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Aims Biologically active adrenomedullin (bio-ADM) is a promising marker of residual congestion. The STRONG-HF trial
showed that high-intensity care (HIC) of guideline-directed medical therapy (GDMT) improved congestion and clinical
outcomes in heart failure (HF) patients. The association between bio-ADM, decongestion, outcomes and the effect
size of HIC of GDMT remains to be elucidated.
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Methods
and results

We measured plasma bio-ADM concentrations in 1005 patients within 2 days prior to anticipated discharge (baseline)
and 90 days later. Bio-ADM correlated with most signs of congestion, with the exception of rales. Changes in bio-ADM
were strongly correlated with change in congestion status from baseline to day 90 (gamma —0.24; p =0.0001).
Patients in the highest tertile of baseline bio-ADM concentrations were at greater risk than patients in the lowest
tertile for the primary outcome of 180-day all-cause mortality or HF rehospitalization (hazard ratio [HR] 2.14, 95%
confidence interval [CI] 1.42-3.22) and 180-day HF rehospitalization (HR 2.33, 95% CI 1.38—3.94). Areas under the
receiver-operating characteristic curves were 0.5977 (95% Cl 0.5561-0.6393), 0.5800 (95% Cl 0.5356—0.6243), and
0.6159 (95% Cl 0.5711-0.6607) for bio-ADM, N-terminal pro-B-type natriuretic peptide (NT-proBNP) and their
combination, respectively, suggesting that both bio-ADM and NT-proBNP provided similarly modest discrimination
for this outcome. A trend towards better discrimination by combined bio-ADM and NT-proBNP than NT-proBNP
alone was found (p =0.059). HIC improved the primary outcome, irrespective of baseline bio-ADM concentration
(interaction p =0.37). In contrast to NT-proBNP, the 90-day change in bio-ADM did not differ significantly between
HIC and usual care.

Bio-ADM is a marker of congestion and predicts congestion at 3 months after a HF hospitalization. Higher bio-ADM
was modestly associated with a higher risk of death and early hospital readmission and may have added value when
combined with NT-proBNP.

Keywords Biologically active adrenomedullin e Acute heart failure o Residual congestion e Biomarker e
STRONG-HF
H not only reduces congestion but improves clinical outcomes as
ntroduction Y & P

Heart failure (HF) hospitalizations present a significant clinical and
economic burden worldwide. Due to the increasing prevalence of
HF in the aging population, this burden is expected to increase.’?
Annual medical costs in the United States are projected to increase
from $20.9 billion in 2012 to $53.1 billion in 2030 annually, of
which 80% can be contributed to hospitalization practices.?
Despite improving medical treatment for HF, rates for HF-specific
short-term rehospitalization (90 days) are reported from 21.1%
to 31.2% among adults with a diagnosis of HF

Residual congestion is one of the main drivers for HF rehospital-
ization. The majority of hospitalized HF patients still have signs of
congestion 7 days after admission, which is associated with greater
risk of death and hospital rehospitalization.> Assessing residual
congestion is difficult and while there are multiple tools to assess
residual congestion, none are currently guideline-recommended.**
Therefore, improving diagnostics for residual congestion is essen-
tial to identify patients at risk for early readmissions after a
hospitalization for HF?

Biologically active adrenomedullin (bio-ADM) is a protein
that has a prominent role in maintaining the barrier function of
the vascular endothelium.”~° Bio-ADM is a promising marker
for residual congestion.’” Additionally, it is strongly associated
with pulmonary capillary wedge pressure, right atrial pressure,
N-terminal pro-B-type natriuretic peptide (NT-proBNP) and
elevated pre-discharge bio-ADM is strongly associated with HF
rehospitalizations.'®~12

Optimal treatment to relieve congestion is currently under
discussion.8™ Although decongestion with loop diuretics remains
the first choice during the early phases of a HF hospitalization,
data from STRONG-HF have shown that early initiation and
fast up-titration of GDMT before and shortly after discharge

well. However, the potential role of bio-ADM in the selection of
patients that might need more aggressive decongestion remains to
be established.®

We therefore explored the additional value of bio-ADM, on top
of NT-proBNP in hospitalized HF patients who were randomized
to rapid initiation and up-titration of GDMT or usual care (UC).

Methods

Study population

The methods and results of STRONG-HF have been published pre-
viously.™ In short, STRONG-HF was a multinational, open-label,
parallel-group randomized clinical trial that compared high-intensity
care (HIC) comprising rapid up-titration of GDMT versus UC. The
trial ended prematurely due to greater than expected between-group
differences favouring the HIC group. Haemodynamically stable patients
from 18 to 85 years old, admitted for acute HF were screened within
72 h of admission. Patients were required to have elevated NT-proBNP
concentrations (>2500 pg/ml), a more than 10% decrease in concen-
tration between screening and randomization (but still >1500 pg/ml)
and not been treated with optimal doses of GDMT 2days before
anticipated discharge, when they were randomized to HIC or UC.
Lastly, patients with clear intolerances for any high-dose GDMT were
excluded from the trial. Ultimately, 1078 patients were random-
ized in STRONG-HF, before the trial was prematurely terminated
for efficacy.

Biomarker assays

Plasma samples were obtained at baseline and day 90 and stored locally
at —20°C or colder until shipped to a central laboratory (SphingoTec
GmbH, Henningsdorf, Germany) for analysis. Immunoluminometric
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assays were used to measure bio-ADM (sphingotest® bioADM®),
In essence, the bio-ADM immunoassay is a single-step sandwich
chemiluminescence technique utilizing acridinium NHS-ester labelling.
The assay is designed for detecting human ADM directly in unpro-
cessed plasma, requiring only 100 pul of plasma samples/calibrators and
220 pl of labelled detection antibody. The assay employs two mouse
monoclonal antibodies, one targeting the mid-region and the other
the amidated C-terminal moiety of ADM. EDTA plasma containing
bio-ADM remains stable for 24 h at room temperature and can endure
at least four freeze-thaw cycles without significant impact on sample
integrity. Based on the manufacturer’s instruction for use, the 97.5th
percentile for sphingotest® bio-ADM® in healthy adult subjects is
29 pg/ml (90% confidence interval [CI] 27—-38 pg/ml). Its specificity lies
in its reactivity solely to the mature amidated C-terminus of ADM,
distinguishing it form other (pro-ADM) variants.'>16

Values of NT-proBNP were obtained locally, at randomization and
day 90 in both the HIC and UC groups, and additionally at visits 1,
2, 3, and 6 weeks following randomization in the HIC group, using
either the Roche CARDIAC POC NT-proBNP on a cobas® h232
POC system or Elecsys® NT-proBNP (Roche Diagnostics GmbH,
Mannheim, Germany). Physicians rated signs and symptoms of con-
gestion at each in-person visit. Patients at sites where a protocol
amendment extended the study to 180 days were followed up with a
phone call at 180 days to assess outcomes. The study was approved
by the appropriate competent authorities and ethics committees, and
patients gave their written, informed consent to participate.

Statistical methods

Data as available are included in the analyses. Bio-ADM values less than
the lower limit of quantitation (LLOQ; 10.8 pg/ml) were set to half the
lower limit, and NT-proBNP values were set to the minimum upper
limit of quantitation (9000 ng/L) among assays employed, for analysis.
The cohort was split into tertiles based on the baseline bio-ADM
concentration. Bio-ADM values <LLOQ are included in the lowest
tertile. To compare the bio-ADM with NT-proBNP, analyses were
replicated using tertiles of baseline NT-proBNP, where not previously
published. Normally distributed continuous variables are reported
as mean (+standard deviation [SD]) and non-normally distributed
continuous variables are reported as median (interquartile range).
Trends across tertiles were assessed using Cochran—Armitage tests
for binary variables, Jonckheere’s trend test for continuous variable,
Cochran—Mantel—Haenszel (CMH) general association for categorical
variables and CMH non-zero correlation for ordinal variables.

Goodman—Kruskal gamma was used as a measure of associations
between ordinal variables.

Successful decongestion at baseline and day 90 was defined as no
oedema, no rales, and jugular venous pressure (JVP) <6 cm on physical
examination. To evaluate the association of change in bio-ADM with
change in congestion status, patients’ change in congestion status
was categorized as improved, unchanged, or worsened. Changes in
bio-ADM from baseline to day 90 were categorized as a decrease
>40 pg/ml, a decrease 20—-40pg/ml, a change <20pg/ml in either
direction, an increase 20—40pg/ml, and an increase >40pg/ml.
The categories were chosen because the SD of the change among
patients with detectable values at both time points was approximately
40 pg/ml.

The ability of baseline bio-ADM as a continuous measure to predict
successful decongestion at day 90, and its performance relative to
NT-proBNP, was examined using logistic regression. Bio-ADM values
imputed as half the LLOQ were included in these models along with

an indicator for whether or not the value was below the LLOQ;
final models excluded the indicator when non-significant. Values
were modelled using restricted cubic splines with three knots, with
a joint test of the non-linear effects serving as a test of non-linearity.
To illustrate the ability of various models to discriminate between
patients with and without successful decongestion, receiver-operating
characteristic (ROC) curves were estimated. These curves were
derived using predicted probabilities obtained from a logistic regres-
sion model incorporating baseline levels of bio-ADM, NT-proBNP,
and an indicator denoting whether the bio-ADM value fell below
the LLOQ. Subsequently, contrasts were employed for pairwise
comparisons of the area under the ROC curves (AUCs) for bio-ADM,
NT-proBNP, and their combination utilizing the method proposed by
Delong et al'” Plots of the ROC curves were generated using the
R package ‘pROC".'®

The ability of baseline bio-ADM to predict clinical outcomes and
its performance relative to baseline NT-proBNP were also examined.
The endpoints considered were time to the first event of all-cause
mortality or HF hospitalization through day 180, and time to HF
hospitalization through 180 days. Deaths were censored for the latter
endpoint. Patients who were enrolled at sites who followed patients to
180 days were included in these analyses; results for patients enrolled
prior to implementation of a protocol amendment changing the
primary endpoint from 90 to 180 days were weighted proportional
to half the initial cohort’s sample size. Kaplan—Meier curves are
provided for both the tertiles of bio-ADM and for NT-proBNP, and
further classified by treatment group, where not previously published.
Differences among biomarker tertiles and their interaction with
treatment were compared using Cox regression. Cox regression was
further used to evaluate the predictive value of baseline bio-ADM and
NT-proBNP as continuous measures. Bio-ADM values imputed as half
the LLOQ were included in these models along with an indicator for
whether or not the value was below the LLOQ. Values were modelled
using restricted cubic splines with three knots, with a joint test of
the non-linear effects serving as a test of non-linearity. To illustrate
the ability of various models to discriminate between patients with
and without events, time-dependent ROC curves were estimated
using the inverse probability of censoring weighting method,'"~%!
using R package ‘timeROC?%; AUCs were estimated using
Uno's c-statistic.

The change in bio-ADM from baseline to day 90 was compared
between HIC and UC using rank ANCOVA with adjustment for
baseline bio-ADM. NT-proBNP changes were compared similarly.

Statistical analyses were performed using SAS version 9.4 (SAS
Institute, Cary, NC, USA) or with the R statistical computing software
version 4.1.1 (R Core Team 2020; R Foundation for Statistical Com-
puting, Vienna, Austria). A p-value <0.05 was considered statistically
significant.

Results

Baseline

Of the 1078 patients randomized, 1005 (93.2%) had baseline
bio-ADM, 1077 (99.9%) had baseline NT-proBNP, and 1005
(93.2%) had both values available. The median baseline concentra-
tion of bio-ADM was 20.2 (range 5—-383) pg/ml, with 267 (26.6%)
of the available values below the LLOQ. Baseline characteristics
across tertiles of bio-ADM are presented in Table 7. Patients
whose baseline bio-ADM levels were <LLOQ were more likely
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Table 1 Baseline characteristics by tertiles of biologically active adrenomedullin

Parameter Bio-ADM Bio-ADM Bio-ADM p-value for
<13.32 pg/ml 13.32-28.40 pg/ml >28.40 pg/ml trend?
(n=335) (n=335) (n=335)
Age, years 61.4 (14.76) 63.3 (13.08) 63.5 (12.97) 0.0760
Sex 0.2346
Female 145 (43.3) 116 (34.6) 130 (38.8)
Male 190 (56.7) 219 (65.4) 205 (61.2)
Self-reported race <0.0001
Black 109 (32.5) 56 (16.7) 55 (16.4)
Caucasian/White 222 (66.3) 276 (82.4) 275 (82.1)
Other 4(1.2) 3(0.9) 4(1.2)
Pacific Islander 0 (0) 0(0) 1(0.3)
Geographical region <0.0001
Europe 218 (65.1) 268 (80.0) 270 (80.6)
Non-Europe 117 (34.9) 67 (20.0) 65 (19.4)
NT-proBNP at screening, ng/L, geom. mean 5590.5 (5283.6-5915.2)  6354.2 (5975.1-6757.4)  6171.4 (5792.2-6575.3)  0.0321
(95% Cl)
History of atrial fibrillation or atrial flutter or 111 (33.1) 159 (47.5) 180 (53.7) <0.0001

present at screening
Medical history

Stroke or transient ischaemic attack 36 (10.7) 27 (8.1) 30 (9.0) 0.4380
Severe liver disease 1(0.4) 1(0.4) 3(1.7) 0.2941
Psychiatric or neurological disorder 72.1) 4(1.2) 7.1 0.9999
Malignancies 9(27) 12 (3.6) 7(2.1) 0.6385
Diabetes 75 (22.4) 90 (27.0) 127 (38.0) <0.0001
Diabetes control method
Insulin 15 (4.5) 15 (4.5) 46 (13.8) <0.0001
Diet only 49 (14.6) 52 (15.6) 88 (26.3) 0.0001
Oral antidiabetic agents 56 (16.7) 72 (21.6) 93 (27.8) 0.0006
Pulmonary embolism 9(2.7) 4(1.2) 5(1.5) 0.3098
Acute coronary syndrome 84 (25.1) 103 (30.7) 115 (34.3) 0.0090
Coronary artery bypass surgery 19 (5.7) 13 (3.9) 21 (6.3) 0.7364
Percutaneous coronary intervention 40 (12.0) 41 (12.2) 61 (18.2) 0.0207
Angina Canadian Cardiovascular Society 29 (8.7) 45 (13.5) 47 (14.0) 0.0338
class >2
Moderate or severe chronic obstructive 7(2.1) 10 (3.0) 7(2.1) 0.9999
pulmonary disease or asthma
Sustained ventricular arrhythmia (with 0(0) 0(0) 1(0.3) 0.6667
syncopal episodes in past 3 months)
Cardiac resynchronization therapy 2 (0.6) 0(0) 3(0.9) 0.7896
Automatic internal cardiac defibrillator 1(0.3) 2 (0.6) 5(1.5) 0.1275
Anaemia 106 (31.6) 74 (22.1) 94 (28.1) 0.2978
Heart failure history
History of heart failure 296 (88.4) 272 (81.2) 295 (88.1) 0.9117
NYHA class 1 month before hospital <0.0001
admission
| 7 (2.3) 30 (9.7) 16 (5.1)
Il 126 (40.9) 68 (21.9) 85 (27.2)
11l 147 (47.7) 128 (41.3) 119 (38.0)
v 28 (9.1) 84 (27.1) 93 (29.7)
Ischaemic aetiology, 136 (40.6) 163 (48.9) 181 (54.0) 0.0005
Left ventricular ejection fraction, % 36.3 (11.45) 35.2 (12.58) 36.7 (13.23) 0.8265
Left ventricular ejection fraction category 0.2124
<40% 233 (69.6) 237 (70.7) 218 (65.1)
>40% 102 (30.4) 98 (29.3) 117 (34.9)
Hospitalized for heart failure in the past year 78 (23.3) 73 (21.8) 105 (31.3) 0.0167
No. of heart failure hospitalizations in the 0.3 (0.60) 0.3 (0.55) 0.5 (1.79) 0.0160
past year
History of atrial fibrillation or atrial flutter 116 (34.6) 162 (48.4) 184 (54.9) <0.0001
Type of atrial fibrillation or atrial flutter 0.0912
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Table 1 (Continued)

Parameter Bio-ADM
<13.32 pg/ml
(n=335)
Paroxysmal 38 (33.3)
Permanent 61 (53.5)
Persistent 15 (13.2)

Baseline vital signs
Systolic blood pressure at baseline, mmHg 124.6 (14.11)
80.0 (12.23)

17.8 (2.39)

Pulse, bpm
Respiratory rate, breaths/min
Local laboratory

Haemoglobin, g/L 133.9 (17.79)

Lymphocytes, % 29.7 (9.96)
White blood cells, 10%/L 6.8 (1.75)
Glucose, mmol/L 5.9 (2.05)
Creatinine, pmol/L 101.2 (24.08)
Potassium, mmol/L 4.2 (0.45)
Sodium, mmol/L 140.2 (3.61)
Urea, mmol/L 73 (2.72)
ALT, U/L 28.6 (41.96)
Total bilirubin, pmol/L 15.8 (10.22)
Total cholesterol, mmol/L 4.5 (1.13)

NT-proBNP, ng/L, geom. mean (95% ClI)
Oral heart failure medications taken at Visit 2:
pre-randomization

ACEi/ARBs/ARN; 222 (66.5)
Beta-blockers 108 (32.3)
Mineralocorticoid receptor antagonists 320 (95.8)
Loop diuretic 323 (96.7)
Furosemide equivalence dose, mg 67.8 (52.31)

2929.3 (2758.9-3110.3)

Bio-ADM Bio-ADM p-value for
13.32-28.40 pg/ml >28.40 pg/ml trend?
(n=335) (n=1335)

40 (25.2) 35 (19.0)

93 (58.5) 120 (65.2)

26 (16.4) 29 (15.8)

121.7 (11.55) 122.3 (12.95) 0.0247
78.2 (11.47) 78.2 (11.25) 0.0640
18.5 (6.04) 18.4 (4.94) 0.0261
140.8 (20.07) 134.5 (21.32) 0.3313
27.9 (9.34) 25.4 (9.24) <0.0001
7.0 (1.78) 7.1 (2.27) 0.0914
6.2 (2.15) 6.5 (2.54) 0.0027
106.0 (27.49) 110.9 (31.46) <0.0001
4.3 (0.45) 4.2 (0.44) 0.8696
140.6 (4.30) 140.3 (4.26) 0.2369
7.9 (3.32) 8.6 (3.94) <0.0001
28.7 (27.04) 31.7 (57.91) 0.9432
17.2 (11.69) 18.7 (11.71) 0.0001
4.2 (1.06) 4.0 (1.03) <0.0001

3259.6 (3043.7-3490.7)  3402.0 (3165.1-3656.6)  0.0123

212 (63.3) 217 (64.8) 0.6474
127 (37.9) 115 (34.3) 0.5894
315 (94.0) 319 (95.2) 0.7289
323 (96.4) 316 (94.3) 0.1243
53.9 (30.85) 65.4 (50.99) 0.3098

Values are given as mean (standard deviation), or n (%), unless indicated otherwise.

ACE;j, angiotensin-converting enzyme inhibitor; ALT, alanine aminotransferase; ARB, angiotensin receptor blocker; ARNi, angiotensin receptor—neprilysin inhibitor; bio-ADM,
biologically active adrenomedullin; Cl, confidence interval; CMH, Cochran—Mantel-Haenszel; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York

Heart Association.

?Jonckheere’s trend test for continuous variables, Cochran—Armitage trend test for binary variables, CMH general association for categorical variables, and CMH non-zero

correlation for ordinal variables.

to have been recruited outside of Europe (37.5% vs. 20.2%,
p=0.050) and their stored baseline samples had almost double
the rate of overt haemolysis (5.6%) compared to patients in whom
the bio-ADM levels were>LLOQ (3.0%, p <0.0001). Patients
in the lowest bio-ADM tertile, including patients with values
< LLOQ, had bio-ADM concentration <13.32 pg/ml, the middle
tertile had bio-ADM concentrations of 13.32—-28.40 pg/ml, and
the highest tertile had bio-ADM concentrations of >28.40 pg/ml
(Table 7). Patients with the highest concentration of bio-ADM
had higher concentrations of NT-proBNP, more often a history
of atrial fibrillation and acute coronary syndrome, a higher New
York Heart Association (NYHA) class, lower lymphocyte count,
higher creatinine and urea, and a lower amount of total choles-
terol.Similar associations were found with NT-proBNP tertiles,
where patients with higher baseline concentrations had a higher
prevalence of a history of atrial fibrillation and acute coronary
syndrome, lower lymphocyte count, higher creatinine and urea,
and lower total cholesterol.> The median baseline NT-proBNP

was 2859 (range 650—9000) ng/L, with 80 (7.43%) having reported
values >9000 ng/L.

Associations between biologically active
adrenomedullin and signs and symptoms
of congestion

The association between plasma bio-ADM concentrations and
physician-assessed signs and symptoms of congestion at baseline
are presented in Table 2. Bio-ADM correlated strongly with NYHA
class (gamma 0.22, p < 0.0001), oedema (gamma 0.25, p < 0.0001)
and elevated JVP (gamma 0.24, p =0.0008), but not with rales
(gamma 0.00, p =0.99), and was inversely associated with orthop-
noea (gamma —0.14, p =0.0067). Baseline NT-proBNP correlated
strongly with NYHA class (gamma 0.23, p < 0.0001), rales (gamma
0.24, p =0.0003) and JVP (gamma 0.32, p <0.0001), but not with
orthopnoea (gamma 0.07, p=0.18) and oedema (gamma 0.08,
p=0.10) (Table 3). Similar associations were evident between

© 2024 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Table 2 Association between signs and symptoms of congestion and tertiles of biologically active adrenomedullin at
baseline

Parameter Bio-ADM Bio-ADM Bio-ADM Goodman-Kruskal p-value
<13.32 pg/ml 13.32-28.40 pg/ml >28.40 pg/ml gamma
(n=335) (n=335) (n=1335)
NYHA class 0.2222 <0.0001
| 17 (5.1) 18 (5.4) 9(2.7)
I 227 (67.8) 203 (60.6) 181 (54.0)
n 90 (26.9) 113 (33.7) 141 (42.1)
v 1(0.3) 1(0.3) 4(1.2)
Orthopnoea -0.1377 0.0067
None 177 (52.8) 226 (67.5) 217 (64.8)
1 pillow (10 cm) 149 (44.5) 99 (29.6) 99 (29.6)
2 pillows (20 cm) 927 9(27) 17 (5.1)
>30° 0 1(0.3) 2 (0.6)
Rales 0.0011 0.9887
No rales 289 (86.5) 295 (88.1) 289 (86.5)
Rales <1/3 40 (12.0) 37 (11.0) 39 (11.7)
Rales 1/3-2/3 5(1.5) 2 (0.6) 6(1.8)
Rales >2/3 0 1(0.3) 0 (0)
Oedema 0.2536 <0.0001
0 216 (64.7) 201 (60.0) 156 (46.6)
1+ 110 (32.9) 118 (35.2) 144 (43.0)
2+ 8 (2.4) 13 (3.9) 32 (9.6)
3+ 0 3(0.9) 3(0.9)
JvP 0.2359 0.0008
<6cm 273 (88.1) 265 (85.5) 238 (78.3)
6—-10cm 36 (11.6) 41 (13.2) 65 (21.4)
>10cm 1(0.3) 4(1.3) 1(0.3)

Values are given as n (%).
bio-ADM, biologically active adrenomedullin; JVP, jugular venous pressure; NYHA, New York Heart Association.

Table 3 Association between signs and symptoms of congestion and tertiles of NT-proBNP at baseline

Parameter NT-proBNP NT-proBNP NT-proBNP Goodman-Kruskal p-value
<2159 ng/L 2160-4165 ng/L >4165 ng/L gamma
(n=359) (n=359) (n=359)
NYHA class 0.2332 <0.0001
| 19 (5.3) 16 (4.5) 27 (7.5)
I 247 (68.8) 233 (65.1) 161 (45.0)
11l 90 (25.1) 107 (29.9) 167 (46.6)
v 3(0.8) 2 (0.6) 3(0.8)
Orthopnoea 0.0660 0.1778
None 225 (62.7) 223 (62.3) 213 (59.5)
1 pillow (10 cm) 128 (35.7) 123 (34.4) 121 (33.8)
2 pillows (20 cm) 4(1.1) 12 (3.4) 23 (6.4)
>30° 2 (0.6) 0(0) 1(0.3)
Rales 0.2431 0.0003
No rales 320 (89.4) 309 (86.3) 286 (80.1)
Rales <1/3 33(9.2) 46 (12.8) 60 (16.8)
Rales 1/3-2/3 5(1.4) 3(0.8) 10 (2.8)
Rales >2/3 0 (0) 0(0) 1(0.3)
Oedema 0.0770 0.1014
0 199 (55.4) 219 (61.2) 188 (52.7)
1+ 149 (41.5) 122 (34.1) 127 (35.6)
2+ 10 (2.8) 15 (4.2) 38 (10.6)
3+ 1(0.3) 2 (0.6) 4(1.1)
JvP 0.3157 <0.0001
<6cm 294 (90.2) 277 (84.7) 252 (77.5)
6—-10cm 32(9.8) 49 (15.0) 67 (20.6)
>10cm 0 (0) 1(0.3) 6(1.8)

Values are given as n (%).
JVP, jugular venous pressure; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association.
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bio-ADM, and NT-proBNP, and HF signs and symptoms at day 90
(online supplementary Tables ST and S2). The correlation between
baseline bio-ADM and NT-proBNP tertiles was modest but statis-
tically significant (gamma 0.12; p = 0.0035).

The proportion of patients whose decongestion status improved
between baseline and day 90 was associated with greater reduc-
tions in bio-ADM (gamma —0.24, p = <0.0001) (online supplemen-
tary Table $3). Among patients with residual congestion at base-
line, patients in both the highest tertile of baseline bio-ADM and
NT-proBNP were the least likely to be successfully decongested at
day 90, with independent effects of the two biomarkers (interaction
p =0.35) (online supplementary Figure ST).

The association of bio-ADM with successful decongestion at
day 90 was approximately linear (p=0.19) and did not differ
between treatment groups (p =0.54); thus, results are presented
for bio-ADM as a linear effect and for all patients combined.
The ability to discriminate between patients successfully decon-
gested at day 90 using baseline bio-ADM alone (AUC 0.5963,
95% Cl 0.5546—0.6380) was similar that with baseline NT-proBNP
alone (AUC 0.5795, 95% CI 0.5372—-0.6217) (p =0.5628), while
including both bio-ADM and NT-proBNP (AUC 0.6078, 95% ClI
0.5666—0.6490) was associated with numerically higher but not

statistically significant better discrimination than NT-proBNP alone
(p=0.15) (Figure 7).

Baseline biologically active
adrenomedullin as a predictor of clinical
outcomes

Among the 1008 patients enrolled at sites who followed patients to
day 180, 950 (94.2%), 1007 (99.9%), and 950 (94.2%) patients had
bio-ADM, NT-proBNP, and both available at baseline, respectively.
During 180 days of follow-up, 183 patients reached the primary
endpoint of all-cause death or HF readmission. Patients in the
highest tertile of bio-ADM had the highest risk of reaching the
primary endpoint (hazard ratio [HR] 2.14, 95% Cl 1.42-3.22
relative to tertile 1) while those in the lower two tertiles had
similar risks (HR 1.05, 95% CI 0.66—1.68 tertile 2 vs. 1) (Figure 2A).
Examination of the risk of the composite outcome as a function of
baseline bio-ADM as a continuous measure suggests that the risk
of experiencing the primary endpoint increased monotonically with
increasing baseline bio-ADM level (online supplementary Figure $2).
The association of baseline NT-proBNP tertiles with 180-day death
or HF readmission showed a similar pattern, with similar risks in

— Bio-ADM: 0.5963 (0.5546, 0.6380)
—— NT-proBNP: 0.5795 (0.5372, 0.6217)
—— Bio-ADM+NT-proBNP: 0.6078 (0.5666, 0.6490)
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Figure 1 Receiver-operating characteristic curves comparing the ability of baseline biologically active adrenomedullin (bio-ADM), N-terminal
pro-B-type natriuretic peptide (NT-proBNP), and their combination to predict successful decongestion at day 90. AUC, area under the

receiver-operating characteristic curve; Cl, confidence interval.
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Figure 2 Kaplan—Meier estimates of cumulative incidence of (A) all-cause death or heart failure readmission by day 180 by tertiles of
biologically active adrenomedullin (bio-ADM), (B) heart failure readmission by day 180 by tertiles of bio-ADM, (C) all-cause death or heart
failure readmission by day 180 by tertiles of N-terminal pro-B-type natriuretic peptide (NT-proBNP), and (D) heart failure readmission by day

180 by tertiles of NT-proBNP. Cl, confidence interval; HR, hazard ratio.

the lower two tertiles (<4165 pg/L) and higher risk among patients
in the highest tertile of NT-proBNP (>4165 pg/L) (Figure 2C). Taken
together, patients in the highest tertile of baseline bio-ADM and
NT-proBNP had the highest risk of the primary outcome, with
independent effects of the two biomarkers (interaction p =0.63)
(online supplementary Figure S3A).

The associations of baseline bio-ADM and NT-proBNP with
the primary composite outcome were not statistically significantly
non-linear (p=0.26 and 0.94, respectively), and were therefore
modelled as linear relationships. The individual associations of
baseline bio-ADM and NT-proBNP with 180-day death or HF
readmission did not differ significantly between HIC and UC
(interaction p=0.28 and 0.85, respectively); thus, ROC curves
are presented among all patients combined (Figure 3A). In a
model including both biomarkers as predictors, the associa-
tion of either biomarker did not depend significantly on the
level of the other biomarker (interaction p=0.091), and in a

model not including the interaction, the effects of both baseline
bio-ADM (p =0.041) and baseline NT-proBNP (p <0.0001) were
statistically significant, indicating that each contributes to the
predictive ability of the model. The AUCs were 0.5977 (95% ClI
0.5561-0.6393), 0.5800 (95% CI 0.5356—0.6243), and 0.6159
(95% CI 0.5711-0.6607) for bio-ADM, NT-proBNP and their
combination, respectively (Figure 3A). Baseline bio-ADM alone did
not show better discrimination compared to NT-proBNP alone
(p=0.52). The combination of markers did not provide signifi-
cantly better discrimination than bio-ADM alone (p=0.20) but
showed discrimination superior to NT-proBNP alone (p =0.059).
Examination of the AUCs for the endpoint over time indicate
that the discrimination was strongest for earlier events before
day 50 (online supplementary Figure S4A), with bio-ADM having
slightly greater ability than NT-proBNP to discriminate between
patients with and without early events (online supplementary
Figure S5A).

© 2024 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 3 Receiver-operating characteristic curves comparing the ability of baseline biologically active adrenomedullin (bio-ADM), N-terminal
pro-B-type natriuretic peptide (NT-proBNP), and their combination to predict (A) death or heart failure readmission by day 180, and (B) heart
failure readmission by day 180. AUC, area under the receiver-operating characteristic curve; Cl, confidence interval.

Table 4 Change in biologically active adrenomedullin from baseline to day 90 by treatment group

Bio-ADM (pg/ml) High-intensity

care (n=542)

Baseline

n 436

Mean (SD) 30.1 (34.86)

Median (min—max) 20.4 (5-370)
Day 90

n 436

Mean (SD) 27.6 (33.94)

Median (min—max) 17.3 (5-288)
Change from baseline to day 90

n 436

Mean (SD) —-2.5(37.01)

Median (min—max) 0.0 (—344 to 227)
p-value* 0.2689

Usual care Total (n=1078)
(n=536)

435 871

28.4 (30.99) 29.3 (32.98)

19.6 (5-290) 20.0 (5-370)

435 871

28.9 (36.15) 28.3 (35.05)

17.8 (5-374) 17.6 (5-374)

435 871

0.5 (32.05) —1.0 (34.63)

0.0 (—245 to 323) 0.0 (—344 to 323)

Summary statistics presented for subjects with both an available baseline and day 90 bio-ADM value.

bio-ADM, biologically active adrenomedullin; SD, standard deviation.
*p-value from rank ANCOVA with baseline bio-ADM as a covariate.

Results for HF readmission by day 180 reflected the same
pattern as for the composite endpoint. Patients in the tertile
with the highest concentration of bio-ADM had the highest risk
of HF readmission by day 180 (HR 2.33 relative to tertile 1)
with patients in the lower two tertiles exhibiting similar risk
(p=0.0019 comparing the three tertiles) (Figure 2B). Similarly,
the risk of HF readmission was highest in the highest baseline
NT-proBNP tertile, while risks in the lower two thirds were
similar (Figure 2D). As a continuous measure, risk of HF readmis-
sion by day 180 appeared to increase monotonically with baseline
bio-ADM (online supplementary Figure S2B). Taken together,
patients in the highest tertile of bio-ADM and highest tertile of
NT-proBNP had the highest risk for rehospitalization at 180 days

(online supplementary Figure S3B), with independent effects of the
two biomarkers (interaction p = 0.42).

Similar to results for the composite endpoint, associations of
baseline bio-ADM and NT-proBNP with 180-day HF readmission
were approximately linear and did not differ between treat-
ment groups (p=0.61 and 0.94, respectively). The bio-ADM-by-
NT-proBNP interaction was not statistically significant (interaction
p =0.092), and in a model including both biomarkers but excluding
the interaction, the effect of bio-ADM did not contribute sig-
nificantly (p=0.070) to NT-proBNP (p=0.0312). The AUCs
for the endpoint through 180days were 0.5984 (95% ClI
0.5485-0.6483), 0.5610 (95% CI 0.5174-0.6046), and 0.6019
(95% Cl 0.5485-0.6553) for bio-ADM, NT-proBNP and their
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Table 5 Change in NT-proBNP from baseline to day 90 by treatment group

NT-proBNP (pg/ml) High intensity

care (n=542)

Baseline
n 476
Mean (SD) 3714.2 (2290.13)
Median (min—max) 2803.5 (725—-9000)
Day 90
n 476
Mean (SD) 2287.9 (2402.61)

Median (min—max)
Change from baseline to day 90

1376.5 (38—9000)

n 476

Mean (SD) —1426.3 (2620.91)

Median (min—max) —1301.0 (—8892 to 7790)
p-value* 0.0003

Usual care Total
(n=536) (n=1078)
475 951

3631.7 (2236.44)
2846.0 (650—9000)

3673.0 (2262.66)
2811.0 (650-9000)

475 951
2709.8 (2571.78) 2498.6 (2496.17)
1823.0 (49-9000) 1554.0 (38—9000)

475 951
—921.9 (2794.17) —1174.4 (2719.14)
—962.3 (8823 to 7674) —1143.0 (—8892 to 7790)

Summary statistics presented for subjects with both an available baseline and day 90 NT-proBNP value. Values truncated at 9000 pg/ml.
bio-ADM, biologically active adrenomedullin; NT-proBNP, N-terminal pro-B-type natriuretic peptide; SD, standard deviation.

*p-value from rank ANCOVA with baseline bio-ADM as a covariate.

combination, respectively (Figure 3B). There was not a significant
difference in AUCs between bio-ADM and NT-proBNP (p =0.26)
nor for the combined markers compared to bio-ADM alone
(p=0.84) with similar results as were seen for the composite
endpoint. As for the primary endpoint, AUCs for the endpoint
over time indicate that association was strongest for earlier events
(online supplementary Figure $S4B), with bio-ADM having greater
ability than NT-proBNP to discriminate between patients with and
without early events (online supplementary Figure S5B).

Responsiveness of biologically active
adrenomedullin to treatment

High-intensity care was shown to significantly improve signs and
symptoms of congestion including oedema, JVP, and NYHA class,
as well as to reduce the 90-day change in NT-proBNP when
analysed using ANCOVA on log-transformed values.™ While the
level of bio-ADM also numerically decreased more in the HIC than
in the UC group between baseline and day 90, the difference did
not reach statistical significance (p=0.27) (Table 4). Comparing
treatment groups with respect to the change in NT-proBNP
using the same statistical methodology confirms that NT-proBNP
decreased more in patients assigned to HIC than those assigned
to UC (p=0.0003) (Table 5).

Potential modification of high-intensity
care effect by baseline biomarker level

As was the case for baseline NT-proBNP?® baseline bio-ADM did
not significantly influence the effect of HIC on the composite of
180-day all-cause mortality or HF hospitalization examined either
grouped in tertiles (interaction p=0.21; online supplementary
Figure S6A) or as a continuous measure (interaction p = 0.37; online
supplementary Figure S7A). The effect of HIC relative to UC on HF
hospitalization also did not vary significantly by baseline bio-ADM

level, considered either in tertiles (interaction p=0.85, online
supplementary Figure S7) or as a continuous measure (interaction
p =0.66; online supplementary Figure S7B).

Discussion

In this analysis, we examined the predictive value of bio-ADM
as a congestion marker for short-term rehospitalization and
decongestion following discharge from a hospitalization for acute
HF. The novelty of this study is the additional information bio-ADM
provides as compared to NT-proBNP and the behaviour of these
biomarkers during rapid up-titration of GDMT.

Baseline characteristics and correlations

The levels of bio-ADM in the current study were lower than those
reported in other HF studies.”>** The possible reasons for this
difference are multifactorial. First, the assay used in the current
study differed from that used in other studies, with a LLOQ of
10.8 pg/ml compared to 2—3 pg/ml in previous studies. Second, a
large proportion of patients (26.6%) had pre-discharge (baseline)
bio-ADM levels < LLOQ. This is potentially related to the higher
LLOQ of the assay used in the study but might also reflect issues
with sample handling, as a higher proportion of patients with
bio-ADM < LLOQ were recruited outside of Europe or their
samples had overt haemolysis. In this analysis we found that
patients in the highest tertile of bio-ADM have significantly more
severe signs and symptoms of HF, with the exception of rales. This
is consistent with other literature, as bio-ADM has been shown to
be associated with vascular leakage and systemic and pulmonary
oedema and has been found to be elevated in a sub-analysis of
BIOSTAT-CHF and PROTECT'>?* and is in line with the current
theory reviewed by Boorsma et al’” that bio-ADM is strongly
related to tissue congestion, while NT-proBNP is more related to
intravascular congestion. Of note, both biomarkers correlated with
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85U8017 SUOWILLOD BATER1D 3(dedl|dde ay) Aq peusenob a1e sspie YO ‘8sn JO S9N 1o} ARIqiT8ulIuO 43I\ UO (SUONIPUCD-PUR-SLLIBYLID"AB| 1M AlRIq 1 BU1UO//SANY) SUORIPUOD PUe SWB | 841 88S *[7202/80/ZT] U0 ArigITauliuO A8|IM ‘e itenyiiaueyood Aq 9EEE JUB/Z00T OT/10p/uoo" A3 |1M Akeiq 1 |BulUo//Sdny Woly pepeojumod ‘L ‘¥20Z ‘77806.8T



1490

G. Voordes et al.

NYHA class and JVP at baseline, but only bio-ADM (in contrast to
NT-proBNP) correlated with peripheral oedema and orthopnoea,
which further supports this concept. Importantly, the residual
dyspnoea (orthopnoea) has been shown to be associated with
poor outcome and counterintuitively was not a ‘simple’ reflection
of pulmonary rales.> On the other hand, NT-proBNP correlated
with lung congestion (rales), unlike bio-ADM. Interestingly, the
tertiles of bio-ADM did not show a correlation with left ventricular
ejection fraction.

Additive value of biologically active
adrenomedullin to NT-proBNP

Pre-discharge concentrations of bio-ADM and NT-proBNP levels
were weakly but significantly correlated. Bio-ADM was associated
with both signs of congestion at baseline, a few days before
discharge from an acute HF hospitalization, and at day 90. Both
NT-proBNP and bio-ADM were associated with better deconges-
tion at day 90; however, the associations were comparable and the
combination of bio-ADM and NT-proBNP did not add significantly
to the information obtained by either biomarker alone. Patients
with the highest baseline bio-ADM levels were at the highest risk of
the primary endpoint of 180-day all-cause mortality or HF hospi-
talization and 180-day HF hospitalization. This is similar to findings
from BIOSTAT-CHF, PROTECT and in the OptimaCC trial.’" 526
Patients with higher bio-ADM are generally sicker patients, show-
ing more signs and symptoms of HF, which might partly explain
the increased mortality and rehospitalization risk. The risk was
especially high in patients with bio-ADM in the upper tertile,
whose bio-ADM levels were mostly above the 97.5th percentile
of healthy volunteers, suggesting that a cut-off of 29 pg/ml may be
considered as a marker of higher risk for acute HF patients. Such
elevated baseline bio-ADM might be a sign of limited response to
treatment and/or signs of residual congestion. Since these patients
are at the highest risk of all-cause mortality or HF hospitalization,
they might benefit from more regular or intensive follow-up. The
discriminative value for both HF readmission or death at 180 days
or HF readmission alone at 180 days was similar for bio-ADM and
NT-proBNP; however, there was a trend towards better discrim-
ination when bio-ADM and NT-proBNP were combined. Both
biomarkers had modest associations with these outcomes, with
AUCs around 0.6. This result is in line with previous studies exam-
ining the role of biomarkers in the risk stratification of patients
after an acute HF admission.”’ The reasons for such modest
associations are not known; however, it is possible that congestion
by itself is a symptom of HF but not its main pathophysiological
cause and, therefore, the presence of congestion is not a strong
predictor of adverse outcomes post-discharge from an acute HF
admission.”® Hence, bio-ADM and NT-proBNP, which are mark-
ers of congestion, are equally only modest predictors of adverse
outcomes. This issue is compounded by the fact that HF readmis-
sions are not always determined only by HF severity and some
are related to socioeconomical and other non-cardiovascular
causes (such as frailty) further reducing the association
between congestion and its markers and outcomes after
acute HF?®

Effect of rapid guideline-directed medical
therapy up-titration

Although both bio-ADM and NT-proBNP decreased significantly
during follow-up and numerically more so in the HIC arm, the
effect of rapid up-titration of GDMT on bio-ADM levels did not
reach statistical significance while the effect on NT-proBNP was
highly statistically significant. There was no interaction between
the level of bio-ADM at baseline and the effect of HIC. These
observations are important, suggesting that serial measurements
of NT-proBNP but not bio-ADM may be of value in the follow-up
of patients during the post-acute HF period, especially when rapidly
up-titrating GDMT.

Limitations

The current analysis is limited by the number of patients enrolled
in the STRONG-HF study. This may render some of the analysis
underpowered, especially tests of interactions and tests comparing
the predictive value of bio-ADM, NT-proBNP and their combina-
tion on outcomes and decongestion.

Conclusion

Bio-ADM is a marker of (residual) tissue congestion and is asso-
ciated with early and mid-term congestion as well as with HF
hospital readmission or death after hospitalization for acute HF,
particularly HF readmissions. Bio-ADM measurement adds prog-
nostic information as compared to NT-proBNP alone, especially
with regard to 180-day HF readmission or death. The effects of
HIC on all-cause death and early rehospitalization is independent
of baseline bio-ADM.

Supplementary Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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