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Summary
Background The Global Registry of Acute Coronary Events (GRACE) scoring system guides the management of 
patients with non-ST-elevation acute coronary syndrome (NSTE-ACS) according to current guidelines. However, 
broad validation of the sex-specific GRACE 3.0 in-hospital mortality model, and corresponding models for predicting 
long-term mortality and the personalised effect of early invasive management, are still needed.

Methods We used data of 609 063 patients with NSTE-ACS from ten countries between Jan 1, 2005, and June 24, 2024. 
A machine learning model for 1-year mortality was developed in 400 054 patients from England, Wales, and Northern 
Ireland. Both the in-hospital mortality model and the new 1-year mortality model were externally validated in patients 
from Sweden, Switzerland, Germany, Denmark, Spain, the Netherlands, and Czechia. A separate machine learning 
model to predict the individualised effect of early versus delayed invasive coronary angiography and revascularisation 
on a composite primary outcome of all-cause death, non-fatal recurrent myocardial infarction, hospital admission for 
refractory myocardial ischaemia, or hospital admission for heart failure at a median follow-up of 4⋅3 years was 
developed and externally validated in participants from geographically different sets of hospitals in the Danish 
VERDICT trial.

Findings The in-hospital mortality model (area under the receiver operating characteristic curve [AUC] 0⋅90, 95% CI 
0⋅89–0⋅91) and the 1-year mortality model (time-dependent AUC 0⋅84, 95% CI 0⋅82–0⋅86) showed excellent dis-
criminative abilities on external validation across all countries. Both models were well calibrated and decision curve 
analyses suggested favourable clinical utility. Compared with score version 2.0, both models provided improved 
discrimination and risk reclassification. The individualised treatment effect model effectively identified patients who 
would benefit from early invasive management on external validation. Patients with high predicted benefit had 
reduced risk of the composite outcome when randomly assigned to early invasive management (hazard ratio 0⋅60, 
95% CI 0⋅41–0⋅88), whereas patients with no-to-moderate predicted benefit did not (1⋅06, 0⋅80–1⋅40; 
p interaction =0⋅014). The individualised treatment effect model suggested that the group of patients with NSTE-ACS 
who benefit from early intervention might be incompletely captured by current treatment strategies.

Interpretation The updated GRACE 3.0 scoring system provides a validated, practical tool to support personalised risk 
assessment in patients with NSTE-ACS. Prediction of an individual’s long-term cardiovascular benefit from early 
invasive management could refine future trial design.
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Introduction
The Global Registry of Acute Coronary Events (GRACE) 
scoring system guides the treatment of patients with non-
ST-elevation acute coronary syndrome (NSTE-ACS). 1,2 

NSTE-ACS represents the most common type of ACS and 
constitutes a major cause of morbidity and mortality 
globally. Current guidelines support an early invasive

management strategy in patients with in-hospital mortality 
risk exceeding 3% according to GRACE. 1,2 However, the 
current score version (2.0) 2–4 and the current treatment 
threshold 1,2 derive from studies 3,5 that used non-specific 
cardiac markers and were conducted before crucial 
improvements in patient care, including modern drug-
eluting stents, complete functional revascularisation, and
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intensified lipid-lowering therapy. Moreover, current 
treatment stratification according to GRACE does not 
incorporate the evolution of clinical NSTE-ACS 
phenotypes. 6

Combined analyses including randomised controlled 
trials (RCTs) showed no interaction of current risk groups 
with the effect of early invasive management in patients 
with NSTE-ACS, bringing their clinical utility for present-
day patients into question. 7,8 Better characterisation of 
individuals with NSTE-ACS who benefit from early invasive 
management is an unmet medical need. 2,8

Recently, the GRACE 3.0 in-hospital mortality model was 
developed in patients undergoing contemporary treatment 
approaches. 9 The GRACE 3.0 in-hospital mortality model 
accounts for sex differences and for the clinical character-
istics of patients with NSTE-ACS rather than drawing on 
features of a broad ACS population, thereby attaining 
improved performance. Large-scale validation of the 
GRACE 3.0 in-hospital mortality model and the develop-
ment of a corresponding prediction model for longer-term 
mortality are needed. In parallel, the application of machine 
learning algorithms to RCT data provides a novel means 
to estimate heterogeneity of the effect of early invasive

management in patients with NSTE-ACS. 10 Indeed, per-
sonalised prediction of individualised treatment effects, 
rather than basing treatment decisions on the average effect 
across a patient population, holds promise to guide future 
trial design and optimise management strategies.
Here, we sought to validate the GRACE 3.0 in-hospital 

mortality model in contemporary patients with NSTE-ACS 
and to extend the GRACE scoring system by sex-specific and 
disease-specific 1-year mortality and individualised treatment 
effect models.

Methods
Study design
In this multicentre development and validation study, we 
used data from large patient registries and an RCT to 
complete large-scale external validation of the GRACE 3.0 
in-hospital mortality model and to develop and externally 
validate a 1-year mortality model and an individualised 
treatment effect model to predict the effect of early invasive 
management in patients with NSTE-ACS. We used data 
of 609 063 patients with NSTE-ACS from ten countries: 
England, Wales, Northern Ireland, Sweden, Switzerland, 
Germany, Denmark, Spain, the Netherlands, and Czechia
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Research in context

Evidence before this study
The Global Registry of Acute Coronary Events (GRACE) scoring 
system guides the treatment of patients with non-ST-elevation 
acute coronary syndrome (NSTE-ACS) according to international 
guidelines. The machine learning-based GRACE 3.0 model for 
in-hospital mortality considers sex-specific differences and 
accounts for distinct characteristics of patients with NSTE-ACS 
rather than drawing on features of a broad ACS population, 
thereby attaining improved performance. We systematically 
searched PubMed for studies published from database inception 
up to Oct 5, 2024, using the search terms: “Global Registry of 
Acute Coronary Events”, “GRACE”, “ST-segment”, and “acute 
coronary syndrome”, with no language restrictions. No articles 
were excluded. Broad validation of the GRACE 3.0 in-hospital 
mortality model, and corresponding prediction models for longer-
term mortality and individualised treatment effect, have not been 
reported but hold promise to improve the personalised 
management of patients with NSTE-ACS.

Added value of this study
Using data from 609 063 patients with NSTE-ACS from ten 
countries, we extended the GRACE scoring system by machine 
learning-based sex-specific and disease-specific 1-year mortality 
and individualised treatment effect models. In this study, we
(1) substantiated the excellent performance of the GRACE 3.0 
in-hospital mortality model upon large-scale external validation;
(2) developed and externally validated a GRACE 3.0 1-year 
mortality model; and (3) developed and externally validated a 
GRACE 3.0 individualised treatment effect model to predict the 
individualised effect of early invasive management on long-term

cardiovascular outcomes in patients with NSTE-ACS. By 
restricting the analyses to patients with NSTE-ACS, rather than a 
broad ACS population, the newly developed prediction models 
account for the substantial differences in patient characteristics, 
disease features, treatment strategies, and outcomes across the 
clinical spectrum of ACS. We leveraged participant-level trial data 
and applied, for the first time, an effect modelling approach 
considering complex non-linear relationships between baseline 
characteristics and individualised benefit in patients with NSTE-
ACS. In contrast to conventional treatment selection algorithms 
for early invasive management, our study shows that the value of 
clinical characteristics is different for the prediction of risk and for 
the prediction of treatment effect. This approach highlights the 
potential of individual-level inference from randomised clinical 
trials to refine personalised care and suggests that current 
treatment strategies might incompletely capture the subset of 
patients with NSTE-ACS who benefit from early intervention.

Implications of all the available evidence
The updated GRACE 3.0 scoring system provides a validated, 
practical tool for clinical risk assessment. Based on nine clinical 
variables, GRACE 3.0 accurately predicts short-term and 
long-term mortality. In the context of a comprehensive clinical 
evaluation, GRACE 3.0 can support clinical decision making on 
patient triage and in personalising secondary prevention 
regimens. Prediction of the individualised, rather than the 
average, effect of early invasive management in patients with 
NSTE-ACS could refine future trial design and optimise 
management strategies.

Articles

2 www.thelancet.com/digital-health Vol ▪ ▪ 2025

http://www.thelancet.com/digital-health


(figure 1). Only patients with NSTE-ACS, rather than a 
broad ACS population, were included due to marked dif-
ferences in patient characteristics, 2 disease features, 11 

treatment, 2,11 and outcomes 11 across the clinical spectrum 
of ACS.
The GRACE 3.0 in-hospital mortality model was exter-

nally validated in patients from Sweden, Switzerland, 
Germany, Denmark, Spain, the Netherlands, and Czechia. 
To refine the assessment of longer-term mortality risk, a 
novel sex-specific prediction model for 1-year mortality 
(GRACE 3.0 1-year mortality model) was developed in 
contemporary patients from England, Wales, and Northern 
Ireland, and externally validated in patients from the other 
seven countries. To estimate the personalised benefit of 
early invasive management on long-term outcomes on an 
individual level, we used an effect modelling approach and 
developed a prediction model for the individualised effect of 
early invasive management (GRACE 3.0 individualised 
treatment effect model), harnessing participant-level data 
from the randomised controlled Very Early Versus 
Deferred Invasive Evaluation Using Computerized Tom-
ography (VERDICT) trial. 12 A geographical split of hospitals 
participating in VERDICT was used to define a develop-
ment cohort (n=1111) and a spatially separated external 
validation cohort (n=1036), as reported previously 
(appendix pp 2–4, 12, 15). 13 The potential impact of the 
GRACE 3.0 individualised treatment effect model on 
patient stratification was estimated in all countries. Ethical 
approval was obtained from the respective institutional 
review boards and participant consent was obtained or 
waived in accordance with the prevailing local policy 
(appendix p 6).

Participants
In the UK, patient data were retrieved from the Myocardial 
Ischaemia National Audit Project (MINAP), a prospective 
nationwide registry of patients with ACS. Between Jan 1, 2005, 
and March 31, 2017, 400 054 patients with NSTE-ACS pre-
senting to any of the participating hospitals in England, Wales, 
and Northern Ireland were included (appendix pp 7–9). 9 

In Sweden, we used data from the Swedish Web-system 
for Enhancement and Development of Evidence-Based Care 
in Heart Disease Evaluated According to Recommended 
Therapies (SWEDEHEART), a prospective nationwide regis-
try of patients with ACS, and included 172 634 patients with 
NSTE-ACS presenting between Jan 1, 2005, and Jan 16, 2022 
(appendix p 10). In Switzerland, we used data from the pro-
spective nationwide ACS registry (Acute Myocardial 
Infarction in Switzerland [AMIS] Plus, NCT01305785) and 
from the prospective multicentre Special Programme 
University Medicine Acute Coronary Syndromes (SPUM-
ACS) cohort (NCT01000701), 14 including a total of 
24 945 patients with NSTE-ACS between Jan 1, 2005, and 
Sept 30, 2023 (appendix p 11). In Germany, patient data 
were retrieved from the prospective Heidelberg ACS cohort 
study (Heidelberg-ACS), 15 including 2034 patients with 
NSTE-ACS presenting to Heidelberg University Hospital

between June 9, 2009, and May 10, 2014 (appendix pp 2, 12). 
In Denmark, we used data from the VERDICT trial 
(NCT02061891), 12 which comprises 2147 patients presenting 
with NSTE-ACS to participating hospitals in Denmark 
between Nov 26, 2010, and April 29, 2016 (appendix p 12). In 
Spain, patient data were retrieved from the Incidence 
and Predictors of Heart Failure after Acute Coronary Syn-
drome (CORALYS) registry (NCT04895176), 16 including 
1061 patients with NSTE-ACS recruited between Jan 1, 2014, 
and Sept 27, 2020 (appendix pp 2, 12). In the Netherlands, we 
used data from the prospective multicentre Future Optimal 
Research and Care Evaluation in Patients with Acute Cor-
onary Syndrome (FORCE-ACS) registry (NCT03823547), 17 

and included 3949 patients with NSTE-ACS presenting to 
participating hospitals (appendix p 12) between Jan 1, 2015, 
and March 18, 2023 (appendix p 12). In Czechia, we used 
data from two prospective registries at University Hospital 
Brno (Brno-ACS), 18 and included 2239 patients with 
NSTE-ACS between July 24, 2009, and June 24, 2024 
(appendix pp 3, 12). Data on sex for all participants were 
collected from medical records with two options available 
(male and female).

Outcomes
Mortality during hospitalisation and at 365 days after 
admission were the primary outcomes of the GRACE 3.0 
in-hospital mortality model and the GRACE 3.0 1-year 
mortality model, respectively. The composite primary out-
come of the VERDICT trial—first occurrence of all-cause 
death, non-fatal recurrent myocardial infarction, hospital 
admission for refractory myocardial ischaemia, or hospital 
admission for heart failure—was used as a binary outcome 
for the development of the GRACE 3.0 individualised 
treatment effect model.
In MINAP, SWEDEHEART, and Brno-ACS, mortality was 

obtained by linkage of unique patient identifiers to the UK 
Office for National Statistics, the Swedish Population regis-
try, and the Czech National Health Information System, 
respectively. In SPUM-ACS, Heidelberg-ACS, VERDICT, 
Brno-ACS, and FORCE-ACS, fatal events were prospectively 
recorded by the investigators. In CORALYS, deaths were 
assessed by review of electronic and hard copy medical files. 
Event data were verified by an independent event adjudica-
tion committee in SPUM-ACS, VERDICT, Brno-ACS, and 
FORCE-ACS.

Development of 1-year mortality model
Consistent with the in-hospital mortality model, 9 we 
applied a machine learning approach to predict mortality at
1 year in patients with NSTE-ACS. We used eXtreme Gra-
dient Boosting (XGBoost), 9,19 a well established and widely 
used tree-based ensemble learning algorithm capturing 
complex and non-linear relationships, which leverages 
advanced regularisation to reduce overfitting. The model 
was developed in 400 054 patients from England, Wales, 
and Northern Ireland. We used Bayesian optimisation with 
ten-fold cross-validation and an 80:20 split into a training
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cohort (n=320 043) and an internal validation cohort 
(n=80 011; appendix p 3) to identify the optimal configur-
ation of hyperparameters. Tuned hyperparameters, ranges 
explored, and final configurations are available in the 
appendix (pp 3, 18). The final model (GRACE 3.0 1-year 
mortality model) was then evaluated on unseen data of the 
external validation cohorts. Given their broad availability 
and worldwide use, the GRACE variables (age, sex, heart 
rate, systolic blood pressure, Killip class, creatinine con-
centration, cardiac arrest, presence of ST-segment devi-
ation, and troponin elevation) were used as model features. 
The importance of individual model features was evaluated 
using the Shapley additive explanations (SHAP) approach 
(appendix p 4).

Development of individualised treatment effect model
In a post-hoc analysis of the VERDICT trial, we developed a 
machine learning model (GRACE 3.0 individualised treat-
ment effect model) to predict the benefit of early invasive 
management. VERDICT is a prospective, multicentre, open-
label, parallel-group RCT evaluating the optimal timing of 
invasive coronary angiography and revascularisation in 
terms of long-term outcome in patients with NSTE-ACS. 12 In 
VERDICT, patients were randomly assigned (1:1) to receive 
either early invasive management within 12 h from the time 
of diagnosis or delayed invasive management within 
48–72 h. Among all RCTs on the optimal timing of invasive 
management to date, VERDICT has the longest follow-up 
duration (median 4⋅3 years) and the highest event count 
(612 events), offering the highest statistical power to detect 
heterogeneity in the treatment effect of early invasive 
management. VERDICT is the only large-scale trial on the 
optimal timing of invasive management in contemporary 
patients with NSTE-ACS. We applied Rboost, an XGBoost 
implementation of the R-learner framework, to predict the 
individualised treatment effect as a function of baseline 
characteristics, as described previously (appendix pp 3–4). 20 

Overfitting was minimised by using the GRACE varia-
bles as prespecified model features, as recommended. 21 

Rboost has proven efficient in the accurate prediction of 
individualised treatment effects using randomised clin-
ical trial data in other clinical settings. 20 Given the low 
number of patients in VERDICT, we used differential 
seed initialisation in sequential runs and trained five 
different base models to improve stability. 20,22 Hyper-
parameters were tuned using five-fold cross-validation. 
The tuned hyperparameter configurations of the five 
base models for treatment effect are available in the 
appendix (p 19). 20 Final predictions were means of the 
five different base model estimates and represent 
the expected absolute risk reduction in the primary out-
come for early invasive management compared with 
delayed invasive management. 20,22 The contribution of 
individual features to the model output was assessed 
using an effect modelling-based adaptation of the SHAP 
approach, as reported previously (appendix p 4). 20

Performance of mortality models
The discrimination performance of the GRACE 3.0 
in-hospital mortality and GRACE 3.0 1-year mortality 
models was assessed by the area under the receiver oper-
ating characteristic curve (AUC) and the time-dependent 
AUC (tAUC) at 365 days, respectively. The tAUC was 
derived using inverse probability of censoring weighting 
estimates of time-dependent receiver operating character-
istic curves. Calibration was evaluated by constructing 
smoothed calibration curves and by calculating the cali-
bration slope and the calibration-in-the-large. 9 The calibra-
tion slope quantifies the spread of predicted risks, with an 
ideal value of one. Calibration-in-the-large measures 
whether a model systematically overpredicts or under-
predicts risk, and the optimal value is zero. Clinical utility of 
the in-hospital mortality and 1-year mortality models was 
assessed using decision curve analyses. This analysis 
assesses the trade-off between correctly identifying true 
positives (occurrence of the event) and incorrectly identi-
fying false positives across a range of threshold probabil-
ities. We evaluated potential performance heterogeneity in 
sex-specific subgroup analyses. We compared the GRACE 
3.0 in-hospital and 1-year mortality models with the 
respective 2.0 models, 4 and assessed the improvement in 
risk discrimination and reclassification by calculating 
(1) the difference in AUC and tAUC, respectively (delta 
AUC and delta tAUC, respectively), (2) the integrated dis-
crimination improvement (IDI) index, and (3) the continu-
ous net reclassification improvement (NRI). All three 
metrics suggest improved performance if values are 
positive.

Performance of individualised treatment effect model
Performance evaluation of effect prediction models 
involves novel statistical metrics that were introduced to the 
medical literature within the past decade. The discrimin-
ation performance of the GRACE 3.0 individualised treat-
ment effect model was evaluated in the validation cohort by 
calculating the C-for-benefit, which describes the concord-
ance between predicted and observed treatment benefit. 20,23 

The C-for-benefit of individualised treatment effect pre-
diction models is characterised as the probability that 
from two randomly chosen patient pairs, matched on pre-
dicted benefit but discordant for treatment assignment, the 
pair with greater observed benefit also has a higher pre-
dicted benefit. The C-for-benefit commonly ranges from 
0⋅5 (chance) to 0⋅6 in clinical trial data, 20,23 with higher val-
ues indicating better discrimination and values higher than 
0⋅6 considered unusual. 23 In addition, we calculated the 
adjusted Qini value, where values greater than zero indicate 
discrimination that is better than chance. 24 The Qini value 
corresponds to the total effect on the whole population from 
intervention assignment based on model predictions 
compared with random ordering of patients for interven-
tion assignment and can be derived from the Qini curve 
(appendix 35). We also calculated the concentration of 
benefit (Cb) of the predicted individualised treatment effect
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values, which ranges from zero to one, with increasing 
values indicating higher value for informing treatment 
selection. 25 The Cb represents the relative loss in the total 
effect when using a treatment rule agnostic of the predicted 
individualised treatment effect, compared with a treatment 
rule that is informed by the predicted individualised treat-
ment effect. The calibration of the GRACE 3.0 individu-
alised treatment effect model was evaluated by comparing 
the observed benefit with the predicted benefit across 
tertiles of predicted effect (appendix p 36). 20,23

We defined a threshold for high predicted benefit of early 
invasive management at the second tertile cut point of 
predicted treatment effect in the development cohort (ie, 
9⋅5% absolute risk reduction), as reported previously, 20 to 
derive high-benefit (>9⋅5%), moderate-benefit (0 to 9⋅5%), 
and no-benefit (<0%) groups. This high-benefit threshold 
was then applied to the external validation cohort to form a 
high-benefit group and a no-to-moderate-benefit group. 20 

To assess heterogeneity in the effect of early versus delayed 
invasive management on the primary composite outcome 
across predicted benefit groups in the external validation 
cohort, we used Cox regression and tested the significance 
of the interaction term between benefit group and rando-
mised treatment allocation. Next, the effect of early 
versus delayed invasive management on the primary 
composite outcome in patients in the high-benefit and 
no-to-moderate-benefit groups was estimated. The absolute 
risk reduction in long-term cardiovascular outcomes was 
calculated as the difference in event incidence rates 
between patients randomly assigned to early invasive 
management versus those randomly assigned to delayed 
invasive management. Cumulative incidence curves were 
constructed according to benefit group and randomised 
treatment allocation. Sensitivity analyses were conducted 
using a zero-threshold for the predicted treatment effect to 
derive a moderate-to-high-benefit group and a no-benefit 
group.

Treatment stratification
Current GRACE 2.0 risk categories 1,2 stratify patients 
according to their predicted risk of in-hospital death into 
groups at low-to-intermediate risk (≤3%; ≤140 points) and 
high risk (>3%; >140 points), with early invasive manage-
ment recommended in the group at high risk. 2 To estimate 
the potential impact of the GRACE 3.0 individualised 
treatment effect model on patient stratification, we assessed 
the proportion of individuals stratified into discordant 
treatment groups using GRACE 3.0 individualised treat-
ment effect groups compared with standard stratification 
based on GRACE 2.0. 4

Statistical analysis
A detailed description of the statistical analyses is presented 
in the appendix (pp 3–6). Continuous variables are presented 
as median and IQR. Categorical data are shown as counts and 
valid percentages. Analyses were conducted using multiply 
imputed data (ten imputations) and results were pooled

Calculation of mortality risk 
using GRACE 3.0 in-hospital 
mortality model
• Sweden (n=172 634)
• Switzerland (n=24 945)
• Germany (n=2034)
• Denmark (n=2147)
• Spain (n=1061)
• Netherlands (n=3949)
• Czechia (n=2239)

Development of GRACE 3.0 
1-year mortality model
• England, Wales, and Northern 
  Ireland (n=400 054)

Development of GRACE 3.0 
individualised treatment effect 
model via post-hoc analysis of 
RCT data
• Hospitals located in the west* 
  of the VERDICT trial (n=1111)

Multinational GRACE 3.0 study network (Jan 1, 2005 – June 24, 2024)

Model development

External validation in unseen patient data

Risk models

In-hospital mortality 1-year mortality Individualised treatment effect

Effect model

Inform clinical risk considerations Inform hypothesis generation for
clinical trial design

• England, Wales, and Northern Ireland (MINAP) 
• Sweden (SWEDEHEART)
• Switzerland (AMIS Plus, NCT0130578; SPUM-ACS, NCT01000701)
• Germany (Heidelberg-ACS)

• Tailored to NSTE-ACS phenotype
• Considers sex differences
• Machine learning models account for complex and non-linear relationships

Validation (n=209 009)
• Sweden (n=172 634)
• Switzerland (n=24 945)
• Germany (n=2034)
• Denmark (n=2147)
• Spain (n=1061)
• Netherlands (n=3949)
• Czechia (n=2239)

Validation (n=186 244)
• Sweden (n=172 634)
• Switzerland (n=2239)
• Germany (n=1975)
• Denmark (n=2147)
• Spain (n=1061)
• Netherlands (n=3949)
• Czechia (n=2239)

Validation (n=1036)
• Hospitals located in the east* 
  of the VERDICT trial (n=1036)

• Denmark (VERDICT, NCT04259138)
• Spain (CORALYS, NCT04895176)
• Netherlands (FORCE-ACS, NCT03823547)
• Czechia (Brno-ACS)

Evaluation of patient stratification

• England, Wales, and Northern Ireland (MINAP) 
• Sweden (SWEDEHEART)
• Switzerland (AMIS Plus, NCT0130578; SPUM-ACS, NCT01000701)
• Germany (Heidelberg-ACS)

Deployment

• Risk and benefit estimation based on nine readily available clinical variables
• Web calculator available online (https://www.grace-3.com/)

• Denmark (VERDICT, NCT04259138)
• Spain (CORALYS, NCT04895176)
• Netherlands (FORCE-ACS, NCT03823547)
• Czechia (Brno-ACS)

Figure 1: Study design
Study cohorts, model development, external validation, and deployment of the GRACE 3.0 score. AMIS Plus=Acute 
Myocardial Infarction in Switzerland Plus. Brno-ACS=two prospective registries at University Hospital Brno. 
CORALYS=Incidence and Predictors of Heart Failure after Acute Coronary Syndrome. FORCE-ACS=Future Optimal 
Research and Care Evaluation in Patients with Acute Coronary Syndrome. GRACE=Global Registry of Acute Coronary 
Events. Heidelberg-ACS=prospective Heidelberg ACS cohort study. MINAP=Myocardial Ischaemia National Audit 
Project. NSTE-ACS=non-ST-elevation acute coronary syndrome. RCT=randomised controlled trial. SPUM-
ACS=Special Programme University Medicine Acute Coronary Syndromes. SWEDEHEART=Swedish Web-system for 
Enhancement and Development of Evidence-based care in Heart disease Evaluated According to Recommended 
Therapies. VERDICT=Very Early Versus Deferred Invasive Evaluation Using Computerized Tomography. *Hospitals 
located in the geographical west and east of the VERDICT trial are given in the appendix (pp 4, 7–12).
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using Rubin’s rules, as appropriate (appendix pp 6, 17). 
Performance metrics were pooled across countries using 
a random-effects meta-analysis based on the Hartung-
Knapp-Sidik-Jonkmann method 26 to derive overall point 
estimates and 95% CIs. This approach ensures that between-
country differences are appropriately considered when 
summarising performance estimates. Data reporting follows 
the principles as outlined by the TRIPOD AI statement, the 
STROBE statement, and the PATH statement. All p values 
and CIs are two-tailed. Results were deemed to be statistically 
significant at a p value lower than 0⋅05. Data were analysed in 
R (version 4.3 or later), Stata (version 14.0 or later), and IBM 
SPSS (version 28.0.1.1). A web calculator for all GRACE 3.0 
models is available online.

Role of the funding source
The funders of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
Between Jan 1, 2005, and June 24, 2024, 609 063 patients with 
NSTE-ACS were included (figure 1). There were 61 741 deaths 
at 1 year in the development cohort from England, Wales, 
and Northern Ireland alongside 6373 deaths during hospital-
isation, and 21 904 deaths at 1 year in Sweden, Switzerland, 
Germany, Denmark, Spain, the Netherlands, and Czechia. 
Patient characteristics across the involved countries are shown 
in the table and in the appendix (pp 13–14).
The GRACE 3.0 in-hospital mortality model showed 

excellent discrimination performance on external validation 
(AUC 0⋅90, 95% CI 0⋅89–0⋅91), with AUC values ranging 
from 0⋅85 (0⋅71–0⋅99) in Spain to 0⋅92 (0⋅89–0⋅94) in Czechia 
(figure 2; appendix p 29). The GRACE 3.0 in-hospital 
mortality model was well calibrated (slope 1⋅06, 95% CI 
0⋅90–1⋅22; calibration-in-the-large –0⋅15, 95% CI –0⋅86 to 
0⋅57) with decision curve analyses suggesting high utility 
across a range of clinically relevant thresholds beyond 
GRACE 2.0 (figure 2; appendix pp 26–28).
For the prediction of mortality at 1 year, old age and high 

creatinine had the highest relative importance (figure 3). 
The novel GRACE 3.0 1-year mortality model showed high 
performance on internal validation (tAUC 0⋅84, 95% CI 
0⋅83–0⋅84) and on external validation (0⋅84, 0⋅82–0⋅86), 
with tAUC values ranging from 0⋅79 (0⋅71–0⋅87) in Spain to 
0⋅86 (0⋅85–0⋅86) in Sweden (figure 3; appendix pp 20–21). 
The GRACE 3.0 1-year mortality model showed acceptable 
calibration (slope 1⋅09, 95% CI 0⋅99–1⋅19; calibration-
in-the-large -0⋅34, 95% CI –0⋅74 to 0⋅06) and favourable 
clinical utility across clinically relevant thresholds on 
decision curve analysis (figure 3; appendix pp 31–33). 
The in-hospital mortality and 1-year mortality models pro-
vided helpful predictive performance across sex-specific 
subgroups (appendix p 22).
Both models surpassed the respective GRACE 2.0 mod-

els, leading to improved risk discrimination and reclassifi-
cation in the whole population. For in-hospital mortality,

the models showed a significant improvement (delta AUC 
0⋅02, 95% CI 0⋅02–0⋅02, p<0⋅0001; IDI 0⋅02, 95% CI 
0⋅00–0⋅05, p=0⋅045; NRI 0⋅47, 95% CI 0⋅08–0⋅85, p=0⋅025). 
Similarly, for 1-year mortality, there were significant 
improvements (delta tAUC 0⋅01, 95% CI 0⋅01–0⋅01, 
p<0⋅0001; IDI 0⋅03, 95% CI 0⋅02–0⋅04, p<0⋅0001; 
NRI 0⋅46, 95% CI 0⋅36–0⋅55, p<0⋅0001). Detailed results 
are available in the appendix (pp 24, 30, 34). Similar 
improvements were observed for in-hospital mortality and 
1-year mortality when patients were stratified according to 
sex (appendix p 23).
The novel GRACE 3.0 individualised treatment effect 

model effectively identified patients who would benefit 
from early invasive management (C-for-benefit 0⋅56, 
95% CI 0⋅52–0⋅60; adjusted Qini value 2⋅16, 95% CI 
0⋅19–3⋅61; Cb 0⋅55, 95% CI 0⋅21–0⋅94). There was good 
agreement between predicted and observed treatment 
effect (appendix p 36). Patients for whom the GRACE 
3.0 individualised treatment effect model predicted high 
benefit from early invasive management were younger, 
more likely to be female, and had lower creatinine levels, 
more signs of myocardial ischaemia, and worse haemo-
dynamic status (figure 4; appendix p 16). Patients with high 
predicted benefit from early invasive management had 
lower risk of the composite outcome when randomly 
assigned to early invasive management than when ran-
domly assigned to delayed invasive management (hazard 
ratio [HR] 0⋅60, 95% CI 0⋅41–0⋅88; absolute risk reduction 
14⋅4%, 95% CI 7⋅3–21⋅5, p interaction =0⋅014), whereas 
patients with no-to-moderate predicted benefit did not (HR 
1⋅06, 95% CI 0⋅80–1⋅40; absolute risk reduction –1⋅3%, 
95% CI –6⋅0% to 3⋅3%). Sensitivity analyses using alter-
native groups yielded consistent results (appendix p 25). 
Across all countries, the GRACE 3.0 individualised treat-
ment effect model would lead to substantial re-stratification 
of patients with NSTE-ACS compared with the current risk-
based treatment stratification based on GRACE 2.0, sug-
gesting that the group of patients who benefit from early 
intervention in terms of long-term cardiovascular out-
comes might be incompletely captured by current treat-
ment strategies (appendix p 37).

Discussion
The GRACE scoring system guides the management of 
patients with NSTE-ACS according to international 
guidelines. Here, we (1) externally validated the recently 
introduced GRACE 3.0 in-hospital mortality model; 
(2) developed and externally validated a GRACE 3.0 1-year 
mortality model; and (3) developed and externally validated 
a GRACE 3.0 individualised treatment effect model 
to predict the effect of early invasive management in 
contemporary patients with NSTE-ACS.
Whereas score version 2.0 2,4 is not specifically tailored to 

the NSTE-ACS patient population, does not account for 
potential complex, non-linear relationships, and ignores 
sex differences, the GRACE 3.0 models incorporate these 
aspects. Compared with GRACE 2.0, both the GRACE 3.0

For the GRACE 3.0 web 
calculator see https://www. 

grace-3.com
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England, Wales, and
Northern

 
Ireland

(MINAP; n=400 054)

Sweden
(SWEDEHEART;
n=172

 
634)

Switzerland
 
(AMIS

Plus and SPUM-ACS;
n=24

 
945)

Germany
(Heidelberg-ACS;
n=2034)

Denmark
(VERDICT;
n=2147)

Spain
(CORALYS;
n=1061)

Netherlands
(FORCE-ACS;
n=3949)

Czechia
(Brno-ACS;
n=2239)

Age, years 72 (61–81) 72 (63–81) 68
 

(58–78) 69
 

(58–77) 64
 

(54–73) 67 (57–77) 70
 

(60–77) 69
 

(61–77)
Sex

Female 145 738/400
 

054
(36⋅4%)

59
 

806/172 634
(34⋅6%)

6549/24
 

944
(26⋅3%)

618/2034
(30⋅4%)

735/2147
(34⋅2%)

310/1061
(29⋅2%)

1197/3947
(30⋅3%)

645/2239
(28⋅8%)

Male 254
 

316/400
 

054
(63⋅6%)

112 828/172 634
(65⋅4%)

18
 

395/24
 

944
(73⋅7%)

1416/2034
(69⋅6%)

1412/2147
(65⋅8%)

751/1061
(70⋅8%)

2750/3947
(69⋅7%)

1594/2239
(71⋅2%)

BMI, kg/m
 

2 27⋅2
(24⋅1–30⋅8)

26⋅6
(24⋅1–29⋅7)

27⋅0
(24⋅0–30⋅0)

⋅⋅ 26⋅3
(23⋅9–29⋅5)

27⋅7
(25⋅0–31⋅0)

27⋅0
(24⋅5–30⋅1)

28⋅1
(25⋅5–31⋅2)

Current smoker 77 255/355 326
(21⋅7%)

27 351/160
 

963
(17⋅0%)

7325/21 963
(33⋅4%)

769/1910
(40⋅3%)

665/2147
(31⋅0%)

269/1061
(25⋅4%)

881/3836
(23⋅0%)

487/1778
(27⋅4%)

Heart rate, bpm 78
(66–92)

78
(66–92)

75
(65–88)

73
(64–84)

74
(65–78)

72
(61–85)

74
(63–88)

72
(64–83)

Systolic blood pressure, mm
 

Hg 140
(122–159)

150
(131–170)

140
(122–159)

150
(135–166)

143
(129–161)

144
(129–160)

146
(130–164)

140
(125–160)

Cardiac arrest 3675/389
 

378
(0⋅9%)

2712/172 539
(1⋅6%)

691/24
 

888
(2⋅8%)

1/2030
(0⋅0%)

0/2147
(0⋅0%)

8/1061
(0⋅8%)

56/3941
(1⋅4%)

32/2239
(1⋅4%)

ST-segment deviation 96
 

187/384
 

738
(25⋅0%)

57 254/172 634
(33⋅2%)

8096/24
 

697
(32⋅8%)

341/1817
(18⋅8%)

825/2113
(39⋅0%)

275/1061
(25⋅9%)

1107/3949
(28⋅0%)

946/2175
(43⋅5%)

Left ventricular ejection
 

fraction
 
≥50% 102 776/168

 
262

(61⋅1%)
86
 

842/127 923
(67⋅9%)

10
 

175/15 200
(66⋅9%)

⋅⋅ 1371/1834
(74⋅8%)

839/1032
(81⋅3%)

1362/1733
(78⋅6%)

1204/1864
(64⋅6%)

Killip class 
I 157 040/201 438

(78⋅0%)
150
 

127/168
 

118
(89⋅3%)

20
 

732/24
 

343
(85⋅2%)

1906/2029
(93⋅9%)

2038/2126
(95⋅9%)

963/1061
(90⋅8%)

3365/3903
(86⋅2%)

1837/2156
(85⋅2%)

II 31 690/201 438
(15⋅7%)

14
 

866/168
 

118
(8⋅8%)

2370/24
 

343
(9⋅7%)

99/2029
(4⋅9%)

70/2126
(3⋅3%)

64/1061
(6⋅0%)

498/3903
(12⋅8%)

194/2156
(9⋅0%)

III 11 588/201 438
(5⋅8%)

2199/168
 

118
(1⋅3%)

713/24
 

343
(2⋅9%)

21/2029
(1⋅0%)

18/2126
(0⋅8%)

25/1061
(2⋅4%)

30/3903
(0⋅8%)

100/2156
(4⋅6%)

IV 1120/201 438
(0⋅6%)

926/168
 

118
(0⋅6%)

528/24
 

343
(2⋅2%)

3/2029
(0⋅2%)

⋅⋅ 9/1061
(0⋅8%)

10/3903
(0⋅3%)

25/2156
(1⋅2%)

Medical history

Diabetes 90
 

940/369
 

833
(24⋅6%)

44
 

477/172 634
(25⋅8%)

5745/23 909
(24⋅0%)

479/1896
(25⋅3%)

331/2147
(15⋅4%)

307/1061
(28⋅9%)

1013/3917
(25⋅9%)

841/2239
(37⋅6%)

Hypertension 198
 

372/360
 

354
(55⋅1%)

70
 

883/172 634
(41⋅1%)

16
 

790/23 954
(70⋅1%)

1537/1903
(80⋅8%)

1121/2147
(52⋅2%)

710/1061
(66⋅9%)

2486/3838
(64⋅8%)

1545/2239
(69⋅0%)

Previous PCI 43 824/357 051
(12⋅3%)

30
 

308/172 634
(17⋅6%)

5159/24
 

378
(21⋅2%)

806/1877
(42⋅9%)

314/2147
(14⋅6%)

196/1061
(18⋅5%)

1089/3949
(27⋅6%)

61/368
(16⋅6%)

Previous coronary artery bypass graft 30
 

317/357 808
(8⋅5%)

14
 

501/172 634
(8⋅4%)

1969/24
 

641
(8⋅0%)

262/1882
(13⋅9%)

114/2147
(5⋅3%)

60/1061
(5⋅7%)

490/3949
(12⋅4%)

21/368
(5⋅7%)

Family history of coronary artery
disease

87 122/295 099
(29⋅5%)

⋅⋅ 6765/20
 

290
(33⋅3%)

680/1778
(38⋅3%)

⋅⋅ ⋅⋅ 1513/3761
(40⋅2%)

140/2156
(6⋅5%)

Peripheral vascular disease 17 999/352 873
(5⋅1%)

11 387/172 634
(6⋅6%)

1756/24
 

945
(7⋅0%)

⋅⋅ ⋅⋅ 107/1061
(10⋅1%)

397/3949
(10⋅1%)

209/2239
(9⋅3%)

Cerebrovascular disease 35 302/356
 

525
(9⋅9%)

17 046/172 634
(9⋅9%)

1649/24
 

945
(6⋅6%)

⋅⋅ 176/2147
(8⋅2%)

75/1061
(7⋅1%)

458/3949
(11⋅6%)

170/2239
(7⋅6%)

Heart failure 25 651/355 919
(7⋅2%)

22 177/172 634
(12⋅8%)

886/24
 

461
(3⋅6%)

420/1708
(24⋅6%)

214/2147
(10⋅0%)

0/1061
(0⋅0%)

140/3949
(3⋅5%)

184/2239
(8⋅2%)

Chronic kidney disease 27 596/356
 

063
(7⋅8%)

9414/172 634
(5⋅5%)

2172/22 444
(9⋅7%)

⋅⋅ 198/2147
(9⋅2%)

292/1061
(27⋅5%)

187/3949
(4⋅7%)

⋅⋅

(Table continues on
 

next page)
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England, Wales, and
Northern

 
Ireland

(MINAP; n=400 054)

Sweden
(SWEDEHEART;
n=172

 
634)

Switzerland
 
(AMIS

Plus and SPUM-ACS;
n=24

 
945)

Germany
(Heidelberg-ACS;
n=2034)

Denmark
(VERDICT;
n=2147)

Spain
(CORALYS;
n=1061)

Netherlands
(FORCE-ACS;
n=3949)

Czechia
(Brno-ACS;
n=2239)

(Continued from
 

previous page) 
Clinical chemistry and haematology 

White blood count, 10 
9
 /L ⋅⋅ .. 8⋅7

(7⋅0–11⋅0)
⋅⋅ 10⋅0

(7⋅5–11⋅5)
7⋅8

(5⋅9–9⋅8)
8⋅3

(6⋅7–10⋅3)
9⋅4

(7⋅5–11⋅7)
Haemoglobin, g/L 135

(120–148)
138

(126–149)
142

(129–153)
⋅⋅ 139

(129–148)
142
(130–152)

140
(129–150)

142
(130–152)

C-reactive protein, mg/L ⋅⋅ 5⋅0
(2⋅0–10⋅0)

4⋅7
(2⋅0–11⋅0)

3⋅3
(2⋅0–11⋅0)

⋅⋅ ⋅⋅ ⋅⋅ 16⋅4
(5⋅7–54⋅2)

Total cholesterol, mmol/L 4⋅6
(3⋅7–5⋅6)

⋅⋅ 5⋅0
(4⋅2–5⋅9)

⋅⋅ ⋅⋅ ⋅⋅ 4⋅6
(3⋅7–5⋅5)

4⋅6
(3⋅8–5⋅6)

Low-density lipoprotein
 

cholesterol,
mmol/L

⋅⋅ 2⋅8
(2⋅0–3⋅7)

3⋅2
(2⋅3–4⋅0)

⋅⋅ ⋅⋅ 2⋅6
(1⋅9–3⋅4)

2⋅8
(2⋅0–3⋅6)

2⋅7
(2⋅0–3⋅5)

HbA
 1c 

, % ⋅⋅ 5⋅8
(5⋅4–6⋅5)

6⋅0
(5⋅5–6⋅1)

5⋅8
(5⋅5–6⋅4)

⋅⋅ ⋅⋅ ⋅⋅ 4⋅2
(3⋅7–5⋅1)

Troponin
 

elevation* 351 510/390
 

128
(90⋅1%)

152 438/167 763
(90⋅9%)

14
 

453/14
 

928
(96⋅8%)

1348/2030
(66⋅4%)

1718/2143
(80⋅2%)

968/1061
(91⋅2%)

3608/3912
(92⋅2%)

2140/2157
(99⋅2%)

NT-proBNP, ng/L ⋅⋅ .. 846
(258–2757)

531
(163–2020)

⋅⋅ 828
(204–3622)

⋅⋅ 1706
(780–3784)

Creatinine, μmol/L 89
(74–112)

80
(71–106)

83
(70–100)

83
(69–103)

74
(63–88)

78
(65–94)

83
(71–99)

93
(79–115)

Estimated glomerular filtration
 

rate,
mL/min

 
per 1⋅73 m

 
2
 †

74
(53–91)

80
(60–94)

83
(63–96)

83
(62–96)

93
(79–102)

73
(57–85)

79
(64–94)

76
(57–93)

Medication
 

at admission

ASS‡ 191 319/354
 

736
(53⋅9%)

71 582/170
 

661
(41⋅9%)

10
 

291/22 674
(45⋅4%)

⋅⋅ ⋅⋅ 322/1061
(30⋅3%)

⋅⋅ 123/368
(33⋅4%)

P2Y
 12

 
receptor inhibitor 44

 
452/311 089

(14⋅3%)
16
 

692/170
 

688
(9⋅8%)

2649/13 433
(19⋅7%)

⋅⋅ ⋅⋅ 31/1061
(2⋅9%)

⋅⋅ ⋅⋅

β blocker 113 587/342 279
(33⋅2%)

75 078/170
 

485
(44⋅0%)

8278/22 490
(36⋅8%)

⋅⋅ ⋅⋅ ⋅⋅ ⋅⋅ 1135/2239
(50⋅7%)

Angiotensin-converting enzyme
inhibitor or angiotensin

 
receptor 

blocker

143 595/342 209
(42⋅0%)

74
 

873/170
 

263
(44⋅0%)

10
 

279/22 503
(45⋅7%)

⋅⋅ ⋅⋅ ⋅⋅ ⋅⋅ 1363/2239
(60⋅9%)

Vitamin
 

K antagonist or direct oral
anticoagulant

⋅⋅ 15 734/170
 

682
(9⋅2%)

1752/6354
(27⋅6%)

⋅⋅ ⋅⋅ 91/1061
(8⋅6%)

⋅⋅ 10/368
(2⋅7%)

Statin 173 819/355 239
(48⋅9%)

65 015/170
 

627
(38⋅1%)

8825/22 531
(39⋅2%)

⋅⋅ ⋅⋅ ⋅⋅ ⋅⋅ 1222/2239
(54⋅6%)

Data are median
 

(IQR) or n/N
 

(%). Count data are shown
 

as n/N
 

with
 

n
 

referring to
 

the number of participants in
 

which
 

the feature is present and N
 

referring to
 

the number of patients with
 

available information
 

on
 

this particular variable. AMIS Plus=Acute 
Myocardial Infarction

 
in
 

Switzerland Plus. ASS=acetyl salicylic acid. bpm=beats per min. Brno-ACS=two
 

prospective registries at University Hospital Brno. CORALYS=Incidence and Predictors of Heart Failure after Acute Coronary Syndrome. FORCE-
ACS=Future Optimal Research

 
and Care Evaluation

 
in
 

Patients with
 

Acute Coronary Syndrome. Heidelberg-ACS=prospective Heidelberg ACS cohort study. MINAP=Myocardial Ischaemia National Audit Project. NSTE-ACS=non-ST-elevation
 

acute coronary 
syndrome. NT-proBNP=N-terminal pro-BNP. PCI=percutaneous coronary intervention. SPUM-ACS=Special Programme University Medicine Acute Coronary Syndromes. SWEDEHEART=Swedish

 
Web-system

 
for Enhancement and Development of 

Evidence-based care in
 

Heart disease Evaluated According to
 

Recommended Therapies. VERDICT=Very Early Versus Deferred Invasive Evaluation
 

Using Computerized Tomography. *Refers to
 

values >99th
 

percentile. †Estimated according to
 

the Chronic 
Kidney Disease Epidemiology Collaboration

 
2021 creatinine equation. ‡Refers to

 
any antiplatelet therapy in

 
Czechia.

Table: Baseline characteristics of patients with NSTE-ACS
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in-hospital mortality model and the GRACE 3.0 1-year 
mortality model had improved performance.
Short-term mortality in patients with NSTE-ACS is 

mainly due to acute sequelae such as mechanical compli-
cations, arrhythmias, and cardiogenic shock. We per-
formed a broad external validation of the GRACE 3.0 
in-hospital mortality model that confirmed its excellent 
performance in patients presenting with NSTE-ACS. Our 
results verify the GRACE 3.0 in-hospital mortality model as 
a highly accurate tool for early assessment of short-term 
mortality risk. These findings are in line with the results 
from a single-centre study 27 reporting excellent perform-
ance of the GRACE 3.0 in-hospital mortality model in 
patients who have undergone percutaneous coronary 
intervention (PCI) for NSTE-ACS. Accurate assessment of 
in-hospital mortality risk could support preclinical and 
in-hospital triage, and patient monitoring during

hospitalisation. In addition, the newly developed GRACE 
3.0 1-year mortality model enables the prediction of longer-
term mortality risk, above and beyond the score version 2.0, 
considering sex differences in the risk factor profile. 
Refined assessment of longer-term mortality risk following 
the acute event could help to personalise secondary pre-
vention regimens and standardise outcome research in 
these patients.
Invasive management is recommended for most patients 

with NSTE-ACS, yet the optimal timing is uncertain. 2,7,8 

Early invasive management does not improve outcomes in 
the overall NSTE-ACS population. 7 Hence, the rapid iden-
tification of individuals who benefit from early invasive 
management is of high clinical importance. 7,8 The 
assumption that the effect of early invasive management 
increases with increasing baseline risk has led to risk-based 
patient stratification in NSTE-ACS guided by the estimated 
in-hospital mortality risk according to the GRACE score. 1,2 

However, the current risk threshold showed no interaction 
with treatment effect in combined patient-level analyses of 
randomised trials, warranting a re-evaluation of treatment 
stratification for patients with NSTE-ACS. 8

Here, we explored a benefit-based approach without 
assuming that the treatment effect increases linearly with 
baseline risk. Potential complex and non-linear relationships 
between baseline characteristics and treatment effect are 
now considered. Moreover, the GRACE 3.0 individualised 
treatment effect model was derived from randomised trial 
data and thus is not subject to confounding bias. 21 Our 
results agree with existing evidence that machine learning-
based effect modelling can outperform the high-risk 
approach. 10

The GRACE 3.0 individualised treatment effect model 
indicates that patients with NSTE-ACS who benefit from 
early invasive management present with clinical charac-
teristics different from those previously described. Indeed, 
the clinical profile of patients with predicted benefit from 
early invasive management is characterised by more signs 
of myocardial ischaemia, worse haemodynamics, and a 
higher likelihood of being female, but younger age and 
better renal function. These findings appear clinically 
plausible, given that timely revascularisation is also indi-
cated in patients with acute myocardial ischaemia due to 
ST-elevation myocardial infarction, and in patients with 
cardiogenic shock. Younger age might predispose individ-
uals to higher potential long-term benefit from early inva-
sive management due to longer remaining life expectancy. 
These findings align with observational data 28 and results 
from a randomised controlled trial 29 published in 2024 that 
reported no benefit of invasive management over a con-
servative strategy in terms of long-term cardiovascular 
outcomes in older patients (ie, aged ≥75 years) with NSTE-
ACS and showed a nominally lower effect in the GRACE 
group at high risk of death. Of note, in conventional risk-
based treatment selection, young age favours patient 
stratification towards delayed invasive management. 
Collectively, the individualised treatment effect model

Sweden (n=172 634)

Switzerland (n=24 945)

Denmark (n=2147)

Germany (n=2034)

Spain (n=1061)

Netherlands (n=3949)

Czechia (n=2239)

Pooled estimate

A

0·8 0·9 1·00·7

AUC

AUC (95% CI)

0·90 (0·89–0·91)

0·91 (0·90–0·91)

0·90 (0·89–0·91)

0·88 (0·83–0·93)

0·92 (0·88–0·97)

0·85 (0·71–0·99)

0·85 (0·81–0·90)

0·92 (0·89–0·94)

B

0·05 0·10 0·15 0·20 0·25 0·30 0·35 0·40 0·45 0·500

Predicted probability

0

0·05

0·10

0·15

0·20

0·25

0·30

0·35

0·40

0·45

0·50

O
bs

er
ve

d 
pr

ob
ab

ili
ty

Figure 2: Performance of the in-hospital mortality model
(A) Results from the external validation of the GRACE in-hospital mortality 
model for the AUC. The plot displays country-level point estimates (squares) with 
95% CIs (lines), and an overall pooled estimate with 95% CI (diamond). Square 
sizes correspond to relative weights. (B) Predicted and observed risk of 
in-hospital mortality on external validation. Colour bands signify the 95% CI. 
The distribution of predicted risks is summarised as a histogram on top of the 
graph. AUC=area under the receiver operating characteristic curve. 
GRACE=Global Registry of Acute Coronary Events.
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suggests that current treatment strategies might incom-
pletely capture the subset of patients with NSTE-ACS who 
benefit from an early intervention in terms of long-term 
cardiovascular outcomes. Our analyses indicate that early 
invasive management can substantially reduce long-term 
major adverse cardiovascular events in patients with high 
predicted benefit. However, additional prospective valid-
ation of the individualised treatment effect model is war-
ranted before clinical implementation can be considered, 
given the paucity of data from large RCTs with long-term 
outcomes currently available.
Our study has several strengths. First, according to our 

knowledge, the study design includes the largest worldwide 
NSTE-ACS cohorts with thorough clinical documentation.

Prospective nationwide registries from different countries 
allowed us to account for the geographical and sociocultural 
diversity of the patient population, which enhances the 
validity of the results. Second, we restricted the enrolment 
to contemporary patients (Jan 1, 2005, to June 24, 2024) to 
account for the evolution of clinical NSTE-ACS pheno-
types and changes in management. Third, the developed 
prediction models are specific to the NSTE-ACS patient 
population and account for sex-specific differences. 
Importantly, the individualised treatment effect model 
was developed in the only available clinical trial on the 
timing of early invasive management with long-term fol-
low-up, and thus estimates the effect of treatment on long-
term outcomes. Furthermore, the developed prediction
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Figure 3: Feature importance and performance of the 1-year mortality model
(A) The clinical features of the model are ranked by their contribution to the model output. Each dot corresponds to a patient, with its colour indicating the feature value. 
For example, the effect of age on the model output is positive, leading to increased predicted risk, when the patient is relatively old (red) and negative, leading to 
decreased predicted risk, when the patient is relatively young (blue). (B) Radar plot for the importance of each clinical predictor variable according to the mean of the 
absolute SHAP value scaled to the feature with the highest value. The SHAP value of a feature represents its contribution to the difference between the actual prediction 
and the average prediction. The mean absolute SHAP value for a feature is the average of the absolute values of its SHAP values across all patients and reflects the 
magnitude of a feature’s effect on predictions, without regard to whether it increases or decreases the prediction. (C) Results from the external validation of the GRACE 
1-year mortality model for the tAUC. The plot displays country-level point estimates (squares) with 95% CIs (lines), and an overall pooled estimate with 95% CI 
(diamond). Square sizes correspond to relative weights. (D) Predicted and observed risk of 1-year mortality on external validation. Colour bands signify the 95% CI. The 
distribution of predicted risks is summarised as a histogram on top of the graph. GRACE=Global Registry of Acute Coronary Events. SHAP=Shapley additive explanations. 
tAUC=time-dependent area under the receiver operating characteristic curve.
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models are easily applicable using a single set of nine 
variables that are routinely available in clinical care 
settings.
There are also some limitations of this study. First, due to 

restricted availability of, and limited access to, large-scale 
high-quality NSTE-ACS cohorts, our study does not include 
patient cohorts outside of Europe. Extrapolation of our 
findings to other geographies requires caution, and add-
itional external validation of the in-hospital mortality and 
1-year mortality models in other areas is warranted. Next, 
the low number of events in the patient cohorts from Spain 
and Denmark precludes definitive conclusions on the 
performance of the in-hospital mortality model. Indeed,

performance evaluation in the presence of very low event 
counts is challenging and requires cautious interpretation. 
In addition, data on ethnicity were not consistently available 
in the involved cohorts and were therefore not reported. 
Moreover, all results including those related to short-term 
and long-term clinical outcomes should be viewed in 
the context of differences in treatment received across the 
involved cohorts, including the notable variation in the 
proportion of patients who were treated with PCI. Fur-
thermore, we note that any post-hoc analysis of RCT data 
beyond the primary analysis is exploratory and can only 
provide suggestive evidence. Thus, the presented evidence 
regarding treatment benefit should not be considered
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Figure 4: Prediction of individualised treatment effect
(A) Predicted individualised effect of early invasive management generated by the GRACE 3.0 individualised treatment effect model for each of the 1036 unseen patients with NSTE-ACS in the external 
validation cohort (those from the geographical east of the VERDICT trial). Patients were ranked from the lowest value on the left to the highest value on the right. Colours signify low and high predicted 
treatment effect. (B) Feature importance in the individualised treatment effect model scaled to the feature with the highest value in the development dataset (n=1111). (C) Cumulative incidence of the 
composite primary outcome in patients with no-to-moderate predicted benefit (left) and high predicted benefit (right) according to randomisation in unseen data (n=1036). The p value of the interaction 
term between the benefit group and the randomly assigned treatment group in the external validation cohort is 0⋅014. Colour bands signify the 95% CI. GRACE=Global Registry of Acute Coronary Events. 
HR=hazard ratio. NSTE-ACS=non-ST-elevation acute coronary syndrome. VERDICT=Very Early Versus Deferred Invasive Evaluation Using Computerized Tomography.
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definitive but could inform hypothesis generation for 
clinical trial design. Prospective evaluation of the GRACE 
3.0 individualised treatment effect model is warranted.
In conclusion, the GRACE 3.0 scoring system provides a 

validated, practical tool for the individualised assessment of 
short-term and long-term mortality risk in patients with 
NSTE-ACS. In the context of a comprehensive clinical 
evaluation, GRACE 3.0 can inform clinical treatment con-
siderations. The individualised treatment effect model 
could refine the design of future clinical trials regarding the 
timing of invasive management.
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