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Introduction: Elevated troponin, while essential lsarning, myocardialiinfarction; trapenin behaviour

for diagnosing myocardial infarction, can also be
present in non-myocardial infarction conditions. The
myocardial-ischaemic-injury-index (MI®) algorithm is
a machine learning algorithm that considers age, sex
and cardiac troponin | (Tnl) results to risk-stratify CLINICAL IMPACT
patients for type 1 myocardial infarction.

Method: Patients aged =25 years who presented

to the emergency department (ED) of Singapore What is New

General Hospital with symptoms suggestive of e This study evaluates the performance of the
acute coronary syndrome with no diagnostic 12-lead myocardial-ischaemic-injury-index (MF?) algorithm,
electrocardiogram (ECG) changes were included. a machine learning algorithm, in risk stratifying
Participants had serial ECGs and high-sensitivity chest pain patients in the emergency department
troponin assays performed at 0, 2 and 7 hours. The for 30-day myocardial infarction, as compared to
primary outcome was the adjudicated diagnosis of established risk stratification strategies.

type 1 myocardial infarction at 30 days. We compared
the performance of MI® in predicting the primary
outcome with the European Society of Cardiology Clinical Implications
(ESC) 0/2-hour algorithm as well as the 99th percentile
upper reference limit (URL) for Tnl.

Results: There were 1351 patients included (66.7%
male, mean age 56 years), 902 (66.8%) of whom had ) ) o
only 0-hour troponin results and 449 (33.2%) with * Using the 99th pe.rcentlle‘upper f?fer?”c? limit
serial (both 0 and 2-hour) troponin results available. cut-off for troponin | for risk stratification is less
M ruled out type 1 myocardial infarction with a accurate compared to other strategies.

higher sensitivity (98.9, 95% confidence interval [Cl]

93.4-99.9%) and similar negative predictive value (NPV)

99.8% (95% Cl 98.6-100%) as compared to the ESC

e This study shows that MI® is accurate in ruling
in and out 30-day myocardial infarction as
compared to existing strategies.

strategy. The 99th percentile cut-off strategy had the INTRODUCTION

lowest sensitivity, specificity, positive predictive value Risk stratification of patients presenting with chest
Sl pain poses a frequent, often difficult, challenge to
Conclusion: The MI® algorithm was accurate in risk the emergency physician. Cardiac biomarkers such

stratifying ED patients for myocardial infarction. The
99th percentile URL cut-off was the least accurate in
ruling in and out myocardial infarction compared to
the other strategies.

as troponin are an important part of the evaluation
of the patient suspected of having acute coronary
syndrome (ACS). Serial readings are traditionally
needed for troponin, given that the rise in troponin
Ann Acad Med Singap 2025;54:219-26 levels in older assays may not be apparent until
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hours after a cardiac event has commenced.’
However, diagnostic protocols incorporating late
generation, highly sensitive assays for cardiac
troponin have decreased the time between serial
troponin to a mere 1-2 hours.? A faster turnaround
time of such patients without compromising patient
safety and outcomes is welcomed, especially
given the perennial problem of access block and
overcrowding in the emergency department (ED).
The European Society of Cardiology (ESC) currently
recommends clinical pathways incorporating
0-2 or even 0-1 hour troponin results using high-
sensitivity assays.® The American Heart Association
(AHA) also recommends the use of high-sensitivity
troponin as the preferred biomarker for evaluating
patients with chest pain, as well as the use of chest
pain protocols incorporating troponin to guide
disposition.*

Elevated circulating troponin, while a key part of
the criteria for the diagnosis of myocardial infarction,
is not specific for ACS and can also be seen in non-
coronary cardiac injury and in circumstances such
as renal disease. Hence, troponin results must be
interpreted in clinical context. Clinical scores have
been developed, to risk stratify patients for adverse
events such as myocardial infarction or mortality,
which incorporate age, cardiovascular risk factors
and presentation history together with cardiac
biomarker results. The accuracy of such risk scores
may differ between populations. As myocardial
infarction is a high-stakes diagnosis, a very high
sensitivity and negative predictive value (NPV) are
required for a risk score to be considered useful,
as the consequences of misdiagnosis include
increased patient morbidity and mortality. Pathways,
which make use of troponin to rapidly diagnose
myocardial infarction, should ideally have a positive
predictive value (PPV) of more than 70%.>7 The PPV
of high-sensitivity troponin T in ruling in 30-day and
1-year major adverse cardiac events has been noted
to plateau at about 70-80% with increasing troponin
T cut-off values,® similar to a plateau of more than
70% with increasing high-sensitivity troponin | (Tnl)
cut-offs for the diagnosis of myocardial infarction.’

In recent years, machine learning has been gaining
recognition as a potential tool in healthcare to
increase diagnostic accuracy. Organisations such
as the ESC and AHA recognise the potential utility
of machine learning and artificial intelligence
in the evaluation of patients presenting with
chest pain,’® which may allow an individualised
approach to be taken in risk-stratifying patients for
myocardial infarction.” The myocardial-ischaemic-
injury-index (MI3) algorithm is a machine learning
algorithm developed using gradient boosting that
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integrates age, sex and cardiac Tnl results (and the
rate of change where serial results are available) to
risk stratify patients for the outcome of type 1
myocardial infarction.'? This algorithm has been
shown to identify patients at low risk for index
myocardial infarction, and has high sensitivity
(97.8%) and NPV (99.7%)'? with independent
validation in European settings.’™' The MI?
algorithm was chosen in our study as it has already
been externally validated in other cohorts, and for
its ease of use from a clinical standpoint as it
only requires 3 objective variables which can be
easily collected. Our study aims to evaluate the
diagnostic accuracy of the MI® algorithm for
myocardial infarction within 30 days in an Asian
population, and to compare its accuracy to existing
standards of care such as the ESC 0/2-hour pathway?
and the 99th percentile upper reference limit
(URL) for Tnl."¢

METHOD

Participants were recruited from March 2010 to
April 2013 as part of a prospective observational
study, which included patients aged 25 years and
above who presented to the ED of Singapore
General Hospital, a tertiary hospital in Singapore,
with symptoms suggestive of ACS. The inclusion
criteria included provision of informed written
consent, and presenting symptoms consistent with
suspected ACS. Patients who had an ED diagnosis
of ST-elevation myocardial infarction (STEMI), a
history of end-stage renal failure, those without
cardiac troponin results and those lost to follow-up
were excluded.

At the time of study, as part of standard care,
patients with chest pain or symptoms suggestive
of ACS but with no diagnostic ECG changes
underwent continuous cardiac monitoring and
a standard 8-hour observation protocol in the
emergency cardiac care unit of our ED. Serial 12-
lead ECGs and serum cardiac troponin were
obtained at 0, 2 and 7 hours. At the time of study,
a high-sensitive serum troponin T assay (Elecsys
Troponin T high sensitive, Roche Diagnostics, Basel,
Switzerland) was used at the study institution as
part of clinical care. Additional serum drawn for
the study and frozen at -80 °C, was used in a
high-sensitivity Tnl assay (ARCHITECT STAT high-
sensitivity Tnl, Abbott Diagnostics, Chicago,
IL, US) to generate results used in the MI® analysis.
Only the results from the samples obtained at 0O
and 2 hours were used in the MI® analysis. The
99th percentile for serum Tnl for the ARCHITECT
STAT assay was 17 ng/L for females and 35 ng/L
for males."”



A standardised dataset on each participant was
acquired. This included demographic variables,
such as age and past medical history, current
medications, presenting signs and symptoms, test
results, all interventions and outcomes. Patients
were followed up for a year via telephone and/or
through assessing medical records.

The primary outcome for this analysis was
myocardial infarction as defined by the third
universal definition of myocardial infarction' at 30
days. Outcomes were independently adjudicated
by an emergency medicine attending physician
and an attending cardiologist based on the case
records, which included investigation results and
data on troponin collected during the index visit
and up to 1 year of follow-up. The Tnl results used
in the MI® analysis were not available to adjudicators
as it was not done as part of the patient’s clinical
visit. Where inter-reviewer differences with respect
to adjudicated outcomes occurred, discussion was
held between the 2 reviewers to reach consensus.

We compared the use of MI® with (1) the ESC
0/2-hour algorithm and (2) using 99th percentile
of Tnl to see how they fared in predicting a diagnosis
of myocardial infarction within 30 days.

The MP algorithm was evaluated both in patients
with baseline samples only and in those with serial
samples available. For serial samples, the algorithm
developed originally by Than et al. was applied.
Thresholds for serial scores were set to <1.6 ng/L
for low risk, 1.6 to <49.7 ng/L for intermediate risk,
and =49.7 ng/L for high risk, in line with prior
reports on the use of MI2.'23 As described in
Than et al., 1.6 ng/L was the derived threshold for
rule-out corresponding to sensitivity =99%, and
49.7 ng/L was the derived threshold for rule-in
corresponding to PPV 275% in the development
cohort. In the present analysis, the algorithm was
further adapted to allow for prediction based on a
single troponin value. For patients with baseline
samples only, no data indicative of rate of change
(delta) in circulating troponin were available.
Thresholds for rule-in and rule-out were derived for
the baseline score using a similar approach as that
of the serial MI® index score, with a threshold of
<0.91 ng/L corresponding to low risk and =30.1 ng/L
corres-ponding to high risk. Thus, a more conserva-
tive threshold for rule-out was used when only a
single sample was available.

For the ESC 0/2-hour pathway, the cut-off for
the low-risk group was defined as a baseline
troponin result of <4, or baseline result of <6 with
a delta change of <23 The high-risk group was
defined as a baseline result of =64 or delta change
of =15. When only a baseline sample was available,
the delta change could not be evaluated, so only
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the baseline result criteria were applied (baseline
troponin <4 for rule-out and baseline result =64
for rule-in).

Statistical analysis

For MI3, which gives a quantitative score for risk
of myocardial infarction, model performance was
assessed by evaluating the area under the receiver-
operating-characteristic curve (AUC). Confidence
intervals (Cls) for AUC were calculated using the
Delong method. For both MI®* and ESC which
provide risk categories, sensitivity and NPV were
calculated for the low-risk group while specificity
and PPV were calculated for the high-risk group.
Predictive values were calculated using study
prevalence. Cls for sensitivity, specificity and
predictive values were calculated using the Wilson
method. All statistical analyses were carried out
using R version 4.3.0 (R Foundation for Statistical
Computing, Vienna, Austria). Categorical variables
were described as proportions and continuous
variables as mean with standard deviation (SD) or
median with interquartile range as appropriate.

RESULTS

Our analysis included data from 1351 patients,
901 (66.7%) of whom were male, with a mean age
of 55.8 years (SD 12.3). There were 902 patients
(66.8%) with only baseline (0 hour) troponin
available and 449 (33.2%) with serial (both 0 and 2
hour) troponin results available. In the full cohort,
7.0% (n=94) had the primary outcome of 30-day
myocardial infarction. Among those with serial
troponin results available, 4.5% (n=20) had 30-
day myocardial infarction. Table 1 describes the
characteristics of our study cohort. Table 2 compares
the 3 risk stratification strategies (MI3, ESC 0/2-hour
pathway and Tnl 99th percentile as cut-offs). When
serial troponin results were present, MI® was able
to identify a higher proportion of low-risk patients
with comparable sensitivity and NPV to the ESC
pathways. The 99th percentile strategy had the
lowest sensitivity, specificity, NPV and PPV.

ME in predicting the likelihood of myocardial
infarction

Overall, the MI® algorithm had an AUC of 0.936
(95% ClI 0.906-0.966). MI® was able to rule out
myocardial infarction in the low-risk group with a
sensitivity of 98.9% (95% Cl 93.4-99.9%) and NPV
of 99.8% (95% CI 98.6-100%), with only 1 of 448
(0.2%) participants in the low-risk group diagnosed
with myocardial infarction. MI* also performed well
in ruling in myocardial infarction in the high-risk
group (48 of 64, 75%) with a specificity of 98.7%
(95% Cl 97.9-99.2%) and a PPV of 75.0% (95%
Cl 62.3-84.6%).
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Table 1. Baseline characteristics.

Baseline only Serial sampling Overall
(n=902) available (n=1351)
(n=449)

Sex, no. (%)
Female 295 (32.7) 155 (34.5) 450 (33.3)
Male 607 (67.3) 294 (65.5) 901 (66.7)
Race, no. (%)
Chinese 570 (63.2) 273 (60.8) 843 (62.4)
Indian 166 (18.4) 96 (21.4) 262 (19.4)
Malay 120 (13.3) 60 (13.4) 180 (13.3)
Others 46 (5.1) 20 (4.5) 66 (4.9)
Hypertension, no. (%) 473 (52.4) 239 (53.2) 712 (52.7)
Diabetes, no. (%) 276 (30.6) 124 (27.6) 400 (29.6)
Ever smoker, no. (%) 258 (28.6) 120 (26.7) 378 (28.0)
History of myocardial infarction, no. (%) 106 (11.8) 43 (9.6) 149 (11.0)
Previous coronary artery bypass graft surgery, no. (%) 79 (8.8) 22 (4.9) 101 (7.5)
Previous coronary angioplasty, no. (%) 143 (15.9) 64 (14.3) 207 (15.3)
History of stroke or transient ischaemic attack, no. (%) 35(3.9) 11 (2.4) 46 (3.4)

When considering only baseline troponin
(n=1351), the MI® algorithm had an AUC of 0.933
(95% CI 0.902-0.964). In this population, MI® was
able to rule out myocardial infarction with a
sensitivity of 100% (95% Cl 95.1-100%) and NPV
of 100% (95% Cl 96.0-100%). The baseline-only
algorithm uses lower cut-offs for rule-out, resulting
in a trade-off of a lower proportion being identified
as low risk as compared to the overall cohort
(115 of 1351 [8.5%] as compared to 448 of 1351
[33.2%] in the overall cohort). MI® identified 57
patients (4.2%) as high risk in this cohort, with a
specificity of 98.9% (95% Cl 98.1-99.4%) and PPV
of 75.4% (95% Cl 62.0-85.5%)).

For those with serial troponin (n=449), the
MI? algorithm had an AUC of 0.943 (95% CI 0.858-
1.000). In this population, MI* was able to identify
a larger proportion of low-risk patients (n=367,
81.7%) with a sensitivity of 95.0% (95% CI 73.1-
99.9%) and NPV of 99.7% (95% CI 98.2-100%). The
proportion of identified high-risk patients (3.8%)
was similar to the baseline troponin and overall
cohort, with a specificity of 99.1% (95% CI 97.5-
99.7%) and PPV of 76.5% (95% Cl 49.8-92.2%).
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Comparison with ESC 0/2-hour pathway

With the full cohort, the ESC 0/2-hour pathway
identified 61.7% (n=833) as low-risk with a
sensitivity of 94.7% (95% Cl 87.5-98.0%) and NPV
of 99.4% (95% Cl 98.5-99.8%), and 8.3% (n=112)
as high-risk with a specificity of 96.3% (95%
Cl 95.1-97.3%) and PPV of 58.9% (95% Cl 49.2—
68.0%). Comparatively, for those with serial
troponin results (n=449), the pathway identified
a higher proportion of those in the low-risk group
(n=334, 74.4%) with a similar sensitivity (95.0%, 95%
Cl 73.1-99.7%) and NPV (99.7%, 95% CI 98.1-
100.0%) as compared to the full cohort. The
pathway identified 6.2% (n=28) as high risk in this
cohort with serial troponin results with a specificity
of 87.4% (95% Cl 95.3-98.6%) and PPV of 60.7%
(95% Cl 40.7-77.9%).

When considering only baseline results with the
ESC pathway (n=1351), 58.1% (n=785) were
identified as low risk with a sensitivity of 95.7%
(95% Cl 88.8-98.6%) and NPV of 99.5% (98.6—
99.8%). Thus, while the sensitivity and NPV of the
ESC pathway with only baseline troponin was
similar to that of those with serial troponin results,
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the proportion of identified low-risk patients was
less in those with only baseline troponin. A total
of 103 patients (7.6%) were identified as high
risk with a specificity of 96.6% (95.4-97.5%) and
PPV of 58.3% (95% Cl 48.1-67.8%).

Comparison with 99th percentile for serum troponin

Using the sex-specific 99th percentile for baseline
troponin as a cut-off, 1197 (88.6%) were identified
as low risk with a sensitivity of 75.5% (95%
Cl 65.4-83.6%) and NPV of 98.1% (95% Cl 97.1-
98.7%). Using the cut-off as a rule-in, 154 (11.4%)
were identified as high risk with a specificity of
93.4% (95% Cl 91.8-94.7%) and PPV of 46.1%
(38.1-54.3%).

DISCUSSION

Machine learning has gained traction in recent
years and has been studied in medicine as
a potential tool in clinical medicine for the
diagnosis of critical conditions such as myocardial
infarction’? and in predicting myocardial infarction-
related mortality.?’ MI® could accurately risk stratify
patients for myocardial infarction'??? and has been
validated in other populations.’' Our study further
demonstrates MI*'s accuracy in predicting the risk
of myocardial infarction in an Asian cohort, showing
its consistent performance in different populations.
While several risk scores for chest pain have been
validated and used in clinical practice, some scores
use components that are subjective. For example,
the history component in the HEART score? requires
clinicians to score the patient’s history as either
slightly, moderately or highly suspicious, which
introduces subjectivity as different clinicians may
have varying thresholds in interpreting the patients’
presenting history. Other scores may also have
numerous components, which may make it difficult
to use in day-to-day practice. MI® only uses age,
sex and troponin results, making it an objective
and practical strategy as it only requires 3 variables
and does not require any subjective interpretation.
Moreover, rather than classifying patients into
discrete risk categories, MI® provides an objective
assessment of the patient’s probability of myocar-
dial infarction on a scale of 0 to 100, which allows
flexibility for different cut-offs to be established
according to the setting for which it is being adapted.

In comparison to established risk stratification
strategies, such as the ESC 0/2-hour pathway, MI®
was able to identify a larger proportion of patients
at low risk for type 1 myocardial infarction within
30 days with higher sensitivity and similar NPV,
making it an accurate tool in identifying which
patients can be discharged from the ED. Chest
pain is a common presentation in the ED and
constitutes about 5% of all ED visits.?* The MI®
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algorithm allows for patients to be assessed
expediently, stratifying their risk within 1-2 hours of
presentation, potentially increasing ED throughput
and decreasing ED overcrowding. ED overcrowding
is associated with negative effects such as increased
risk of adverse outcomes, rate of medical errors and
hospital-acquired infections.? Ruling out a larger
proportion of low-risk individuals among those
who present with chest pain may also potentially
reduce healthcare costs, as these patients can be
discharged directly from the ED, avoiding
unnecessary admissions. In Singapore, the personnel
cost for admissions for chest pain unrelated to a
coronary event was estimated to be SGD416 per
case of chest pain,? while the median hospital
bill for the diagnosis code of chest pain ranged
from SGD484 to SGD4677 in public hospitals and
SGD5673 to SGD10,496 in private hospitals.?’
Reducing the number of admissions for chest pain
for those at low risk may lead to cost savings for
both the patient and the healthcare system. Future
economic evaluations can be done to determine
the extent of cost savings.

In the original study, MI®* was able to rule out
69.4% of the cohort as low risk of 30-day
myocardial infarction with a sensitivity of 96.6%
(95% CI 95.3-97.8%) and an NPV of 99.5% (95%
Cl 99.3-99.7%)."? In our cohort, the sensitivity of
MI® for those with serial troponin results for 30-day
myocardial infarction was slightly lower at 95.0%
(95% Cl 73.1-99.7%). This may be due to diffe-
rences in prevalences of comorbidities in our
population, for example, the higher prevalence of
diabetes mellitus in our cohort (29.6%) compared
to the original study’s cohort (14.6% in training
set, 18.7% in testing set).’”? Our cohort also had a
lower proportion of those with previous myocardial
infarction (11.0%) compared to the original study
(21.1% in training set, 20.0% in testing set)."> More-
over, while MI® was derived from an international
cohort, the training and testing cohorts were noted
to be from Europe, New Zealand, Australia and the
US." It is likely that Asians may still be underrepre-
sented as compared to our predominantly Asian
cohort, and it remains unclear to which extent
ethnicity may affect baseline troponin results.??

The original MI® requires 2 troponin readings—a
baseline reading and one at 2 hours after the first
sample is taken. However, in clinical practice, there
may be instances where only a single troponin is
used, such as when the patient presents long after
the onset of symptoms. In our study cohort, MI*
was shown to have high sensitivity (100%, 95%
Cl 95.1-100%) and NPV (100%, 95% Cl 96.0-100%)
when considering only baseline troponin, but the
proportion of those considered low risk was much
smaller than when serial troponins were available



(8.5% versus 81.7%). Further studies may be
required to see how MI® can be modified to increase
its utility with single troponin readings.

Before the advent of high-sensitivity troponin,
the 99th percentile URL was commonly used as
the cut-off for conventional troponin. However,
with high-sensitivity assays, the interpretation of
troponin has changed, and international guidelines
now recommend the interpretation of high-
sensitivity troponin according to the time of draw
(whether baseline or serial readings taken 1-2 hours
later) and consider the delta change.® The 99th
percentile URL has been used as a cut-off in clinical
practice,’®* but our findings reinforce the concept
that this is less accurate for risk stratification of
myocardial infarction regardless of whether it is
used as a rule-in or rule-out strategy. Institutions
should thus reconsider the use of the 99th percentile
URL as a cut-off for risk stratifying patients with chest
pain in clinical practice.

Limitations

The use of a machine learning algorithm may
enhance clinical decision-making. It should not be
used indiscriminately and requires interpretation
of the algorithm-generated risk stratification in the
full clinical context. In that sense, machine learning
is not a panacea for all diagnostic dilemmas.
Physicians will still need to rule out other dangerous
causes of chest pain, such as pulmonary embolism
and aortic dissection, before applying the M
algorithm to patients to risk stratify those with
possible cardiac chest pain.

MI® has also only been validated for use with
high-sensitivity Tnl. Not all centres use high-
sensitivity Tnl, some may use troponin T and
others may not have access to high-sensitivity
assays, which will limit the utility of MI®. In facilities
which do not have access to laboratory testing
with fast turnaround times, such as in primary care
settings, MI® may not be as beneficial. With the
emergence of point-of-care troponin testing,®' this
may eventually be overcome if MI® is validated for
these tests.

The MI® algorithm also requires a baseline and
serial reading. Clinicians may not always deem serial
troponin readings to be necessary if the patient
presents much later than symptom onset. As MI®
currently requires 2 sets of troponin results, it may
not be useful in this group of patients.

CONCLUSION

The MI® algorithm has shown to be accurate in
risk stratifying ED patients for myocardial infarction
when compared to current standard of care
algorithms, such as the ESC 0/2-hour algorithm.

Machine learning for chest pain—Ziwei Lin et al.

The 99th percentile reference range was shown
to be less accurate in ruling in and out myocardial
infarction as compared to MI® and the ESC 0/2-hour
algorithm.
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