration in the development and use of
digital technologies in medicine, some of these are based on Al software
with increasingly complex functionalities. The expanding use of Al in
cardiology is related with the key role of the ECG, a simple and readily
available test. ECG databases can be used to train deep learning algo-
rithms, but the clinical and angiographic information is frequently not
available. AI applications have been developed in various cardiology
fields [24,25], mainly in arrhythmias [26], heart failure, cardiac imag-
ing, and ischemic heart disease [27-31]. For instance, the atrial fibril-
lation screening rate increased significantly when an ECG monitor
equipped with ECG interpretation software was used [32]. However,
automated arrhythmia detection is fundamentally different from
detecting myocardial ischemia. While single-lead ECG is adequate for
detecting arrhythmias, for the assessment of acute ischemia, a 12-lead
ECG is needed.

The possibility of enabling physicians to make a prompt and accurate
diagnosis, and therefore possibly improve clinical outcomes, is of
particular interest in the context of suspected myocardial ischemia. This
is specifically the case in patients with ECG signs suggestive of trans-
mural myocardial infarction where several time frames, such as door-to-
balloon time, have been improved over the last decades, with
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subsequent reduction of major adverse cardiovascular events [33]. This
improvement in time frames was not as clearly observed in the time from
symptom onset to diagnosis however [34]. Fast, correct and ECG
interpretation is essential in patients with suspected ACS. Potentially, an
Al ECG-platform can make such analyses available, additionally in pre-
hospital settings where ECG analysis by specialists is not available. In
order to do so, such an Al-platform should first be able to perform
automated detection of ECG-patterns that are known to be associated
with unfavorable coronary anatomy and patient outcome, such as the
presence of ST-segment elevation. For example, Yifan Zhao et al.
developed an algorithm for detecting ST-segment elevation myocardial
infarction using a dataset of 667 ECGs with ST-segment elevation and
7571 control ECGs, demonstrating a good performance (an area-under-
curve = 0.99 with 96% sensitivity and 99% specificity) [35]. However,
the control group in this study had no ST-segment elevation. Outside of
this, in the study, AI’s response time to the emergency medical care in an
ambulance has been shown to be shorter than the online physician’s
response, with an area-under-curve of 0.997 [36]. Secondly, the Al-
platform should be able to detect other, more subtle ECG-patterns that
may not be clear to all healthcare workers but are associated with a high-
risk coronary anatomy. In these cases, currently referred to as OMI, an
emergent revascularization strategy could favor positive patient out-
comes. Additionally, the Al-platform should also be of assistance in
patients where ECG-patterns are suggestive of OMI, but subsequent
catheterization does not show an occluded or nearly occluded vessel,
thus leading to the unnecessary or premature activation of the cathe-
terization laboratory. Different registries have evaluated the range of
false-positive cardiac catheterization laboratory activations. Depending
on the definitions used, percentages vary from as low as approximately
5% to as high as approximately 40%. On average, around 25% of pa-
tients do not present with a culprit lesion in the coronary arteries
[22,37].

This study comes with some limitations. First, ECG records will have
to be in a good quality format, which may limit the applicability of the
derived model to be used with ECGs in paper format, for example.
Second, estimate of the myocardial infarction status will be determined
based on ECG information at the time of the ECG, while the label will be
based on the angiography occurring later. The algorithm will not
consider a potential effect of medication until the angiography or any
dynamic conditions. Such variability may be estimated in patients with
several ECGs prior to angiography. Third, cases not managed with
emergent coronary angiography will not be included. About a fifth of the
patients who present with ST-segment elevation and are referred for
emergent revascularization do not have significant coronary artery
stenosis and our results could help to improve the positive predictive
value, reducing this high rate of false positives ECGs. However, as we
will only include cases for immediate angiography, the rate of patients
with OMI not referred to urgent revascularization (false negatives) will
not be improved. Finally, although the criteria for emergent coronary
angiographies are clear, variations among centers might exist, particu-
larly in patients without ST-segment elevation.

Conclusions

ASSIST will evaluate whether Al-based algorithms from the Wil-
lem™ platform can improve diagnostic accuracy and decrease time
delays in patients with ACS. These findings might open a door to prog-
nosis improvement in one of the main causes of death.

Funding

The ASSIST study has been funded by the European Institute of
Innovation and Technology (EIT) within the call Start-up driven Projects
(SUD) (2023-SUD-1831) and the flagship “Harnessing the full potential
of health data for Innovation.”
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