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Abstract

Background: Patients with non-ST-segment elevation myocardial infarction (NSTEMI) are
frequently admitted to intensive care or monitored settings despite heterogeneous risk
of ICU-requiring complications. We developed NSTEMI-CARE, a calibrated multilayer
decision-support algorithm for early hospital level-of-care assignment. Methods: We
conducted a retrospective cohort study of consecutive patients with NSTEMI and angio-
graphically confirmed obstructive coronary artery disease admitted between 1 July 2017
and 31 December 2020 to a cardiovascular referral center in Bogota, Colombia. The primary
outcome was a composite of ICU-requiring complications. Candidate machine-learning
models were evaluated for discrimination and calibration. The selected probabilistic model
was integrated with predefined clinical triggers and a Gray-Zone decision rule to generate
a binary recommendation for general ward versus ICU/monitored care. Results: Among
981 patients, 155 (15.8%) experienced the primary outcome. The isotonic-calibrated Hist-
GradientBoosting model achieved an AUC of 0.821, average precision of 0.618, and Brier
score of 0.092 during five-fold out-of-fold internal validation. The final algorithm as-
signed 464 patients (47.3%) to general ward care and 517 (52.7%) to ICU/monitored care.
The observed event rate among ward-assigned patients was 3.9%. Sensitivity was 88.4%,
specificity 54.0%, positive predictive value 26.5%, and negative predictive value 96.1%.
In secondary comparative analysis, NSTEMI-CARE showed greater discrimination than
ACTION-ICU (AUC 0.821 vs. 0.645; p < 0.001). Conclusions: NSTEMI-CARE identified a
substantial subgroup potentially suitable for general ward management while maintaining
a high negative predictive value. By integrating calibrated risk estimation with explicit
clinical decision rules, the algorithm provides a clinically interpretable framework for early
level-of-care assignment in NSTEMI. External and prospective validation is required before
clinical implementation.
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1. Introduction

Acute coronary syndrome (ACS) encompasses a spectrum of clinical presentations,
of which non-ST-segment elevation acute coronary syndrome (NSTE-ACS) accounts for
approximately 70%, including both NSTEMI and unstable angina [1]. The widespread adop-
tion of high-sensitivity cardiac troponin assays has shifted this spectrum toward NSTEMI
by detecting smaller degrees of myocardial necrosis and reclassifying many patients pre-
viously diagnosed with unstable angina [2]. Consequently, the contemporary NSTEMI
population is increasingly heterogeneous, encompassing patients with markedly different
clinical risk profiles, including a substantial subgroup with a relatively low likelihood
of in-hospital complications requiring intensive monitoring or advanced cardiovascular
support [3].

Current guidelines recommend close monitoring during the first 24-48 h after NSTEMI
to detect early ischemic, electrical, or hemodynamic complications [4]. In practice, this
often translates into ICU admission even among lower-risk patients, despite contemporary
in-hospital mortality rates of approximately 2-3% following advances in invasive and
medical management [5]. This highlights the need for clinical decision-support tools
that translate individualized risk into practical and reproducible recommendations for
appropriate level-of-care assignment.

Machine learning offers the ability to capture complex nonlinear interactions among
routinely available clinical variables and generate individualized risk estimates. Neverthe-
less, prediction alone is insufficient to support operational triage decisions. We therefore
hypothesized that integrating a calibrated probabilistic machine learning model with ex-
plicit clinical decision rules within a multilayer clinical decision-support framework could
improve the early identification of patients likely to require escalation to ICU-level care
during hospitalization, thereby supporting appropriate initial level-of-care assignment
while preserving patient safety. Accordingly, we developed NSTEMI-CARE, a multilayer
clinical decision-support tool designed to provide a binary recommendation (general ward
versus ICU/monitored care) during the early clinical course of patients with NSTEML

2. Methods
2.1. Study Design and Population

We conducted a retrospective observational cohort study of consecutive patients
with NSTEMI admitted between 1 July 2017 and 31 December 2020 to a high-complexity
cardiovascular referral center in Bogotd, Colombia (Fundacién Cardioinfantil-Instituto
de Cardiologia). The study was designed to develop and internally validate a clinically
interpretable decision-support framework to assist early level-of-care assignment during
the early hospital evaluation, with a final binary output classifying patients as suitable for
either general ward care or ICU/monitored care.

NSTEMI was defined according to the Fourth Universal Definition of Myocardial
Infarction, based on clinical evidence of myocardial ischemia, absence of persistent ST-
segment elevation, and a rise and/or fall in cardiac troponin with at least one value above
the 99th percentile upper reference limit [2]. Patients were included if obstructive coronary
artery disease was documented on coronary angiography, defined as at least one epicardial
coronary stenosis >50% or a lesion requiring revascularization. Clinical records were
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required to contain sufficient information to derive the candidate predictors, estimate
model probabilities, and apply the prespecified clinical decision rules.

Patients without obstructive coronary artery disease, those with inadequate clini-
cal records, and those with incomplete follow-up during the index hospitalization were
excluded from the analysis.

2.2. Data Collection and Candidate Predictors

Candidate predictors included demographic characteristics, medical history, physical
examination findings, vital signs, laboratory results, electrocardiographic findings, and
echocardiographic variables routinely obtained during the initial emergency department
evaluation of patients with NSTEMI. Candidate predictors included both baseline variables
obtained during the initial clinical assessment and early dynamic clinical variables recorded
during the first 24 h after presentation. Most clinical, laboratory, electrocardiographic, and
hemodynamic variables were obtained during the initial evaluation, generally within the
first hours after presentation. Recurrent ischemic chest pain and newly detected atrial
fibrillation were recorded during the first 24 h and were therefore considered early dynamic
markers rather than baseline characteristics.

Demographic and baseline variables included age, sex, body mass index, and relevant
cardiovascular and noncardiovascular comorbidities. Clinical variables comprised vital
signs, recurrent ischemic chest pain during the first 24 h, bradycardia, and signs of acute
heart failure. Acute heart failure was defined by the presence of one or more findings
suggestive of congestion or impaired cardiopulmonary reserve, including jugular venous
distension, pulmonary crackles or congestion, imaging evidence of pulmonary edema or
congestion, bilateral lower-extremity edema, bendopnea, or orthopnea. These findings
were recorded independently from a previous diagnosis of chronic heart failure.

Additional candidate predictors included electrocardiographic, laboratory, and imaging
variables obtained during the initial evaluation. Electrocardiographic variables comprised
ST-segment depression, T-wave inversion, and new-onset atrial fibrillation occurring within
the first 24 h. Laboratory variables included cardiac troponin, creatinine, sodium, potassium,
white blood cell count, and hemoglobin. Left ventricular ejection fraction, time to coronary
angiography, and angiographic disease burden were also recorded when available. Candidate
predictors and their operational definitions are summarized in Supplementary Table S1.

2.3. Outcome Definition

The primary outcome was the occurrence of clinically significant in-hospital deteriora-
tion requiring escalation beyond standard ward management. The composite endpoint in-
cluded major in-hospital cardiovascular complications (ventricular arrhythmia, high-grade
atrioventricular block, cardiac arrest, post-infarction cerebrovascular event, or in-hospital
death) and the need for advanced therapeutic support (continuous intravenous vasodilator,
vasopressor, or inotropic therapy, ventilatory support, or mechanical circulatory support).
Advanced therapeutic support was included as an objective treatment-based marker of
escalation of care, as the specific clinical indication could not always be reliably adjudicated
from retrospective records. Accordingly, the outcome was designed to capture both major
in-hospital cardiovascular complications and the need for advanced therapeutic support,
consistent with the study objective of guiding early level-of-care assignment rather than
predicting mortality alone.

2.4. Model Development, Triage Algorithm, and Internal Validation

The NSTEMI-CARE model was developed as a multilayer clinical decision-support
framework for early level-of-care assignment in patients with NSTEMI. Several candidate
prediction models, including penalized logistic regression and machine-learning algorithms,
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were developed and evaluated. Internal validation was performed using stratified five-fold
out-of-fold cross-validation. Within each fold, the model was trained on four-fifths of
the cohort and evaluated on the held-out fifth, ensuring that each patient was assessed
using a prediction from a model that had not been trained on that individual. Missing
continuous values were imputed using the median within the modeling pipeline, and
probability calibration using isotonic regression was performed within each training fold
to avoid information leakage into the corresponding held-out fold. Hyperparameter
tuning was performed using grid search with stratified internal cross-validation, with the
negative Brier score used as the optimization criterion. No synthetic oversampling or under
sampling was applied for class imbalance. A fixed random seed (20260726) was used to
ensure reproducibility.

The final algorithm combined the calibrated probability generated by the prediction
model with predefined clinical decision rules to assign patients to either general ward care
or ICU/monitored care. Patients fulfilling predefined low-risk criteria together with clinical
stability were directly assigned to the general ward, whereas those meeting predefined
high-risk criteria or major clinical triggers were directly assigned to ICU/monitored care.
Patients who did not meet either set of criteria underwent a secondary clinical assessment
using a simplified bedside safety score to determine the final recommendation.

Model performance was evaluated using the pooled five-fold out-of-fold predictions
across the complete cohort. Discrimination was assessed using the area under the receiver
operating characteristic curve (AUC) and average precision, whereas calibration was
assessed using the Brier score. The final binary triage recommendation was evaluated
using sensitivity, specificity, positive and negative predictive values, likelihood ratios, and
overall accuracy.

As an exploratory benchmark, NSTEMI-CARE was compared with the ACTION-ICU
score, a previously published risk score specifically developed to predict complications
requiring ICU-level care in patients with NSTEMI. ACTION-ICU was calculated according
to its original nine-variable point-based scoring system, without recalibration. Operating
characteristics were assessed at thresholds of >3 and >5, selected based on the original
ACTION-ICU study and our previous evaluation in a Latin American NSTEMI cohort [6,7].

2.5. Web-Based Clinical Decision Support Prototype

The final NSTEMI-CARE algorithm was implemented as a web-based clinical decision
support prototype designed to facilitate bedside application. The prototype allows standard-
ized entry of patient variables, automatically applies the calibrated prediction model and
clinical decision algorithm, and generates a recommendation for either general ward care or
ICU/monitored care. For each assessment, the application also generates a downloadable
report summarizing the input variables, predicted risk, and final recommendation.

2.6. Statistical Analysis and Computational Environment

Continuous variables were summarized as mean + standard deviation or median (in-
terquartile range), according to their distribution. Categorical variables were summarized
as counts and percentages. Between-group comparisons in Tables 1 and 2 were descrip-
tive. Continuous variables reported as mean =+ standard deviation were compared using
Welch's t-test, whereas variables reported as median (interquartile range) were compared
using the two-sided Mann-Whitney U test. Categorical variables were compared using
Pearson’s chi-square test or Fisher’s exact test when expected cell counts were <5. No
adjustment for multiple comparisons was applied. Model performance was evaluated
using discrimination, calibration, and classification metrics, including the area under the
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receiver operating characteristic curve (AUC), average precision, Brier score, sensitivity,
specificity, positive and negative predictive values, likelihood ratios, and overall accuracy.

Data preprocessing, model development, calibration, and internal validation were
performed in Python 3 using Jupyter Notebook (version 7.4.5) within the Anaconda en-
vironment and scikit-learn version 1.7.2. Complementary statistical analyses, variable
derivation, and data quality assessment were performed in R version 4.6.0 (R Foundation
for Statistical Computing, Vienna, Austria).

2.7. Ethical Considerations

The ethical review and approval of the study protocol was waived by the institutional
ethics committee. The requirement for informed consent was waived because of the retro-
spective design and use of anonymized data. In accordance with Colombian regulations
governing health research, the study was classified as research without risk because it
involved secondary analysis of existing clinical data without patient contact or intervention.
Patient confidentiality and privacy were maintained throughout all stages of data collection,
analysis, and reporting.

3. Results
3.1. Baseline Characteristics and Early Clinical Profile

A total of 981 patients with NSTEMI were included; 685 (70%) were male, and the
primary outcome occurred in 155 patients (15.8%). The most frequent comorbidities were
hypertension (65.5%), overweight status (57.6%), smoking history (42.9%), dyslipidemia
(41.5%), diabetes mellitus (27.0%), and prior coronary artery disease (27.1%). Baseline
demographic and medical history characteristics are summarized in Table 1. Predictor
missingness was low, with the highest proportions observed for sodium (1.33%) and
potassium (1.02%); missingness for creatinine, hemoglobin, troponin, and white blood cell
count was 0.31% each.

Table 1. Demographics and medical history of the study population.

Variable Total (N = 981) No Outcome (N = 826) Outcome (N = 155) p Value
Age, years 65.8 +11.3 65.6 =114 67.1 +10.9 0.137
Body mass index, kg/m? 26.4+4.0 26.3 +3.9 26.6 4.1 0.559
Female sex 296 (30.2%) 241 (29.2%) 55 (35.5%) 0.116
Hypertension 643 (65.5%) 524 (63.4%) 119 (76.8%) 0.001
Diabetes mellitus 265 (27.0%) 208 (25.2%) 57 (36.8%) 0.003
Overweight 564 (57.6%) 472 (57.1%) 92 (59.7%) 0.549
Chronic heart failure 105 (10.7%) 79 (9.6%) 26 (16.8%) 0.008
Dyslipidemia 406 (41.5%) 336 (40.8%) 70 (45.2%) 0.309
Smoking history 420 (42.9%) 356 (43.2%) 64 (41.3%) 0.667
Chronic kidney disease 24 (2.5%) 10 (1.2%) 14 (9.0%) <0.001
Prior coronary artery disease 266 (27.1%) 225 (27.2%) 41 (26.5%) 0.840

Prior revascularization, o o o

PCI/CABG 301 (30.7%) 256 (31.0%) 45 (29.0%) 0.627
Prior stroke 35 (3.6%) 25 (3.1%) 10 (6.5%) 0.037
COPD 24 (2.4%) 20 (2.4%) 4 (2.6%) 0.783
Obstructive sleep apnea 56 (5.7%) 50 (6.1%) 6 (3.9%) 0.283
Hypothyroidism 160 (16.3%) 133 (16.1%) 27 (17.4%) 0.684
Peripheral artery disease 26 (2.7%) 19 (2.3%) 7 (4.5%) 0.166
Prior atrial fibrillation 23 (2.3%) 15 (1.8%) 8 (5.2%) 0.019
Comorbidity burden score >2 118 (12.0%) 82 (9.9%) 36 (23.2%) <0.001

Values are mean =+ SD or 7 (%). p values compare patients with and without ICU-requiring compli-
cations. SD, standard deviation; PCI, percutaneous coronary intervention; CABG, coronary artery
bypass grafting; n, number of patients; N, total number of patients in each group.
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Patients who experienced the primary outcome had a higher prevalence of hyperten-
sion, diabetes mellitus, chronic heart failure, chronic kidney disease/renal history, prior
atrial fibrillation, and high comorbidity burden. In contrast, age, sex, body mass index,
overweight status, dyslipidemia, smoking history, prior coronary artery disease, and prior
revascularization were similar between groups.

During the early clinical evaluation, patients with the primary outcome had higher
heart rate, systolic blood pressure, respiratory rate, creatinine, and white blood cell count,
as well as lower hemoglobin and left ventricular ejection fraction. Recurrent chest pain,
bradycardia, acute heart failure signs, ST-segment depression and/or T-wave inversion,
and new atrial fibrillation within 24 h were also more frequent among patients with
complications. Troponin levels, diastolic blood pressure, sodium, and potassium did not
differ significantly between groups. Detailed comparisons are provided in Table 2.

Table 2. Clinical, electrocardiographic, laboratory and imaging variables.

Variable Total (N = 981) No Outcome (N = 826) Outcome (N = 155) p Value
Heart rate, bpm 74.0 [65.0-80.0] 73.0 [65.0-80.0] 77.0 [68.5-89.0] <0.001
Systolic blood pressure, mmHg 132.0 [119.0-150.0] 131.0 [120.0-147.0] 140.0 [117.0-162.0] 0.010
Diastolic blood pressure, mmHg 78.0 [70.0-86.0] 78.0 [70.0-86.0] 78.0 [68.0-92.0] 0.465
Respiratory rate, breaths/min 18.0 [16.0-18.0] 18.0 [16.0-18.0] 18.0 [16.0-19.0] 0.009
Troponin, ng/mL 0.81 [0.14-4.80] 0.82 [0.14-5.09] 0.78 [0.13-3.08] 0.331
Creatinine, mg/dL 0.9[0.8-1.1] 0.9 [0.8-1.0] 1.0 [0.8-1.4] <0.001
Sodium, mmol/L 138.0 [136.0-140.0] 138.0 [137.0-140.0] 138.0 [136.0-140.0] 0.132
Potassium, mmol/L 4.1[3.9-4.4] 4.1[3.9-4.4] 4.2[3.8-4.5] 0.642
White blood cell count, cells/mm?3 8205 [6840-10,075] 8040 [6720-9765] 9430 [7555-12,200] <0.001
Hemoglobin, g/dL 15.1[13.8-16.5] 15.2 [14.0-16.5] 14.0 [12.2-15.9] <0.001
Left ventricular ejection fraction, % 50.0 [40.0-55.0] 50.0 [42.0-56.0] 45.0 [38.0-55.0] <0.001
Recurrent chest pain within 24 h 66 (6.7%) 14 (1.7%) 52 (33.5%) <0.001
Bradycardia 8 (0.8%) 5 (0.6%) 3(1.9%) 0.118
Acute heart failure signs 81 (8.3%) 38 (4.6%) 43 (27.7%) <0.001
ST-segment depression and/or 384 (39.2%) 304 (36.8%) 80 (51.6%) <0.001
T-wave inversion
New-onset atr1azl4f1}‘:>r111at10n within 37 (3.8%) 24 (2.9%) 13 (8.4%) 0.001
Values are presented as median [interquartile range] or 1 (%). p values compare patients with and
without ICU-requiring complications. Abbreviations: ST, ST segment; ICU, intensive care unit; n,
number of patients; N, total number of patients in each group; bpm, beats per minute.

Among patients who reached the primary outcome, the most frequent component
was the need for pharmacological advanced support, including continuous intravenous
vasodilator, vasopressor, or inotropic therapy, followed by ventilatory and mechanical
circulatory support. Other events, including ventricular arrhythmias, cardiac arrest, and
high-grade atrioventricular block, were less common. Overall in-hospital mortality was
1.6% in the total cohort and 10.3% among patients who developed complications. A detailed
distribution of in-hospital events is provided in Table 3.

Table 3. Distribution of in-hospital complications.

. o _ % Among Patients with

Complication Cases, n % of Total Cohort (N = 981) Complication (1 = 155)
Pharmacological advanced support, any 116 11.8 74.8
*  Continuous intravenous vasodilator therapy 94 9.6 60.6
*  Vasopressor therapy 16 1.6 103
*  Inotropic therapy 12 12 7.7
Ventilatory support 37 3.8 23.9
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Table 3. Cont.

% Among Patients with

Complication Cases,n % of Total Cohort (N =981) Complication (1 = 155)
Mechanical circulatory support 22 2.2 14.2
High-grade atrioventricular block 8 0.8 5.2
Ventricular arrthythmia 16 1.6 10.3
Cardiac arrest 18 1.8 11.6
In-hospital death 16 1.6 10.3
Post-myocardial infarction stroke 4 0.4 2.6

Complications and treatment categories are not mutually exclusive; a single patient could experience
more than one event or receive more than one type of pharmacological support. Therefore, the sum
of cases across rows or treatment subcategories may exceed the number of patients with the primary
outcome. Percentages of the total cohort use N = 981 as the denominator; percentages among patients
with complications use n = 155.

3.2. Model Development and Construction of the NSTEMI-CARE Algorithm

Three machine-learning approaches, including penalized logistic regression, Random
Forest, and HistGradientBoosting classifiers, were evaluated during model development.
The isotonic-calibrated HistGradientBoosting model demonstrated the best overall balance
between discrimination and calibration and was selected as the probabilistic component
of the NSTEMI-CARE algorithm. During five-fold out-of-fold internal validation, the
final probabilistic model achieved good discrimination (AUC 0.821), an average precision
of 0.618, and a Brier score of 0.092. The calibration plot, based on pooled out-of-fold
predictions, showed overall agreement between predicted probabilities and observed event
rates across risk groups (Supplementary Figure S2). The receiver operating characteristic
curve is shown in Figure 1, and the precision—-recall curve is provided in Supplementary
Figure S1. Detailed performance across individual cross-validation folds is presented in
Supplementary Table S2.

0.8

=4
Y

Sensitivity

o
=

0.2 4

== NSTEMI-CARE model (AUC = 0.821)
Chance

0.0 +
0.0 02 04 06 08 1.0

False-positive rate (1 - specificity)

Figure 1. Receiver Operating Characteristic Curve of the Final NSTEMI-CARE Probabilistic Model.
Receiver operating characteristic (ROC) curve of the final isotonic-calibrated HistGradientBoosting
probabilistic model obtained using five-fold out-of-fold internal validation. The model achieved an
area under the ROC curve (AUC) of 0.821, demonstrating good discrimination for predicting the
composite primary outcome.

SHAP analysis identified recurrent chest pain within 24 h, white blood cell count,
hemoglobin, cardiac troponin, serum creatinine, systolic blood pressure, and other rou-
tinely available clinical variables among the principal contributors to model predictions
(Supplementary Figure S3).
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To translate probabilistic predictions into a clinically actionable triage strategy, candi-
date probability thresholds were explored across the full range of predicted risks. Based
on their operating characteristics and clinical considerations, probability thresholds of
<8% and >60% were selected for direct ward and direct ICU assignment, respectively
(Supplementary Table S3). Within the probabilistic direct-classification layer, the <8% thresh-
old provided a negative predictive value of 95.5%, identifying a subgroup with a relatively
low observed risk of subsequent clinical deterioration, whereas the >60% threshold achieved
a positive predictive value of 90.5% and a specificity of 99.5%, identifying a subgroup at
very high risk of the primary outcome. Direct ICU assignment also incorporated predefined
major clinical triggers—including recurrent chest pain within the first 24 h, acute heart
failure signs, systolic blood pressure <90 mmHg, and heart rate <45 beats/min—to ensure
immedjiate classification of clinically unstable patients irrespective of predicted risk. Among
these, recurrent chest pain showed the strongest association with the primary outcome (OR
29.28, 95% CI 15.68-54.69), followed by systolic blood pressure <90 mmHg (OR 9.01, 95% CI
3.83-21.22) and acute heart failure (OR 7.96, 95% CI 4.93-12.86) (Supplementary Table S3).

Application of the direct classification layer assigned 355 patients (36.2%) directly
to the general ward and 150 (15.3%) directly to ICU/monitored care, whereas the re-
maining 476 patients (48.5%) entered an intermediate Gray-Zone pathway for secondary
clinical assessment. Within this cohort, 50 patients (10.5%) experienced the primary
outcome. To resolve this intermediate-risk group, a simplified secondary clinical de-
cision rule was developed. Candidate bedside variables were evaluated within the
Gray-Zone cohort according to their ability to stratify residual event risk, and the fi-
nal rule retained variables that provided the greatest separation in observed event rates
while preserving simplicity for bedside implementation (Supplementary Table S4). The
final rule incorporated predicted risk, hemoglobin, serum creatinine, and respiratory
rate. Gray-Zone patients were assigned to the general ward only if all predefined
low-risk criteria were satisfied (predicted risk < 10%, hemoglobin > 12 g/dL, serum
creatinine < 1.5 mg/dL, and respiratory rate < 22 breaths/min); otherwise, the recom-
mendation was ICU/monitored care.

After integration of both decision layers, the final NSTEMI-CARE algorithm assigned
464 patients (47.3%) to general ward care and 517 (52.7%) to ICU/monitored care. The
observed primary outcome rate was 3.9% (18/464) among patients assigned to the general
ward, compared with 26.5% (137/517) among those assigned to ICU/monitored care
(Figure 2).

Overall, the complete algorithm achieved a sensitivity of 88.4%, specificity of 54.0%,
positive predictive value of 26.5%, negative predictive value of 96.1%, and an overall
accuracy of 59.4% (Table 4).

Table 4. Performance of the Complete NSTEMI-CARE Algorithm.

Metric Estimate 95% CI
Sensitivity 88.4% 83.1-93.5
Specificity 54.0% 50.5-57.4
Positive predictive value 26.5% 22.7-30.4
Negative predictive value 96.1% 94.3-97.8
Accuracy 59.4% 56.3-62.6

Performance metrics correspond to the complete two-layer NSTEMI-CARE algorithm in the develop-
ment cohort (n = 981). The probabilistic component was evaluated using pooled five-fold out-of-fold
predictions, whereas the probability thresholds and Gray-Zone decision rules were developed within
the same cohort. Confidence intervals were estimated using 2000 bootstrap resamples.

https://doi.org/10.3390/jpm16110539
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NSTEMI-CARE Multilayer Decision-Support Pathway

Early Level-of-Care Assignment in Non—ST-Segment Elevation Myocardial Infarction

Timing of assessment

Initial clinical evaluation,
incorporating early dynamic
variables recorded within the
first 24 hours after presentation
when applicable.

981 Patients

100%

NSTEMI with angiographically
confirmed obstructive coronary artery disease

Model inputs

i« Clinical variables (vital signs, history, examination) |
« Laboratory variables (e.g, hemoglobin, creatinine)

« Early dynamic variables (e.g., recurrent chest pain,
new-onset atrial fibrillation within 24 h)

v v

[

LAYER 1
Calibrated risk estimation
and direct classification

(Probabilistic model
+ predefined clinical triggers)

355 (36.2%)

Direct Ward Assignment

Predicted risk <8%
and no clinical trigger*

476 (48.5%)

Predicted risk 8—60%
and no clinical trigger*

150 (15.3%)
Direct ICU / Monitored Care

Assignment

Predicted risk 260%
or 21 clinical trigger*

LAYER 2

Gray-Zone clinical rule
(Predicted risk, hemoglobin,
creatinine, respiratory rate)

Primary outcome Direct Ward
rate by pathway 4.5%
(ICU-requiring 16./ 3;5

complications)

95% Cl 2.8-7.2%

—

¥

109 (11.1%)

Gray Zone — Ward

All low-risk criteria met
(predicted risk <10%, hemoglobin 212 g/dL,
creatinine <1.5 mg/dL, respiratory rate <22/min)

367 (37.4%)
Gray Zone > ICU / Monitored Care
21 low-risk criterion not met

(predicted risk >10%, hemoglobin <12 g/dL,
creatinine >1.5 mg/dL, or respiratory rate >22/min)

Gray Zone — Ward

1.8%
2/109
95% Cl 0.5-6.4%

13.1%
48/ 367
95% C110.0-16.9%

59.3%
89/150
95% Cl 51.3-66.9%

Final level-of-care
assignment

=

464 (47.3%)

Final Ward Assignment

Observed primary outcome rate: 3.9% (18 / 464)

517 (52.7%)
Final ICU / Monitored Care Assignment
Observed primary outcome rate: 26.5% (137 / 517)

* Predefined major clinical triggers: recurrent ischemic chest pain within the first 24 hours, acute heart failure signs,

systolic blood pressure <90 mmHg, or heart rate <45 beats/min.

Percentages may not total 100% due to rounding.

Figure 2. Multilayer Patient Assignment Pathway of the Final NSTEMI-CARE Algorithm. The
algorithm applies a sequential two-layer approach using clinical information available during the
early clinical course, generally within the first 24 h after presentation. Layer 1 integrates calibrated
risk estimation and predefined major clinical triggers to classify patients directly to ward-level care,
ICU/monitored care, or the Gray Zone. Layer 2 applies the Gray-Zone clinical rule to determine the
final level-of-care assignment. The figure shows patient flow through each pathway, pathway-specific
primary outcome rates, and final assignment to ward or ICU/monitored care. Green indicates
ward-level care, red indicates ICU/monitored care, and gray indicates patients requiring further
assessment through the Gray-Zone clinical rule.

Among the 18 patients assigned to general ward who subsequently experienced the
primary outcome, the most frequent component was the subsequent need for continuous
intravenous vasodilator therapy (10/18, 55.6%). Cardiac arrest (4/18, 22.2%), ventricular ar-
rhythmias (2/18, 11.1%), advanced atrioventricular block, stroke, and in-hospital death (2/18,
11.1%) were less frequent. Notably, both in-hospital deaths occurred after cardiovascular sur-
gical interventions during prolonged hospitalizations and were documented as postoperative
complications rather than direct consequences of the index NSTEMI presentation.

A web-based implementation of the final NSTEMI-CARE algorithm was developed
to facilitate patient-level risk estimation and level-of-care assignment. The application is
publicly available at: https:/ /huggingface.co/spaces/Coper820/nstemi-care-icu-triage
(accessed on 21 May 2026).

3.3. Comparative Performance Against ACTION-ICU

ACTION-ICU, the only previously published score specifically developed to sup-
port ICU triage in patients with NSTEMI, was evaluated in the same cohort for compar-
ison with NSTEMI-CARE [7]. The final NSTEMI-CARE algorithm demonstrated signifi-
cantly better discrimination than ACTION-ICU (AUC 0.821, 95% CI 0.777-0.861 vs. 0.645,
95% CI 0.595-0.694; DeLong p < 0.001) (Figure 3). At the recommended ACTION-ICU cut-
off of >3 points, sensitivity was comparable to that of NSTEMI-CARE (89.0% vs. 88.4%) but
at the expense of substantially reduced specificity (15.0% vs. 54.0%) and negative predictive
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value (87.9% vs. 96.1%). Increasing the ACTION-ICU threshold to >5 improved specificity
(48.1%) but reduced sensitivity to 69.7%, resulting in substantially more false-negative clas-
sifications than NSTEMI-CARE (47 vs. 18 patients). The discriminative performance and
operating characteristics of both algorithms are summarized in Supplementary Table S5.

L 0Receiver Operating Characteristic Curve Comparison

0.8

Sensitivity
°
o

o
s

/
s Delong test
0.2 9 // p < 0.001
7
/
.

NSTEMI-CARE
AUC = 0.821 (95% C1 0.777-0.861)
ACTION-ICU

= AUC = 0.645 (95% Cl 0.595-0.694)

0.0+ y . . :
0.0 0.2 0.4 0.6 0.8 1.0
1 — Specificity

Figure 3. Receiver operating characteristic (ROC) curves comparing the discriminative performance
of NSTEMI-CARE and ACTION-ICU for prediction of the primary outcome. NSTEMI-CARE showed
significantly greater discrimination than ACTION-ICU (AUC 0.821 [95% CI 0.777-0.861] vs. 0.645
[95% CI 0.595-0.694]; DeLong p < 0.001).The gray dashed diagonal line represents chance-level
discrimination (AUC = 0.50).

4. Discussion

In this retrospective cohort of patients with NSTEMI, we developed NSTEMI-CARE, a
calibrated multilayer decision-support algorithm designed to support early hospital level-
of-care assignment by integrating machine-learning-derived risk estimation with explicit
clinical decision rules. Several findings deserve emphasis. First, although approximately
one in six patients experienced the composite outcome requiring ICU-level care, the sequen-
tial architecture of NSTEMI-CARE identified nearly half of the cohort as candidates for
general ward management, with a relatively low observed event rate and a high negative
predictive value (96.1%).

Second, the probabilistic component demonstrated good discrimination and calibra-
tion following isotonic calibration (AUC 0.821; Brier score 0.092), with SHAP analysis
identifying clinically plausible patterns of feature contribution to model predictions. Of
note, although troponin levels did not differ significantly between outcome groups in uni-
variable analysis, troponin contributed to individual predictions within the multivariable
model. This finding illustrates that feature contribution within a nonlinear model may
differ from marginal associations observed in conventional group comparisons. Serial
troponin kinetics were not evaluated and may provide additional prognostic information in
future studies. Other prominent SHAP features also have plausible clinical correlates: recur-
rent chest pain may reflect ongoing or recurrent ischemia, elevated white blood cell count
may accompany the inflammatory response associated with acute coronary syndromes,
and renal dysfunction may identify patients with greater clinical vulnerability [8]. These
associations provide clinical context for model behavior but should not be interpreted as
evidence of causal or independent mechanistic relationships.
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Third, incorporation of predefined major clinical triggers and a simplified Gray-Zone
decision rule enabled complete patient classification without leaving any intermediate-
risk patients unresolved, while preserving a low event rate among patients ultimately
assigned to the general ward (3.9%). The variables retained in the Gray-Zone rule are
also clinically plausible markers of residual risk, reflecting anemia and reduced oxygen-
carrying capacity, renal dysfunction, and increased respiratory demand. Finally, NSTEMI-
CARE demonstrated significantly greater discrimination than ACTION-ICU, with higher
specificity and fewer false-negative classifications in this cohort.

Collectively, these findings support further evaluation of NSTEMI-CARE as a trans-
parent and clinically interpretable framework for early level-of-care decision support in
patients with NSTEML

At first glance, identifying a subgroup of patients with NSTEMI who may be suitable
for management outside the intensive care unit may appear counterintuitive, given the
dynamic clinical course of NSTEMI and the multiple factors influencing early in-hospital
deterioration. However, this perception reflects the common tendency to consider NSTEMI
as a homogeneous high-risk condition despite its well-recognized clinical heterogeneity.
Contemporary management increasingly requires distinguishing patients who require
intensive monitoring from those at sufficiently low risk to potentially receive care in lower-
acuity settings [9]. In this context, NSTEMI-CARE was specifically designed not only
to estimate the probability of ICU-level complications, but also to support the practical
clinical decision of early hospital level-of-care assignment by integrating individualized
risk estimation with explicit bedside clinical decision rules.

Several risk stratification tools are available for patients with NSTEMI, although they
address different clinical objectives. The TIMI and GRACE scores were primarily developed
to estimate ischemic events and mortality, respectively, rather than the need for ICU-level
care. In contrast, ACTION-ICU was specifically developed to predict complications requir-
ing intensive care among initially stable patients with NSTEMI and therefore represents a
more clinically aligned comparator for NSTEMI-CARE [7,10,11].

In its original development cohort, ACTION-ICU demonstrated moderate discrimina-
tion for ICU-requiring complications [7]. Our previous external evaluation in a Latin Amer-
ican NSTEMI cohort showed preserved discrimination but important threshold-dependent
trade-offs between sensitivity and specificity [6]. In the present cohort, NSTEMI-CARE
demonstrated greater discrimination than ACTION-ICU (AUC 0.821 vs. 0.645; DeLong
p < 0.001), with higher specificity at comparable sensitivity using the >3-point ACTION-
ICU threshold. These findings demonstrate different discriminative and classification
performance in this cohort but should not be interpreted as evidence of superior clini-
cal utility. Prospective comparative evaluation is required to determine whether these
differences translate into improved level-of-care decisions.

From a clinical perspective, the potential value of NSTEMI-CARE lies in comple-
menting probabilistic risk estimation with explicit bedside decision rules for level-of-care
assignment. Current ACS guidelines recommend intensive cardiac care for patients with
high-risk or unstable features and emphasize risk-based decisions regarding the intensity
and duration of monitoring [4]. Previous observational studies have shown substantial vari-
ation in critical-care use among patients with NSTE-ACS and suggest that a considerable
proportion of initially stable patients may be managed in monitored non-ICU settings [12].
More recent data have similarly highlighted substantial heterogeneity in hospital resource
utilization among patients with ACS, supporting the potential role of risk-based stratifi-
cation in guiding ICU use among patients with NSTEM [13]. In this context, identifying
patients with a relatively low observed risk of deterioration may help inform individualized
decisions regarding monitoring intensity and location of care.
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This question may be particularly relevant in healthcare systems where ICU admission
remains common despite heterogeneous patient risk. In a Brazilian cohort of 1263 patients
with NSTEMI, nearly 95% were admitted to the ICU, whereas complications requiring
intensive care occurred in only 4.9% of patients [14]. Similarly, substantial interhospital
variation in ICU utilization has been reported across large U.S. cohorts of patients with
acute myocardial infarction, including NSTEMI, without consistent differences in risk-
adjusted mortality according to hospital-level ICU use [15,16]. In our cohort, NSTEMI-
CARE retrospectively assigned 47.3% of patients to general ward care, among whom the
observed primary outcome rate was 3.9%. These findings suggest that individualized
risk-based level-of-care assignment could potentially contribute to more selective use of
intensive-care resources while maintaining attention to the risk of clinical deterioration.

5. Limitations

This study has several limitations. First, its retrospective design is subject to biases re-
lated to data availability, documentation quality, and physician decision-making. Although
candidate variables were routinely available during initial evaluation, some potentially
relevant clinical information may not have been consistently documented or captured.
In addition, granular timestamps were not uniformly available to establish the precise
temporal relationship between dynamic predictors and individual outcome components.

Second, the study was conducted at a single high-complexity cardiovascular referral
center, which limits the generalizability of the findings to other hospitals, healthcare sys-
tems, and patient populations with different resource availability, ICU admission practices,
monitoring capacity, nurse-to-patient ratios, or triage protocols. In addition, only patients
with angiographically confirmed obstructive coronary artery disease were included. There-
fore, the applicability of NSTEMI-CARE to patients with suspected NSTEMI, myocardial
injury, MINOCA, or nonobstructive coronary artery disease remains uncertain and should
not be assumed without external validation in these populations and settings.

Third, although the probabilistic model underwent internal validation using five-fold
out-of-fold cross-validation and calibration, the probability thresholds and Gray-Zone
decision rules were developed and evaluated within the same cohort, which may result in
optimistic estimates of the performance of the complete algorithm. External and prospective
validation remain essential before clinical implementation. Future studies should evaluate
the calibration, clinical safety, operational impact, and cost-effectiveness of NSTEMI-CARE
across diverse healthcare systems.

Finally, the primary outcome was a composite of clinically relevant ICU-level compli-
cations designed to reflect escalation of care rather than individual disease-specific events.
Although this endpoint captures scenarios that generally justify ICU or monitored care,
some components may be influenced by institutional practice patterns and thresholds
for initiating advanced therapies. Consequently, NSTEMI-CARE should be considered
a decision-support tool intended to complement—not replace—clinical judgment within
individualized patient assessment.

6. Conclusions

NSTEMI-CARE is a calibrated multilayer decision-support algorithm integrating
individualized risk estimation with explicit bedside clinical decision rules for early level-
of-care assignment in NSTEML. In this retrospective single-center cohort, the algorithm
demonstrated good discrimination and a high negative predictive value and identified a
substantial subgroup with a relatively low observed risk of the primary outcome. These
findings support further evaluation of NSTEMI-CARE as a potential decision-support
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framework for individualized level-of-care assignment. External prospective validation of
the complete algorithm is required before routine clinical implementation.
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