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3  Einleitung

3.1 Chancen und Risiken evidenzbasierter kardiovaskularer Medizin

Kardiovaskulare Erkrankungen sind der weltweit fihrende Grund fir Morbiditat und Mortalitat
in entwickelten Landern (1-3). In Deutschland sind im Jahr 2020 338.001 Patienten an einer
kardiovaskularen Erkrankung verstorben (34% aller Todesfalle) (4), davon sind die
ischamischen Herzkrankheiten (koronare Herzkrankheit (KHK) und Herzinfarkt) fur >120.000
Todesfalle pro Jahr verantwortlich. Auch Herzinsuffizienz (in 2020 ~35.000 Todesfalle) und
Herzklappenkrankheiten (in 2020 ~20.000 Todesféalle) haben grol’e und Uber die Jahre
zunehmende Bedeutung (5). Uber 1,5 Millionen stationare Krankenhausbehandlungen pro
Jahr (5) zeigen die epidemiologische Relevanz kardiovaskularer Erkrankungen, aber auch die
Intensitat der Symptomatik, unter welcher Patienten leiden, sowie die Komplexitat der daflr

angewandten Therapie.

Moderne Therapien sind das Ergebnis einer anhaltenden technischen und pharmakologischen
Evolution mit Evaluation in randomisierten kontrollierten Studien (RCT): Die primare perkutane
Koronarintervention (PCIl) im akuten ST-Strecken-Hebungsinfarkt (STEMI) hat die
Sterblichkeit im Vergleich zur intravendsen Lysetherapie bedeutend reduziert (6, 7).
Pharmakologische Strategien der Thrombozytenaggregationshemmung und Antikoagulation
wurden weiterentwickelt (8-12), ebenso wie mehrere Generationen von koronaren Stents (13).
Im Nicht-ST-Strecken-Hebungsinfarkt (NSTEMI) hat die friih-invasive Strategie in Hochrisiko-
Patienten prognostische Vorteile gezeigt (14-17). Gleichzeitig profitieren Patienten mit
niedrigerem ischamischem Risiko jedoch nicht immer (18, 19) und im chronischen
Koronarsyndrom ist die Nutzen-Risiko-Abwagung einer Revaskularisierung besonders diffizil
(20, 21). Der Transkatheter-Aortenklappenersatz (TAVI) hat sich als schonende und
prognoserelevante Alternative zum chirurgischen Klappenersatz klinisch und technisch
entwickelt (22), bis in Niedrig-Risiko-Kollektive hinein (23). In der kardiovaskularen
Intensivmedizin wurden u.a. Therapiestrategien fur die schwere Herzinsuffizienz (24-26) und
den kardiogenen Schock evaluiert (27, 28), die Behandlung des akuten ischamischen
Schlaganfalls revolutioniert (29) und nicht zuletzt wurde im Verlauf der COVID-Pandemie (30,

31) umfangreiche Evidenz zur Behandlung schwerer COVID-Pneumonien akkumuliert.

Die moderne evidenzbasierte kardiovaskulare Medizin (32, 33) integriert zum Nutzen des

Patienten die klinische Erfahrung des behandelnden Arztes, die Werte und Winsche des

Patienten und die beste vorhandene Evidenz zu einer Behandlungsentscheidung. In diesem

Sinne sind Leitlinienempfehlungen als Grundlage fir Nutzen-/Risikoabwagungen in vielen

klinischen Situationen erarbeitet worden, z.B. im chronischen (34) oder akuten

Koronarsyndrom (ACS) (35, 36), in der koronaren Revaskularisierung mittels PCl oder
7



koronarer Bypass-Chirurgie (CABG) (37, 38), in der Diagnostik und Therapie der

Herzinsuffizienz (39, 40) und valvularer Erkrankungen (39, 41).

Mit immer wirksameren Therapien entsteht jedoch auch ein immer gréReres Potenzial flr
Nebenwirkungen — und Risiko-Nutzen-Abwagungen sind daher ein kritischer Teil der
kardiovaskularen Medizin: Eine bestandig im Fluss befindliche Studienlage, aber
insbesondere auch der demographische Wandel in westlichen Gesellschaften mit alteren und
morbideren kardiovaskularen Patienten mit gleichzeitig bestehendem Diabetes mellitus,
Obesitas und chronischer Niereninsuffizienz (1, 2, 42, 43) machen individuelle

Therapieentscheidungen hoch komplex.

Die Sicherheit einer Therapie fir den Patienten hat eine ebenso grol’e Bedeutung, wie die

Effektivitat der Therapie im Hinblick auf ihnr Behandlungsziel.

“Primum non nocere, secundum cavere, tertium sanare.”

“Zuerst nicht schaden, zweitens vorsichtig sein, drittens heilen.”

Auguste Frangois Chomel (1788-1858)

Dieser Leitsatz der Medizin, dessen wortwdrtlicher Ursprung a.e. auf A. Chomel
zurtckzufuhren ist (44), wird inhaltlich dem Corpus hippocraticum zugeschrieben (45) und
ermahnt diejenigen, die in der Heilkunst tatig sind, zu Vorsicht und Zurlckhaltung in der
Anwendung von Medizin — primar, um dem Patienten nicht zu schaden. Seine Ziele kénnen
jedoch auch ins Gegenteil umschlagen — ins sog. Risk-Treatment-Paradoxon: Im NSTEMI gibt
es z.B. Hinweise (46), dass gerade Hochrisiko-Patienten — moglicherweise aus Angst vor
Komplikationen — zurlickhaltender behandelt werden, assoziiert mit einer schlechteren

Prognose.

Diese Risiko-Nutzen-Abwagungen sind daher fur den behandelnden Arzt eine grofRRe
Herausforderung in der individuellen Therapie eines jeden Patienten und mussen bei einem
hohen Anteil an Notfallen in der kardiovaskularen Medizin haufig unter Zeitdruck getroffen
werden. Neben der klinischen Erfahrung des Behandlers kbnnen Methoden zur individuellen
Risikovorhersage, aber auch meta-analytische Verfahren zur Integration klinischer

Studiendaten eine bestmdgliche Risiko-Nutzen-Abwagung unterstutzen.



Observatorische Studien
Risikomodellierung

Populationsniveau Patientenindividuelle
Intervention

Randomisierte Studien
Meta-Analysen
Netzwerk-Analysen

Graphischer Abstract: Daten aus randomisierten klinischen Studien, Meta- und Netzwerk-

Analysen von patientenindividuellen Interventionen erlauben die Kalkulation von
Effektschatzern fir Risiko-/Nutzen-Abwagungen auf Populationsniveau. Daten aus
Beobachtungsstudien grofier Patientenkohorten erlauben individuelle Risiko-/Nutzen-
Abwagungen mithilfe von Risikomodellen, geeignet flir die Vorhersage von Ereignissen oder

Auftreten von Komplikationen. Eigene Abbildung, erstellt mit BioRender.com.

3.2 Patientenindividuelle Risiko-/Nutzen-Abwagung mithilfe von

Risikomodellen

Das individuelle Risiko eines Patienten fur ein adverses Event (Tod, Blutung, Nierenversagen,
Schlaganfall etc.) im Rahmen eines Eingriffs oder einer intensivmedizinischen Behandlung
hangt von einer Vielzahl an Faktoren ab (47-50), u.a. von seinen demographischen Daten und
klinischem Zustand (Alter, Geschlecht, Komorbiditaten etc.), dem Setting (z.B. Notfall vs.
elektiv) und der Intensitat seiner Symptomatik (z.B. kardiogener Schock vs. stabiler Kreislauf,
Organversagen etc.), sowie prozeduralen und organisatorischen Faktoren (z.B. Tageszeit,
Zugangsweg, Erfahrung des Operateurs etc.). Statistische Risikomodelle helfen mit Ruckgriff
auf grol’e Datenbanken diese Faktoren zu integrieren, das Risiko zu objektivieren und dem
Behandler eine Risikoabschatzung fur adverse Events zu erleichtern. Es besteht gute Evidenz,
dass ein systematisches Risikoassessment mithilfe solcher Risikomodelle der reinen
klinischen Einschatzung des Patientenrisikos tUberlegen ist (51-54). Risikomodelle werden von
kardiovaskularen Leitlinien im akuten Koronarsyndrom (STEMI (36) und NSTEMI (35)) und in
der koronaren Revaskularisierung (38) empfohlen, sowie flir die Durchfihrung von TAVI-
Eingriffen (39, 41). Beispiele daflr sind die Global Registry of Acute Coronary Events (GRACE)

(55-57) Modelle, die Mehran Scores (58, 59), oder die Risikomodelle des amerikanischen
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National Cardiovascular Data Registry (NCDR) (60-64). In der Intensivmedizin sind
Risikomodelle akzeptierter Standard fiir die Einschatzung von Krankheitsschweregrad und
Prognose, z.B. mittels APACHE- (50), SAPS- (65) oder SOFA-Scores (66). In allen Bereichen
soll eine akkurate Risikovorhersage helfen, risikoadjustierte Therapien zum Benefit des

Patienten einzusetzen (67, 68).

Trotz der Verfugbarkeit und Empfehlungen dieser Methoden gibt es ein anhaltendes Defizit in
der  Anwendung solcher Risikomodelle. Dynamische Veranderungen der
Behandlungsstandards, aber auch die Anwendung eines Risikomodells aufierhalb einer
validierten Patientenpopulation kdnnen die Vorhersage des Modells inakkurat (69, 70) und den
Nutzen fraglich machen. Eine externe Validierung solcher Modelle ist daher von besonderer

Bedeutung.

3.3 Populationsbasierte Risiko-/Nutzen-Abwagung mittels Meta-Analyse

Der evidenzbasierte Nutzen einer Intervention/Operation oder pharmakologischen
Behandlung fir einen Patienten geht im optimalen Fall (Evidenzgrad A) aus den
Ubereinstimmenden Ergebnissen mehrerer randomisierter kontrollierter Studien im Vergleich
zum Placebo oder einer Standardbehandlung hervor, und/oder aus Meta-Analysen solcher
Studien (71, 72). Hieraus ermitteln sich auch durchschnittliche Risiken fir Nebenwirkungen
und adverse Events, so dass eine Risiko-/Nutzen-Abwagung fir die beobachtete Population
moglich wird. Dieser hdchste Grad der Evidenz (Evidenzgrad A) liegt jedoch nur <15% aller
Leitlinienempfehlungen der europaischen und amerikanischen kardiovaskularen

Fachgesellschaften zugrunde (71, 72) — Grunde daflr sind mannigfaltig (73).

Meta-analytische Verfahren — angewandt seit den 1970er Jahren (74) — werden genutzt, die
oftmals lickenhafte Evidenz zu einer Therapie systematisch zu analysieren, die Ergebnisse
einzelner Studien qualitativ und quantitativ zu integrieren und mit héherer Sicherheit und
Prazision zu einem Effektschatzer zu kommen, als die eingeschlossenen einzelnen Studien
(75). Netzwerk-Analysen ermdglichen den Vergleich mehrerer Therapiestrategien miteinander
(76). Der meta-analytische Vergleich relativer und absoluter Behandlungseffekte (77) und der
Number-needed-to-treat (78) kann wichtige Einblicke in die Effektivat einer Behandlung und

ihre Risiken geben.

Meta-analytische Methodik ist mittlerweile hoch standardisiert, z.B. bieten Arbeiten der
Cochrane Collaboration (79) und das Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) Statement (80) feste Leitfaden fur Wissenschaftler. Die daraus
resultierenden Ergebnisse flr die evidenzbasierte Medizin sind hoch relevant, was sich in

haufigen Zitationen meta-analytischer Arbeiten widerspiegelt (81).
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3.4 Zielsetzung dieser Habilitationsschrift
Diese Habilitationsschrift fasst wissenschaftliche Arbeiten aus diesen zwei methodischen
Bereichen zur Beurteilung risikoadjustierten Strategien in interventioneller Kardiologie und in

kardiovaskularer Intensivmedizin zusammen:

a) Arbeiten zur individuellen Risiko-Vorhersage eines Patienten mithilfe von statistischen
Risikomodellen, im Rahmen von koronarvaskularen Eingriffen, von TAVI-Eingriffen und
in der Intensivmedizin. Hauptaugenmerk lag in diesen Arbeiten auf Leistungsindices
der Risikopradiktion von etablierten, leitlinienempfohlenen Modellen gegenuber
modernen Alternativen in unterschiedlichen klinischen Settings. Weiterhin wurden
Ansatze kunstlicher Intelligenz flr die Optimierung der individuellen Risikopradiktion

untersucht.

b) Arbeiten zu meta-analytischen Methoden flr populationsbasierte Risiko-/Nutzen-
Abwagungen, insbesondere in adjunktiven Therapien in der interventionellen
Kardiologie (Thrombozytenaggregationshemmung, Herzinsuffizienztherapie und
Antikoagulation) und zu klinischen Outcomes von Eingriffen zur Revaskularisierung.

Hauptaugenmerk lag in diesen Arbeiten auf der Auswahl von spezifischer Methodik.

Wissenschaftliche Arbeiten aus beiden Themengebieten werden in dieser Habilitationsschrift

zunachst dargestellt und anschlielend diskutiert.
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4  Dargestellte Arbeiten

4.1 Patientenindividuelle Risiko-/Nutzenabwagung mithilfe von

Risikomodellen

4.1.1 Validation of National Cardiovascular Data Registry risk models for mortality,
bleeding and acute kidney injury in interventional cardiology at a German Heart Center
Wolff G, Lin Y, Quade J, Bader S, Kosejian L, Brockmeyer M, Karathanos A, Parco C, Krieger
T, Heinen Y, Perings S, Albert A, Icks A, Kelm M, Schulze V.

Clin Res Cardiol. 2020;109(2):235-45
Pubmed PMID: 31236693
DOI: 10.1007/s00392-019-01506-x

Ziel dieser Studie war eine Validierung von drei statistischen Risikomodellen (62, 63, 82, 83)
aus dem amerikanischen National Cardiovascular Data Registry (NCDR) zur Vorhersage von
Ereignissen (Tod, schwere Blutungen und akutes Nierenversagen) im Rahmen von
Herzkatheteruntersuchungen in einem Dusseldorfer Patientenkollektiv. In einer retrospektiven
Analyse von 1637 Patienten, welche zwischen 2014 und 2018 am Universitatsklinikum
Dusseldorf fur ST-Streckenhebungsinfarkte (STEMI, n=565), Nicht-ST-Streckenhebungs-
infarkte (NSTEMI, N=572) oder aus elektiven Griinden (n=500) herzkathetert wurden, zeigten
sich sehr gute (Tod: c-index 0,93) bis gute (Blutungen, Nierenversagen: c-index >0,82)
Diskriminationen der NCDR-Risikomodelle zwischen Hoch- und Niedrigrisikopatienten in der
Vorhersage aller drei Outcomes; die Kalibration aller drei Modelle war jedoch maRig und
Uberschatzte (Blutungen) bzw. unterschatzte (Tod, akutes Nierenversagen) Ereignisraten in

diesem Kollektiv.

Zusammenfassend zeigte sich - mit Abstrichen bei der Genauigkeit der
Wahrscheinlichkeitsvorhersage von Ereignissen — eine sehr gute Anwendbarkeit aller drei
NCDR-Risikomodelle zum Zweck einer Vorhersage der wichtigsten Komplikationen von
Herzkatheteruntersuchungen in Disseldorf — vom elektiven Setting reichend bis zum akuten
Notfall im Rahmen von Herzinfarkten. Aufbauend auf den Ergebnissen dieser Studie wurde
ein interventionelles Risikomanagement an unserer Klinik etabliert, sowie weitere
wissenschaftliche Untersuchungen angestellt, welche in Kapiteln 4.1.2 bis 4.2.4 dargestellt

werden.
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Abstract

Background and purpose The National Cardiovascular Data Registry (NCDR) risk scores for mortality, bleeding and acute
kidney injury (AKI) are accurate outcome predictors of coronary catheterization procedures in North American populations.
However, their application in German clinical practice remained elusive and we thus aimed to verify their use.

Methods NCDR scores for mortality, bleeding and AKI and corresponding clinical outcomes were retrospectively assessed
in patients undergoing catheterization for ST-segment elevation myocardial infarction (STEMI), non-ST-segment elevation
myocardial infarction (NSTEMI) or for elective coronary procedures at a German Heart Center from 2014 to 2017. Risk
model performance was assessed using receiver-operating-characteristic curves (discrimination) and graphical analysis/
logistic regression (calibration).

Results A total of 1637 patients were included, procedures were performed for STEMI (565 patients, 34.5%), NSTEMI (572
patients, 34.9%) and elective purposes (500 patients. 30.5%): 6% (13% of STEMI and 5% of NSTEMI patients) presented in
cardiogenic shock and 3% with resuscitated cardiac arrest. Radial access was used in 38% of procedures and cross-over was
necessary in 5%; PCI was performed in 60% of procedures. In-hospital mortality was 6.3% (STEMI 14.5%; NSTEMI 3.7%:
elective 0%) and major bleedings occurred in 5.6% (STEMI 10.6%; NSTEMI 5.4%; elective 0.2%); AKI was detected in
18.1% of patients (STEMI 23.7%; NSTEMI 27.3%: elective 1.4%). amounting to KDIGO stage VII/III in 11.5%/3.5%/3.2%.
NCDR risk models discriminated very well for mortality [AUC 0.93 with 95% confidence interval (CI) 0.91-0.95] and
well for major bleeding (AUC 0.82, C10.78-0.86) and any AKI (AUC 0.83, CI 0.81-0.86). Discrimination in the subgroup
of patients with PCI was comparable (mortality: AUC 0.90: major bleeding: AUC 0.78; any AKIL: AUC 0.79). However,
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calibration showed considerable underestimation of mortality and AKI in high-risk patients, while major bleeding was
consistently overestimated (Hosmer-Lemeshow p <0.02 for all outcomes).

Conclusions The NCDR risk models showed excellent performance in discriminating high-risk from low-risk patients in
contemporary German interventional cardiology. Model calibration for adverse event probability prediction, however, is
limited and demands recalibration, especially in high-risk patients.

Graphic abstract
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Abbreviations

AKI Acute kidney injury

AUC Area-under-the-curve

BARC Bleeding Academic Research Consortium

BMI Body mass index

CABG Coronary artery bypass grafting

CAD Coronary artery disease

CKD Chronic kidney disease

CVD Cardiovascular disease

DM Diabetes mellitus

GFR Glomerular filtration rate

N/A Not available

NCDR National Cardiovascular Data Registry

NSTEMI Non-ST-segment elevation myocardial
infarction

NYHA New York Heart Association

PAD Peripheral artery disease

PCI Percutaneous coronary intervention

STEMI ST-segment elevation myocardial infarction

Introduction

Multiple factors of procedural setting and patient comor-
bidities determine risk for adverse clinical outcomes [1, 2]
in modern interventional cardiology. Cardiovascular societies
recommend patient risk stratification by use of statistical risk

@ Springer
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scoring models in the settings of acute coronary syndrome
(ACS) (ST-segment elevation myocardial infarction (STEMI)
[3, 4] and non-ST-segment elevation myocardial infarction
(NSTEMI) [5, 6]) as well as in elective percutaneous coronary
intervention (PCI) for stable coronary artery disease [7, 8].
Score-facilitated accurate patient risk assessment should help
to guide pre-, peri- and postprocedural therapy.

The National Cardiovascular Data Registry (NCDR) risk
models for prediction of adverse clinical outcomes incor-
porate details of clinical setting, patient characteristics and
comorbidities and have been validated in the largest North
American patient cohorts to date [9—13]. While this guaran-
tees their accuracy and validity in the original populations,
their applicability to German patients and contemporary
daily clinical practice remains elusive.

We thus aimed to validate the NCDR scores for mortality,
bleeding and acute kidney injury (AKI) in our local patient
cohorts in different settings of contemporary interventional
cardiology.

Methods

This study was positively evaluated by the ethics commit-
tee of the Heinrich-Heine-University Diisseldor{ (Study-no.
6050R, Registration-1D: 2017074349) and is registered at
clinicaltrials.gov (NCT03671356).
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Patients, clinical settings and data collection

All patients undergoing coronary catheterization at Uni-
versity Hospital Diisseldorf between 2014 and 2017 in the
clinical settings of STEMI, NSTEMI or elective coronary
procedures were eligible for inclusion in a retrospective
analysis. All patients were stratified into clinical setting sub-
sets according to medical records and were then randomly
selected for inclusion, distributed evenly across the inclu-
sion period. Preliminary sample size calculation based on
expected clinical outcome frequencies (~ 5% for mortality
and major bleeding, ~ 15% for AKI) and previous valida-
tion studies [14—17] resulted in an estimate of a least 1500
patients to perform score validation.

Patient characteristics, details of clinical presentation
and symptoms, comorbidities, catheterization procedural
characteristics, other diagnostic testing (e.g., routine blood
laboratory, echocardiography) and in-hospital clinical out-
comes were identified in medical records and collected into
a dedicated database for further evaluation.

Cardiac catheterization procedures

All patients were treated according to guideline-recom-
mended clinical practice at our heart center [3, 5, 8]. A
team consisting of an interventionalist, assistant nurse and
technician primarily performed the procedure; additional
assistance was provided in case of emergencies by second-
ary interventionalists and intensive care unit personnel. The
whole range of medical intensive care including mechanical
assist devices and cardiac surgery was available.

Clinical outcomes definitions

In-hospital clinical outcomes of mortality, bleeding, and
AKI were evaluated. Mortality was defined as any post-pro-
cedural death within the same hospital admission. Bleeding
events were assessed according to the Bleeding Academic
Research Consortium (BARC) definitions [18] and classi-
fied into minor bleedings (BARC 1 +2) and major bleed-
ings (BARC 3-5). AKI was defined according to the Kidney
Disease Improving Global Outcomes (KDIGO) definitions
[19] and classified into AKI stages 1-3.

Missing data

For medical history and clinical presentation variables, miss-
ing data were imputed to “no”; missing values of variables
relevant for risk score calculation were imputed to the mean
(continuous variables) or median/mode (ordinal/categorical
variables) of the population. Missing procedural data were
not imputed. Missing data details are reported in the results
section.

15

Statistics

Statistical and graphical data analysis was performed using
Access and Excel 2016 (Microsoft), SPSS 21.0 (IBM), Med-
Calc 18.10 (MedCalc Software, Belgium) and Graphpad Prism
7.0 (Graphpad Software Inc.). Continuous data with normal
distribution (according to Shapiro-Wilk tests) are presented
as means + standard deviation (SD) and were compared using
two-sided Student’s ¢ tests; continuous data without normal
distribution (according to Shapiro—Wilk tests) are presented
as median and interquartile range and were compared using
two-sided Mann—Whitney U tests; ordinal/categorical data
are presented as counts and % of total and were compared
using Chi-squared and Fisher’s exact tests (for expected val-
ues < 5); receiver-operating-characteristic (ROC) curves were
compared according to DeLong et al. [20]. Statistically sig-
nificant differences of any test result were assumed at an «
probability < 0.05.

The NCDR risk scoring models for prediction of mortality
[9], bleeding [11] and AKI [12] were calculated for individ-
ual patients. Parameters relevant for the mortality model were
STEMI, age, BMI, CVD, PAD. chronic lung disease. prior
PCI. diabetes mellitus, GFR, ejection fraction, cardiogenic
shock/PCI status, NYHA class within 2 weeks and cardiac
arrest within 24 h; parameters relevant for the bleeding model
were STEMI, age, BMI, previous PCIL. chronic kidney disease,
shock, cardiac arrest within 24 h, female gender, Hb value and
PCI status; parameters relevant for the AKI model were age,
heart failure within 2 weeks, GFR. diabetes mellitus. prior
heart failure, prior CVD, NSTEMI/unstable angina/STEMI,
prior cardiogenic shock, prior cardiac arrest, anemia and intra-
aortic balloon pump. Risk model performance was evaluated
as follows: (1) all scoring variables were weighed according to
model definitions; (2) weighed variables were summarized to
obtain an individual summary risk score for each patient; (3)
risk model discrimination accuracy was evaluated in a ROC
analysis of clinical outcomes using a nonparametric approach
[20]; c-index values [21]/areas-under-the-curve (AUC) with
95% confidence intervals (CI) are reported, with Youden indi-
ces [22] with respective sensitivity/specificity values; and (4)
risk model calibration/goodness-of-fit was graphically ana-
lyzed by stratifying patients into risk deciles and comparison
of observed vs. expected events within risk strata; it was for-
mally tested using a logistic regression model and the Hos-
mer-Lemeshow goodness-of-fit test [23].

Results
Patient characteristics

Patient baseline characteristics are shown in Table 1: A total
of 1637 patients [median age 70 (59-78) years, 69.3% male]
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were included [565 with STEMI (34.5%). 572 with NSTEMI
(34.9%), 500 with elective coronary procedures (30.5%)].
Cardiovascular risk factors of arterial hypertension, hyper-
lipoproteinemia, diabetes mellitus (DM) and chronic kidney
disease (CKD) were frequent; more than half of the patients
already suffered from some manifestation of cardiovascular
disease (CVD) at presentation.

Patients from the STEMI subset were youngest [65
(54-76)], healthier and less frequently diagnosed with
CVD, while NSTEMI patients were oldest [74 (65-81)]
and suffered from most extensive comorbidities [e.g., prior
heart failure (47.9%), DM (37.4%) and CKD >3 (41.6%)].
Patients with elective coronary procedures had the high-
est prevalence of known coronary artery disease (CAD,

66.8%) and prior coronary procedures (56.4% PCI, 6.8%
CABG). NCDR scores for all outcomes were highest in
STEMI and lowest in elective procedures. Interventional-
ists showed a preference of femoral over radial vascular
access in higher risk patients: median NCDR scores for
radial vs. femoral vascular access differed significantly
for mortality, bleeding and AKI (all p < 0.001, data not
shown).

A summary of symptoms at admission is reported in
Table 2: Unstable angina pectoris was the dominant symp-
tom in ACS patients and stable angina in elective coronary
procedures. Severe circulatory deterioration with cardio-
genic shock (6.2%), cardiac arrest within 24 h (3.4%) or
need for endotracheal intubation (2.3%) occurred predomi-
nantly in STEMI patients.

Table 1 Patient characteristics
and comborbidities for the

All (n=1637)

STEMI (n=565) NSTEMI (n=572) Elective (n=500)

wliole s;udﬂ p0pu1a:i(1’" Elef[ Age (years) 70 (59-78) 65 (54-76) 74 (65-81) 70 (60-76)
EEI?ETSSESSESSEE?TS”‘;E%? BMI 267 (24.2-30.0)  26.0 (23.7-29.0)  27.0 24.1-30.5)  27.5 (24.8-30.5)
NSTEMI and elective Male sex (%) 1.135 (69.3) 400 (70.8) 395 (69.1) 340 (68.0)
procedures Arterial hypertension 1,243 (75.9) 351 (62.0) 470 (82.2) 422 (84.4)
Hyperlipoproteinemia 695 (42.4) 181 (32.0) 262 (45.8) 252 (50.4)
Diabetes mellitus 475 (29.0) 113 (20.0) 214 (37.4) 148 (29.6)
Insulin-dependent 146 (8.9) 26 (4.6) 81 (14.2) 39 (7.8)
Baseline renal function
eGFR > 90 ml/min 853 (52.1) 184 (32.5) 264 (46.2) 405 (81.0)
eGFR 60-90 mU/min 327 (20.0) 224 (39.6) 81 (14.2) 22 (4.4)
eGFR 30-60 ml/min 338 (21.9) 125 (22.1) 173 (30.2) 60 (12.0)
eGFR 15-30 mlU/min 61 (3.7) 21 (3.7) 35(6.1) 5(1.0)
eGFR 0-15 ml/min 39 (2.4) 12 (2.1) 19 (3.3) 8(1.6)
Chronic dialysis 38(2.3) 11(1.9) 21 3.7) 6(1.2)
Chronic lung disease 195 (11.9) 45 (3.0) 86 (15.0) 64 (12.8)
Known
CAD 725 (44.3) 107 (18.9) 284 (49.7) 334 (66.8)
PAD 166 (10.1) 32(5.7) 79 (13.8) 55(11)
Cerebrovasc. disease 90 (5.5) 7(1.2) 47 (8.2) 36 (7.2)
Heart failure 439 (26.8) 32(5.7) 274 (47.9) 133 (26.6)
Atrial fibrillation 290 (17.7) 54(9.5) 147 (25.7) 89 (17.8)
Prior
CABG 118 (7.2) 40.7) 80 (13.9) 34 (6.8)
PCI 471 (28.8) 20 (3.5) 169 (29.5) 282 (56.4)
Myocardial infarction 290 (17.7) 19 (3.4) 122 (21.3) 149 (29.8)
Stroke/TIA 141 (8.6) 16 (2.8) 82 (14.3) 43 (8.6)
Mortality NCDR Score 35 (22-46) 48 (39-59) 36 (28-43) 17 (11-23)
Bleeding NCDR Score 70 (45-90) 95 (80-115) 70 (51-85) 30 (20-45)
AKI NCDR Score 19 (12-27) 23 (18-31) 22 (15-33) 9 (6-14)
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Data presented as n (%) or as median (IQR)

AKI acute kidney injury, BMI body-mess-index, eGFR estimated glomerular filtration rate, CAD coronary
artery disease, /QR interquartile range, PAD peripheral artery disease, CABG coronary artery bypass graft-
ing, PCI percutaneous coronary intervention
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Procedural characteristics

Procedural characteristics are shown in Table 3: Elective
procedures were frequently performed with the radial
approach (59.2%). while operators predominantly used
femoral access in STEMI (79.7%). Procedures were most
complicated in STEMI patients (duration, contrast volume,
etc.) and were most often associated with PCI (94.3%),
more than in NSTEMI (47.6%) and elective procedures
(35.6%). The use of glycoprotein IIb/Illa inhibitors was
most frequent in STEMI (19.6%): however, it was not sig-
nificantly associated with major bleeding events. Need
for cardiac assist devices was highest in STEMI patients
(Impella® 4.8%, extracorporeal life support 6.4%).

In-hospital clinical outcomes

In-hospital clinical outcomes are reported in Table 4: Death
{rom any cause was most {requent in STEMI (14.5%), lower
in NSTEMI (3.7%) and non-existent in elective coronary
procedures. About 2/3rd of all deaths were classified as car-
diac death. Major bleedings happened in 5.6% of patients
overall, again with highest rates in STEMI (10.6%). fol-
lowed by NSTEMI (5.4%) and elective procedures (0.2%).
Gastrointestinal bleedings (1.4%) and access site bleedings
(1.3%) were most frequent. There was a significant associa-
tion of bleeding events with femoral rather than radial access
(p<0.001), while prior oral anticoagulant intake showed no
significant impact. Acute kidney injury was the most fre-
quent adverse event (18.1%) predominantly in NSTEMI

Table 2 Patient symptoms at
admission for the whole study

All (n=1637)

STEMI (n=565) NSTEMI (n=572) Elective (n=>500)

POPulﬂti?ﬂ f(left Cf’lumﬂ)bﬂ"d . Stable angina 538 (32.9) 83 (14.7) 197 (34.4) 258 (51.6)

separate Y 10r patlent subsets O .

STEMI NSTEMI and elective Unstable angina 445 (27.2) 263 (46.5) 162 (28.3) 20 (4.0)

procedures Dyspnea NYHA IV 143 (8.7) 56 (9.9) 75 (13.1) 11(2.2)
Arrhythmia 189 (11.5) 53 (9.4) 90 (15.7) 46 (9.2)
Cardiac arrest within 24 h 56 (3.4) 44 (1.8) 122.1) 0 (0.0)
Endotracheal intubation 37 (2.3) 21337 16 (2.8) 0(0.0)
Cardiogenic shock 102 (6.2) 73 (12.9) 29 (5.1) 0 (0.0)

Data presented as n (%)

NYHA New York Heart Association Classification, CCS Canadian Cardiovascular Society Classification

Table 3 Procedural characteristics for the whole study population (left column) and separately for patient subsets of STEMI, NSTEMI and elec-

tive procedures

All (n=1637)

STEMI (1=565)

NSTEMI (n=572) Elective (n=500)

Vascular access

Radial (%) 37.8 20.3 343 59.2

Femoral (%) 62.2 79.7 65.7 40.8

Crossover (%) 48 4.9 6.4 4.4
Femoral vascular closure device 249 (15.2) 78 (13.8) 110 (19.2) 61 (12.2)
Glycoprotein 1Ib/I11a inhibitor 131 (8.0) 111 (19.6) 14 (2.4) 6(1.2)
Procedure duration (min) 47 (32-64) 56 (41-77) 47 (32-66) 36 (24-53)
Contrast volume (ml) 140 (80-200) 200 (140-250) 125 (80-200) 80 (50-150)
Fluoroscopy time (min) 10.1 (5.7-17.1) 13.3 (8.6-21.7) 9.8 (5.6-16.3) 6.9 (3.4-13.4)
Dose area product (Gy#cm?) 5442 (2959-9684) 7843 (4621-12,259) 5311 (2892-9065) 3672 (2146-6943)
PCI 983 (60.0) 533 (94.3) 272 (47.6) 178 (35.6)

LM/LAD (% of all/% of PCI) 27/46 46/49 21/45 13/37

RCX (% of all/% of PCI) 12/20 14/15 12/25 10/28

RCA (% of all/% of PCI) 21/34 34/36 14/30 13/37
Impella® 34 (2.1) 27 (4.8) 6 (1.0) 1(0.2)
Extracorporeal life support 38 (2.3) 36 (6.4) 2(0.3) 0(0.0)

Data presented as n (%) or as median (IQR)

IQR interquartile range, PCI percutaneous coronary intervention, LM left main stem, LAD left anterior descending artery, RCX ramus circum-

flexus, RCA right coronary artery
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(27.3%) and STEMI (23.7%) patients; the majority of AKI
in all subsets were classified as stage 1. There was a highly
significant association between contrast volume and devel-
opment of AKI (p<0.001).

Risk model performance
Mortality

For risk prediction of in-hospital mortality, 2.4% missing
data were imputed for variables of ejection fraction, NYHA
class, glomerular filtration rate (GFR) and body mass index
(BMI). Model discrimination was very accurate (Fig. la:
AUC 0.93 with CI1 0.91-0.95). The Youden index was 0.71
at> 49 summary risk points (corresponding to~ 3% mortal-
ity risk; sensitivity 86.5%; specificity 84.7%). Comparative
model discrimination in subsets (Fig. 2a) was less accurate
in STEMI (AUC 0.86 with CI 0.82-0.90) than NSTEMI
(AUC 0.91 with CI 0.85-0.97) without reaching statistical
significance (p=0.24). Elective procedures could not be
calculated separately due to lack of events. Model discrimi-
nation in the 981 patients with PCI was comparably exact
(AUC 0.90 with CT 0.87-0.93).

Graphical analysis of model calibration (Fig. 1a) showed
underestimation of events in higher risk deciles (6-10), and
logistic regression returned inadequate goodness-of-fit (Hos-
mer—Lemeshow p < 0.001).

Bleeding

For risk prediction of in-hospital bleeding, 0.6% missing
data were imputed for variables of BMI, PCI status and
hemoglobin levels. Model discrimination for major bleed-
ing (AUC 0.82 with CI1 0.78-0.86; Fig. 1b) was more accu-
rate than prediction of any bleeding (AUC 0.65 with CI

Fig.1 Model discrimination (ROC curves) and model calibration »
(observed vs. predicted event diagrams) for clinical outcomes of in-
hospital mortality (a), major bleeding (b) and acute kidney injury ().
AUC area under the curve = c-index, AKI acute kidney injury

0.61-0.70) or minor bleeding (AUC 0.58 with CI 0.55-0.60).
For major bleeding, the Youden index was 0.49 at> 85 sum-
mary risk points (~ 11.4% major bleeding risk: sensitivity
75%: specificity 74%). Comparative model discrimination
for major bleeding in subsets (Fig. 2b) was less accurate in
STEMI and NSTEMI (AUC 0.71 vs. 0.75; p=0.40), elective
procedures could not be calculated separately due to lack of
events. Discriminative model performance in the subset of
patients receiving PCI was slightly lower overall (AUC 0.78
with CI 0.73-0.83), with slight advantages in NSTEMI over
STEMI patient subsets (Table 5).

Graphical analysis of model calibration (Fig. 1b) for
major bleeding showed an overestimation of events in all
risk deciles: statistical testing agreed with limited goodness-
of-fit (Hosmer-Lemeshow p=0.02).

Acute kidney injury

For risk prediction of in-hospital AKI, 0.7% missing data
were imputed for variables of prior heart failure within
2 weeks and GFR. For any AKI prediction, model discrimi-
nation showed good accuracy (Fig. le: AUC 0.83 with CI
0.81-0.86). The Youden index was 0.51 at> 19 summary
risk points (~6.7% AKI risk; sensitivity 88%: specificity
63%). Comparative model discrimination in subsets (Fig. 2¢)
was worst in STEMI (AUC 0.72 with CI 0.67-0.77), more
accurate in NSTEMI (AUC 0.81 with C10.77-0.85; p=0.2)
and significantly better in elective procedures (AUC 0.88
with CI 0.79-0.97; p vs. STEMI/NSTEMI <0.01). Again,

Table 4 In-hospital clinical All (n=1637)  STEMI (1=565)  NSTEMI (n=572)  Elective (n=500)
outcomes for the whole study
population (left column) and Death from any cause 103 (6.3) 82 (14.5) 21 (3.7) 0(0.0)
SSETPES?II{I;‘)Tré’;ﬁe;;;;"f;:;igf Cardiac death 67 (4.1) 53 (9.4) 14 (2.4) 0 (0.0)
procedures Major bleeding 92 (5.6) 60 (10.6) 31(5.4) 1(0.2)
Access site 22 (1.3) 12 (2.1 9(1.6) 1(0.2)
Intracranial 7(0.4) 6(1.1) 1(0.2) 0 (0.0)
Gastrointestinal 23 (1.4) 16 (2.8) 7(1.2) 0 (0.0)
Fatal 9(0.5) 7(1.2) 2(0.3) 0 (0.0)
Other 40 (2.4) 26 (4.6) 14 (2.4) 0 (0.0)
Minor bleeding 135 (8.2) 47 (8.3) 61 (10.7) 27 (5.4)
Acute kidney injury 297 (18.1) 134 (23.7) 156 (27.3) 7(1.4)
Stage 1 188 (11.5) 75 (13.3) 108 (18.9) 5(1)
Stage 2 57 (3.5) 44 (7.8) 11(1.9) 2 (0.4)
Stage 3 52(3.2) 15 2.7) 37 (6.5) 0 (0.0)

Data presented as n (%)
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model discrimination in patients receiving PCI was a little
less exact (AUC 0.79 with CI 0.76-0.82). Model discrimina-
tion improved with AKI severity, from stage 1 (AUC 0.77
with CI 0.74-0.80) to stage 2 (AUC 0.80 with C1 0.76-0.85)
and stage 3 AKI (AUC 0.90 with CI 0.86-0.94).

Graphical analysis of model calibration (Fig. lc) for any
AKI showed a considerable underestimation of events in
higher risk deciles (6-10); statistical testing concurred (Hos-
mer—Lemeshow p<0.001).

Discussion

We here present results of a performance analysis of NCDR
risk prediction models for mortality, bleeding and acute
kidney injury in interventional cardiology at our German
Heart Center. Main results are: (1) discriminative abilities
of NCDR risk scoring models for the three outcomes are
excellent: (2) risk model calibration. however, has limited
accuracy.

Main performance measures of any risk prediction model
are (1) discrimination of low- and high-risk patients, and (2)
calibration/goodness-of-fit of estimated and observed out-
comes [24]—which is prediction of probabilities. Changes
in clinical practice or application of a model (o a different
patient population may render risk models inaccurate [25,
26]. The NCDR risk scoring models for coronary catheteri-
zation procedures were developed in huge American popula-
tions of > 1,000,000 patients [9—12]. Most importantly, they
are unique in their design for the whole range of coronary
procedures—from low-risk elective settings to high-risk
acute myocardial infarction and cardiogenic shock. Both
qualities should render them particularly useful for rou-
tine application in interventional cardiology in Europe too,
regardless of any specific setting. This study analyzes per-
formance of risk models for all three clinical outcomes in
our contemporary practice and across the whole range of
coronary settings.

The NCDR models’ discriminative performance was
comparable—and for major bleeding and AKI even slightly
superior—to the original NCDR populations [mortality:
0.93 (9); major bleeding: 0.77 (11): AKI: 0.71 (12)] in all
patients. There was only little variance across clinical set-
tings and diagnostic/interventional procedure status (Table 5
and Fig. 2). Interestingly, more serious outcomes [mortal-
ity (AUC 0.93), major bleeding (AUC 0.82), AKI stage 3
(AUC 0.90)] showed superior discrimination to less serious
outcomes [minor bleeding (AUC 0.58), AKI stage 1 (AUC
0.77)]. There are several reports of external NCDR risk
score validation studies: The mortality risk score has been
validated in Portuguese (predominantly) STEMI patients of
2005-2013 [16], with comparable discrimination {indings
(AUC 0.87). The bleeding risk score has been evaluated
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in a different US population (2009-2012; AUC 0.71) [27]
and the AKI risk score was validated in Japanese patients
(2008-2014; AUC 0.76) [15]. Our findings support these
results and confirm accurate discrimination in our clinical
practice and patients across the whole risk range.

In contrast to discrimination, calibration of all three risk
models was inaccurate (Fig. 1): Graphical as well as sta-
tistical analysis confirmed overestimation of mortality and
AKI in lower risk patients and underestimation in high-risk
patients—while major bleedings were largely overestimated
(Fig. 1). Corrupted calibration for mortality and AKI, espe-
cially in high-risk patients, has already been described in
other validation studies [15, 16]—and is confirmed for all
outcomes in this study. Fluctuations in risk model perfor-
mance in interventional cardiology have been reported
before [26]: Since data were collected in the original NCDR
populations [9—12]. interventional cardiology has undergone
changes in device technology [28], pharmacologic manage-
ment [29-32] and patient populations [33, 34]. More radial
vascular access may reduce major bleedings [35] and AKI
[36]; more emergency procedures and older/comorbid
patients may increase mortality and acute kidney injury in
high-risk patients. Additionally, we applied the slightly dif-
ferent BARC definition [18] rather than the NCDR defini-
tion [11] to assess bleedings, as its features allowed a more
accurate event assessment in our medical records—however
at the possible expense of calibration accuracy.

Our findings suggest that the risk factors incorporated
into all three NCDR risk models very accurately discrimi-
nate patients at-risk vs. not-at-risk in our contemporary
diagnostic and interventional procedures. However, the indi-
vidual impact of these risk factors on exact adverse event
probability estimation has limited accuracy. Applied weights
within the risk model would need recalibration in a large
contemporary patient cohort to obtain more accurate event
probability prediction.

While the inclusion and differentiation of the whole range
of patient risk are a particular strength of this study, it is
limited by sample size: Separate conclusions in patients
with elective procedures were impossible due to a very low
adverse event rate in this subset (Tables 4, 5); calibration
analysis especially in the lower risk range would improve
with increasing patient numbers. The monocentric data
collection limits generalizability of results and the mixture
of femoral and radial access limits application of results to
radial-only settings. The retrospective study design limits
data quality and introduces need for imputation.
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Fig.2 Comparative model discrimination (ROC curves) for patients in clinical settings of STEMI (dashed line), NSTEMI (solid line) and elec-
tive coronary procedures (dotted line), for clinical outcomes of in-hospital mortality (a), major bleeding (b) and any acute kidney injury (c)

Table 5 Model discrimination performance for the whole study population (left column) and separately for patient subsets of STEMI, NSTEMI

and elective procedures

All procedures

All (n=1637)

STEMI (n=>565)

NSTEMI (n=572)

Elective (n=1500)

Mortality
Major bleeding

Acute kidney injury

0.93 (0.91-0.95)
0.82 (0.78-0.86)
0.83 (0.81-0.86)

0.86 (0.82-0.90)
0.71 (0.64-0.78)
0.72 (0.67-0.77)

0.91 (0.85-0.97)
0.75 (0.67-0.84)
0.81 (0.77-0.85)

N/A
N/A
0.88 (0.79-0.97)

PCI only All (n=980) STEMI (n=532) NSTEMI (n=272) Elective (n=178)
Mortality 0.90 (0.87-0.93) 0.86 (0.82-0.90) 0.88 (0.80-0.96) N/A

Major bleeding 0.78 (0.73-0.83) 0.72 (0.64-0.79) 0.79 (0.69-0.88) N/A

Acute kidney injury 0.79 (0.76-0.82) 0.72 (0.67-0.77) 0.80 (0.74-0.86) 0.95 (0.92-0.99)

Separate analyses for all procedures (top) and PCI only (bottom)

Data presented are area-under-the-curve (AUC) values of receiver-operating-characteristic (ROC) analyses (corresponding to c-indices) with

95% confidence intervals

N/A not available, PCI percutaneous coronary intervention

Conclusion

The NCDR risk models are applicable to German clinical
practice of coronary interventional cardiology to accurately
discriminate patient risk of mortality, bleeding and acute
kidney injury. Model calibration for exact adverse event
probability prediction, however, is limited and demands
recalibration, especially in high-risk patients.
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In dieser Arbeit wurde — aufbauend auf der Validierungsstudie 4.1.1 — die Qualitat der
Risikovorhersage des NCDR-Risikomodells flir Kontrastmittel-induziertes Nierenversagen
(NCDR-AKI, (63)) im Rahmen von Herzkatheteruntersuchungen an unserer Klinik evaluiert

und mit dem Goldstandard, dem Mehran-Risikomodell (58), verglichen.

Dazu wurden in 2067 Patienten Risikovorhersagen mittels NCDR-AKI- und Mehran-Modellen
berechnet, sowie klinische Ereignisse von Kontrastmittel-induziertem Nierenversagen
unterschiedlicher  Stadien inkl. der Notwendigkeit fur Dialysetherapie nach
Herzkatheteruntersuchungen retrospektiv erhoben. Risikopradiktion beider Modelle wurde
anhand von Diskrimination (Genauigkeit des Modells in der Unterscheidung von Hoch- und
Niedrigrisikopatienten) und Kalibration (Genauigkeit des Modells im Hinblick auf die

Vorhersage der Ereigniswahrscheinlichkeit) verglichen.

Es zeigten sich sowohl fir Kontrastmittel-induziertes Nierenversagen (c-index 0,75 vs. 0,69)
als auch fur die Notwendigkeit einer Dialysetherapie (c-index 0,85 vs. 0,75) bessere
Diskriminationen des Risikos im NCDR-AKI- gegeniber dem Goldstandard Mehran-

Risikomodell, wohingegen das Mehran-Modell besser kalibriert war.

Zusammenfassend zeigte das NCDR-AKI-Risikomodell eine hervorragende Leistung in der
Vorhersage von akutem Nierenversagen inkl. Dialysetherapie im Rahmen von Herzkatheter-
untersuchungen in unseren Patienten, bei denen es teilweise dem Goldstandard tberlegen

war.
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Abstract

Background Contrast-induced nephropathy (CIN) is a major adverse event in patients undergoing coronary angiography.
The Mehran risk model is the gold-standard for CIN risk prediction. However, its performance in comparison to more con-
temporary National Cardiovascular Data Registry-Acute Kidney Injury (NCDR-AKI) risk models remains unknown. We
aimed to compare both in this study.

Methods and results Predictions of Mehran and NCDR-AKI risk models and clinical events of CIN and need for dialysis
were assessed in a total of 2067 patients undergoing coronary angiography with or without percutaneous coronary inter-
vention. Risk models were compared regarding discrimination (receiver operating characteristic analysis). net reclassifica-
tion improvement (NRI) and calibration (graphical and statistical analysis). The NCDR risk model showed superior risk
discrimination for predicting CIN (NCDR c-index 0.75, 95% CI 0.72-0.78; vs. Mehran c-index 0.69, 95% CI 0.66-0.72,
p<0.01), and continuous NRI (0.22; 95% CI10.12-0.32; p<0.01) compared to the Mehran model. The NCDR risk model
tended to underestimate the risk of CIN, while the Mehran model was more evenly calibrated. For the prediction of need for
dialysis, NCDR-AKI-D also discriminated risk better (c-index 0.85, 95% CI 0.79-0.91; vs. Mehran c-index 0.75. 95% CI
0.66-0.84; pPneprysMenran < 0-01), but continuous NRI showed no benefit and calibration analysis revealed an underestima-
tion of dialysis risk.

Conclusion In German patients undergoing coronary angiography, the modern NCDR risk model for predicting contrast-
induced nephropathy showed superior discrimination compared to the Mehran model while showing less accurate calibration.
Results for the outcome ‘need for dialysis” were equivocal.

>4 Georg Wolff
Georg.Wolff@med.uni-duesseldorf.de

Division of Cardiology, Pulmonology and Vascular
Medicine, Department of Internal Medicine, Medical
Faculty and University Hospital. Heinrich-Heine-University,
Moorenstr. 5, 40225 Diisseldorf, Germany

Institute for Health Services Research and Health
Economics, Medical Faculty and University Hospital,
Heinrich-Heine-University, Moorenstr. 5, 40225 Diisseldorf,
Germany

@ Springer

25



1492

Journal of Nephrology (2021) 34:1491-1500

Graphic abstract

NCDR vs. Mehran risk models for prediction of contrast-induced nephropathy and need for
dialysis after coronary angiography in a German patient cohort
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Abbreviations
AKI Acute kidney injury

AUC Area under curve

Cl Confidence-interval

CIN Contrast-induced nephropathy

ROC Receiver operating characteristic

PCI Percutaneous coronary intervention

NSTEMI Non-ST-segment elevation myocardial
infarction

NRI Net reclassification improvement

STEMI ST-segment elevation myocardial infarction

Introduction

Contrast-induced nephropathy (CIN) is a major adverse
event for patients undergoing cardiac catheterization and is
associated with increased mortality [1, 2]. CIN is defined as
an impairment of renal function measured by an absolute
(> 0.5 mg/dl) or relative (>25%) increase in serum creati-
nine within 48-72 h after application of iodinated contrast
media [3]. CIN after coronary angiography heralds a higher
patient risk for long-term decline in renal function [4] and
thus has profound prognostic relevance.

Several risk factors have been found associated with
an increased risk of developing CIN [5]. Taking the most
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important risk factors (shock, congestive heart failure, older
age, anemia, diabetes. contrast media volume, use of an intra-
aortic balloon pump and chronic kidney disease) into account,
in 2004 Mehran et al. developed a simple risk score to estimate
the risk of developing CIN and need for dialysis [6]. To date,
the original score has been validated in several cohorts [7, 8]
and is the most established risk model for predicting CIN and
need for dialysis. However, the more contemporary risk mod-
els of the National Cardiovascular Data Registry-Acute kidney
Injury (NCDR-AKI) and NCDR-AKI-Dialysis (NCDR-AKI-
D) based on data derived from 900,000 patients undergoing
percutaneous coronary interventions (PCI) in the NCDR Cath-
PCI Registry [9] showed promising performance in our exter-
nal validation study [10]. The NCDR-AKI and NCDR-AKI-D
models stratify the patients’ risk of developing contrast-CIN by
the following variables; age. acute decompensated heart fail-
ure, glomerular filtration rate, and diabetes, history of cardio-
vascular disease and heart failure, cardiogenic shock, cardiac
arrest, anemia, use of an intra-aortic balloon pump.

Overall, identifying patients at risk and adequate preven-
tive management remain key factors for improving patient
outcomes. We thus aimed to compare the modern NCDR risk
models to the established Mehran model for predicting con-
trast-induced nephropathy in a contemporary German patient
cohort undergoing cardiac catheterization procedures with and
without percutaneous coronary intervention.
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Methods

Patient characteristics, clinical settings and data
collection

Patients undergoing invasive coronary angiography at Uni-
versity Hospital Duesseldorf between 2014 and 2018 for
reasons ranging from elective cardiac catheterization proce-
dures to presentation with acute non-ST-segment elevation
myocardial infarction (NSTEMI) and ST-segment eleva-
tion myocardial infarction (STEMI) were included in the
study. All patients were treated according to current Euro-
pean guideline-recommended clinical practice for acute and
chronic coronary syndromes [11-14]. Patient and procedural
characteristics, as well as symptoms and results diagnostic
testing were extracted from medical records and recorded
into a dedicated database. History of chronic Kidney disease
was defined as a previous decline in renal function according
to the current Kidney Disease: Improving Global Outcomes
(KDIGO) chronic kidney disease guidelines [15].

Clinical outcomes definitions

The main outcomes of interest were CIN and need for dialy-
sis. CIN was defined as an absolute increase in creatinine
of more than 0.5 mg/dl or more than 25% compared to the
baseline value within 48-72 h after cardiac catheterization
[6]. Need for dialysis was defined as renal replacement ther-
apy due to insufficient urine output, high retention param-
eters, metabolic acidosis or relevant electrolyte disorders
during hospitalization. CIN events in patients who under-
went chronic renal replacement therapy were not considered.
Secondary outcomes, e.g. in-hospital mortality, major bleed-
ing or stroke are additionally reported (Table 2).

Statistics

Data collection and descriptive statistics were done using
Access (Microsoft). Excel (Microsoft) and SPSS 26 (IBM).
Ordinal/categorical variables are presented as counts and %
of total. continuous data are presented as means + standard
deviation (SD). Statistical significance was assumed at a
two-sided o probability < 0.05 for all analyses.

Missing data

Missing data were imputed only if they were relevant
for risk model calculation, either to the most common
value (binary/ordinal/categorical variables) or to the
mean (continuous variables) of the respective clinical

27

setting subgroup (NSTEMI, STEMI or elective). Details
on missing variables as % of all model-relevant variables
are reported in the Results section. Patients lacking infor-
mation on relevant outcome variables (CIN or need for
dialysis) were excluded. Sensitivity analysis of patients
with complete datasets was additionally performed (no
imputation).

Risk model calculation

The Mehran B risk model was calculated to predict CIN
and the need for dialysis [6]. The NCDR-AKI risk model
was calculated to predict CIN [9], while the NCDR-AKI-D
model was used to predict the need for dialysis [9]. For the
calculation of individual risk scores, all relevant scoring
parameters (Suppl. Tables 1-3) were weighted according
to risk model definitions and summarized to obtain an
individual summary risk score for each patient. Summary
risk scores were assigned to event probabilities according
to risk model definitions ([6, 9], Suppl. Tables 1-3).

Risk model discrimination analysis

Risk model discrimination performance was analyzed
using receiver operating characteristics (ROC) curves with
area under the curve (AUC, c-index) comparisons using
the non-parametric DeLong method [16]. All calculations
were done using MedCalc v18.21 (MedCalc Software,
Belgium). C-indices with 95% confidence intervals are
reported [17, 18].

Risk model reclassification analysis

Reclassification of patients with the NCDR risk models com-
pared to the standard Mehran model was evaluated using the
package PredictABEL for R Studio v4.0.3: net reclassifica-
tion improvements (NRI: categorical and continuous) were
calculated [19, 20] and tested for statistical significance. For
categorical NRI, all patients were classified into arbitrary
categories: predicted CIN risk of 0-10% (low risk), 10-20%
(intermediate risk) and 20-100% (high-risk) and predicted
dialysis risk of 0—1% (low risk. 1-5% (intermediate risk) and
5-100% (high risk) (Suppl. Tab. 4 and 5); both were tested
for significant reclassification between groups.

Risk model calibration analysis

Risk model calibration/goodness-of-fit was graphically
analyzed [GraphPad Prism 8 (GraphPad Software Inc.)]
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comparing observed events for patient quintiles of pre-
dicted risk based on historical event probabilities from the
original derivation cohorts [6, 9]; it was formally tested
with a logistic regression model and—where possible—
the Hosmer—Lemeshow goodness-of-fit test [21] (MedCalc
v18.21 (MedCalc Software, Belgium). For the Mehran
risk model for predicting contrast-induced nephropathy,
assignment of score values to predicted risk were done
according to extracted data from the central figure of the
development cohort in the original publication [6].

Results
Patient and procedural characteristics

A total of 2,067 patients undergoing coronary angiography
between 2014 and 2018 with and without PCI at Univer-
sity Hospital Duesseldorf were included. Patient charac-
teristics and NCDR risk model performance indices of a
sub-cohort of these patients (n=1637) have been previ-
ously published by our group [10]. Patients were divided
into clinical setting subgroups of elective, NSTEMI and
STEMI.

Mean age in the overall cohort was 69 +12.3 years,
27.1% of the patients had a history of chronic kidney dis-
ease, 2.9% were treated with chronic dialysis. PCI was
performed in 59.5% of all patients, the rest underwent
diagnostic procedures alone. Mean applied contrast vol-
ume was 154.7 +£97.0 ml, most in STEMI and least in
elective procedures. Mechanical circulatory support was
used in 2.3% (Impella®) and 1.9% (Extracorporeal life
support, ECLS), respectively. The predominant symptom
at admission was angina pectoris. Patient and procedural
characteristics for all patients and for respective subgroups
are reported in Table 1.

Contrast-induced nephropathy outcomes

Confrast-induced nephropathy occurred in 15.3% (n=317)
of all patients, 1.5% (n=31) consecutively required renal
replacement therapy. While CIN was relatively common in
patients presenting with acute coronary syndrome (21.3%
in NSTEMI patients, 17.9% in STEMI patients), only 0.6%
of all patients undergoing elective procedures developed
CIN, none of whom required dialysis. In-hospital clinical
outcomes are reported in Table 2.
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Risk model performance evaluation
Missing data

For the calculation of the Mehran risk model, 3.8% missing
values were imputed for the following variables: hematocrit
(n=11), contrast media volume (n=108), glomerular filtra-
tion rate (n=15), congestive heart failure (n=1), systolic
blood pressure (n=493). For the calculation of the NCDR
risk model, 0.12% missing values were imputed for these
variables; hemoglobin (n=11), glomerular filtration rate
(n=15), prior heart failure (n=1).

Risk model discrimination (Fig. 1 and Table 3)

The NCDR risk models showed good discrimination of
risk for CIN (c-index 0.75, 95% CI 0.72-0.78) and very
accurate performance in predicting need for dialysis
(c-index 0.85, 95% CT1 0.79-0.91). The Mehran risk model
showed mediocre performance for CIN (c-index 0.69, 95%
CI 0.66-0.72) and good discrimination for need for dialysis
(c-index 0.75, 0.66-0.84). For both outcomes, the NCDR-
AKI and NCDR-AKI-D risk models performed superior to
the Mehran model (Pycprysmenran < ©0-01). The sensitivity
analysis including only patients with complete datasets

(no imputation, n= 1483) confirmed these results for CIN
(c-index 0.70; 95% C1 0.67-0.74 (NCDR) vs. c-index 0.66;
95% CI1 0.62-0.69 (Mehran); p<0.01) and for need for
dialysis (c-index 0.81; 95% CI 0.73-0.89 (NCDR) vs. 0.71;
95% CI 0.59-0.83 (Mehran); p=0.03).

Risk model reclassification (Table 3 and Suppl. Tab. 4+5)

Reclassification analyses revealed a significant continuous
NRI for the NCDR risk model compared to the Mehran risk
model of 0.22 (95% CI 0.12-0.32; p <0.01; Table 3) for
CIN, which was confirmed in patients with complete data-
sets alone (sensitivity analysis: continuous NRI 0.19; 95%
CI 0.07-0.31; p<0.01). The continuous NRI for need for
dialysis was not significant (NRI: —0.16; 95% CI —0.50 to
0.18; p=0.35). Categorical NRI analysis on CIN did not
reveal significant differences between models (Suppl. Tab.
4), while Mehran classified better than NCDR-AKI-D for the
chosen risk categories in need for dialysis (Suppl. Tab. 5).

Risk model calibration (Fig. 2 and Table 3)

In the graphical analysis (Fig. 2A and C), the NCDR risk
model tended to underestimate risk, especially in inter-
mediate risk quintiles. while showing good calibration
in high-risk patients. The Mehran risk model showed
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Table 1 Patient characteristics, comorbidities, symptoms at admission and procedural characteristics (left column) and separately for patient
subsets of NSTEMI, STEMI and elective procedures

All (n=2067) NSTEMI STEMI (n=565, 27%) Elective (n=>500, 24%)
(n=1002, 48%)

Patient characteristics

Age (y) 69.2+12.3 722+11.3 65.1+134 67.7+11.3
Body Mass Index (BMI) 27.5+5.1 27.6+£5.3 26.7+4.8 28.1+4.8
Male sex 1439 (69.6) 700 (69.9) 399 (70.7) 340 (68.0)
Diabetes mellitus 608 (29.4) 365 (36.4) 95 (16.8) 148 (29.6)
Chronic kidney disease (eGFR < 60 ml/min) 560 (27.1) 323(32.2) 158 (28.0) 79 (15.8)
Chronic dialysis 60 (2.9) 43 (4.3) 11(1.9) 6(1.2)
Coronary artery disease 948 (45.9) 507 (50.6) 107 (19.0) 334 (66.8)
Prior coronary artery bypass grafting (CABG) 191 (9.2) 153 (15.3) 4(0.7) 34 (6.8)
Prior percutaneous coronary intervention (PCI) 611(29.6) 309 (30.8) 20 (3.5) 282 (56.4)
History of heart failure 638 (30.9) 473 (47.2) 32(5.7) 133 (26.6)
Anemia 622 (30.1) 375 (37.4) 156 (27.6) 91 (18.2)
Symptoms at admission
Unstable angina 674 (32.6) 391 (39.0) 263 (46.5) 20 (4.0)
Dyspnea NYHA IV 191(9.2) 124 (12.4) 56(9.9) 11(2.2)
Cardiac arrest within 24 h 76 (3.7) 32(3.2) 44 (7.8) 0
Endotracheal intubation 58 (2.8) 37 (3.7 21(3.7 0
Cardiogenic shock 144 (7.0) 72 (7.2) 72 (12.7) 0
Procedural characteristics
PCI performed 1230 (59.5) 519(51.8) 533 (94.3) 178 (35.6)
Contrast media volume (ml) 15474970 148.9+86.7 209.9+105.8 107.3+£75.7
Procedure duration (min) 54.9+339 56.1+29.6 65.5+43.4 41.0+243
Impella® mechanical support 47 (2.3) 20 (2.0) 27 (4.8) 1(0.2)
Extracorporeal life support 40 (1.9) 4(0.4) 36 (6.4) 0

Data are presented as n (%) or as mean +SD, unless specified differently
eGFRestimated glomerular filtration rate, (N)STEMI (Non) ST-segment elevation myocardial infarction, NYHA New York Heart Association

Table 2 Overview of in-hospital All (n=2067)  NSTEMI STEMI (n=565,27%) Elective
clinical outcomes (n=1002, (n=500,
48%) 24%)

Contrast-induced nephropathy 317 (15.3) 213 (21.3) 101 (17.9) 3(0.6)
Need for dialysis 31 (L.5) 15 (L.5) 16 (2.8) 0
All-cause mortality 119 (5.8) 37337 82 (14.5) 0
Cardiovascular mortality 81 (3.9) 28 (2.8) 53(9.4) 0
Major bleeding 120 (3.8) 59 (5.9) 60 (10.6) 1(0.2)
Stroke 6(0.3) 3(0.3) 3(0.5) 0

Data are presented as n (%)
(N)STEMI (Non) ST-segment elevation myocardial infarction

more accurate calibration in the graphical calibration  Both risk models showed inaccurate calibration for the
analysis and only overestimated risk in the highest risk ~ outcome of need for dialysis (Fig. 2B and D). The Hos-
quintile. The Hosmer-Lemeshow goodness-of-fit test  mer—Lemeshow goodness-of-fit test showed p<0.01 for
showed p <0.01 for the NCDR-AKI as well as the Mehran ~ the NCDR-AKI-D model.

risk model for predicting contrast-induced nephropathy.

@ Springer

29



1496

Journal of Nephrology (2021) 34:1491-1500

A Contrast-induced nephropathy

100

00
o

[92]
o

Sensitivity

H
o

[
o

~——— Mehran (c-index 0.69)
~——— NCDR (c-index 0.75)

P

60
100-Specificity

| Iy |

80 100

Fig.1 Comparative risk model discrimination performance analysis
of ROC curves of National Cardiovascular Data Registry (NCDR)
and Mehran risk models for A contrast induced nephropathy and B

B Need for dialysis

100

80

Sensitivity
@
=}

T

B
o

]
o

—— Mehran (c-index 0.75)
——— NCDR (c-index 0.85)

T BT I I R

20 40 60 80 100
100-Specificity

need for dialysis. Statistical comparisons were performed using the
DeLong method [16], results are also reported in Table 3

Table 3 Comparative risk
model performance analysis
regarding model discrimination

Contrast-induced
nephropathy

Need for dialysis

(a), reclassification (b) and
calibration (c) for contrast-
induced nephropathy and need

Observed outcome events

NCDR-AKI/NCDR AKI-D

317 (15.3%) 31 (1.5%)

Risk model discrimination: areas-under-curve/c-indices

0.75 (0.72-0.78)

0.85 (0.79-0.91)

for dialysis
Mehran 0.69 (0.66-0.72) 0.75 (0.66-0.84)
Statistics p<0.01 p<0.01
Risk model reclassification: continuous net reclassification improvement
Mehran vs. NCDR-AKI/NCDR AKI-D 0.22 (0.12-0.32) —0.16 (=0.50-0.18)
p<0.01 p=0.35
Risk model calibration: cohort mean risk prediction
NCDR-AKI/NCDR AKI-D 11.6+10.6% 0.3+0.7%
Mehran 17.7+14.0% 1.4+3.6%
Model discrimination is reported as areas-under-curve (AUC, c-indices) of receiver-operating characteristic
(ROC) analyses with 95% confidence intervals; reclassification is reported as continuous net reclassifica-
tion improvement (NRI) with 95% confidence intervals; mean risk prediction is reported as mean + stand-
ard deviation; p <0.05 was considered statistically significant
NCDR National Cardiovascular Data Registry
Discussion NCDR-AKI-D) discriminated risk superior to the Mehran

We herein present a comparative performance evaluation
of NCDR and Mehran risk models for predicting contrast-
induced nephropathy and need for dialysis in patients
undergoing coronary angiography for elective and emer-
gency indications. Main results are: (1) NCDR risk models
for predicting CIN and need for dialysis (NCDR-AKI and
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model; (2) NCDR CIN prediction showed significant con-
tinuous reclassification improvement compared to the Meh-
ran model; (3) Both risk models lacked calibration, espe-
cially in dialysis risk prediction. However, the Mehran risk
model for predicting contrast-induced nephropathy showed
slightly better calibration in the graphical analysis while the
NCDR risk model tended to underestimate risk for CIN.
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Fig.2 Risk model calibration for the National Cardiovascular Data
Registry-Acute Kidney Injury (NCDR-AKI) and Dialysis (NCDR-
AKI-D) and Mehran risk models, comparing observed and predicted

Over the past decades, interventional cardiology has
undergone tremendous changes in technology [22], phar-
macological therapy [23-25] and demographic characteris-
tics of patients [26]. But indications for invasive coronary
angiography are also changing: interventional management
of chronic coronary syndromes has become an increas-
ingly controversial topic, taking the latest results from the

31

D Need for dialysis
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Predicted Need for dialysis (%)

345 6 7 8 9 10 11 12 13
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0 1 2

contrast-induced nephropathy and need for dialysis in risk quintiles of
all patients. CIN contrast-induced nephropathy

ISCHEMIA trial and a large meta-analysis into account [27,
28]. Thus, adequate risk assessment and management is an
important part of daily clinical practice to improve patient
outcomes. Temporal and external validation of established
risk scores is necessary to optimize risk management and
retain risk model performance. Standard risk scores devel-
oped in patient cohorts almost two decades ago — like the
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Mehran risk model — might not be the most accurate option
anymore.

The Mehran risk model for predicting contrast-induced
nephropathy is well-established and was developed in 2004
by Mehran et al. in a cohort of 8357 patients [6]. The initial
validation cohort showed similar risk discrimination perfor-
mance (c-index of 0.67 [6]) for contrast-induced nephropa-
thy compared to our cohort (c-index of 0.69). For predict-
ing need for dialysis, the Mehran risk model also showed
a reasonable discrimination performance (c-index 0.75).
Graphical analysis revealed slightly better calibration for
predicting contrast-induced nephropathy compared to the
NCDR-AKI risk model, potentially due to similar rates of
CIN (15.3% in our cohort vs. 13.1% in the development
cohort [6]). Reasons for the inaccurate calibration regard-
ing the outcome ‘need for dialysis’ may potentially lie in
a limited number of events in our cohort (n=31), a higher
number of patients presenting with acute myocardial infarc-
tion (75.8% vs. 35.7% in the development cohort) and an
overall older patient cohort (69.2 years vs. 63.8 years in the
development cohort).

The National Cardiovascular Data Registry risk models
for predicting acute kidney injury and need for dialysis were
developed in a patient cohort of over 900,000 patients [9].
NCDR-AKI and NCDR-AKI-D showed good discrimination
performance in the initial validation cohort with c-indices
of 0.71 for NCDR-AKI and of 0.89 for NCDR-AKI-D [9].
We herein observed comparable results for predicting CIN
(c-index 0.75) and need for dialysis (c-index 0.85). Cali-
bration showed an underestimation of risk in the models
(Fig. 2), especially for dialysis risk prediction. On the one
hand, this may be related to a difference in risk (more myo-
cardial infarction) with higher event rates: Tsai et al. [9]
observed only 7.1% acute kidney injury in the validation
cohort, compared to 15.3% in our cohort. On the other hand,
the CIN outcome definition of Mehran et al. [6] used here is
slightly different from the one by Tsai et al. [9], which may
explain an offset in calibration.

Calibration as one of the performance measures of risk
models is an important aspect of individualized risk pre-
diction since it refers to the ability of a risk model to pre-
cisely forecast the true risk of a patient and therefore may
also be seen as an indicator of whether the risk model fits
the test data well. In our study, we observed a graphically
more accurate risk model calibration for the Mehran risk
model compared to the NCDR risk model, while statistical
testing rendered both models inaccurate regarding calibra-
tion. Volatile calibration performance is often observed in
external risk model validation studies: both NCDR models
were externally validated in a Japanese patient cohort with
over 11,000 patients [29], with similarly good discrimination
performance, but also offsets in calibration [29]. Previous
work from our group also observed corrupted calibration
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[10, 30]. The methodical work of Matheny et al. [31] shows
that volatile calibration in risk models in interventional car-
diology is related to small changes in event risk and data
assessment, while retained discrimination shows the stabil-
ity of risk factors over time. They conclude that continuous
recalibration of risk models is mandatory to achieve perfect
calibration. Additionally. slight differences in endpoint defi-
nitions between CIN according to Mehran (used here [6]),
AKIN (used in the original NCDR population [9]) and the
contrast-induced acute kidney injury definition (according
to KDIGO [32, 33]) may influence comparability of risk
models regarding calibration.

Preprocedural risk assessment, as well as procedural and
postprocedural risk management are critical stepping stones
to improve patient outcomes. A major advantage of the
NCDR risk models over the Mehran risk model is that both
NCDR risk models allow calculation of risk from prepro-
cedural characteristics—while Mehran is a postprocedural
risk prediction model. Knowing the risk of CIN or dialysis
before the procedure, the operator may undertake preventive
measures (—periprocedural risk management). The clinical
indication of the procedure can be critically reviewed and
high-risk patients may benefit from more intense or pro-
longed postprocedural monitoring of urine output and reten-
tion parameters. Contrast media volume is a key factor for
the development of CIN, especially in high-risk patients [34]
and may be managed accordingly: the use of biplane angiog-
raphy systems helps to reduce contrast media exposure [35].
There are technical devices which are efficient in reducing
contrast media over-injection [36]. The use of intravascular
ultrasound (IVUS) and physiological guidance [37] may
help in decreasing contrast media volume exposure for high-
risk patients. Periprocedural risk management also includes
volume expansion, which is still common practice (Euro-
pean class Ila recommendation for preprocedural hydration
with isotonic saline [14]), although several studies showed
no significant difference in the rate of CIN in patients with
and without prophylactic hydration [38, 39]. Other studies
investigated the influence on statin administration for the
prevention of contrast-induced nephropathy with divergent
results [40, 41]. Taken together, knowing patient risk for
CIN upfront may hold the key for initiating adequate preven-
tive measures in high-risk patients. Future studies are needed
(o investigate potential outcome benefits from preprocedural
risk assessment and periprocedural risk management.

Major limitations of our study are the retrospective
single-center design, which limits generalizability to other
patient cohorts, and the limited number of included patients
and events. Therefore, results, especially for the outcome
‘need for dialysis’. have to be interpreted with caution, as
they are not clearly in favor of the NCDR model. A fur-
ther limitation is missing data and the simple method of
data imputation, especially for the Mehran model. However,
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sensitivity analysis in patients with complete data verified
the overall results. There were almost no missing data for the
calculation of the NCDR score, which underlines its useful-
ness as a preprocedural risk model.

Prospective validation of both risk models in a contem-
porary patient cohort is necessary to verify our results and
help to further improve CIN risk management.

Conclusion

In German patients undergoing coronary angiography, the
modern NCDR risk model for predicting contrast-induced
nephropathy showed superior discrimination performance
compared to the established Mehran risk model. Both risk
models showed inaccurate calibration, with slight advan-
tages for the Mehran over the NCDR risk model for predict-
ing contrast-induced nephropathy. Results for the outcome
of ‘need for dialysis” were equivocal. Further prospective
studies are necessary (o investigate patient outcome benefits
from optimization in risk assessment and risk management.
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4.1.3 Modern NCDR and ACTION risk models outperform the GRACE model for
prediction of in-hospital mortality in acute coronary syndrome in a German cohort
Parco C, Brockmeyer M, Kosejian L, Quade J, Trostler J, Bader S, Lin Y, Karathanos A, Krieger
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Diese Studie untersuchte — ebenfalls aufbauend auf der Validierungsstudie 4.1.1 — den
Vergleich dreier Risikomodelle fiir die Vorhersage von Mortalitat im akuten Koronarsyndrom

in einem Dusseldorfer Patientenkollektiv.

In diesem klinischen Setting ist Risikoassessment fester Bestandteil der klinischen Routine:
Seit Uber 10 Jahren ist das GRACE-Risikomodell fur die Vorhersage der Krankenhaus- und 6-
Monats-Sterblichkeit in den europaischen Leitlinien (35, 84, 85) verankert und wird unter
anderem genutzt, um die Dringlichkeit invasiver Herzkatheteruntersuchungen bei hohem
ischamischem Risiko zu evaluieren. Seine Validierung ist jedoch 10-20 Jahre alt (55, 57, 86),

in diesem Zeitraum hat sich in der klinischen Routine viel gewandelt.

Wir haben daher die Leistungsindices zweier moderner Risikomodelle — des NCDR-
Mortalitadtsscores (82, 83) und des ACTION-Risikomodells (87, 88) — mit dem GRACE Modell
in 1567 Dusseldorfer Patienten mit akutem Koronarsyndrom (n=1002 mit NSTEMI, n=565 mit
STEMI) verglichen: Die besten Ergebnisse in der Risikodiskrimination aller drei Modelle
erreichte der NCDR-Mortalitatsscore (c-index 0,89), auch in NSTEMI und STEMI Subgruppen;
ACTION und GRACE Risikomodelle waren etwa gleichwertig mit trotzdem guter Performance
(c-index 0,84). Die Kalibration des NCDR- und GRACE-Modells hatte Defizite, wahrend
ACTION hervorragend kalibriert war.

Durch einen kontinuierlichen Wandel von Patientenkollektiven, Kathetertechniken und
Pharmakotherapie im akuten Koronarsyndrom sind altere Risikomodelle nicht mehr zweifellos
erste Wahl: Neue, moderne Modelle sind mindestens gleichwertig, insbesondere das NCDR-
Mortalitdtsmodell hat sich in diesem Dusseldorfer Patientenkollektiv bewahrt. Rekalibrierung
kann fir eine akkurate Vorhersage von Ereigniswahrscheinlichkeiten notwendig sein, wenn

ein Modell in neuen Kollektiven angewandt wird.
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temporary scores derived from ACTION (Acute Coronary Treatment and Intervention Outcomes Network) and
National Cardiovascular Data (NCDR) registries remains incompletely understood. We aimed to compare these
models in German ACS patients.

Methods and results: A total of 1567 patients with (Non-)ST-segment elevation myocardial infarction (NSTEMI:

ig;;oms' 1002 patients, STEMI: 565 patients) undergoing invasive management at University Hospital Diisseldorf

ACTION (Germany) from 2014 to 2018 were included. Overall in-hospital mortality was 7.5% (NSTEMI 3.7%, STEMI

GRACE 14.5%). Parameters for calculation of GRACE 1.0, GRACE 2.0, ACTION and NCDR risk models and in-hospital mor-

Risk prediction tality were assessed and risk model performance was compared. The GRACE 1.0 risk model for prediction of in-

Acute coronary syndrome hospital mortality discriminated risk superior (c-index 0.84) to its successor GRACE 2.0 (c-index 0.79,

I\NASTEEI\]"!T PerACELOvsGrRACEZ.0 = 0.0008). The NCDR model performed best in discrimination of risk in ACS overall (c-index
ortality

0.89; pactionvsncor < 0.0001; peracevsncor < 0.0001) and showed superior performance compared to GRACE in
NSTEMI and STEMI subgroups (pgracevsncor both < 0.02). ACTION and GRACE risk models performed
comparable to each other (both c-index 0.84, pcracevsacnion = 0.68), with advantages for ACTION in NSTEMI pa-
tients (c-index 0.87 vs. 0.84 (GRACE); pcracevsacrion = 0.02). ACTION and GRACE 2.0 showed the most accurate
calibration of all models.
Conclusions: In a contemporary German patient population with ACS, modern NCDR and ACTION risk models
showed superior performance in prediction of in-hospital mortality compared to the gold-standard GRACE
model.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Ischemic heart disease remains one of the leading causes of morbid-
ity and mortality in Europe and worldwide [1,2]. Invasive management
of acute coronary syndrome (ACS) has the potential to improve patient

Abbreviation: ACS, acute coronary syndrome; ACTION, Acute Coronary Treatment and outcomes in acute myocardial infarction with (STEMI) and without

Intervention Outcomes Network; AUC, area-under-the-curve; Cl, confidence interval;

GRACE, Global Registry of Acute Coronary Events; NCDR, National Cardiovascular Data
Registry; NSTEMI, Non-ST-segment elevation myocardial infarction; PCI, percutaneous
coronary intervention; ROC, receiver operating characteristic; STEMI, ST-segment eleva-
tion myocardial infarction.
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(NSTEMI) ST-segment elevation [3-6]. However, this also carries vari-
ous risks for complications depending on setting, procedural character-
istics and patients’ comorbidities. Adequate risk assessment and
subsequent clinical management are thus mandatory to optimize pa-
tient outcomes: Both the European and American cardiac societies rec-
ommend patient risk stratification in ACS [3-7] by use of the Global
Registry of Acute Coronary Events (GRACE) risk model [8-11], which
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has been prospectively validated for this setting. More recently, the
Acute Coronary Treatment and Intervention Outcomes Network (AC-
TION) [12,13] and the National Cardiovascular Data Registry (NCDR)
[14-19] risk models have been developed and validated in the setting
of ACS. Both were derived from larger and more contemporary registry
data and therefore may hold advantages over the GRACE model.

The performance of NCDR and ACTION models in comparison to the
GRACE model - the gold-standard in ACS - in a contemporary patient
cohort is unknown. We thus aimed to compare all three risk models in
their performance for prediction of in-hospital mortality in German pa-
tients with acute coronary syndrome.

2. Methods

This study was positively evaluated by the Ethics committee of the
Heinrich-Heine-University Diisseldorf (Study-No. 6050R, Registration-
ID: 2017074349) and is registered at clinicaltrials.gov (NCT03671356).

2.1. Patient characteristics, clinical settings and data collection

Patients presenting with NSTEMI and STEMI from 2014 to 2018
were eligible for inclusion in the study. Based on previous work by our
group [19] and an estimated event-rate of ~5% for in-hospital mortality,
at least 1500 included patients were deemed necessary to perform risk
model evaluation. Patient and procedural characteristics, symptoms
and clinical presentations and in-hospital clinical outcomes were ex-
tracted from medical records into a dedicated database. Patient charac-
teristics and NCDR risk model performance of the STEMI and NSTEMI
patient subgroups from 2014 to 2017 have been previously published
by our group [19]. NSTEMI patients from 2018 were additionally added.

2.2. Catheterization procedure

All patients were treated at our tertiary care hospital according to
European guideline-recommended clinical practice for acute coronary
syndrome by an interventionalist team (physician, assistant nurse and
technician). In case of emergencies, additional assistance was provided:
Cardiovascular intensive care, mechanical circulatory support
(Impella®, extracorporeal life support (ECLS), left ventricular assist de-
vices (LVAD)) and also cardiac surgery were routinely available.
Postprocedural treatment with optimal medical therapy [3,20] was con-
tinued on intensive or intermediate care units or on a normal care ward,
depending on clinical stability of the patient and at the discretion of the
interventionalist.

2.3. Clinical outcomes definitions

Primary outcome of interest for risk model performance evaluation
was in-hospital mortality, which was defined as any post-procedural
death within the same hospital admission (Table 3). Secondary out-
comes of major bleeding events (according to BARC [21]), acute kidney
injury (according to KDIGO [22]) and stroke are additionally reported
(Suppl. Table 1).

3. Statistics
3.1. Missing data

Missing data for clinical presentation and medical history variables
were imputed to “no”. Missing data relevant for risk model calculation
were imputed to the mean (continuous variables) or median (ordinal/
categorical variables) of the respective STEMI or NSTEMI subpopula-
tions. Details on missing data imputation are reported in the results sec-
tion, given as the percentage of all risk model data points (Suppl.
Tables 2-4) which were imputed.
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3.2. Data analysis

Data analysis was performed using Excel 2019 (Microsoft), SPSS 25
(IBM), MedCalc v18.21 (MedCalc Software, Belgium) and GraphPad
Prism 6.0 (GraphPad Software Inc.). Reclassification statistics were calcu-
lated using the package PredictABEL in R Studio v4.0.3. Continuous data
are presented as means =+ standard deviation (SD), ordinal or categorial
variables are presented as counts and % of total. Continuous data were
tested for normal distribution (according to Kolmogorov-Smirnov), all
tested variables were non-normally distributed and thus compared
using Mann-Whitney-U tests; categorical data were compared using
Chi-squared and Fisher's exact tests (for expected values < 5).

3.3. Risk model calculation and evaluation

The most updated versions of GRACE 1.0 [11], GRACE 2.0 [9], ACTION
[12] and NCDR [14] risk scoring models for prediction of in-hospital mor-
tality (Table 1) were applied to this ACS population for comparative per-
formance evaluation. The scores were calculated for individual patients as
follows: All relevant scoring variables were weighed according to model
definitions (Suppl. Tables 2-4; [10,12,14]); weighed variables were then
summarized, resulting in an individual summary risk score for each pa-
tient. The GRACE 2.0 risk model [9] was calculated using the GRACE
ACS risk calculator available on the authors® website (https://www.
outcomes-umassmed.org/grace/acs_risk2/index.html). After individual
summary risk score calculation, the discrimination performance of
each risk model for in-hospital mortality was analyzed using receiver op-
erating characteristics (ROC) curves with area-under-the-curve (AUC =
c-index) calculations as a cumulative measure; c-indices with 95% confi-
dence intervals (CI) are reported. Risk model discrimination performance
between models was compared using the DeLong method [23]; signifi-
cant differences were assumed at an c probability < 0.05. Subgroup anal-
yses were performed for NSTEMI and STEMI subsets and for PCl-only
patients, respectively (Table 3). Risk model calibration/goodness-of-fit
was graphically analyzed by comparison of expected vs. observed events
within risk strata (risk quintiles for GRACE 1.0, GRACE 2.0, NCDR and
ACTION models [9-12,14]). For reclassification analyses, arbitrary risk
categories (0-1%, 1-5% and 5-100%) were made and reclassification ta-
bles comparing NCDR and ACTION risk models to GRACE 1.0/GRACE 2.0
were analyzed for net reclassification improvements (NRI) and inte-
grated discrimination improvements (IDI).

4. Results
4.1. Patient and procedural characteristics

Atotal of 1567 patients with invasive management of acute coronary
syndrome of either NSTEMI (n = 1002, 63.9%) or STEMI (n = 565,
36.1%) were included; characteristics and NCDR risk model perfor-
mance of the STEMI patient subgroup have been previously published
by our group [19].

Patient and procedural characteristics are presented in Table 2.
Unstable angina was the primary symptom at admission (41.7%). Car-
diac arrest (4.9%; NSTEMI 3.2%; STEMI 7.8%) and cardiogenic shock
(9.2%; NSTEMI 7.2%; STEMI 12.8%) were frequently observed
(Table 2). Mechanical circulatory support was used in 87 patients
(5.6%; NSTEMI 2.4%; STEMI 11.2%) with Impella® (3.0%) and/or extra-
corporeal life support (2.6%).

4.2. Clinical outcomes

In-hospital all-cause mortality (7.5%; NSTEMI 3.7%; STEMI 14.5%;
p < 0.0001) was the primary outcome of interest for risk model perfor-
mance (Table 3) and significantly more frequent in STEMI patients. Sec-
ondary outcomes (Suppl. Table 1) of cardiovascular mortality (5.2%;
NSTEMI 2.8%; STEMI 94%; p < 0.0001) and major bleeding (7.6%;
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Table 1
Risk model characteristics.
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Risk model  Year of Recruitment  Recruitment Development  Development Discrimination External validation
publication  period region setting cohort size performance
(original / (c-indices)
update)
GRACE1.0  2003/2009 1999-2006  Global ACS (38% 48,023 0.84 Global [8], India [35], Canada [34], Japan [36],
(10,11) (14 countries) STEMI) Australia [37], Portugal [38]
GRACE 2.0 2014 2002-2007 Global (14 ACS (36% 32,037 0.83 (1-year) France [9], USA [40],
(9) countries) STEMI) Portugal [56],
United Kingdom [57]
ACTION 2011 /2016  2012-2013 us ACS (39% 145,952 0.88 Spain [43]
[12,13] STEMI) China [44]
NCDR 2010/2013  2009-2011 us Al PCI 724,883 093 Portugal [42]
[14,15] (elective and Germany [19]
ACS)

Risk model characteristics for the three models, including details on development, original performance and external validation. Unless specified otherwise, reported data belong to the
most updated version of the respective model. STEMI = ST-segment elevation myocardial infarction; US = United States.

NSTEMI 5.9%; STEMI 10.6%; p = 0.001) also occurred more frequently in
STEMI patients, while acute kidney injury (22.8%; NSTEMI 22.1%; STEMI
23.7%; p = 0.51) and stroke (0.4%; NSTEMI 0.3%; STEMI 0.5%; p = 0.48)
showed no differences.

4.3. Risk model performance evaluation
Characteristics of the GRACE [9-11], ACTION [12,13] and NCDR

[14,15] risk models for prediction of in-hospital mortality are reported
in Table 1.

Table 2
Patient and procedural characteristics.
All NSTEMI STEMI
(n=1567) (n=1002, 64%) (n= 565,
36%)

Patient characteristics
Age (y) 69.7 + 12,5 722 +113 65.1+ 13.4
BMI 273 +52 276 +£53 26.7 + 4.8
Male sex 1099 (70.1) 700 (69.9) 399 (70.7)
Arterial hypertension 1195(76.3) 844 (84.2) 351 (62.1)
Hyperlipoproteinemia 627 (40.0) 446 (44.5) 181 (32.0)
Diabetes mellitus 460 (29.4) 365 (36.4) 95 (16.8)
CKD (eGFR <60 ml/min) 481 (30.7) 323 (32.2) 158 (28.0)
Chronic dialysis 54 (3.4) 43 (43) 11(1.9)
Chronic lung disease 236 (15.1) 191 (19.1) 45 (8.0)
Coronary artery disease 614 (39.2) 507 (50.6) 107 (19.0)
Peripheral artery disease 188 (12.0) 149 (14.9) 39 (6.9)
Prior CABG 157 (10.0) 153 (15.3) 4(0.7)
Prior PCI 329 (21.0) 309 (30.8) 20(3.5)
Symptoms at admission
Unstable angina 654 (41.7) 391 (39.0) 263 (46.5)
Cardiac arrest within 24 h 76 (4.9) 32(3.2) 44 (7.8)
Endotracheal intubation 58 (3.7) 37(3.7) 21(3.7)
Cardiogenic shock 144 (9.2) 72(7.2) 72(12.7)
Procedural characteristics
Primary vascular access 344/651/04 415/57.8/07 203/79.7/
radial / femoral / brachial (%) 0
PCI performed 1052 (67.1) 519 (51.8) 533 (94.3)

PClin LM 46.2 /194 /334 45.7/23.6/28.7 469/14.6/

+LAD/RCX/RCA/Bypass (%) /1.0 /19 385
Impella® mechanical support 47 (3.0) 20(2.0) 27 (4.8)
Extracorporeal life support 40 (2.6) 4(04) 36(6.4)

Patient characteristics, comorbidities, symptoms at admission and procedural characteris-
tics for the ACS population (left column) and separately for patient subsets of NSTEMI and
STEMIL. Data are presented as n (%) or as mean + SD, unless specified differently. (N)STEMI
= (Non) ST-segment elevation myocardial infarction; BMI = body-mass-index; CKD =
chronic kidney disease; eGFR = estimated glomerular filtration rate; CABG = coronary ar-
tery bypass grafting; P( = percutaneous coronary intervention; LM = left main; LAD =
left anterior descending artery; RCX = ramus circumflexus; RCA = right coronary artery.
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4.3.1. Missing data

For calculation of the GRACE risk models (Suppl. Table 2) 2.46%
missing data for variables of systolic blood pressure (n = 145),
heart rate (n = 120), creatinine (n = 13) and cardiac enzyme levels
(n = 30) were imputed. For the ACTION risk model (Suppl. Table 3)
2.19% missing data for variables of systolic blood pressure (n = 145),
heart rate (n = 120), creatinine clearance (n = 14) and troponin
(n = 30) were imputed. For the NCDR risk model (Suppl. Table 4)
3.40% missing data for variables of body mass index (n = 61), glomeru-
lar filtration rate (n = 14), ejection fraction (n = 83), troponin
(n = 30), heart rate (n = 120), systolic blood pressure (n = 145) and
NYHA class (n = 440) were imputed.

Table 3
Risk model discrimination and calibration performance.
All NSTEMI STEMI
(n =1567) (n=1002, (n = 565,
64%) 36%)
In-hospital mortality 119 (7.5) 37 (3.7) 82 (14.5)
Risk model discrimination
GRACE 1.0 0.84 0.84 0.83
(0.80-0.87) (0.78-0.89)  (0.79-0.88)
GRACE 2.0 0.79 0.74 0.83
(0.75-0.83)  (0.66-0.83)  (0.78-0.87)
ACTION 0.84 0.87 0.84
(0.80-0.87)  (0.83-0.92) (0.80-0.89)
NCDR 0.89 0.90 0.86
(0.87-092)  (0.86-0.94)  (0.82-0.90)
Statistical comparison
GRACE 1.0 vs. ACTION p = 0.675 p= 0018 p=0303
(PcracevsacTioN)
GRACE 1.0 vs. NCDR p < 0.0001 p = 0.007 p=0018
(PgracevsNcoR)
ACTION vs. NCDR p < 0.0001 p = 0.099 p=0.104
(PacTionvsncDR)
Risk model calibration — Mean risk prediction
GRACE 1.0 122 £152% 11.1 £ 13.5% 143 = 17.6%
GRACE 2.0 6.5 + 11.6% 6.2 + 10.6% 72+ 13.1%
ACTION 7.0+11.7% 67 +107% 754 13.4%
NCDR 64+11.3% 504+ 101% 894 12.7%

In-hospital mortality, comparative risk model discrimination performance analysis and
calibration indices (mean risk prediction) presented for the ACS population (left column)
and separately for patient subsets of STEMI and NSTEMI. Mortality is reported as n (%).
Model discrimination is reported as areas-under-the-curve (AUC, c-indices) of receiver-
operating-characteristic (ROC) analyses with 95% confidence intervals; mean risk predic-
tion is reported as mean + standard deviation. Statistical comparisons of c-indices were
performed using the DeLong method [23]; p < 0.05 was considered statistically significant.
(N)STEMI = (Non) ST-segment elevation myocardial infarction.
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4.3.2. Risk model discrimination (Fig. 1 and Table 3)

The GRACE 1.0 model discriminated risk significantly better than its
successor GRACE 2.0 (c-index 0.84 vs. 0.79, 95% (I 0.75to 0.83;
Deracet.ovsGrace2.0 = 0.0008, Fig. 1). All c-index comparisons of GRACE
to ACTION and NCDR models thus were performed on GRACE 1.0 data.

In the overall ACS population, the GRACE (c-index 0.84, 95% CI 0.80
to 0.87) and ACTION (c-index 0.84, 95% CI 0.80 to 0.87; pcracevsacTion
= 0.657) risk models showed good discrimination of risk for in-
hospital mortality; the NCDR risk model (c-index 0.89, 95% CI 0.87 to
0.92) was significantly more accurate than both (pgracevsnepr and
Pactionvsnepr < 0.0001). Only the GRACE model thus met its original
performance from development populations (Table 1), while ACTION
and NCDR showed slightly lower c-indices (Table 3: GRACE/ACTION/
NCDR original c-indices 0.84/0.88/0.93, respectively).

In the subpopulation of patients presenting with NSTEMI, the GRACE
model (c-index 0.84, 95% C1 0.78 to 0.89) performed significantly infe-
rior to ACTION (c-index 0.87, 95% CI 0.83 to 0.92; pGrACEvsACTION =
0.018) and especially NCDR models (c-index 0.90, 95% CI 0.86 to 0.94;
Pcracevsnepr = 0.007). ACTION and NCDR models did not differ
significantly (pacrionvsneor = 0.099). In STEMI patients, the GRACE
model (c-index 0.83, 95% C1 0.79 to 0.88) also fell numerically behind
ACTION (c-index 0.84, 95% CI 0.80 to 0.89; pcraceivsaction = 0.30) and
especially NCDR models (c-index 0.86, 95% Cl 0.82 to 0.90; pracevsNeDR
= 0.018). ACTION and NCDR models again did not differ significantly
(Pacrionvsncor = 0.10). There were no significant within-model perfor-
mance differences between subgroups of NSTEMI vs. STEMI patients
(Table 3; ACTION p = 0.35; NCDR p = 0.17; GRACE p = 0.89). In a sen-
sitivity analysis restricted only to patients who received PCI (n = 1052),
results of GRACE (c-index 0.83), ACTION (c-index 0.84) and NCDR (c-
index 0.88; pcracevsneor and pactionvsneor both < 0.01) comparisons
were not different to the overall cohort (Table 3).

4.3.3. Risk model calibration (Fig. 2 and Table 3)

Comparative graphical analysis of risk model calibration is depicted
in Fig. 2: ACTION (Fig. 2C) showed the most accurate calibration, while
GRACE 1.0 (Fig. 2A) overestimated and NCDR (Fig. 2D) underestimated
mortality risk in our cohort, especially in high-risk patients. Compared
to the GRACE 1.0 model, GRACE 2.0 was more evenly calibrated across
risk quintiles (Fig. 2A and B). This was also evident in calculated mean
risk for in-hospital mortality, which was 12.2 4+ 15.2% for GRACE 1.0,
6.5 + 10.6% for GRACE 2.0, 7.6 + 11.9% for ACTION and 6.4 + 11.3%
for NCDR risk models, respectively (Table 3). On average, all models —
least of them NCDR - tended to overestimate risk in NSTEMI patients,
ACTION and GRACE underestimated risk in STEMI (Table 3).

A) All patients (n = 1,567)

B) NSTEMI patients only (n = 1,002)
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4.3.4. Risk model reclassification (Suppl. Tables 5-8)

The reclassification tables (Suppl. Tables 5 and 6) comparing NCDR
and ACTION risk models to the GRACE 1.0 risk model revealed that
NCDR and ACTION risk models tended to reclassify patients without
events to lower risk categories, while there was no improvement in re-
classification of patients with events to higher risk categories (Suppl.
Table 5-6). Overall, the continuous (category-free) net reclassification
improvement (NRI) for NCDR vs. GRACE 1.0 (NRI 0.267, 95% C10.102
t00.431; p = 0.002) was significant, while there was no significant con-
tinuous net reclassification improvement for ACTION vs. GRACE 1.0 (NRI
0.142, 95% (1 -0.006 to 0.291; p = 0.06) in the overall cohort. Compar-
ison with the GRACE 2.0 risk model revealed a significant continuous
net reclassification improvement for NCDR (NRI 0.328, 95% CI 0.145 to
0.508; p = 0.0004) as well as ACTION (NRI 0.277, 95% CI 0.094 to
0.459; p = 0.003) risk models (Suppl. Table 7-8).

5. Discussion

We here present a comparative performance evaluation of the
GRACE [10,11,24], ACTION [12,13] and NCDR [14,15] risk models for
prediction of in-hospital mortality in German patients with ACS. Main
results are: 1) all three risk scores showed good performance in ACS;
2) the modern NCDR and - to a lesser extent — ACTION risk models dis-
criminated superior to the GRACE models; 3) there were no significant
within-model differences in performance for NSTEMI vs. STEMI patient
subgroups.

An abundance of risk models for cardiovascular clinical practice de-
veloped from registry patient populations is available [25]. Application
of such a model to a different patient population or to different clinical
practice - e.g. due to progress in medical or interventional therapy
|26-30] - may render risk model performance inaccurate [31], as either
relative weights of risk factors within a model change or new risk factors
demand incorporation. Temporal, geographical and domain validation
of risk models is thus critical to retain performance [32], but only very
few of the available cardiovascular risk models have been externally val-
idated [33]. However, as risk stratification with ACS models - especially
the gold-standard GRACE model - with scoring-dependent manage-
ment is guideline-recommended clinical practice for ACS [3-7], reeval-
uation and improvement of risk model performance may have direct
impact on patient outcomes and is thus of utmost importance to ensure
quality of cardiovascular care in ACS.

The GRACE registry prospectively included a multinational cohort of
>102,000 ACS patients from 30 countries and nearly 250 hospitals
between 1999 and 2009. The GRACE 1.0 model for prediction of

C) STEMI patients only (n = 565)
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Fig. 1. Risk model discrimination. Comparative risk model discrimination performance analysis of ROC curves of ACTION, GRACE and NCDR risk models for in-hospital mortality, including
all patients with ACS (A), and for the subsets of patients with NSTEMI (B) and STEMI (C), respectively. (N)STEMI = (Non) ST-segment elevation myocardial infarction. Statistical
comparisons between models were performed using the DeLong method [20], results are reported in Table 3.
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Fig. 2. Risk model calibration. Risk model calibration for A) GRACE 1.0, B) GRACE 2.0,C) ACTION and D) NCDR risk models, comparing observed and predicted mortality in risk quintiles of

all patients with acute coronary syndrome.

in-hospital mortality was first developed in 11,389 ACS patients in 2003
[10] and later updated in 48,023 patients [11] (38% STEMI, c-index 0.84,
Table 1). It underwent extensive external validation [34-37], including
extension to 6-month and 1-year mortality prediction [8,38]; it has
proven its value to judge early vs. delayed invasive management strate-
gies in ACS [39]. Its successor - the GRACE 2.0 model [9] - implemented
non-linear associations and improved ease-of-use for the bedside; it
was also externally validated, including longer-term follow-ups up to
1 and 3 years [9,40]. However, its validation for in-hospital mortality -
the outcome of interest in this study — cannot rival its predecessor,
which may partly explain its inferior discrimination performance com-
pared to GRACE 1.0 [11] for our in-hospital mortality analysis. We thus
report transparent results for both models in the results section. Apart
from extensive external validation, there is an ongoing study (UK
GRACE Intervention Study, UKGRIS) to assess the effectiveness of the
systematic clinical application of the GRACE risk score and the impact
of GRACE risk score dependent management on clinical outcomes
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|41]. The current guidelines of the European Society of Cardiology on
the management of patients with non-ST-segment myocardial infarc-
tion contain a class Ila recommendation for risk stratification with the
GRACE risk model [7].

The NCDR risk model for in-hospital mortality [15] was developed
from a multicentric US registry population, including 181,775 PCl proce-
dures in all risk categories - ranging from elective PCI to STEMI and car-
diogenic shock. It was updated in 2013 in 724,883 patients to improve
risk prediction in high-risk populations [14] and reached an unsur-
passed c-index of 0.93 in its original cohort. It was externally validated
in Portuguese [42] and German [19] populations. Longer-term follow-
ups have not been evaluated thus far. Corresponding NCDR risk models
for prediction of in-hospital acute kidney injury [17] and bleeding [16]
events are also available.

The ACTION risk model for in-hospital mortality was developed from
the homonymous multicentric US registry cohort of 65,668 patients
with acute myocardial infarction (40% STEMI) [13]. It was updated in
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2016 [12] with patients included from 2012 to 2013, reaching an excel-
lent c-index of 0.88. The original model has been externally validated in
aSpanish cohort[43], the update in China regarding prediction of 1-year
mortality [44]. This is the first external validation of the updated score
for in-hospital mortality [12]. A corresponding bleeding model is also
available [45].

This study evaluated all three risk scores in a performance compari-
son in German patients with ACS - in a cohort of comparable risk (36%
STEMI, 64% NSTEMI) to the GRACE and ACTION development cohorts
(38% and 39% STEMI, respectively [11,12]). All three models discrimi-
nated risk well (Table 3 and Fig. 1), in NSTEMI as well as in STEMI, al-
though a consistent loss of discrimination of ~0.04 in c-index
compared to original cohorts was observed for NCDR and ACTION
models (Tables 1 and 3). However, significant performance advantages
over the GRACE model are evident, especially for the NCDR model
(Table 3 and Fig. 1: peracevsnepr < 0.05 overall and for both NSTEMI
and STEMI subgroups) and - to a lesser extent - for the ACTION
model (Table 3 and Fig. 1: p = 0.02 for NSTEMI patients). The NCDR
model performed significantly better than the ACTION model in the
overall cohort, however did not reach significance within subgroups
(Table 3).

A similar study by Raposeiras-Roubin et al. compared ACTION and
GRACE risk models in ACS patients, as well as the NCDR risk model in
the subgroup of patients undergoing PCI [43]. Their analyses showed
no difference between the ACTION and GRACE risk model and an infe-
rior performance for the NCDR risk model. Reasons for the divergent re-
sults may lie in different patient cohorts, as the recruitment period was
more than a decade ago. In the present study, we applied updated ver-
sions of the NCDR and ACTION risk models — published in 2013 and
2016 respectively [12,14] - to a more contemporary patient cohort.

This study thus finds first evidence that for prediction of in-hospital
mortality in ACS — while still being a good tool - the GRACE model may
not be the best choice anymore. Reasons may lie in the more contempo-
rary and larger development cohorts of NCDR and ACTION models, po-
tentially also in higher data quality in digitalized modern health
services, which facilitate model development. Due to rapidly evolving
medical technology and a society undergoing demographic change,
clinical practice in interventional cardiology has changed tremendously
since the original GRACE model was established: ACS patients more fre-
quently undergo invasive management instead of medical therapy
[3,5,46], PCl indications have expanded for multivessel- and left-main
coronary artery disease [20,47-49], primary vascular access has shifted
from transfemoral to transradial approaches [3,5,50]. Patients undergo-
ing cardiac catheterization are now older and feature more comorbidi-
ties [51-53], pharmacological therapy (e.g. platelet inhibition) has
changed [26,27,54] and modern drug-eluting stent systems have re-
duced coronary complications [29].

These findings may thus prompt additional studies on this important
topic and eventually a reevaluation of recommendations for clinical
practice. There is a need for randomized clinical trials evaluating the im-
pact of risk-adjusted management on clinical outcomes especially for
risk stratification based on the NCDR and ACTION risk models since
data on this important topic are sparse.

Apart from in-hospital clinical outcomes, the prognosis after ACS is
also determined by adverse events occurring during the first year or
later [55]. Thus risk stratification is also recommended for longer-term
mortality, in order to identify patients at risk after discharge from hospi-
tal [3-6]. In contrast to ACTION and NCDR risk models, GRACE risk
models have also been prospectively validated to estimate long-term
mortality up to three years [8,9,38,40], therefore providing a useful
tool to identify patients with higher risk after discharge.

Particular strengths of our study are the inclusion of the whole range
of risk in ACS from low-risk NSTEMI to highest-risk STEMI in cardio-
genic shock, the good data quality with low need for imputation and
the comprehensive comparison of the three risk models. Limitations
lie in the retrospective and monocentric study design, which limits
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generalizability and conclusions to German - or at best European -
clinical practice. As long-term outcome data were not available for
this cohort, our comparative analysis was limited to evaluation of
in-hospital mortality prediction.

6. Conclusion

In a contemporary German patient population with acute coronary
syndrome, modern NCDR and ACTION risk models show superior
performance in prediction of in-hospital mortality compared to the
gold-standard GRACE model - which nonetheless still performed well
and remains the sole tool for long-term risk prediction in ACS.
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Chirurgische Risikomodelle wie der EUROScore l/ll (89, 90) oder der STS-Score (91) werden
routinemalig bei Patienten mit hochgradiger Aortenklappenstenose genutzt, um das Risiko
eines Transkatheter-Aortenklappenersatzes (TAVI) einzuschatzen. Jedoch sind diese nicht in
TAVI-Prozeduren entwickelt und validiert worden, weshalb ihre Leistung in diesem
Patientenkollektiv haufig schlecht ist. TAVI-spezifische Modelle sind aus groRen Kohorten

entwickelt worden, um das praprozedurale Risikoassessment vor TAVI zu verbessern.

Ziel dieser Studie war es, die Vorhersage des Mortalitatsrisikos nach einem TAVI-Eingriff bei
Patienten mit hochgradiger Aortenklappenstenose mittels dreier chirurgischer Risikomodelle
(Logistischer EUROScore I, EUROScore Il, STS PROM Score (89-91)) und dreier TAVI-
spezifischer Risikomodelle (FRANCE-2, OBSERVANT, GAVS-2 (92-94)) einzuschatzen.
Dafiir wurden alle sechs Risikomodelle retrospektiv in einer TAVI-Kohorte von 2946 Patienten
der Deutschen Rhein-Transregio-Aortenklappenkohorte berechnet und im Hinblick auf die
Vorhersage von 30-Tages-Sterblichkeit untersucht. Dabei wurden transfemorale und

transapikale TAVI-Eingriffe in Subanalysen unterschieden.

Die Risikodiskrimination der verschiedenen Modelle war — unabhangig, ob es sich um
chirurgische oder TAVI-spezifische Scores handelte — gleichermalien schlecht: C-Werte der
ROC-Analysen reichten von 0,60 (OBSERVANT) bis 0,67 (STS PROM), ohne signifikante
Unterschiede. Die Kalibration der Scores war ebenfalls schwankend: alle sechs Modelle
Uberschatzten die Sterblichkeit (im Mittel 3,7%), teilweise sogar dramatisch (z.B. LogES | mit
23,4% * 15,9%) und besonders in Hochrisiko-Patienten. Es ergaben sich keine Unterschiede

zwischen transfemoralen und transapikalen Prozeduren.

Zusammenfassend zeigte sich, dass im Risikoassessment flr den Transkatheter-
Aortenklappenersatz — insbesondere im Vergleich zu den in 4.1.1 bis 4.1.3 evaluierten
koronaren Risikomodellen — noch erhebliche Schwachen bestehen. Ursache kann sein, dass
sich diese interventionellen Eingriffe noch sehr rasch weiterentwickeln und die zur Verfligung
stehenden Entwicklungskohorten noch klein und heterogen sind. Neue Modelle oder Updates

bestehender Modelle sind notwendig, um hier die Leistung zu verbessern.
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Abstract

Background Surgical risk prediction models are routinely used to guide decision-making for transcatheter aortic valve
replacement (TAVR). New and updated TAVR-specific models have been developed to improve risk stratification; however,
the best option remains unknown.

Objective To perform a comparative validation study of six risk models for the prediction of 30-day mortality in TAVR
Methods and results A total of 2946 patients undergoing transfemoral (TF, n=2625) or transapical (TA, n=321) TAVR
from 2008 to 2018 from the German Rhine Transregio Aortic Diseases cohort were included. Six surgical and TAVR-specific
risk scoring models (LogES 1. ES 11, STS PROM, FRANCE-2, OBSERVANT, GAVS-II) were evaluated for the predic-
tion of 30-day mortality. Observed 30-day mortality was 3.7% (TF 3.2%; TA 7.5%), mean 30-day mortality risk prediction
varied from 5.8 +5.0% (OBSERVANT) to 23.4 +15.9% (LogES I). Discrimination performance (ROC analysis, c-indices)
ranged from 0.60 (OBSERVANT) to 0.67 (STS PROM), without significant differences between models, between TF or TA
approach or over time. STS PROM discriminated numerically best in TF TAVR (c-index 0.66; range of c-indices 0.60 to
0.66); performance was very similar in TA TAVR (LogES I, ES II, FRANCE-2 and GAVS-II all with c-index 0.67). Regard-
ing calibration, all risk scoring models—especially LogES I—overestimated mortality risk, especially in high-risk patients.
Conclusions Surgical as well as TAVR-specific risk scoring models showed mediocre performance in prediction of 30-day
mortality risk for TAVR in the German Rhine Transregio Aortic Diseases cohort. Development of new or updated risk models
is necessary to improve risk stratification.
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Abbreviations

ESI EuroSCORE 11

EuroSCORE  European System for Cardiac Operative
Risk Evaluation

GAVS-1I German Aortic Valve Score (2nd update)

LogESI Logistic EuroSCORE 1

OBSERVANT Observational study of appropriateness,
efficacy and effectiveness of AVR-TAVR
procedures for the treatment of severe
symptomatic aortic stenosis

STS (PROM)  Society of Thoracic Surgeons Predicted
Risk of Mortality

TAVR Transcatheter aortic valve replacement

Introduction

Transcatheter aortic valve replacement (TAVR) is the treat-
ment option of choice in inoperable and high-risk patients
with severe aortic valve stenosis [, 2] and recently showed
favorable outcomes also in intermediate-risk [3, 4] and low-
risk patients [5, 6]. Patient and procedural characteristics
determine risk for adverse clinical outcomes. Cardiovascu-
lar societies recommend clinical decision-making for TAVR
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within the Heart Team [1, 2], assisted by the use of statistical
risk scoring models for individual patient risk stratification.
Classical surgical risk models such as logistic EuroSCORE 1
(LogEST) [7, 8]. its update EuroSCORE IT (ES II) [9], or the
Society of Thoracic Surgeons Predicted Risk of Mortality
model (STS PROM) [10] are routinely used to gauge opera-
tive risk; however, they are known to overestimate mortality
risk in TAVR [11-13]. Several TAVR-specific risk assess-
ment models have been developed from national registry
databases to optimize the predictive performance in the
context of TAVR [14-16]. However, the optimal approach
to risk prediction in TAVR still remains unknown, as their
performance has been poor in validation studies [12, 17, 18].

We here aimed to evaluate the 30-day mortalny predic-
tion performance of six surgery- and TAVR-specific risk
models (Table 1) in our German Rhine Transregio Aortic
Diseases cohort of patients undergoing TAVR.

Methods
Study population and data collection

This study was performed as an all-comer analysis of
patients treated with either TF or TA TAVR between 2008
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Table 1 Risk model characteristics

Risk model Year of publica-  Recruitment Recruitment Cobhort size: devel- Procedure charac- Discrimination per-
tion period region opment/validation teristics formance (c-indices
(n) in validation cohort)
LogESI|[7, 8] 199972003 1995 Europe 13.302/1479 Cardiac surgery 0.76
ESII[9] 2012 2010 Worldwide, 16,828/5553 Cardiac surgery 0.81
predominantly
Europe
STSPROM [10] 2009 2002-2006 us 65,855/43,904 Cardiac valve 0.80
surgery
FRANCE-2 [15] 2014 2010-2011 France+ Monaco  2552/1281 TAVR (TF 73.4%, 0.59
TA 17.8%, other
8.8%)
OBSERVANT 2014 2010-2012 Italy 1256/622 TAVR 0.71
[14]
GAVS-1I 2017 2011-2012 Germany 9027/9027 55% surgical 0.74
[16] AVR, 45%
TAVR

Characteristics of the analyzed risk models for the prediction of 30-day mortality risk in TAVR

and 2018 at the Heart Centers in Diisseldorf and Bonn, Ger-
many, within the Rhine Transregio research consortium on
aortic diseases. All patients were referred for TAVR pro-
cedures by local heart teams according to contemporary
clinical practice and provided written informed consent for
inclusion in prospective registries, with collection of clini-
cal, procedural and follow-up data. The study was performed
in accordance with the Declaration of Helsinki. The institu-
tional Ethics Committee of the Heinrich-Heine University
approved the study protocol (4080).

Clinical outcomes were systematically assessed using the
Valve Academic Research Consortium consensus statement
[19]. Primary clinical outcome of interest for risk model
performance evaluation was 30-day mortality, secondary in-
hospital outcomes are additionally reported.

Statistics

Statistical and graphical data analysis was performed
using Excel (Microsoft, USA), SPSS (version 23.0, SPSS
Inc., Chicago, IL, USA), MedCalc 18.10 (MedCalc Soft-
ware, Belgium) and GraphPad Prism (version 7.0, Graph-
pad Software, San Diego, CA, USA). Continuous data are
described as means + standard deviation (SD), ordinal/
categorical data as counts and % of total, and receiver-
operating-characteristic (ROC) curve analysis is summa-
rized as c-indices (area-under-the-curve) with 95% confi-
dence intervals (CI). Continuous variables were evaluated
for normal distribution using the Kolmogorov—Smirnov
test and compared with either Student’s ¢ tests (for nor-
mally distributed samples) or Mann—Whitney-U tests;
categorical data were compared with Chi-squared tests
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or Fisher’s exact tests (for expected values <5); ROC
curves were compared using a non-parametric approach
according to DeLong et al. [20]. All statistical tests were
two tailed and an o probability of p <0.05 was considered
statistically significant.

Six risk models for the prediction of 30-day mortal-
ity (Table 1: LogES 1 [7, 8], ES 1I [9]. STS PROM [10],
FRANCE-2 [15], OBSERVANT [14] and GAVS-II [16])
were calculated for individual patients. LogES I, ES IT and
STS were routinely available in the databases and used for
heart team decision-making. FRANCE-2, OBSERVANT
and GAVS-II were calculated as follows: (1) relevant varia-
bles (for details, see Supplementary material) were weighed
according to model definitions: (2) weighed variables were
transformed into 30-day mortality probability predictions
according to model definitions. Missing values necessary for
risk model calculation were imputed to the mean (continu-
ous) or median (categorical) of the whole population. Risk
model discrimination accuracy was evaluated using ROC
analysis and the ¢-index [area-under-the-curve (AUC)] as
a cumulative measure; risk model calibration accuracy/
goodness-of-fit was evaluated by stratification of patients
into risk quintiles and comparison of observed vs. expected
events within risk strata; additionally, it was formally tested
by calculation of a logistic regression model for 30-day mor-
tality, with the score value as independent variable and the
Hosmer—Lemeshow goodness-of-fit test [21]. Prespecified
analyses of patients stratified by TF vs. TA approach, time
period of the procedure and prosthetic valve device types
were additionally performed to account for learning curves
and technical developments.
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Results
Patient population

A total of 2,946 patients underwent TAVR between 2008 and
2018 at the German Heart Centers of Diisseldorf (n=1605)
and Bonn (n=1341) and were included in this analysis, with
2.625 TF TAVR (89%) and 321 TA TAVR (11%) proce-
dures, respectively. Mean age was 80.9 +6.1 years (Suppl.
Table 1), patients suffered from a high-cardiovascular-risk
profile, including comorbidities of cardiovascular disease
(67% coronary artery disease), previous cardiac interven-
tional or surgical procedures (39% previous PCI. 15% pre-
vious CABG) and diabetes mellitus (30%). Characteristics
differed significantly between patients treated with TF and
TA TAVR procedures (Suppl. Table 1).

Procedural characteristics across the TAVR era

TAVR developed from a rare procedure with high mortal-
ity (2008/2009: n =61 with~ 10% mortality) to a high-vol-
ume routine procedure (2018: n=538 with 1.5% mortality)
with low adverse events and shortened procedure duration
(Table 2), which reflects a learning curve as well as con-
tinuous technical development. Patient age and estimated
surgical mortality risk (LogES I) only declined marginally.
TF TAVR became the primary access of choice (95.5% of
procedures in 2018) over TA TAVR. The self-expandable
Medtronic valves in different generations (early: CoreValve;
newer generations: Evolut R and Evolut R Pro) were pre-
ferred to the balloon-expandable Edwards valves (early:

Table 2 Patient and procedural characteristics across the study period

Sapien XT; newer generation: Sapien 3) in TF TAVR; the
latter were the primary choice in TA TAVR (Suppl. Table 1).

Clinical outcomes

The primary outcome of 30-day mortality occurred in 3.7%
overall, more likely in TA vs. TF TAVR patients (7.5% vs.
3.2%: p<0.0001). Secondary clinical outcomes according to
VARC-2 criteria are additionally reported in Suppl. Table 2.

Risk model performance for the prediction
of 30-day mortality

Risk model characteristics are provided in Table 1 and in the
Supplementary material.

Model discrimination

Risk model discrimination performance indices are reported
in Table 3A, Fig. 1 and Table 4: ROC analyses showed
mediocre performance of all risk models, without signifi-
cant differences between them. Numerically, STS PROM
(c-index 0.67, 95% C10.62-0.72) performed best, followed
by FRANCE-2 (c-index 0.66, 95% CI 0.60-0.71) and ES 1I
(c-index 0.65, 95% CI1 0.60-0.70), OBSERVANT performed
worst (c-index 0.60, 95% CI 0.55-0.66). All risk models
performed worse than in their original validation cohorts
(Table 1), except for FRANCE-2 (c-index 0.66 vs. 0.59 orig-
inal). STS PROM showed the most consistent performance
across TF and TA TAVR subgroups (both c-indices 0.66),
while OBSERVANT performed numerically worst in both.

Year Age, years LogEST Patient count, n New gen. device, TF/TATAVR.n/n Procedure  Contrast volume,  30-Day
(%) n (%) (% TF) duration, ml mortality, n
min (%)

2008  84.5+4.6 317+17.6 17(0.6) 0 (0) 17/0 (100) 59.1+240 186.3+45.8 1(5.9)
2009 79.1x6.7 27.5+18.1 44(1.5) 0(0) 43/1 (97.7) 759+29.1 217.1+76.8 5(11.4)
2010 825+5.7 264x145 78(2.6) 0(0) 60/18 (76.9) 82.6+46.1 192.1+80.9 5(6.4)
2011 809+63 232+14.1 188(6.4) 0(0) 156/32 (83.0) 853+390 1669+75.1 11(5.9)
2012 8l.1x6.1 2264142 118(4.0) 0(0) 88/30 (74.6) 88.6+30.7 1453+88.6 9(7.6)
2013 81.5+6.1 2254162 212(7.2) 15(7.1) 187/25 (88.2) 76.6+27.0 128.7+27.0 9(4.2)
2014 80.7+6.0 21.0+15.0 297 (10.1) 125 (42.1) 252/45 (84.8) 78.2+31.4 143.7+60.2 13 (4.4)
2015 80.7+5.9 26.0+17.9 361(12.3) 318 (88.1) 323/38 (89.5) 96.9+43.9 138.7+49.8 14 (3.9)
2016 80.4x6.0 24.6x15.8 466(15.8) 461 (98.9) 406/60 (87.1) 87.2+352 121.7+£393 12(2.6)
2017 81.0+£6.3 23.7+16.1 627 (21.3) 627 (100) 579/48 (92.3) 71.5+329 1199+46.5 21(3.4)
2018 80.7+6.1 21.0+15.0 538(18.3) 538 (100) 514/24 (95.5) 64.9+27.4 106.1+46.1 8 (1.5)
Overall 80.9+6.1 23.4+159 2946 (100) 2084 (70.7) 2625/321 (89.1) 78.7+355 130.3+£56.0 108 (3.7)

Patient and procedural characteristics of TAVR from 2008 to 2018 and overall means/counts. Continuous variables are displayed as mean with
standard deviation, categorical variables as n (%), unless specified differently

TF transfemoral, TA transapical, TAVR transcatheter aortic valve replacement, LogES I Logistic EuroScore I
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Table 3 Risk model performance for the prediction of 30-day mortality risk in TAVR

(A) Model discrimination: ROC analysis

(B) Model calibration: prediction of 30-day mortality risk

Risk model All patients TF TAVR TA TAVR All patients TF TAVR TA TAVR (n=321)
(n=2946) (n=2625) (n=321) (n=2946) (n=2625)
LogES1 [7, 8] 0.63 (0.58-0.68)  0.61 (0.55-0.67)  0.67 (0.56-0.78)  23.4+15.9 22.8+15.7% 28.0+16.9*
(1.1-95.0) (1.1-95.0) (2.5-88.4)

ESII[9] 0.65 (0.60-0.70)  0.64(0.58-0.70)  0.67 (0.55-0.79)  7.5+7.4(0.5-78.1) 7.3+7.2% (0.5~  9.3+8.8*

78.1) (1.0-56.1)
STSPROM [10]  0.67 (0.62-0.72)  0.66 (0.60-0.72)  0.66 (0.57-0.76)  6.2+5.7 (0.5-69.3) 6.1+5.6* (0.6-  7.5+6.7*

69.3) (0.6-58.1)
FRANCE-2[15]  0.66 (0.60-0.71)  0.63 (0.57-0.69)  0.67 (0.55-0.79)  9.2+6.8 (4.0-62.0) 83+5.6% (4.0- 16.3+10.7*

55.0) (6.8-62.0)
OBSERVANT 0.60 (0.55-0.66)  0.60 (0.54-0.67)  0.38 (0.47-0.68)  5.8+5.0 (1.8-58.7) 5.7+5.0(1.8-58.7) 6.2+4.9 (1.8-33.2)

[14]

GAVS-TI [16] 0.63 (0.58-0.69)  0.62 (0.56-0.69)  0.67 (0.56-0.78)  9.4+9.6 (1.0-89.8) 9.2+9.1 (0.9-89.8) 10.9+12.4

(1.1-80.8)

Summary of risk model performance indices for the prediction of 30-day mortality risk in TAVR. (A) Model discrimination, reported as c-indi-
ces (area-under-the-ROC-curve, Fig. 1) with 95% confidence intervals (in brackets); (B) model calibration reported as predicted mean 30-day

mortality risk (in %) + standard deviations (in %) and risk range (in brackets, in %)
TF transfemoral, TA transapical, TAVR transcatheter aortic valve replacement

*Statistically significant differences between TF and TA TAVR groups

(C) TA TAVR (n = 321)

(a) All patients (n = 2,946)

(b) TF TAVR (n =2,625)
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Fig. 1 Risk model discrimination for the prediction of 30-day mortality. Model discrimination (ROC curves) of the six risk models for the pre-
diction of 30-day mortality, for all studied patients (a), patients with TF TAVR only (b) and patients with TA TAVR only (c)

The stratified analyses for time period and for new vs.
old generation devices (Table 4) showed no significant dif-
ferences and also no visible performance trend in either risk
model over the years.

Model calibration

Mean predicted mortality risk (Table 3B) exceeded observed
mortality in all models, ranging from 5.8 +5.0% (OBSER-
VANT) to 23.4+15.9 (LogES I). Predictions were signifi-
cantly higher in the TA TAVR subgroup for LogES I. ES II.
STS PROM and FRANCE-2, while the OBSERVANT and
GAVS-II models showed no differences between subgroups.
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Graphical analysis of calibration is displayed in Fig. 2.
Overestimation of mortality risk was especially pronounced
in high-risk patients, while the lower risk quintiles were
more adequately calibrated (e.g. STS PROM, ES II, OBSER-
VANT models). The classical LogES I surgical model
orossly overestimated mortality in all risk strata.

Results of formal statistical testing for goodness-of-fit
are displayed in Suppl. Table 3: STS PROM and GAVS-II
showed significant Hosmer—Lemeshow p values (= inade-
quate calibration) of the respective logistic regression mod-
els for the whole population, GAVS-II also across TF and
TA TAVR subgroups. OBSERVANT could not be calculated
due to lack of events in some risk groups.
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Table 4 Risk model discrimination stratified by time period and device type

Risk model 2008-2010

(n=139)

2011-2013
(n=518)

2014-2016
(n=1124)

2017-2018 Old-generation
(n=1165) TAVR device
(n=2862)

New-generation Overall
TAVR device (n=2946)
(n=2084)

LogESI[7.8] 0.67 (0.50-0.85) 0.59 (0.48-0.70) 0.68 (0.59-0.77)

ESII[9] 0.65 (0.46-0.83) 0.57 (0.48-0.67) 0.70 (0.61-0.78)

STS PROM 0.53 (0.32-0.74) 0.64 (0.56-0.73) 0.67 (0.58-0.76)
[10]

FRANCE-2 0.63 (0.49-0.76) 0.63 (0.51-0.74) 0.66 (0.57-0.75)
[15]

OBSERVANT  0.61 (0.41-0.82) 0.53 (0.41-0.65) 0.68 (0.60-0.76)

[14]

GAVS-11 [16] 0.58 (0.37-0.79) 0.54 (0.42-0.66) 0.68 (0.60-0.77)

0.57 (0.47-0.68)
0.65 (0.55-0.74)
0.64 (0.54-0.74)

0.63 (0.55-0.71)
0.63 (0.56-0.71)
0.63 (0.56-0.70)
0.66 (0.57-0.76) 0.61 (0.53-0.69)
0.57 (0.47-0.68  0.57 (0.49-0.66)

0.66 (0.57-0.76) 0.59 (0.50-0.68)

0.63 (0.56-0.71) 0.63 (0.58-0.68)
0.66 (0.59-0.73) 0.65 (0.60-0.70)
0.65 (0.57-0.72) 0.67 (0.62-0.72)

0.68 (0.61-0.76) 0.66 (0.60-0.71)
0.63 (0.56-0.70) 0.60 (0.55-0.66)

0.67 (0.60-0.74) 0.63 (0.58-0.69)

Risk model discrimination performance across the study period from 2008 to 2018, stratified by time period and device type, in comparison to
the overall mean, displayed as c-indices (area-under-the-ROC-curve) with 95% confidence intervals (in brackets)

TAVR transcatheter aortic valve replacement
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Fig.2 Risk model calibration for the prediction of 30-day mortality. Graphical model calibration comparison of the six risk models, stratified

into risk quintiles for observed vs. predicted 30-day mortality

Discussion
The main results of this comparative external valida-

tion study of six risk models for the prediction of 30-day
mortality in patients undergoing TAVR at two German

@ Springer

high-volume Heart Centers from 2008 to 2018 are (1)
surgical and TAVR-specific risk models showed simi-
larly mediocre discrimination performance (c-indices
0.60-0.67); (2) all models overestimated 30-day mortal-
ity risk and were poorly calibrated, especially in high-risk
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patients: (3) no significant influence of time of procedure
or device type on the results could be found.

Patient risk stratification for coronary procedures is well
established—ranging from the elective setting to acute coro-
nary syndromes [22-24]—but the risk of TAVR procedures
is thus far considerably less predictable: Patients suffer from
a multitude of interdependent comorbid conditions, espe-
cially frailry as an essential risk factor is difficult to clas-
sify [25, 26]. The expansion of TAVR from highest risk/
inoperable patients into intermediate- and lower risk groups
introduces bias. On the procedural side, there are clear asso-
ciations of center volume [27], operator experience [28], and
choice of approach (TA vs. TF) [29] with clinical outcomes.

Classical surgical risk models (LogES I, STS PROM,
ES IT) have well-known limitations in TAVR [13]. LogES
[ is not recommended for use in TAVR anymore (1), we
included the model for historical comparisons. National
TAVR-registries have provided platforms for the develop-
ment of TAVR-specific risk models [14-16]. which were
mostly developed in the “early years” of TAVR (Table 1).
Resulting limitations in their performance have already been
seen when applied outside of their original populations [30,
31], external validation studies with a similar design to our
study were performed in the United Kingdom [12] and in the
Netherlands [ 18]—and also retrieved disappointing results.

This analysis from the German Transregio Aortic Dis-
eases cohort elucidates risk prediction in the whole era of
TAVR, which has developed from an experimental proce-
dure in 2008 to a routine and high-volume alternative to
surgical aortic valve replacement in 2018. With steadily
increasing operator experience and new-generation devices,
procedure counts have dramatically increased and complica-
tion rates declined over the study period. The TF approach
has become the routine access route.

Surgical risk models performed similar to expectations
[13]: Discrimination analysis essentially showed similar
performance of STS PROM [10], LogES I [7, 8] and ES 1I
[9] models. None could even remotely match discrimina-
tion performance in their original surgical patient cohorts.
Calibration analysis underlined the general overestimation
of 30-day mortality risk—most pronounced in the LogES I
model. Surgical models are thus confirmed to have severe
limitations to judge TAVR risk.

However, dedicated TAVR-specific models also dis-
appointed: FRANCE-2 (overall c-index 0.66, 95% CI
0.60-0.71) was better than in the original validation cohort
(c-index 0.59 [15]) and in the UK (c-index 0.62 [12]) and
Netherlands (c-index 0.63 [18]) external validation studies,
but not superior to surgical models and slightly worse than
in an Israeli external validation study (c-index 0.71 [30]).
The model considerably overestimated risk (Fig. 2) in our
patients. The GAVS-II model [16] derived from the Ger-
man Aortic Valve Registry was expected to be most adapted
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to German TAVR conditions, but it performed similar to
the other models in the overall cohort (c-index 0.63) and
in TF and TA subgroups and could not meet the perfor-
mance in the development cohort (¢c-index 0.74), similar
to the Dutch external validation study [18]. Numerically,
its discrimination improved over time and in new vs. old
generation devices (Table 4). The model also overestimated
mortality (expected: 9.4%; Fig. 2). Reasons for the lower-
than-expected performance may lie in the GAVS-II model
being developed in 55% surgical/45% TAVR patients from
2011-2012 (Table 1), which significantly differed in age (74
vs. 81 years) and comorbidities from our population [16].
The OBSERVANT model [14] discriminated numerically
worst in the overall cohort and in TF/TA subgroups, and
could not match performance in the original population
(c-index 0.71), which confirms findings in other external
validation studies [12, 18, 30]. However—of all analyzed
models—its mean mortality prediction (5.8%) came closest
to observed events (3.7%).

Taken together, this analysis clarifies that risk predic-
tion in TAVR is still an unsolved issue: all tested models
are severely limited in their performance, and dedicated
TAVR-specific models are not superior to decade-old surgi-
cal scores. Using any of these models for risk stratification
is better than a coin-flip—but with ample room for improve-
ment. A recently published analysis from the Netherlands
[18] found similar results to the UK study [12] and to our
results, which supports the validity of these findings across
Europe. With TAVR evermore becoming a routine proce-
dure and 30-day mortality rates reaching all-time-lows in
high-volume Heart Centers, a re-calibration of existing risk
models or a new development from growing registries is
thus mandatory to improve accuracy [32, 33]. High-quality
TAVR databases should enable us to produce risk models
with performance comparable to surgical procedures or
acute coronary syndrome. Incorporation of functional sta-
tus/frailty assessment as important predictive factors may
additionally improve model accuracy in the TAVR setting
[34, 35].

Study limitations

All conclusions from our study are limited to risk model per-
formance in German—or at best European—TAVR patients,
findings might be different in other patient populations and
procedural conditions. Bias may originate from retrospec-
tive calculation of FRANCE-2, OBSERVANT and GAVS-II
risk models. While data quality in our prospective databases
was high at all times, there is unavoidable risk for bias by
changes in clinical practice and adverse event rates from
2008 to 2018: We accounted for this with sub-analyses of
patients stratified by time of procedure and device genera-
tions (Table 4): however, their statistical power is limited.
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Conclusions

Three surgical as well as three TAVR-specific risk scor-
ing models showed mediocre performance in prediction
of 30-day mortality risk for TAVR in the German Rhine
Transregio Aortic Diseases cohort. Development of
new or updated risk models is necessary to improve risk
stratification.
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4.1.5 Disease-course adapting machine learning prognostication models in critically
ill elderly COVID-19 patients: a multi-centre cohort study with external validation

Jung C, Mamandipoor B, Fjglner J, Bruno R, Wernly B, Artigas A, Bollen Pinto B, Schefold
JC, Wolff G, Kelm M, Beil M, Sviri S, van Heerden PV, Szczeklik W, Czuczwar M, Elhadi M,
Joannidis M, Oeyen S, Zafeiridis T, Marsh B, Andersen FH, Moreno R, Cecconi M, Leaver S,
De Lange DW, Guidet B, Flaatten H, Osmani V.

JMIR Med Inform. 2022 Mar 31;10(3):e32949.
Pubmed PMID: 35099394
DOI: 10.2196/32949

Die COVID-19 Pandemie hat weltweit die Gesundheitssysteme an die Grenzen ihrer
Belastbarkeit gebracht. Insbesondere altere Menschen waren davon besonders betroffen und
eine Triage von Patienten nach Krankheitsschweregrad und Prognose fand in einigen
Bereichen der Welt statt. Die Vorhersage der Prognose von schwerem COVID-19 ist jedoch

schwierig, insbesondere bei kritisch kranken, alteren Patienten auf Intensivstationen.

In dieser Analyse aus der multizentrischen internationalen COVIP-Studie (95) haben wir 1432
kritisch kranke Patienten mit schwerem COVID-19 und =70 Jahren ausgewertet. Die 30-
Tages-Sterblichkeit betrug 43,5%. Fur deren Risikovorhersage wurden neben dem
konventionellen SOFA-Score sog. Machine-learning Modelle angewandt, welche zunachst nur
Baseline-Variablen bei Eintritt der Patienten auf die Intensivstation in logistische Regression,
random forest und extreme gradient boosting (XGB) einschlossen und vergleichend untersucht
wurden. Zu diesen Algorithmen wurden dann Ereignisse im klinischen Verlauf der Patienten
inkl. deren ,time-to-event Informationen zusatzlich eingeschlossen und die Genauigkeit der

Modelle vergleichend untersucht.

Die finalen Modelle, welche den klinischen Verlauf der Patienten mit einschlossen, zeigten
eine deutlich bessere Vorhersage der 30-Tages-Mortalitat als sowohl der SOFA-Score als
auch die Baseline-Modelle (c-index 0,77 vs. 0,65 im Mittel). Am besten Schnitt das XGB Modell
ab (c-index 0,81).

Diese Studie zeigte zusammenfassend, dass Risikomodelle unter Nutzung kunstlicher
Intelligenz in der Lage sind, Variablen zur Charakterisierung komplexer klinische
Krankheitsverlaufe automatisiert zu integrieren und zu besseren Risikovorhersagen zu
kommen als Ubliche Scoring-Modelle. Zukinftig kann kinstliche Intelligenz bei der

Entscheidungsfindung in komplexen klinischen Situationen hilfreich sein.
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Abstract

Background: The COVID-19 pandemic caused by SARS-CoV-2 is challenging health care systems globally. The disease
disproportionately affects the elderly population, both in terms of disease severity and mortality risk.

Objective: The aim of this study was to evaluate machine learning-based prognostication models for critically ill elderly
COVID-19 patients. which dynamically incorporated multifaceted clinical information on evolution of the disease.

Methods: This multicenter cohort study (COVIP study) obtained patient data from 151 intensive care units (ICUs) from 26
countries. Different models based on the Sequential Organ Failure Assessment (SOFA) score, logistic regression (LR), random
forest (RF), and extreme gradient boosting (XGB) were derived as baseline models that included admission variables only. We
subsequently included clinical events and time-to-event as additional variables to derive the final models using the same algorithms
and compared their performance with that of the baseline group. Furthermore, we derived baseline and final models on a European
patient cohort, which were externally validated on a non-European cohort that included Asian, African, and US patients.

Results: In total, 1432 elderly (=70 years old) COVID-19—positive patients admitted to an ICU were included for analysis. Of
these, 809 (56.49%) patients survived up to 30 days after admission. The average length of stay was 21.6 (SD 18.2) days. Final
models that incorporated clinical events and time-to-event information provided superior performance (area under the recerver
operating characteristic curve of 0.81; 95% CI 0.804-0.811), with respect to both the baseline models that used admission variables
only and conventional ICU prediction models (SOFA score, P<.001). The average precision increased from 0.65 (95% CI
0.650-0.655) to 0.77 (95% CI 0.759-0.770).

Conclusions: Integrating important clinical events and time-to-event information led to a superior accuracy of 30-day mortality
prediction compared with models based on the admission information and conventional ICU prediction models. This study shows
that machine-learning models provide additional information and may support complex decision-making in critically 11l elderly
COVID-19 patients.

Trial Registration: ClinicalTrials.gov NCT04321265; https://clinicaltrials.gov/ct2/show/NCT04321265

(JMIR Med Inform 2022;10(3):e32949) doi: 10.2196/32949

KEYWORDS
machine-based learning; outcome prediction; COVID-19; pandemic; machine learning; prediction models: clinical informatics;
patient data: elderly population

limitations as they do not reflect the dynamics of the underlying
disease pathophysiology. and as a result have limited prognostic
The COVID-19 pandemic caused by SARS-CoV-2 is continuing ~ POWer: Ultinmtely, it 1‘emamslup to the physician fo integrate
to challenge health care systems globally [1]. The disease all .basglme dﬂtz_l'- tlle.changnl‘g course _Qf the disease, and
disproportionately affects the elderly population, both in terms subjective experience into a clinical decision [12]. However,
of disease severify and mortality risk [2]. In many countries, Physicians do not assess dynamically evolving processes
infensive care unit (ICU) capacity was increased during the pe1:fect1y._ as they are influenced by numerous 1actors., 111;111d111g
pandemic fo meet demand. In addition, novel treatment fatigue and other human factors, resulting in less objective and
modalities were introduced [3]. A key challenge in clinical reproducible decision-making [13]. T}HS aspect is especially
outcome prediction in a dynamic disease is that the response to 1‘e1eval11t for.new d}seases such as COVID-19, where physician
a given treatment varies considerably from patient to patient, ~XPETICNCE 1S lacking.

espe cially in the elFlerly POPUl_ﬂﬁOl_l [4]. Basgline data alone are  Therefore, a supportive prognostication model that can integrate
yla(.le.quate to Pwdld prognosis with sufficient accuracy foran  paseline data with complex, dynamic processes in an objective
individual patient, as they cannot capture the dynamic nature  panner is necessary. Machine learning (ML) algorithms could
of the underlying critical illness [5]. It is well established that  pe used to address this need. as some have successfully been
various factors provide prognostic information that should be  evaluated in clinical settings such as in cardiovascular intensive
taken into consideration [6]. More elaborate methods are thus  care [14]. Wernly et al [9] retrospectively analyzed arterial blood
urgently needed for both sophisticated and concise risk  gas data from septic intensive care patients from a multicenter
stratification of severely affected individual ICU patients [7].  electronic ICU database as well as from a single-center

Biomarkers. frailty. and severity scores are validated in elderly  MIMIC-IT (Medical Information Mart for Intensive Care) data
critically ill patients [8-11]. However, all of these have important  set to predict 96-hour mortality.
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Izquierdo et al [15] combined classical epidemiological methods,
natural language processing, and ML to examine the electronic
health records of 10,504 patients with COVID-19. According
to their analysis, the combination of easily obtainable clinical
variables such as age, fever, and tachypnea predicted which
patients would require ICU admission [15]. The observational
study by Bolourani et al [16] had a similar aim. They used
clinical and laboratory data commonly collected in the
emergency department to train and validate three predictive
models (two based on extreme gradient boosting [XGB] and
one that used logistic regression [LR]) with cross-hospital
validation. The XGB model had the highest mean accuracy to
predict 48-hour respiratory failure [16]. Aktar et al [17] used
ML to distinguish between healthy people and those with
COVID-19 and subsequently to predict COVID-19 severity.
They used decision tree, random forest (RF), variants of gradient
boosting machine, support vector machine, k-nearest neighbor,
and deep learning methods for blood samples. The developed
analytical methods evidenced accuracy and precision scores
>00% for disease severity prediction. To avoid locally
aggregating raw clinical data across multiple institutions, Vaid
et al [18] evaluated a federated learning ML technique using
electronic health records from 5 hospitals. In brief, they used
LR with L1 regularization/least absolute shrinkage and selection
operator, and multilayer perceptron models that were trained
using local data at each study site. The federated models
outperformed the local models with regard to their accuracy in
predicting the mortality in hospitalized patients with COVID-19
within 7 days. In a smaller study, Dominguez-Olmedo et al [19]
selected 32 predictor laboratory features in 1823 patients with
confirmed COVID-19 for an XGB algorithm. Similar to the
other studies, using laboratory parameters resulted in excellent
outcome prediction. Subudhi et al [20] used ensemble-based
ML models to identify C-reactive protein, lactate dehydrogenase,
and oxygen saturation as the most important factors for
predicting ICU admission, with estimated glomerular filtration

rate <60 mL/min/1.73 m®, and neutrophil and lymphocyte
percentages as the important factors for predicting mortality.

A recent systematic review by Syeda et al [21] identified more
than 400 articles that investigated the role of ML in the field of
COVID-19. For example, Pan et al [22] studied 123 ICU patients
and identified eight important risk factors with high recognition
ability using an XGB model. A similar approach was used by
Kim et al [23], who established an XGB model in 4787 patients
admitted to a hospital due to COVID-19. Furthermore, Burian
et al [24] estimated the need for intensive care treatment in 65
patients with confirmed COVID-19, and Shahsikumar et al [25]
investigated the performance of an algorithm to predict the need
for mechanical ventilation on 402 patients with COVID-19,
using cohorts with a wide age range (48 to 74 years).

Patients who are very old represent the most vulnerable infensive
care subgroup [26]. However, to date, there are no studies
investigating the role of ML models in this specific subgroup
exclusively. To address this lack of evidence, the aim of this
study was to evaluate whether ML models can reliably improve
mortality prognostication in critically ill elderly patients with
COVID-19 based on clinical baseline information, biomarkers,
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accumulating events, and time-to-event information during the
disease course.

Methods

Study Design

This was a retrospective analysis that included data from 1432
patients in a prospective multicenter study. The primary outcome
was 30-day mortality. We also used the 3-month outcome to
ensure consistency of the primary outcome and allay concerns
of censoring bias [27]. We derived two groups of models:
baseline and final models. Baseline models were derived using
admission variables only, whereas the final model group
incorporated clinical events such as catecholamine therapy,
renal replacement therapy, noninvasive ventilation, invasive
ventilation, prone position, and tracheostomy, in addition to the
baseline variables. We evaluated both model groups using
stratified 3-fold cross-validation to mitigate the variability of a
single derivation—validation random split. Furthermore, we
derived baseline and final models on an EU patient cohort and
externally validated them on a non-EU cohort that included
Asian, African, and US patients.

Clinical Data Sources and Study Population

Patient data were obtained from 151 ICUs across 26 independent
countries, including European ICUs, and from ICUs in Asia,
Africa, and the United States as part of the multinational COVIP
trial (NCT04321265). This study was conducted in line with
the European Union General Data Privacy Regulation directive.
As i previous successful studies [6,26,28]. national coordinators
recruited the ICUs, coordinated national and local ethical
permissions, and supervised patient recruitment at the national
level. In the COVIP studies, ethical approval was obligatory
for study participation. The electronic case report form (eCRF)
and database were hosted on a secure server in Aarhus
University, Denmark. Data from 1432 elderly (aged 70 years
and above) COVID-19—positive patients admitted to a
participating ICU between February 4 and May 26, 2020, were
recorded. The study protocol is available from the COVIP study
website [29]. Patients were followed up until hospital discharge
and survival at 3 months using telephone interviews.

Ethical Considerations

The primary competent ethics committee was the Ethics
Committee of the University of Duesseldorf, Germany.
Institutional research ethics board approval was obtained from
each study site. This was a prerequisite for participation in the
study. All methods were carried out in accordance with relevant
guidelines and regulations. All experimental protocols were
approved by the local institutional and/or licensing committees.
Informed consent was obtained from all subjects if not omitted
by the ethics vote. The studies were all observational: no
examinations (eg, blood sampling) or tissue sampling took place.

Study Data

Demographic data included age, gender, weight, height, and
BMI. Furthermore, information on admission characteristics
prior to ICU hospitalization, duration of hospital stay, day of
symptom onset, and comorbidities were available. Preexisting
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comorbidities were recorded in the eCRF: diabetes. ischemic
heart disease, renal insufficiency, arterial hypertension,
pulmonary comorbidity, and chronic heart failure.

During the ICU stay, data on bacterial coinfection were noted,
in addition to Sequential Organ Failure Assessment (SOFA)
subscores (respiratory, cardiovascular, hepatic, coagulation,
renal, and neurological systems). Laboratory values included
partial oxygen pressure and the fraction of inspired oxygen
(Fi02), and their ratio. Six clinical events of interest
(catecholamine therapy. renal replacement therapy, noninvasive
and invasive ventilation, prone position, and tracheostomy)
were recorded along with the time the event occurred.

Model Derivation and Validation

We derived models based on XGB [30], RF [31], and LR [32].
As the best-performing model, the XGB algorithm provides
robust prediction results using a method where new models are
added to correct the errors made by existing models. Models
are added sequentially and the combination of many models in
the XGB model accommodates nonlinearity between input
variables [30]. Hyperparameter tuning was performed by an
exhaustive grid search directed toward maximizing the F1-score
metric. Three-fold cross-validation was performed inside each
grid option, and the optimal hyperparameter set was chosen
based on the model in the grid search with the highest F1 score.
Hyperparameters of the final model of the XGB are listed in

Jung et al

Multimedia Appendix 1. To generate confidence intervals for
the baseline and the final models, 3-fold cross-validation was
performed with 20-times repetition with a randomly generated
seed. To compare the performance of the XGB model, we also
derived and validated two more predictive models based on LR
and RF. This decision was driven by the fact that LR is typically
considered a baseline algorithm, and RF has been previously
used in other research with COVID-19 data [33]. Both LR and
RF were optimized by an exhaustive grid search, similar to the
XGB method.

To address noise and outliers in the data, we defined a clinically
valid interval for each variable, and the values out of the valid
scope were considered as missing values. For all models, the
issue of missing values was addressed by removing variables
with >90% missing values. We then used the median and zero
to impute the missing data in the remaining continuous and
categorical variables, respectively. All analyses were carried
out using open-source sottware based on Python 3.6.8 with
scikit-learn version 0.23.2.

Experimental Evaluation

Performance evaluation of the models was based on 3-fold,
stratified cross-validation with 20 repetitions using the area
under the receiver operating characteristic curve (AUC; see step
3 in Figure 1) as well as area under the precision-recall curve
(PRC). also known as average precision [34].

Figure 1. Graphical methods. (1) Study design, from admission to derivation and validation of baseline setup. (2) Derivation and validation of six
models incorporating clinical events individually.Performance of individual models is shown in Multimedia Appendix 2-5. (3) Derivation of the final
model, including baseline variables as well as clinical events. (4) Evaluation of the final model in predicting 30-day outcomes. SOFA: Sequential Organ
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The PRC shows the relationship between the positive predictive
value (precision) and sensitivity (recall), measuring the
performance of the model in correctly predicting mortality in
patients with a high probability of dying. The area under the
PRC is typically more informative than the AUC in the presence
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of imbalanced outcomes [34]. Additional performance metrics
are detailed in Multimedia Appendix 2-5, including the positive
predictive value (PPV), negative predictive value, F1 score (the
balance between PPV and sensitivity), Matthews correlation
coefficient (used to measure the quality of classification between
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algorithms), and Brier score. Calibration quality was evaluated
using Brier scores, where a lower score indicates a higher
calibration quality, and we also present calibration plots (also
known as reliability curves). The models were compared based
on their AUC and PRC performance metrics for both the
baseline data as well as the final models incorporating clinical
events.

Model Interpretation

We evaluated the ranking of variables that contributed toward
the model description using shapely additive explanation
(SHAP) scores. SHAP scores are a game-theoretic approach to
model interpretability; they provide explanations of global model
structures based on combinations of several local explanations
for each prediction [35]. To interpret and rank the significance
of input variables toward the final prediction of the model, mean
absolute SHAP values were calculated for each variable across
all observations in both the baseline model and the final model
based on XGB. We also plotted SHAP interaction values that
capture the contribution of pairwise interactions between unique
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features to meodel prediction. To improve interpretability,
especially in terms of the impact of clinical events, we defined
a clinically meaningful day interval (0-3, 3-5, 5-10, and 10-30
days), and added a variable for each clinical event based on
when the clinical event occurred; for example,
“Tracheostomy-10-30" indicates that a tracheostomy was
performed within the 10-30—day period. This allowed us to
evaluate not only the importance of clinical events but also the
time-to-event information. Naturally, these variables were only
available in the final model.

Results

Study Population

Out of the total 1432 patients in the COVIP cohort, 809
(56.49%) patients survived up to 30 days after admission, with
an average length of stay of 21.6 (SD 18.2) days. Patient
baseline characteristics are given in Table 1, with distribution
of mortality and length of stay detailed in Multimedia Appendix
6.
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Table 1. Demographic characteristics, vital signs, and clinical events of patient cohorts (N=1432).

Variables Alive at 30 days (n=809) Dead at 30 days (n=623) P value
Sex (male). n (%) 587 (72.6%) 463 (74.6%) A8
Age (years). mean (SD) 75.0(4.2) 76.5 (4.8) <.001
Weight (kg). mean (SD) 81.3(14.7) 81.0(14.8) A2
Height (cm). mean (SD) 169.7 (10.7) 169.8 (10.5) 06
BMI (kg/m?), mean (SD) 28.5(6.5) 28.4(5.7) 02
Hospital stay prior to ICU® admission (days). mean (SD) 38(57) 3.5(63) 002
Symptoms prior to hospital admission (days). mean (SD) 7.2(52) 6.6 (4.5) 10
Pa02" (mmHg), mean (SD) 87.3(44.2) 84.3(57.5) 003
FiO2° (%), mean (SD) 623 (31.0) 73.0 (24.0) <.001
sOFAY score (points). mean (SD) 5200 6.7(3.4) <001
ICU treatment and outcome
Mechanical ventilation. n (%) 561 (69.3) 510 (81.9) <.001
Vasopressors, 1 (%) 525 (64.9) 515 (82.7) <.001
Prone positioning, n (%) 309 (38.2) 279 (44.8) 10
Tracheostomy. n (%) 227 (28.1) 64 (10.3) <.001
Noninvasive ventilation. n (%) 169 (20.9) 119 (19.1) 32
Renal replacement therapy, n (%) 121 (15.0) 119(19.1) 01
Length of ICU stay (days). mean (SD) 21.6(18.2) 10.6 (7.6) <.001
Preexisting comorbidities, n (%)
Diabetes mellitus 268 (33.1) 240 (38.5) 01
Ischemic heart disease 151 (18.7) 152 (24.4) 007
Chronic renal insufficiency 91(11.2) 130 (20.9) ~.001
Arterial hypertension 527 (65.1) 431 (69.2) 03
Pulmonary disease 175 (21.6) 145 (23.3) 07
Chronic heart failure 98 (12.1) 103 (16.5) 01

*ICU: intensive care umnit.

*pa02: partial oxygen pressure.

Fi02: fraction of inspired oxygen.

d50FA: Sequential Organ Failure Assessment.

Model Derivation and Validation

We evaluated the performance of baseline senup risk
prognostication that included baseline variables only (see step
1 1n Figure 1) and the final setup, which—in addition to baseline
variables—included six key clinical events that occurred during
the disease course and their time-to-event information:
catecholamine therapy, renal replacement therapy, noninvasive
ventilation, invasive ventilation, prone positioning, and
tracheostomy (step 2 in Figure 1). The final set of selected
variables is shown in Table 1. Furthermore, the baseline and
the final setup were used to derive models on the EU cohort of
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patients that were then externally evaluated using a non-EU
cohort composed of Asian, African, and US patients.

Three risk prognostication models were derived from ML-based
algorithms: LR and. for comparison, RF and XGB algorithms,
as outlined in the Methods section [30,31].

The XGB algorithm achieved the numerically highest increase
in discrimination performance from the haseline setup (AUC
0.70, 95% CI 0.692-0.701) to the final setup (AUC 0.81, 95%
CI 0.804-0.811); average precision increased from 0.65 (95%
CI 0.650-0.655) to 0.77 (95% CI 0.759-0.770) (Figure 2).
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Figure 2. Performance of the baseline model (top) and improved performance in the final model (bottom) in response to clinical events with respect
to the area under the receiver operating characteristic (ROC) curve (AUC) and area under the precision-recall curve (PRC). The PRC shows the
relationship between the positive predictive value (precision) and sensitivity (recall) at all thresholds. XGB: extreme gradient boosting: RF: random

forest; LR: logistic regression: SOFA: Sequential Organ Failure Assessment.
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The LR (AUC 0.79, 95% CI 0.788-0.796) and RF (AUC 0.80,
95% CI 0.798-0.805) algorithms showed similar performance
in the baseline model and improvement in the final model,
comparable to XGB performance (see step 4 in Figure 1). The
final XGB model provided superior performance compared to
both the baseline model and SOFA score (both P<.001).

Experimental Evaluation

In the external validation of the EU patient cohort, all three
models achieved similar performance in the baseline and the
final setup with an AUC of 0.82 and 0.86, respectively, when
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evaluated on predicting the mortality of non-EU patients (Figure
3). One explanation for this performance on the external
validation cohort might be that the patients in the non-EU cohort
tended to gravitate toward two opposing health states of either
being quite stable or very sick, making it easier for the model
to discriminate between the two outcomes. To investigate this
further, we plotted the distribution of the variable that had the
highest impact on outcome prediction (Fi02) based on SHAP
analysis (see Figure 4). As shown in Multimedia Appendix 7,
the distribution for both outcomes was significantly skewed
toward 21% for survivors and toward 100% for nonsurvivors.
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Figure 3. Performance of the final model derived using the EU patient cohort and externally validated on a non-EU patient cohort. comprising Asian.
African. and US patients. Model performance is measured using area under the receiver operating characteristic (ROC) curve (AUC) and area under
the precision-recall curve (PRC). XGB: extreme gradient boosting: RF: random forest: LR: logistic regression.
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We also assessed the calibration of each model to ensure that
the distribution of predicted outcomes matches the distribution
of observed outcomes in our patient cohort. Baseline and final
models were, in general, well calibrated (Figure 5). matching
the estimated risk of outcome with observed risk. The final
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setup for each algorithm was better calibrated (Brier score of
0.17) with respect to the baseline setup (Brier score 0.22). Full
details of Brier scores for each algorithm are detailed in
Multimedia Appendix 1.

Figure 4. Ranking of input variables of the final setup derived from the extreme gradient boost algorithm. using the shapely additive explanation

(SHAP) method.
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Figure 5. Calibration curves for each model and individual algorithms used to derive the model. XGB. extreme gradient boosting; RF: random forest;

LR: logistic regression.
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Model Interpretation

The SHAP method was used to perform interpretability analysis,
which explains model output by computing the contribution of
each variable to the prediction. Among others, the SHAP method
was applied on the best-performing model (XGB), where the
Fi02, age, and tracheostomy had the highest impact on outcome
prediction (Figure 4 and Multimedia Appendix 7).

We also report the model interpretability analysis for the RF-
and LR-based models in Multimedia Appendix 8 and 9,
respectively. The top three variables remained common between
XGB and RF, whereas for LR, only tracheostomy appeared in
the top three, with the other two high-ranking variables being
weight and BML

Discussion

Principal Findings and Comparison With Related
Studies

This study demonstrates that individual prognostication accuracy
based on patient baseline characteristics can be considerably
improved with ML algorithms that incorporate occurrence and
time-to-event information of clinical events along the course
of a disease such as COVID-19 in elderly, critically ill patients.
These results align with many previous studies that investigated
ML approaches in patients suffering from COVID-19. The major
difference between this COVIP study and others published
previously lies in its focus on the especially vulnerable subgroup
of very old intensive care patients [21]. The second important
difference is that the current approach includes the risk for
clinical events such as tracheostomy.

Subudhi et al [20] compared the ability of 18 different ML
algorithms to predict the rate of admission and mortality of
patients suffering from COVID-19. In their analysis,
ensemble-based models were superior to other algorithms
(including LR and XGB). Specific laboratory values and oxygen
saturation were the most important factors for ICU admission,
whereas impaired kidney function and differential blood count
best predicted mortality [20]. However, this previous study
primarily used data from patients, of all ages, presenting to the
emergency room.
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Dominguez-Olmedo et al [19] used data from 1823 patients
with confirmed COVID-19 and established an XGB meodel.
Their model found lactate dehydrogenase activity, C-reactive
protein level, neutrophil count, and urea level to be the most
important variables, reaching an AUC of 0.93 (95% CI
0.89-0.98) for sensitivity and 0.91 (95% CI 0.86-0.96) for
specificity.

Pan et al [22] used data from 123 patients with COVID-19
admitted to an ICU to construct an XGB model, and identified
eight factors (albumin level, creatinine, eosinophil percentage,
lactate dehydrogenase, lymphocyte percentage. neutrophil
percentage, prothrombin time, and total bilirubin) that were
predictive for ICU mortality.

Vaid et al [18] utilized a different approach based on federated
learning of electronic health records from five different
hospitals, providing robust predictive models without
compromising patient privacy.

Other studies focused primarily on peripheral blood samples.
Altar et al [17] developed ML and deep learning algorithms to
predict the disease severity. Similarly, Kim et al [23] established
an XGB model in 4787 hospital-admitted patients to predict
their intensive care treatment requirements. Their model was
significantly superior to the established CURB-65 (confusion,
urea, respiratory rate, blood pressure) score.

Applications

Immediate clinical applications are conceivable, especially given
the limited number of ICU beds available. Our models may be
used in several ways: ML could be used before ICU admission
to offer objective support for complex allocation decisions.
However, ML algorithms would mainly access data at
presentation and few dynamic parameters, limiting the predictive
power. ML algorithms could also be used in the context of
tume-limited trials (TLTs), which are common clinical practice
in ICUs in some countries. This may be particularly helpful in
patients for whom realistic therapeutic goals/outcomes are
unclear at presentation. These patients could be admitted to the
ICU under the premise of gaining more information about the
patient and the initial response to treatment. This additional
information could then be evaluated using ML algorithms [36]
as already shown in patients with sepsis [9]. The ideal temporal
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combination of a TLT and ML should be the subject of future,
prospective studies [36.37].

In terms of practical applications, ML algorithms provide a
potential strategy to improve decision confidence and predictive
power over time. They are applicable at various time points
during the disease course, predicting outcomes in a continuous
manner. This approach is especially applicable when considering
that the model was well calibrated in estimating outcomes.
However, evaluation of the model with a diverse patient
population would provide tfurther evidence of its clinical
applicability.

Clinical evaluations such as assessment of wakefulness,
mobility, responsiveness, and independence are subjective and
subject to interrater variability. Therefore, advances in digital
technologies may support but not replace physicians” skills. ML
can support physicians, especially in estimations on prognosis
and achievement of therapy goals. Importantly, ethical problems
become evident when ML is involved in matters of life and
death [38], and it must be emphasized that ML should only
support and aid medical decision-making. Our data show that
dedicated modern algorithms can inecrementally improve
certainty during TLTs in elderly patients with COVID-19. and
generalize well in an external patient cohort. These tools can
enhance our ability to improve guidance of treatment and
optimally allocate ICU resources. However, such a strategy can

Jung et al

only be viewed as complementary to clinical judgment and
individual treatment goals, and form part of a holistic patient
assessment.

Limitations

This study has some methodological limitations in conunon
with the other COVIP studies [11,26,39-42]. COVIP did not
contain a control group of younger COVID-19 patients for
comparison or a comparable age cohort of patients who were
not or could not be admitted to the ICU. In addition, the COVIP
database does not include information on pre-ICU care and
triage decisions. These treatment limitations might also affect
the care of older ICU patients [43]. Furthermore, COVIP
recruited patients in 26 countries, and thus the participating
countries varied widely in their care structure, resulting in
considerable heterogeneity in treatments given.

Conclusion

This study demonstrates that, in the particularly vulnerable
subgroup of very old intensive care patients suffering from
COVID-19, individual prognostication accuracy based on patient
baseline characteristics can be improved with ML algorithms.
These algorithms capture the dvnamic course of the disease by
including the occurrence and time-to-event information of
clinical events, and thus reflect both disease severity and the
need for intensive care treatment.
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4.2 Populationsbasierte Risiko-/Nutzenabwagung mithilfe von Metaanalysen

zur Evaluation interventioneller und adjunktiver Therapien

4.2.1 Routine Glycoprotein IIb/llla Inhibitor Therapy in ST-Segment Elevation
Myocardial Infarction: A Meta-analysis

Karathanos A, Lin Y, Dannenberg L, Parco C, Schulze V, Brockmeyer M, Jung C, Heinen Y,
Perings S, Zeymer U, Kelm M, Polzin A, Wolff G.

Can J Cardiol. 2019;35(11):1576-1588.
Pubmed PMID: 31542257

DOI: 10.1016/j.cjca.2019.05.003

Die antithrombozytare Therapie mit Glykoprotein lIb/llla Inhibitoren (GPI) ist im ST-Strecken-
Hebungsinfarkt (STEMI) seit Jahrzehnten eine etablierte Therapieoption, die zwar im Falle
einer koronaren Thrombose eine sehr rasche und potente Thrombozytenhemmung ermdglicht,
gleichzeitig aber das Blutungsrisiko des Patienten stark erhoht. Mit Entwicklung modernerer
oraler P2Y12-Hemmer zur Thrombozytenaggregationshemmung wurden die Leitlinien-
empfehlungen fir GPI im STEMI von der ,Routine-Therapie* zur ,bail-out Therapie nur in
bestimmten Situationen zurtickgestuft (36). Ziel unserer Arbeit war es, die Gesamtheit der

Datenlage zur Routine-GPI-Therapie im STEMI zu Uberprifen.

Wir fihrten ein systematisches Review aller RCT durch, welche Routine-GPI im STEMI gegen
Placebo oder Standardtherapie verglichen hatten; sowohl Beobachtungsstudien als auch
Studien ohne ,Routineanwendung von GPI* wurden ausgeschlossen. Primarer Endpunkt war
die 30-Tages-Mortalitét, sekundare ischamische Endpunkte (erneuter Herzinfarkt, erneute
Revaskularisierung) und sekundare Blutungsendpunkte (Minor-/Major-Blutung) wurden
ebenfalls analysiert. Insgesamt umfasste die Analyse 21 RCTs mit 8585 randomisierten
Patienten, welche die GPI Tirofiban, (10 Studien), Abciximab (9 Studien) oder Eptifibatid (1

Studie) untersuchten.

Routine-GPI waren Uber alle Studien hinweg mit einer signifikanten Reduktion der 30-Tages-
Mortalitdt assoziiert (2,4% vs. 3,2%), sowie einer signifikanten Reduktion sekundarer
ischamischer Endpunkte — jedoch auch mit signifikant mehr Major- und Minor-Blutungen.
Hauptlimitation der Analyse blieb, dass die meisten der eingeschlossenen Studien vor

Einfuhrung moderner oraler P2Y12-Hemmer (Prasugrel, Ticagrelor) durchgeflhrt wurden.

Zusammenfassend lasst sich sagen, dass Routine-GPI potenziell die Sterblichkeit im STEMI
verringern, insbesondere, wenn Blutungskomplikationen vermieden werden. Ihr Einsatz sollte

in RCTs unter gleichzeitiger Nutzung moderner, oraler Therapie erneut evaluiert werden.
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ABSTRACT

Background: Guidelines recommend adjunct glycoprotein llb/llla in-
hibitors (GPIs) only in selected patients with acute ST-segment eleva-
tion myocardial infarction (STEMI). This study aimed to evaluate
routine GPI use in STEMI treated with primary percutaneous coronary
intervention.

Methods: Online databases were searched for randomized controlled
trials of routine GPI vs control therapy in STEMI. Data from retrieved
studies were abstracted and evaluated in a comprehensive meta-
analysis. Twenty-one randomized controlled trials with 8585 patients

Early reperfusion therapy preferably with primary percuta-
neous coronary intervention (pPCl) has substantially
contributed to the improvement of prognosis in acute ST-
segment elevation myocardial infarction (STEMI)." Adjunct
anticoagulants and antiplatelet therapy are routinely used to
facilitate dissolution of intracoronary thrombi, reduce micro-
Js‘cuhr obstruction, and reduce the rate of recurrent ischemic
events.”

Glycoprotein 11b/1lla inhibitors (GPls) are potent and
rapidly acting intravenous or intracoronary antiplatelet agents
and hmfe been an integral part of STEMI management for
decades.™” With the advent of the more potent oral P2Y12
receptor inhibitors prasugrel and ticagrelor,”” however,
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RESUME

Contexte : Les lignes directrices recommandent le traitement
d’appoint par des inhibiteurs des glycoprotéines llb-llla (IGP) unique-
ment chez certains patients ayant subi un infarctus du myocarde avec
éléevation du segment ST (STEMI) aigu. Cette étude visait a évaluer
I'utilisation systématique des IGP chez les patients ayant subi un
STEMI traité par une intervention coronarienne percutanée primaire.
Methodologie : Une recherche dans les bases de données en ligne a
été entreprise pour trouver des études contrélées a répartition
aléatoire ayant comparé I'administration systématique d’IGP a un

American, Canadian, and European cardiovascular society
guidelines have gmdmllv scaled back GPI recommendarions
from routine therapy”™* to bail-out-use/selected-patients-
only in contemporary iterations,””” bur the evidence base
for these changes remains elusive. Contemporary randomized
controlled trials (RCTs) with these agents are lacking, and
meta-analyses are largely out-of-date and have focused on a
mixture of clinical scrtings and GPI indications.' "

The conceprual design of this systemartic review and meta-
analysis thus aimed at evaluating all available RCT evidence
on routine GPI therapy in STEMI managed with pPCI, in
order to elucidate risk-benefit ratios and improve guidance of
intravenous adjunct antiplatelet therapy.

Methods

This work was performed by independent investigators in
compliance with accepred standards defined by the Cochrane
Collaboration and the PRISMA (Preferred Reporting Items

for Systematic Reviews and Meta-Analyses) statement for

0828-282X/© 2019 Canadian Cardiovascular Society. Published by Elsevier Inc. All rights reserved.



Karathanos et al.
Routine Glycoprotein Inhibitor Therapy in STEMI

were included: 10 trials randomized tirofiban, 9 abciximab, 1 trial
eptifibatide, and 1 trial used abciximab+-tirofiban; only 1 trial used
dual antiplatelet therapy with prasugrel/ticagrelor.

Results: Routine GPI use was associated with a significant reduction in
all-cause mortality at 30 days (2.4% [GPI] vs 3.2%; risk ratio [RR],
0.72; P = 0.01) and 6 months (3.7% vs 4.8%; RR, 0.76; P = 0.02), and
a reduction in recurrent myocardial infarction (1.1% vs 2.1%; RR, 0.55;
P = 0.0006), repeat revascularization (2.5% vs 4.1%; RR, 0.63; P =
0.0001), thrombolysis in myocardial infarction flow <3 after percuta-
neous coronary intervention (5.4% vs 8.2%; RR, 0.61; P < 0.0001),
and ischemic stroke (RR, 0.42; P = 0.04). Major (4.7% vs 3.4%; RR,
1.35; P = 0.005) and minor bleedings (7.2% vs 5.1%; RR, 1.39; P =
0.006) but not intracranial bleedings (0.1% vs 0%; RR, 2.7; P = 0.37)
were significantly increased under routine GPI.

Conclusions: Routine GPl administration in STEMI resulted in a
reduction in mortality, driven by reductions in recurrent ischemic
events—however predominantly in pre-prasugrel/ticagrelor trials. Tri-
als with contemporary STEMI management are needed to confirm
these findings.

reporting systematic reviews and meta-analyses in health care
. . 14,15
interventions.

Study design, trial eligibility, and outcome selection

All available prospective RCTs of routine GPI therapy vs
control (placebo or no GPI therapy) in unselected patients
with STEMI managed with pPCI were eligible for inclusion.
Studies had to provide an abstract in English; however, no
restrictions on publication date, country, patient characteris-
tics, or reported outcomes were imposed. Observational
studies were excluded, as well as trials without pPCI, trials in
non-STEMI settings, trials of nonroutine GPI therapy
(eg, preselected patients with STEMI or bail-out GPI only),
and trials randomizing anticoagulants in addition tw GPI
(Supplemental Table S1 and Fig. S1).

The primary outcome of interest was all-cause mortality.
Efficacy outcomes were recurrent myocardial infarction (M),
repeat revascularization, thrombolysis in myocardial infarction
(TIMI) flow grade at the end of pPCI and ischemic stroke;
safety outcomes were major and minor bleeding events
(defined according to the published report or—where possi-
ble—Bleeding Academic Research Consortium [BARC]'®),
access site bleeding, transfusions, and hemorrhagic stroke.

Data sources, search strategy, and study identification

Three investigators (G.W., A.K., and Y.L.) performed the
systematic review process. Medline, Cochrane Central Regis-

ter of Contolled Trials (CENTRAL), Google Scholar,
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traitement témoin chez des patients ayant subi un STEMI. Les données
tirées des études trouvées ont €té résumées et évaluées dans le cadre
d'une méta-analyse exhaustive. Vingt-et-une études controlées a
répartition aléatoire, auxquelles ont participé 8 585 patients, ont été
incluses : dix études sur le tirofiban, neuf études sur I'abciximab, une
etude sur |'eptifibatide et une autre sur I'association abciximab -+ ti
rofiban; une seule étude a utilisé le traitement antiplaquettaire double
par I'association prasugrel + ticagrélor.

Résultats : L'utilisation systématique d’IGP a été associée a une
réduction significative de la mortalité toutes causes confondues a 30
jours (2,4 % [IGP] vs 3,2 %; rapport des risques [RR] : 0,72; p = 0,01)
et a 6 mois (3,7 % vs 4,8 %; RR : 0,76; p = 0,02), ainsi qu’a une
réduction de l'infarctus du myocarde récurrent (1,1 % vs 2,1 %; RR :
0,55; p = 0,0006), de la repétition de la revascularisation (2,5 % vs
4.1 %; RR : 0,63; p = 0,0001), d'un flux dont le grade TIMI (Throm-
bolysis in Myocardial Infarction) est inférieur a 3 aprés une interven-
tion coronarienne percutanée (5,4 % vs 8,2 %; RR: 0,61; p < 0,0001)
et de l'accident vasculaire cerébral (AVC) ischémique (RR: 0,42; p =
0,04). Les hémorragies majeures (4,7 % vs 3,4 %; RR : 1,35; p =
0,005) et mineures (7,2 % vs 5,1 %; RR : 1,39; p = 0,006) ont
nettement augmenté avec I'administration systématique d’IGP, mais
pas les hémorragies intracraniennes (0,1 % vs 0 %; RR: 2,7; p = 0,37).
Conclusions : L'administration systématique d'un IGP a des patients
ayant subi un STEMI s'est traduite par une réduction de la mortalité,
principalement attribuable a la diminution du nombre d’événements
ischemiques récurrents. Cette réduction a néanmoins été surtout
observée dans les études menées avant 'avénement de I'association
prasugrel + ticagrélor. |l est nécessaire de mener des études sur les
modalités de prise en charge actuelles du STEMI pour confirmer ces
résultats.

clinicaltrials.gov, and EU Clinical Trials Register were sys-
tematically searched up until December 2018 for relevant
publications. Search terms included but were not limited to
glycoprotein inhibitor [1b/1lla, GPI, STEMI, acute myocar-
dial infarction, tirofiban, eptifibatide, abciximab, NSTEML
Clinical trials in humans were used as a filter. Screening was
primarily performed at the tite and/or abstract level and was
continued in full-text reports. Conference proceedings and
bibliographic references of identified studies and reviews were
additionally checked, and relevant citations were added.
Positively evaluated studies were finally selected for inclusion
in the meta-analysis. All relevant studies provided a full text in
English. All divergences were resolved by consensus.

Data collection and quality assessment

Information on the following was extracted from each
included trial into prespecified forms (G.W., A.K,, Y.L., and
C.P.): wrial characteristics (eg, details on trial conduct, publi-
cation, intervention, procedures, follow-up, and bias), patient
characteristics (eg, age, sex, and comorbidities), and clinical
outcomes of interest. The most updated and/or inclusive
intention-to-treat data were used, where possible. Cross-
checking between investigators ensured internal data val-
idity. Bias assessment was performed by 2 investigators
(Y.L. and M.B.) according to the Cochrane collaboration
guidelines,” who again cross-checked each other for errors.
Divergences at any stage of the data collection process were
resolved by consensus.
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A 30-day all-cause mortality
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GPI Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% CI
Antoniucci et al. 2003 (ACE) (&) 7 200 8 200 58% 0.88[0.32, 2.37) —r
Brener et al. 1998 (RAPPORT) (&) 3 4 242 29% 075([017,3.33
Emst 2004 (A+T) 1 89 0 30 05% 1.03(0.04 2471)
Fu et al. 2008 (T) 0 72 9 78  B6.7% 0.06 [0.00, 0.96] *
Han etal. 2015 (T) 14 629 13 41 9.4% 1.10(0.52, 2.32) ==
Le May etal. 2009 (ASSIST) (E) 7 201 4 199 29% 1.73[0.52,5.83) I —
Liuetal. 2015 (M 3 105 2 53 19% 076(0.13, 4.39 re—
Mehilli et al. 2009 (BRAVE-3) (4) 13 401 10 399 7.3%  1.29(0.57,2.92) —_—r—
Montalescot et al. 2001 (ADMIRAL) (&) 5 149 10 151 7.3% 0.51 [0.18, 1.45) -_—
Neumann et al. 1998 (&) 2 102 4 98 3.0% 048(0.09, 2.56) =
Neumann et al. 2000 (ISAR-2) (A) 4 201 9 200 66% 0.44[0.14,1.41) ——
Petronio et al. 2005 (&) 0 30 1 30 11%  0.33(0.01,7.87)
Salarifar et al. 2014 (T) 0 70 2 43 23% 012(0001,2527 ¢
Sharma et al. 2016 (T) 2 51 3 35 26% 0.46 [0.08, 2.60) —
Shen etal. 2008 (T) 5 114 3 58 29% 085(0.21,3.42) s E—
Tcheng et al. 2003 (CADILLAC) (&) 20 1052 23 1030 17.0% 0.85[0.47,1.54) i
VantHof et al. 2008 (On-TIME 2) (T) 11 491 19 493 139% 0.58(0.28,1.21) —_—
Wang et al. 2015 (T) 2 72 1 47  09% 1.31[0.12,14.00
Zorman et al. 2002 (&) 4 112 5 51 50% 036(0.10,1.30) -
Total (95% Cl) 4382 4078 100.0%  0.72[0.56,0.93] &
Total events 103 130
Heterogeneity: Chi*=13.66, df= 18 (P = 0.75), F= 0% I t t J
Test for overall effect: Z= 2.50 (P = 0.01) e Foélours [GPI] Favours 1c1o?\tro|] 100

B 6-months all-cause mortality

GPI Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Antoniucci et al. 2003 (ACE) (&) g9 200 16 200 103%  0.56(0.25,1.24) —
Brener et al. 1998 (RAPPORT) (&) 10 241 11 242 7.0%  0.91(0.40,2.11) S
Fuetal. 2008 (T) 0 72 9 78 5.9% 0.06 [0.00,0.96) *
Hanetal. 2015 (T) 19 629 18 641 11.4% 1.08 [0.57, 2.03] -_—
Le May et al. 2009 (ASSIST) (E) g 2m 6 193 39% 1.49[0.54, 4.09) I Ea—
Montalescot et al. 2001 (ADMIRAL) (A) 5 149 11 151 7.0% 046(0.16,1.29] R
Petronio et al. 2005 (4) 1 30 1 30 06% 1.00(0.07,15.26)
Shen et al. 2008 (T) 5 114 3 58 26% 0.85(0.21,3.42) —
Tcheng et al. 2003 (CADILLAC) (&) 43 1052 45 1030 29.2%  0.94([0.62,1.41) —_—
VantHof et al. 2008 (On-TIME 2) (T) 16 491 25 493 16.0% 0.64 [0.35,1.19) -
Zorman et al. 2002 (&) 5 112 7 51 6.2% 0.33[0.11,0.98)
Total (95% CI) 3291 3173 100.0%  0.76 [0.60, 0.96] L
Total events 122 152
Heterogeneity: Chi*=11.31,df=10 (P=0.33); F=12% 0 65 0:2 ; t 2:0

Testfor overall effect Z= 2.29 (P=0.02)

Favburs [GPI) Favours [control]

Figure 1. Allcause mortality outcome of routine glycoprotein lib/llla inhibitor (GPI) vs control therapy in ST-segment elevation myocardial infarction:
(A) all-cause mortality at a median of 30 days; (B) all-cause mortality at a median of 6 months. Individual and summary risk ratios with 95%
confidence intervals (Cls). M-H, Mantel-Haenszel estimates with a fixed-effects model.

Data synthesis and statistical analysis

Microsoft Excel, SPSS version 23 (SPSS, Chicago, IL), and
Review Manager version 5.3 (The Nordic Cochrane Centre,
Copenhagen, Denmark) were used for statistical
compurtarions.

Risk ratios (RRs) with 95% confidence intervals (Cls) were
calculated as individual and summary statistics for effect size.
Heterogeneity was assessed by the Cochran Q test,’” and
statistical heterogeneity was summarized by the P statistic.'®
A fixed-effect meta-analysis model was applied for P <
20%; higher statistical heterogeneity prompted the use of the
conservative DerSimonian and Laird random-effects model."”

74

Prespecified sensitivity analyses were performed to differen-
tiate the 3 GPI drugs. The statistical level of significance of the
Cochran-Mantel-Haenszel statistics estimate for the summary
treatment effect was assumed at a 2-railed P-value of < 0.05.

Results

The systematic literature search, screening, and selection
process are described in a PRISMA flow chart (Supplemental
Iig. S1): primary searches revealed a total of 2140 sources,
which were subsequently condensed to 21 RCT's published
between 1998 and 2016 with a total of 8585 patients.””*
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A TIMI flow <3 at end of procedure

GPI Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Anfoniucci et al. 2003 (ACE) (&) 6 200 8 200 41% 0.75[0.27,2.12) —
Brener et al. 1998 (RAPPORT) (A) 36 241 36 242 115% 1.00 [0.66, 1.54) -
Emst 2004 (A+T) 10 89 5 30 45% 0.67[0.25,1.82] —_— T
Fuetal. 2008 (T) 5 72 16 78 47% 0.34[0.13,0.88) m—
Hanetal. 2015 (T) 19 629 28 641 8.9% 0.69[0.39,1.23) T
Le May et al. 2009 (ASSIST) (E) 13 201 17 199 7.2% 0.76 [0.38,1.52) e
Liuetal. 2015 (M) 3 105 13 53 32% 0.12[0.03,0.39) T——
Martinez-Rios et al. 2004 (T) 3 3 7 3% 30% 0.43(0.12,1.53) =
Mehilli et al. 2009 (BRAVE-3) (&) 31 4 31 399 105% 1.00[0.62,1.61] =
Montalescot et al. 2001 (ADMIRAL) (A) 7 149 20 151 57% 0.35([0.15,0.81) ———
Petronio etal. 2005 (&) 1 30 4 30 1.2% 0.25[0.03, 2.11) —
Shama et al. 2016 (T) 1 51 5 3% 12% 0.14[0.02,1.12) r
Shen et al. 2008 (T) 4 114 8 58 35% 0.25(0.08, 0.81) ——
Steen et al. 2005 () 1 24 5 29 13% 0.24[0.03,1.93] —
Tcheng et al. 2003 (CADILLAC) (A) 37 1052 56 1030 11.9% 0.65[0.43,0.97) —
Van1Hof et al. 2008 (On-TIME 2) (T) 29 491 45 493 11.0% 0.65[0.41,1.01) —r—
Wang et al. 2015 (T) 4 72 4 47 28% 0.65([0.17, 2.48) —
Zorman et al, 2002 (A) 1 112 4 51 38% 1.25(0.42, 3.74) .
Total (95% CI) 4069 3802 100.0% 0.61[0.48, 0.77) &
Total events pzil 312
Heterogeneity: Tau®= 0.09; Chi*= 27.06, df= 17 (P = 0.06); = 37% 0 in 01'1 1:l3 550
Test for overall effect: Z= 4.04 (P < 0,0001) : Favours [GPI] Favours [control]

B Recurrent Mi

GPI Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% ClI M-H, Fixed, 95% CI
Antoniucci et al. 2003 (ACE) (&) 1 200 9 200 101% 011[0.01,087) ——=——
Brener et al. 1998 (RAPPORT) () 4 241 8 242 89% 0.50[0.15, 1.65) —
Emst 2004 (A+T) 0 89 0 30 Not estimable
Fuetal 2008 (T) 1 72 3 78 32% 0.36[0.04339 —
Hanetal. 2015 (T) 5 629 8 641 8.8% 0.64[0.21,1.94] ———
Le May et al. 2008 (ASSIST) (E) 3 m 1 198  1.1% 2.97(0.31,28.31) —
Livetal 2015 (M 2 105 8 53 119% 0.13[0.03,057) ——
Mehilli et al. 2009 (ERAVE-3) (4) 6 401 6 399 B6.7% 1.00[0.32, 3.06) —
Montalescot et al. 2001 (ADMIRAL) (A) 2 149 4 151 44% 051[0.09,272) —T
Neumann et al. 1998 (&) 0 102 1 98 1.7% 0.32[0.01,7.77)
Neumann et al. 2000 (ISAR-2) (8) 1 20 3 200 34% 0.33[0.03,3.18) e
Salarifar etal. 2014 (T) 3 70 1 43 1.4% 1.84[0.20,17.16) -
Sharma etal. 2016 (T) 0 51 3 35 46% 0.10[0.01,1.86) *
Shen et al. 2008 () 0 114 4 58 66% 006[0.00,1.04 ¥———
Tcheng et al. 2003 (CADILLAC) (&) 8 1052 9 1030 10.2%  0.87[0.34,225) e
Van'tHof et al. 2008 (On-TIME 2) (T} 13 491 14 493 156% 0.93[0.44, 1.96) T———
Wang etal. 2015 () 1 72 1 47 1.4% 065(0.04,10.18)
Zorman et al. 2002 (&) 0 112 0 51 Not estimable
Total (95% CI) 4352 4048 100.0%  0.55[0.40,0.78] L3
Total events 50 83
Heterogeneity. Ch*=17.29, df=15 (P =0.30), F=13% 0 1'02 011 150 5?0
Testfor overall effect: Z= 3.43 (P = 0.0006) ' Fiavours (GPI] Favours [control]

C Repeat Revascularization

GPI Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Antoniucci et al. 2003 (ACE) (&) 1 200 3 200 18% 0.33[0.03,318) —
Brener et al. 1998 (RAPPORT) (A) 15 241 22 242 13.0% 0.68 [0.36, 1.29] -
Fuetal. 2008 (T) 1 73 2 78 1.1% 053[0.055.77) =
Hanetal. 2015 () 8 629 12 641 7.0%  0.68[0.28 1.65) —
Le May et al. 2009 (ASSIST) (E) 8 201 4 199 24%  1.98[0.61,6.47) —
Liuetal. 2015 (M) 0 105 2 53 2.0% 0.10[0.00,2.08) +
Martinez-Rios et al. 2004 (T) 2 36 4 36 24% 050[0.10,2.56) —
Mehilli et al. 2009 (BRAVE-3) (4) 3 401 4 399 24% 0.75[0.17,3.31] S
Montalescot et al. 2001 (ADMIRAL) () 11 149 19 151 11.2%  059(0.29,1.19) T
Neumann et al. 1998 (&) 0 102 < 98 2.7% 0.11[0.01,1.96] +
Neumann et al. 2000 (ISAR-2) (4) 6 201 10 200 59%  0.60[0.22,1.61) T
Sharma etal. 2016 (T) 0 5 3 35 24%  0.10(0.01,1.86] ¢
Shen et al. 2008 (T) 0 114 2 58 2.0% 0.10([0.01,2.10) +
Tcheng et al. 2003 (CADILLAC) (&) 27 1052 48 1030 28.7%  0.55(0.35,0.88) ——
Van1Hof et al. 2008 (On-TIME 2) (T) 18 491 20 493 11.8%  0.90[0.48,1.69) .
Wang etal. 2015 (M) 5 72 4 47  29% 0.82(0.23, 2.88) —
Zorman et al. 2002 (&) 2 12 0 51 04% 230([0.11,47.08)
Total (95% CI) 4230 4011 100.0%  0.63 [0.50,0.80] L 2
Total events 107 163
Heterogeneity. Chi*=12.39, df=16 (P = 0.72), F= 0% 002 051 150 550

Testfor overall effect: Z= 3.80 (P = 0.0001) F.avours [GPI] Favours [control]

Figure 2. Efficacy outcomes of routine glycoprotein llb/llla inhibitor (GPI) vs control therapy in ST-segment elevation myocardial infarction at a
median follow-up of 30 days: (A) thrombolysis in myocardial infarction (TIMI) flow < 3 at the end of procedure; (B) recurrent myocardial infarction
(MI); and (C) repeat revascularization. Individual and summary risk ratios with 95% confidence intervals (Cls). M-H, Mantel-Haenszel estimates with
a randomeeffects model used for 7 > 20%.

75



1582

A Major bleeding

GPI Control
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Risk Ratio Risk Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
Antoniucci et al. 2003 (ACE) (A 7 200 6 200 42% 1.17([0.40,3.41) N
Brener et al. 1998 (RAPPORT) (A) 40 241 23 242 16.0% 1.75[1.08,2.82) ——
Emst 2004 (A+T) 10 89 2 30 21%  1.69(0.39,7.26) e
Fuetal. 2008 (T) 0 72 1 78 10% 0.36(0.01,8.72)
Han et al. 2015 (T) 15 629 10 641 69% 1.53[0.69,63.39) -
Le May et al. 2009 (ASSIST) (E) 19 201 11 199  7.7%  1.71[0.84,3.50] T
Livetal. 2015 (T) 4 105 0 53 05% 458(0.25 83.60)
Martinez-Rios et al. 2004 (T) 3 36 2 36 14% 150(0.27,8.45) —
Mehilli et al. 2009 (BRAVE-3) (&) 7 40 7 389 49% 1.00[0.35, 2.81) I E—
Montalescot et al. 2001 (ADMIRAL) (&) 1 149 0 151 03% 3.04[0.12,74.03)
Neurnann et al. 1998 (&) 3 102 6 98 43% 048([0.12,1.87) —_—T
Neumann et al. 2000 (1SAR-2) (A) 7 201 9 200 63% 077([0.29,204) s
Petronio et al. 2005 (&) 0 30 0 30 Not estimable
Salarifar etal. 2014 (T) 1 70 0 43 04% 1.86(0.08, 44.64)
Sharma etal. 2016 (T) 7 5 4 35 33% 1.20(0.38,3.80 —_—
Shen et al, 2008 (T) 3 114 1 58 09% 1.53[0.16, 14.35)
Steen et al. 2005 (T) 0 24 0 29 Not estimable
Tcheng etal. 2003 (CADILLAC) (&) 53 1052 40 1030 28.2% 1.30[0.87,1.94] T
Van1Hof et al. 2008 (On-TIME 2) (T) 19 49 14 493 98% 1.36[0.69, 2.69] -
Wang etal. 2015 (T) 3 72 2 47 1.7% 0.98[0.17,5.64) e —
Total (95% CI) 4330 4092 100.0%  1.35[1.10,1.67] {2
Total events 202 138
Heterogeneity. Chi*= 7,46, df=17 (P = 0.98); F= 0% :u 0 u"1 ] t 100:
Testfor overall effect: Z= 2.82 (P = 0.005) ’ Favours [GPI) Favours [control]
B Minor bleeding

GPI Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Brener et al. 1998 (RAPPORT) (A) 72 4 55 242 221% 1.31[0.97,1.78) Il
Ernst 2004 (A+T) 3 89 1 30 1.1% 1.01 [0.11, 9.36)
Fuetal. 2008 (T) 8 72 i 78 5.2% 1.24 [0.47,3.24) ) —
Han etal. 2015 (M) 33 629 23 641 129% 1.46 [0.87, 2.46) —
Le May et al. 2009 (ASSIST) (E) 26 201 18 199 11.6% 1.43[0.81,2.52) T
Liuetal. 2015 (T) 26 105 1 53 14% 13.12[1.83,94.09)
Martinez-Rios et al. 2004 (T) 1 36 1 36 0.7% 1.00([0.07,15.38)
Mehilli et al. 2009 (BRAVE-3) (A) 15 40 7 399 59% 213(0.88,5.17) T
Montalescot et al. 2001 (ADMIRAL) (A) 18 149 5 15 5.1% 365 [1.39,9.57) R
Petronio et al. 2005 (&) 1 30 0 30 0.6% 3.00(0.13,70.83)
Salarifar et al. 2014 (T) 0 70 0 43 Not estimable
Sharma et al. 2016 (T) 7 5 4 35 38% 1.20[0.38, 3.80) ——
Shen et al. 2008 (T) 8 114 2 58 23% 2104 [0.45,9.28) —
Teheng etal. 2003 (CADILLAC) (A) 25 1052 35 1030 134% 0.70[0.42,1.16) —_——
VantHof et al. 2008 (On-TIME 2) (T) 29 491 21 493 121% 1.39[0.80, 2.40) =
Wangetal 2015 (T) 3 72 2 47 1.7% 098 [0.17,5.64) ——
Total (95% CI) 3803 3565 100.0% 1.39 [1.10, 1.76) *
Total events 275 182
Heterogeneity. Tau*= 0.04, Chi*=18.04, df=14 (P = 0.21); P= 22% 10 o1 0:1 120 100:

Testfor overall effect: Z= 2.73 (P = 0.006)

Favours [GPI] Favours [control]

Figure 3. Safety outcomes of routine glycoprotein llb/Illa inhibitor (GPI) vs control therapy in ST-segment elevation myocardial infarction at a
median follow-up of 30 days: (A) major bleeding; (B) minor bleeding. Individual and summary risk ratios with 95% confidence intervals (Cls). M-H,
Mantel-Haenszel estimates with a random-effects model used for I* > 20%.

Excluded studies and reasons for excusion are listed in
Supplemental Table S1.

Study characteristics are reported in Table 1. The largest
included RCT was Controlled Abciximab and Device Investiga-
tion to Lower Late Angioplasty Complications (CADILLAC)*>¢
with 2082 patients and the smallest was by Steen et al.> with 53
patents. Eleven trials randomized [iroﬁba.n,zl’23‘23‘%‘31‘%37‘38’43
10 trials abciximab,20’21’27’30’36‘&)’42 and 1 trial eptiﬁbatidf:24 as
the investigated GP1 to either placebo (8 trials) or standard therapy

76

(13 trials). GPI was initiated as a bolus either upstream to the
procedure in 7 trials? 22731333742 periprocedural for all others;
2 trials administered the intracoronary bolus instead of intrave-
nous.”** The duration of postprocedural GPI infusion varied
berween 12 and 48 hours. Tirofiban groups of trials randomizing
different dosages to control were analysed together.”"* Vascular
access information was available only in 5 erials. 271 All bue
one s[udyll reported median fol]ow—ul))s of 30 dz?/s; 11 trials
provided follow-ups up to 1 year.”** 2283336373942 Gi iy dies
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15 - All-cause mortality (30d) ; All-cause mortality (6mo)
£ 10- i
o * |
£ :
- a
e ¥ 5
o w L i Ll Ll Ll bl L)
Group GPI Ctrl GPI Ctrl GPI Ctrl GPI Ctrl
Overall mean 2.1% 3.1% 2.6% 3.2% 3.3% 4.2% 4.1% 5.3%
Relative Risk 0.66 (0.46 - 0.96) 0.79 (0.55-1.11) 0.75(0.56 - 1.01) 0.78 (0.54 -1.12)
P-value 0.03* 0.17 0.06 0.18
Time span 1998 to 2007 2008 to 2016 1998 to 2007 2008 to 2016
20 - Recurrent MI ; Repeat Revascularization
151 |
- * *
£ 10- ; /
g s
* 1
” 51 g /‘
0 A v L) : %f L]
Group GPI Ctrl GPI Ctrl GPI Ctrl GPI Ctrl

Overall mean 0.7% 1.7% 1.5% 2.4% 3.1% 5.5% 2.0% 2.6%
Relative Risk 0.47 (0.26-0.85) 0.60(0.40-0.91)  0.57 (0.42-0.77)  0.75(0.51-1.10)

P-value 0.01* 0.02* 0.0003* 0.14
Time span 1998 to 2007 2008 to 2016 1998 to 2007 2008 to 2016
40 - Major bleeding ; Minor bleeding

o 31 \

Ll

'%':; 20 4 * * *

3

® 10- *;\ .

0 — 1 % T : 4 * 4

Group GPI Ctrl GPI Ctrl GPI Ctrl GPI Ctrl
Overall mean 5.8% 4.3% 3.5% 2.4% 7.5% 6.4% 7.0% 4.2%
Relative Risk 1.32 (1.01-1.72) 1.41 (1.00 - 1.99) 1.29 (0.76 - 2.21) 1.51(1.16 - 1.97)
P-value 0.04* 0.05* 0.35 0.0002*
Time span 1998 to 2007 2008 to 2016 1998 to 2007 2008 to 2016

Figure 4. Summary of glycoprotein llb/llla inhibitor (GPI) effect comparisons stratified by the period of study publication (1998-2007 vs 2008-
2016), at a median follow-up of 30 days unless specified otherwise. *Statistical significance. MI, myocardial infarction; RR, relative risk calculated
from Mantel-Haenszel estimate and confidence intervals in parentheses.
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were partly financed through Eli Lilly (Bad Homburd, Germany),
the company producing ReoPro (abciximab). Many of the wials
received financial support from the pharmaceutical industy; 3
trials received support from the local g}(:'\fernmf:n[.19’33’55 Two
trials declared no conflicts of interest,”®? and there was no
financial disclosure provided or it was unclear in 4 of the ui-
als"®#%21%% (for details, see Supplemental Table S2).

Patient characteristics are reported in  Supplemental
Table S3: the majority of patients were male, median age
was 00 years, and cardiovascular comorbidities and smoking
were frequent. Medical care for STEMI was heterogeneous
across studies (Table 1): pPCI techniques in older trials
featured balloon dilatation only or bare-meral stents, whereas
later trials used drug-eluting stents. P2Y12 inhibitor therapy
in addition to aspirin consisted of clopidogrel (14 trials),
ticlopidine (5 trials), and ticagrelor (1 trial); 2 trials predom-
inantly used aspirin mono[hf:rapy.m’/lz Heparin was used for
anticoagulation in all trials, initiated with a bolus of 60 to 100
U/kg and titrated to an activated clotting time of >250 sec-
onds; heparin dosage after pP’CI and during GPI infusion was
not consistently reported.

The risk of bias of included RCTs is shown in
Supplemental Table S4. Bias originated primarily from the
lack of blinding of participants or study personnel and unre-
ported methods of randomization and group allocation of
patients. Outcome assessors were blinded in 11 of 21 trials,
and there was overall little evidence for incomplete outcome
darta or selective reporting. Funnel plot graphical analysis for
the most relevant outcome of 30-day all-cause mortality
revealed no evidence for publication bias (Supplemental
Fig. S2).

All-cause mortality

Nineteen RCTs including 8460 patients reported 30-day
all-cause  mortality.”"*>*7*35%% " The  pooled  analysis
(Fig. 1A) resulted in a significant reduction in the risk for
mortality for routine GPI compared with control (2.4% vs
3.2%; RR, 0.72; 95% CI, 0.56-0.93; F* = 0%; P = 0.01).
Sensitivity zum]yses for abciximab vs control (10
trials?®2 12730302942, Gy plemental Fig. $3: 2.3% vs 3.0%;
RR, 0.74; 95% CI, 0.53-1.04; P = 0%; P = 0.08) and tr-
ofiban vs control (9 trials®!?#2>313%37:3843, G plemenal
Fig. S3B: 2.3% wvs 3.5%; RR, 0.64; 95% CI, 0.42-0.96;
P = 0%:; P = 0.03) exhibited similar results.

Mortality after a median ’f'(’)l’]m’v—g? of 6 months was re-
ported in 11 [rials,m’zz'y"38""”"5"’7"’t'/l" resulting in a simi-
larly significant reduction in the risk for GPI (3.7% vs 4.8%;
RR, 0.76; 95% CI, 0.60-0.96; > = 12%; P = 0.02; Fig. 1B).

Efficacy outcomes of TIMI flow, recurrent MI, repeat
revascularization, and ischemic stroke

The meta-analysis of 18 RCTs reporting TIMI flow grades
at the end of pPCI showed a highly significant reduction in
the risk for suboptimal TIMI flow with GPI vs control (5.4%
vs 8.2%; RR, 0.61; 95% CI, 0.48-0.78; P < 0.0001;
Fig. 2A), albeit with considerable statistical heterogeneity
(heterogeneity P = 0.06; P = 37%) in a random-effects
model. There was a modest difference in sensitivity analyses
of abciximab (RR, 0.78; P = 0.09) and tirofiban (RR, 0.46; P
< 0.0001; dara not shown).
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Eighteen RCTs reported recurrent MI
events;” 227333504283 (i meta-analysis showed a highly
significant reduction in the risk for recurrent MI with routine
GPI compared with control (1.1% vs 2.1%; RR, 0.55; 95%
CL 0.40-0.78; I = 13%; P = 0.0006; Fig. 2B). Similar re-
sults were found for sensitivity analyses in abciximab
(RR, 0.55; 2= 0.02) and tirofiban (RR, 0.46; P = 0.04) trials
only (data not shown).

Seventeen RCTs reported repeat
revascularizations, -2 23335-40,42.45 - 4 highly significant risk
reduction was scen in the pooled analysis with GPI vs control
therapy (2.5% vs 4.1%; RR, 0.63; 95% CI, 0.5-0.8; P = 0%;
P = 0.0001; Fig. 2C). Abciximab (RR, 0.38; P = 0.0004)
and tirofiban alone were equally effecive (RR, 0.64;
P = 0.04; data not shown).

Seven trials
events. 2 H27:30.35-37:40:43 T pooled meta-analyses resulted
in a significant reduction in the risk for this rare event under
GPI therapy (0.2% vs 0.6%; RR, 0.42; 95% CI, 0.19-0.96;
P = 0%; P = 0.04; data not shown).

reported ischemic stroke

Safety outcomes of bleeding events and intracranial
haemorrhage

Bleeding events were reported in all trials.”* ™ The risk of
major bleedings was significantly increased under GPI therapy
compared with control (Fig. 3A: 4.7% vs 3.4%; RR, 1.35;
95% CI, 1.1-1.67; P = 0%; P = 0.005). Similar results,
albeit with higher heterogeneity, were observed for minor
bleedin;s (Fig. 3B: 7.2% vs 5.1%; RR, 1.39; 95% CI, 1.10-
1.76; I© = 229%; random-effects model, P = 0.006). Access
site bleedings were reported in 6 trialg?® 2224283141 20 were
significantly more frequent under GPI (8.5% vs 3.5%; RR,
2.34; 95% CI, 1.51-3.60; P = 14%; P = 0.0001; data not
shown); the same was true for rtransfusions (9
trialg?2 22 427,29.33.35-37.4143, 5 1oy, [GPI] vs 4.0% [control];

RR, 1.3; 95% CI, 1.02-1.66; * = 0%, P = 0.03; data not

shown).
Intracranial haemorrhage reported in 10
- 1.20,21,23,25-27,29,35,36,39-41 .
trials was extremely rare: 3 events in

total were reported under GPI therapy vs control (0.1% vs

0%; RR, 2.7; 95% CI, 0.3-24.4; P = 0.37; data not shown).

Number-needed-to-treat and number-needed-to-harm

of GPI therapy

The number-needed-to-treat of GPI therapy to prevent 1
death was 125 during the first 30 days and 91 during the
6-month follow-up. The number-needed-to-harm with major
bleeding under GPI therapy was 77 and 1000 for intracranial
bleeding.

Impact of study publication period on GPI effects for
clinical outcomes

To account for the tme span across which studies were
included in this analysis (1998-2016), a dichotomous analysis
of studies from 1998 to 2007 and from 2008 to 2016 was
performed (Fig. 4): GPI reduced 30-day and 6-month all-
cause mortality in both older and younger trials (RR, 0.66-
0.78; P = 0.03-0.18), which was similarly true for recurrent
ischemic events (MI and repeat revascularization: RR, 0.47-
0.75; P = 0.01-0.14). All outcomes showed a slight trend
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towards lower GP1 efficacy in the younger trial group. Overall,
major bleedings became less frequent in the contemporary

period; GPI still significantly increased bleeding risk (Fig. 4).

Discussion

The main findings of this meta-analysis of routine GPI use
in STEMI were as follows: (1) GPI significantly reduced the
risk for mortality compared with control at 30-day and
6-month follow-up; (2) GPI significantly reduced recurrent
ischemic events; and (3) GPI significantly increased risk for all
bleeding outcomes, except for intracranial haemorrhage.

In high thrombus burden scenarios of STEMI with
microvascular obs‘[ructlon and no-reflow phenomenon
adverse outcomes ensue.”  Routine thrombus asplranon in
this setting has shown limited bf:neh[s"i’l()
ommended in current guldehnes “ In this acute setting, oral
antiplatelet agents have not yet managed to achieve optimal
inhibition related to time, opioid use, and poor gastric ab-
sorption in shock. The i 1mpre§s‘1ve rapid onset of action of
ticagrelor and prasugrel in healthy volunteers””*® is not
applicable in the acute setting of STEMI, where effective
platelet inhibition is aclnf:ved not earlier than 2 to 4 hours
after oral administration.” Clopidogrel—still the only
option in some subgroup of patients—has conslderably slower
pharmacokmetlcs 5253 Alternative therapy with intravenous
cangrf:lor 55 achieved rapid platelet inhibition leadjng to a
guidelines recommendation for P2Y12-naive patients; none-
theless, high cost hinders large-scale routine application, and it
should be considered that the medication was tested mostly on
patients receiving clopidogrel This renders the “old” GPI
therapy “new” and interesting again, something thar led us to
perform this meta-analysis.

Previous meta-analyses studied different routes of admin-
istration of GPI or GPI after [hrombf:ctom? bu[ routine GPI
therapy in STEMI has not been analysed. 33657 This meta-
analysis confirmed GPl efficacy in this setting, finding a
robust reduction of recurrent M1, repeat revascularization, and
suboptimal TIMI flow after pPCI compared with control.
This finding was irrespective of the use of an antibody
(abciximab) or small-molecule (trofiban and e)tiﬁbatide)
GPI, which is in line with previous analys‘es‘
strokes were also significantly reduced, reminiscent of the use
of GPI in stroke—even though the event rate was low overall.

C ompared with oral platelet inhibitors, GPIs have been
shown to increase bleeding complications™””* leadmg Eu-
ropean guidelines recommending only bail-out use in case
of high thrombus burden (class 1la).” American guidelines
(class I1a/IIb) stress the mlssmg evidence of GPI in com-
bination Wlth modern DAPT,”? similar to current Canadian
guldehnes This meta-analysis made similar observations
with an increase in the relative risk of approximately 40%
for major and minor bleedings and transfusions in studies
predominantly featuring clopidogrel as the second ant-
platelet agent in DAPT. Only 1 small trial on GPI therapy
as a rou[me adjunct to modern DAPT with ticagrelor was
available.

Overall, this meta-analysis confirms an advantageous
bleeding risk vs ischemic benefit balance of routine GPI in
patients with STEMI in the pre-prasugrel/ticagrelor era,
evident in a significant reduction of approximately 25% in

and is not rec-

Ischemic
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30-day and 6-month all-cause mortality. Such survival benefit
was observed despite low overall mortality in these trials.
Results of formal tests of heterogeneity were considered
alongside a qualitative assessment of the combinability of
studies in this review. Considering heterogeneity present
among study designs, protocols, and study size, we analysed
the relationship of study size, precision, and treatment effect
(see Supplemental ig. S1), and we accounted for heteroge-
neity by performmg sensitivity analysis and choosing the
conservative random-effects method. In addition, no major
risk for publication bias or bias within studies could be found.
With wials funded from various institutions, the risk of bias
was present. Because the impact of trial funding cannot be
assessed quantitatively, we included all studies independent of
funding. An additional limitation that should be mentioned is
the long time span across included studies with evolutions in
pPCI techniques and oral antiplatelet therapy. Even with valid
results, this meta-analysis cannot overcome the lack of evi-
dence on GPI in combination with modern potent DAPT.
This limitation notwithstanding, contemporary access-site
management and transradial vascular access”"' are bound
to reduce bleeding events and increase net GPI benefits. In a
contemporary registry of patients with STEMI, we found no
differences in bleeding events with or without GPL®” That
said, we have to consider that GPIs have been shown to be
slightly more efficient in older trials (Fig. 4) and might further
lose efficacy in ischemic reduction in a setting of modern
DAPT and stent technology. Because current evidence is not
able to answer these open questions, we think that RCTs of
routine GPI in contemporary STEMI management are war-
ranted. Such trials should deliver evidence on dot burden,
lesion complexity, and time delay through thrombectomy,
while subgroup analyses to identify groups of patients with the
largest benefit through such an approach would be of interest,
for example, an analysis for patients treated via a transradial vs
transfemoral approach. A further consideration would be to
test shorter time intervals of GPI infusions, which could
further decrease bleeding complications without compro-
mising efficacy. Coadministration of GPIs with cangrelor for
the duration of infusion might be another interesting option
to increase efficacy while giving an option for fast reversal in
case of bleeding.

Conclusions

Routine GPI administration as an adjunct to pPCI in
patients with STEMI was found to result in mortality
reduction, which was driven by a reduction in recurrent
ischemic events. Nevertheless, the majority of trials included
were conducted before the era of potent P12Y2 inhibitors.
New trials in a contemporary setting of STEMI management
are warranted to confirm clinical benefits of routine GPI
therapy.
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Im akuten Koronarsyndrom sind von internationalen Leitlinien verschiedene Optionen der
parenteralen Antikoagulation empfohlen (84, 96-98). Da jedoch direkte Vergleiche zwischen
diesen verschiedenen Medikamentenklassen aus randomisierten Studien haufig fehlten, war

unklar, welche Option die beste in diesem Setting ist.

Wir haben ein systematisches Review mit anschlieBender Netzwerk-Metaanalyse von
insgesamt 42 randomisierten, kontrollierten Studien mit insgesamt 117.353 eingeschlossenen
Patienten durchgefluhrt, welche sechs verschiedene Antikoagulantien miteinander verglichen
haben: 1) Unfraktioniertes Heparin + Glykoprotein-Inhibition (GPI), 2) Unfraktioniertes Heparin
+ GPI, 3) Bivalirudin, 4) Niedermolekulare Heparine, 5) Otamixaban und 6) Fondaparinux.
Relevante klinische Endpunkte waren Tod, Myokardinfarkt, Revaskularisierung,
Blutungsereignisse und Stentthrombose innerhalb von 30 Tagen. Subanalysen zu
verschiedenen klinischen Settings (ST-Strecken- und Nicht-ST-Strecken-Hebungsinfarkte)

wurden zusatzlich durchgefuhrt.

Es ergaben sich in unserer Netzwerk-Analyse keine signifikanten Unterschiede in der
Mortalitat zwischen allen sechs Strategien: Bivalirudin reduzierte verglichen mit Heparinen +
GPI und Heparinen + GPI das Blutungsrisiko, mit jedoch seinerseits erhdhtem Risiko fur
Myokardinfarkt und Stentthrombose, welche ihrerseits bei Heparinen (insbesondere

Heparinen + GPI) niedriger waren.

Zusammenfassend zeigte sich in unserer bis dato groBten Netzwerk-Metaanalyse der
Antikoagulationsstrategien im akuten Koronarsyndrom keine eindeutig beste Option. Vielmehr
muss anhand des individuellen Blutungsrisikos und des ischamischen Risikos des Patienten

die beste Strategie abgewogen werden.
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Summary

International guidelines differ in strengths of recommendation for
anticoagulation strategies in acute coronary syndromes (ACS). We per-
formed a comprehensive network meta-analysis (NMA) of randomised
controlled trials (RCTs) to investigate the comparative efficacy and
safety of parenteral anticoagulants in ACS. MEDLINE, Cochrane, EM-
BASE, Google Scholar, major cardiology websites, and abstracts/pres-
entations were searched. Six treatments were identified: 1) unfrac-
tionated heparin (UFH) + glycoprotein IIb/llla inhibitor (GPI)
[UFH+GPI], 2) UFH+GPI, 3) bivalirudin, 4) low-molecular-weight hepa-
rins (LMWHs), 5) otamixaban, and 6) fondaparinux. Prespecified out-
comes (death, myocardial infarction [MI], revascularisation, major
bleeding [MB], minor bleeding, and stent thrombosis [ST]) were evalu-
ated up to 30 days. Forty-two RCTs involving 117,353 patients were
included. No significant differences in mortality rates were found
among strategies. Compared to UFH+GPI, bivalirudin reduced the
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Introduction

Contemporary guidelines recommend parenteral anticoagulants
for the initial management of patients with myocardial infarction
(MI) or high-risk unstable angina (1-4). Options span from anti-
thrombin-mediated coagulation inhibitors - that comprise unfrac-
tionated heparin (UFH), low-molecular-weight heparins
(LMWHs), and the synthetic pentasaccharide fondaparinux - to
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odds of MB but increased the odds of ST and MI. LMWHSs vs bivaliru-
din reduced Ml risk at the price of MB excess. UFH+GPI significantly
increased the odds of MI vs LMWHs, of ST vs UFH+GPI, and of MB vs
bivalirudin. Reduced ST risk with otamixaban vs UFH+GPI and vs bi-
valirudin was offset by a marked 2.5- to four-fold MB excess. Fonda-
parinux showed an intermediate profile. Results for ST-segment elev-
ation MI were consistent with the overall findings. Early anticoagulant
strategies for ACS differ in efficacy and safety, with UFH+GPI and
LMWHs reducing ischaemic but increasing bleeding risk, and bivaliru-
din reducing MB but increases Ml and ST. The findings support individ-
ualised therapy based on patients’ bleeding and ischaemic risks.
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the direct thrombin inhibitor, bivalirudin; a direct factor Xa in-
hibitor, otamixaban, has also been investigated. These strategies
have been tested in phase 11 and III randomised controlled trials
(RCTs) against each other, but direct comparisons among all of
them are incompletely available. The lack of direct evidence has
led to variable interpretations and uncertainty, reflected by a range
of guideline recommendation for each agent (1-4). Even when ap-
parently large, head-to-head comparisons exist, the available
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evidence is still underpowered to draw conclusions with respect to
individual outcomes (5-8).

Network meta-analyses (NMAs), also known as mixed treat-
ment comparisons, are novel methods comparing different treat-
ments in a connected network (9). They allow probability infer-
ences on the best treatment even when direct comparisons are un-
available, by integrating data from direct and indirect compari-
sons, while maintaining the randomisation design (10). In addi-
tion to analysing direct within-trial comparisons between treat-
ments (such as A vs B), the network framework incorporates indi-
rect comparisons (such as A vs C) from frials having one treat-
ment in common (such as A vs B and B vs C), thereby comparing
agents not directly analysed within an individual trial. The role of
NMAs in clinical research is well established, as they provide an
overview of the available evidence on the largest possible scale
(11). We report the first comprehensive NMA of RCTs investigat-
ing the efficacy and safety of parenteral anticoagulant strategies in
patients with acute coronary syndromes (ACS).

Methods
Data source and search strategy

Established methods were used in compliance with the PRISMA
(Preferred Reporting of Items for Systematic reviews and Meta-
Analyses) statement in health care interventions (12). Relevant
RCTs were searched until December 2014 through MEDLINE
(Suppl. Table 1, available online at www.thrombosis-online.com),
Cochrane, EMBASE and Google Scholar databases and through
www.tctmd.com, www.clinicaltrials.gov, www.clinicaltrialresults.
org, and www.cardiosource.com websites. Previous meta-analyses
and abstracts/presentations from annual meetings of major car-
diovascular societies (American Heart Association, American
College of Cardiology, Society of Cardiovascular Angiography and
Intervention, Transcatheter Cardiovascular Therapeutics, Euro-
pean Society of Cardiology, Euro-PCR, and China Interventional
Therapeutics) were also screened. Keywords were: randomised
trials, UFH, bivalirudin, LMWHs, fondaparinux, otamixaban,
GPI, abciximab, eptifibatide, tirofiban, ACS, S§T-segment elevation
MI, non ST-segment elevation M1, and unstable angina. MeSH
terms are listed in Suppl. Table 2 (available online at www.thrombo
suis-online.com). No language, date, or other publication restric-
tion was imposed. The most updated/inclusive data for each study
were used for abstraction.

Selection criteria and quality assessment

To provide the most comprehensive analysis, as formally recom-
mended by the Cochrane Collaboration (13), the efficacy and
safety of all parenteral anticoagulants currently approved by the
Food and Drug administration (FDA) in ACS were compared -
UFH+GPL, UFH+GPI, bivalirudin, LMWHs, fondaparinux - as
well as the non-FDA approved otamixaban. Citations were
screened at titlefabstract level and retrieved as full reports. Inclu-
sion criteria were: 1) human studies; 2) randomised trials and sub-
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sequent analyses comparing the above strategies; 3) studies report-
ing prespecified outcomes of interest; 4) trials conducted in the
setting of ACS, and 5) for RCTs conducted in mixed populations
(stable coronary artery disease and ACS), availability of ACS data.
Exclusion criteria were: 1) non-randomised registries; 2) elective
percutaneous coronary intervention (PCI) or mixed population
studies without reported outcomes in the ACS subset; 3) upstream
administration by study design of another anticoagulant prior to
randomisation; 4) fibrinolytic therapy; 5) follow-up not relevant to
the meta-analysis. Rivaroxaban and vitamin K antagonists were
not included among the investigated treatments because adminis-
tered orally and not parenterally.

Three authors (EPN, MK, VS) independently assessed the trials’
eligibility and risk of bias, and extracted the data. Disagreements
were resolved by consensus. Risk of bias was assessed using the
components recommended by the Cochrane Collaboration, i.e.
random sequence generation and random allocation; allocation
concealment; blinding of participants, personnel, and outcome as-
sessors; incomplete outcome data; selective outcome reporting and
other sources of bias (13). Trials with high or unclear risk for any
of the first three components were considered at high risk of bias;
otherwise, they were considered at low risk of bias.

Data extraction and synthesis

Six treatments contributed to the final network: UFH+GPI,
UFH+GP], bivalirudin, LMWHs, otamixaban and fondaparinux.
Studies were considered of UFH+GPI if GPI was a routine part of
the randomisation protocol. Prespecified outcomes were evaluated
up to 30 days after randomisation and included: death, MI, revas-
cularisation, protocol major bleeding (MB), protocol minor bleed-
ing, and definite stent thrombosis (ST). A prespecified analysis of
MB according to the Thrombolysis in Myocardial Infarction
(TIMI) criteria was also performed. ST was defined by Academic
Research Consortium criteria (14). Protocol definitions of MB
were largely available across the included trials.

Statistical analysis

NMA methods on all available networks of treatment comparisons
were used to compare different strategies. Outcome analyses were
compared by odds ratios (ORs) and 95% credible intervals (Crls)
using a Bayesian hierarchical random-eftects model that takes into
account multi-arm trials. A random-effects rather than a fixed-effect
model was adopted, as this is likely the most appropriate and conser-
vative, accounting for differences among trials. Posterior median
rates of efficacy and safety outcomes, with corresponding Crls, were
calculated from the original trials incorporated in the network. Het-
erogeneity was defined as the variability of results across trials over
and above chance, with 12 <0.04 indicating low and 12 >0.4 high
heterogeneity. Model fit was assessed by comparing the posterior
mean of the residual deviance with the number of data points (15,
16). Inconsistency was formally assessed by comparing the results of
the direct evidence on a pairwise contrast with the estimates from
the indirect evidence incorporated in the NMA using node-split
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(17). Analysis was based on noninformative prior distributions for
effect sizes (Normal(0,100?)) and between-studies standard devi-
ation (Uniform(0,2)), which yield results that are comparable to
those obtained from conventional statistical analysis. Convergence
was achieved at 20,000 iterations for all outcomes; lack of autocorre-
lation was checked and confirmed. A further 40,000 iterations were
taken on two chains. In the Bayesian framework, the results for
which 95% Crl of the OR did not include the unit value were re-
garded as significant. Treatment hierarchy was assessed by surface
under the cumulative ranking (SUCRA) curves, expressed as effi-
cacy or safety percentage of each intervention relative to an imagin-
ary intervention that is always the best without uncertainty; a
SUCRA of 90% means that the drug of interest achieves 90% of the
effectiveness or safety of this imaginary drug; thus, the larger the
SUCRA value, the higher the rank of the treatment, indicating a
more effective or safer intervention.

Additional analyses

To further corroborate the robustness of the data, Bayesian poster-
ior-probability curves were generated for each strategy, with
UFH+GPI as reference; these curves provide a ranking of compet-
ing anticoagulant strategies with respect to overall safety and effi-
cacy. Additional prespecified sensitivity analyses included compu-
tations with the fixed effect method, in STEMI patients only, and
after excluding trials with high risk of bias.

Results
Study selection and characteristics

The study selection process is shown in Suppl. Figure 1 (available
online at www.thrombosis-online.com). Baseline study character-
istics, MB definitions, patient demographics, clinical diagnoses,
antiplatelet regimens, concomitant GPI (routine, provisional, bail-
out), vascular access, proportion undergoing PCI, and proportion
of drug eluting stent placement are listed in Suppl. Tables 3 and 4
(available online at www.thrombosis-online.com). The risk of bias
is shown in Suppl. Table 5 (available online at www.thrombosis-
online.com). Forty two RCTssl-s42 involving 117,353 patients
entered the final analysis. »Figure 1 illustrates the network
geometry.

Mortality at 30 days

A total of 42 studies (n=117,353) contributed to the analysis of
30-day mortality (» Figure 2A). All studies showed a good fit to
the NMA model, with a posterior mean of the residual deviance =
86.5, which is close to the number of data points = 88. There was
no evidence of inconsistency (Suppl. Table 6, available online at
www.thrombosis-online.com) or of high heterogeneity among
trials (t*=0.01). None of the strategies, compared to each other,
showed significantly improved survival; posterior median 30-day
death rates were comparable (»Table 1). The treatment hierarchy
for death (highest to lowest SUCRA) was: fondaparinux, followed
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UFH+GPI
N=26,367

LMWHSs
N=26,235

Bivalirudin
N=18,156

n=3 .
Fondaparinux

N=13,001
Otamixaban ¢

N=10,430

UFHGPI
N=23,164

Figure 1: Geometry of the network meta-analysis comparing anti-
coagulants strategies.

by UFH+GPIL, LMWHS, bivalirudin, otamixaban, and UFH+GPI
(> Figure 3A).

Myocardial infarction and revascularisation at 30
days

Forty-one studies (n=117,153) contributed to the analysis of MI at
30 days (P Figure 2B). All studies had a good fit to the NMA model
(posterior mean of the residual deviance = 94.9, which is close to the
number of data points = 86). There was no evidence of inconsisten-
cy (Suppl. Table 6, available online at www.thrombosis-online.com)
or of high heterogeneity among trials for MI (12=0.01). Compared
to UFH+GPL, bivalirudin was associated with a significant 15% in-
crease in the odds of M. LMWHs yielded significant 22% and 19%
reductions in the odds of MI in comparison to bivalirudin and
UFH=GPI, respectively (»Figure 2B). Median MI rates are dis-
played in P>Table 1. Treatment hierarchy for MI (highest to lowest
SUCRA) was: fondaparinux, followed by LMWHs, otamixaban,
UFH+GPL, UFH+GPI, and bivalirudin (P Figure 3B).

Thirty-three trials including 73,621 patients contributed to the
analysis of revascularisation at 30 days. All studies had a good fit
to the NMA model (posterior mean of the residual deviance =
76.0, which is close to the number of data points = 68). There was
no evidence of high heterogeneity among trials (12=0.06). Consist-
ent with the MI results, LMWHs provided significant 29% and
19% reductions in the odds of revascularisation in comparison to
bivalirudin and UFH+GPI, respectively (» Figure 2C). Median
revascularisation rates are shown in P Table 1.

Major and minor bleeding at 30 days

Forty-one studies (n=116,952) contributed to the analysis of MB
(» Figure 2D). All studies had a good fit to the NMA model (pos-
terior mean of the residual deviance = 51.1, which is close to the
number of data points = 53). There was no evidence of inconsist-
ency (Suppl. Table 6, available online at www.thrombosis-online.
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NMYOCARDIAL INFARCTION

MORTALITY

Treatment Control ORs (95% Crl)
UFH  GPI UFH + GPI h:-—- 1.10 (0.90-1.36)
Bivalirudin UFH + GPI i 1.05(0.83-1.34)
LMWHs UFH + GPI o 1.05(0.82-1.33)
Otamixaban UFH + GPI i—il—i 1.08 (0.68-1.58)
Fondaparinux UFH + GPI —a— 0.97 (0.69-1.39)
Bivalirudin UFH £ GPI —a— 0.96 (0.73-1.22)
LMWHs UFH £ GPI l—l:4 0.95(0.78-1.13)
Otamixaban UFH £ GPI —a— 0.99 (0.58-1.49)
Fondaparinux UFH * GPI = 0.88 (0.65-1.18)
LMWHs Bivalirudin —— 1.01(0.74-1.34)
Otamixaban Bivalirudin i 1.04 (0.61-1.61)
Fondaparinux Bivalirudin —a— 0.94 (0.63-1.36)
Otamixaban LMWHs —a— 1.05(0.61-1.62)
Fondaparinux LMWHs r—-:—i 0.93 (0.70-1.27)
Fondaparinux Otamixaban —a— 0.95 (0.55-1.64)

1
1
o 1 “To
Favours treatment < - > Favours control
A ORs (95% Crl)

Treatment Control ORs (95% Crl)

UFH + GPI UFH + GPI o 1.05 (0.87-1.31)

Bivalirudin UFH + GPI o 1.15 (1.01-1.36)

LMWHs UFH + GPI el 0.85 (0.70-1.04)

Otamixaban UFH + GPI r—ert 091 (0.64-1.21)

Fondaparinux UFH + GPI - 0.83 (0.61-1.14)

Bivalirudin UFH £ GPI e 1.06 (0.85-1.29)

LMWHSs UFH £ GPI [ 0.81(0.67-0.54)

Otamixaban UFH + GPI |—-;—| 0.88 (0.55-1.20)

Fondaparinux UFH £ GPI o} 0.79 (0.59-1.01)

LMWHs Bivalirudin —a, 0.78 (0.60-0.53)

Otamixaban Bivalirudin ._..l.. 0.83 (0.53-1.14) .

Fondaparinux Bivalirudin — 0.76 (0.53-1.03) Figure 2: Pooled odds

Otamixaban LMWHs - 1.08 (0.70-1.51) ratio and 95% credible

Fondaparinux LMWHs e 097 (0.76-1.26) g‘:f::::::‘g} ig’o‘:t?flty_

Fonda parinux Otamixaban -—-s—- 0.94 (0.61-1.50) B) myocardial infarction

5 1'_ o () coronary revasculari-
Fawvours treatment < - > Favouwrs control sation; D) major bleeding;
B OR3 {35

% cr E) minor bleeding; F) defi-
nite stent thrombosis.

com) or of high heterogeneity among trials (t2=0.11). Bivalirudin
provided significant 48 % and 39% reductions in the odds of MB
compared to UFH+GPI and UFH+GPI, respectively (P Figure
2D). Otamixaban showed the highest posterior median 30-day
rate of MB (12.07 % [6.64 to 20.31]) and bivalirudin the lowest rate
(3.44% [2.46 to 4.61]) (»Table 1). Otamixaban significantly in-
creased the odds of MB vs all other strategies except LMWHs.
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Treatment hierarchy for MB (highest to lowest SUCRA) was: bival-
irudin, followed by fondaparinux, UFHxGPI, UFH+GPIL,
LMWHs, otamixaban (»Figure 3C).Results for minor bleeding
were consistent with those observed for MB (P Figure 2E and
»Table 1). Fondaparinux, UFH+GPI, and bivalirudin were as-
sociated with significant reductions in the odds of minor bleeding
compared to UFH+GPI, LMWHs and otamixaban.
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REVASCULARISATION
Treatment Control ORs (95% Crl)
UFH * GPI UFH + GPI iu—a 1.24 (1.05-1.62)
Bivalirudin UFH + GPI e 1.29 (1.01-1.80)
LMWHSs UFH + GPI —— 1.00(0.75-1.31)
Otamixaban UFH + GPI - 0.82 (0.23-4.02)
Fondaparinux UFH + GPI |—:n—| 1.05 (0.57-1.87)
Bivalirudin UFH + GPI - 1.04 (0.80-1.41)
LMWHs UFH + GPI -—-4: 0.81 (0.60-0.98)
Otamixaban UFH + GPI a—! 0.66(0.18-3.26)
Fondaparinux UFH + GPI —— 0.85 (0.45-1.45)
LMWHSs Bivalirudin l—-ﬂi 0.71 (0.50-0.90)
Otamixaban Bivalirudin —t 0.63(0.17-3.15)
Fondaparinux Bivalirudin —— 0.82 (0.40-1.46)
Otamixaban LMWHs & : 0.82 (0.23-4.16)
Fondaparinux LMWHs L 1.06 (0.62-1.76)
Fondaparinux Otamixaban o 1 1.27 (0.23-5.20)
1
{lJ i lll)
Favours treatment < - > Favours control
C ORs (95% Crl)
MAJOR BLEEDING
Treatment Control ORs (95% Crl)
UFH £ GPI UFH + GPI '—lw:-i 0.86 (0.62-1.16)
Bivalirudin UFH + GPI —a 0.52 (0.36-0.69)
LMWHs UFH + GPI —p— 1.03 (0.68-1.50)
Otamixaban UFH + GPI —a— 2.13 (1.05-3.82)
Fondaparinux UFH + GPI —ai 0.75 (0.38-1.36)
Bivalirudin UFH £ GPI —e— | 0.61 (0.42-0.83)
LMWHSs UFH % GPI l-i—'—' 1.21 (0.87-1.65)
Otamixaban UFH £ GPI s 2.55(1.16-4.86)
Fondaparinux UFH £ GPI —a— 0.88 (0.48-1.52)
LMWHSs Bivalirudin P 2.04 (1.31-3.12)
Otamixaban Bivalirudin | ——a—— 4,24 (1.95-8.20)
Fondaparinux Bivalirudin —l—a— 1.49 (0.75-2.77)
Otamixaban LMWHs ——— 2.14 (0.93-4.22)
Fondaparinux LMWHs |—-—E—' 0.74 (0.41-1.25)
Fondaparinux Otamixaban —a—) 0.39 (0.15-0.89)
1
0 1 o
Favours treatment < - > Favours control
D ORs (95% Crl)
Figure 2: continued

were associated with significant increases in ST rates (P Figure
2F). Median ST rates are displayed in P Table 1.

Stent thrombosis at 30 days

ST results were available in only 12 studies including 39,622 pa-
tients (P Figure 2F). ST data were not available for fondaparinux,
and only one direct comparison was available for LMWHs. Com-
pared to UFH+GPI and otamixaban, bivalirudin and UFH+GPI  Results for STEMI only were consistent with the overall findings

(Suppl. Table 7, available online at www.thrombosis-online.com).

Sensitivity analyses and posterior probability curves
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MINOR BLEEDING
Treatment Control ORs (95% Crl)
UFH £ GPI UFH + GPI —a— E 0.58 (0.42-0.76)
Bivalirudin UFH + GPI —e ! 0.59 (0.41-0.81)
LMWHs UFH + GPI —p— 1.00 (0.69-1.36)
Otamixaban UFH + GPI e 1.68 (0.81-3.05)
Fondaparinux UFH + GPI s ! 0.45 (0.22-0.83)
Bivalirudin UFH t GPI —fp— 1.04 (0.71-1.48)
LMWHs UFH * GPI E —a— 1.75(1.25-2.37)
Otamixaban UFH £ GPI ! ———a—— 2.98(1.35-5.76)
Fondaparinux UFH t GPI —a— 0.79 (0.40-1.46)
LMWHs Bivalirudin —a— 1.74 (1.059-2.59)
Otamixaban Bivalirudin | ——=—— 2.94(1.30-5.69)
Fondaparinux Bivalirudin —_— 0.79 (0.36-1.52)
Otamixaban LMWHSs —_———— 1.73 (0.77-3.38)
Fondaparinux LNIVWHs — i 0.45 (0.25-0.78)
Fondaparinux Otamixaban +——m —a——1 ! 0.30 (0.11-0.69)
. i .
a 1 pla)
Favours treatment < - = Favours controf
E ORs (85% Crl)
STENT THROMBOSIS
Treatment Control ORs (95% Crl)
UFH = GPI UFH + GPI :I—I—l 1.74 (1.07-2.85)
Bivalirudin UFH + GPI = 2.26(1.58-3.30)
LMWHSs UFH + GPI -—5—-—- 2.26(0.41-18.93)
Otamixaban UFH + GPI —a 0.69 (0.39-1.20)
Bivalirudin UFH £ GPI n:u 1.30(0.82-2.08)
LMWHSs UFH t GPI o 1.31(0.22-11.43)
Otamixaban UFH + GPI —e—i! 0.40 (0.19-0.83)
LMWHs Bivalirudin r—l:r—1 1.00 (0.17-8.58)
Otamixaban Bivalirudin —a— 0.31 (0.16-0.59)
Otamixaban LMWHs —— 0.30(0.03-1.86)
. X .
o] 1 100
Favours treatment < - » Favours control
F ORs (95% Crl)
Figure 2: continued

Analyses for TIMI MB (Suppl. Figure 2, available online at www.
thrombosis-online.com) showed a significant 42% reduction in
the odds with bivalirudin compared to UFH+GPI but not com-
pared to UFH+GPIL. Analyses based on the fixed effect model and
exclusion of studies with high risk of bias did not significantly
change the results of the NMA (Suppl. Tables 8 and 9, available on-
line at www.thrombosis-online.com).

Thrombosis and Haemostasis 114.5/2015

The Bayesian posterior-probability curves for the main out-
comes (death, MI and MB) provided further confirmation of the
findings (»Figure 4A-C). These curves allow probability infer-
ences associated with specific thresholds of risk as compared to the
reference treatment (in this case UFH+GPI). Thus, as compared to
UFH+GPI, fondaparinux showed a low (12.5%) probability to re-
duce by at least 20% (cut-off point at OR estimate of 0.80) the
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Table 1: Event rates with different anticoagulants. Numbers are percent (95% credible intervals).

UFH + GPI UFH = GPI Bivalirudin LMWHs Otamixaban Fondaparinux
Death 1.84(1.53 0 2.19) 2.00(1.54102.63) 1.91 (14310 2.57) 1.90(1.42 to 2.56) 1.94(1.21 10 2.98) 1.75(1.22 10 2.62)
Myocardial infarction ~ 4.04 (3.58 to 4.54) 417 (3.38t05.36) 4.37 (3.59 t0 5.55) 343(2.74104.32) 3.66 (2.55 t0 4.93) 3.30 (2.44 to 4.65)
Revascularisation 218 (0.18 10 2.55) 2.69(2.06103.62) 2.80(2.08 to 4.00) 2.17(1.56 t0 2.94) 1.80(0.50 to 8.20) 2.28(0.12t0 4.0)
Major bleeding 6.32 (5.74 10 6.93) 5.18 (3.50 to 7.44) 3.44 (246 to 4.61) 5.76 (3.63 10 8.91) 12.07 (6.641020.31) 4.25(2.24107.97)
Minor bleeding 16.78 (15.88t017.71) 10.34(7.74t013.42) 10.50(7.66t014.1)  16.67(12.21t0 21.65) 24.35(14.07t0 38.16) 7.93 (4.26 to 14.37)
Stent thrombosis 1.00 (0.60 to 1.42) 1.72(0.92 t0 3.14) 223(1311t03.71) 222(039t016.43)  0.69(0.34t01.33) NA

GPI - glycoprotein IIb/llla inhibitor; LMWHs — low-molecular-weight heparins; UFH — unfractionated heparin. NA = not available.

odds of dying within 30 days. Fondaparinux and LMWHs showed
probabilities of 47 % and 29 %, respectively, to reduce by at least
20% the odds of MI as compared to the reference treatment
(»Figure 4B). Bivalirudin was associated with a 100% probability
to reduce MB by at least 20% as compared to UFH+GPI (» Figure

4C). Similar curves for ST were not constructed, given the lack of
data for fondaparinux and the limited number of comparisons for
LMWHs. Visual inspection of funnel plots did not suggest any
small study effects or publication bias,

Discussion

The present report involving 117,353 patients from 42 randomised
controlled trials represents the largest and most comprehensive
analysis to date assessing the relative efficacy and safety of contem-
porary parenteral anticoagulant strategies in the spectrum of ACS.
Although previous meta-analyses have compared UFH to
LMWHs (18, 19), a rigorous assessment of how newer agents such
as fondaparinux, bivalirudin or otamixaban perform in relation to
these older agents has not been done.

The main findings of this analytical overview are that: 1) the
odds of death at 30-days does not differ significantly among strat-
egies; 2) the odds of MI and revascularisation are reduced by
LMWHs, compared to bivalirudin and UFH*GPI, and by
UFH+GPI compared to bivalirudin; the latter on the other hand
reduces the odds of major bleeding when compared to UFH+GPIL,
UFH+GPI and LMWHs; 3) UFH+GPI additionally reduces the
odds of 30-day definite ST as compared to bivalirudin and
UFH+GPI; 4) a reduction in the odds of ST with otamixaban is
heavily offset by a marked increase in bleeding outcomes. These
results - showing that contemporary anticoagulant strategies have
divergent effects on ischaemic and bleeding complications - do
not support the paradigm that one drug fits all.

A key finding of the current report is the significantly increased
incidence of MI with bivalirudin as compared to UFH+GPl and to
LMWHs. The recently published Unfractionated heparin versus
bivalirudin in primary percutaneous coronary intervention
(HEAT-PPCI) trial (20), a single-centre study comparing bivaliru-
din to UFH alone in all-comers with STEMI, reported a numerical
increase in major bleeding and a significantly higher rate of major

© Schattauer 2015

adverse cardiac events with bivalirudin compared to UFH alone.
The excess of major adverse cardiac events was attributed mainly
to higher rates of MI in the bivalirudin group. The results on MI in
our report are corroborated by the analysis of definite ST in the
setting of ACS, bivalirudin was indeed associated with a significant
126% increase in the odds of 30-day ST as compared to
UFH+GPL

The finding in the present network meta-analysis of a reduced
bleeding risk with bivalirudin at the price of an increased propen-
sity for MI and ST compared to most of the other strategies can be
explained in several ways, mainly, the pharmacokinetics of the
drug and the protocol of its administration. Bivalirudin is a revers-
ible direct thrombin inhibitor with a half-life of =25 minutes -
therefore, thrombin activity is restored rapidly when the infusion
stops. The increase in stent thrombosis, driven by the increased
number of events in the early phase, may reflect a gap in anti-
thrombotic protection from the waning anti-thrombin effect of bi-
valirudin upon early discontinuation after intervention and the
delayed onset of platelet inhibition by clopidogrel or the newer
P2Y12 inhibitors.

Another important finding of the present report is the reduced
incidence of MI with LMWHs compared to both UFH+GPI and
bivalirudin. The Acute Myocardial Infarction Treated with Pri-
mary Angioplasty and Intravenous Enoxaparin or Unfractionated
Heparin to Lower Ischemic and Bleeding Events at Short- and
Long-term Follow-up (ATOLL) (21) trial compared the efficacy of
enoxaparin to that of UFH in STEMIL; ATOLL found a significant
reduction in the composite endpoint of death, recurrent ACS, or
urgent revascularisation with enoxaparin vs. UFH (respective
rates: 7% vs 11 %) but was underpowered for individual outcomes
such as MI (respective rates: 4% vs 6 %). The potential explanation
for the benefit observed with LMWHs in ACS patients receiving
PCI might be the pharmacokinetic and pharmacodynamic proper-
ties of enoxaparin: as compared to UFH, LMWHs have a four-fold
greater activity against activated factor X, that is crucial for the
production of thrombin, and have a much more predictable anti-
coagulant effect than UFH as they do not bind to plasma proteins.
The ATOLL findings were corroborated by a meta-analysis show-
ing greater efticacy of LMWHs compared to UFH in STEMI pa-
tients treated with primary PCI, with a significant relation be-
tween patient risk profile and clinical benefits (18).
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Figure 3: Hierarchy of treatments for 30-day outcomes using surface under cumulative ranking (SUCRA) curves: A) mortality; B) myocardial in-
farction; C) major bleeding; D) definite stent thromboasis. The higher the SUCRA, the better the treatment rank.
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Figure 3: continued

Fondaparinux, another indirect anticoagulant, is a synthetic
pentasaccharide and inhibitor of factor Xa with a lower risk of he-
parin induced thrombocytopenia compared to heparins. In pa-
tients with non ST-elevation ACS, fondaparinux has been found to
improve survival and reduce major bleeding risk compared to he-
parins. In the present network meta-analysis, fondaparinux was
associated with a numerical but not significant reduction of major
bleeding risk and of ischaemic complications compared to hepa-
rins. However, data on ST were not available for this agent. The
odds of minor bleeds were significantly reduced by fondaparinux
(as well as by UFHzGPI and bivalirudin) as compared to
UFH+GPI, LMWHs and otamixaban. On treatment hierarchy,
fondaparinux had the most balanced profile out of the six strat-
egies, ranking high for both efficacy and safety.

UFH=GP]I, at the doses used in the included studies, did not
emerge as a highly superior strategy; the odds of 30-day major and
minor bleeding were reduced compared to LMWHs and otamixa-
ban, but at the price of an increased risk of MI and revasculari-
sation compared to LMWHs, and of ST compared to UFH+GPI
(and otamixaban). Lastly, otamixaban, a direct factor Xa inhibitor,
was found to provide the highest reduction of ST risk counterbal-
anced however by the highest propensity for bleeding compared to
other strategies.

This meta-analysis agrees with the findings of two important
recent pairwise meta-analyses comparing bivalirudin vs UFH (22,
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23); the current meta-analysis, however, substantially differs in de-
sign from the latter by incorporating the most recent evidence on
all parenteral anticoagulant strategies in ACS, instead of focusing
on one comparison alone. Thus, with a total of 117,353 patients,
this represents the largest anticoagulant database ever analysed
and the first overview of the relative merits and limitations of such
strategies in the sefting of ACS.

The results of the current analysis support the paradigm that is-
chaemic and bleeding risks represent the extremes of a continuum
in ACS patients. Both early thrombotic and bleeding events have
been found to increase mortality. Thrombotic events may increase
mortality from PCI by leading to post-procedural (type 4) MI or
stroke. The potential link between bleeding complications and ad-
verse outcomes can be explained not only by the blood loss and
organ damage due to hypopertusion but also - and equally impor-
tantly - by the direct effect of blood transfusions with stored red
cells and by the discontinuation of antithrombotic therapies in pa-
tients who bleed (24). The neutral findings on mortality found in
our report therefore can be potentially explained by the divergent
effect of different anticoagulation strategies on major bleeding and
thrombotic complications - less major bleeding counterbalanced
by higher thrombotic rates as with bivalirudin; conversely, poten-
tially less thrombotic events counterbalanced by increased bleed-
ing complications as with otamixaban. The current network meta-
analysis provides in a comprehensive way a unified hierarchy of
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evidence-based efficacy and safety profiles of potential anticoagu-
lant therapies used during the early management of patients with
ACS. The use of state of the art Bayesian methods account for
multi-arm trials and for uncertainties of the estimates through ap-
propriately conservative models. The results of this large-scale net-
work meta-analysis indicate that there is no current specific agent
that can provide optimal antiischaemic efficacy with reduced
bleeding complication.
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Study limitations

Common to most meta-analyses is the lack of individual patient
data which precludes detailed exploration of adjunctive therapies
and other covariates which might have had an impact on bleeding
and thrombotic outcomes, such as type, dose and duration of
P2Y12 inhibitor administration (25), and radial or femoral vascu-
lar access site. The probability statements should be interpreted
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with caution. Data on stent thrombosis were reported in a minor-
ity of trials and were not available for fondaparinux, precluding the
possibility to perform further consistency analyses. Nonetheless,
the results of the sensitivity analyses (direct and indirect estimates,
fixed and random effect models) confirmed that the overall effects
are robust and justified. Moreover, additional statistical ap-
proaches were used, relying on probabilities and event rates, with
consistent findings in all the analyses performed.

Conclusions

Parenteral anticoagulant strategies in ACS demonstrate a range of
profiles, with no specific regimen providing optimal protection
against ischaemic events along with low bleeding complications.
Based on these results, the choice of therapy should be individua-
lised taking into consideration the patient’s bleeding and ischaemic
risk profile.

Acronyms and Abbreviations

ACS = acute coronary syndrome; Crl = credible interval; GPI = GPIIb/
llla inhibitor; LMWHs = low-molecular-weight heparins; MB = major
bleeding; MI = myocardial infarction; NMA= network meta-analysis;
OR = odds ratio; PCl = percutaneous coronary intervention; RCT =
randomised controlled trial; SUCRA = surface under the cumulative
ranking; ST = stent thrombosis; STEMI = ST-segment elevation myo-
cardial infarction; TIMI = Thrombolysis in Myocardial Infarction; UFH
= unfractionated heparin.

© Schattauer 2015

Conflicts of interest

FA has received consulting fees and/or honoraria from Amgen,
Bayer, Boehringer Ingelheim, BMS-Pfizer, and Daiichi Sankyo-Eli
Lilly. GYHL served as Consultant for Bavyer, Astellas, Merck, Sano-
fi, BMS/Pfizer, Biotronik, Medtronic, Portola, Boehringer Ingel-
heim, Microlife and Daiichi-Sankyo; speakers bureau for Bayer,
BMS/Pfizer, Medtronic, Boehringer Ingelheim, Microlife and
Daiichi-Sankyo. JE has received Consulting fees and/or honoraria
from Astra-Zeneca, Bayer, Boehringer-Ingelheim, Bristol-Myer-
Squibb, Daiichi-Sankyo, Eli-Lilly, Glaxo-Smith-Kline, Pfizer,
Janssen, Sanofi-Aventis, grants and/or in-kind support from
Astra-Zeneca, Bayer, Boehringer-Ingelheim, Bristol-Myer-Squibb,
Glaxo-Smith-Kline, Pfizer, Janssen, Sanofi-Aventis. MV has re-
ceived honoraria for lectures/advisory boards and research grants
from Merck, Iroko, Eli Lilly and Medtronic; honoraria for advisory
boards and lectures from The Medicines Company, Eli Lilly Co
and Daiichi Sankyo.

References

1. Amsterdam EA, Wenger NK, Brindis RG, et al. 2014 AHA/ACC Guideline for
the Management of Patients With Non-ST-Elevation Acute Coronary Syn-
dromes: A Report of the American College of Cardiology/American Heart As-
sociation Task Force on Practice Guidelines. ] Am Coll Cardiol 2014; 64:
e139-e228.

2. American College of Emergency, Physicians Society for Cardiovascular and An-
giography Interventions, O'Gara PT, Kushner FG, Ascheim DD, et al. 2013
ACCF/AHA guideline for the management of ST-elevation myocardial infarc-
tion: a report of the American College of Cardiology Foundation/American
Heart Association Task Force on Practice Guidelines. ] Am Coll Cardiol 2013;
61: e78-140.

3. Hamm CW, Bassand JP, Agewall §, et al. ESC Guidelines for the management of
acute coronary syndromes in patients presenting without persistent ST-segment
elevation: The Task Force for the management of acute coronary syndromes

Thrombosis and Haemostasis 114.5/2015

94

Downloaded by: Universitat Dusseldorf. Copyrighted material.



944

Navarese et al. Network meta-analysis of anticoagulants in ACS

10.

1

jy

12.

13.

14.

15.

(ACS) in patients presenting without persistent ST-segment elevation of the
European Society of Cardiology (ESC). Eur Heart ] 2011; 32: 2999-3054.

Task Force on the management of S.T. segment elevation acute myocardial in-
farction of the European Society of Cardiology, Steg PG, James SK, Atar D, et al.
ESC Guidelines for the management of acute myocardial infarction in patients
presenting with ST-segment elevation. Eur Heart ] 2012; 33: 2569-2619.

Mehta SR, Granger CB, Eikelboom JW, et al. Efficacy and safety of fondaparinux
versus enoxaparin in patients with acute coronary syndromes undergoing per-
cutaneous coronary intervention: results from the OASIS-5 trial. ] Am Coll Car-
diol 2007; 50: 1742-1751.

Stone G, McLaurin B, Cox D, et al. Bivalirudin for patients with acute coronary
syndromes. N Engl ] Med 2006; 355: 2203-2216.

Stone G, Witzenbichler B, Guagliumi G, et al. Bivalirudin during primary PCl in
acute myocardial infarction. N Engl ] Med 2008; 358: 2218-2230.

Yusuf S, Mehta S, Chrolavicius S, et al. Effects of fondaparinux on mortality and
reinfarction in patients with acute ST-segment elevation myocardial infarction:
the OASIS-6 randomized trial. ] Am Med Assoc 2006; 295: 1519-1530.

Dias S, Welton NJ, Sutton AJ, et al. Evidence synthesis for decision making 1: in-
troduction. Med Decision Making 2013; 33: 597-606.

Lu G, Ades AE. Combination of direct and indirect evidence in mixed treatment
comparisons. Stat Med 2004; 23: 3105-3124.

. Navarese EP, Tandjung K, Claessen B, et al. Safety and efficacy outcomes of first

and second generation durable polymer drug eluting stents and biodegradable
polymer biolimus eluting stents in clinical practice: comprehensive network
meta-analysis. Br Med | 2013; 347: £6530.

Liberati A, Altman DG, Tetzlaff ], et al. The PRISMA statement for reporting
systematic reviews and meta-analyses of studies that evaluate health care inter-
ventions: explanation and elaboration. Ann Intern Med 2009; 151: W65-94.
Higgins ], Green D. Cochrane handbook for systematic reviews of interventions.
Version 5.1.0. Cochrane Collaboration, 2011. www.cochrane-handbook.org.
Cutlip DE, Windecker S, Mehran R, et al. Clinical end points in coronary stent
trials: a case for standardized definitions. Circulation 2007; 115: 2344-2351.
Dias S, Sutton AJ, Ades AE, et al. Evidence synthesis for decision making 2: a
generalized linear modeling framework for pairwise and network meta-analysis
of randomized controlled trials. Med Decision Making 2013; 33: 607-617.

Thrombosis and Haemostasis 114.5/2015

95

20.

21.

22.

23.

24,

25.

. Welton NJ, Sutton AJ, Cooper NJ, et al. Evidence synthesis for decision making

in healthcare 2012. New York, Wiley.

. Dias S, Welton N, Caldwell D, et al. Checking consistency in mixed treatment

comparison meta-analysis. Stat Med 2010; 29: 932-944.

. Navarese EP, De Luca G, Castriota F, et al. Low-molecular-weight heparins vs.

unfractionated heparin in the setting of percutaneous coronary intervention for
ST-elevation myocardial infarction: a meta-analysis. ] Thromb Haemost 2011; 9:
1902-1915.

. Murphy SA, Gibson CM, Morrow DA, et al. Efficacy and safety of the low-mo-

lecular weight heparin enoxaparin compared with unfractionated heparin
across the acute coronary syndrome spectrum: a meta-analysis. Eur Heart |
2007; 28: 2077-2086.

Shahzad A, Kemp [, Mars C, et al. Unfractionated heparin versus bivalirudin in
primary percutaneous coronary intervention (HEAT-PPCI): an open-label,
single centre, randomised controlled trial. Lancet 2014; Epub ahead of print.
Montalescot G, Zeymer U, Silvain ], et al. Intravenous enoxaparin or unfraction-
ated heparin in primary percutaneous coronary intervention for ST-elevation
myocardial infarction: the international randomised open-label ATOLL trial.
Lancet 2011; 378: 693-703.

Navarese EP, Schulze V, Andreotti F et al. Comprehensive meta-analysis of
safety and efficacy of bivalirudin versus heparin with or without routine glyco-
protein [Ib/I1Ta inhibitors in patients with acute coronary syndrome. JACC Car-
diovasc Interv 2015; 8: 201-213.

Cavender MA, Sabatine MS. Bivalirudin versus heparin in patients planned for
percutaneous coronary intervention: a meta-analysis of randomised controlled
trials. Lancet 2014; 384: 599-606.

Steg PG, Huber K, Andreotti F, et al. Bleeding in acute coronary syndromes and
percutaneous coronary interventions: position paper by the Working Group on
Thrombosis of the European Society of Cardiology. Eur Heart J 2011; 32:
1854-1864.

Navarese EP, Andreotti F, Schulze V et al. Optimal duration of dual antiplatelet
therapy after percutaneous coronary intervention with drug eluting stents:
meta-analysis of randomised controlled trials. Br Med ] 2015; Epub ahead of
print.

© Schattauer 2015

Downloaded by: Universitat Diisseldorf. Copyrighted material.



4.2.3 Survival Benefits of Invasive Versus Conservative Strategies in Heart Failure in
Patients With Reduced Ejection Fraction and Coronary Artery Disease: A Meta-Analysis
Wolff G, Dimitroulis D, Andreotti F, Kolodziejczak M, Jung C, Scicchitano P, Devito F, Zito A,
Occhipinti M, Castiglioni B, Calveri G, Maisano F, Ciccone MM, De Servi S, Navarese EP.

Circ Heart Fail. 2017;10(1):e003255
Pubmed PMID: 28087687

DOI: 10.1161/CIRCHEARTFAILURE.116.003255

In der Herzinsuffizienz mit eingeschrankter linksventrikularer Ejektionsfraktion (<40%)
aufgrund einer koronaren Herzerkrankung (KHK) war lange unklar, welchen Stellenwert die
Revaskularisierungstherapie hat. Insbesondere, ob in diesem Setting eine aortocoronare
Bypass-OP (CABG), eine perkutane Koronarintervention (PCl) oder konservative

medikamentdse Therapie besser sei, war nicht bekannt.

Wir fuhrten daher ein systematisches Review mit anschlielender Meta-Analyse aller
vorhandenen randomisierten kontrollierten Studien durch, welche zwei oder alle der drei
Optionen in diesem Setting miteinander verglichen hatten: Wir konnten in 21 Studien mit
16.191 Patienten zeigen, dass CABG gegeniber medikamentdser Therapie eine signifikante
Reduktion der Mortalitat erbrachte (Hazard Ratio (HR) 0,66), ebenso PCI vs. medikamentdse
Therapie (HR 0,82). Im direkten Vergleich zeigte CABG Vorteile gegentber PCI fir das
Uberleben (HR 0,82).

Diese Meta-Analyse zeigte Uberlebensvorteile fir die Revaskularisierung gegeniiber
medikamentdser Therapie bei KHK mit Herzinsuffizienz mit eingeschrankter LV-Funktion, mit
Vorteilen fir CABG gegenuber PCI.
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Original Article

Survival Benefits of Invasive Versus Conservative Strategies
in Heart Failure in Patients With Reduced Ejection Fraction
and Coronary Artery Disease
A Meta-Analysis

Georg Wolff, MD; Dimitrios Dimitroulis, MD; Felicita Andreotti, MD, PhD, FESC;
Michalina Kotodziejczak, MD; Christian Jung, MD, PhD: Pietro Scicchitano, MD;
Fiorella Devito, MD: Annapaola Zito, MD; Michele Occhipinti, MD;
Battistina Castiglioni, MD; Giuseppe Calveri, MD; Francesco Maisano, MD;
Marco M. Ciccone, MD; Stefano De Servi, MD; Eliano P. Navarese, MD, PhD, FESC

Background—Heart failure with reduced ejection fraction caused by ischemic heart disease is associated with increased
morbidity and mortality. It remains unclear whether revascularization by either coronary artery bypass grafting (CABG)
or percutancous coronary intervention (PCI) carries benefits or risks in this group of stable patients compared with
medical treatment.

Methods and Results—We performed a meta-analysis of available studies comparing different methods of revascularization
(PCI or CABG) against cach other or medical treatment in patients with coronary artery disease and left ventricular
gjection fraction <40%. The primary outcome was all-cause mortality; myocardial infarction, revascularization, and
stroke were also analyzed. Twenty-one studies involving a total of 16 191 patients were included. Compared with medical
treatment, there was a significant mortality reduction with CABG (hazard ratio, 0.66; 95% confidence interval, 0.61-0.72;
P<0.001) and PCI (hazard ratio, 0.73; 95% confidence interval, 0.62-0.85; P<0.001). When compared with PCI, CABG
still showed a survival benefit (hazard ratio, 0.82:; 95% confidence interval, 0.75-0.90; P<0.001).

Conclusions—The present meta-analysis indicates that revascularization strategies are superior to medical treatment in
improving survival in patients with ischemic heart disease and reduced ejection fraction. Between the 2 revascularization
strategies, CABG seems more favorable compared with PCI in this particular clinical setting. (Cire Heart Fail.
2017;10:e003255. DOI: 10.1161/CIRCHEARTFAILURE.116.003255.)

Key Words: coronary artery bypass B coronary artery discase B heart failure
B meta-analysis B myocardial infarction

eart failure (HF) remains a major cause of morbidity and

mortality worldwide.' With an incidence expected to
rise steadily in the coming years. il represents an increasing
public health issue.

HFrEF is commonly defined as a reduction in left ventricu-
lar ejection fraction (LVEF) to <40%. with coronary artery
disease (CAD) causing approximately two thirds of cases."®
Recurrent or prolonged ischemic events lead to maladap-

tive remodeling of cardiomyocytes and expanding extra-
cellular matrix, culminating in cavity dilation and systolic
dysfunction.’

Previous studies have reported improved survival by revas-
cularization with coronary artery bypass grafting (CABG)

See Editorial by DeVore and Velazquez
See Clinical Perspective

Systolic HE, also termed HF with reduced ejection frac-
tion (HFrEF), accounts for =50% of the overall HF burden.!'-?
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compared with medical treatment (MT)*'? for patients with
CAD and HFtEF, with CABG becoming the recommended
strategy: however, other potential therapeutic options cur-
rently include percutaneous coronary interventions (PCls)
and intensified, evidence-based MT: moreover, single studies
in the setting of HF have been underpowered to draw defi-
nite conclusions, ultimately contributing to the uncertainty of
current recommendations on the optimal strategy for patients
with CAD and HFrEF.'® We aimed to perform an analysis of
the totality of evidence of both randomized and observational
studies evaluating the impact on mortality of available treat-
ment options (CABG, PCI, and MT) for patients with HFrEF
and CAD.

Methods

Data Sources and Search Strategy

The meta-analysis was performed according to the established meth-
ods recommended by the Cochrane guidelines'' and in compliance
with the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses statement for conducting systematic reviews and meta-anal-
yses in healthcare interventions.'?

A systematic literature search of articles until July 5, 2016, was
performed, using the medical databases MEDLINE., EMBASE,
Google Scholar, Web of Science, and the Cochrane Controlled Trials
Register, as well as congress proceedings from major cardiovascular
societies (American College of Cardiology [ACC], American Heart
Association [AHA] Scientific Sessions. and European Society of
Cardiology [ESC] Congress). Search terms according to the medi-
cal subjects headings included revascularization, impaired ejection
fraction, LVEF, severe left ventricular dysfunction, reduced ejec-
tion fraction, heart failure, ischemic cardiomyopathy. percutaneous
coronary intervention, coronary artery bypass grafting, and medical
therapy. A bibliography search within landmark articles and guide-
lines of cardiac societies on the subject was additionally performed,
and relevant articles were added. Relevant citations were screened
at the title/abstract level and retrieved as full-text reports, where
possible.

Study Design, Selection Criteria, and Outcome
Measures

We designed the current meta-analysis to compare CABG, PCIL, and
MT treatment strategies for patients with ejection fraction <40%. All
randomized or observational trials comparing at least 2 of the 3 treat-
ment modalities against each other with a minimum follow-up of 12
months and reporting all-cause mortality were eligible for inclusion.
No language or publication status restriction was imposed. Exclusion
criteria were (1) <12 months of follow-up, (2) mortality not reported.
and (3) single-arm study.

The primary clinical end point was mortality; secondary end
points were myocardial infarction (MI). repeat revascularization
(RR), and stroke. RR was considered to be any revascularization, in-
cluding target vessel revascularization.

Data Abstraction and Quality Assessment

The most updated or inclusive data for each study were used for
abstraction. Two independent investigators (D.D. and G.W.), who
were not personally involved in any of the included trials, ab-
stracted data from each report into prespecified forms. Data were
abstracted according to the intention-to-treat principle, where pos-
sible. Internal validity was independently appraised by 2 investi-
gators (D.D. and G.W.): divergences were resolved by discussion
with a third investigator (E.P.N.). Bias assessment was performed
based on the Cochrane Handbook recommendations.'' Additional
sensitivity analyses were conducted to account for different types
of emerging bias.

Statistical Analyses

Presented data are time-to-event outcomes. For meta-analyses of these
outcomes. the most appropriate statistic to use is the hazard ratio (HR).
which takes into account both the number of events and the time to
these events. HR and 95% confidence intervals (Cls) were derived
from survival parameters in each study and used as summary statis-
tics. Heterogeneity was assessed by the Cochran Q test, and statistical
heterogeneity was summarized by the I statistic, which quantifies the
percent of variation in study results that is because of heterogeneity
rather than to chance.” /? values >50% indicate substantial heteroge-
neity. Pooled HR for all outcomes were calculated using the more con-
servative DerSimonian and Laird random-effects model.'***

To validate the overall analyses of the primary mortality out-
come, 3 prespecified sensitivity analyses were performed. namely
studies with matched patients only (either randomized or propensity
score matched), studies comparing CABG against drug-eluting stent
(DES)-PCI, and studies published in 2010 or later.

Statistical significance for the summary HRs was assumed at a
2-tailed P value <0.05. Comprehensive Meta-Analysis software, ver-
sion 2 (Biostat, Englewood. NJ) was used for statistical analyses.

Results

Study Selection and Patient Populations

Article screening and selection is described in a Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
flow chart (Figure 1). Of 1108 articles retrieved from the
primary searches using prespecified keywords, 879 were
excluded for unmet inclusion criteria.

Twenty-one studies published between 1983 and July
2016 were finally included in the meta-analysis (Table 1), of
which 16 available as full-text reports,'01316.1824262935 Eor (he
remaining 5 articles, data were abstracted from the study sum-
maries. 732128 Patient baseline characteristics are shown in
Table 2. Of a total of 16 191 patients (mean age 64 years, 79%
male), 7335 underwent CABG., 4439 underwent PCI, and 4417
received MT. Three trials involving 1779 patients had a ran-
domized design. and 6 observational studies involving 2611
patients used propensity score or case—control matching, con-
tributing to a total of 4410 patients in randomized or matched
groups. For articles reporting both crude and propensity score—
matched populations (Yang et al®® and Velazquez et al*), these
groups were included separately in the overall and sensitivity
analyses. Median follow-up was 36 months. Only a minority
of studies performed viability testing in over 50% of patients.

The risks of bias of the included randomized and obser-
vational studies are shown in Tables I and II in the Data
Supplement, respectively. Overall, bias was low across ran-
domized controlled trials and moderate in observational
studies.

Mortality With CABG, PCI, or MT
Eight studies, of which 2 had a randomized design,?"!
involved 6896 patients and reported mortality with CABG
compared with contemporary MT (Figure 2A). A statistically
significant reduction in mortality was observed with the use of
CABG., 31.91% (791 of 2479 patients), compared with MT,
38.31% (1692 of 4417 patients; HR. 0.66; 95% CI, 0.61-0.72;
P<0.001; heterogeneity P<0.001; I>=77%).

Two studies involved 931 patients and compared PCI
versus MT (Figure 2B). A statistically significant mortality
reduction was observed with PCI 34.70% (178 of 513 patients)
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Records identified in literature search
Medline database 996
Cochrane database 164

Google scholar database 3,250

Additional sources and manual search:
Congress proceedings abstracts: 311
Websites (TCTMD, clinicaltrialsresults.org,

clinicaltrials.gov, cardiosource.com) 1,495
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of title and/or abstract
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Figure 1. Flow diagram of meta-analysis.
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compared with MT 46.41% (194 of 418 patients; HR, 0.73;
95% CI. 0.62-0.85: P<0.001: heterogeneity P=0.96: P=0%).

Sixteen studies involving 8782 patients and including 2
randomized controlled trials compared CABG versus PCI
(Figure 2C). There was a statistically significant reduction in
mortality with CABG compared with PCI; the respective mor-
tality rates were 18.95% (920 of 4856 patients) and 24.45%
(960 of 3926 patients: HR, 0.82; 95% CI, 0.75-0.90; P<0.001:
heterogeneity P=0.01; P=47%).

A sensitivity analysis limited to the randomized or matched
cohorts was performed (Figure I in the Data Supplement). The
results of CABG versus MT were confirmed by 3 studies?!313#
involving 1779 patients (HR, 0.75:95% CI, 0.60-0.93; P=0.01;
Figure TA in the Data Supplement). Seven studies!'®20-21.28-3033
involving 2656 patients confirmed the results on CABG ver-
sus PCI (HR, 0.86: 95% CI. 0.77-0.96; P=0.009: Figure 1B
in the Data Supplement). Only 1 small randomized trial was
available for the PCI versus MT comparison (Figure IC in the
Data Supplement).

To account for the procedural and pharmacological prog-
ress made over the last years, a sensitivity analysis including
only studies published since 2010 was performed (Figure
II in the Data Supplement). The survival benefit seen in the

overall analysis for CABG versus MT was confirmed by 5
studies? 2621313 inyolving 3366 patients (HR, 0.67; 95% CI,
0.51-0.86; P=0.002; Figure ITA in the Data Supplement) and
for CABG versus PCI by 10 studies!"202223272935 inyolving
5279 patients (HR, 0.79; 95% CI, 0.71-0.88; P<0.001; Figure
IIB in the Data Supplement).

Secondary End Points With CABG Versus PCI

Myocardial Infarction

Eight studies with a total of 5122 patients reported data on
first or recurrent MI (Figure 3A). Treatment with CABG
resulted in a statistically significant reduction in MI compared
with PCI; rates were 2.11% (62 of 2938) and 4.26% (93 of
2184), respectively (HR, 0.50; 95% CI, 0.36-0.68; P<0.001;
heterogeneity P=0.51; P=0%).

Repeat Revascularization

Seven studies, involving 3886 patients, provided data on RR
(Figure 3B).2022.23.25.28303333 There was a statistically significant
reduction in RR with CABG compared with PCI treatment:
the respective rates were 5.82% (116 of 1991 patients) and
20.74% (371 of 1788 patients: HR, 0.34; 95% CI. 0.24-0.47;
P<0.001; heterogeneity P=0.03; ’=57%).



4 Wolff et al Revascularization in HFrEF

Table 1. Characteristics of Included Studies
Patients,
Study Year Type Total Comparison FU, mo Reported Outcomes
15 I H I
Ahn et al 2011 Registry 397 CABG vs PCI 36 Mortality, major adverse cardiac
or cerebrovascular events
Appoo et al'® 2004 Registry 2169 CABG vs MT 12 Mortality
ASAN-MAIN' 2015 Registry 213 CABG vs PCI 24 Mortality
AWESOME™ 2004 | RCT/Registry 386 | CABG vs PCI g6 | Mortality, survival free of
angina, RR
Bangalore et al* 2015 Registry 396 CABG vs PCI 35 Mortality, MI, stroke, RR
Bounous et al® 1988 Registry 710 CABG vs MT 36 Mortality
CASS™ 1983 Registry 651 CABG vs MT 36 Mortality, functional limitation
Cleland et al? 2011 | RCT 109 | CABGvsPCl 59 | Mortality
vs MT
Mortality, cardiac mortality,
CREDO-Kyoto® 2014 Registry 293 CABG vs PCI 60 sudden death, readmission for
HF, stroke, MI, RR
. ) Mortality, cardiac mortality, MI,
23
Gioia et al 2007 Registry 220 CABG vs PCI 15 TVR, NYHA
Hannan et al* 2008 Registry 2673 CABG vs PCI 18 Mortality, MI
) Mortality, cardiac mortality, MI,
- 25
IRIS-MAIN 2015 Registry 364 CABG vs PCI 12 RR, TVR, stroke
Kwon et al*® 2012 Registry 450 CABG vs MT 70 Mortality
LaBarbera et al” 2012 | Registry 1345 S:iﬁ“s Pel 60 | Mortality
Nagendran et al*® 2013 Registry 1436 CABG vs PCI 180 Mortality, RR
REAL* 2013 Registry 296 CABG vs PCI 60 Mortality
REHEAT® 2007 | Case—controlstudy = 107 | CABG vs PCI 1 | Mortality, I, arrhythmia,
angina, RR, stroke
STICH/STICHES®= | 2011/2016 | RCT 1212 | CABG vs MT 11 | Mortalit, cardiovascular
mortality
Toda et al® 2002 Registry 17 CABG vs PCI 36 Mortality, MI, TVR, HF
Velazquez et al* 2012 Registry 763 CABG vs MT 120 Mortality
Yang et al® 2013 Registry 953 CABG vs PCI 28 Mortality, MI, stroke, RR, TVR

Characteristics of included studies. ASAN-MAIN indicates Asan Medical Center—Left Main Revascularization; AWESOME, Angina With
Extremely Serious Operative Mortality Evaluation; CABG, coronary artery bypass graft; CASS, Coronary Artery Surgery Study; CREDO-Kyoto,
Coronary Revascularization Demonstrating Outcome Study in Kyoto; FU, follow-up; HF, heart failure; IRIS-MAIN, Observational Study for Left Main
Disease Treatment; MI, myocardial infarction; MT, medical therapy; NYHA, New York Heart Association; PCI, percutaneous coronary intervention;
RCT, randomized controlled trial; REAL, Regional Registry of Coronary Angioplasties; REHEAT, Revascularization in Heart Failure Trial; RR, repeat
revascularization; STICH/STICHES, Surgical Treatment for Ischemic Heart Failure; and TVR, target vessel revascularization.

Stroke

Four studies, comprising 2113 patients, were included in the
analysis of stroke (Figure 3C). The rates did not differ sig-
nificantly between the 2 groups: 5.21% (58 of 1112 patients)
who underwent CABG and 4.13% (37 of 894 patients) who
underwent PCI (HR, 0.79; 95% CI, 0.52-1.18; P=0.24; het-
erogeneity P=0.76; P=0%).

CABG Versus PCI in Patients Stratified by Disease
or Treatment Characteristics

We investigated whether CABG or PCI favored special patient
populations or patients preferably treated with DESs in the
PCI group.

Four studies, with a total of 987 patients, reported a preva-
lence of left main/proximal left anterior descending disease
>50% in both groups (Figure 4A). Mortality was still sig-
nificantly reduced with CABG versus PCI, with respective
rates of 17.08% (103 of 603 patients) and 25.0% (96 of 384
patients; HR, 0.76; 95% CI, 0.59-0.98; P=0.03: heterogeneity
P=0.96; ’=0%).

Seven studies involving 2695 patients reported a
prevalence of 3-vessel discase >50% 1in both groups
(Figure 4B).1821232833 The overall incidence of all-cause
mortality did not differ significantly between the 2 revascu-
larization strategies: 27.85% (379 of 1361) among patients
undergoing CABG and 30.51% (407 of 1334) among patients
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Table 2. Baseline Patient Characteristics

Left Main/  3-Vessel | Viability

Previous | Previous Previous DESUse Proximal = Disease | Test
Study Age,y | Male (%) | HTN (%) DM (%) | HLP (%) CKD (%) | CABG (%) | PCl(%) MI(%) >50% @ LAD>50% >50% | =>50%
Ahn et al’® yes no yes no
Appoo et al'® 64 85 50 26 39 4 12 8 61 no no no no
ASAN-MAIN' no yes no no
AWESOME'®"® 65 ... 66 33 29 23 .. no no yes no
Bangalore et al® 65 72 " 40 5 0 41 yes no no no
Bounous et al® no no no no
CASST™ 55 89 no no yes no
Cleland et al*' 67 93 50 36 59 8 8 73 no no yes yes
CREDO-Kyoto? 69 77 87 57 .. 11 44 yes yes yes no
Gioia et al® 68 81 69 43 68 17 20 56 yes no yes no
Hannan et al* 66 70 . 36 4 42 yes no no no
IRIS-MAIN? 66 79 no yes no no
Kwon et al*® 63 74 51 37 49 20 no no no yes
LaBarbera et al”’ no no no no
Nagendran et al*® 65 81 63 34 62 5 6 8 66 no no yes no
REAL® . 78 78 26 e 5 29 no no no no
REHEAT® 61 77 62 25 66 62 no no no yes
STICH/STICHES** | 60 88 60 40 60 8 3 - 77 no yes yes no
Toda et al** 64 74 . 42 . 3 20 26 23 no yes yes no
Velazquez et al* 64 75 34 4 30 21 39 no no no no
Yang et al*® 66 76 60 50 27 13 5 25 29 yes no no no

ASAN-MAIN indicates Asan Medical Center—Left Main Revascularization; AWESOME, Angina With Extremely Serious Operative Mortality Evaluation; CABG, coronary
artery bypass graft; CASS, Coronary Artery Surgery Study; CKD, chronic kidney disease; CREDO-Kyoto, Coronary Revascularization Demonstrating Outcome Study in
Kyoto; DES, drug-eluting stent; DM, diabetes mellitus; HLP, hyperlipoproteinemia; HTN, hypertension; IRIS-MAIN, Observational Study for Left Main Disease Treatment;
LAD, left anterior descending; MI, myocardial infarction; PCI, percutaneous coronary intervention; REAL, Regional Registry of Coronary Angioplasties; REHEAT,
Revascularization in Heart Failure Trial; and STICH/STICHES, Surgical Treatment for Ischemic Heart Failure.

who underwent PCI (HR, 0.92; 95% CI, 0.82-1.03; P=0.16;
heterogeneity P=0.66; P=0%).

Six studies comprising 4827 patients used only DES in
the PCI group. allowing a comparison of CABG against con-
temporary PCT (Figure 4C). Revascularization by CABG still
resulted in a statistically significant reduction of all-cause
mortality compared with revascularization by PCIL with
respective rates of 13.73% (380 of 2767) and 16.70% (344 of
2060; HR, 0.82: 95% CI, 0.69-0.96; P=0.01: heterogeneity
P=0.79; P=0%).

Discussion
The present article, to the best of our knowledge, represents
the largest evidence base comparing mortality outcome after
surgical, percutaneous, or conservative treatment of HFrEF
and CAD. The main findings of this analysis are that (1)
revascularization with either CABG or PCI carried a signifi-
cant improvement in long-term survival over MT, (2) CABG
showed a significantly improved survival compared with PCI,
that persisted among patients with left main/proximal left
anterior descending disease and in studies conducted after
the advent of DES, and (3) CABG compared with PCI was

associated with a significant reduction in the risk of MI or
need for RR. albeit with a numerically higher rate of stroke.
There are potential anatomic and functional reasons for
the described different mortality rates among the investi-
cated patients’ cohorts. (1) A complete revascularization can
be more frequently reached with CABG than with PCI*;
completeness of revascularization by removing the ischemic
burden might be a pivotal driver of improved prognosis. in
particular in high-risk patients with HF caused by ischemic
CAD. Although in the last years advances have been made in
MT, the results on clinical outcomes offered by a complete
revascularization could not be equalized by the sole MT in the
high-risk subset with HFrEF. (2) In HF patients, CAD tends
to be more complex and diffuse, leading to higher need for
RRs and MI rates after coronary stenting than with CABG.*7-3#
(3) CABG revascularization of prolonged epicardial segments
versus PCI performed only on specific stenotic lesion can
yield a better vessel patency due to often extensively diseased
arteries in ischemic HFE. (4) In HF patients with low cardiac
reserve, it 1s conceivable that in-stent restenosis would be
more negatively impacting in this group than in others without
severe dysfunction. (5) Improved survival after CABG could
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A o
Study name Statistics for each study Hazard ratio and 95% CI
Hazard Lower Upper
ratio  limit  limit Z-Value p-Value
Appoo et al., Circulation 2004 056 0408 0,774 -3,532 0,000 -
Bounous et al., Circulation 1988 044 0,333 0594 -5494 0,000 -
CASS, Circulation 1983 068 0516 0887 -2,827 0,005 -
Cleland et al., Eur J Heart Fail 2011 061 0293 1,251 -135 0,175 ——
Kwon et al., Circulation 2012 079 0633 0980 -2,144 0,032
LaBarbera et al., TCT/JACC 2012 049 0405 0592 -7,376 0,000 n
STICH, NEJM 2016 084 0729 0963 -2404 0,016
Velazquez et al., AnnThoracSurg 2012 063 0451 0881 -2700 0,007 -
OVERALL 0,66 0,611 0,721 -9,655 0,000 (]
0,01 0,1 1 10 100
B Favours CABG Favours MT
Study name Statistics for each study Hazard ratio and 95% CI
Hazard Lower Upper
ratio limit limit Z-Value p-Value
Cleland et al., Eur J Heart Fail 2011 0.71 0.290 1.744 -0.745 0.456
LaBarbera et al., TCT/JACC 2012 0.73 0619 0.855 -3.858 0.000 .
OVERALL 0.73 0.620 0.852 -3.929 0.000 L 2
0.1 0.2 0.5 1 2 5 10
C Favours PCI Favours MT
Study name Statistics for each study Hazard ratie and 95% CI
Hazard Lower Upper
ratio limit limit Z-Valugp-Value
Ahn et al., JACC Abstract 2011 0,85 0,462 1,565 -0,522 0,602 b
ASAN-MAIN, TCT/JACC 2015 0,84 0,412 1,712 -0,480 0,631 T
AWESOME-RCT, Am J Cardiol 2004 0,88 0,471 1,626 -0,422 0,673 —
AWESOME-Registry, Am J Cardiol 2004 1,08 0,804 1,451 0,510 0,610 -
Bangalore et al., NEJM 2015 0,90 0,599 1,353 -0,507 0,612 ——
Cleland et al., Eur J Heart Fail 2011 1,11 0,421 2,935 0,213 0,832 -
CREDO-Kyoto, Am J Cardiol 2014 0,64 0,390 1,050 -1,766 0,077 —
Gioia et al., Cath Cardiovasc Int 2007 1,38 0,602 3,142 0,755 0,450
Hannan et al., NEJM 2008 0,77 0,591 1,002 -1,942 0,052 i
IRIS-MAIN, TCT/JACC 2015 0,71 0,368 1,371 -1,020 0,308 —
LaBarbera et al., TCT/JACC 2012 0,68 0,559 0,828 -3,842 0,000 L ]
Nagendran et al., Ann Thorac Surg 2013 0,91 0,789 1,049 -1,299 0,194 |
REAL, Eur J Cardiothorac Surg 2013 0,63 0,466 0,852 -2,998 0,003 -
REHEAT, Am J Cardiol 2007 2,00 0,20519,541 0,596 0,551
Toda et al., Ann Thorac Surg 2002 0,85 0,488 1,475 -0,582 0,560 -
Yang et al., Am J Cardiol 2013 0,86 0,621 1,191 -0,907 0,365 .
OVERALL 0,82 0,752 0,900 -4,265 0,000 ‘
0,01 0,1 1 10 100
Favours CABG Favours PCI

Figure 2. Individual and summary hazard ratios for mortality of studies stratified by treatment comparison: (A) coronary artery bypass
grafting (CABG) vs medical treatment (MT)®810:162126.27.31.3234: (B) percutaneous coronary intervention (PCI) vs MT2'?7; and (C) CABG vs

PCI. 1872521202335 ASAN-MAIN indicates Asan Medical Center—Left Main Revascularization; AWESOME, Angina With Extremely Serious
Operative Mortality Evaluation; CASS, Coronary Artery Surgery Study; Cl, confidence interval; CREDO-Kyoto, Coronary Revascularization
Demonstrating Outcome Study in Kyoto; IRIS-MAIN, Observational Study for Left Main Disease Treatment; REAL, Regional Registry of
Coronary Angioplasties; REHEAT, Revascularization in Heart Failure Trial; and STICH, Surgical Treatment for Ischemic Heart Failure.

be related to fewer lethal ventricular arrhythmias or to reverse
remodeling. The risk of contrast-induced acute nephropathy
after PCT is also increased in more complex patients with
HF(EF potentially contributing to higher mortality rates when
compared with CABG.*

Findings from early randomized trials comparing medi-
cal therapy to CABG for the treatment of stable angina can-
not be automatically extrapolated to the care of CAD patients
with HF because this is a specific population that was largely
excluded from the early stable angina trials.’' The only ran-
domized trial specifically addressing HF patients is STICH
(Surgical Treatment for Ischemic Heart Failure), with its
recently published 10-year extended follow-up (STICHES).*
For similar reasons, the randomized trials comparing PCI to
CABG in CAD patients have failed to provide definite answers
on patients with comorbid HF. Indeed, only =2% of patients

enrolled in the SYNTAX trial (Synergy Between Percutaneous
Coronary Intervention With Taxus and Cardiac Surgery) had
LVEF <30%.% More recently, the National Heart, Lung, and
Blood Institute (NHLBI)-sponsored FREEDOM trial (Future
Revascularization Evaluation in Patients With Diabetes
Mellitus: Optimal Management of Multivessel Disecase)
reported similar outcomes with PCI using DESs and CABG
in patients with LVEF <40%, but only 32 patients (2.5%) were
in this prespecified subgroup.*! Thus, the available random-
ized data comparing PCI and CABG in patients with severe
left ventricular dysfunction are insufficient.

Current guidelines from the American and European
cardiac societies are not uniform with respect to the class
and level of treatment recommendations for CAD patients
with HFrEF. The ESC guidelines recommend CABG over
PCI for patients with HFrEF and significant CAD in the
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Study name Statistics for each study Hazard ratio and 95% CI
Hazard Lower Upper
ratio limit limit Z-Value p-Value
Bangalore et al., NEJM 2015 0.36 0.165 0.800 -2513 0.012 =
CREDO-Kyoto, Am J Cardiol 2014  0.14 0.024 0.836 -2.159 0.031
Gioia et al.,Cath Cardiovasc Int 20071.00 0.153 6.523 0.000 1.000
Hannan etal., NEJM 2008 0.50 0.318 0.785 -3.010 0.003 ——
IRIS-MAIN, TCT/JACC 2015 0.80 0.033 9.343 -0.365 0716
REHEAT, Am J Cardiol 2007 2.00 0.205 19.541 0.596 0.551
Toda et al., Ann Thorac Surg 2002 1.50 0.282 7.978 0476 0.634
Yang et al., Am J Cardiol 2013 0.50 0.235 1.064 -1.798 0.072 T
OVERALL 0.50 0.361 0.689 -4.219 0.000
0.1 0.2 0.5 1 2 5 10
B Favours CABG Favours PCI
Study name Statistics for each study Hazard ratio and 95% CI
Hazard Lower Upper
ratio limit limit Z-Value p-Value
Bangalore et al., NEJM 2015 0.43 0.249 0.751 -2.975 0.003 —a—
CREDOQ-Kycto, Am J Cardiel 2014 0.35 0.216 0.556 -4.384 0.000 —
Gioia et al,, Cath Cardiovasc Int 2007 0.93 0.158 5.440 -0.083 0.934
IRIS-MAIN, TCT/JACC 2015 0.41 0.128 1.316 -1.498 0.134
Nagendran et al., Ann Thorac Surg 2013 0.21 0.155 0.294 -9.429 0.000
Toda et al., Ann Thorac Surg 2002 0.50 0.320 0.772 -3.116 0.002
Yang et al., Am J Cardiol 2013 0.23 0.129 0.418 -4.872 0.000
OVERALL 0.34 0.243 0.471 -6.426 0.000 -
0.1 0.2 0.5 1 2 5 10
C Favours CABG Favours PCI
Study name Statistics for each study Hazard ratio and 95% CI
Hazard Lower Upper
ratio limit limit Z-Value p-Value
Bangalore et al., NEJM 2015 0.44 0.139 1.419 -1.369 0.171 {
CREDO-Kyoto, Am J Cardiol 2014 0.94 0.430 2,076 -0.141 0.888 +
IRIS=-MAIN, TCT/JACC 2015 0.83 0.160 4.292 -0.224 0.823
Yang et &l., Am J Cardiol 2013 0.81 0.473 1.402 -0.743 0.458
OVERALL 0.79 0.525 1.180 -1.157 0.247
0.1 02 0.5 1 2 5 10
Favours CABG Favours PCI

Figure 3. Individual and summary hazard ratios for secondary end points of studies comparing coronary artery bypass grafting (CABG)
vs percutaneous coronary intervention (PCI): (A) myocardial infarction?22-25203235 (B) repeat revascularization:2223.252833.35. and (C)
stroke.?0#2253 (| indicates confidence interval; CREDO-Kyoto, Coronary Revascularization Demonstrating Outcome Study in Kyoto; IRIS-
MAIN, Observational Study for Left Main Disease Treatment; and REHEAT, Revascularization in Heart Failure Trial.

presence of angina or viable myocardium.*? PCI receives
IIb C strength of recommendations for patients unsuitable
for surgery, who have viable myocardium or significant left
main stenosis or 2/3-vessel disease. The American College
of Cardiology Foundation (ACCF)/AHA guidelines take a
more liberal approach, suggesting CABG or PCI in patients
with left main or multivessel disease in the case of angina
and suitable coronary anatomy.? However, for patients with
severely impaired left ventricular function and significant
CAD in the absence of angina, only CABG is recommended
as an alternative to MT, even in the absence of myocardial
viability (Class IIb; Level of Evidence B).? The discrepancy
among international recommendations, stemming from the
lack of evidence from adequately powered randomized tri-
als, challenges physicians in choosing the optimal strat-
egy.'?#2% Our findings derived [rom a large-scale analysis
agree with those from STICH, unequivocally supporting the
revascularization option in this high-risk group of patients.
Our data for the first time add comprehensive information
on the efficacy of percutancous revascularization versus
medical therapy, providing evidence that revascularization,
irrespective of modality, in this specific population has the
potential to improve the patients’ outcomes. Moreover, they
further expand current evidence by investigating the compar-
ison between surgical and percutaneous revascularization,

with a consistent long-term survival benefit provided by
the surgical revascularization strategy. According to our
meta-analysis and to the results of the STICH trial, surgical
revascularization should be regarded as the preferred revas-
cularization modality in these high-risk patients, followed
by percutaneous interventions. These results suggest that
current international guidelines should upgrade CABG to
receive a higher class of recommendation and a higher level
of evidence over PCI or MT.

An interesting finding of our study is that a significant
mortality reduction is observed not only for patients with a
classical indication for surgical revascularization (left main
disease or 3-vessel disease), but possibly for all patients with
significant CAD and impaired left ventricular function.

The comparison of CABG and PCI in patients with HFrEF
shows a significant survival benefit for CABG in the present
analysis. The low heterogeneity and the narrow 95% Cls sug-
gest consistency of the findings that remained statistically sig-
nificant in the subanalyses of CABG versus PCI using DES
and of the randomized/matched cohorts. The reduction in
mortality, however, was numerically smaller for CABG versus
PCI than for CABG versus MT, in line with the findings of the
present article on the benefits of PCI over MT. In a subanalysis
of secondary end points, we found significantly reduced risk
for MI and RR in patients treated with CABG versus PCL
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A
Study name Statistics for each study Hazard ratio and 95% CI
Hazard Lower Upper
ratio limit limit Z-Value p-Value
ASAN-MAIN, TCT/JACC 2015 086 0423 1,748 -0,418 0,676
CREDO-Kyoto, Am J Cardiol 2014 0,72 0,506 1,044 -1,726 0,085
IRIS-MAIN, TCT/JACC 2015 074 0411 1325 -1,018 0,309
Toda etal., Ann Thorac Surg 2002 0,83 0,475 1,437 -0,676 0,499
OVERALL 076 0,594 0983 -2,002 0,036
0,01 0,1 1 10 100
B Favours CABG Favours PCI
Study name Statistics for each study Hazard ratio and 95% Cl
Hazard Lower Upper
ratio limit limit Z-Valuep-Value
Ahn et al., JACC Abstract 2011 0,85 0,462 1,565 -0,522 0,602 -
AWESOME-Registry, Am J Cardiol 2004 1,08 0,809 1,445 0,527 0,598 -
Cleland et al., Eur J Heart Fail 2011 1,13 0,413 3,063 0,230 0,818 e
CREDO-Kyoto, Am J Cardiol 2014 0,73 0,506 1,044 -1,725 0,085 —=
Gioia et al., Cath Cardiovasc Int 2007 1,39 0,604 3,205 0,776 0,438 o
Nagendran et al., Ann Thorac Surg 2013 0,92 0,792 1,060 -1,173 0,241
Toda et al., Ann Thorac Surg 2002 0,83 0,475 1,437 -0,676 0,499
OVERALL 0,92 0,821 1,035 1,376 0,169
0,01 0,1 1 10 100
Favours CABG Favours PCI
C
Study name Statistics for each study Hazard ratio and 95% CI
Hazard Lower Upper
ratio limit  limit Z-Value p-Value
Ahn et al., JACC Abstract 2011 0,85 0462 1565 -0,522 0,602
Bangalore et al., NEJM 2015 0,90 0,599 1,353 -0,507 0,612
CREDO-Kyoto, Am J Cardiol 2014 064 0,390 1,050 -1766 0,077
Gioia et al., Cath Cardiovasc Int 2007 1,38 0,602 3,142 0,755 0,450
Hannan et al., NEJM 2008 0,77 0591 1,002 -1942 0,052
Yang et al., Am J Cardiol 2013 0,86 0621 1,191 -0,907 0,365
OVERALL 0,82 0,696 0963 -2415 0,016
0,01 0,1 1 10 100
Favours CABG Favours PCI

Figure 4. Individual and summary hazard ratios for mortality in studies comparing coronary artery bypass grafting (CABG) vs percuta-
neous coronary intervention (PCI) stratified by patient characteristics or treatment: (A) in patients with left main/proximal left anterior
descending disease'?2253; (B) in patients with 3-vessel disease!®18.1921232533; and (C) in studies using drug-eluting stents in the PCI
group. 20222435 ASAN-MAIN indicates Asan Medical Center—Left Main Revascularization; AWESOME, Angina With Extremely Serious
Operative Mortality Evaluation; Cl, confidence interval; CREDO-Kyoto, Coronary Revascularization Demonstrating Outcome Study in
Kyoto; and IRIS-MAIN, Observational Study for Left Main Disease Treatment.

Although left main and 3-vessel disease have long been
a domain of CABG rather than PCI for revascularization,
because of an established prognostic benefit of CABG, 3
recent randomized trials, LE MANS (Left Main Coronary
Artery Stenting),* SYNTAX.* and PRECOMBAT (Premier
of Randomized Comparison of Bypass Surgery Versus
Angioplasty Using Sirolimus-Eluting Stent in Patients With
Left Main Coronary Artery Disease)® and subsequent meta-
analyses have suggested that intermediale-lerm mortality
after interventional revascularization using modern stent sys-
tems is comparable to CABG, with a reduced risk of stroke
but a higher need for RR. Revascularization guidelines**
have thus expanded PCI indications in stable coronary heart
disease, leaving the sole CABG recommendation to complex
coronary anatomy with high SYNTAX scores or diabetes mel-
litus.*'*¥ Our findings indicate that surgical revascularization
in patients with HFrEF should be regarded as the preferred
strategy, with significant survival benefits in patients with left

main/proximal left anterior descending disease and a numeric
but nonsignificant mortality reduction in patients with 3-ves-
sel disease.

Another important finding of the present report is that
the significant survival improvement with CABG over MT
or PCI occurred in patients largely without previous viabil-
ity testing. The indication for revascularization in patients
with HFrEF is most often based on clinical symptoms, for
example, angina or decompensation, in the presence of sig-
nificant CAD. The relevance of myocardial viability test-
ing to determine the benefit/risk ratio of revascularization
remains uncertain, with only a minority of studies provid-
ing signal for possible benefit* and guidelines generally
recommending it as a reasonable procedure.'? European
guidelines clearly advise against revascularization with
either CABG or PCT in patients who have neither angina nor
viable myocardium.'* American guidelines instead take a
differing approach, giving a IIb recommendation to CABG.



9 Wolff et al Revascularization in HFrEF

independent of viable myocardium.® The present mela-anal-
ysis of all available studies on the topic shows a clear sur-
vival benefit for revascularization techniques (CABG as well
as PCI) compared with MT, largely independent of viability
testing. Our results are thus in line with current recommen-
dations from American guidelines with respect to this point
and suggest a minor role of viability testing in CAD patients
with HFrEF.

In conclusion. this large-scale article emphasizes in
patients with HF and CAD the mortality benefits of revas-
cularizations over medical therapy: these findings prompt an
update of international guidelines, with higher class and evi-
dence of recommendations assigned to surgical revasculariza-
tions to these high-risk patients.

Limitations

The availability of individual patient data would have
improved the results of our meta-analysis, especially of
potential subgroup analyses. Only few randomized con-
trolled trials were available, with the majority ol stud-
ies being observational. The observational design has the
advantage of adhering to the real world, more appropriately
reflecting current practice of unselected higher risk patients
versus those derived from randomized trials. Nonetheless,
many sensitivity analyses were performed, including those
limited to patients randomized or well matched, and were
consistent with the main findings, suggesting that the overall
effect is justified.

Data on single treatments in the medical therapy group
were available only in a minority of studies; therefore, pre-
cise description of the adherence to standard guidelines for
medical therapy in this patient cohort is not possible. On the
other hand, a sensitivity analysis done with the more contem-
porary studies only confirmed the overall results. Moreover,
additional sensitivity analyses in studies using randomization
or patient matching have been conducted. generating highly
matched patients in terms of allocated MTs; the findings are
directionally convergent and have consistent magnitude with
the main findings. Caution should be prompted when inter-
preting subgroup analyses that should be regarded as explor-
atory, given the degree of variability in patient background
characteristics.

Conclusions

This meta-analysis provides evidence that revascularization,
irrespective of modality, compared with medical therapy, sig-
nificantly improves survival and other outcomes in patients
with ejection fraction £40% and significant CAD. CABG
seems to be the most favorable option in this setting, although
PCI may have its advantages in special patients and situations.
Careful assessment of procedural risk and discussion of the
optimal treatment strategy within a heart team is mandatory
and recommended by current guidelines. Additional random-
ized trials will be necessary to further define the most benefi-
cial treatment for these high-risk patients.

Disclosures
None.
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CLINICAL PERSPECTIVE

Previous data have shown improved survival by revascularization with coronary artery bypass grafting compared with medi-
cal treatment for patients with coronary artery disease. but single studies in the setting of coronary artery disease with heart
failure with reduced ejection fraction have been underpowered to draw definite conclusions, ultimately contributing to the
uncertainty of current recommendations on the optimal strategy for patients with coronary artery disease and heart failure
with reduced ejection [raction. The present meta-analysis indicates that revascularization strategies are superior to medi-
cal treatment in improving survival in patients with ischemic heart disease with reduced ejection fraction. Between the 2
revascularization strategies, coronary artery bypass grafting seems more favorable compared with percutaneous coronary
intervention in this particular clinical setting. This large-scale article supports that in patients with HFrEF and coronary
artery disease, there is a mortality benefit of revascularizations over medical therapy. These findings may inform an update
of international guidelines with higher class and evidence of recommendations assigned to surgical revascularization in these

high-risk patients.




4.2.4 Endovascular Thrombectomy as a Means to Improve Survival in Acute Ischemic
Stroke: A Meta-analysis
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Antoch G, Jander S, Turowski B, Perings S, Kelm M, Wolff G.

JAMA Neurol. 2019;76(7):850-4.
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In der Behandlung des akuten ischamischen Schlaganfalls wurde in randomisierten Studien
seit 2015 gezeigt, dass die interventionelle endovaskulare Therapie durch Thrombektomie die
funktionellen Ergebnisse der Patienten im Vergleich zur rein intravenésen Lyse verbessern
kann (29). Daraufhin haben internationale Leitlinien die endovaskulare Therapie bei
geeigneten Patienten mit akutem ischdmischem Schlaganfall empfohlen (99). Es blieb jedoch
aus allen Studien aufgrund von deren Design und fehlender statistischer Power unklar, ob
diese interventionelle Therapie nur die funktionellen Ergebnisse verbessert, oder ob auch die

Mortalitat der Patienten gesenkt wird.

Wir konnten in einer Meta-Analyse aller zehn leitlinienrelevanten randomisierten, kontrollierten
Studien mit 2.313 Patienten, welche endovaskulare Thrombektomie gegen die
Standardtherapie (Lyse) verglichen haben, zeigen, dass die interventionelle Therapie die 90-
Tage-Sterblichkeit um 3,7% gegeniiber dem bisherigen Therapiestandard senkt (15,0% vs.
18,7%). Sensitivitdtsanalysen bestatigten diese Ergebnisse, es ergab sich auch kein

Unterschied im Risiko fur intracranielle Blutungen.

Damit war diese Arbeit die erste, welche in der Gesamtheit der Datenlage
leitlinienreferenzierter randomisierter, kontrollierter Studien einen Mortalitatsvorteil fir die

interventionelle Behandlung des Schlaganfalls zeigen konnte.
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Endovascular Thrombectomy as a Means
to Improve Survival in Acute Ischemic Stroke
A Meta-analysis

Yingfeng Lin, MD; Volker Schulze, MD; Maximilian Brockmeyer, MD; Claudio Parco, MD;
Athanasios Karathanos, MD; Yvonne Heinen, MD; Michael Gliem, MD; Hans-Peter Hartung, MD;
Gerald Antoch, MD; Sebastian Jander, MD; Bernd Turowski, MD; Stefan Perings, MD;

Malte Kelm, MD; Georg Wolff, MD

IMPORTANCE Although endovascular thrombectomy (EVT) in acute ischemic stroke is
recommended by guidelines to improve functional recovery, thus far there are insufficient
data on its association with mortality.

OBJECTIVE To identify guideline-relevant trials of EVT vs medical therapy reporting 90-day
mortality and perform a meta-analysis.

DATA SOURCES All randomized clinical trials cited for recommendations on EVT vs medical
therapy in the latest 2018 American Stroke Association/American Heart Association
guidelines.

STUDY SELECTION Ten American Stroke Association/American Heart Association
guideline-relevant randomized clinical trials of EVT vs medical therapy were selected for
inclusion. Two EVT trials were excluded owing to infrequent use of EVT.

DATA EXTRACTION AND SYNTHESIS Data were abstracted by 2 independent investigators and
double-checked by 4 others. Singular study data were integrated using the Cochran-Mantel-
Haenszel method and a random-effects model to compute summary statistics of risk ratios
(RR) with 95% Cls.

MAIN OUTCOMES AND MEASURES Risk of 90-day mortality and 90-day intracranial
hemorrhage was analyzed; sensitivity analyses were performed in early-window EVT trials
(which included patients from the onset of symptoms onward) vs late-window EVT trials
(which included patients from 6 hours after onset of symptoms onward).

RESULTS In 10 trials with 2313 patients, EVT significantly reduced the risk for 90-day
mortality by 3.7% compared with medical therapy (15.0% vs 18.7%; RR, 0.81; 95% Cl,
0.68-0.98; P = .03). Trends were similar in early-window (RR, 0.83; 95% Cl, 0.67-1.01;

P = .06) and late-window trials only (RR, 0.76; 95% Cl, 0.41-1.40; P = .38). There was no
difference in the risk for intracranial hemorrhage in EVT vs medical therapy (4.2% vs 4.0%;
RR, 1.11; 95% Cl, 0.71-1.72; P = 65). Limitations of the studies include trial protocol
heterogeneity and bias originating from prematurely terminated trials.

CONCLUSIONS AND RELEVANCE This meta-analysis of all evidence on EVT cited in the 2018
American Stroke Association/American Heart Association guidelines shows significant
benefits for survival during the first 90 days after acute ischemic stroke compared with
medical therapy alone.

JAMA Neurol. 2019;76(7):850-854. doi:10.1001/jamaneurol.2019.0525
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Endovascular Thrombectomy as a Means to Improve Survival in Acute Ischemic Stroke

wenty years after intravenous thrombolysis (IT) was

established as the first-line therapy for acute ische-

mic stroke (AIS), several randomized clinical trials
(RCTs)'"® have proven benefits on functional recovery of
endovascular thrombectomy (EVT) compared with medical
therapy. The 2018 American Stroke Association/American
Heart Association AIS guidelines” thus adopted class IA
to ITb recommendations for EVT in different clinical
scenarios.

Parallels of this development with the history of the
management of myocardial infarction are striking: in myo-
cardial infarction as in AIS, IT was first established to
improve clinical outcomes and then was found to be inferior
to interventional strategies of primary percutaneous coro-
nary intervention.® However, unlike with the use of IT for
myocardial infarction, mortality benefits of IT for AIS were
not seen in short-term or long-term follow-up. In logic suc-
cession, all EVT trials focused on measures of functional
recovery from AIS (Table)!"®2"'2 and were underpowered to
detect differences in mortality, just like subsequent
meta-analyses.!>!# Thus, it still remains unknown whether
EVT also improves survival in AIS.

Brief Report Research

Key Points

Question Isthere a benefit for short-term survival with endovascular
thrombectomy vs medical therapy in acute ischemic stroke?

Findings In this meta-analysis of all randomized clinical trials of
endovascular thrombectomy vs medical therapy cited in the 2018
American Stroke Association/American Heart Association guidelines
for acute ischemic stroke, endovascular thrombectomy significantly
reduced the risk for 90-day mortality compared with medical
therapy, without a differencein risk of intracranial hemorrhage.

Meaning There is considerable evidence of the benefits of
endovascular thrombectomy for survival during the first 90 days
after acute ischemic stroke.

|
Methods

To approach this question, RCTs comparing EVT vs medical
therapy for treatment of AIS were selected from all guideline-
referenced RCTs on endovascular therapy in the 2018 Ameri-
can Stroke Association/American Heart Association guideline.”

Table. Study Characteristics of Included Trials

No. of No. of IT Use
Centers Patients (% per Primary

Study Journal inTrial  (EVT/MT) Randomization Inclusion Criteria Device Used Group) End Point(s)
DAWN,? New England 26 107/99 Endovascular Anterior stroke (ICA and 100% Trevo 5/13 Utility-weighted mRS
2018 Journal of therapy + MT M1) within 6-24 h, with at 90 d; mRS score

Medicine vs MT alone NIHSS/imaging mismatch 0-2at90d
DEFUSE 3,'°  New England 38 92/90 Endovascular Anterior stroke (ICA and 74% Stent 11/9 mRSat90d
2018 Journal of therapy + MT M1) within 6-16 h, with retriever,

Medicine vs MT alone penumbra/infarct mismatch 25% aspiration

(CT perfusion/MRI)

ESCAPE,*! New England 22 165/150  Endovascular Anterior stroke (ICA and 77% Solitaire,  73/79 mRSat90d
2015 Journal of therapy + MT M1) within 12 h 9% other

Medicine vs MT alone
EXTEND-IA,> NewEngland 14 35/35 Endovascular Anterior stroke (ICA, M1, 100% Solitaire  100/100 Perfusion at 24 h;
2015 Journal of therapy + MT and M2) within early improvement

Medicine vs MT alone 45h (NIHSS) at 24 h
MR CLEAN,®  New England 16 233/267  Endovascular Anterior stroke (ICA, M1, 81.5% Stent 87/91 mRS at 90 d
2015 Journal of therapy + MT M2, A1, and A2) retriever

Medicine vs MT alone within 4.5 h
MR New England 22 64/54 Endovascular Anterior stroke 58% Merci, 44/30 Correlation of penumbral
RESCUE,*? Journal of therapy + MT within 8 h 22% Penumbra, imaging (CT/MRI) with
2013 Medicine vs MT alone 17% both mRSat90d
REVASCAT,*  NewEngland 4 103/103  Endovascular Anterior stroke (ICA and 95% Solitaire 68/78 mRSat90d
2015 Journal of therapy + MT M1) within 8 h

Medicine vs MT alone
SWIFT New England 39 98/97 Endovascular Anterior stroke (ICA and 100% Solitaire  100/100 mRSat90d
PRIME,? Journal of therapy + MT M1) within 6 h
2015 Medicine vs MT alone
THERAPRY,® Stroke 36 55/53 Endovascular Anterior stroke (ICA and 100% 100/100 mRSO0-2at80d
2016 therapy + MT MCA) and thrombus length ~ Penumbra

vs MT alone =8 mm
THRACE,! Lancet 26 204/208  Endovascular Stroke (ICA, M1, and BA) 77% Solitaire,  100/100 mRS0-2at90d
2016 Neurology therapy + MT within 4 h 15% Penumbra,
vs MT alone 7% other

Abbreviations: Al, Alsegment of the anterior cerebral artery; A2, A2 segment of the
anterior cerebral artery; BA, basilar artery; CT, computed tomography; DAWN, DWIor
CTP Assessment With Clinical Mismatch in the Triage of Wake-Up and Late Presenting
Strokes Undergoing Neurointervention With Trevo; DEFUSE 3, Endovascular Therapy
FollowingImaging Evaluation for Ischemic Stroke; ESCAPE, Endovascular Treatment
for Small Core and Anterior Circulation Proximal Occlusion With Emphasis on
Minimizing CT to Recanalization Times; EVT, endovascular thrombectomy;
EXTEND-IA, Extending the Time for Thrombolysis in Emergency Neurological Deficits—
Intra-Arterial; ICA, internal carotid artery; IT, intravenous thrombolysis; M1, M1segment
of middle cerebral artery; M2, M2 segment of middle cerebral artery; MCA, middle
cerebral artery; MR CLEAN, Multicenter Randomized Clinical Trial of Endovascular

Treatment for Acute Ischemic Stroke inthe Netherlands; MR RESCUE, Mechanical
Retrieval and Recanalization of Stroke Clots Using Embolectomy; MRI, magnetic
resonanceimaging; mRS, modified ranking scale; MT, medical therapy; NIHSS, National
Institutes of Health Stroke Scale; REVASCAT, Randomized Trial of Revascularization With
Solitaire FR Device vs Best Medical Therapy in the Treatment of Acute Stroke Due
to Anterior Circulation Large Vessel Occlusion Presenting Within Eight Hours

of Symptom Onset; SWIFT PRIME, Solitaire With the Intention for Thrombectomy
as Primary Endovascular Treatment; THERAPY, The Randomized, Concurrent Controlled
Trial to Assess the Penumbra System’s Safety and Effectiveness in the Treatment

of Acute Stroke; THRACE, Mechanical Thrombectomy After Intravenous Alteplase
vs Alteplase Alone After Stroke.
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Figure 1. All-Cause Mortality in Randomized Clinical Trials of Endovascular Thrombectomy (EVT) vs Medical Therapy (MT) at 90 Days

EVT MT

No.of Total No.of Total Favors : Favors Weight,
Source Events No. Events No. RR(95%Cl) EVT : MT %
DAWN,2 2018 20 107 18 99 1.03(0.58-1.83) ; 10.1
DEFUSE 3,102018 13 92 23 90 0.55(0.30-1.02) L a— 8.9
ESCAPE, 112015 17 165 28 150 0.55(0.32-0.97) B — 10.7
EXTEND-1A,2 2015 3 35 7 35 0.43(0.12-1.52) 4-— 2.1
MR CLEAN,® 2015 49 233 59 267 0.95(0.68-1.33) —a— 29.8
MR RESCUE,122013 12 64 13 54 0.78(0.39-1.56) - 6.9
REVASCAT,# 2015 19 103 16 103 1.19(0.65-2.18) S 9.1
SWIFT PRIME,? 2015 9 98 12 98 0.75(0.33-1.70) _ 5.0
THERAPY,> 2016 7 55 13 53 0.52(0.22-1.20) - 4.8
THRACE,! 2016 24 204 27 208 0.91(0.54-1.52) —-— 12.6
Total No. (95% CI) 1156 1157 0.81(0.68-0.98) o 100.0
Total No. of events 173 216 I . S
Heterogeneity: 2 = 0.00; x3 = 8.64; P = .47; 7 = 0% 0!1 0.2 0.5 Il 2 5 1‘0
Test for overall effect: z=2.20; P=.03 RR (95% CI)

Individual and summary risk ratios (RRs) with 95% Cls for all-cause mortality in
randomized clinical trials of EVT vs MT at 90 days of follow-up. The size of the
data markers indicates the study weight within the pooled meta-analysis.
Detailed study weights are given in the respective column and correspond to
the size of the data markers. Study weights were calculated according to the
random-effects Cochran-Mantel-Haenszel model used. DAWN indicates DWI or
CTP Assessment With Clinical Mismatch in the Triage of Wake-Up and

Late Presenting Strokes Undergoing Neurointervention With Trevo;

DEFUSE 3, Endovascular Therapy Following Imaging Evaluation for Ischemic
Stroke; ESCAPE, Endovascular Treatment for Small Core and Anterior
Circulation Proximal Occlusion With Emphasis on Minimizing CT to
Recanalization Times; EXTEND-IA, Extending the Time for Thrombolysis in

Emergency Neurological Deficits—Intra-Arterial; MR CLEAN, Multicenter
Randomized Clinical Trial of Endovascular Treatment for Acute Ischemic Stroke
in the Netherlands; MR RESCUE, Mechanical Retrieval and Recanalization of
Stroke Clots Using Embolectomy; REVASCAT, Randomized Trial of
Revascularization With Solitaire FR Device vs Best Medical Therapy in the
Treatment of Acute Stroke Due to Anterior Circulation Large Vessel Occlusion
Presenting Within Eight Hours of Symptom Onset; SWIFT PRIME, Solitaire With
the Intention for Thrombectomy as Primary Endovascular Treatment;
THERAPY, The Randomized, Concurrent Controlled Trial to Assess the
Penumbra System’s Safety and Effectiveness in the Treatment of Acute Stroke;
and THRACE, Mechanical Thrombectomy After Intravenous Alteplase vs
Alteplase Alone After Stroke.

Methods were applied according to Cochrane Collaboration
and PRISMA recommendations: 2 independent investigators
(Y.L. and G.W.) performed intention-to-treat data abstrac-
tions on study characteristics, risk of bias, and 90-day
mortality and 90-day intracranial hemorrhage outcomes from
published reports, which were double-checked accordingly by
4 of us (V.S., M.B., C.P., and A.K.). Risk ratios (RRs) and 95%
CIswere used as summary statistics, and singular studies were
integrated with the Cochran-Mantel-Haenszel method and a
random-effects model. Statistical heterogeneity was quanti-
fied with the I? statistic. A 2-tailed P < .05 was considered
statistically significant.

|
Results

Included trial characteristics are shown in the Table!®-912;

10 RCTs of EVT vs medical therapy referenced in the 2018
American Stroke Association/American Heart Association
guideline” with a total of 2313 patients and a consistent
follow-up of 90 days were included. Excluded trial character-
istics are shown in eTable 1 in the Supplement: 5 trials
were excluded for the wrong comparators, and trials were
excluded for using EVT devices in only a minority of patients
(mainly those with intra-arterial thrombolysis). Risk of
bias of included trials was generally low (eTable 2 in
the Supplement).

In the cumulative meta-analysis, EVT significantly re-
duced the risk for 90-day mortality by 3.7% compared with

JAMA Neurology July 2019 Volume 76, Number 7

medical therapy (15.0% vs 18.7%; RR, 0.81; 95% CI, 0.68-
0.98; P = .03; Figure 1), with a number needed to treat of 27
to prevent 1 death from all causes. Trends were similar when
analyzing early-window EVT vs IT (all trials except DAWN [DWI
or CTP Assessment With Clinical Mismatch in the Triage of
Walke-Up and Late Presenting Strokes Undergoing Neuroin-
tervention With Trevo]® and DEFUSE 3 [Endovascular Therapy
Following Imaging Evaluation for Ischemic Stroke]'°: RR, 0.83;
95% CI, 0.67-1.01; P = .06) or late-window trials separately
(DAWN® and DEFUSE 3'°: RR, 0.76; 95% CI, 0.41-1.40; P = .38).

In early-window EVT trials, nearly all patients received
EVT in addition to IT (Table),"®%'? with a potential risk for
symptomatic intracranial hemorrhage to confound mortal-
ity. The meta-analysis of intracranial hemorrhage events, how-
ever, showed no differences between EVT and medical therapy
(4.2% vs 4.0%; RR, 1.11; 95% CI, 0.71-1.72; P = .65) (Figure 2).
Thus, the observed risk reduction for mortality probably does
not originate from differences in adverse effects but from the
functional benefits of EVT also translating to improved
90-day survival.

|
Discussion

Previous works also observed mortality benefits between
groups in favor of EVT; however, the differences were statis-
tically insignificant (eg, 3.6%" and 2.6%,'* with P values of ap-
proximately .15), similar to the present sensitivity analysis in
early-window trials only. However, by including all trials of EVT
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Figure 2. Symptomatic Intracranial Hemorrhage in Randomized Clinical Trials of Early-Window Endovascular Thrombectomy (EVT)

vs Medical Therapy (MT) at 90 Days

EVT MT

No.of Total No.of Total Favors : Favors Weight,
Source Events No. Events No. RR(95%Cl) EVT @ MT %
ESCAPE, 12015 6 165 4 150 1.36(0.39-4.74) 12.5
EXTEND-1A,2 2015 0 35 2 35 0.20(0.01-4.02) 21
MR CLEAN,® 2015 18 233 17 267 1.21(0.64-2.30) —— 47.4
MR RESCUE,122013 3 64 2 54 1.27(0.22-7.30) —_— 6.3
REVASCAT,* 2015 5 103 2 103 2.50(0.50-12.59) _ 7.4
SWIFT PRIME,32015 0 98 3 98 0.14(0.01-2.73) 22
THERAPY,5 2016 4 55 6 53 0.64(0.19-2.15) —_— 13.3
THRACE,1 2016 4 204 3 208 1.36(0.31-6.00) _— 8.8
Total No. (95% Cl) 957 968 1.11(0.71-1.72) L4 100.0
Total No. of events 40 39 R S
Heterogeneity: 12 = lfl.CiO;)(Z7 =5.18:P=.64;12=0% O.IOI 0‘.1 ‘1 lb I(IJO

Test for overall effect: z=0.46; P = .65

RR (95% CI)

Individual and summary risk ratios (RRs) with 95% Cls for symptomatic
intracranial hemorrhage in randomized clinical trials of early-window EVT vs MT.
The size of the data markers indicates the study weight within the pooled
meta-analysis. Detailed study weights are given in the respective column and
correspond to the size of the data markers. Study weights were calculated
according to the random-effects Cochran-Mantel-Haenszel model used.
ESCAPE, Endovascular Treatment for Small Core and Anterior Circulation
Proximal Occlusion With Emphasis on Minimizing CT to Recanalization Times;
EXTEND-IA, Extending the Time for Thrombolysis in Emergency Neurological
Deficits—Intra-Arterial; MR CLEAN, Multicenter Randomized Clinical Trial of

Endovascular Treatment for Acute Ischemic Stroke in the Netherlands;

MR RESCUE, Mechanical Retrieval and Recanalization of Stroke Clots Using
Embolectomy; REVASCAT, Randomized Trial of Revascularization With Solitaire
FR Device vs Best Medical Therapy in the Treatment of Acute Stroke Due to
Anterior Circulation Large Vessel Occlusion Presenting Within Eight Hours of
Symptom Onset; SWIFT PRIME, Solitaire With the Intention for Thrombectomy
as Primary Endovascular Treatment; THERAPY, The Randomized, Concurrent
Controlled Trial to Assess the Penumbra System’s Safety and Effectiveness in
the Treatment of Acute Stroke; and THRACE, Mechanical Thrombectomy After
Intravenous Alteplase vs Alteplase Alone After Stroke.

methods, this meta-analysis features the largest number of
analyzed patients and events, to our knowledge, and achieves
sufficient power to reach statistical significance.

Limitations

Limitations include trial heterogeneity in study protocols
(early-window and late-window) and EVT (eg, different mo-
dalities and generations of thrombectomy devices). Risk of bias
additionally originates from analysis of secondary trial end
points and incomplete recruitment in the prematurely termi-
nated trials. Therefore, results must be interpreted with con-
siderable caution. However, new EVT trials designed to show
mortality differences in AIS might never be performed; thus,
ameta-analysis of available data may be the only way to ana-
lyze short-term survival. Low statistical heterogeneity (I? and
T in Figure 1 and Figure 2) additionally indicates robust

effects. Long-term follow-ups of singular RCTs will be inter-
esting with respect to mortality: the 2-year MR CLEAN (Mul-
ticenter Randomized Clinical Trial of Endovascular Treat-
ment for Acute Ischemic Stroke in the Netherlands) study data
have already shown a trend toward improved survival during
the first 90 days after AIS with EVT.*

|
Conclusions

Taken together, there is considerable evidence in guideline-
referenced RCTs that EVT significantly benefits survival dur-
ing the first 90 days after AIS compared with medical therapy
alone. We cannot help but see the parallels: endovascular strat-
egies may well turn out to be as successful in AIS as in myo-
cardial infarction.
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4.2.5 Meta-analysed numbers needed to treat of novel antidiabetic drugs for
cardiovascular outcomes

Wolff G, Lin Y, Akbulut C, Brockmeyer M, Parco C, Hoss A, Sokolowski A, Westenfeld R, Kelm
M, Roden M, Schlesinger S, Kuss O

ESC Heart Fail. 2022 Nov 7. doi: 10.1002/ehf2.14213. Online ahead of print.
Pubmed PMID: 36337026

DOI: 10.1002/ehf2.14213

Neue Antidiabetika haben nicht nur in der Therapie des Diabetes mellitus, sondern auch in der
Therapie der Herzinsuffizienz in randomisierten, kontrollierten Studien Vorteile fiir kardio-
vaskulare Endpunkte gezeigt. Glucagon-like peptide-1 (GLP-1) Rezeptoragonisten und
sodium glucose transporter 2 (SGLT2) Inhibitoren haben daher Leitlinienempfehlungen in der
Diabetestherapie (100, 101), SGLT2 Inhibitoren auch in der Herzinsuffizienz (40) erhalten.
Wahrend relative Benefits im Vergleich zum Placebo in vielen Studien und Meta-Analysen
gezeigt worden sind, werden absolute Behandlungseffekte — z.B. die sog. Number-needed-to-
treat (NNT), die Anzahl der notwendigen Behandlungen zur Reduktion eines Ereignisses —

selten betrachtet, sind aber fur die Einschatzung der Behandlungseffekte von Bedeutung.

Wir haben in dieser Analyse unter Anwendung einer komplexen statistischen Methodik
zunachst aus 16 randomisierten, kontrollierten Studien zu GLP-1 Rezeptoragonisten, SGLT2
Inhibitoren und Dipeptidyl-Peptidase-4 (DPP4) Inhibitoren mit Kaplan-Meier-Kurven zu
kardiovaskularen Endpunkten graphische Daten extrahiert, modelliert und dann absolute
Behandlungseffekte (NNT) Uber die Zeit analysiert. Schlief3lich wurden in einer random-effects
Metaanalyse dieser Daten Meta-NNT Uber die Zeit errechnet. Es zeigten sich darin nur
moderate Behandlungseffekte (Meta-NNT >100 Uber ca. 30 Monate) auf die Endpunkte
kardiovaskuldre Mortalitdt und Hospitalisierung aufgrund einer Herzinsuffizienz sowohl fir
SGLT2 Inhibitoren als auch fur GLP1 Rezeptoragonisten; DPP4 Inhibitoren zeigten keine
signifikanten Effekte. In einer Sensitivitatsanalyse von Patienten mit Herzinsuffizienz mit
reduzierter linksventrikularer Pumpfunktion, welche primar in den Studien DAPA-HF (102) und
EMPEROR-Reduced (103) eingeschlossen wurden, zeigte sich eine erheblich gréRere
Effektivitat von SGLT2 Inhibitoren, insbesondere auf den Endpunkt Hospitalisierung aufgrund
einer Herzinsuffizienz (Meta-NNT von 25 Uber 16 Monate) — verglichen mit Patienten mit

Diabetes mellitus ohne Herzinsuffizienz (Meta-NNT von 233 Gber 16 Monate).

Damit zeigten sich SGLT2 Inhibitoren in der Herzinsuffizienz mit reduzierter linksventrikularer
Pumpfunktion ahnlich effizient, wie die gangige Herzinsuffizienztherapie (104) mit
Betablockern, Renin-Angiotensin-Aldosteron-Inhibitoren oder Mineralocorticoid-Rezeptor-

Antagonisten.
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Abstract

Aims Absolute treatment effects—i.e. numbers needed to treat (NNTs)—of novel antidiabetic drugs for cardiovascular out-
comes have not been comprehensively evaluated. We aimed to perform a meta-analysis of digitalized individual patient out-
comes to display and compare absolute treatment effects.

Methods and results Individual patient time-to-event information from Kaplan—Meier plots of cardiovascular mortality (CM)
and/or hospitalization for heart failure (HHF) endpoints from cardiovascular outcome trials (CVOTs) evaluating dipeptidyl
peptidase-4 (DPP-4) inhibitors, glucagon-like peptide-1 (GLP-1) receptor agonists, and sodium glucose transporter 2 (SGLT2)
inhibitors vs. placebo were digitalized using WebPlotDigitizer 4.2 and the R code of Guyot et al.; Weibull regression models
were generated, validated, and used to estimate NNT for individual trials; random-effects meta-analysis generated
Meta-NNT with 95% confidence intervals. Sixteen CVOTs reported time-to-event information (14 in primary diabetes and 2
in primary heart failure populations). Thirteen studies including 96 860 patients were meta-analysed for CM: At the median
follow-up of 30 months, Meta-NNTs were 178 (64 to == to —223) for DPP-4 inhibitors, 261 (158 to 745) for GLP-1 receptor
agonists, and 118 (68 to 435) for SGLT2 inhibitors. Ten studies including 96 128 patients were meta-analysed for HHF: At
the median follow-up of 29 months, estimated Meta-NNTs were —644 (229 to e to —134) for DPP-4 inhibitors, 441 (184
to == to —1100) for GLP-1 receptor agonists, and 126 (91 to 208) for SGLT2 inhibitors. SGLT2 inhibitors were especially effec-
tive for HHF in primary heart failure populations [Meta-NNT 25 (19 to 39)] vs. primary diabetes populations [Meta-NNT 233
(167 to 385)] at 16 months of follow-up.

Conclusions We found only modest treatment benefits of GLP-1 receptor agonists and SGLT2 inhibitors for CM and HHF in
primary type 2 diabetes mellitus populations. In primary heart failure populations, SGLT2 inhibitor benefits were substantial
and comparable in efficacy to established heart failure medication.
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Introduction secondary syndrome to both and an emerging cardiovascular
epidemic, whose incidence and healthcare-related cost con-

Cardiovascular diseases (CVDs) and type 2 diabetes mellitus  tinue to rise.*®

(T2DM) are among the leading causes of morbidity and mor- Novel antidiabetic drugs, mainly dipeptidyl peptidase-4

tality in Europe and worldwide.”™ Heart failure is a complex  (DPP-4) inhibitors, glucagon-like peptide-1 (GLP-1) receptor
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agonists, and sodium glucose transporter 2 (SGLT2)
inhibitors,® have shown benefits for both diabetes-related
outcomes and cardiovascular endpoints in major cardiovascu-
lar outcome trials (CVOTs).” Current guidelines for the treat-
ment of T2DM have issued respective recommendations,®?
especially for SGLT2 inhibitors and GLP-1 receptor agonists.
Recently, updated European guidelines for the treatment of
heart failure with reduced ejection fraction (HFrEF) now also
recommend SGLT2 inhibitors, dapagliflozin and empagliflozin,
as an integral part of pharmacotherapy®® because of their
benefits for cardiovascular and heart failure endpoints'*?
—regardless of T2DM. Recent findings even show benefits
of SGLT2 inhibitors in heart failure with preserved ejection
fraction®® —different from any other tested drug class
before.

As the U.S. Food and Drug Administration requires trialists
to show non-inferiority on the hazard ratio (HR) scale, CVOTs
almost exclusively report relative effect estimates to describe
treatment differences and meta-analyses of these studies
thus resorted to analysis of relative effects.***> Absolute ef-
fect sizes—e.g. numbers needed to treat (NNTs)—are difficult
to find in trial reports, even though guidelines recommend
their use.'®8 This is unfortunate, as absolute effects rather
than relative measures are key to judging drug efficacy, per-
form cost/benefit calculations from both medical
health-economics perspectives, and actually explain benefits
to patients. Meta-analyses of CVOTs should offer the highest
class of evidence on the subject but are difficult to perform
for absolute effects due to lack of data in trial reports. How-
ever, there are validated methods*®™23 to digitalize time-to-
event information from published reports.

We here report a meta-analysis of absolute treatment ef-
fects expressed as NNTs in the large CVOTs of DPP-4 inhibi-
tors, GLP-1 receptor agonists, and SGLT2 inhibitors, focusing
on the outcomes of cardiovascular mortality and hospitaliza-

and

tion for heart failure.

Methods
Study selection and data extraction

All major randomized controlled CVOTs indicated in fig. 7 of
Cefalu et al.® with comparisons of SGLT2 inhibitors, GLP-1 re-
ceptor agonists, or DPP-4 inhibitors to placebo were eligible
for inclusion. Full texts and online supplements of the CVOTs
published until September 2020 were downloaded and
searched for original Kaplan—Meier plots reporting time-to-
event information for outcomes of cardiovascular mortality
and hospitalization for heart failure. Outcomes of individual
patients were digitalized from Kaplan—Meier plots using
WebPlotDigitizer, Version 4.2,*° and the R code of Guyot
et al.*® Both methods have been shown to be reliable and
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valid.?1™2* Additionally, original HRs with 95% confidence
intervals (95% Cls) for both outcomes, as well as characteris-
tics of the study and patients, were extracted from the
original study reports. All data extractions were double
checked; discrepancies were discussed and resolved in the
group. CVOTs without placebo group or without reporting
of Kaplan—Meier plots for either one of both relevant out-
comes were excluded.

Weibull fits and absolute treatment effect
estimates

Parametric Weibull regression models were fitted for all stud-
ies and both outcomes separately, in order to estimate sur-
vival functions that are needed to calculate NNTs. Weibull
models are parametric proportional hazards models®® and
thus yield Weibull HRs for treatment effects, which can be
compared with the original HRs. From the respective Weibull
models, we estimated monthly probability differences
(treatment — control) for being free of the event of interest
from Month 1 to the respective maximal observation time
of each individual trial. These probability differences were
then inverted to arrive at estimates for the monthly NNT,
which are thus necessarily time dependent.”®

Numbers needed to treat notation

NNTs describe the number of patients that have to be treated
for a certain time interval to prevent one additional outcome
event in the treatment group: Positive NNT values indicate
that the drug is beneficial compared with placebo (or number
needed to treat to benefit); negative NNT values indicate pla-
cebo advantage (or number needed to treat to harm). Lower
NNT values indicate more effective treatment, with the low-
est possible value of NNT =1 (or —1, respectively). A null ef-
fect of the treatment, corresponding to an HR of 1, is de-
noted by a value of infinity (eo) for the NNT. A 95% Cl that
does not include infinity (o) [or —infinity (—e=), respectively]
corresponds to a statistically significant absolute treatment
effect (with a two-sided o probability of 5%).

Assessment of model validity

To assess the validity of the digitalized data, we compared
HRs from the original papers to those from the Weibull
models by calculating intra-class correlation coefficients. In
addition, to assess the fit of the Weibull models graphically,
we plotted Kaplan—Meier estimates from the digitalized data
together with predicted survival curves from these models.

ESC Heart Failure (2022)
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Meta-analysis

To summarize NNTs overall and in the three drug classes, we
used random-effects inverse-variance meta-analysis. Meta-
analyses were performed separately for monthly time points.
A sensitivity analysis of SGLT2 inhibitors in studies with pri-
mary T2DM vs. primary HFrEF populations for the endpoint
of hospitalization for heart failure was performed. All compu-
tations were performed on the probability difference scale
and only for displaying results in figures and graphs trans-
formed to the NNT scale. We used SAS (SAS Institute Inc.,
Cary, NC, USA), Version 9.4, for data management and
analysis.

Results
Study selection

A total of 16 major CVOTs reported original time-to-event
information for at least one of the two outcomes and were
included in the analysis: four trials on DPP-4 inhibitors
(CARMELINA, EXAMINE, SAVOR-TIMI 53, and TECOS?®7%9),
six trials on GLP-1 receptor agonists (EXSCEL, HARMONY,
LEADER, PIONEER 6, REWIND, and SUSTAIN 6°°%), and
six trials on SGLT2 inhibitors (CANVAS, CREDENCE, DAPA-
HF, EMPA-REG Outcome, EMPEROR-REDUCED, and VERTIS-
Cv112:36739)  The CAROLINA trial®® was excluded for not
having a placebo control; the results of FREEDOM-CVO
and EMPEROR-PRESERVED'® were not yet published in
full text at the time of analysis. All endpoint definitions
of individual trials are listed in Supporting Information,
Table S1.

Study characteristics

An overview of all trials and a description of the study
populations are given in Table I: A total of 131 753 pa-
tients with time-to-event information were analysed; fol-
low-up times in the studies ranged between 15.5 and
65.5 months for cardiovascular mortality and between
14.3 and 46.4 months for hospitalization for heart failure.
The overall median follow-up time was 30.6 months for
cardiovascular mortality and 29.2 months for hospitaliza-
tion for heart failure. All trials featured high to very high
cardiovascular risk patient populations.** They were con-
ducted in patients with T2DM, with the exception of EM-
PEROR-REDUCED™ and DAPA-HF,"* which primarily in-
cluded patients with heart failure, about half of them
with diabetes mellitus.

117

Relative and absolute treatment effect estimates
of individual trials

Thirteen studies with 4997 digitalized events from 96 860
observed patients gave information on cardiovascular mor-
tality (Table 2). Ten studies with 4065 digitalized events
from 96 128 observed patients reported data on hospitaliza-
tion for heart failure (Table 3). For both outcomes, original
study HRs, extracted HRs, and Weibull HRs with 95% ClI
are reported as relative effect measures. NNTs at 12, 24,
36, and 48 months are reported as absolute treatment
effect estimates for individual trials (Tables 2 and 3).
Additionally, monthly NNT point estimates with 95% CI for
all three study drugs and both outcomes are graphically
displayed in Figure 1.

Accuracy of data digitalization and Weibull model fits was
assessed using scatterplots (Supporting Information, Figure
S1) to compare the originally reported HRs to the Weibull
HRs from digitalized data: Correspondence was excellent,
with an intra-class correlation of 99.4% (95% Cl: 98.7-100%)
for cardiovascular mortality and 99.8% (99.5-100%) for hos-
pitalization for heart failure. Supporting Information, Figure
S2 depicts Kaplan—Meier estimates of both treatment groups
based on the Weibull survival curves. Again, there is no rele-
vant divergence that might compromise computation of
NNTs.

Meta-analysis of absolute treatment effects

Results of the random-effects inverse-variance meta-analysis
from monthly pooled survival data from the Weibull models
for individual study drugs and for both outcomes are
depicted in Figure 2: At the overall median follow-up time
of 30 months for cardiovascular mortality, estimated
Meta-NNTs were 178 (95% Cl: 64 to == to —223) for DPP-4 in-
hibitors, 261 (95% Cl: 158 to 745) for GLP-1 receptor agonists,
and 118 (95% Cl: 68 to 435) for SGLT2 inhibitors. At the over-
all median follow-up time of 29 months for hospitalization for
heart failure, estimated Meta-NNTs were —644 (95% Cl: 229
to eo to —134) for DPP-4 inhibitors, 441 (95% Cl: 184 to == to
—1100) for GLP-1 receptor agonists, and 126 (95% Cl: 91 to
208) for SGLT2 inhibitors.

Accuracy of estimates (smallest 95% Cl) was highest for
GLP-1 receptor agonists regarding cardiovascular mortality,
with Meta-NNTs of 351 (95% Cl: 214 to 981; Cl length 767),
205 (95% Cl: 125 to 576; Cl length 452), and 141 (95% Cl:
86 to 389; Cl length 302) after 24/36/48 months of follow-
up. Regarding hospitalization for heart failure, most accurate
estimates were found for SGLT2 inhibitors, with Meta-NNTs
of 135 (95% CI: 101 to 205; CI length 105), 102 (95% Cl: 73
to 167; ClI length 94), and 76 (95% Cl: 55 to 125; Cl length
70) after 24/36/48 months of follow-up.

ESC Heart Failure (2022)
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Table 2 Effect estimates for the outcome of cardiovascular mortality
Number

Number of of Event Median duration

digitalized patients  proportion of follow-up Original HR Extracted HR Weibull HR
Study events (n) (n) (%) (years) [95% Cl] [95% Cl] [95% Cl]
DPP-4 inhibitors
CARMELINA*"518 6991 7.4 2.2 0.96 [0.81 to 1.14] 0.96 [0.81 to 1.14] 0.96 [0.80 to 1.13]
EXAMINE®® 237 5380 4.4 1.5 0.85 [0.66 to 1.10] 0.86[0.66 to 1.11] 0.86 [0.64 to 1.08]
GLP-1 receptor agonists
EXSCEL®? 703 14752 4.8 3.2 0.88 [0.76 to 1.02] 0.88[0.76 to 1.02] 0.88[0.75to 1.01]
HARMONY?" 252 9463 2.7 1.6 0.93 [0.73 t0o 1.19] 0.90[0.70 to 1.15] 0.92 [0.69 t0 1.15]
LEADER®> 493 9340 5.3 3.8 0.78 [0.66 to 0.93] 0.77 [0.65 to 0.93] 0.78[0.64 to 0.92]
PIONEER 6 43 3183 1.4 1.3 0.49 [0.27 to 0.92] 0.48[0.25 to 0.90] 0.47 [0.17 t0 0.76]
REWIND™ 657 9901 6.6 5.4 0.91[0.78 to 1.06] 0.91[0.78 to 1.06] 0.91[0.77 to 1.05]
SUSTAIN 677 70 3297 2.1 2.1 0.98 [0.65 to 1.48] 0.94[0.59 to 1.51] 0.94 [0.50 to 1.38]
SGLT2 inhibitors
CANVAS®’ 471 10 142 4.6 2.4 0.87 [0.72 to 1.06] 0.88[0.73 to 1.06] 0.89[0.73 to 1.06]
CREDENCE*® 249 4401 5.7 2.6 0.78 [0.61 to 1.00] 0.77 [0.60 to 0.99] 0.77 [0.58 to 0.96]
DAPA-HF'' 498 4744 10.5 1.5 0.82 [0.69 to 0.98] 0.82[0.69 to 0.98] 0.82[0.68 to 0.97]
EMPA-REG> 301 7020 4.3 3.1 0.62 [0.49 to 0.77] 0.60[0.48 to 0.75] 0.60 [0.46 to 0.74]
VERTIS-CV*® 505 8246 6.1 3.0 0.92[0.77 to 1.11] 0.90[0.75 to 1.09] 0.91[0.74 to 1.07]

DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-1; SGLT2, sodium glucose transporter 2.
This table shows effect estimates of individual studies for the outcome of cardiovascular mortality; depicted are raw event rates, originally
reported hazard ratios (HRs), extracted HR from Kaplan-Meier plots, HR as calculated from the Weibull model, and numbers needed to
treat (NNTs) for 12, 24, 36, and 48 months; 95% confidence intervals (Cls) are in brackets.

Table 2 (continued)

NNT NNT
[95% Cl] [95% Cl]
Study 12 months 24 months

NNT
[95% Cl]
36 months

NNT
[95% Cl]
48 months

DPP-4 inhibitors

CARMELINA®? 995 [180 to = to —282]

444 [80 to = to —126]

EXAMINE®® 211 [80 to = to —325] 123 [46 to = to —190]
GLP-1 receptor agonists

EXSCEL** 760 [349 to = to —4279] 327 [151 to = to —1886]
HARMONY?' 754 [192 to = to —391] 358 [91 to = to —186]
LEADER®® 396 [230 to 1437] 173 [101 to 602]
PIONEER 6°3 138 [76 to 774] —

REWIND™ 1662 [627 to = to —2548] 634 [239 to = to —980]
SUSTAIN 634 1424 [159 to = to —205] —

SGLT2 inhibitors

CANVAS®’ 806 [309 to —1318] 379 [145 to = to —620]
CREDENCE®® 262 [133 to 8805] 103 [53 to 2449]
DAPA-HF"" 82 [43 to 826] 39 [21 to 389]
EMPA-REG™ 175 [116 to 353] 74 [50 to 143]
VERTIS-CV*® 787 [272 to = to —878] 338 [117 to = to —379]

282 [51 to = to —80]

202 [93 to = to —1168]

107 [63 to 370]

363 [137 to = to —563]

246 [94 to = to —401]
61 [31 to 1395]
45 [30 to 86]

208 [72 to = to —233]

144 [66 to = to —834]

77 [45 to 264]

246 [93 to = to —382]

181 [69 to = to —295]

32 [22 to 61]
149 [51 to = to —167]

DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-1; SGLT2, sodium glucose transporter 2.
This table shows effect estimates of individual studies for the outcome of cardiovascular mortality; depicted are raw event rates, originally
reported hazard ratios (HRs), extracted HR from Kaplan—Meier plots, HR as calculated from the Weibull model, and numbers needed to

treat (NNTs) for 12, 24, 36, and 48 months; 95% confidence intervals (Cls) are in brackets.

cardiovascular mortality (Table 2): DPP-4 inhibitors did not
show any effects; GLP-1 receptor agonists showed the lowest
4 year NNT of 77 in the LEADER trial; and SGLT2 inhibitors
reached the best efficacy in DAPA-HF (24 month NNT of 39)
and EMPA-REG (48 month NNT of 32). In comparison, the
Meta-NNT across all trials at the median follow-up time was
261 for GLP-1 receptor agonists and 118 for SGLT2 inhibitors.
These effects of all three drug classes on cardiovascular
mortality do not seem very impressive when compared on

an absolute scale: Metformin as the long-term standard of
care in oral antidiabetic therapy has been estimated with a
10 year NNT of ~10-20 for major endpoints.** Typical heart
failure medication (beta-blockers, angiotensin-converting
enzyme inhibitors, mineralocorticoid receptor agonists, sacu-
bitril/valsartan, etc.) showed estimated 5 year NNTs for all-
cause mortality of ~8-24.*"*> These data put GLP-1 receptor
agonists and SGLT2 inhibitors in similar efficacy categories as
PCSK9 inhibitors or statins for cardiovascular mortality.*®
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Figure 1 Numbers needed to treat (NNTs) over study follow-up time for individual studies, for the outcome of (A) cardiovascular mortality and (B)
hospitalization for heart failure. Blue: dipeptidyl peptidase-4 inhibitors, yellow: glucagon-like peptide-1 receptor agonists, red: sodium glucose trans-
porter 2 inhibitors with their pointwise 95% confidence intervals. Estimates and confidence intervals are truncated from above at 100 000.
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Figure 2 Random-effects inverse-variance meta-analysis of numbers needed to treat (Meta-NNT, with 95% confidence interval) over study follow-up
time for the outcomes of (A) cardiovascular mortality and (B) hospitalization for heart failure. Data were pooled from all studies according to study
drug. Estimates and confidence intervals are truncated from above at 100 000. DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-1; SGLT2,

sodium glucose transporter 2.
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Regarding hospitalization for heart failure, GLP-1 receptor
agonists and DPP-4 inhibitors showed no effects on this
endpoint, either in single trials or in meta-analysis. SGLT2 in-
hibitors showed considerable effects (Meta-NNT at
median follow-up of 126), which were especially large in
the HFreF trials DAPA-HF (24 month NNT of 21) and
EMPEROR-REDUCED (24 month NNT of 15) and thus compa-

rable with other established guideline-recommended heart
failure medication.** This is a substantial difference be-
tween primary HFrEF populations and primary T2DM popula-
tions (Figure 3), even though population characteristics other
than ejection fraction were similar (Table 7). SGLT2 inhibitors
are thus very effective for the endpoint of hospitalization for
heart failure, especially in HFrEF patient populations, with
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Figure 3 Sensitivity analysis of numbers needed to treat (Meta-NNT, with 95% confidence interval) with sodium glucose transporter 2 inhibitors to
reduce hospitalization for heart failure, stratified for studies with primary type 2 diabetes mellitus (T2DM) or primary heart failure with reduced ejec-
tion fraction (HFrEF) populations. Estimates and confidence intervals are truncated from above at 100 000.
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smaller effects in non-HFrEF patients (Figure 3). This is con-
firmed by recent findings from EMPEROR-PRESERVED,"
which found a 26 month NNT of ~31 for hospitalization for
heart failure and of ~111 for cardiovascular mortality—again
with 50% of the population also suffering from diabetes
mellitus. Unfortunately, other trials in HFpEF are not yet
available, which rendered further meta-analysis of HFpEF fu-
tile. Further research on the underlying mechanism for these
surprisingly strong effects in heart failure is ongoing.*” In ad-
dition, these results make SGLT2 inhibitors promising tools to
reduce expenditures in heart failure care, where hospitaliza-
tions are the main driver of cost.*

Davies et al. previously performed an analysis of NNT for
the class of GLP-1 receptor agonists,*® however, not for the
other two drug classes. Ludwig et al. reported NNTs for two
drug classes?® at median follow-up time points; however,
they did not use original data but relied on formulas for
summary data. Both groups used other software tools for
data digitalization and different statistical models to arrive
at NNT estimates as compared with our approach?>*® —how-
ever with very similar results. Palmer et al. recently published
a very large network meta-analysis"® of GLP-1 receptor
agonists and SGLT2 inhibitors including 764 trials with
absolute treatment effect estimates, however did not use
digitalization of time-to-event data, and thus offered no
time-sensitive analysis. Hence, our work is the first to present
absolute treatment effects in all three drug classes and offer
time-sensitive meta-analysis of individual patient outcomes
of cardiovascular mortality and hospitalization for heart
failure in the large CVOTs.

149

Limitations

Trials were selected based on a common definition of CVOTs
in diabetes mellitus®; however, there was no systematic liter-
ature review performed. Trial and population heterogeneity
introduces unavoidable bias into this analysis, as in any other
meta-analysis. This work relies on digitalized individual
patient outcomes and fitted Weibull models rather than the
original patient data, which renders analysis of endpoint
associations with patient characteristics or other outcomes
[e.g. haemoglobin Alc (HbAlc) and adverse events] impossi-
ble. However, this inherent main limitation is unavoidable, as
no pooled primary data are available to perform such an
analysis in a different way. To account for this and ensure
validity of our methods, we performed sensitivity analyses
on different levels and found that the full Weibull survival
curves (from which the NNTs are directly derived) give excel-
lent fits to the digitalized survival data; they additionally
allow computation of HR and thus a comparison to the ex-
tracted data. The original studies used Cox models with pro-
portional hazards assumptions, which—of course—might
also be wrong.” And a parametric model additionally allows
for directly estimating survival probabilities and NNTs.

As the full individual patient data were not available, it was
impossible to adjust for the parallel competing risk of
all-cause mortality. Although this would probably be less of
a problem with the outcome of cardiovascular mortality (be-
cause most deaths in the CVOTs would be cardiovascular
deaths), this might be an issue for hospitalization for heart
failure: A patient who dies in the course of the trial is no lon-
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ger at risk for this endpoint. We expect the risks for dying and
hospitalization for heart failure to be positively correlated,
and thus, we expect treatment effects rather being estimated
as too small than overestimated.

Conclusions

In this meta-analysis of digitalized individual patient out-
comes from CVOTs of novel antidiabetic drugs, we report ab-
solute treatment benefits of GLP-1 receptor agonists and
SGLT2 inhibitors on cardiovascular mortality and hospitaliza-
tion for heart failure. Although the magnitude of effect of
both drugs was rather small in primary T2DM populations,
SGLT2 inhibitors showed high efficacy to prevent hospitaliza-
tion for heart failure in patients with reduced ejection frac-
tion, where they were comparable in effect to established
heart failure medication.
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5 Diskussion

Die wesentlichen Erkenntnisse dieser Habilitationsschrift sind:

a) Moderne Risikomodelle fir die Vorhersage von patientenindividuellem Risiko
koronarer Herzkatheteruntersuchungen zeigten eine gute bis sehr gute Diskrimination
von Hoch- und Niedrigrisikopatienten in allen klinischen Settings und flir verschiedene
Endpunkte, teilweise besser als leitlinienempfohlene Alternativen. Die Kalibration der
Modelle — also die Vorhersage einer Ereigniswahrscheinlichkeit — war jedoch haufig
ungenau.

b) Risikopradiktion fur interventionelle TAVI-Eingriffe bei hochgradiger Aortenklappen-
stenose hatte grofde Limitationen: Die Diskrimination von patientenindividuellem Risiko
und auch die Kalibration der Modelle waren ungentigend — sowohl fiir TAVI-spezifische
Scores, als auch far urspringlich in chirurgischen Kollektiven entwickelte Modelle.

c) Methoden kunstlicher Intelligenz in der patientenindividuellen Risikovorhersage
kdnnen unter Einbezug von Daten des Krankheitsverlaufs die Genauigkeit
konventioneller Vorhersagemodelle deutlich verbessern.

d) Meta-analytische Methoden zur populationsbasierten Risiko-/Nutzenabwagung eignen
sich gut zur Analyse interventioneller und operativer Therapien in verschiedenen
klinischen Settings, sowie zur vergleichenden Evaluation adjunktiver medikamentdser

Therapien und absoluter und relativer EffektgroRen.

5.1 Patientenindividuelles Risikoassessment in koronarvaskularen

Herzkatheteruntersuchungen und in TAVI-Eingriffen

Fir die patientenindividuelle Risikovorhersage in kardiovaskularen Erkrankungen existieren
eine Vielzahl von statistischen Modellen (105). Die Nutzung eines Modells auf3erhalb einer
validierten Population oder unter divergierenden klinischen Bedingungen — beispielsweise
bedingt durch medizinischen Fortschritt oder demographische Veranderungen — kann die
Vorhersagekraft jedoch reduzieren (69, 70), wenn die relative Gewichtung von Risikofaktoren
in einem Modell sich verandert oder neue Risikofaktoren relevanten Einfluss bekommen.
Daher ist eine zeitliche, geographische und inhaltliche Validierung von Risikomodellen
entscheidend (106), um eine gute Vorhersagekraft innerhalb einer Patientenpopulation zu
gewahrleisten — aber nur sehr wenige der verfugbaren Risikomodelle werden tatsachlich
extern validiert (107), weshalb die Nutzung in anderen Populationen entsprechenden
Limitationen unterliegt. Insbesondere im akuten Koronarsyndrom jedoch, wo Scoring-
abhangiges Risikomanagement von Leitlinien empfohlen wird (35), kann die Gite des

Risikoassessment direkten Einfluss auf klinisches Management und damit auf die Qualitat der
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Patientenversorgung haben. Aus diesem Grund ist eine Uberprifung der angewandten

Modelle im jeweiligen Kontext von entscheidender Bedeutung.

Die leitlinienempfohlenen Risikomodelle des GRACE-Registers (55-57) fur die Vorhersage
von Mortalitdt im akuten Koronarsyndrom und das Mehran-Risikomodell (58) fir die
Vorhersage von kontrastmittelinduziertem akutem Nierenversagen wurden im Dusseldorfer
Setting koronarvaskularer Herzkatheteruntersuchungen auf ihre Leistungsfahigkeit Gberpruift
und mit den moderneren NCDR- und ACTION-Risikomodellen (60-64, 87, 88) verglichen
(Tabelle 1). Hintergrund dieser Vergleichsauswahl war, dass die moderneren Modelle in sehr
grolien und vergleichsweise zeitgemalien Patientenkollektiven entwickelt wurden und wir

davon Vorteile fiir ihre Vorhersageleistung hypothetisierten:

Tabelle 1: Ubersicht iiber die verglichenen koronaren Risikomodelle

Score Jahr der Patienten-
Publikation einschluss
Global Registry of Acute Coronary Events (GRACE) (55-57) 2003/2006 (GRACE) 1999-2001
2014 (GRACE 1) 2002-2007
Mehran Scores (58, 59) 2004 1998-2004
National Cardiovascular Data / CathPCl Registry (NCDR) Modelle 2010-2014 2004-2011
fur Mortalitat, Blutungen und akutes Nierenversagen (60-64)
Acute Coronary Treatment and Intervention Outcomes Network 2016 2012-2013
(87, 88)

Tabelle 1: Ubersicht (ber die verglichenen koronaren Risikomodelle zur Vorhersage des
patientenindividuellen Risikos; inkl. Jahre der Publikation der Modelle und des Patienteneinschlusses
im entsprechenden Register, sowie Referenzen. Eigene Tabelle.

Wichtigste Mal3zahlen fir die Vorhersageleistung aller Modelle waren a) die Diskrimination
von Niedrig- und Hoch-Risiko-Patienten, und b) die Kalibration von vorhergesagten und
tatsachlichen Ereignissen — also die Genauigkeit der Vorhersage von Ereignis-
Wahrscheinlichkeiten (108).

Wir konnten in Dulsseldorfer Patienten zunachst sehr gute und mit den urspringlichen
Entwicklungskohorten vergleichbare Diskriminationsleistungen fir alle NCDR-Modelle
nachweisen, unabhangig vom klinischen Setting (109). Dies stellte die bisher umfangreichste
externe Validierungsstudie dieser Modelle dar: Zuvor waren das Mortalititsmodell in
portugiesischen Patienten mit STEMI (110), das Blutungsmodell in verschiedenen
amerikanischen Populationen (111) und das Modell fiir die Vorhersage von Nierenversagen in
einer japanischen Patientenkohorte (112) mit dhnlichen Ergebnissen untersucht worden. Die
Kalibration aller drei Modelle war jedoch insbesondere im Vergleich zur guten

Diskriminationsleistung eher inakkurat.
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In weiterfuhrenden Untersuchungen im Setting des akuten Koronarsyndroms konnten wir
zeigen (113), dass sowohl das NCDR-Risikomodell (82) als auch das ACTION-Modell (87, 88)
fur Mortalitat in ihrer Diskriminationsleistung dem leitlinienempfohlenen Goldstandard des
GRACE-Scores gleichwertig (ACTION) bzw. Uberlegen (NCDR) waren. Fir das ACTION-
Modell war dies die erste externe Validierungsstudie. Die Kalibrationsleistungen sowohl des
GRACE- als auch des NCDR-Modells waren mangelhaft, wahrend das ACTION-Modell sehr
akkurat kalibriert war (113). Weiterhin zeigten wir einen Vorteil des moderneren NCDR-
Modells gegeniber dem leitlinienempfohlenen Mehran-Modell in der Diskrimination von
patientenindividuellem Risiko fir kontrastmittelinduziertes Nierenversagen (114) — mit erneut

maliger Kalibration beider Modelle.

In allen Untersuchungen zeigte sich deutlich, dass die Kalibration der Risikomodelle im
Vergleich zur Risikodiskrimination der volatilere Parameter bei externer Validierung war, wohl
aufgrund des Einflusses von Abweichungen in der Gewichtung von Faktoren im Modell: Eine
Vorhersage von Ereigniswahrscheinlichkeiten hat damit klare Limitationen, wie auch bereits

andere Validierungsstudien gezeigt haben (70, 110, 112).

Im Gegensatz zu den positiven Ergebnissen in koronarvaskuldren Herzkatheterunter-
suchungen war der Vergleich von drei konventionell-chirurgischen Risikomodellen
(logistischer EuroSCORE 1 (90, 115), EuroSCORE Il (89) und Society of Thoracic Surgeons
Predicted Risk of Mortality model (91) mit drei TAVI-spezifischen Risikomodellen (FRANCE-2,
OBSERVANT und GAVS-2 (92-94)) ernliichternd (116): Keines der Modelle erreichte auch nur
anndhernd gute Diskriminations- und Kalibrationsleistungen zur Vorhersage von 30-Tage-
Mortalitdt nach TAVI-Eingriffen. Diese Ergebnisse bestatigten englische (117) und
niederlandische Studien (118) mit ahnlichem Design: Offensichtlich ist die Auswahl der
Risikofaktoren fur TAVI-Eingriffe in den Modellen noch nicht hinreichend gut — méglicherweise
geschuldet den im Vergleich zu koronarvaskularen Modellen geringeren Stichprobengrofen
und der noch gréReren technischen und demographischen Dynamik der Prozedur im letzten

Jahrzehnt.

5.2 Risikoadjustiertes Risikomanagement

In der interventionellen Kardiologie ist das GRACE-Risikomodell fihrend in seiner externen
Validierung (119-123), insbesondere auch prospektiv im Hinblick auf prognostische Relevanz
des Timings invasiver MaRnahmen (19) im akuten Koronarsyndrom. Trotz der Empfehlungen
zur Nutzung von Risikomodellen in kardiovaskularen Leitlinien (35-38) ist die Evidenz jedoch
rar, dass der Einsatz die Qualitat der Patientenversorgung verbessert (124). Eingebettet in das
australische Cooperative National Registry of Acute Coronary Care, Guideline Adherence and
Clinical Events (CONCORDANCE) Register (125) von Patienten mit akutem Koronarsyndrom
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hat die AGRIS Studie (67, 126) bisher als einzige randomisiert-kontrollierte Untersuchung
dezidiert Risikomanagement mithilfe des GRACE Modells im ACS untersucht, wurde jedoch
friihzeitig abgebrochen: Der routinemalige Einsatz des Modells flihrte zu mehr frih-invasiven
Behandlungsstrategien im akuten Koronarsyndrom, insbesondere bei Niedrig-Risiko-
Patienten, hatte jedoch keinen Einfluss auf klinische Outcomes nach 12 Monaten (67). Eine
Begriindung der Autoren war (67), dass die Leitlinienadharenz der beteiligten Krankenhauser
bereits so gut war, dass Unterschiede im Timing nur in derjenigen Gruppe gefunden wurden,
welche die gréfte Variation in der arztlichen Risikowahrnehmung aufwies — im Niedrig-Risiko-

Bereich.

Neben der Untersuchung des Timings von invasivem Management im ACS sind weitere
Mallnhahmen zum Risikomanagement denkbar, welche das Potenzial haben, klinische
Outcomes zu verbessern: Die héhere Erfahrung des Operateurs beeinflusst Outcomes positiv
(127); intensiviertes Monitoring kann helfen, adverse Ereignisse fruhzeitiger zu erkennen (128,
129); radialer anstatt von femoralem Zugangsweg und der Nutzen von arteriellen
Gefalverschlussystemen beeinflussen Outcomes (130-135) Uber eine Reduktion des
Blutungsrisikos; und nicht zuletzt kdnnen praventive Mallnahmen mdglicherweise akute
kontrastmittelinduzierte Nierenversagen verhindern (136) und damit Outcomes verbessern
(137).

Ob diese MalRnahmen positive Wirkung haben, wenn sie risikoadjustiert eingesetzt werden, ist
bisher unklar. Auf Basis der Studienergebnisse 4.1.1 bis 4.1.3 wurde in Dusseldorf eine
Standard-Operating-Procedure fur das risikoadjustierte Management von Patienten mit
koronaren  Herzkatheteruntersuchungen  eingefihrt, in  welcher risikoabhangige
Sicherheitsmallnahmen dezidiert untersucht wurden (NCT03671356 auf

https://www.clinicaltrials.gov). Die Auswertung der Ergebnisse ist zum Zeitpunkt der

Anfertigung dieser Schrift noch nicht abgeschlossen.

5.3 Optimierung von Risikomodellen unter Anwendung von kunstlicher

Intelligenz

Wir haben in Studien 4.1.1 bis 4.1.4 gezeigt, dass der Einsatz von fast allen getesteten
Risikomodellen zur patientenindividuellen Risikovorhersage auflerhalb der urspriinglichen
Entwicklungspopulationen mit einem Verlust von Genauigkeit in der Kalibration einherging.
Eine Rekalibrierung von Risikomodellen wird daher sehr wichtig, um klinische Entscheidungen
von einem solchen Modell abhangig machen zu kénnen (138-140): Idealerweise wirden
Modelle wahrend lhrer Anwendung in einer bestimmten Population bzw. einem bestimmten
klinischen Setting einem kontinuierlichem Monitoring unterzogen, um Abweichungen und

deren Ursachen frihzeitig zu erkennen (138, 140, 141). Eine Rekalibrierung kann sowohl eine
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Neuberechnung der vorhandenen Koeffizienten fur Pradiktoren im Modell, oder aber auch den
Einschluss neuer Pradiktoren in das Modell beinhalten (139, 140, 142).

Algorithmen mit Nutzung kunstlicher Intelligenz — in unserer Studie 4.1.5 Machine learning —
sind in der Lage, sehr groRe Datenmengen automatisiert zu verarbeiten. Sie versprechen im
Kontext der Risikopradiktion (143), relevante Einflussfaktoren automatisiert zu erkennen, in
Modelle zu inkorporieren und damit die Vorhersagekraft gegentiber konventionellen Modellen
zu verbessern (144) — wie auch im prasentierten intensivmedizinischen Anwendungsbeispiel
(145). Machine learning Algorithmen haben jedoch — so vielversprechend ihre Anwendung
sein mag — eine Reihe an Limitationen durch Intransparenz (146, 147): Modell-Overfitting,
Umgang mit fehlenden Daten, inadaquate Stichprobengroflen kénnen zu fehlerhaften
Ergebnissen fuhren, insbesondere im Rahmen von sog. automation bias — wenn Anwender
die Vigilanz fur die eingegebenen Informationen und deren Prozessierung verlieren (148).
Diese Algorithmen missen daher ebenfalls rigoros und unter Berlcksichtigung klinisch-
epidemiologischer Grundsatze evaluiert werden, um flr zuverlassige patientenindividuelle

Risikovorhersage geeignet zu sein.

5.4 Meta-Analyse als Methodik zur populationsbasierten Risiko-

/Nutzenabwagung

Im Kapitel 4.2 werden in dieser Habilitationsschrift Studien prasentiert, welche mithilfe von
meta-analytischen Verfahren populationsbasierte Risiko-/Nutzen-Abwagungen verschiedener
adjunktiver und interventioneller Therapien untersucht haben. Eine Meta-Analyse ist dabei ein
quantitatives, epidemiologisches Studiendesign, welches systematisch die gesamte Evidenz
verschiedener — oftmals in ihren Ergebnissen kontrarer — Studien zu einer bestimmten
klinischen Fragestellung evaluiert und integriert (75). Meta-Analysen sind integraler Bestand
der evidenzbasierten Medizin, insbesondere, um Fragestellungen zu beantworten, welche aus
den Ergebnissen einzelner Studien nicht beantwortbar waren. Entscheidend fur ihre
Ergebnisqualitat ist — wie oftmals — die Qualitat inrer methodischen Durchfihrung (149, 150) —

wofur hier besondere Beispiele gewahlt wurden:

Die Studien 4.2.1 und 4.2.2 haben einen systematischen Suchprozess entlang der Leitfaden
der Cochrane Collaboration (79) und des Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) Statement (80) zugrunde gelegt, um im klinischen Setting des
akuten Koronarsyndroms adjunktive Therapien der plasmatischen Antikoagulation (151) und
der Thrombozytenaggregationshemmung (152) zu untersuchen. Kennzeichnend fir die
Evidenz in diesem Feld ist, dass durch eine bestandige Weiterentwicklung von

konkurrierenden pharmakologischen Therapieoptionen Uber zwei Jahrzehnte (153) direkte
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Vergleiche aus RCTs oftmals nicht verflgbar und die jeweils beste Therapiestrategien unklar

waren.

Mithilfe einer Netzwerk-Methodik zur Analyse direkter und indirekter Vergleiche (76) konnten
wir zeigen (151), dass die Auswahl von Heparinen zur plasmatischen Gerinnungshemmung
im akuten Koronarsyndrom ischamische Ereignisse reduzierte, jedoch gegeniber Bivalirudin
zu mehr Blutungen fuhrte. Aktuelle europaische Leitlinien empfehlen primar unfraktioniertes
Heparin, Bivalirudin wird als Alternative mit Klasse lla/b Empfehlungen gesehen (35, 36). Die
kirzlich publizierte BRIGHT-4 Studie kam in chinesischen Patienten mit STEMI zu Vorteilen
fur Bivalirudin (154) — es bleibt abzuwarten, ob dies auch in Europa die Behandlungsstrategien
andern wird. GPI sind starke intravendse Thrombozytenhemmer, welche von friiheren
Leitlinien als Routinetherapie im STEMI empfohlen wurden (155, 156). Mit dem Erscheinen
moderner oraler Thrombozytenaggregationshemmer wurden GPI-Empfehlungen von der
Routinetherapie zur Therapie ausgewahlter Patienten mit hoher Thrombuslast reduziert (36,
157). In einer differenzierten Analyse der gesamten Evidenz zur Routinetherapie im STEMI
konnten wir zeigen, dass GPI-Therapie mit signifikant geringerer Mortalitdt bei mehr
Blutungsereignissen assoziiert war (152) — allerdings mit der Limitation, dass Studien mit

moderner oraler Thrombozytenaggregationshemmung weitestgehend inexistent sind.

In Studien 4.2.3 und 4.2.4 wurden Revaskularisierungsstrategien in der Herzinsuffizienz
aufgrund einer koronaren Herzerkrankung (158) und im akuten Schlaganfall (159) analysiert.
Kennzeichnend war hier in beiden Feldern, dass die vorhandenen Studien zu kleine Fallzahlen
besalien, um relevante klinische Endpunkte vollstandig analysieren zu kénnen. Wir konnten
nach einem systematischen Suchprozess mit Identifikation von 21 Studien und in tGber 16.000
Patienten zeigen, dass Revaskularisierungsstrategien in der Herzinsuffizienz aufgrund einer
koronaren Herzerkrankung zu besserem Uberleben flihrten, als alleinige konservative
Therapie (158). Die Ergebnisse dieser Arbeit waren von groRer Bedeutung fir dieses
Forschungsfeld und wurden in mehreren internationalen Leitlinien zur Revaskularisierung und
Therapie der Herzinsuffizienz zitiert (37, 38, 40). Wahrend die Befunde der Analyse durch die
STICHES-Studie flir operative Revaskularisierung bestatigt wurden (160), hat die REVIVED-
BCIS2 Studie kurzlich flr die perkutane Koronarintervention keinen relevanten Vorteil in
diesem Kollektiv gezeigt und damit die Ergebnisse unserer Analyse teilweise korrigiert (161).
In der Analyse von zehn leitlinienrelevanten Studien zur mechanischen Thrombektomie im
akuten ischamischen Schlaganfall konnten wir durch Kumulation statistischer Power erstmals
zeigen, dass diese interventionelle Technik nicht nur funktionelle Ergebnisse fur die Patienten
verbessert, sondern gleichfalls die Mortalitat nach 90 Tagen signifikant reduziert (159). Dieser
Nachweis konnte bisher noch von keiner einzelnen Studie gefiihrt werden (162) und ist

insofern ein Alleinstellungsmerkmal dieser Arbeit in diesem Feld.
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In Studie 4.2.5 wurden neben relativen EffektgroRen neuer antidiabetischer Therapien auf
kardiovaskulare Endpunkte im Vergleich von Verum- und Placebogruppe auch absolute
Behandlungseffekte (absolute Risikoreduktion, number-needed-to-treat (NNT)) in einer Meta-
Analyse untersucht: Dazu wurden aus Kaplan-Meier-Kurven von insgesamt 16 RCTs Daten
mithilfe von WebPlotDigitizer extrahiert und anschlie®end in Weibull-Modellen rekonstruiert
(77, 163). In einer Meta-Analyse von NNT zeigte sich schlieBlich, dass der Einfluss aller
betrachteten Medikationen auf kardiovaskulare Mortalitdt gering bis nicht vorhanden war,
jedoch SGLT2 Inhibitoren insbesondere in Patienten mit Herzinsuffizienz groRe Effekte auf
den Endpunkt ,Hospitalisierung aufgrund einer Herzinsuffizienz“ hatten (164). Diese Arbeit
stellt die bisher umfangreichste Publikation zu absoluten Behandlungseffekten dieser
Pharmakotherapie dar. lhre Befunde gehen einher mit Leitlinienempfehlungen zu SGLT2
Inhibitoren in der Therapie der Herzinsuffizienz (40) und werden von kirzlich publizierten
Studien EMPEROR-Preserved und DELIVER in Patienten mit Herzinsuffizienz mit erhaltener
Pumpfunktion bestatigt (165, 166).
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6 Zusammenfassung

Risikoadjustierte Strategien sind in der kardiovaskuldren Medizin fiir behandelnde Arzte
alltagliche Herausforderungen, welche unter Prinzipien der evidenzbasierten Medizin durch

eine Vielzahl an Studienergebnissen und Leitlinien unterstitzt werden.

Fir patientenindividuelle Nutzen-/Risiko-Abwagungen kénnen statistische Risikomodelle zur
Vorhersage der Wahrscheinlichkeit eines Eintretens adverser Ereignisse im Rahmen eines
Eingriffes oder einer Behandlung genutzt werden. Wir konnten zeigen, dass in koronaren
Herzkatheteruntersuchungen die modernen Modelle zur Vorhersage von Mortalitat, Blutungen
und akuten Nierenversagen aus dem amerikanischen National Cardiovascular Data Registry
(NCDR) nicht nur sehr akkurat in Disseldorfer Patienten funktionieren, sondern dass diese
auch zur Vorhersage von Mortalitat im akuten Koronarsyndrom und zur Vorhersage von
kontrastmittelinduziertem, akutem Nierenversagen den leitlinienempfohlenen Goldstandards
GRACE (Mortalitat) und Mehran (Nierenversagen) Uberlegen waren. Einzig die Kalibration
dieser Modelle war oftmals verbesserungswurdig. Wir konnten in einer intensivmedizinischen
Studie zeigen, dass Methoden kunstlicher Intelligenz (Machine learning) geeignet sein kdnnen,

um die Genauigkeit der Risikopradiktion von etablierten Risikomodellen zu optimieren.

Fir populationsbasierte Nutzen-/Risiko-Abwagungen stellen Meta-Analyseverfahren
randomisierter, kontrollierter Studien den hdchsten Evidenzgrad dar: Diese sind geeignet,
Fragestellungen zu beantworten, welche aufgrund von methodischen Limitationen einzelner
Studien ansonsten unbeantwortet blieben. Wir konnten zeigen, dass systematische Reviews
und Meta-Analysen mit differenzierter Methodik (inkl. Analyse indirekter Evidenz durch
Netzwerke) sowohl in der Beurteilung adjunktiver Antikoagulation und Thrombozytenaggre-
gationshemmung im akuten Koronarsyndrom, als auch in der integrativen Analyse von
Revaskularisierungstherapien in der Herzinsuffizienz und im akuten Schlaganfall
entscheidende neue Erkenntnisse bringen koénnen, welche teilweise in kardiovaskularen
Leitlinien zitiert wurden. Weiterhin kann der meta-analytische Vergleich relativer und absoluter
Behandlungseffekte die Bedeutung einer Therapie in ausgewahlten Patientenkollektiven

herausstellen.

Die Ergebnisse dieser Arbeit helfen dabei, risikoadjustierte Behandlungsstrategien in
interventioneller Kardiologie und Intensivmedizin zu verstehen, fir den individuellen Patienten
die beste populationsbasierte Studienevidenz zur Behandlung auszuwahlen und diese vor
dem Hintergrund seines individuellen Risikos flr adverse Ereignisse einzusetzen.
Weiterfuhrende Arbeiten kdnnen in Zukunft helfen, sowohl die individuelle Risikopradiktion
(mithilfe von klinstlicher Intelligenz), als auch die Methodik zur Meta-Analytik klinischer Studien
weiter zu verbessern — mit dem Ziel, einer patientenindividuellen Prazisionsmedizin naher zu
kommen.
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