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Abstract

Background and 
Aims

Cardiogenic shock (CS) is the most dreadful complication of acute coronary syndromes (ACS). Endothelial dys
function and vascular leakage are hallmarks of CS pathophysiology; however, biomarkers reflecting these early 
processes are lacking. The adrenomedullin (ADM) system—the inactive precursor glycine-extended ADM 
(ADM-Gly), the activating enzyme peptidylglycine α-amidating monooxygenase (PAM), and biologically active 
ADM (bio-ADM)—modulates vascular tone and permeability. This study investigated associations of ADM sys
tem components with CS and 1-year mortality risk after ACS.

Methods ADM-Gly, PAM, and bio-ADM were assessed in 4098 (Switzerland; SPUM-ACS) and 824 (France; FAST-MI) 
ACS patients without CS on admission. The primary endpoint was in-hospital CS; the secondary endpoint 
was 1-year mortality. Biomarker–outcome associations were analysed using multivariable-adjusted regression 
models, and the incremental predictive value beyond established risk scores was quantified.
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Results Higher ADM-Gly and bio-ADM, but not PAM, were associated with systemic inflammation and haemodynamic 
compromise. ADM-Gly and bio-ADM independently predicted CS risk in Switzerland (adjusted odds ratio [aOR] 
per log2 increase, 1.44, 95% confidence interval [CI] 1.22–1.71, P < .001 and aOR 1.37, 95% CI 1.10–1.70, P  
= .004) and France (adjusted risk ratio [RR] per log2 increase, 1.82, 95% CI 1.34–2.48, P < .001 and aRR 1.55, 
95% CI 1.15–2.10, P = .004), and were associated with 1-year mortality risk (adjusted hazard ratio [aHR] per 
log2 increase, 1.33, 95% CI 1.09–1.61, P = .005 and aHR 1.46, 95% CI 1.15–1.86, P = .002). Addition of 
ADM-Gly and bio-ADM to the ORBI risk score improved its discrimination (Δ area under the receiver operating 
characteristic curve 0.02), reclassification (net reclassification improvement 0.229), and model fit (Δ Akaike in
formation criterion −26.9), with consistent results in external validation.

Conclusions ADM-Gly and bio-ADM, but not PAM, independently predict in-hospital CS and 1-year mortality risk in initially 
stable patients with ACS and improve early risk stratification.
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Structured Graphical Abstract

ADM-Gly and bio-ADM, but not PAM, were associated with increased risk of in-hospital cardiogenic shock and 1-year mortality in 
initially stable patients with ACS. Addition to the ORBI risk score improved its performance, with consistent results in external validation.

The ADM system reflects early endothelial dysfunction, inflammation, and vascular leakage in ACS and refines early risk stratification for 
cardiogenic shock.

Key Question
Does the inclusion of markers of the adrenomedullin (ADM) system improve early prediction of cardiogenic shock and mortality 
in initially stable patients with acute coronary syndromes (ACS)?

Key Finding

Take Home Message

ADM is a vasoactive peptide released by endothelial and smooth-muscle cells. Its inactive precursor peptide, ADM-Gly, is enzymatically activated by PAM to bio-ADM. In 
cardiogenic shock, endothelial injury causes in�ammation, vascular leakage and interstitial oedema, processes likely regulated by the ADM system. Here, we found that
higher levels of ADM-Gly and bio-ADM, but not PAM, predict in-hospital cardiogenic shock and 1-year mortality risks in initially stable patients (SCAI-A or -B) with ACS. 
Integrating either marker into the ORBI risk score enhanced its predictive performance in both derivation (SPUM-ACS; Switzerland) and external validation cohorts (FAST-MI; 
France), providing novel avenues for early therapeutic intervention.

ACS, acute coronary syndrome; ADM, adrenomedullin; ADM-Gly, glycine-extended adrenomedullin; AUC, area under the receiver operating characteristic
curve; Bio-ADM, biologically active adrenomedullin; FAST-MI, French Registry of Acute ST-elevation or Non-ST-elevation Myocardial Infarction; NRI,
net reclassification improvement; PAM, peptidyl-α-amidating monooxygenase; SCAI, Society for Cardiovascular Angiography and Interventions; SPUM-ACS, Special 
Programme University Medicine Acute Coronary Syndrome

Wang Y, et al. European Heart Journal.
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Introduction
Cardiogenic shock (CS) remains the most severe complication of 
acute coronary syndromes (ACS), affecting 5–10% of patients 
and carrying a 1-year mortality rate of approximately 50%.1–5

Currently, the classification of CS severity is guided by the 
Society for Cardiovascular Angiography and Interventions 
(SCAI) staging system, ranging from SCAI-A (‘at risk’) to -E (‘ex
tremis’).6 SCAI-A and -B are referred to as the ‘pre-shock phase’, 
differing markedly from overt shock (SCAI-C or higher) in pres
entation, management, and prognosis.7 Once progressed to 
SCAI-C, no pharmacological intervention has demonstrated a 
survival benefit; therefore, advanced phenotyping coupled 
with early intervention in carefully selected high-risk patients 
may represent a novel way forward to improve the dismal 
prognosis of CS.4

Loss of vascular integrity with ensuing systemic inflammation, 
capillary leakage, and vasodilatation is a central driver of CS initi
ation and progression.2–4 Adrenomedullin (ADM), a peptide 
synthesized by endothelial and vascular smooth muscle cells, mod
ulates vascular tone, endothelial barrier function, and thus perme
ability. Disruption of the ADM system precipitates vascular 
leakage and the development of CS.8 In the circulation, ADM ex
ists predominantly as an inactive glycine-extended precursor 
(ADM-Gly) and, in lower quantities, as its biologically active, ami
dated form (bio-ADM).9 The conversion of ADM-Gly to 
bio-ADM is catalysed by peptidylglycine α-amidating monooxy
genase (PAM), a bifunctional copper-dependent enzyme.10

Elevations in the amidated peptide are linked to haemodynamic in
stability and increased short-term risk of fatal events in single- 
centre studies involving patients who have already developed 
CS.11

However, it remains unclear if and which ADM system com
ponent—ADM-Gly, PAM, or bio-ADM—most closely reflects 
disease severity, and whether any of these components inde
pendently predict in-hospital CS and mortality risks in initially 
stable patients with ACS. We aimed to evaluate the individual 
associations of all three ADM components with in-hospital CS 
and 1-year mortality in ACS patients, and to determine whether 
these biomarkers improve early CS prediction beyond the estab
lished ORBI risk score.12

Methods
Study design and participants
The Special Programme University Medicine Acute Coronary 
Syndrome (SPUM-ACS) (ClinicalTrials.gov Identifier: 
NCT01000701) is a multicentre, investigator-initiated prospective 
cohort study in Switzerland. Between December 2009 and 
December 2017, 4787 patients with ACS were enrolled across 
four university hospitals in Switzerland. Its design and detailed inclu
sion and exclusion criteria were reported previously.13–16 Patients 
already presenting with CS (Killip class IV) on admission or without 
a documented in-hospital diagnosis of CS were excluded from the 
present analysis (see Supplementary data online, Figure S1A). 
External validation was done in the French Registry of Acute 
ST-elevation or Non-ST-elevation Myocardial Infarction 
(FAST-MI), a series of nationwide French registries (2005: 
NCT00673036, 2010: NCT01237418, and 2015: NCT02566200), 
in which ACS patients admitted to a coronary or intensive care unit 
within 48 h of symptom onset were consecutively recruited.17–21

To enable an unbiased estimation of exposure–outcome associations 
in FAST-MI, a case–cohort design was adopted, as reported.22,23

Briefly, from all eligible participants, a random subcohort was 
drawn, with the final sample comprising 824 patients, including 
both the subcohort and all CS cases (see Supplementary data 
online, Figure S1B).

Study endpoints and follow-up
The primary endpoint was the development of CS during the initial 
hospitalization following the index ACS. Considering that invasive 
haemodynamic parameters (e.g. cardiac index, pulmonary capillary 
wedge pressure) and lactate levels were not routinely assessed, 
CS was defined by the concurrent presence of systolic blood pres
sure (SBP) ≤90 mmHg, end-organ hypoperfusion, and the need 
for pharmacological and/or mechanical circulatory support, as pre
viously described.6,12,13 The secondary endpoint was all-cause 
mortality within 1 year after the index event. In SPUM-ACS, 
follow-up was conducted at 1 month (telephone) and at 1 year 
(clinical visit); in FAST-MI, follow-up was centralized at the 
French Society of Cardiology through data linkage to municipal 
registries and direct contact with patients, their families, and/or 
physicians.17,21 Fatal events in SPUM-ACS were adjudicated by 
an independent endpoint committee consisting of three certified 
cardiologists blinded to baseline characteristics using prespecified 
adjudication forms.14,16

ADM-Gly, PAM, and bio-ADM measurements
Ethylenediaminetetraacetic acid (EDTA) blood samples were drawn 
prior to coronary angiography in both cohorts. Following centrifuga
tion, plasma was immediately frozen and stored at −80°C. ADM-Gly 
levels were measured with a one-step microtiter plate-based chemi
luminescence immunometric assay employing antibodies specific to 
the mid- and C-terminal regions of ADM-Gly (PAM Theragnostics 
GmbH, Hennigsdorf, Germany).24 PAM concentrations were deter
mined using sandwich chemiluminescence immunoassays with anti
bodies directed against the peptidyl-α-hydroxyglycine α-amidating 
lyase and peptidylglycine α-hydroxylating monooxygenase subunits 
(PAM Theragnostics GmbH, Hennigsdorf, Germany).25 Bio-ADM 
concentrations were quantified using a validated sandwich chemilu
minescence immunoassay (SphingoTec GmbH, Hennigsdorf, 
Germany).26 All measurements were performed centrally by inves
tigators fully blinded to patient and outcome data.

Statistical analysis
Continuous variables are presented as mean ± standard deviation 
(SD) or median and interquartile range (IQR), if skewed, and categor
ical variables as counts and valid percentages. The normality of con
tinuous variables was assessed using skewness and kurtosis. 
Between-group comparisons were performed using Student’s 
t-test or the Mann–Whitney U test, if non-normally distributed. 
For comparisons involving more than two groups, the Kruskal– 
Wallis test was used for non-normally distributed data. 
Categorical variables were compared using the χ2 test or Fisher’s ex
act test, as appropriate. Guided by the events-per-variable criterion 
(preferably 5–20 events per variable),27–29 the sample size of the 
derivation cohort was determined in consideration of a prespecified 
sequential multivariable modelling strategy, with the multivariable- 
adjusted model including 12 covariates. Given the relatively low in
cidence of in-hospital CS (∼5%), a large source population was re
quired. In the validation cohort, the sample size was defined by 
the case–cohort design, incorporating all available CS cases and a 
randomly drawn and adequately sized subcohort to fully represent 
the source population. The number and proportion of missing values 
for predictors entering the multivariable models are provided in the 
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appendix (see Supplementary data online, Table S1). To mitigate a 
potential missing data bias, multiple imputation by chained equa
tions (MICE; n = 20 imputations) was performed. To derive pooled 
estimates and 95% confidence intervals (CIs), estimates were 
pooled using Rubin’s rule.13,30,31 Trends across biomarker quartiles 
(Q1–Q4) were examined using logistic regression treating quartiles 
as ordinal variables (Ptrend). Spearman’s rank correlation was used to 
assess associations between levels of ADM-Gly, PAM, and 
bio-ADM and haemodynamic or inflammatory parameters. The dis
criminative ability of biomarkers for in-hospital CS was evaluated 
using the area under the receiver operating characteristic curve 
(AUC) and compared using the paired DeLong test. Potential non
linear associations of ADM-Gly, PAM, and bio-ADM with individual 
endpoints were gauged using restricted cubic splines with four 
knots fixed at the 5th, 35th, 65th, and 95th percentiles (with the 
50th percentile as the reference), as previously reported by 
Harrell et al.32 and others.33–35 Nonlinearity was assessed by likeli
hood ratio tests comparing models with and without spline terms.36

Associations of each biomarker with primary and secondary out
comes were examined using multivariable-adjusted logistic (in- 
hospital CS) and Cox proportional hazards regression models 
(1-year mortality). For survival analyses, time point zero was the 
date of study enrolment (i.e. index ACS), and the end time was the 
date of death or the last known event-free follow-up (censoring). 
To account for potential confounders, a sequentially adjusted mod
elling approach was employed: (i) crude models, (ii) models adjusted 
for conventional risk factors (age, sex, diabetes, hypertension, 
hypercholesterolaemia, and ACS type), (iii) models additionally 
adjusted for N-terminal pro-B-type natriuretic peptide 
(NT-proBNP), and (iv) fully adjusted models (additionally including 
haemodynamic parameters [SBP, heart rate], left ventricular 
ejection fraction [LVEF] and estimated glomerular filtration rate 
[eGFR]) using the CKD-EPI formula (2009).37 To evaluate the 
incremental predictive value of ADM biomarkers for in-hospital 
CS, the ORBI risk score was calculated, and its prognostic utility 
with or without each ADM system component was assessed.12

Model discrimination was determined using the AUC and the inte
grated discrimination improvement (IDI), model fit by changes in 
the Akaike information criterion (ΔAIC), and its calibration by 
the Brier score. Reclassification performance was examined using 
the continuous net reclassification improvement (NRI). In the 
FAST-MI cohort, all statistical analyses were performed using 
Barlow’s weighting to account for the oversampling of cases 
inherent to the case–cohort design.38 In FAST-MI, ORBI risk 
estimates were only available in ST-elevation myocardial infarction 
patients due to missing data on PCI-related components in non-ST- 
elevation ACS. Data reporting follows the guidelines put forth by 
the STROBE (see Supplementary data online, Table S2) and 
TRIPOD initiatives (see Supplementary data online, Table S3). If 
not stated otherwise, a two-tailed P < .05 was deemed significant. 
All analyses were performed in R (version 4.4.2; R Foundation 
for Statistical Computing, Vienna, Austria) and a detailed description 
of the statistical analysis methods is provided in the Supplementary 
data online.

Results
ADM-Gly and bio-ADM are linked to 
inflammation and haemodynamic 
compromise
A total of 4098 patients from the SPUM-ACS (Switzerland) 
and 824 from the FAST-MI (France) cohort were included in 
the present study (see Supplementary data online, Figure S1). 

In both studies, patients who eventually developed CS were 
older and had lower SBP, eGFR, and LVEF, but higher heart 
rate, glucose, and C-reactive protein (CRP) levels at the 
time of acute presentation as compared to those who did 
not develop CS. In SPUM-ACS, lactate measurements were 
available in 613 patients (30 with CS and 583 without CS); me
dian concentrations were 1.8 [1.3, 2.3] and 1.5 [1.1, 2.1] 
mmol/L, respectively (P = .211). Lactate was not available in 
FAST-MI (Table 1).

In SPUM-ACS, across increasing ADM-Gly and bio-ADM quar
tiles, patients were older, with an increasing prevalence of hyper
tension, diabetes, and peripheral arterial disease, as well as a 
higher Killip class. In parallel, eGFR, SBP, and LVEF were 
lower, whereas NT-proBNP, CRP, and glucose levels rose progres
sively across biomarker quartiles (all P < .001; Supplementary data 
online, Tables S4 and S5). Both ADM-Gly and bio-ADM correlated 
positively with markers of congestion (NT-proBNP, r = 0.22 [95% 
CI 0.19–0.25] and 0.26 [95% CI 0.23–0.29], respectively) and sys
temic inflammation (CRP, r = 0.34 [95% CI 0.31–0.36] and 0.34 
[95% CI 0.31–0.36], respectively; neutrophil-to-lymphocyte [N/ 
L] ratio, r = 0.35 [95% CI 0.33–0.38] and 0.13 [95% CI 0.10– 
0.16], respectively), and inversely with LVEF (r = −0.20 [95% CI 
−0.23 to −0.18] and −0.15 [95% CI −0.18 to −0.12], 
respectively) and with renal function (eGFR, r = −0.16 [95% CI 
−0.19 to −0.13] and −0.31 [95% CI −0.34 to −0.29], respectively; 
all P < .05). By contrast, these associations were not observed 
for PAM (Figure 1A and B). In FAST-MI, similar 
observations were made. Higher levels of ADM-Gly and 
bio-ADM were linked to older age, a greater comorbidity bur
den, higher NT-proBNP and CRP levels, and lower eGFR and 
LVEF (all P < .001; Supplementary data online, Tables S6
and S7).

ADM-Gly and bio-ADM are predictors of 
cardiogenic shock
Across clinical subgroups at high risk of developing CS, plasma 
levels of ADM-Gly, PAM, and bio-ADM tended to be numerical
ly higher (see Supplementary data online, Figures S2–S4). In 
SPUM-ACS, the ability to discriminate between patients with 
and without in-hospital CS was highest for ADM-Gly (AUC 
0.67, 95% CI 0.63–0.72; P < .001) and bio-ADM (AUC 0.65, 
95% CI 0.60–0.69; P < .001), both outperforming NT-proBNP 
(AUC 0.53, 95% CI 0.48–0.58), whereas PAM showed limited 
discriminative ability (AUC 0.55, 95% CI 0.51–0.59; P = .51) 
(Figure 1C). In benchmarking the three ADM system compo
nents against circulating dipeptidyl peptidase 3 (cDPP3), an
other key biomarker for CS, ADM-Gly showed better 
discrimination for in-hospital CS after adjustment for the same 
variables (see Supplementary data online, Figure S5 and 
Supplementary data online, Table S8). For 1-year mortality, 
ADM-Gly and bio-ADM showed significantly higher discrimin
ation than cDPP3, whereas PAM did not differ significantly 
(see Supplementary data online, Figure S6). ADM-Gly and 
bio-ADM showed a greater contribution to the prediction of in- 
hospital CS than most ORBI risk score components; in contrast, 
the contribution of PAM proved limited (Figure 1D). Aligning 
with the above, levels of ADM-Gly and bio-ADM at presentation 
were substantially higher in patients who eventually developed 
CS than in those who did not (45.69 vs 30.95 pg/ml and 27.74 vs 
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Table 1 Baseline characteristics of patients with and without cardiogenic shock in SPUM-ACS (Switzerland) and FAST-MI 
(France)

Derivation cohort (SPUM-ACS) Validation cohort (FAST-MI)

Cardiogenic shock 
(N = 198)

No cardiogenic 
shock 

(N = 3900)

P-value Cardiogenic shock 
(N = 72)

Subcohort without 
cases 

(N = 752)

P-value

Demographics

Age, years 64.6 (12.2) 63.2 (12.4) .109 73.5 (12.4) 65.2 (14.2) <.001

Female sex 43 (21.7) 776 (19.9) .594 31 (43.1) 214 (28.5) .014

BMI, kg/m2 26.8 [24.2, 30.1] 26.6 [24.2, 29.4] .949 25.9 [23.4, 29.0] 26.6 [24.0, 29.8] .244

Medical history

Myocardial infarction 25 (12.6) 469 (12.1) .896 14 (19.4) 122 (16.2) .591

Prior PCI 32 (16.2) 568 (14.6) .606 10 (13.9) 133 (17.7) .516

Prior CABG 8 (4.0) 153 (3.9) .999 3 (4.2) 39 (5.2) .924

Hypertension 113 (57.1) 2175 (55.8) .781 49 (68.1) 428 (56.9) .088

Hypercholesterolaemia 122 (61.6) 2502 (64.2) .513 32 (44.4) 340 (45.2) .999

Diabetes mellitus 40 (20.2) 674 (17.3) .337 28 (38.9) 182 (24.2) .010

Malignancy 18 (9.1) 298 (7.6) .543 7 (9.7) 70 (9.3) .999

Stroke or TIA 8 (4.0) 143 (3.7) .937 6 (8.3) 47 (6.2) .662

Peripheral artery disease 15 (7.6) 219 (5.6) .316 14 (19.4) 53 (7.0) .001

Family history of CADa 51 (26.8) 952 (24.7) .560 16 (22.2) 202 (26.9) .476

Medications

Aspirin 46 (39.3) 1117 (44.3) .333 24 (33.3) 165 (21.9) .028

Clopidogrel 10 (8.5) 233 (9.2) .927 9 (12.5) 83 (11.0) .707

Vitamin K antagonists 9 (7.8) 123 (4.9) .241 4 (5.6) 28 (3.7) .428

Beta-blockers 45 (38.8) 893 (35.7) .556 22 (30.6) 189 (25.1) .319

ACEi 29 (25.0) 583 (23.3) .758 16 (22.2) 131 (17.4) .309

AT-II antagonists 36 (31.0) 769 (30.7) .999 13 (18.1) 126 (16.8) .778

Calcium-channel blockers 23 (19.8) 443 (17.7) .644 17 (23.6) 138 (18.4) .275

Nitrates 7 (6.0) 120 (4.8) .686 6 (8.3) 51 (6.8) .620

Diuretics 28 (24.1) 604 (24.0) 1.000 25 (34.7) 170 (22.6) .021

Amiodarone 4 (3.4) 33 (1.3) .131 4 (5.6) 18 (2.4) .112

ACS type <.001

STEMI 153 (77.3) 1995 (51.2) 42 (58.3) 392 (52.1) .377

NSTE-ACS 45 (22.7) 1905 (48.8) 30 (41.7) 360 (47.9)

Culprit lesion of the left main 9 (4.7) 54 (1.5) .001 2 (2.8) 13 (1.7) .861

Haemodynamics on admission

Killip class <.001 <.001

I 100 (52.1) 3509 (90.0) 43 (60.6) 632 (84.2)

II 19 (9.9) 322 (8.3) 14 (19.7) 81 (10.8)

III 15 (7.8) 69 (1.8) 14 (19.7) 38 (5.1)

Continued
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20.88 pg/ml, respectively; both P < .001), whereas PAM levels 
were only modestly higher (74.79 vs 72.48 ng/ml; P = .016) 
(Figure 1E).

ADM-Gly and bio-ADM are independently 
associated with cardiogenic shock
In SPUM-ACS, higher ADM-Gly levels at presentation were as
sociated with a stepwise increase in incident CS, ranging from 
2.6% (Q1) to 10.2% (Q4) (Ptrend < .001), with a non-linear 
dose–response relationship in spline analyses (Figure 2A and C). 
A similar trend was noted for bio-ADM, with CS incidence 
ranging from 3.0% (Q1) to 8.9% (Q4) (Ptrend < .001; Figure 2B 
and D). In contrast, PAM levels showed only a modest associ
ation with incident CS (see Supplementary data online, 
Figure S7). In univariable analysis, a doubling of ADM-Gly trans
lated into 2.1-fold higher odds of CS (odds ratio [OR] 2.14, 95% 
CI 1.87–2.45; P < .001). This association remained significant 
after adjustment for conventional risk factors (adjusted OR 
[aOR] 2.06, 95% CI 1.79–2.38; P < .001), NT-proBNP (aOR 

1.93, 95% CI 1.65–2.24; P < .001), haemodynamic parameters 
(SBP, heart rate), LVEF and eGFR (aOR 1.44, 95% CI 1.22– 
1.71; P < .001) (Figure 3A). Similarly, a doubling in bio-ADM 
translated into an approximately two-fold higher crude odds 
of CS (OR 1.97, 95% CI 1.67–2.32; P < .001), which prevailed 
after accounting for conventional risk factors (aOR 1.98, 95% 
CI 1.67–2.36; P < .001), NT-proBNP (aOR 1.79, 95% CI 1.49– 
2.16; P < .001), haemodynamic parameters (SBP, heart rate), 
LVEF, and eGFR (aOR 1.37, 95% CI 1.10–1.70; P = .004) 
(Figure 3B).

In line with the above, a doubling of ADM-Gly translated into 
a 2.2-fold higher crude risk of CS in FAST-MI (risk ratio [RR] 
2.20, 95% CI 1.73–2.81). This association remained significant 
after adjustment for conventional clinical risk factors (adjusted 
RR [aRR] 2.02, 95% CI 1.58–2.59), NT-proBNP (aRR 2.05, 
95% CI 1.59–2.64), haemodynamic parameters (SBP, heart 
rate), LVEF and eGFR (aRR 1.82, 95% CI 1.34–2.48) (all 
P < .001) (Figure 3C). Similarly, the risk of CS increased by 55% 
per doubling in bio-ADM in multivariable-adjusted analysis 
(aRR 1.55, 95% CI 1.15–2.10; P = .004) (Figure 3D).
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Table 1 Continued

Derivation cohort (SPUM-ACS) Validation cohort (FAST-MI)

Cardiogenic shock 
(N = 198)

No cardiogenic 
shock 

(N = 3900)

P-value Cardiogenic shock 
(N = 72)

Subcohort without 
cases 

(N = 752)

P-value

eGFR, ml/min/1.73 m2 73.2 [53.2, 91.6] 88.8 [73.2, 99.4] <.001 52.2 [33.7, 80.1] 80.4 [57.4, 107.3] <.001

Systolic blood pressure, 
mmHg

112.2 (23.0) 129.9 (22.9) <.001 133.4 (27.4) 141.3 (27.3) .021

Diastolic blood pressure, 
mmHg

68.1 (16.8) 76.1 (14.6) <.001 77.6 (17.6) 81.3 (16.6) .084

Pulse pressure, mmHg 42.0 [32.0, 53.5] 51.0 [41.0, 64.0] <.001 51.0 [39.2, 70.0] 59.0 [46.0, 71.0] .045

Heart rate, bpm 82.0 [71.8, 98.0] 75.0 [66.0, 85.0] <.001 88.0 [73.2, 100.0] 76.0 [65.0, 90.0] <.001

Left ventricular ejection 
fraction, %

43.2 (12.8) 52.0 (11.0) <.001 40.1 (12.4) 51.9 (10.3) <.001

Laboratory parameters

NT-proBNP, ng/l 328.0 [115.5, 
2201.5]

334.0 [106.0, 
1130.0]

.200 4718.5 [1439.4, 
11044.6]

378.0 [115.0, 
1781.0]

<.001

CRP, mg/l 3.3 [1.2, 11.7] 2.7 [1.1, 7.4] .065 14.0 [4.0, 69.3] 5.0 [2.9, 12.2] <.001

Glucose, mmol/l 7.4 [6.2, 10.3] 6.4 [5.6, 7.8] <.001 8.8 [7.0, 12.7] 6.9 [5.8, 8.8] <.001

HbA1c, % 5.8 [5.6, 6.3] 5.8 [5.5, 6.3] .062 6.4 [5.9, 7.7] 5.9 [5.5, 6.8] .007

Lactate, mmol/lb 1.8 [1.3, 2.3] 1.5 [1.1, 2.1] .211 - - -

Haemoglobin, g/dl 13.6 [12.4, 14.8] 13.9 [12.8, 14.9] .015 13.3 [11.9, 14.2] 14.2 [13.0, 15.3] <.001

Continuous variables are presented as mean (SD) or median [interquartile range] if skewed. Categorical variables are shown as n (%).
ACEi, angiotensin-converting enzyme inhibitor; ACS, acute coronary syndrome; ADM-Gly, glycine-extended adrenomedullin; AT-II, angiotensin II receptor; bio-ADM, 
biologically active adrenomedullin; BMI, body mass index; CABG, coronary artery bypass graft; CAD, coronary artery disease; CRP, C-reactive protein; eGFR, estimated 
glomerular filtration rate; HbA1c, glycated haemoglobin; NSTE-ACS, non-ST-elevation acute coronary syndrome; NT-proBNP, N-terminal pro-B-type natriuretic 
peptide; PCI, percutaneous coronary intervention; STEMI, ST-elevation myocardial infarction; TIA, transient ischaemic attack.
aFirst-degree relatives aged <60 years.
bLactate data were only available in 613 patients in SPUM-ACS, of which 30 developed cardiogenic shock.
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Figure 1 ADM system components and their associations with haemodynamic compromise and cardiogenic shock in SPUM-ACS. (A) 
The ADM system comprises ADM-Gly (inactive precursor), PAM (activating enzyme) and bio-ADM (active form). (B) Spearman correla
tions between ADM-Gly, PAM, and bio-ADM with haemodynamic, inflammatory, and cardiorenal parameters are shown. Size and colour 
indicate the strength and direction of correlation, respectively, while asterisks (*) denote multiplicity-adjusted P < .05. (C ) ROC curves 
(along with corresponding AUCs) of ADM-Gly, PAM, and bio-ADM as compared to NT-proBNP for the prediction of in-hospital CS. 
P values were derived from a paired DeLong test. (D) Variable importance for CS prediction was quantified by calculating the Wald 
χ2 statistic minus the degrees of freedom, based on a logistic regression model including all ORBI risk score components and ADM sys
tem biomarkers. Delay refers to the time elapsed between first medical contact and percutaneous coronary intervention. (E) Distribution 
of ADM-Gly, PAM and bio-ADM in patients with and without CS. In the box-and-whisker plots, the centre line denotes the median, the 
box the interquartile range (IQR), while whiskers extend to 1.5 × IQR. ADM-Gly, glycine-extended adrenomedullin; AUC, area under the 
ROC curve; bio-ADM, biologically active (amidated) adrenomedullin; CRP, C-reactive protein; CS, cardiogenic shock; DBP, diastolic 
blood pressure; eGFR, estimated glomerular filtration rate (based on the CKD-EPI formula 2009)37; HR, heart rate; LVEF, left ventricular 
ejection fraction; N/L ratio, neutrophil-to-lymphocyte ratio; NT-proBNP, N-terminal pro-B-type natriuretic peptide; ORBI, Observatoire 
Régional Breton sur l’Infarctus; PAM, peptidylglycine α-amidating monooxygenase; PP, pulse pressure; ROC, receiver operating charac
teristic; SBP, systolic blood pressure; TIA, transient ischaemic attack.
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ADM-Gly and bio-ADM levels link to 1-year 
mortality risk
Higher ADM-Gly and bio-ADM concentrations were both asso
ciated with increasing risk of 1-year mortality, as evidenced by a 
non-linear relationship in spline analyses, whereas no significant 
association was observed between PAM and fatal events in 
SPUM-ACS (see Supplementary data online, Figure S8). In univari
able analysis, a doubling of ADM-Gly translated into a 1.89-fold 
higher hazard of 1-year mortality (hazard ratio [HR] 1.89, 95% 
CI 1.65–2.17; P < .001). This association remained significant after 
adjustment for conventional clinical risk factors (aHR 1.80, 95% CI 
1.55–2.09; P < .001), NT-proBNP (aHR 1.59, 95% CI 1.32–1.91; P  
< .001), haemodynamic parameters (SBP, heart rate), LVEF, and 
eGFR (aHR 1.33, 95% CI 1.09–1.61; P = .005), and was independ
ent of GRACE 2.0 risk estimates (aHR 1.27, 95% CI 1.04–1.55; 
P = .021) (see Supplementary data online, Figure S9).

Similarly, a doubling of bio-ADM was linked to a 2.23-fold 
higher hazard of 1-year mortality in univariable analysis (HR 

2.23, 95% CI 1.90–2.61; P < .001). This association remained 
significant after adjustment for conventional clinical risk factors 
(aHR 1.99, 95% CI 1.64–2.41; P < .001), NT-proBNP (aHR 1.71, 
95% CI 1.37–2.15; P < .001), haemodynamic parameters (SBP, 
heart rate), LVEF and eGFR (aHR 1.46, 95% CI 1.15–1.86; 
P = .002), and the GRACE 2.0 risk estimates (aHR 1.40, 95% 
CI 1.11–1.78; P = .005) (see Supplementary data online, 
Figure S9). When jointly considering ADM-Gly and bio-ADM, 
those patients with concurrent elevations in both biomarkers 
exhibited the highest risk for primary and secondary outcomes 
(see Supplementary data online, Figures S10–S13).

ADM-Gly and bio-ADM provide prognostic 
utility beyond established risk scores
In the derivation cohort (SPUM-ACS), incorporating ADM-Gly 
into the ORBI risk score improved its discrimination (ΔAUC 
0.018, 0.009–0.028; P < .001) and goodness of fit (ΔAIC 
−28.7). Adding both ADM-Gly and bio-ADM yielded similar 

A B

C D

Figure 2 Circulating ADM-Gly and bio-ADM and occurrence of cardiogenic shock in SPUM-ACS. Incidence of in-hospital CS across 
quartiles of (A) ADM-Gly and (B) bio-ADM concentrations at admission (n = 4098) are shown. Ptrend was derived from a logistic regression 
model treating quartile numbers as continuous variables. Restricted cubic spline plots (with knots fixed at the 5th, 35th, 65th, and 95th 
percentiles and the median serving as the reference) for individual associations of (C ) ADM-Gly and (D) bio-ADM with in-hospital CS. 
Vertical dotted lines mark quartiles. ADM-Gly, glycine-extended adrenomedullin; bio-ADM, biologically active (amidated) adrenomedul
lin; CS, cardiogenic shock; OR, odds ratio; Q(1–4), quartile 1–4.
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results (ΔAUC 0.019, 0.009–0.028; P < .001), while the sole add
ition of bio-ADM failed to improve its discriminatory perform
ance (ΔAUC 0.006, −0.000 to 0.012; P = .053) (Figure 4A).

Incorporation of ADM-Gly and bio-ADM, respectively, also 
increased its reclassification value (NRI 0.199, 0.009–0.389; 
P = .037 and 0.259, 0.117–0.402; P < .001, respectively), resulting 

in an IDI of 0.026 (0.009, 0.044; P = .003) and 0.009 (0.002– 
0.016; P = .010), respectively (Table 2). Inclusion of both biomar
kers yielded the greatest improvement in these performance 
metrics (NRI 0.229, 95% CI 0.069–0.390, P = .005; IDI 0.026, 
95% CI 0.009–0.043, P = .003). In line, the Brier score (a metric 
for model accuracy, with lower values indicating higher 

A

B

C

D

Figure 3 Independent associations of ADM-Gly and bio-ADM with cardiogenic shock in the derivation (SPUM-ACS) and validation 
(FAST-MI) cohorts. Multivariable-adjusted logistic regression models for the associations of ADM-Gly and bio-ADM with in-hospital 
CS in SPUM-ACS (A and B, respectively) and FAST-MI (C and D, respectively). Biomarker data were log2-transformed (i.e. one unit in
crease corresponds to a doubling in biomarker levels). Model 1 refers to the crude analysis; model 2 includes age, sex, diabetes, hyper
tension, hypercholesterolaemia, and ACS type; model 3 was additionally adjusted for NT-proBNP; model 4 further includes SBP, heart 
rate, LVEF, and eGFR. The left panels show adjusted dose–response relationships based on restricted cubic spline analyses. The right 
panels display forest plots of adjusted ORs for SPUM-ACS and RRs for FAST-MI (squares represent point estimates, and horizontal lines 
denote 95% CIs). ADM-Gly, glycine-extended adrenomedullin; bio-ADM, biologically active (amidated) adrenomedullin; CI, confidence 
interval; CS, cardiogenic shock; OR, odds ratio; Q(1-4), quartile 1-4; RR, risk ratio.
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accuracy) decreased from 0.043 to 0.042 after inclusion of ei
ther or both ADM biomarkers.

In the external validation cohort (FAST-MI), incorporation of 
ADM-Gly enhanced model discrimination (ΔAUC 0.028, 
0.011–0.044; P = .002), with a reduction in prediction error 
(ΔAIC −34.7). Adding both biomarkers resulted in a comparable 

gain in model discrimination (ΔAUC 0.024, 0.007–0.041; 
P = .008) and model fit (ΔAIC −40.3). The sole addition of 
bio-ADM yielded a modest increase in model discrimination 
(ΔAUC 0.008, 0.005–0.010; P < .001) and improvement in mod
el fit (ΔAIC −3.6) (Figure 4B). Furthermore, incorporation of 
ADM-Gly and bio-ADM, respectively, improved risk 

A

B

Figure 4 Gain in model discrimination and model fit after adding ADM-Gly, bio-ADM, or both to the ORBI risk score. Custom-made 
forest plots of ΔAUC (95% CI) and ΔAIC for a biomarker-enhanced ORBI risk score as compared to the original score version for the 
prediction of in-hospital CS in SPUM-ACS (A) and FAST-MI (B). Note that analyses in FAST-MI were restricted to STEMI patients 
due to missing PCI-related variables in NSTE-ACS patients. ACS, acute coronary syndrome; ADM-Gly, glycine-extended adrenomedul
lin; AIC, Akaike information criterion; AUC, area under the receiver operating characteristic curve; bio-ADM, biologically active (ami
dated) adrenomedullin; CI, confidence interval; CS, cardiogenic shock; NSTE-ACS, non-ST-elevation acute coronary syndrome; ORBI, 
Observatoire Régional Breton sur l’Infarctus.
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reclassification (NRI 0.596, 0.518–0.674; P < .001 and 0.348, 
0.214–0.482; P < .001, respectively), resulting in improved sep
aration of predicted probabilities (IDI 0.082, 0.063–0.101; P  
< .001 and 0.012, 0.011–0.014; P < .001, respectively). 
Inclusion of both biomarkers yielded the largest overall improve
ment, with a lower Brier score after adding ADM-Gly or both 
ADM-Gly and bio-ADM (Table 2 and Supplementary data 
online, Figure S14). Importantly, similar improvements in model 
discrimination and fit were observed when using the 
SEX-SHOCK score as the reference model (see Supplementary 
data online, Figure S15).

Discussion
By harnessing two independent cohorts of patients with ACS, 
we show that (i) circulating ADM-Gly and bio-ADM link to sys
temic inflammation and haemodynamic compromise, and (ii) 
that ADM-Gly and bio-ADM, but not PAM, predict in-hospital 
CS and 1-year mortality over and above established risk factors; 
specifically, ADM-Gly markedly refined CS risk prediction, with 
the ADM system lending itself as a pathophysiologically relevant 
axis for the early identification of ACS patients at high risk of CS 
(Structured Graphical Abstract).

The ADM system is implicated in the regulation of endothelial 
barrier integrity, vascular leakage, and intravascular fluid 
homeostasis.8 Mechanistically, this is, at least in part, mediated 
via the endothelial adrenomedullin–receptor activity-modifying 
protein 2.39,40 The loss of ADM system homeostasis results in 
perturbed endothelial integrity, thereby promoting vascular 
leakage, tissue oedema, and microcirculatory failure—all hall
marks of CS pathophysiology.2–4 Previous single-centre studies 
suggested a prognostic role of bio-ADM in patients presenting 
with acute heart failure or overt CS.11,41,42 Consistent with 
these observations, our findings show that both ADM-Gly and 
bio-ADM were independently associated with increased CS 
risk across cohorts in initially stable patients with ACS. Indeed, 
each doubling of ADM-Gly was associated with a 44% and 

82% higher risk of incident CS in SPUM-ACS and FAST-MI, re
spectively, whereas the corresponding increases for bio-ADM 
were 37% and 55%. Importantly, these findings demonstrate, 
for the first time, that both biomarkers serve as early predictive 
markers of incident CS in ACS patients without clinical signs of 
shock, thereby extending the prognostic relevance of the ADM 
system to the pre-shock phase.

In contrast, PAM was only weakly associated with inflamma
tory and haemodynamic parameters and demonstrated limited 
discrimination for CS, with an AUC of 0.55 (95% CI 0.51–0.59). 
The absolute difference in median PAM levels between patients 
with and without CS was 2.31 ng/ml (74.79 vs 72.48), which was 
small in magnitude as compared to the corresponding differences 
observed for ADM-Gly and bio-ADM. This observation might be 
due to several factors: First, activity of PAM is regulated by cofac
tors including Cu2+ and ascorbate.10 In the setting of CS, acidosis 
and tissue hypoxia may impair its catalytic function. Second, PAM 
protein levels were quantified rather than enzymatic activity.

Notably, ADM-Gly consistently outperformed bio-ADM in 
predicting in-hospital CS, as reflected by a greater improvement 
in discrimination (ΔAUC 0.018 vs 0.006) and a threefold higher 
integrated discrimination improvement (IDI 0.026 vs 0.009). 
This observation might be due to several factors, including the 
abundancy of ADM-Gly over bio-ADM in the human circulation. 
Indeed, ADM-Gly levels exceed bio-ADM by ∼1.36-fold in 
healthy individuals, and this disparity appears to become more 
pronounced under conditions of stress.24,35 Likely, this reflects 
incomplete ADM amidation and/or relative saturation of PAM 
during conditions of stress, resulting in a disproportionate accu
mulation of ADM-Gly.43 In this context, ADM-Gly may serve as 
a more integrative marker of ADM pathway activation, reflect
ing upstream peptide synthesis as well as potential bottlenecks 
in the amidation process. Together, these features may, at least 
in part, explain why ADM-Gly provided superior incremental va
lue over bio-ADM when added to the ORBI risk score for the 
prediction of in-hospital CS.

While previous pilot studies have evaluated a single compo
nent of the ADM system in overt shock, the present study is 
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Table 2 Incremental value of ADM system components on top of the ORBI risk score for the prediction of in-hospital 
cardiogenic shock

Base model/added variable(s) NRI (95% CI) P-value IDI (95% CI) P-value Brier score (95% CI)

Derivation cohort (SPUM-ACS)

Base model (ORBI risk score) 0.043 (0.037, 0.048)

+ADM-Gly 0.199 (0.009, 0.389) .037 0.026 (0.009, 0.044) .003 0.042 (0.036, 0.047)

+Bio-ADM 0.259 (0.117, 0.402) <.001 0.009 (0.002, 0.016) .010 0.042 (0.037, 0.048)

+Both 0.229 (0.069, 0.390) .005 0.026 (0.009, 0.043) .003 0.042 (0.036, 0.047)

Validation cohort (FAST-MI)

Base model (ORBI risk score) 0.009 (0.006, 0.012)

+ADM-Gly 0.596 (0.518, 0.674) <.001 0.082 (0.063, 0.101) <.001 0.008 (0.006, 0.011)

+Bio-ADM 0.348 (0.214, 0.482) <.001 0.012 (0.011, 0.014) <.001 0.009 (0.006, 0.012)

+Both 0.551 (0.449, 0.654) <.001 0.098 (0.078, 0.117) <.001 0.008 (0.005, 0.011)

ADM-Gly, glycine-extended adrenomedullin; bio-ADM, biologically active adrenomedullin; CI, confidence interval; IDI, integrated discrimination improvement; NRI, net 
reclassification improvement; ORBI, Observatoire Régional Breton sur l’Infarctus.
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the first to comprehensively assess all ADM system components 
(i.e. ADM-Gly, PAM, and bio-ADM) in initially stable patients 
(SCAI A or B) presenting with ACS. In a prior study of 178 pa
tients presenting with overt CS, elevated bio-ADM levels were 
associated with progressive end-organ dysfunction and in
creased 90-day mortality.11 Similarly, among 583 patients with 
sepsis, high bio-ADM was also linked to haemodynamic com
promise and 28-day mortality.44

To date, the ACCOST-HH is the only randomized trial evalu
ating an ADM-targeted therapy in a heterogeneous patient 
population with CS (of which ∼50% were caused by an 
ACS).45 Importantly, raising bio-ADM levels by the non- 
neutralizing antibody adrecizumab failed to reduce the number 
of days without the need for cardiovascular organ support and 
was notably associated with worse outcomes among those 
with CS caused by an ACS. However, adrecizumab binds to 
the N-terminus of bio-ADM, thereby modulating its distribution 
and activity without neutralizing its function.8 The core biologic
al effects of ADM include vasodilation, reductions in systemic 
vascular resistance, and increased vascular permeability. While 
afterload reduction may facilitate cardiac unloading in certain 
settings, a decrease in systemic vascular resistance and mean ar
terial pressure, together with increased vascular permeability, 
may be detrimental in the context of ACS-related CS.

Consequently, the efficacy of ADM-based interventions may 
depend on: (i) identifying the ‘right patients’ and (ii) choosing the 
‘right timing’. In this context, our data provide a framework to ad
dress both: first, patients with elevated levels of both ADM-Gly 
and bio-ADM had the highest risk of CS and 1-year mortality, 
whereas those with elevations in only one or neither biomarker 
were at lower risk (see Supplementary data online, Figures S11– 
S13). Second, ADM-Gly and bio-ADM elevations precede overt 
CS (i.e. SCAI C or higher); therefore, intervening in the pre-shock 
phase (i.e. SCAI A or B), when pathophysiological processes may 
still be reversible, may be critical to obtain therapeutic efficacy.

Building on this, well-designed interventional studies are war
ranted to (i) refine patient selection and to identify patients with 
early signs of ADM system dysregulation; and to (ii) initiate ther
apy during the pre-shock phase, when endothelial injury and 
evolving vasoplegia occur, yet before irreversible haemodynam
ic collapse ensues.

Strengths and limitations
This study has several strengths. First, by integrating two 
large-scale ACS cohorts from two different countries, our study 
provides high external validity. Second, the availability of bio
marker data across the whole ADM system, ranging from the in
active precursor ADM-Gly and its activating enzyme PAM to the 
biologically active ADM peptide (bio-ADM), allowed for com
prehensive assessment of individual ADM system components 
in the setting of ACS and CS.

However, several limitations warrant discussion. First, both 
SPUM-ACS and FAST-MI were not primarily designed to inves
tigate CS related outcomes; consequently, our analyses were 
limited by its observational design without pre-specified criteria 
for continuous haemodynamic monitoring. Additionally, SCAI 
shock stages were not prospectively adjudicated at the time of 
enrolment, which may limit the granular characterization of 
the dynamic evolution of shock. In this context, minor 

discrepancies in cohort size and event numbers exist compared 
with the prior cDPP3 study utilizing the same SPUM-ACS popu
lation.46 These differences are attributable to distinct exclusion 
criteria, specifically the exclusion of patients presenting in Killip 
class IV at admission in the present study (to mitigate a potential 
reverse-causation bias). Moreover, prioritization of cDPP3 mea
surements left insufficient volume to assess the ADM system in 
a few patients with in-hospital CS. Beyond these sample-related 
differences, limited lactate availability further constrained com
parisons with studies relying on lactate-based SCAI criteria. In 
fact, lactate was not systematically measured and was obtained 
only retrospectively in a small subcohort of patients recruited in 
SPUM-ACS. Because data from several centres had been fully 
anonymized at registry inclusion, patient-level linkage to source 
medical records was restricted to a subcohort, as not all patients 
could be un-anonymized under local data-protection 
regulations.

Second, while biomarker data were coded categorically to fa
cilitate clinical interpretability, we recognize that this approach 
may entail a loss of statistical power.47 To address this, we pri
marily conducted restricted cubic spline analyses to flexibly 
model and visualize non-linear biomarker–outcome relation
ships. Third, we acknowledge the potential for built-in selection 
bias inherent to any time-to-event analysis; indeed, as the most 
susceptible individuals experience events earlier, the remaining 
at-risk population may become less comparable over time, po
tentially leading to a depletion-of-susceptibles bias.48 Fourth, al
though we adjusted for a comprehensive panel of clinically 
relevant variables, unmeasured confounding—as well as poten
tial bias from omitted predictors not accounted for in our models 
—cannot be entirely excluded, an issue inherent to any observa
tional study.49,50

Finally, a case–cohort design was adopted for FAST-MI, 
which preserved unbiased estimation for the primary endpoint, 
but did not allow validation of the secondary endpoint. 
Moreover, both cohorts comprised ACS patients; whether our 
findings extend to non-ischaemic CS or other causes of circula
tory failure, such as sepsis, remains to be determined.

Conclusions
In initially stable patients with ACS, bio-ADM and, specifically, 
ADM-Gly were independent predictors of in-hospital CS and 
1-year mortality. ADM-Gly and bio-ADM improved the predict
ive performance of the established ORBI risk score for the early 
identification of patients at high risk of developing CS. These 
findings establish the ADM system as a quantifiable and early 
marker of endothelial stress and haemodynamic compromise, 
which may open novel therapeutic avenues for early interven
tion in this high-risk population.
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