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Machine learning for diagnosis of myocardial
infarction using cardiac troponin
concentrations
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Although guidelines recommend fixed cardiac troponin thresholds for the
diagnosis of myocardial infarction, troponin concentrations are influenced
by age, sex, comorbidities and time from symptom onset. Toimprove
diagnosis, we developed machine learning models that integrate cardiac
troponin concentrations at presentation or on serial testing with clinical
features and compute the Collaboration for the Diagnosis and Evaluation
of Acute Coronary Syndrome (CoDE-ACS) score (0-100) that corresponds
to anindividual’s probability of myocardial infarction. The models were
trained on datafrom 10,038 patients (48% women), and their performance
was externally validated using data from 10,286 patients (35% women)
from seven cohorts. CoDE-ACS had excellent discrimination for myocardial
infarction (area under curve, 0.953; 95% confidence interval, 0.947-0.958),
performed well across subgroups and identified more patients at presen-
tation as low probability of having myocardial infarction than fixed cardiac
troponin thresholds (61 versus 27%) with a similar negative predictive value
and fewer as high probability of having myocardial infarction (10 versus
16%) with a greater positive predictive value. Patients identified as having
alow probability of myocardial infarction had alower rate of cardiac death
than those with intermediate or high probability 30 days (0.1 versus 0.5 and
1.8%) and 1year (0.3 versus 2.8 and 4.2%; P < 0.001 for both) from patient
presentation. CoODE-ACS used as a clinical decision support system has

the potential to reduce hospital admissions and have major benefits for
patients and health care providers.

High-sensitivity cardiac troponin assays have enabled the adoption  practice guidelines, but they have some important limitations" ™.
of accelerated diagnostic pathways for the assessment of patients  First, they use fixed troponin thresholds for all patients, which do
with symptoms suggestive of acute myocardial infarction'’°. These  not account for age, sex or comorbidities that are known to influ-
pathways are now recommended by national and international clinical ~ ence cardiac troponin concentrations**". Second, they are based
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on specific time points for serial testing, which can be challenging
to apply consistently in busy emergency departments’®. Third, they
categorize patients as low, intermediate or high risk of myocardial
infarction based on troponin thresholds alone and do not consider
other important information, such as the time of symptom onset or
findings on the electrocardiogram®. Finally, although these pathways
performwell to rule out myocardial infarction, identifying those with
the condition is more challenging, and the performance of the 99th
percentile diagnostic threshold isinconsistent in men and women, in
older patients and in those with comorbidities?**. In this study, we
hypothesized that machine learning approaches to integrate cardiac
troponin as a continuous measure and clinical features known to influ-
ence concentrations may provide a more individualized approach to
assess probability and improve the diagnosis of myocardial infarction.

In a prespecified analysis of the High-Sensitivity Troponin in the
Evaluation of Patients with Suspected Acute Coronary Syndrome
(High-STEACS) trial®’, we evaluated the diagnostic performance of
guideline-recommended cardiac troponinthresholds and developed
a clinical decision support system called the Collaboration for the
Diagnosis and Evaluation of Acute Coronary Syndrome (CoDE-ACS)
that uses machine learning models to calculate the probability of myo-
cardialinfarctionfor anindividual patient. We then externally validated
the diagnostic performance of CoDE-ACS and compared performance
with guideline-recommended pathways to demonstrate how it could
beusedinclinical practice.

Results

The derivation cohorts together were composed of 10,038 patients
(medianage 70 years, 48% women) with possible myocardial infarction
presenting to 10f 10 secondary or tertiary care hospitals in Scotland
(Table 1and Extended Data Fig. 1). The ground truth was determined
according to the Fourth Universal Definition of Myocardial Infarction™
following review of all clinical information and investigations by two
cliniciansindependently, with a third reviewer providing consensus if
there was disagreement. The diagnostic outcome was prespecified and
included all patients with an adjudicated diagnosis of type 1, 4b or 4c
myocardial infarction without ST-segment elevation during the index
hospital admission. Models to estimate the probability of myocardial
infarction were trained separately in consecutive patients with and
without myocardialinjury at presentation, defined as a cardiac troponin
Iconcentration above or below the sex-specific 99th percentile upper
reference limit on the first measurement. In 6,239 and 3,799 patients
with and without myocardial injury at presentation, the final adjudi-
cated diagnosis after serial cardiac troponin measurements was typel,
4b or 4c myocardial infarctionin 3,094 and 132 patients, respectively.

Diagnostic performance of cardiac troponin thresholds

In patients without myocardial injury, the negative predictive value
of the rule-out threshold of less than 5 ng I at presentation was 99.6
(95% confidenceinterval (95% Cl), 99.3-99.8) (Supplementary Table1).
The negative predictive value was lower in patients presenting within
3 h of symptom onset (Extended Data Fig. 2). Among patients with
myocardialinjury at presentation, the positive predictive value of the
sex-specific 99th percentile upper reference limit was 49.4 (95% Cl,
48.2-50.7). There was significant heterogeneity in all subgroups, with
alower positive predictive value in those older than 65 years old, in
women and in those with ischemic heart disease and impaired renal
function (Fig. 1).

Training and internal validation of models

AnXGBoost model was the best-performing modelin patients withand
without myocardialinjury at presentation and when using the first car-
diactroponinmeasurement or serial measurements (Supplementary
Table 2). These XGBoost models were combined withinasingle clinical
decision support system called CoDE-ACS, which computes a score

(0-100) corresponding to an individual patient’s probability of myo-
cardialinfarction (https://decision-support.shinyapps.io/code-acs/).
CoDE-ACS models combine cardiac troponin as a continuous measure
with age, sex, time from symptom onset, the presence of chest pain,
known ischemic heart disease, hyperlipidemia, heart rate, systolic
blood pressure, Killip class, myocardial ischemia on the electrocardio-
gram, renal function and hemoglobin (Extended Data Fig. 3).

In patients without myocardialinjury at presentation, a CoDE-ACS
score of less than three met our prespecified diagnostic performance
criteria with a negative predictive value of 99.5 (99.3-99.8) and sensi-
tivity 0f 90.2 (84.7-95.0). In those with myocardial injury, a CoDE-ACS
score of 61 or more met our prespecified diagnostic performance cri-
teriawith apositive predictive value of 80.1(78.5-81.6) and specificity
of 83.4 (82.1-84.7). These scores identifying patients at low and high
probability of myocardial infarction performed consistently across
subgroups (Extended DataFig.4).

Whenthe presentation and first serial measure of cardiac troponin
were incorporated within the models, the same scores of less than
3 and 61 or more that identified patients at low and high probability
of myocardial infarction at presentation gave a negative predictive
value of 99.5 (99.2-99.8) and sensitivity of 95.5 (92.0-98.5) in those
without myocardial injury at presentation and a positive predictive
value of 82.5 (81.1-83.9) and specificity of 80.1 (78.4-81.6) inthose with
myocardialinjury (Extended DataFig. 5). The diagnostic performance
ofthese scores in the models incorporating serial measurements was
also consistent across patient subgroups.

External validation

The external validation cohort consisted of 10,286 patients (median
age 60 years, 35% women) with possible myocardial infarction pooled
from seven prospective cohort studies enrolling patients across six
countries (Table1).In 8,664 and 1,622 patients withand without myo-
cardialinjury at presentation, the final adjudicated diagnosis after serial
cardiac troponin measurements was myocardialinfarctionin1,032 and
267 patients, respectively. Discrimination of the CoDE-ACS models was
excellent, with an area under curve of 0.953 (95% CI, 0.947-0.958) at
presentationand 0.966 (95% Cl, 0.961-0.970) on serial testing. Similarly,
calibration was good using presentation cardiac troponin alone and
serial measurements (Brier scores of 0.053 and 0.051, respectively)
(Fig.2 and Extended Data Fig. 6).

CoDE-ACS pathway compared with cardiac troponin
thresholds

In10,286 patients from the external validation cohort, there was a total
0f 1,299 (13%) with a final diagnosis of myocardial infarction. When a
threshold of less than 5 ng I at presentation was applied to those with-
out myocardialischemiaontheelectrocardiogramin whom symptom
onset wasmorethan3 hfromtesting, the proportion ruled out was 27%
(2,819 0f10,286). The negative predictive value and sensitivity were 99.7
(95% CI, 99.5-99.8) and 98.3 (95% Cl, 97.8-98.6), respectively. When
the sex-specific 99th percentile diagnostic thresholds were applied at
presentation, the proportion ruled in was 16% (1,622 0f 10,286), with
a positive predictive value and specificity of 63.6 (95% Cl, 62.7-64.5)
and 93.4 (95%Cl, 92.9-93.9), respectively. The remaining 57% (5,845 of
10,286) of patients had intermediate cardiac troponin concentrations
or required serial testing as they presented early or had an abnormal
electrocardiogram.

ACoDE-ACS score of less than three identified 61% (6,265 0f 10,286)
of patientsin the external validation cohort as low probability at pres-
entation, with a negative predictive value of 99.6 (95% Cl, 99.4-99.7)
and asensitivity of 97.9 (95% Cl, 97.6-98.2) (Fig. 3 and Supplementary
Tables3and 4). A CoDE-ACS score of 61 or greater identified 10% (1,052
0f10,286) of patients at presentation as high probability, with a posi-
tive predictive value of 75.5 (95% Cl, 74.6-76.3) and a specificity of 97.1
(95% Cl,96.8-97.4) (Fig. 3). Both the low- and high-probability scores
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Table 1| Baseline characteristics of the derivation and external validation cohorts

Derivation cohort

External validation cohort

No myocardial injury at

presentation

Myocardial injury at
presentation

No myocardial injury at
presentation

Myocardial injury at
presentation

Number of patients 3,799 6,239 8,664 1,622
Age, years 62 (50-74) 74 (62-83) 57 (47-69) 70 (59-79)
Sex

Female 1,580 (42%) 3199 (51%) 3,048 (35%) 581(36%)

Male 2,219 (58%) 3,040 (49%) 5,616 (65%) 1,041 (64%)
Chest pain at presentation 3,251 (86%) 4,030 (70%) 8,551(99%) 1,607 (99%)
Early presenter (<3h from symptom onset) 1071 (28%) 1,970 (32%) 3,979 (47%) 549 (34%)
Previous medical conditions

Myocardial infarction 606 (18%) 837 (13%) 1,804 (21%) 504 (31%)

Ischemic heart disease 1133 (34%) 2136 (34%) 2,447 (28%) 657 (41%)

Cerebrovascular disease 236 (7%) 626 (10%) 442 (5%) 140 (9%)

Diabetes mellitus 513 (16%) 919 (15%) 1,267 (15%) 376 (23%)
Previous revascularization

PCI 360 (11%) 560 (9%) 1,792 (21%) 438 (27%)

CABG 178 (5%) 161(3%) 555 (6%) 187 (12%)
Medications at presentation

Aspirin 720 (30%) 2,267 (36%) 2,972 (34%) 744 (46%)

Dual antiplatelet therapy® 15 (5%) 309 (5%) 1,804 (27%) 506 (42%)

ACE or ARB 745 (31%) 2,681(43%) 2,474 (36%) 626 (50%)

Beta-blocker 584 (25%) 2,156 (35%) 2,076 (30%) 520 (41%)
Electrocardiogram result®

Normal 3,279 (87%) 3,308 (64%) 2,947 (44%) 759 (63%)

Myocardial ischemia 458 (14%) 1,351 (26%) 797 (9%) 599 (37%)

ST-segment elevation 93 (3%) 196 (4%) 88 (1%) 20 (2%)
Physiological parameters

Heart rate, beats per min 77 (65-90) 81(68-99) 74 (65-85) 77 (66-90)

Systolic blood pressure, mmHg 137 (121-153)

138 (120-157) 140 (125-156) 142 (127-160)

Hematology and clinical chemistry measurements

Hemoglobin, gl™ NA 133 (118-146) 143 (133-153) 140 (126-152)
eGFR, mlmin™1.73 m? 86 (69-99) 66 (44-85) 87 (72-96) 73 (55-89)
Presentation high-sensitivity cardiac troponin |, ngl™” 3(2-7) 85 (41-320) 3(2-6) 144 (53-614)
Serial high-sensitivity cardiac troponin |, ngl™ 4 (2-8) 170 (51-1,422) 3(2-6) 200 (61-894)
Peak high-sensitivity cardiac troponin |, ngl™ 5(3-11) 209 (53-1,786) 3(2-7) 263 (61-1,118)
Adjudicated diagnosis

Type 1, 4b or 4c myocardial infarction 132 (3%) 3,094 (49%) 267 (3%) 1,032 (64%)
Type 2 myocardial infarction 33 (1%) 802 (13%) 132 (2%) 169 (10%)
Nonischemic myocardial injury 21(1%) 2,343 (38%) 180 (2%) 252 (16%)

Values are median (interquartile range) or n (percentage). ACE, angiotensin converting enzyme; ARB, angiotensin receptor blockers; CABG, coronary artery bypass grafting; eGFR, estimated
glomerular filtration rate; NA, not applicable; PCI, percutaneous coronary intervention. *Two medications from aspirin, clopidogrel, prasugrel or ticagrelor. !Includes warfarin or novel oral

anticoagulants.

performed wellin the validation cohort across all subgroups, although
there was some heterogeneity observed by age and sex (Fig. 4 and
Extended DataFig. 7).

There were 2,969 (29%) patients in the validation cohort with a
CoDE-ACS score of 3-60 at presentation in whom serial testing would
be recommended. When the first serial measure of cardiac troponin
at any time point was incorporated, a CoDE-ACS score of less than

3and 6l orgreateridentified afurther 1,172 (11%) and 490 (5%) patients
as low and high probability, respectively. Overall, this resulted in 72%
(7,437 0f 10,286) of patients being identified as low probability with
anegative predictive value of 99.6 (95% CI, 99.4-99.7) and sensitivity
of 97.5 (95% Cl, 97.2-97.8) and 15% (1,542 of 10,286) of patients being
identified as high probability with a positive predictive of 71.3 (95%
Cl, 70.4-72.1) and specificity of 95.1 (95% CI, 94.6-95.5), respectively
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Subgroups True positive  False positive Positive predictive value (95% CI)
Age years

<65 1184 647 Ll 64.7 (62.4-66.8)

265 1,901 2,507 m 431 (41.7-44.6)
Sex

Male 1,746 1,294 L] 57.4 (55.7-59.2)

Female 1,339 1,860 L] 41.9 (40.2-43.6)
Ischemic heart disease

Yes 1,000 1136 L] 46.8 (44.7-48.9)

No 2,085 2,018 L] 50.8 (49.3-52.3)
Cerebrovascular disease

Yes 248 378 - 39.6 (35.9-43.5)

No 2,837 2,776 ] 50.5 (49.2-51.9)
Diabetes

Yes 526 393 - 57.2 (54.0-60.4)

No 2,559 2,761 ] 48.1(46.8-49.4)
eGFR ml min™1.73 m?

<60 947 1,631 Ll 36.7 (34.9-38.6)

>60 2,091 1,436 fam| 59.3 (57.7-60.9)
Ischemic electrocardiogram

Yes 923 428 g 68.3 (65.8-70.7)

No 1,751 2,054 fam| 46.0 (44.4-47.6)
Time h

<3 993 977 H 50.4 (48.2-52.6)
>3 1,854 1,935 fom 48.9 (47.3-50.5)
Overall 3,085 3,154 — 0‘ - 49.4 (48.2-50.7)

30 35 40 45 50 55 60 65 70 75 80 85 90 95100

Fig.1|Positive predictive value of the sex-specific 99th percentile cardiac troponin threshold in the derivation cohort across patient subgroups. Data are
presented as a central estimate with 95% Cls based on the Clopper-Pearson method. eGFR, estimated glomerular filtration rate.
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Fig. 2| Diagnostic performance of the CODE-ACS score in the external
validation cohort using the presentation troponin concentration alone.

a, Receiver-operating characteristic curveillustrating the discrimination of the
CoDE-ACS for myocardial infarction. b, Calibration of the CoDE-ACS score with
the observed proportion of patients with myocardial infarction. The dashed line

represents perfect calibration. Each point represents 100 patients. Patients are
grouped as low (<3), intermediate (3-60) or high probability (=61) of myocardial
infarction. The darker shaded area represents the 95% Cl, while the lighter shaded
arearepresents the 99% CI. AUC, area under curve.

(Fig. 3 and Supplementary Table 3). After two cardiac troponin tests,
the probability remained intermediate in1,342 (13%) patients, butindi-
vidual CoDE-ACS scores along with diagnostic metrics associated with
those scores are provided within the clinical decision support system
and could be used to select patients for further inpatient assessment
or outpatient follow-up.

In a series of post hoc analyses, the CoDE-ACS pathway was also
validated inacohort fromthe US, where the prevalence of myocardial

infarction is lower, compared with serial cardiac troponin measure-
ments with relative change criteria and evaluated separately inwomen
and men. In a US cohort of 1,571 patients in whom 64 (4%) had a diag-
nosis of myocardial infarction, the pathway identified 49% (73 of 1,571)
of patients as low probability at presentation with a similar negative
predictive value 0f 99.9 (95% Cl, 99.5-100) and a sensitivity of 98.4 (95%
Cl,97.7-98.9) and 2% (39 of 1,571) of patients as high probability with a
lower positive predictive value of 61.5 (95% ClI, 59.1-63.9) but a similar
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Fig. 3| External validation of the performance of the CoDE-ACS pathway in
10,286 patients with possible myocardial infarction. Diagnostic performance
of CoDE-ACS models in 10,286 patients from seven international cohorts.
Sensitivity, negative predictive value (NPV), specificity and positive predictive

value (PPV) with 95% Cls of the CoDE-ACS scores were used to identify patients
as low probability (<3) or high probability (=61) of myocardial infarction at
presentation and after serial troponin testing if required.

specificity of 99.0 (95% Cl, 98.4-99.4) compared with the external
validation cohort (Supplementary Table 5). CoDE-ACS was compared
with serial cardiac troponin measurements using a relative increase of
20% where the initial value is above the 99th percentile and a relative
increase of 50% when it is below the 99th percentile. In the external
validation cohort, a CoDE-ACS score of 61 or greater identified more
patients as high probability compared with these criteria (15% (1,542
0f10,286) versus 10% (995 of 10,286)) with a higher positive predic-
tive value (71.3 (95% Cl, 70.4-72.1) versus 67.4 (95% Cl, 66.5-68.3)) and
similar specificity (Supplementary Table 6). The CoDE-ACS pathway
was evaluated in 3,629 women and 6,657 men from the external vali-
dation cohort separately (Extended Data Fig. 8). Performance of the
low-probability score and effectiveness were similar in women and
men, but the positive predictive value of the high-probability score
was lower in women at 67.5 (95% Cl, 65.9-69.0) compared with 78.5
(95% Cl, 77.5-79.4) in men. Despite differences in disease prevalence
between the studies used for external validation, CoDE-ACS performed
well across different health care settings (Extended Data Fig. 9). A
sensitivity analysis was performed in the external validation cohort,
reporting the performance of the CoDE-ACS pathway for a broader
diagnosticoutcome of type1,4b, or 4c or type 2 myocardial infarction
(Supplementary Table 7).

CoDE-ACS pathway compared with other pathways

Inour external validation cohort, 5,634 patients had cardiactroponin
measurements at presentation and 1 h to enable a comparison of the
CoDE-ACS and 0/1-h pathways, with 774 (14%) having a final diagnosis
of myocardial infarction (Supplementary Table 8). CoDE-ACS identi-
fied twice as many patients as low probability as the 0/1-h pathway at
presentation (57 versus 27%) for a similar negative predictive value
(99.7 (95% Cl, 99.5-99.8) versus 99.9 (95% Cl, 99.8-100)) (Extended Data
Fig.10). CoDE-ACS identified a similar proportion of patients as high
probability as the 0/1-h pathway at presentation (12 versus 13%) for a

higher positive predictive value (67.8 (95% CI, 66.6-69.0) versus 62.3
(95% Cl, 61.0-63.5)). When serial measures at 0 and 1 h were incorpo-
rated, the CoDE-ACS pathway identified fewer patients asintermediate
probability than the 0/1-h pathway (14 versus 29%).

In our external validation cohort, 2,271 patients had the required
clinical features and cardiac troponin measurements at presentation
and 3 hto enable acomparison of the CoDE-ACS and History, Electro-
cardiogram (ECG), Age, Risk Factors, and Troponin (HEART) path-
ways, with 360 (16%) having a final diagnosis of myocardial infarction
(Supplementary Table 9). The HEART pathway does not rule out any
patients at presentation, whereas CoDE-ACS identified 51% (1,169 of
2,271) as low probability with a negative predictive value of 99.6 (95%
CI,99.2-99.8). At 3 h, CoDE-ACS identified four times as many patients
at low probability as the HEART pathway (66 versus 16%) for a similar
negative predictive value (99.7 (95% Cl, 99.3-99.8) versus 100 (95% CI,
99.8-100)). The positive predictive value of the high-risk criteria in
the HEART pathway was significantly lower than the high-probability
score fromthe CoDE-ACS pathway (19.0 (95% Cl,17.4-20.6) versus 69.7
(95%Cl, 67.7-71.5)).

Pathways thatincorporate machine learning models are more flex-
ible than those using fixed cardiac troponin thresholds or risk scores,
allowing health care systems to apply different criteria to define low
and high probability of myocardial infarction. For example, a path-
way incorporating a lower CoDE-ACS score of two will identify fewer
patients as low probability of myocardial infarction at presentation
than one using ascore of three (50 versus 61%) for a higher negative pre-
dictive value (99.7 (95% Cl, 99.6-99.8) versus 99.6 (95% Cl, 99.4-99.7))
and sensitivity (98.8 (95% Cl,98.6-99.0) versus 97.9 (95% Cl, 97.6-98.2))
(Supplementary Table 10).

Outcomes stratified by the CoDE-ACS score
Atlyear, there were144 (1.4%) deaths froma cardiac cause and 317 (3.1%)
deaths of any cause in the external validation cohort. Compared with
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a
Subgroups

Age years
<65
>65

Sex
Male
Female

Ischemic heart disease
Yes
No

Cerebrovascular disease
Yes
No

Diabetes
Yes
No

eGFR ml min™
<60
>60

Ischemic electrocardiogram
Yes
No

Time h
<3
>3

Overall

b
Subgroups

Age years
<65
>65

Sex
Male
Female

Ischemic heart disease
Yes
No

Cerebrovascular disease
Yes
No

Diabetes
Yes
No

ml min™1.73 m?
<60
>60

Ischemic electrocardiogram
Yes
No

Time h
<3
>3

Overall

True negative

4,779
1,459

3,859
2,379

1198
5,039

223
6,015

716
5,519

217
5,504

228
5,973

2,436
3,718

6,238

True positive

346
448

601
193

293
501

57
737

182
612

168
618

375
410

241
546

794

False negative

10
17

27

21

24

27

False positive

123
135

165
93

100
158

14
244

51
207

51
205

103
155

104
150

258

-~

-

Negative predictive value
(95% Cl)

99.8 (99.7-99.9)
98.8 (98.4-99.1)

99.5 (99.3-99.6)
99.7 (99.5-99.8)

99.2 (98.8-99.4)
99.7 (99.5-99.8)

100.0 (99.3-100.0)
99.6 (99.4-99.7)

99.2 (98.6-99.5)
99.6 (99.5-99.7)

98.8 (98.1-99.3)
99.6 (99.5-99.7)

99.6 (99.1-99.8)
99.6 (99.4-99.7)

99.9 (99.7-99.9)
99.4 (99.1-99.5)

99.6 (99.4-99.7)

96.0 96.5 97.0 97.5 98.0 98.5 99.0 99.5100.0

Positive predictive value
(95% Cl)
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Fig. 4| Diagnostic performance of the CODE-ACS score in the external

validation cohortforidentifying patients as having alow or high probability of
myocardial infarction across patient subgroups. Data are presented as a central
estimate with 95% Cls based on the Clopper-Pearson method. a, Negative predictive
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value of the low-probability CoODE-ACS score using the presentation troponin
concentration alone across patient subgroups. b, Positive predictive value of the
high-probability CoDE-ACS score using the presentation troponin concentration
alone across patient subgroups. eGFR, estimated glomerular filtration rate.
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Fig. 5| Cumulative incidence of cardiac death and all-cause mortality as stratified by the CoDE-ACS score at presentation in the external validation cohort.

a,b, Datafor cardiac death (a) and all-cause mortality (b).

patients identified by CoDE-ACS at presentation as intermediate or
high probability, those who were low probability of myocardial infarc-
tion had a lower rate of cardiac death and all-cause death at 30 days
(cardiac death: 0.1 versus 0.5 and 1.8%; all-cause death: 0.1 versus 0.9
and2.0%, respectively) and at1 year (cardiac death: 0.3 versus 2.8 and
4.2%; all-cause death: 1.1 versus 6.1and 6.7%, respectively; log-rank
test P<0.001) (Fig.5).

Discussion

In patients presenting with possible acute myocardial infarction, we
developed and validated the CoDE-ACS clinical decision support system
using machine learning with single or serial high-sensitivity cardiac
troponin measurements to inform the probability of acute myocardial
infarction.

Compared withguideline-recommended pathways using cardiac
troponinthresholds andrisk scores, CoDE-ACS identified twice as many
patients as low probability of myocardial infarction at presentation
with a similar negative predictive value and fewer patients as high
probability with animproved positive predictive value. Unlike recom-
mended cardiac troponin thresholds, CODE-ACS scores performed
well in subgroups, including men and women, older persons, those
with renalimpairment or those who present early following the onset
of symptoms. We validated performance across multiple health care
systems, where the prevalence of myocardial infarction varied from4 to
16%, and propose a pathway that identifies up to two thirds of patients
as low probability of myocardial infarction with a single troponin test
andimproves the recognition of those with elevated cardiac troponin
concentrations who have acute myocardial infarction. While our mod-
els were trained to estimate the probability of myocardial infarction
during the index hospital admission, patients who were identified as
low probability of myocardial infarction were also at low risk of death
following discharge, with fewer than1in300 havinga cardiacdeath at
1year. If adopted in practice, the CoDE-ACS clinical decision support
system could reduce time spent in emergency departments, prevent
unnecessary hospitaladmission in patients unlikely to have myocardial
infarctionand at low risk of cardiac death, and improve the recognition
and treatment of those with myocardial infarction rather than myocar-
dialinjury, with benefits for both patients and health care providers.

Our study has directly benefited from a substantial body of prior
research describing the relationship between cardiac troponin and cor-
onary heart disease, which has transformed the assessment of patients

with possible myocardial infarction®, In particular, approaches
harnessing high-sensitivity assays that can quantify cardiac troponin
at concentrations well below the diagnostic threshold for myocar-
dial infarction and pathways incorporating risk scores®* have been
instrumental inimproving care’>'°, The use of statistical modeling to
guide clinical decisions represents a logical progression of this field
and has several important advantages over prior approaches using
fixed troponin thresholds or risk scores alone. First, cardiac troponin
is known to be influenced by age, sex and renal function?2*. Our find-
ings from an unselected cohort of consecutive patients demonstrate
marked heterogeneity in the performance of the diagnostic threshold
across these groups that was minimized when a model incorporating
these features was applied. Second, patients with different symptoms,
comorbidities and risk factors have a different pretest probability of
having nonischemic myocardial injury or myocardial infarction® .
Incorporating these features into the CoDE-ACS models rather than
considering theminisolationas applied in the HEART pathway signifi-
cantly improved the positive predictive value of an elevated cardiac
troponin for myocardialinfarction compared with using the same fixed
troponin threshold in all patients irrespective of pretest probability.
Third, current national and international guidelines recommend serial
cardiactroponin measurementsin all patients who present within3 h
of symptomonset” ", asit takes time following an episode of myocar-
dial ischemia for cardiac troponin to increase above the thresholds
recommended to rule out myocardial infarction®®***, CoDE-ACS, by
incorporating time from symptom onset, enables early presenters to
beruled out using a single test. Finally, current pathways recommend
fixed time points for serial measurements in those who have inter-
mediate cardiac troponin concentrations, which can be challenging
toimplement in routine practice and may unnecessarily increase the
duration of stay. Previous studies have shown that between oneinfive
and one in three patients do not undergo cardiac troponin testing in
accordance with pathway recommendations'®*°. In the 29% of patients
notidentified as low or high probability using a single cardiac troponin
measurement, CoDE-ACS, by incorporating information on the time of
testing, permits a second measurementto beincorporated at aflexible
time point. The CoDE-ACS pathway incorporating a serial measurement
at a flexible time point reduced the proportion of patients requiring
further observation and testing twofold and will reduce the potential
for harm due to nonadherence with the timing of the serial measure-
ment thatisinherent to current diagnostic pathways.
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The CoDE-ACS clinical decision support system was influenced
by pioneering early studies* and represents a substantial advance on
our previous work*’, The Troponin-Only Manchester Acute Coronary
Syndromes score combines cardiac troponin T concentrations at pres-
entation with other clinical observations using logistic regression to
identify a third of patients with suspected acute coronary syndrome as
low risk of major adverse cardiac events*. The myocardial-ischemic-
injury index (MPP) uses gradient boosting to compute a probability of
myocardialinfarction but has several limitations. First, while CODE-ACS
ruledinorruled out myocardialinfarctionin 71% of patients with asin-
gle cardiac troponin test, M’ requires two measurementsin all patients
to estimate probability. In practice, this would significantly limit the
effectiveness of MI® given that accelerated diagnostic pathways in
use today enable decisions based on a single cardiac troponin meas-
urement and have been shown to be safe and to prevent unnecessary
admissions®'°*°, Second, the M’ score was calculated using only age,
sex and cardiac troponin concentrations. Although the use of alimited
number of variablesis laudable forits simplicity, by notincluding other
important features thatinfluence cardiac troponin, the positive predic-
tive value and specificity were lower in patients with comorbidities*.
Finally, MI® was developed in a small cohort of selected patients, and
whenwe performedavalidationin unselected consecutive patients, we
observed that calibration was poor, particularly for those at intermedi-
ate probability*’. CoDE-ACS overcomes these limitations by estimating
probability using a single cardiac troponin measurement, including
other features that influence cardiac troponin concentrations and
pretest probability, and by training the model in a large unselected
patient population.

The advantage of using machine learning models within a clinical
decision support system over fixed cardiac troponin thresholds to
generate a probability of myocardial infarction and the diagnostic
metrics associated with this probability is that health care systems
canapply adecision support system more flexibly. For example,ina
health care setting thatis more conservative, alower CoDE-ACS score
to identify patients as being at very low probability of myocardial
infarction with anegative predictive value of 99.8 and false-negative
rate of 1in 500 could be applied to guide discharge in 50% of patients
with a single test. Alternatively, in health care settings where capac-
ity inthe emergency departmentis limited, alower CoDE-ACS score
to identify those as high probability could be applied to reduce the
proportion of patients considered of intermediate probability who
require observation and serial testing within the department. Our
clinical decision support system provides users with the option
to select the diagnostic parameters and therefore, the CoDE-ACS
score to define low and high probability in order to create a pathway
that is optimal for patient flow according to local clinical priorities
(https://decision-support.shinyapps.io/code-acs/). In the future, it
may be possible tointegrate CoDE-ACS with other machine learning
approaches using the 12-lead electrocardiogram to further refine
performance and reduce the proportion of patients requiring obser-
vation*!. Likewise, the inclusion of findings from other investigations
could help our models learn to differentiate between type 1and type
2 myocardial infarction.

While CoDE-ACS may enable a more flexible approach to the
interpretation of cardiac troponin results and therefore, the correct
triage of patients in practice, we continue to advocate the use of a
sex-specific 99th percentile as the diagnostic threshold for myo-
cardial infarction. Indeed, this threshold was used to adjudicate
all cases of myocardial infarction in our derivation and validation
cohorts®**°, However, we recognize the limitations of applying a
fixed threshold derived from a reference range population to indi-
vidual patients who may not be represented in these cohorts. Despite
incorporating sex into the CoODE-ACS models, the positive predictive
value of the high-probability score was lower in women than men.
This may represent true biological differences in the probability of

myocardial infarction in women and men or unintended selection
bias when enrolling patients into the external validation cohorts.
Ultimately, myocardial infarctionis a clinical diagnosis that requires
judgment to interpret the presenting symptoms and signs and find-
ings from troponin testing and cardiac imaging. We anticipate that
use of machine learning models within the CoDE-ACS clinical decision
support system will augment rather than replace this clinical judg-
ment and minimize inequalitiesin care.

Several limitations merit consideration. First, the CoDE-ACS mod-
elshavebeentrained and validated using a high-sensitivity cardiac tro-
poninlassay from asingle manufacturer. Given that cardiac troponin
assays are not standardized across different manufacturers, CoDE-ACS
will need to be retrained and validated for other assays. Second, con-
firmation bias may in part explain the excellent performance of the
CoDE-ACS models astheyincorporate features that areintegral to the
diagnosis of myocardial infarction. This was minimized as the ground
truth was defined prior to the development of the CoDE-ACS model
and does not make CoDE-ACS any less useful as an objective measure
of probability in practice. Third, there were important differences in
the characteristics of patients enrolled in our derivation and validation
cohorts, whichlikely reflect differencesin study inclusion and exclusion
criteria, disease prevalence and health care system factors. Despite
these differences, CoDE-ACS performed well in different health care
settings. However, the enrollment of consented patients rather than
unselected patients may have introduced some selection bias, with
overrepresentation of younger male patients responsible for the less
consistent performance of CoDE-ACS across some subgroups in the
validation cohort. Despite this heterogeneity, the false-negative rate
was less than 1in 100 across subgroups, even in those with increased
pretest probability of myocardial infarction. We acknowledge that in
high-risk subgroups, such as those older than 65 years old or with prior
ischemic heart disease or renalimpairment, additional prospective vali-
dation would be useful. No decision support system or pathway should
be used without consideration of pretest probability and clinical judg-
ment. Inour application, the predictive values are reported alongside
the score forindividual patients, so clinicians can use this information
to guide care. Fourth, although our evaluation included participants
fromacross seven countries, the majority were White, and therefore, we
were not able to evaluate whether diagnostic performance was consist-
entacross different ethnic groups. Finally, CODE-ACS was validated in
cohortsthat had completed enrollment, and care was not guided by our
clinical decision support system. Prospective validation and an evalu-
ationof theimpact of providing diagnostic probabilities and decision
supporton management followingimplementation of CODE-ACS into
practice are warranted.

In conclusion, we have developed a clinical decision support sys-
tem using machine learning with single or serial high-sensitivity cardiac
troponin measurements to inform the probability of acute myocardial
infarction. CoDE-ACS was superior to pathways that use fixed cardiac
troponinthresholds or risk scores and performed consistently across
different health care systems and patient subgroups. We propose a care
pathway thatidentifies more patients as low probability of myocardial
infarction with asingle cardiac troponin test and improves the recog-
nition of those with myocardial infarction compared with the current
standard of care. If adopted in practice, CODE-ACS could reduce time
spentinemergency departments, prevent unnecessary hospital admis-
sions and improve the early treatment of myocardial infarction, with
benefits for both patients and health care providers.
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Methods

Study population

The High-STEACS trial population was used for the derivation of
the CoDE-ACS models. As previously described, High-STEACS was a
stepped-wedged cluster-randomized, controlled trial to evaluate the
implementation of a high-sensitivity cardiac troponin I assay in con-
secutive patients with suspected acute coronary syndrome presenting
to10secondaryand tertiary hospitalsin Scotland between 10 June 2013
and 3 March 2016 (ref. 25).

Patients were included in this prespecified secondary analysis
(Supplementary Note 1) based on the following criteria: (1) age >18 years
old, (2) presentation with suspected acute coronary syndrome, (3)
cardiac troponin measured using the ARCHITECTq,; high-sensitivity
cardiac troponin I assay (Abbott Laboratories) and (4) availability of
electrocardiographic and physiological data for diagnostic adjudica-
tion. Patients with a diagnosis of ST-segment elevation myocardial
infarction were excluded given they undergo coronary revasculariza-
tion directly without troponin testing in the emergency department
(Extended DataFig.1).

Adjudication of the ground truth and outcomes

The model was trained to identify patients with an adjudicated diagno-
sisoftypel,type 4b or type 4c myocardial infarction during theindex
hospital admission. The ground truth was adjudicated according to
the Fourth Universal Definition of Myocardial Infarction by two clini-
ciansindependently, with a third reviewer providing consensusif there
was disagreement*°°, All diagnoses were adjudicated where there
was evidence of myocardial injury at presentation or on serial testing
defined as any high-sensitivity cardiac troponin I concentration above
the sex-specific 99th percentile. Type 1 myocardial infarction was
defined as myocardial necrosis (any high-sensitivity cardiac troponin
Iconcentration above the 99th percentile with arise and/or fall in con-
centration where serial testing was performed) in the context of a pres-
entation with possible myocardial infarction due to either symptoms or
signs of myocardialischemia on the electrocardiogram. Patients with
symptoms or signs of myocardial ischemia due to increased oxygen
demand or decreased supply (for example, tachyarrhythmia, hypoten-
sion or anemia) secondary to an alternative condition or a coronary
mechanism other than atherothrombosis and myocardial necrosis
were defined as having type 2 myocardial infarction. Types 4b and 4¢
myocardial infarction were defined where myocardial ischemia and
myocardial necrosis were associated with stent thrombosis or reste-
nosis, respectively, on coronary angiography. Regional and national
registries were used to follow patients for 1 year. The cause of death
was adjudicated by investigators masked to troponin concentrations
during the index presentation.

Performance of guideline-recommended cardiac troponin
thresholds

We evaluated the diagnostic performance and proportion of patients
identified by guideline-recommended cardiac troponin thresholds to
rule out (5 ng1™) and rule in (99th percentile of 16 ng I (women) and
34 ng 1™ (men)) myocardial infarction®. These were evaluated in the
overall population and in prespecified subgroups by age, sex, time
from symptom onset to troponin measurement, renal impairment,
priorischemicheart disease, diabetes mellitus, cerebrovascular disease
andischemiaonthe electrocardiogram.

Feature selection and processing

We used high-sensitivity cardiac troponin I concentrations as a con-
tinuous measure. We selected 12 objective clinical variables known
to be associated with cardiac troponin concentration and pretest
probability of myocardial infarction or to aid in the discrimination of
myocardialinjury frominfarction that were found to have the highest
relative importance in our model training phase. These were age, sex,

the number of hours from symptom onset to cardiac troponin meas-
urement, chest pain, known ischemic heart disease, hyperlipidemia,
heartrate, systolicblood pressure, Killip class, evidence of myocardial
ischemia on the electrocardiogram, renal function (estimated glo-
merular filtration rate calculated using the Chronic Kidney Disease
Epidemiology Collaboration formula)®' and hemoglobin. To maximize
the clinical utility of our models, we first developed models using the
cardiactroponin concentration at presentation alone. We subsequently
developed models toinclude asecond cardiac troponin concentration
measured at an early and flexible time point.

Model development, selection and external validation
We first developed and evaluated models using four statistical meth-
ods—logistic regression, naive Bayes, random forest and extreme
gradient boosting (XGBoost)****, XGBoost is a supervised machine
learning technique initially proposed by Chen and Guestrin®. In brief,
gradient boosting employs an ensemble technique to iteratively
improve model accuracy for regression and classification problems.
This ensemble-based algorithm is achieved by creating sequential
models using decision trees as learners, where subsequent models
attemptto correcterrors of the preceding models™**. In the boosting
method, individuals who were misclassified by the previous model are
assigned a higher weight to increase their chance of being selected in
subsequent models. Each model is subsequently fitted in a stepwise
fashion to minimize loss function, such as absolute error or squared
error (the amount that predicted values differ from the true values).
XGBoost refers to the reengineering of gradient boosting to signifi-
cantly improve the speed of the algorithm by pushing the limits of
computational resources. The output of the XGBoost modelis a prob-
ability thatis computed by performing aninverse logit transformation
of the sum of the weights of the terminal nodes of the trained model.
The mathematical formula for the gradient boosting model can
bedescribed as

K
V=2 fX).f €F, 0
k=l

where fis a function that maps each variable vector x; (x;= {X;, X,, ...,
X}, i=1,2,N) to the outcome y, Kis the number of Classification and
Regression Trees (k=1, 2, N) and F is the space of function containing
all Classification and Regression Trees>.

XGBoost optimizes an objective function of the form

N K
Obj = > L3 + 2 Ofi) (2)
i=1 k=1

where the first term is a loss function /, which evaluates how well the
model fits the data by measuring the difference between the predic-
tiony;and the outcomey, Thesecond term, theregularization term, is
used by XGBoost to avoid overfitting by penalizing the complexity of
the model. Furthermore, toimprove and fully leverage the advantages
of XGBoost, we tuned the hyperparameters of the algorithm defined
below through a grid search strategy using 10-fold crossvalidation
(Supplementary Table 11).

Given that the features that inform diagnosis differ for ruling in
and ruling out myocardial infarction, we developed separate models
for those with and without myocardial injury at presentation. Here,
myocardial injury was defined as a cardiac troponin I concentration
above the sex-specific 99th percentile upper reference limit (16 ng 1 'in
women and 34 ng I"'inmen) on the first measurement'**. Furthermore,
given that practice guidelines recommend diagnostic pathways that
use asingle measure of cardiac troponin to rule in or rule out myocar-
dialinfarction, we also trained these models separately using the first
cardiac troponin measurement alone and then, incorporating the
second serial measurement at a flexible time point, resulting in four
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separate models for each method. For all models in the derivation
cohort, we multiply imputed 10 datasets to account for missing data*
and performed 10 iterations of 10-fold crossvalidation to compute a
score (0-100) that corresponded to anindividual patient’s probability
of having myocardial infarction.

We thenidentified the scores that would classify the highest pro-
portion of patients as high or low probability at prespecified per-
formance criteria for rule in (80% positive predictive value and 80%
specificity) myocardial infarctionin those withmyocardialinjury and to
rule out (99.5% negative predictive value and 90% sensitivity) myocar-
dialinfarctionin those without myocardial injury. These criteria were
based on prior analysis and an international survey of acceptable risk
by physicians'**>*, It isimportant to highlight that these performance
criteriaare for the evaluation of scores separately in patients with and
without myocardial injury at presentation. When these scores are
applied to all patients with possible myocardial infarction, higher sen-
sitivity and specificity would be anticipated and required in practice.

The modelwith the best discrimination in those without myocar-
dial injury at presentation that identified the largest proportion of
patients as low probability according to our prespecified performance
criteriawas selected and integrated into our CoDE-ACS clinical decision
support system (https://decision-support.shinyapps.io/code-acs/).

We externally validated CoDE-ACS in the Advantageous Predic-
tors of Acute Coronary Syndromes Evaluation (APACE), the Improved
Assessment of Chest Pain Trial IMPACT), the 2-Hour Accelerated Diag-
nostic Protocol to Assess Patients with Chest Pain Symptoms Using
Contemporary Troponins as the Only Biomarker (ADAPT), the Emer-
gency Department Assessment of Chest Pain Score (EDACS), the Signal
Peptidein Acute Coronary Events (SPACE) and the Use of Abbott High
Sensitivity Troponinl Assay in Acute Coronary Syndromes (UTROPIA)
cohorts from Switzerland, Spain, Poland, Czech Republic, Australia,
New Zealand and the US****%, All analyses were performedinRv.4.1.2.

Description of the cohort studies pooled for external
validation

APACE. Study design and population. APACE was a prospective
international multicenter study with 12 centers in five countries aiming
toadvancethe early diagnosis of myocardial infarction (ClinicalTrials.
gov registry number NCT00470587). From the 8,267 adult patients
(=18 years) presenting to the emergency department with symptoms
suggestive of myocardialinfarction, 5,995 wereincluded in the external
validation dataset. Cardiac troponin samples from enrollment and
on serial testing at 1, 2 or 3 h depending on availability were used for
validation of the CoDE-ACS models. While enrollment was independent
ofrenal function, we excluded patients with terminal kidney failure on
chronicdialysis. The study was carried out according to the principles
ofthe Declaration of Helsinki and approved by the local ethics commit-
tees. Writteninformed consent was obtained from all patients. For this
analysis, patients with an ST-segment elevation myocardial infarction,
patients with missing high-sensitivity cardiac troponinlconcentrations
at presentation and patientsin whom the diagnosis remained unknown
even after final adjudication with at least one elevated cardiac troponin
concentration, thereby possibly indicating myocardial infarction,
were excluded.

Adjudication and follow-up. Myocardial infarction was defined and
cardiac troponin concentrations were interpreted as recommendedin
current guidelines®® . In brief, myocardial infarction was diagnosed
when there was evidence of myocardial injury with a clinically sig-
nificant rise and/or fallin a clinical setting consistent with myocardial
ischemia. Patients with myocardial infarction were further classified
into type 1 (primary coronary events) and type 2 (ischemia due to
increased demand or decreased supply: for example, tachyarrhythmia
or hypertensive urgency)'>*. All other patients were classified as unsta-
ble angina, noncardiac chest pain, cardiac but noncoronary disease

(for example, tachyarrhythmia or myopericarditis) or symptoms of
unknown origin with normal concentrations of cardiac troponin.

Theadjudication of final diagnoses was performed centrally in the
core laboratory (University Hospital Basel) for all patients using the
Abbott ARCHITECT high-sensitivity cardiac troponin I assay (Abbott
Laboratories). More specifically, two independent cardiologists not
directly involvedin patient care reviewed all available medical records
(including patient history, physical examination, results of laboratory
testing (including cardiac troponin concentrations), radiological tests,
electrocardiography, echocardiography, cardiac exercise test, lesion
severity and morphology in coronary angiography, and the discharge
summary) pertainingto the patient fromthe time of emergency depart-
ment presentation to 90-day follow-up. In situations of diagnostic
disagreement, cases were reviewed and adjudicated in conjunction
with a third cardiologist. Sex-specific 99th percentile upper refer-
ence limits of the high-sensitivity cardiac troponin I assay (16 ng 1™
in women, 34 ng I"!in men) were used to define myocardial injury.
Absolute changesin cardiac troponin were used to determine clinically
significant changes® . Based on studies of the biological variation of
cardiac troponin®”®® as well as on data from previous chest pain cohort
studies®>®, aclinically significant absolute change was defined as arise
or fall of at least 10 ng I within 6 h or in an assumption of linearity, as
anabsolute change of 6 ng I within 3 h. Patients were contacted 3 and
12 months after discharge by telephone calls or in written form. Infor-
mation regarding death during follow-up was furthermore obtained
from the patient’s hospital notes, the family physician’s records and
the national registry on mortality.

IMPACT. Study design and population. IMPACT was anintervention
trial on adult patients in the emergency department with potential
acute coronary syndrome (ACTRN12611000206921)". In total, 1,366
patients were recruited prospectively between February 2011 and
March 2014, while1,086 were included in the validation dataset. Cardiac
troponinsamples from enrollment and at2 hwere used for validation
of the CoDE-ACS models. The study was approved by the Royal Bris-
bane and Women’s Hospital Human Research and Ethics Committee
(HREC/10/QRBW/403). Informed written consent was obtained from
all participants. Recruitment occurred between 0800 and 1700 and
included patients aged >18 years with at least 5 min of symptoms sug-
gestive of and planned testing for acute coronary syndrome. Research
staff identified eligible patients. Patients were excluded if they had a
clear nonacute coronary syndrome cause for their symptoms, they
were unwilling or unable to provide informed consent (for example,
language barrier), staff considered that recruitment was inappropri-
ate (forexample, terminalillness), they were transferred from another
hospital, they were pregnant, they were recruited to the study within
the previous 30 days or they were unable or unwilling to be contacted
after discharge.

Risk stratification occurred per the IMPACT protocol. Initial tro-
ponin and electrocardiographic testing was performed on presenta-
tion. High-risk patients were treated according to the 2006 National
Heart Foundation/Cardiac Society of Australia and New Zealand
guidelines. Low- and intermediate-risk patients were assessed using
an accelerated investigation strategy, with repeat troponin testing
2 h after the first test. Routine inpatient stress testing was recom-
mended only for intermediate-risk patients. Low-risk patients were
discharged after normal O- and 2-h biomarkers, with correspondence
to their general practitioner stating that additional objective testing
was not indicated. Cardiac troponin was measured by the Beckman
Coulter second-generation AccuTnl assay (Beckman Coulter) to guide
clinical practice and in stored material using the Abbott ARCHITECT
high-sensitivity cardiac troponin I assay (Abbott Laboratories). This
clinical assay is a sensitive troponin assay with a coefficient of variation
of 14% at the 99th percentile value of 0.04 pg I and a10% coefficient of
variation of 0.06 pg ™. Values of >0.04 pg I were considered elevated.
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Blood samples were taken on presentation and 2 h later for low- and
intermediate-risk patients and at 0 and 6 h for high-risk patients. All
available troponin results were used for clinical decision-making.

Adjudication and follow-up. Telephone follow-up occurred 30 days
after presentation by research nurses. All information was verified
through medical record databases and cardiac investigation results.
Outcomes were adjudicated independently by local cardiologists using
predefined standardized reporting definitions, with access to the clini-
calrecord, electrocardiogram, cardiac troponinmeasurements and all
subsequent investigations from standard care. A second cardiologist
conducted ablind review of all acute coronary syndromes and 10% of
nonacute coronary syndrome cases. In cases of disagreement between
the two adjudicators, end points were agreed on by consensus. Myo-
cardial infarction was defined according to international guidelines
and based on evidence of myocardial necrosis and ischemia. Patients
with acute myocardial infarction were further subdivided into acute
myocardial infarction type 1 (primary coronary events) and acute
myocardial infarction type 2 (ischemia due to increased demand or
decreased supply: for example, tachyarrhythmias or hypertensive
crisis). Myocardial necrosis was defined as a20% increase or decrease
in cardiac troponin concentration with at least one value above the
99th percentile of the normal reference range. Evidence of myocardial
ischemiaincluded the electrocardiogram or cardiac imaging.

ADAPT-BSN (Brisbane). Study designand population. The ADAPT-BSN
trial was a prospective observational validation study designed to
assess a predefined accelerated diagnostic pathway that consisted
of the TIMI (thrombolysis in myocardial infarction) score risk assess-
ment, electrocardiogram (ECG), and O- and 2-h central laboratory
contemporary cardiac troponin I as the only biomarker. The original
study population was from both Brisbane, Australiaand Christchurch,
New Zealand*®. From November 2008 to February 2011, a total of
978 unselected patients presenting to the emergency department of
the Royal Brisbane and Women'’s Hospital with symptoms of possible
acute myocardial infarction were recruited, while 797 patients were
included in the validation dataset. Cardiac troponin samples from
enrollment and 2 hwere used for validation of the CoODE-ACS models.
Criteriafor enrollmentincluded age >18 years of age with atleast 5 min
of symptoms where the attending physician planned to perform serial
cardiac troponintests. Patients were excluded for any of the following:
aclear cause other than acute coronary syndrome for the symptoms
(for example, examination findings of pneumonia), inability to provide
informed consent, staff considered recruitment to be inappropriate
(for example, receiving palliative treatment), transfer from another
hospital, pregnancy, previous enrollment or inability to be contacted
after discharge. Perceived high risk was not used as an exclusion crite-
rion. Writteninformed consent was obtained from all patients. Patients
were managed according to local hospital protocols, including clinical
history, physical examination, 12-lead ECG, continuous ECG moni-
toring, pulse oximetry, standard blood tests and chest radiography.
Clinical blood draws for local cardiac troponin measurement were
performed at presentation and then, 6-12 h afterward. Management
of patients was at the discretion of the attending physician.

Adjudication and follow-up. Final diagnoses were adjudicated by
independent cardiologists not directly involved in patient care. Adju-
dication was based onall available medical records (including patient
history, physical examination, all laboratory testing (including cardiac
troponinlevels), radiological testing, electrocardiography, echocar-
diography, cardiac exercise test, lesion severity and morphology in
coronary angiography, and the discharge summary) pertaining to
the patient from the time of emergency department presentation to
30-day follow-up. Myocardial infarction was diagnosed when there
was evidence of myocardial necrosis with a clinically significant rise

and/or fall in a clinical setting consistent with myocardial ischemia.
Patients with acute myocardial infarction were further subdivided
into type 1 myocardial infarction (primary coronary events) and
type 2 myocardial infarction (ischemia due to increased demand or
decreased supply). After discharge, patients were contacted after
6 weeks and 12 months (Brisbane) by telephone calls or in written
form. Information regarding death was furthermore obtained from
the patients’ hospital notes, the family physician’s records and the
national registry on mortality.

ADAPT-CH (Christchurch). Study design and population. The
ADAPT-CH study was prospectively performed in accordance with
the ADAPT-BSN study (see above). From the 1,125 patients recruited
between February 2011 and March 2014, 1,000 were included in the
validation dataset. Cardiac troponin samples from enrollment and
2 hwere used for validation of CODE-ACS models. It aimed to compare
the effectiveness of a rapid diagnostic pathway with a standard care
diagnostic pathway for the assessment of patients with possible cardiac
chest paininausual clinical practice setting. Patients in the emergency
department, where the attending physician was investigating for pos-
sible acute coronary syndrome, were included.

Adjudication and follow-up. Two senior clinicians adjudicated for
the presence independently for any major adverse cardiac event. A
third senior clinician adjudicated any disagreements with the first
two clinicians.

ADAPT-RCT (Randomised Controlled Trial). Study design and popu-
lation. The ADAPT-RCT was asingle-center randomized parallel-group
trial with blinded outcome assessments conducted inan academic gen-
eraland tertiary hospital (AustraliaNew Zealand Clinical Trials Registry
number 12610000766011). Participants included adults with acute
chest pain consistent with acute coronary syndrome for whom the
attending physician planned further observation and troponin testing
inthe Emergency Departmentat Christchurch Hospital, Christchurch,
New Zealand. Patient recruitment occurred from 11 October 2010 to
4July 2012, with a 30-day follow-up. From the 635 patients recruited,
540 wereincluded in the validation dataset.

Adjudication and follow-up. Adjudication and follow-up were as
described for ADAPT-CH.

EDACS. Study design and population. EDACS was a pragmatic rand-
omized, controlled trial (Australia New Zealand Clinical Trials Registry
number 12613000745741) of adults with suspected acute myocardial
infarction. The primary outcome was the proportion of patients dis-
charged to outpatient care within 6 h of attendance without asubsequent
major adverse cardiac event within 30 days. There were 558 patients
recruited,279ineacharm.From 558 patients presenting to asingle center
(Christchurch, New Zealand), 529 were included in the validation cohort.

Adjudication and follow-up. Adjudication and follow-up were as
described for ADAPT-CH.

SPACE. Study design and population. For SPACE, patients present-
ing to Christchurch Hospital with the primary complaint of chest
pain of less than 4 h in duration were offered recruitment into our
prospective, observational study (http://www.anzctr.org.au, num-
ber 12609000057280). Patients with the primary complaint of acute
chest, epigastric, neck, jaw or arm pain suspicious of acute coronary
syndrome without obvious noncardiac origin lasting >20 min were
enrolled in accordance with guideline definitions. More general/
atypical symptoms (such as fatigue, nausea, vomiting, sweating and
faintness) were not used as inclusion criteria, and those on dialysis or
with terminal kidney failure were excluded. From the 346, a total of
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339 patients were included in the external validation dataset. Blood
samples for measurement of high-sensitivity cardiac troponin I (Abbott
Laboratories) weretakenat0,1,2 and 12-24 h after presentation. Car-
diac troponin concentrations from time 0 and 2 hwere used for valida-
tion of CoDE-ACS models.

Adjudication and follow-up. The adjudicated diagnosis of myocardial
infarction was made in accordance with the 2012 European Society of
Cardiology (ESC)/ American College of Cardiology Foundation (ACCF),
American Heart Association (AHA)/ World Heart Federation (WHF) task
force guidelines by two independent cardiologists with access to all
clinical data from standard care. The biochemical component of the
diagnosis of myocardial infarction was made using a late-generation
cardiac troponin I assay with one value in the >99th percentile upper
referencelimit (0.03 pg ™) and arise or fall of 50% of the reference limit
(0.015 pg I™") within 12 h of presentation. At 45 and 365 days following
discharge, enrolled patients were contacted by telephone or inwriting
to complete a follow-up interview/questionnaire. Reported clinical
events were identified from the patients themselves (or their primary
physician) and confirmed by clinical adjudication, centralized New
Zealand Ministry of Health database registry entries on mortality and
events, and records of the treating institution.

UTROPIA. Study design and population. UTROPIA was a prospective
cohortstudy enrolling consecutive, unselected patients who presented
from 4 February 2014 through 9 May 2014 to the emergency depart-
ment, in whom serial cardiac troponin I measurements (0,3, 6and 9 h)
were ordered on clinicalindication at Hennepin County Medical Center
(NCT02060760) to rule in or rule out acute myocardial infarction.
The study protocol was approved by the institutional review com-
mittee. For inclusion, patients needed a baseline cardiac troponin |
measurementat presentation, at least one additional cardiac troponin
I measurement within 24 h of presentation before discharge and at
least one12-lead ECG performed. Exclusion criteriawere younger than
18 years old, ST-segment elevation myocardial infarction, pregnancy,
trauma, declined to participate, did not present through the emergency
department, or the patient was transferred from an outside hospital.
For patients withmore than one presentation during the study period,
only the first presentation was included.

Adjudication. All patients with at least one cardiac troponin I measure-
ments above the 99th percentile were adjudicated according to the
Third Universal Definition of Myocardial Infarction consensus recom-
mendations by two clinicians following review of all available medical
records, including the 12-lead ECG, echocardiography, angiography,
cardiac troponin I results and clinical presentation. Patients in whom
therewasadiscrepancy in the diagnosis were reviewed and adjudicated
by athird senior clinician.

Comparison with other pathways

We compared CoDE-ACS with the HEART pathway and the 0/1-h path-
way recommended by the European Society of Cardiology. The HEART
(History, Electrocardiogram, Age, Risk factors and Troponin) pathway
identifies low- and high-probability patients with a HEAR (History,
Electrocardiogram, Age, and Risk factors) score of less than or equal
tothree and negative cardiactroponin concentrationsat O and 3 hand
aHEARscoregreater than or equal to four or positive cardiac troponin
concentrationsat 0 or 3 h, respectively**. We used the sex-specific 99th
percentile to define positive or negative cardiac troponin concentra-
tions withinthe HEART pathway. The 0/1-h pathway identifies patients
atlowrisk with either very low cardiac troponin concentrations at pres-
entation or low concentrations in combination with a small absolute
change at 1 h. It identifies patients at high risk with either very high
cardiac troponin concentrations at presentation or arelevant absolute
changeat1h (ref.12).

Ethics statement

The High-STEACS trial was registered (ClinicalTrials.gov registry num-
ber NCT01852123) and approved by the Scotland A Research Ethics
Committee, by the Public Benefit and Privacy Panel for Health and
Social Care, and by each National Health Service Health Board®. This
analysis was prespecified in the trial protocol and was performed
according to a separate statistical analysis plan. As the trial interven-
tion was implemented at the hospital level, consent was not sought
from individual patients. All data were collected prospectively from
the electronic patient record, deidentified and linked to regional
and national registries in a data repository within a Secure Data Envi-
ronment (DataLoch). All cohort studies contributing to the external
validation were approved by their respective local research ethics
committee or institutional review board with written informed consent
from participants.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The High-Sensitivity Troponin in the Evaluation of Patients with Sus-
pected Acute Coronary Syndrome trial makes use of several routine
electronic health care data sources that are linked, deidentified and
heldinaSecure Data Environmentby DataLoch (https://dataloch.org/),
whichisaccessible by approved individuals who have undertaken the
necessary governance training. Access to these dataand those from the
external validation datasets of Advantageous Predictors of Acute Coro-
nary Syndromes Evaluation, Improved Assessment of Chest Pain Trial,
2-Hour Accelerated Diagnostic Protocol to Assess Patients with Chest
Pain Symptoms Using Contemporary Troponins as the Only Biomarker,
Emergency Department Assessment of Chest Pain Score, Signal Peptide
inAcute Coronary Events and Use of Abbott High Sensitivity Troponin
IAssayin Acute Coronary Syndromes cohorts from Switzerland, Spain,
Poland, Czech Republic, Australia, New Zealand and the United States
can be obtained by contacting the corresponding author.

Code availability

The R code used to evaluate the Collaboration for the Diagnosis
and Evaluation of Acute Coronary Syndrome (CoDE-ACS) models is
available through GitHub (https://github.com/DimitriosDoudesis/
CoDE-ACS-NatureMedicine), and we have created an evaluation toolin
R-shiny to enable other researchers to run the CoDE-ACS models using
individual patient-level data (https://decision-support.shinyapps.io/
code-acs/). The datasets used to derive the CoDE-ACS models make
use of several routine electronic health care data sources that are
linked, deidentified and held in a Secure Data Environment by Data-
Loch (https://dataloch.org/). Researchers wishing the source dataand
models to conductan evaluation of CoDE-ACS at scale should contact
the corresponding author to arrange governance training, approvals
and access to our Secure Data Environment.
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Extended Data Fig. 2| Negative predictive value of the 5 ng/Lrisk stratification threshold at presentation in the derivation cohort across patient subgroups.
Dataare presented as a central estimate with 95% confidence intervals based on the Clopper-Pearson method.
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Extended Data Fig. 4 | Diagnostic performance of CODE- ACS scores at presentation in the derivation cohort across patient subgroups. Data are presented asa
central estimate with 95% confidence intervals based on the Clopper-Pearson method. (a) CoDE-ACS low probability score of less than 3. (b) CoDE-ACS high probability
score of 61 or more.
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Extended Data Fig. 5| Diagnostic performance of CODE- ACS scores on serial troponin testing in the derivation cohort across patient subgroups. Dataare

presented as a central estimate with 95% confidence intervals based on the Clopper-Pearson method. (a) CoDE-ACS low probability score of less than 3. (b) CODE-ACS

high probability score of 61 or more.
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Extended Data Fig. 9 | Diagnostic performance of the CoODE-ACS score
in the external validation cohorts by region (Europe, Australia, New
Zealand and United States). Receiver-operating-characteristic (ROC) curve

illustrating discrimination of the CoDE-ACS for myocardial infarction. (a) Using
the presentation cardiac troponin measurement. (b) Using the serial cardiac
troponin measurement.
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Extended Data Fig.10 | Diagnostic performancein 5,634 patients of the
external validation cohort who had cardiac troponin measurements at
presentation and1 hour to enable (A) CODE-ACS score to identify patients
as low-probability of myocardial infarction and (B) the 0/1-hour pathway

Clopper-Pearson method.

to rule out myocardial infarction at presentationin subgroups. Dataare
presented as a central estimate with 95% confidence intervals based on the

Nature Medicine


http://www.nature.com/naturemedicine

nature portfolio

Corresponding author(s):  Professor Nicholas L. Mills

Last updated by author(s): Mar 21, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  The High-STEACS trial makes use of several routine electronic health care data sources that are linked, de-identified, and held in a Secure Data
Environment within the National Health Service by Dataloch (https://dataloch.org/), which is accessible by approved individuals who have
undertaken the necessary governance training.

Data analysis The R code used to evaluate the CoDE-ACS models is available through GitHub (https://github.com/DimitriosDoudesis/CoDE-ACS-
NatureMedicine) and we have created an evaluation tool in R-shiny to enable other researchers to run the CoDE-ACS models using individual
patient level data (https://decision-support.shinyapps.io/code-acs/). The datasets used to derive the CODE-ACS models make use of several
routine electronic health care data sources that are linked, de-identified, and held in a Secure Data Environment by Dataloch (https://
dataloch.org/). Researchers wishing the source data and models to conduct an evaluation of CoDE-ACS at scale, should contact the
corresponding author to arrange governance training, approvals, and access to our Secure Data Environment. All analyses were performed in
R version 4.1.2. The algorithm was developed using the R package ‘xgboost’ version 1.6.2.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The High-STEACS trial makes use of several routine electronic health care data sources that are linked, de-identified, and held in a Secure Data Environment by
Dataloch (https://dataloch.org/), which is accessible by approved individuals who have undertaken the necessary governance training. Researchers wishing to
access these data should contact the corresponding author to arrange governance training, approvals, and remote access to the Secure Data Environment. The
external validation datasets of APACE (Advantageous Predictors of Acute Coronary Syndromes Evaluation), IMPACT (Improved Assessment of Chest pain Trial),
ADAPT (2-Hour Accelerated Diagnostic Protocol to Assess Patients With Chest Pain Symptoms Using Contemporary Troponins as the Only Biomarker), EDACS
(Emergency Department Assessment of Chest pain Score), SPACE (Signal Peptide in Acute Coronary Events) and UTROPIA (Use of Abbott High Sensitivity Troponin |
Assay In Acute Coronary Syndromes) cohorts from Switzerland, Spain, Poland, Czech Republic, Australia, New Zealand and the United States can be accessed by
contacting each corresponding author.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Our manuscript is compliant with the journal’s policy on sex and gender reporting. Sex was carefully considered in our study
design. We previously demonstrated that cardiac troponin concentrations differ between men and women (BMJ.
2015;350:g7873), which informed the current international definition of myocardial infarction (Circulation. 2018;138:e618-
e651). Sex is self-reported by patients when they register with the National Health Service, and this was used in the
derivation cohorts for our models. In our external validation cohorts, sex was assigned by the researchers. Our models
include sex as one of the variables used to estimate the probability of myocardial infarction. We reported a priori the overall
performance of our model by sex. However, in our revised manuscript we have also included an additional post hoc
evaluation of the diagnostic performance of the CoDE-ACS pathway separately in men and women and have discussed these
findings.

Population characteristics Patients were included in this prespecified secondary analysis based on the following criteria: (1) age 218 years old, (2)
presentation with suspected acute coronary syndrome, (3) cardiac troponin measured using the ARCHITECTSTAT high-
sensitivity cardiac troponin | assay (Abbott Laboratories), (4) availability of electrocardiographic and physiological data for
diagnostic adjudication. Patients with a diagnosis of ST-segment elevation myocardial infarction were excluded given they
undergo coronary revascularisation directly without troponin testing in the Emergency Department.

Recruitment The High-STEACS trial population was used for the derivation of the CoDE-ACS (Collaboration for the Diagnosis and Evaluation
of Acute Coronary Syndrome) algorithm. As previously described, High-STEACS was a stepped-wedged cluster-randomized
controlled trial to evaluate the implementation of a high-sensitivity cardiac troponin | assay in consecutive patients with
suspected acute coronary syndrome presenting to ten secondary and tertiary hospitals in Scotland between June 10, 2013,
and March 3, 2016. As all consecutive patients were enrolled there is no selection bias in this trial.

Ethics oversight The High-Sensitivity Troponin in the Evaluation of Patients With Suspected Acute Coronary Syndrome (High-STEACS) trial was
registered (www.clinicaltrials.gov NCT01852123) and approved by the Scotland A Research Ethics Committee, the Public
Benefit and Privacy Panel for Health and Social Care, and by each National Health Service (NHS) Health Board. This analysis
was prespecified in the trial protocol and was performed according to a separate Statistical Analysis Plan. As the trial
intervention was implemented at hospital level, consent was not sought from individual patients. All data were collected
prospectively from the electronic patient record, deidentified and linked to regional and national registries in a data
repository within a National Health Service managed Secure Data Environment (Dataloch, Edinburgh, United Kingdom). All
cohort studies contributing to the external validation were approved by their respective local research ethics committee or
institutional review board with written informed consent from participants.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No prior sample size calculation have been performed. All the available data for this study has been used.

Data exclusions  Patients with a diagnosis of ST-segment elevation myocardial infarction were excluded given they undergo coronary revascularisation directly
without troponin testing in the Emergency Department.

Replication All the analysis is reproducible. A random seed has been used throughout the analysis to make sure that there are no small differences
(decimal points) to the results.

Randomization  No randomized comparisons are reported in this analysis.

Blinding The diagnosis of myocardial infarction and clinical outcomes were adjudicated by a panel of clinicians who were blinded to the trial phase and
the CoDE-ACS score.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies |Z |:| ChiIP-seq
[] Eukaryotic cell lines XI|[] Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|:| Animals and other organisms
Clinical data

|:| Dual use research of concern
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT01852123
Study protocol Study protocol is available through the trial registration site (https://clinicaltrials.gov/ProvidedDocs/23/NCT01852123/Prot_000.pdf)

Data collection All consecutive patients with suspected acute coronary syndrome presenting to ten secondary and tertiary hospitals in Scotland
between June 10, 2013, and March 3, 2016.

Outcomes The model was trained to identify patients with an adjudicated diagnosis of type 1, type 4b or type 4c myocardial infarction during
the index hospital admission. All primary and secondary outcomes were prespecified in the trial protocol. The diagnosis of myocardial
infarction was adjudicated according to the Fourth Universal Definition of Myocardial Infarction by two clinicians independently, with
a third reviewer providing consensus if there was disagreement. Regional and national registries were used to follow-up the trial
population for one year. The cause of death was adjudicated by investigators masked to troponin concentrations during the index
presentation.
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