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ABSTRACT
Background: The purpose of this study was to prospectively validate the MIRACLE2 score in the GLOBAL-MIRACLE registry, a multicentre, international, prospective registry of patients admitted with resuscitated out-of-hospital cardiac arrest (OHCA) of presumed cardiac aetiology.
Methods: From 1 January 2022 to 31 May 2023, 770 patients were recruited from 11 centres across 5 countries. The primary end-point was poor neurological outcome (Cerebral Performance Category 3-5) at hospital discharge. Model discrimination was assessed by area under the receiver operator curve (AUC). We compared discriminatory performance of the MIRACLE2 score against CAHP, OHCA, TTM, NULL-PLEASE, C-GRAPH, and rCAST. Results: The primary endpoint occurred in 395 patients (51.2%). The MIRACLE2 score had an AUC of 0.861 (95% CI 0.835-0.887). A MIRACLE2 score ≤2 had a negative predictive value of 87.8% while a score of ≥7 had a positive predictive value of 98.3%. The MIRACLE2 score had equal performance to the TTM risk tool (p=0.12) but better discriminatory performance than other risk tools (p<0.0001). The MIRACLE2 score showed good performance in those with ST-segment elevation myocardial infarction (STEMI) [0.851 (95% CI 0.816-0.886)] and without STEMI [0.873 (95% CI 0.834-0.912)] and in those with cardiogenic shock (CS) [0.832 (95% CI 0.789-0.8750] and without CS [0.853 (95% CI 0.810-0.895)].
Conclusions: The MIRACLE2 score is a practical risk tool which shows excellent discrimination performance for poor neurological outcome after presumed cardiac aetiology OHCA, including based on haemodynamic status and admission 12-lead ECG. Early stratification of OHCA patients using the MIRACLE2 score should be evaluated in future RCTs. 
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What is known
Early risk stratification is acknowledged to be of importance for guidance of invasive cardiovascular therapies, such as coronary angiography, after out of hospital cardiac arrest (OHCA).
The MIRACLE2 score is a practical risk tool, which shows potential for stratification of OHCA but was derived in retrospective cohorts and requires prospective validation prior to routine use.
What the study adds
In this international multi-centre prospective study, the MIRACLE2 score is validated to have excellent prediction of poor neurological outcome after OHCA.
The MIRACLE2 score had equally strong performance across STEMI and NSTEMI and also in those with and without cardiogenic shock while performing better than other currently available risk tools. 
The MIRACLE2 should now be incorporated into randomised controlled trials to guide stratified selection of invasive therapies for OHCA.










INTRODUCTION
OHCA is associated with a high mortality and represents a significant public health burden [1]. Increasingly, patients with resuscitated OHCA are recommended for expedited conveyance to cardiac arrest centres (CAC) for consideration of immediate invasive coronary angiography (CAG), mechanical circulatory support (MCS) and specialist critical care [2, 3]. However, in recent years, many of these therapeutic approaches have failed to show any benefit in randomised controlled trials (RCT) [4-8] and, in particular, the ARREST trial recently showed no benefit for conveyance of OHCA patients without STEMI to a CAC [9]. One possible explanation for this lack of benefit is the brain injury sustained during the index event - the consequent mortality and morbidity may render further intensive therapeutic interventions futile. [10]. Formal neuro-prognostication is only recommended 72 hours after the event, but earlier identification of patients without significant brain injury on arrival to a CAC could potentially aid patient stratification for invasive therapies and guide ongoing acute care [11]. 
Recent scientific statements from the American Heart Association (AHA) recommend increased application of risk tools for early stratification for invasive therapies in the comatose OHCA cohort, particularly in those with STEMI, to provide a more accurate understanding of the inherent systemic ischaemic insult at the time of hospital admission [12, 13]. Several of these risk tools, such as Cardiac Arrest Hospital Prognosis (CAHP) score, Target Temperature Management (TTM) risk score, and Out-of-Hospital Cardiac Arrest (OHCA) score are complex nomograms which can be challenging to implement in an emergency setting. These complex risk tools have also been mostly validated later in the patient pathway (i.e. on arrival to intensive care units) and are derived in retrospective cohorts which have variable numbers of patients with a presumed cardiac aetiology OHCA [14-16]. The AHA scientific statement highlighted the importance of prospective validation of risk tools across several presentations of OHCA, including ST-segment elevation myocardial infarction (STEMI) and cardiogenic shock (CS)  in the presumed cardiac aetiology cohort and immediately on arrival to a cardiac arrest centre [13]. The MIRACLE2 score is a practical risk tool, developed specifically for use in the presumed cardiac aetiology cohort on arrival to a CAC, with excellent performance in both original derivation and external validation cohorts [17-20]  Nevertheless, there remains a need for prospective validation across several healthcare settings before this can be incorporated into routine clinical care, such as in cardiogenic shock initiatives, or indeed for the focus of future RCTs [13]. 
[bookmark: _Hlk211076489]Accordingly, the primary purpose of this study was to validate the MIRACLE2 score in an international prospective multi-centre registry of presumed cardiac aetiology OHCA patients. Secondly, we compared the performance of the MIRACLE2 score in this setting against other existing risk tools. Finally, we evaluated its performance in sub-populations of OHCA including those with/without STEMI and with/without CS.
METHODS
Study Setting
[bookmark: _Hlk90214777]Because of the sensitive nature of the data collected for this study, requests to access the dataset from qualified researchers trained in human subject confidentiality protocols may be sent to the corresponding author at King’s College Hospital. GLOBAL-MIRACLE is a prospective, multicentre, international registry of patients with resuscitated OHCA and sustained return of spontaneous circulation (ROSC) on arrival at a dedicated CAC. Patients were recruited at 11 CACs across five countries, including the United Kingdom (King’s College Hospital, London; Royal Free Hospital, London; Barts Heart Centre, London; Bristol Heart Institute, Bristol; Essex Cardiothoracic Centre, Essex; Leeds General Infirmary, Leeds; Liverpool Heart Centre, Liverpool), Poland (University Clinical Centre, Gdansk), Slovenia (University Medical Centre Ljubljana, Ljubljana), Australia (Austin Hospital, Melbourne), and New Zealand (Auckland City Hospital, Auckland). Each centre provides 24-hour access to highly specialist cardiac and critical care, as well as emergency CAG. Further details are provided in Table S1. The study was performed according to the principles of the Declaration of Helsinki and was approved by local research ethics or governance committees at each centre (REC 21/WA/0361) (https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/global-miracle-registry/).
Study Population
Between 1st January 2022 to 31st May 2023, adult patients (≥18 years old) who presented with OHCA and sustained ROSC (defined as >20 minutes) on arrival to a participating CAC, were prospectively assessed for eligibility. All OHCA patients were screened on admission and were included if they met the study criteria. Patients were included if the post-ROSC 12-lead electrocardiogram (ECG) showed either ST elevation or if there was a suspected cardiac aetiology without ST elevation on the post-ROSC ECG. Patients with shockable and non-shockable rhythms were included in addition to those with and without CS. Patients were excluded if a non-cardiac cause of cardiac arrest (e.g., attempted suicide, trauma, drowning, substance overdose) was identified. Other exclusion criteria included: confirmed intracranial bleeding; prior neurological disability prior to cardiac arrest (Cerebral Performance Category (CPC) 3 or 4); and established life-limiting disease with life expectancy <6 months. 
Patients were treated in accordance with standardised local protocols. When ST elevation was present on post-resuscitation ECG, patients were conveyed directly for assessment at the CAC. When ST elevation was not present, patients may have been conveyed to their closest emergency department for initial assessment, with referral to the CAC due to ongoing electrical or haemodynamic instability, in accordance with international guidelines [21].  
On arrival at the CAC, patients were assessed by a multidisciplinary team, including interventional cardiologists and critical care physicians. The decision to perform early or delayed CAG, implement MCS, and transfer to intensive care unit (ICU) were based on clinician discretion. For patients subsequently transferred to the ICU for ongoing supportive care, temperature control or withdrawal of life supporting therapy (WLST) were performed at the discretion of the treating physicians. All decisions were recommended to be performed in accordance with contemporaneous international guidelines [22].
Data Collection
Data was prospectively collected in a dedicated registry database by an investigator at each site. The GLOBAL-MIRACLE Registry was constructed in accordance with the Utstein-style guidelines for standardised reporting of management and outcomes for patients with cardiac arrest [23]. Zero flow was defined as the time from the cardiac arrest until performance of any cardio-pulmonary resuscitation (CPR) and low flow time was from the time of CPR until ROSC. Pupil reactivity was collected at the time of ROSC but arterial blood values such as PaCO2 and pH, were collected within 30 minutes of arrival to the CAC. Early CAG was defined as being performed within 2 hours of admission and delayed as >2 hours. Variables were categorised as ‘core’ if they were present in the ‘Utstein Registry Template’ [24], or if required for calculation of seven commonly applied tools for risk stratification in patients with OHCA (i.e., MIRACLE2, NULL-PLEASE, C-GRAPH, OHCA, r-CAST, TTM and CAHP) [14, 15, 17, 25-27]. The complete list of ‘core’ and ‘desirable’ variables is shown in Table S2.
Outcome
Patients were followed up for the duration of their in-patient hospital stay. The primary outcome measure is the incidence of poor neurological outcome at hospital discharge, classified as Cerebral Performance Category 3-5 (whereby CPC 3 represents consciousness with severe cerebral impairment; CPC 4 represents a persistent coma, and CPC 5 represents death) [28]. 
Risk Tool Calculation
The MIRACLE2 score was compared with six other risk tools highlighted in the AHA scientific statement [13]. These include NULL-PLEASE, C-GRAPH, OHCA, r-CAST, TTM and CAHP [14, 15, 17, 25-27]. Risk tools were calculated following the original derivation studies, other than the CAHP score, where the regression model was published in a secondary publication [19]. Variables included in each risk tool are available in Table S3. 
Statistical Analysis
[bookmark: _Hlk212624016]Description. Categorical variables are expressed as frequencies and proportions. Continuous variables are presented as means (standard deviation) when normally distributed and as medians with interquartile upper and lower quartile values for non-normally distributed data. Comparisons between outcome groups were performed with Student’s t-test (allowing for unequal group variances where appropriate) for continuous, normally distributed variables, Chi-square for proportions, and Mann–Whitney for non-normally distributed, continuous variables. 
[bookmark: _Hlk215158243]Score performance. Receiver operating curve (ROC) analysis was performed for each risk tool to obtain values of the area under the curve (AUC) using maximum likelihood estimation [29]. We estimated the metrics of accuracy (sensitivity, specificity) and prediction [positive and negative predictive values (PPV, NPV)] using a confusion matrix [30] at pre-specified cut-off points. The cut-off points varied by risk tool and their choice was based on thresholds for “intermediate”, “intermediate-high” and “high” risk [20]. We reported results of accuracy and prediction for PPV levels of 95 and 99%, in accordance with thresholds for acceptable neuroprognostication modality performance in current guidelines [13, 31].
The risk tools do not provide risk probabilities and standard calibration assessment could not be performed. Instead, risk scores for patients were estimated and the proportion of poor outcomes per score level (for discrete scores) or interval (for continuous scores) were calculated. This was then graphically analysed by assessing the proportion of poor outcomes in regions of predefined low, intermediate, intermediate-high, and high-risk regions.
A comparison of the AUC value of the MIRACLE2 score against the AUC values of the rest of the risk tool scores was then performed. The tests are based on the parametric (binormal ROC curve) method presented by Marius et al. [32], which was developed for the comparison of two correlated AUC values from diagnostic test results for paired sample designs.
[bookmark: _Hlk214874256]Secondary Analyses: MIRACLE2 score performance by 12 lead ECG, presence of CS, WLST and change in CPC at follow-up. The performance of the MIRACLE2 score was evaluated in those with and without established CS (defined as Society for Cardiovascular Angiography grade C-E) and those with ST segment elevation/LBBB or without these changes on admission to the cardiac catheterisation laboratory. We also evaluated for any change in MIRACLE2 score performance in those receiving WLST or with a modelled change in CPC class at follow-up to account for biases from multi-factorial WLST decisions or from late neurological recovery. Finally, a sensitivity analysis was performed to evaluate performance of the MIRACLE2 score by centre.
Missing data. 
Missing data were handled using multiple imputation (MI) assuming data were missing at random following the guidelines of Gravensteijn et al [33]. A separate multiple imputation model was built for each risk tool and estimates of accuracy were obtained within each imputed dataset. Pooled estimates were based on Rubin’s combination rules [34]. Further details are provided in the Supplemental Material. As a sensitivity analyses, we also present results from complete-case analyses of all patients in the Tables S4 and S5.
 The analysis and reporting for this study were conducted in accordance with the Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis (TRIPOD) [35] and STrengthening the Reporting of OBservational Studies in Epidemi- ology (STROBE) statements [36] (Table S6).  All analyses were undertaken using Stata (version 18, StataCorp, TX, US.) and full statistical analysis details are available in the Supplemental Material.
RESULTS
Baseline Demographics 
Eight hundred and seventy-three patients were included in the GLOBAL-MIRACLE registry. After excluding conscious patients (n=103) (defined as a GCS of 15/15), 770 patients were included in the final analysis, of whom 26 patients did not have CPC status recorded at hospital discharge (Figure 1).
The median age was 62.0 years, the majority of patients were male (77.8%), the median zero-flow time was 0 min (0 to 4), and low-flow time was 22 min (12 to 34) (Table 1). Most patients had cardiac arrest at home (n=418/767, 54.5%) and 608 patients (79.8%) had an initial shockable rhythm. A total of 451/764 patients (59.0%) had ST elevation/left bundle branch block, and 75 patients (9.8%) had ST depression on admission 12-lead ECG. Five hundred and three patients (66.1%) had early CAG and 123 (16.2%) had delayed/selective CAG. In total, 410 of these patients (65.5%) underwent PCI. The remaining 135 patients (17.7%) did not have CAG based on clinician discretion. The primary endpoint of poor neurological outcome at hospital discharge (CPC 3–5) occurred in 395 patients (51.2%). Comparison of those with good compared with poor outcome is shown in Tables S4 and S5.
 The GLOBAL-MIRACLE registry participants were younger with more male patients and with more witnessed arrests and shockable rhythms than the original derivation cohort, the KOCAR registry (full details in Table S7). 
Feasibility of calculating risk tools
The feasibility of calculating risk scores for each risk tool is shown in Table S3 and Figure 2. The MIRACLE2 score could be calculated in 701/770 (91%) with missing variables due to pH and pupil reactivity in 6.1% and 3.4% respectively. This was followed by rCAST (missing in 9%), then CAHP (missing in 19%), OHCA (missing in 20%), NULL-PLEASE (missing in 23%), and C-GRAPH (missing in 23%). The lowest rate of calculation was in TTM, which was primarily due to missing documentation of admission PaCO2 (22%).
Performance of the MIRACLE2 score
[bookmark: _Hlk214874285]In total, 214/701 (30.5%) patients were in the low MIRACLE2 group (0 to 2), 242/701 (34.5%) were in the intermediate group (3 to 4) and 245/701 (35%) were in the high MIRACLE2 group (≥5). The primary endpoint occurred in 11.2% of those with low risk, 53.7% of those with intermediate risk, and 85.7% with high risk. The MIRACLE2 score showed excellent discrimination with an AUC of 0.861 (95% CI, 0.835-0.887). Patients with low risk (MIRACLE2 ≤ 2) had a negative predictive value of 87.8% and patients with high risk (MIRACLE2 ≥ 5) had a high risk of poor neurological outcome with a positive predictive value of 86.1%. Patients with a MIRACLE2 score of ≥7 had a PPV of 98.3% (Tables 2 and 3). Centre-specific AUCs ranged from 0.74 to 0.98, with extreme values observed in smaller centres (see Table S8).
Comparison against of the MIRACLE2 performance against the other risk tools
The MIRACLE2 score had similar performance with the TTM risk score (AUC 0.836, 95% CI 0.808-0.864, p=0.12). However, it had moderately better discrimination performance than (in decreasing order) CAHP (AUC 0.801, 95% CI 0.769-0.833), rCAST (AUC 0.779, 95% CI 0.746-0.813), NULL-PLEASE (AUC 0.777, 95% CI 0.744-0.810), OHCA (AUC 0.772, 95% CI 0.737-0.806) and C-GRAPH (AUC 0.733, 95% CI 0.696-0.769), p<0.001 for all (Table 2, Table 3 and Figure 3).
Sensitivity analysis by presenting ECG, presence of CS, Withdrawal of life sustaining therapy and modelled improvement in CPC class after discharge
A post hoc analysis of the performance of the MIRACLE2 score in sub-groups of clinical presentation based on presenting ECG (STEMI/without STEMI) and presence of CS (SCAI C-E) was performed. The AUC for the primary endpoint for those with STEMI was 0.851 (95% CI, 0.816-0.886) and for those without STEMI was 0.873 (95% CI, 0.834-0.912). For those with CS the AUC was 0.832 (95% CI, 0.789-0.875) and for those without CS, this was 0.853 (95% CI, 0.810-0.895) (Table S9). In those with CS or STEMI on admission, a MIRACLE2 score of ≥7 had a PPV of 100%.
Of the 770 patients included in the analysis, 106 (13.8%) had WLST after 72 hours and only 7 (0.9%) had this performed without evidence of accordance with current guidelines. Modelled exclusion of patients for whom WLST occurred after 72 hours based on two modalities yielded comparable results: AUC 0.846 (95% CI 0.841–0.878) for complete cases and 0.849 (95% CI 0.818–0.879) with multiple imputation. A sensitivity analysis redefining poor outcome as CPC ≥4 (reclassifying 26 cases [3.4%] from poor to good outcome) resulted in similar performance: AUC 0.860 (95% CI 0.833–0.887) in complete cases and 0.861 (95% CI 0.835–0.887) after multiple imputation.  These findings support the robustness of the MIRACLE2 score across different assumptions. Changes in AUC for the other five scores under both sensitivity analyses were also minimal (see Table S10).
DISCUSSION
In this international multi-centre registry, we prospectively validated the MIRACLE2 score and the primary result confirms excellent discriminatory value in predicting poor neurological outcome in the presumed cardiac aetiology OHCA cohort with ROSC. Furthermore, we found that the MIRACLE2 score is practical to calculate, utilising a minimum dataset and performs equally strongly on arrival to a CAC regardless of haemodynamic status or presenting 12-lead ECG. 
OHCA has a significant morbidity and mortality driven predominantly by neurological injury, which occurs in ⁓70% of cases [10]. Formal neuroprognostication prior to WLST is only recommended at least 72 hours after the event, supported by multi-modality investigation [37]. This delay between admission and neuroprognostication provides important challenges for treating physicians in early management decisions, such as immediate CAG, MCS and critical care [38]. Failure of early stratification may also result in patients with irreversible neurological injury being included in interventional trials, contributing to the numerous neutral results from recent RCTs in this field [7, 39, 40]. Recent AHA guidelines now recommend a distinction between formal neuroprognostication and early stratification to guide decision making [13, 17, 41]. Risk tools, such as the MIRACLE2 score show significant promise in this process and for guiding selection of therapies in this highly heterogeneous cohort of patients [17].
Several risk tools for neuro-stratification for OHCA exist, ranging in complexity from NULL-PLEASE and C-GRAPH scores to the more complex TTM, CAHP, OHCA and rCAST tools [14-16, 27]. These have been prospectively validated to date in only one multi-centre prospective registry from France and Belgium, the After-ROSC study [19]. In this study, the AUCs of the MIRACLE2 score, CAHP, OHCA, NULL-PLEASE, rCAST and TTM scores were all in the range of 0.79-0.88 with satisfactory calibration for all other than the C-GRAPH score. However, only ⁓60% of patients in the After-ROSC study had a presumed cardiac cause and patients in this registry were assessed later in the admission, at the time of intensive care unit (ICU) arrival, which does not inform very early decision making. In contrast, we validated these scores on arrival to a CAC and recruited only those with a suspected cardiac aetiology, since this represents a clinically relevant population for early application of therapies.
In this study, we found that, in a large and contemporary prospective registry of presumed cardiac aetiology OHCA, the MIRACLE2 score has excellent discrimination performance and calibration [42]. The AUC for the primary endpoint was 0.861, similar to the original derivation study (0.84-0.91), and the TTM2 (0.82) and After-ROSC validation studies (0.86). Importantly, the MIRACLE2 score could be calculated in approximately 90% of patients immediately on arrival to a CAC, which represents an important advantage when compared to other risk tools. This is partly due to the fact that MIRACLE2 score excludes downtime, which is known to have weaker discrimination after OHCA, and is inaccurate or unknown at the time of admission [43]. Despite higher practicality and feasibility of the MIRACLE2 score, it appears to provide equal, or superior, performance to other more complex tools. Although the model was validated using a single dataset across 11 centres, its similar performance across individual sites suggests good generalisability and limits any concern about centre or health system effects. Given its international and multi-centre design, this study demonstrates applicability of the MIRACLE2 score across international healthcare systems, despite variation in logistical infrastructure and regulatory control.
One of the most important observations from this study is that the MIRACLE2 score performed equally well in patients with and without ST elevation on their ECG and, those with and without cardiogenic shock. Previous trials have suggested that patients without STEMI do not benefit from immediate invasive CAG, or direct transfer to CAC, but it is clear that in this group there is significant heterogeneity in risk of neurological injury, as predicted by the MIRACLE2 score. This baseline neurological injury may attenuate any therapeutic benefits of subsequent interventions and appreciating this nuance and improving stratification, may facilitate identification of patients without STEMI who might still benefit from early and intensive treatment.
Application of the MIRACLE2 score might be used to identify a subgroup of patients in whom selected intensive management might be futile. For example, patients with STEMI and a MIRACLE2 score of ≥7 have a 100% PPV for poor neurological outcome - this potentially marks a threshold for futility in performing immediate CAG. OHCA represents an important proportion of patients treated with cardiogenic shock and a MIRACLE2 score of ≥7 might also guide protocols for cardiogenic shock initiatives.  This requires further prospective validation but could guide future guidelines for selection of comatose OHCA patients with STEMI or cardiogenic shock for targeted feasible but evidence-based application of resources while providing clarity for next of kin and relatives.
In patients with acute myocardial infarction associated cardiogenic shock, the DanGer Shock study recently showed that microaxial flow pump was beneficial for CS but, unlike previous studies, included only non-comatose OHCA (GCS >8) in order to avoid recruitment of patients at risk of neurological injury [44]. In our study, patients with CS and a MIRACLE2 of 0-2 had a NPV of approximately 75% and selection of this cohort of patients, irrespective of GCS, could form the basis for future RCTs involving MCS devices.  
We believe our study provides several potentially important clinical implications. Firstly, the MIRACLE2 score meets ideal use criteria as detailed in the AHA scientific statement, including practicality of use, incorporation of easily collected objective variables on arrival to a CAC and excellent performance [13]. Secondly, early stratification using the MIRACLE2 score now has the potential to inform the design of future RCTs to improve patient selection and treatment strategies after OHCA, including expedited conveyance, immediate CAG and provision of MCS. However, there must remain a clear distinction between early stratification and formal neuro-prognostication prior to WLST, which should only occur at least 72 hours after admission, with multi-modality investigation and in accordance with current guidelines [31]. Nevertheless, the third significant implication is that MIRACLE2 score appears to provide an indicator of the magnitude, and potential reversibility, of the systemic insult incurred during OHCA. An improved understanding of this might inform aspects of critical care practice, particularly for those at a low MIRACLE2 score, such as escalation of care, consideration for early sedation discontinuation and targeted therapies to limit neurological injury [45].  Prospective incorporation of the MIRACLE2 score into RCTs is now required to understand its role in decision making for this condition. 
Limitations
This is the largest contemporary prospective international and multi-centre registry of suspected cardiac aetiology OHCA to date, but there are several limitations. The study methodology enabled collection of a rich dataset from standardised pathways of care, but decision making was made by clinician discretion and there is an inherent risk of selection bias. In particular, decisions on WLST can be multifactorial and based on patient or physician preference as well as neuroprognostication. Nevertheless, in this study, of all WLST decisions made after 72 hours, 93.4% were made in accordance with current guidelines. Mitigating for this, by exclusion of patients with WLST in accordance with guidelines, did not affect overall performance of the score. The primary endpoint of poor neurological outcome was estimated at the time of hospital discharge and, while there is a possibility of improvement over a 6-12 month period, it is known that discharge function status is similar to that at 12 months (refence Corrada). To account for this, we conceptually modelled patients with CPC 3 at discharge improving to CPC 2, by modelling poor outcome as CPC 4-5 and the performance of the score did not change significantly from the entire cohort.
[bookmark: _Hlk214873959][bookmark: _Hlk211078353][bookmark: _Hlk211077753]We report performance on the most common risk tools as stated in recent guidelines where this was possible, but the study methodology could not address intra- and inter-operator variability in risk tool calculation. The database incorporated 70 variables, of which 50 were deemed core. All variables incorporated into the risk tools in this manuscript were deemed core, though we cannot exclude an implicit bias during data collection so that the variables within the MIRACLE2 score were collected preferentially. The GLOBAL-MIRACLE registry includes presumed cardiac aetiology OHCA treated in specialist tertiary referral centers so the performance of the MIRACLE2 score may not be reproducible to non-cardiac aetiology OHCA, where the primary outcome of poor neurological outcome is usually higher and those treated in non-specialist centres, which do not have routine access to PCI or MCS. OHCA patients were only included if they met study criteria but a screening log of those non-eligible was not undertaken. Nevertheless, the findings are highly relevant to this population and, its applicability to those scenarios merits further investigation. Finally, while the sample size remains relatively small, this represents the largest prospective cardiac and critical care registry of this condition to date. 
CONCLUSIONS
The MIRACLE2 score is a practical risk tool which shows excellent discrimination performance for poor neurological outcome after presumed cardiac aetiology OHCA, including based on haemodynamic status and admission 12-lead ECG. Early stratification of OHCA patients using the MIRACLE2 score should be evaluated in future RCTs. 
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TABLES
	Table 1. Patient baseline characteristics and arrest circumstances and angiographic management in the GLOBAL-MIRACLE registry

	Variables
	Total (n = 770)

	Baseline Characteristics

	Age (years), median (IQR)
	62 (52, 71)

	Male gender, n/total, n (%)
	599/770 (77.79)

	Diabetes mellitus, n/total, n (%)
	129/728 (17.72)

	Smoker, n/total, n (%)
	229/664 (34.49)

	Hypertension, n/total, n (%)
	305/732 (41.67)

	Hypercholesterolaemia, n/total, n (%)
	207/727 (28.47)

	Known ESRF, n/total, n (%)
	15/670 (2.24)

	Previous MI, n/total, n (%)
	93/667 (13.94)

	Previous CABG, n/total, n (%)
	63/666 (9.46)

	Previous PCI, n/total, n (%)
	30/733 (4.09)

	Previous CVA, n/total, n (%)
	404/727 (55.57)

	Known Cardiomyopathy, n/total, n (%)
	32/728 (4.40)

	Arrest circumstances

	Residence n/total, n (%)
	418/767 (54.50)

	Witnessed, n/total, n (%)
	666/767 (86.83)

	Bystander CPR, n/total, n (%)
	643/765 (84.05)

	Zero-flow time (min), median (IQR)
	0 (0, 4)

	Low-flow time (min), median (IQR)
	22 (12, 34)

	Shockable rhythm, n/total, n (%)
	608/762 (79.79)

	Reactive pupils, n/total, n (%)
	517/744 (69.49)

	Use of mechanical CPR, n/total, n (%)
	124/763 (16.25)

	Changing rhythm, n/total, n (%)
	300/765 (39.22)

	Adrenaline, n/total, n (%)
GCS, median (IQR)
Assisted ventilation, n/total, n (%)
	522/763 (68.41)
3 (3, 3)
672/766 (87.73)

	Hospital characteristics and angiographic management

	Admission pH, median (IQR)
	7.20 (7.07, 7.30)

	Blood lactate (mmol/L), median (IQR)
	4.40 (2.20, 8.1)

	Serum troponin t (ng/L), median (IQR)
	329 (107, 1674)

	Serum creatinine (μmol/L), median (IQR)
	100 (84, 122)


	

ECG n (%)
	ST-Elevation
	389/746 (52.14)

	
	Normal
	71/746 (9.52)

	
	ST-Depression
	75/746 (10.05)

	
	LBBB
	62/746 (8.31)

	
	RBBB
	43/746 (5.76)

	
	Other
	106/746 (14.21)


	
Admission LVEF 
n (%)
	Normal (≥ 55)
	91/571 (15.94)

	
	Borderline low (50-54)
	54/571 (9.46)

	
	Impaired (36-49)
	184/571 (32.22)

	
	Severe (≤ 35)
	242/571 (42.38)


	Immediate CAG, n/total n (%)
	503/761 (66.10)

	Delayed CAG, n/total n (%)
	123/761 (16.16)

	PCI, n/total n (%)
	410/626 (65.50)

	IQR, inter-quartile range; ESRF, end-stage renal failure; MI, myocardial infarction; CAD, coronary artery disease; CABG, coronary artery bypass grafting; PCI, percutaneous coronary intervention; CVA, cerebral vascular accident; ECG, electrocardiogram; LBBB, left bundle branch block; RBBB, right bundle branch block; LVEF, left ventricular ejection fraction; CAG, coronary angiogram; CPR, cardiopulmonary resuscitation; IQR, interquartile range.



	Table 2. Discrimination performance of risk tools based on multiple imputed and completed data

	Risk Tool
	MIRACLE2
	TTM
	CAHP
	rCAST
	NULL-PLEASE
	OHCA
	C-GRAPH

	MI AUROC 
(95% CI)
	0.861 
(0.835-0.887)
	0.836   
(0.808-0.864)
	0.801   
(0.769-0.833)
	0.779   
(0.746-0.813)
	0.777   
(0.744-0.810)
	0.772   
(0.737-0.806)
	0.733   
(0.696-0.769)

	Completed AUROC 
(95% CI)
	0.860  
(0.833-0.887)
	0.825   
(0.791-0.859)
	0.804   
(0.771-0.837)
	0.774   
(0.738-0.810)
	0.762   
(0.724-0.799)
	0.762   
(0.725-0.799)
	0.762   
(0.724-0.799)

	z (rho 0.3) 
	-
	1.5684851 
	3.558003 
	4.688103 
	4.8024469 
	5.0676765 
	6.9704328 

	Significance
	-
	(p=0.1168)
	(p<0.001)
	(p<0.001)
	(p<0.001)
	(p<0.001)
	(p<0.001)

	OHCA, out-of-hospital cardiac arrest; TTM, target temperature management; CAHP, cardiac arrest hospital prognosis; IQR, interquartile range; MI, multiple imputations; AUROC, area under the ROC curve











	Table 3. Discrimination performance of risk tools. (95 and 99% PPV)

	Risk Tool
	Intermediate
	Intermediate-high
	High
	PPV≥95%
	PPV≥99%

	MIRACLE2 Score
	>2
	N/A
	>4
	≥7 
	≥9

	n (%)
Sensitivity % (95% CI)
Specificity % (95% CI)
PPV % (95% CI)
NPV % (95% CI)
	534 (69.2)
92.8 (90.7-94.5)
56.5 (52.9-59.9)
70.1 (66.7-73.2)
87.8 (85.1-90.0)
	
	268 (34.8)
57.3 (53.7-60.9)
89.8 (87.4-91.8)
86.1 (83.4-88.4)
65.7 (62.2-69.1)
	58 (7.5)
14.3 (11.9-17.0)
99.7 (99.0-99.9)
98.3 (97.1-99.0)
51.4 (47.8-55.0)
	7 (0.9)
1.73(1.0-2.9)
100
100
48.1 (44.5-51.7)

	TTM
	>10
	>13
	>16
	≥24
	>25

	n (%)
Sensitivity % (95% CI)
Specificity % (95% CI)
PPV % (95% CI)
NPV % (95% CI)
	606 (78.6)
95.6 (93.9-96.9)
39.9 (36.4-43.5)
63.7 (60.1-67.0)
89.3 (86.8-91.4)
	475 (61.6)
84.2 (81.4-86.7)
63.2 (59.6-66.6)
71.6 (68.2-74.7)
78.5 (75.3-81.3)
	315 (40.9)
64. (60.5-67.5)
84.4 (81.6-86.9)
81.9 (79.0- 84.5)
68.1 (64.6-71.4)
	48 (6.2)
11.7 (9.6-14.3)
99.8 (98.9-99.97)
98.7 (97.2-99.4)
50.7 (47.1-54.3)
	36 (4.7)
9.0 (7.1-11.2)
99.95 (98.96-100)
99.5 (98.2-99.9)
50.0 (46.4-53.5)

	CAHP
	>150
	N/A
	>200
	N/A
	>366

	n (%)
Sensitivity % (95% CI)
Specificity % (95% CI)
PPV % (95% CI)
NPV % (95% CI)
	444 (57.6)
82.7 (79.8-85.4)
70.1(66.6-73.4)
75.4 (72.1-78.4)
78.6 (75.4-81.5)
	
	177 (23.0)
36.7 (33.3-40.3)
92.3 (90.0-94.0)
84.0 (81.1-86.6)
56.9 (53.3-60.4)
	
	3 (0.4)
0.85 (0.4-1.9)
100
100
47.7 (44.2-51.3)

	rCAST
	6.0-14.0
	N/A
	N/A
	≥ 14.5
	≥15.5

	n (%)
Sensitivity % (95% CI)
Specificity % (95% CI)
PPV % (95% CI)
NPV % (95% CI)
	505 (65.5)
78.8 (75.6-81.7)
49.1 (45.5-52.8)
63.1 (59.6-66.5)
67.7 (64.2-71.1)
	
	
	24 (3.1)
5.5 (4.1-7.4)
99.7 (98.9-99.9)
95.2 (93.4-96.6)
48.9 (45.3-52.4)
	7 (1.0)
1.8 (1.1-3.1)
99.99 (98.96-100)
99.4 (97.9-99.8)
48.0 (44.4-51.5)

	NULL-PLEASE
	≥ 3
	N/A
	N/A
	>7
	>9

	n (%)
Sensitivity % (95% CI)
Specificity % (95% CI)
PPV % (95% CI)
NPV % (95% CI)
	312 (40.5)
59.6 (56.0-63.1)
80.6 (77.5-83.3)
77.3 (74.1-80.2)
64.3 (60.8-67.7)
	
	
	21 (2.7)
5.0 (3.6-6.9)
99.7 (98.96-99.9)
95.0 (93.1-96.3)
48.7 (45.1-52.3)
	1 (0.1)
0.3 (0.1-1.1)
100
100
47.6 (44.0-51.2)

	OHCA
	>2.0
	>17.4
	>32.5
	≥52
	>55 

	n (%)
Sensitivity % (95% CI)
Specificity % (95% CI)
PPV % (95% CI)
NPV % (95% CI)
	592 (76.8)
90.7 (88.2-92.7)
38.3 (34.8-41.9)
62.0 (58.4-65.4)
78.7 (75.4-81.7)
	365 (47.3)
67.6 (64.1-70.9)
74.9 (71.5-78.0)
75.0 (71.6-78.0)
67.6 (64.1-70.9)
	157 (20.4)
33.2 (29.9-36.8)
93.8 (91.8-95.4)
85.7 (82.9-88.1)
55.9 (52.3-59.4)
	40 (5.2)
9.6 (7.6-12.1)
99.7 (98.8-99.9)
96.9 (95.3-98.0)
49.8 (46.3-53.4)
	24 (3.1)
6.0 (4.4-8.1)
99.97 (98.7-100)
99.5 (98.2-99.9)
48.9 (45.4-52.5)

	C-GRAPH
	2-3
	N/A
	4-5
	N/A
	>5

	n (%)
Sensitivity % (95% CI)
Specificity % (95% CI)
PPV % (95% CI)
NPV % (95% CI)
	444 (57.6)
68.8 (65.1-72.3)
54.7 (50.7-58.5)
62.7 (59.1-66.2)
61.3 (57.6-64.8)
	
	46 (6.0)
10.4 (8.2-12.9)
98.8 (97.7-99.4)
90.6 (88.3-92.6)
49.9 (46.3-53.4)
	
	3 (0.4)
0.6 (0.2-1.8)
100
100
47.6 (44.0-51.2)

	The cut-off points varied by risk tool and their choice was based on thresholds for “intermediate”, “intermediate-high” and “high” risk with reported results of accuracy and prediction for PPV levels of 95%. OHCA, out-of-hospital cardiac arrest; TTM, target temperature management; CAHP, cardiac arrest hospital prognosis; N/A, not applicable; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value
	



FIGURE LEGENDS
Figure 1. Study Flowchart.
OOHCA, out-of-hospital cardiac arrest; CPC, cerebral performance category
Figure 2. Feasibility of Calculating Risk Tools in the GLOBAL-MIRACLE Registry.
TTM, target temperature management; CAHP, cardiac arrest hospital prognosis; OHCA, out of-hospital cardiac arrest
Figure 3. Discrimination Performance of the Risk Tools in the GLOBAL-MIRACLE Registry.
AUC, area under the curve; ROC, receiver operating curve; TTM, target temperature management; CAHP, cardiac arrest hospital prognosis; OHCA, out-of-hospital cardiac arrest
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