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Abstract

Aims No biomarker has achieved widespread acceptance as a surrogate endpoint for early-phase heart failure (HF) trials. We
assessed whether changes over time in a panel of plasma biomarkers were associated with subsequent morbidity/mortality in
HF with reduced ejection fraction (HFrEF).
Methods and results In 1040 patients with HFrEF from the BIOSTAT-CHF cohort, we investigated the associations between
changes in the plasma concentrations of 30 biomarkers, before (baseline) and after (9 months) attempted optimization of
guideline-recommended therapy, on top of the BIOSTAT risk score and the subsequent risk of HF hospitalization/all-cause mor-
tality using Cox regression models. C-statistics were calculated to assess discriminatory power of biomarker changes/month-
nine assessment. Changes in N-terminal pro-B-type natriuretic peptide (NT-proBNP) and WAP four-disulphide core domain
protein HE4 (WAP-4C) were the only independent predictors of the outcome after adjusting for their baseline plasma concen-
tration, 28 other biomarkers (both baseline and changes), and BIOSTAT risk score at baseline. When adjusting for month-nine
rather than baseline biomarkers concentrations, only changes in NT-proBNP were independently associated with the outcome.
The C-statistic of the model including the BIOSTAT risk score and NT-proBNP increased by 4% when changes were considered
on top of baseline concentrations and by 1% when changes in NT-proBNP were considered on top of its month-nine concen-
trations and the BIOSTAT risk score.
Conclusions Among 30 relevant biomarkers, a change over time was significantly and independently associated with HF
hospitalization/all-cause death only for NT-proBNP. Changes over time were modestly more prognostic than baseline or
end-values alone. Changes in biomarkers should be further explored as potential surrogate endpoints in early phase HF trials.

Keywords Biomarkers; Surrogate endpoint; Surrogate outcome; Heart failure with reduced ejection fraction; Phase 2; Randomized
trial

Received: 20 December 2021; Revised: 4 March 2022; Accepted: 14 March 2022
*Correspondence to: Gianluigi Savarese, Department of Medicine, Cardiology Unit, Karolinska Institutet, Karolinska University Hospital, S1:02 171 77 Stockholm, Sweden.
Email: gianluigi.savarese@ki.se
†
These authors contributed equally as first authors.

ORIG INAL ART ICLE

© 2022 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

ESC HEART FAILURE
ESC Heart Failure 2022; 9: 2107–2118
Published online 6 April 2022 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/ehf2.13917

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited and is not used for commercial purposes.

mailto:gianluigi.savarese@ki.se
http://creativecommons.org/licenses/by-nc/4.0/


Introduction

Development of therapeutic interventions for heart failure
(HF) is a long and expensive process. In order to justify invest-
ment in large randomized controlled trials (RCT) for regulatory
approval, and to inform guidelines and clinical practice, novel
interventions need to show sufficient effect on surrogate end-
points in phase II RCTs. Indeed, a surrogate endpoint will often
lie on the pathway between the disease and the outcome, and
thus, changes induced by a therapy, for example, changes in a
biomarker concentration over time, might predict an effect on
clinically relevant endpoints in subsequent larger trials.

Currently, there are no accepted surrogate endpoints for
HF trials, although N-terminal pro-B-type natriuretic peptide
(NT-proBNP) is often used.1,2 Although several phase II RCTs
interventions were effective on chosen surrogate endpoints,
subsequent phase III RCTs have been neutral.3 This is for ex-
ample the case of pulmonary capillary wedge whose de-
creased values following the treatment with nesiritide did
not translate into an effect of the drug in phase III trials, or
exercise duration and peak oxygen consumption that were
improved by exercise training which did not reduce the risk
of death or hospitalizations later in phase III.3 Many studies
have identified biomarkers that as snap-shot values predict
subsequent outcomes, but there is a lack of biomarkers that
are known to both change during therapy and where this
change is associated with outcomes, although the totality of
the evidence suggests that this may be the case for changes
in NT-proBNP in PARAMOUNT [sacubitril-valsartan in HF with
preserved ejection fraction (HFpEF)] and PIONEER [sacubitril-
valsartan in hospitalized HF with reduced EF (HFrEF)].4,5 The
identification of easily measured, reproducible, and broadly
available biomarkers as surrogate endpoints, where a
favourable change in the biomarker reflects a treatment ef-
fect and thus a better outcome, should improve and expedite
the design and development of phase II trials, improve confi-
dence among funders of both phase II and III trials, and ulti-
mately provide more therapeutic options and benefits to
patients.

Therefore, the aim of this analysis was, for multiple circu-
lating biomarkers, to assess whether and to what extent
changes over time predict subsequent HF hospitalization
and all-cause mortality in HFrEF and thus whether these bio-
markers may serve as feasible surrogate endpoints in HFrEF
phase II trials.

Methods

Study protocol and setting

We studied patients from the prospective BIOSTAT-CHF study
that enrolled 2516 patients in 11 European countries.6

Inclusion criteria were (i) age ≥18 years; (ii) symptoms of
new-onset or worsening HF; (iii) objective evidence of cardiac
dysfunction documented either by EF ≤ 40% or plasma con-
centrations of BNP and/or NT-proBNP >400 or >2000 ng/L,
respectively; (iv) treatment with either oral or intravenous fu-
rosemide ≥40 mg/day or equivalent at the time of inclusion;
(v) not previously treated with angiotensin-converting en-
zyme inhibitors/angiotensin receptor antagonists and beta-
blockers or receiving ≤50% of target doses of these drugs at
the time of inclusion; and (vi) be anticipated to be initiated
or uptitrated with angiotensin-converting enzyme inhibi-
tors/angiotensin receptor antagonists and/or beta-blockers
by the treating physician.

Patients were enrolled between December 2010 and
December 2012. At baseline, medical history, current use of
medication, physical examination, and data on quality of life
were recorded, and plasma, serum, and urine were sampled.
Echocardiographic exam was recommended but not compul-
sory. Investigators and participants were asked to optimize
HF treatments according to the 2012 European Society of Car-
diology guidelines.7 At 9 months, all clinical and laboratory as-
sessments were repeated. Patients were then followed-up till
1 April 2015. The primary outcome was time to first of HF hos-
pitalization or all-cause death. HF hospitalizations were re-
ported by sites but not adjudicated.

The study complied with the Declaration of Helsinki. The
local ethics committee approved the research protocol, and
all patients provided written informed consent.

Patients and biomarkers

In the current analysis, only patients with HFrEF (EF ≤ 40%)
and biomarker measurements at both baseline and
month-nine were included.

N-terminal pro-B-type natriuretic peptide was measured
by sandwich electrochemiluminescence immunoassay
(Cobas, Roche). Galectin-3, myeloperoxidase (MPO), and
neutrophil gelatinase-associated lipocalin (NGAL) were mea-
sured using sandwich enzyme-linked immunosorbent assays
(ELISA) on a microtitre plate; angiogenin and C-reactive pro-
tein (CRP) were measured using competitive ELISAs on a
Luminex® platform (Alere Inc., San Diego, CA, USA); D-dimer,
endothelial cell-selective adhesion molecule (ESAM), growth
differentiation factor 15 (GDF-15), lymphotoxin beta recep-
tor (LTBR), mesothelin, neuropilin, N-terminal pro C-type na-
triuretic peptide (NT-proCNP), osteopontin, procalcitonin,
pentraxin-3, periostin, polymeric immunoglobulin receptor
(PIGR), pro-adrenomedullin (proADM), prosaposin B, recep-
tor for advanced glycation end-products (RAGE), soluble
ST-2 (sST-2), syndecan-1, tumour necrosis factor alpha re-
ceptor 1 (TNFR-1), Troy, vascular endothelial growth recep-
tor 1 (VEGFR-1), and WAP four-disulphide core domain
protein HE4 (WAP-4C) were measured using sandwich
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ELISAs on a Luminex® platform (Alere Inc., San Diego, CA,
USA). Atrial natriuretic peptide and BNP were also measured
using Luminex multiplexed bead-based immunoassays at
Alere (San Diego, California). These research assays have
not been standardized to the commercialized assays used
in research or in clinical use. Further, the extent to which
each Alere™ assay correlates with the commercial assay is
not fully characterized.

Statistical analyses

Baseline characteristics were reported as frequencies (per-
centages) if categorical and as median (interquartile range)
if continuous. Median biomarker concentrations at
baseline versus month-nine were compared by the
Wilcoxon-Mann–Whitney test. A P-value <0.05 was consid-
ered statistically significant. As index date (start of the fol-
low-up) for the outcome analysis we considered the date of
the second biomarker measurements (at 9 months from
baseline), that is, potential HF hospitalization occurred be-
tween the baseline and the month-nine biomarker measure-
ments were not considered.

Changes in plasma concentrations of biomarkers were in-
cluded in the analyses as the per cent change between the
two consecutive measurements (% Δ biomarker
concentrations = [month-nine biomarker concentration �
baseline biomarker concentration]/baseline biomarker con-
centration*100). Changes in biomarkers concentrations were
modelled as a quantitative predictor of outcome, accounting
for both negative and positive changes. Specifically, we used
restricted cubic splines to flexibly model potential nonlinear-
ity (three knots at fixed percentiles). The associations be-
tween changes in biomarkers and the outcome from the
month-nine measurement was assessed by Cox proportional
regressions according to two different sequential models.

• In Model 1, which was performed separately for each bio-
marker, we included the change in biomarker concentra-
tions from baseline to month-nine, the log baseline
concentrations of the biomarker and the compact BIOSTAT
risk score for 2 year HF hospitalization and all-cause
mortality.8 This risk score included age, previous HF hospi-
talization in the last year, peripheral oedema, systolic
blood pressure, estimated glomerular filtration rate, log
blood urea nitrogen, log NT-proBNP, haemoglobin, so-
dium, high density lipoprotein cholesterol and
beta-blocker use at baseline.8 Adjustment for multiple
testing with the Holm method was used.9

• In Model 2, we assessed which changes in biomarkers
were independently associated with prognosis by using a
stepwise backward model (Wald test P < 0.05). In this
model, we included those biomarkers whose changes in
concentrations were associated with the risk of outcome

with P-value <0.10 after Holm correction in Model 1. Var-
iance inflation factor (VIF) was used to test for
multi-collinearity among biomarkers and whether a pair
of biomarkers was highly correlated (VIF > 10), we in-
cluded only one of the biomarkers in the multivariable
model.

The discriminatory power for biomarkers was assessed by C-
statistic.

To assess whether changes in biomarkers’ concentrations
predicted prognosis on top of the month-nine concentra-
tions, we repeated all the analyses adjusting for the BIOSTAT
risk score and for month-nine rather than baseline bio-
markers’ concentrations. More specifically:

• Model 3 included changes in biomarkers from baseline to
month-nine, the log month-nine concentrations of the bio-
marker and the compact BIOSTAT risk score;

• Model 4 included those biomarkers whose changes
in concentrations were associated with the risk of
outcome with P-value <0.10 after Holm correction in
Model 3.

We excluded 240 patients who died before the month-nine
follow-up and 494 patients who were followed for 9 months
but did not have biomarkers measured at this time.

In order to evaluate the presence of a potential mortality
bias, in a sensitivity analysis, we compared characteristics of
patients who did have repeated measurements versus those
who did not.

All statistical analyses were run by R version 3.5.1.

Results

Of 2516 patients enrolled in BIOSTAT-CHF, 1040 had HFrEF
and repeated biomarker measurements (i.e. at baseline and
month-nine) considered for the current analysis (Supporting
Information, Figure S1).

Table 1 reports patient characteristics. Median age was 67
[IQR: 59–76] years and 23% were female.

Table 2 reports median [interquartile range (IQR)] baseline
and month-nine biomarkers concentrations, together with
the absolute and per cent variations in concentrations be-
tween the two assessments. In particular, median concentra-
tions of 1 of 30 biomarkers did not significantly change over
the time, 8 of 30 showed a significant decrease and 21 of
30 an increase in median concentrations.

Figure 1 shows the Spearman correlation matrix of the per
cent changes in each biomarker versus all others. NT-proBNP
and atrial natriuretic peptide (ANP) were highly correlated
with BNP.
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Prognostic impact of changes in biomarkers
concentrations (central figure)

Over a median follow-up of 1.17 [IQR: 0.74–1.57] years after
the month-nine assessment, 214 of 1040 (20.6%; 17.5 per
100 patient-years) patients had a hospital admission for HF
(110 patients) or died for any cause (141 patients).

In Model 1, after adjusting for baseline biomarker concen-
trations and the BIOSTAT risk score, decreases in concentra-
tions of 22 of 30 biomarkers were individually associated with
a lower risk of an adverse outcome [ANP, BNP, C-reactive
protein (CRP), D-dimer, Galectin-3 (GAL-3), Growth differenti-
ation factor (GDF-15), Mesothelin, NT-proBNP, N-terminal
pro-C-type natriuretic peptide (NT-proCNP), Neuropilin,
Osteopontin, Procalcitonin (PCT), Pentraxin-3, Polymeric im-
munoglobulin receptor (PIGR), Pro-adrenomedulin (proADM),
Receptor for advanced glycation end product (RAGE), Soluble
ST2 (sST2), Syndecan-1, Troy, Tumour necrosis factor-receptor
1α (TNF-R1α), Vascular endothelial growth receptor-1
(VEGFR-1) and WAP 4-disulphide core domain protein HE
(WAP-4C)] (Supporting Information, Figure S2). In contrast,
changes in Angiogenin, Cystatin-c, Endothelial cell selective

adhesion molecule (ESAM), Lymphotoxin β receptor (LTβR),
myeloperoxidase (MPO), neutrophil gelatinase associated
lipocalin (NGAL), Periostin and Prosaposin-β (PSAP-β) did
not predict subsequent outcomes (Supporting Information,
Figure S3).

Model 2 included changes in all the biomarkers that
were associated with prognosis in Model 1 with a P-value
<0.1, together with their baseline concentrations and the
BIOSTAT risk score. The full model was reduced to the final
model based on P-value <0.05 to include changes in ANP,
TNFR1α, NT-proBNP, and WAP-4C, together with their base-
line concentration and the BIOSTAT risk score. We excluded
TNFR1α from the final model as it showed multi-collinearity
based on the VIF. Subsequently, ANP was not significantly
associated with HF hospitalization/all-cause death. There-
fore, only decreases in concentrations of NT-proBNP and
WAP-4C were independently associated with lower risk of
outcome (Figure 2).

Analyses were repeated adjusting for month-nine rather
than baseline biomarker concentrations. Biomarkers, which
entered Model 4 since their changes were associated with
prognosis on top of month-nine concentration and BIOSTAT

Table 1 Patient characteristics at baseline and at month nine

Baseline Month 9 P-value N missing baseline N missing 9 months

Demographics
Age (years) 67 [59–76] 68 [60–76] <0.0001 0 0
Women (%) 23 - - 0 0
Previous hospitalization (%) 31 - - 0 0

Clinical measurements
BMI (kg/m2) 27 [24–31] 27 [24–31] 0.45 5 17
eGFR (mL/min/1.73 m2) 63 [47–80] 58 [43–78] <0.0001 64 264
Hb (g/dL) 14 [12–15] 13 [12–14] 0.0009 93 342
Heart rate (b.p.m.) 75 [66–88] 70 [61–80] <0.0001 1 8
SBP (mmHg) 120 [110–139] 120 [110–139] 0.56 2 8
DBP (mmHg) 75 [70–84] 75 [68–80] 0.002 2 9
MAP (mmHg) 91 [83–100] 90 [83–100] 0.03 2 9
NYHA [Class III/IV (%)] 57 24 <0.0001 19 15

Co-morbidities (%)
Smoking 15 - - 1 -
Hypertension 59 - - 0 -
Atrial fibrillation 41 - - 0 -
COPD 16 - - 0 -
Diabetes 30 - - 0 -
Myocardial infarction 36 - - 0 -
Stroke 9 - - 0 -
PAD 9 - - 0 -
Renal disease 21 - - 0 -

Medication use
Beta-blocker (%) 85 94 <0.0001 0 0
Beta-blocker % target dose [median (IQR)] 25 [6–50] 27 [13–50] <0.0001 0 0
RASi (%) 77 92 <0.0001 0 0
RASi % target dose [median (IQR)] 25 [13–50] 50 [25–100] <0.0001 0 0
Digoxin (%) 18 18 0.99 0 2
MRA (%) 54 60 0.0003 0 2
Loop diuretics (%) 100 91 <0.0001 0 2
Device therapy [ICD or CRT (%)] 17 - - 0 -

Categorical variables are reported as percentages; continuous variables as median [interquartile range].
BMI, body mass index; COPD, chronic obstructive pulmonary disease; CRT, cardiac resynchronization therapy; DBP, diastolic blood pres-
sure; eGFR, estimated glomerular filtration rate; Hb, haemoglobin; ICD, implantable cardioverter defibrillator; MAP, mean arterial pres-
sure; MRA, mineralocorticoid receptor antagonist; NYHA, New York Heart Association; PAD, peripheral artery disease; RASi, renin-
angiotensin-system; SBP, systolic blood pressure.
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risk score in Model 3 (with a P-value <0.10), were ANP, BNP,
and NT-proBNP (Supporting Information, Figure S4), whereas
changes in other biomarkers did not predict the outcome af-
ter adjustment for their respective month-9 concentrations
(Supporting Information, Figure S5). In Model 4, only de-
creasing concentrations in NT-proBNP were independently
associated with lower risk of outcome (BNP was collinear
with both NT-proBNP and ANP and therefore did not enter
the final model) (Figure 2).

Discriminative power

A model fitted with only the BIOSTAT risk score at baseline,
that is, testing the association between the risk score (which
includes NT-proBNP) at baseline and the outcome from

month-nine, not adjusting for baseline biomarkers or changes
in biomarkers, resulted in a C-statistic of 0.66 for time to HF
hospitalization or any death. Table 3 shows the C-statistics
of models assessing the associations between single and all
biomarker concentrations at baseline only, and the outcome,
adjusting for the BIOSTAT risk score (left column), and of
models assessing associations between changes in single
and all biomarkers and the outcome, adjusting for the
BIOSTAT risk score and baseline biomarker concentrations
(right column, Model 1). Adding only the baseline biomarkers
concentrations to the BIOSTAT risk score did not change the
C-statistic for prediction of HF hospitalization or any death.
However, adding changes in biomarker concentrations over
time did slightly increase the predictive ability of the model
for most of the investigated biomarkers. The C-statistic for
Model 2 including all significant biomarkers from Model 1

Table 2 Biomarker measurements at baseline and at month nine, absolute and per cent changes over time

In red: changes in biomarkers associated with worse outcome in our analysis. In green: changes in biomarkers associated with better out-
come in our analysis.
ANP, atrial natriuretic peptide; CRP, C-reactive protein; ESAM, endothelial cell-selective adhesion molecule; GAL-3, galectin-3; GDF-15,
growth differentiation factor; LTβR, lymphotoxin β receptor; MPO, myeloperoxidase; NGAL, neutrophil gelatinase-associated lipocalin;
NT-proBNP, N-terminal pro-B-type natriuretic peptide; NT-proCNP, N-terminal pro-C-type natriuretic peptide; PCT, procalcitonin; PIGR,
polymeric immunoglobulin receptor; proADM, pro-adrenomedulin; PSAP-β, prosaposin-β; RAGE, receptor for advanced glycation end
product; sST2, soluble ST2; TNF-R1α, tumour necrosis factor-receptor 1α; VEGFR-1, vascular endothelial growth receptor; WAP-4C, WAP
4-disulphide core domain protein HE.
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was 0.71, while the best C-statistic was obtained in the model
including only the significant biomarkers from Model 2, that
is, WAP-4C and NT-proBNP, with a C-statistic of 0.72.

Table 4 shows the C-statistics of models including only the
month-nine biomarker concentrations and of the models in-
cluding the change in biomarker adjusted for month-nine bio-
marker concentrations (Model 3) and the BIOSTAT risk score.
When month-nine concentrations were added to the
BIOSTAT risk score, the C-statistic for prediction of HF hospi-
talization or any death increased. Adding changes in bio-
markers concentrations limitedly affected C-statistic (Model
3). The C-statistic for Model 4, including all the significant bio-
markers from Model 3 with a P-value <0.10, that is, NT-
proBNP, ANP, and BNP, was slightly higher compared with
the individual C-statistics from Models 3 and was 0.71, while
it was 0.72 whether only ANP and NT-proBNP were
considered.

Sensitivity analysis

Supporting Information, Table S1 shows the comparison of
baseline characteristics between patients with versus without
repeated biomarker measurements. Those who had only one
measurement were generally older, more often had NYHA
class III/IV, device therapy, previous hospitalization in the last
year, higher NT-proBNP concentrations, and more often had
comorbidities and lower use of beta-blockers and renin-angio-
tensin-system inhibitors.

Discussion

In patients with HFrEF in BIOSTAT-CHF, which included pa-
tients with worsening symptoms and indications for initiation

Figure 1 Spearman correlation matrix for the per cent change in biomarker levels from baseline to month nine. BMI, body mass index; COPD, chronic
obstructive pulmonary disease; CRT, cardiac resynchronization therapy; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; Hb,
haemoglobin; ICD, implantable cardioverter defibrillator; MAP, mean arterial pressure; MRA, mineralocorticoid receptor antagonist; NYHA, New York
Heart Association; PAD, peripheral artery disease; RASi, renin-angiotensin-system; SBP, systolic blood pressure.
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and/or uptitration of guidelines recommended medical ther-
apy, changes in concentrations of NT-proBNP and WAP-4C
over the subsequent 9 months were independently associ-
ated with a reduced risk of subsequent hospitalization for
HF or all-cause mortality, after adjusting for their baseline
concentrations and other patient characteristics (in the form
of the BIOSTAT risk score). Including changes in these bio-
markers on top of baseline biomarker concentrations and
the BIOSTAT risk score improved the discriminatory power
from a C-statistic of 0.66 to 0.72. This may at a first glance
not appear any better than that of many single measurement
or composite biomarkers or risk scores (C-statistics generally
in the low 0.70’s in HF). However, it is notable that changes in
biomarkers could achieve C-statistics above 0.70 on top of
baseline biomarkers and risk score. Furthermore, a change
over time of a biomarker may be the best surrogate to reflect
a treatment effect over time. Arguably, a follow-up value
alone (rather than change) may to some extent reflect a
treatment effect up to that follow-up time point. However,
changes in NT-proBNP (but not WAP-4C) still independently

predicted the outcome on top of month-nine values and risk
scores, although it added only marginally to discriminatory
power.

Need for surrogate end-points in heart failure
with reduced ejection fraction

The use of surrogate endpoints in RCTs is convenient and
necessary in early-phase non-outcomes driven clinical trials
since it reduces the sample size and thus the number of sub-
jects exposed to interventions that may not be beneficial or
may be even harmful, and reduces the trial duration from
years to months and thus the overall costs. Furthermore,
use of surrogate endpoints in trials provides important mech-
anistic insights about the intervention. However, treatments
usually target multiple pathways and thus may have multiple
effects, and there is continued misunderstanding of the dif-
ference between risk markers (associations) and risk factors
(causality).10,11 Consequently, assessing the efficacy of a drug

Figure 2 Per cent changes in concentrations of biomarkers from baseline to month nine independently and significantly associated with heart failure
(HF) hospitalization/all-cause death (Model 2). All the changes in biomarkers concentrations significantly associated with all-cause death/HF hospital-
ization at Model 1 entered Model 2 together with their (A) baseline biomarker concentrations, (B) Month 9 biomarker concentrations, and BIOSTAT
risk score. BMI, body mass index; COPD, chronic obstructive pulmonary disease; CRT, cardiac resynchronization therapy; DBP, diastolic blood pressure;
eGFR, estimated glomerular filtration rate; Hb, haemoglobin; ICD, implantable cardioverter defibrillator; MAP, mean arterial pressure; MRA, mineral-
ocorticoid receptor antagonist; NYHA, New York Heart Association; PAD, peripheral artery disease; RASi, renin-angiotensin-system; SBP, systolic blood
pressure.
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Table 3 C-statistics for the change in biomarker + baseline biomarker + BIOSTAT risk score compared with the BIOSTAT risk score alone

Model C-statistic

BIOSTAT risk scorea 0.66 Change in risk model not available
Baseline biomarker Baseline biomarker + change in biomarker (Model 1)
C-statistic C-statistic

+ NT-proBNP (ng/mL)b Included in risk score 0.70
+ ANP (ng/mL) 0.66 0.70
+ BNP (pg/mL) 0.66 0.70
+ CRP (ng/mL) 0.66 0.67
+ D-dimer (ng/mL) 0.66 0.66
+ GAL-3 (ng/mL) 0.66 0.66
+ GDF-15 (ng/mL) 0.66 0.69
+ Mesothelin (ng/mL) 0.66 0.66
+ Neuropilin (ng/mL) 0.66 0.68
+ NT-proCNP (pg/mL) 0.66 0.67
+ Osteopontin (ng/mL) 0.66 0.67
+ PCT (pg/mL) 0.66 0.68
+ Pentraxin-3 (ng/mL) 0.66 0.69
+ PIGR (ng/mL) 0.66 0.67
+ proADM (ng/mL) 0.66 0.68
+ RAGE (ng/mL) 0.66 0.68
+ sST2 (ng/mL) 0.66 0.70
+ Syndecan (ng/mL) 0.66 0.68
+ TNF-R1α (ng/mL) 0.66 0.67
+ Troy (ng/mL) 0.66 0.67
+ VEGFR-1 (ng/mL) 0.66 0.68
+ WAP-4C (ng/mL) 0.66 0.70

Multivariable model with baseline
biomarkers

Multivariable model with baseline biomarker + change in
biomarker (Model 2)

+ All above biomarkers 0.63 0.71
+ WAP-4C and
NT-proBNPb only

0.66 0.72

BMI, body mass index; COPD, chronic obstructive pulmonary disease; CRT, cardiac resynchronization therapy; DBP, diastolic blood pres-
sure; eGFR, estimated glomerular filtration rate; Hb, haemoglobin; ICD, implantable cardioverter defibrillator; MAP, mean arterial pres-
sure; MRA, mineralocorticoid receptor antagonist; NYHA, New York Heart Association; PAD, peripheral artery disease; RASi, renin-
angiotensin-system; SBP, systolic blood pressure.
aThe model included age, previous HF hospitalization in the last year, peripheral oedema, systolic blood pressure, estimated glomerular
filtration rate (eGFR), log blood urea nitrogen (BUN), log N-terminal pro-B type natriuretic peptide (NT-proBNP), haemoglobin, sodium,
high density lipoprotein (HDL) cholesterol and beta-blocker use at baseline.

bBIOSTAT risk model includes baseline NT-proBNP.

Table 4 C-statistics for the change in biomarker + month-nine biomarker + BIOSTAT risk score compared with the BIOSTAT risk score
alone

Model C-statistic

BIOSTAT risk scorea 0.66 Change in risk model not available
Month-nine biomarker Month-nine biomarker + change in biomarker (Model 3)
C-statistic C-statistic

+ NT-proBNP (ng/mL) 0.70 0.71
+ ANP (ng/mL) 0.69 0.70
+ BNP (pg/mL) 0.70 0.70

Multivariable model with month-nine
biomarkers

Multivariable model with month-nine biomarker + change in
biomarker (Model 4)

+ All above biomarkers 0.70 0.71
+ ANP and NT-proBNPb only 0.71 0.72

BMI, body mass index; COPD, chronic obstructive pulmonary disease; CRT, cardiac resynchronization therapy; DBP, diastolic blood pres-
sure; eGFR, estimated glomerular filtration rate; Hb, haemoglobin; ICD, implantable cardioverter defibrillator; MAP, mean arterial pres-
sure; MRA, mineralocorticoid receptor antagonist; NYHA, New York Heart Association; PAD, peripheral artery disease; RASi, renin-
angiotensin-system; SBP, systolic blood pressure.
aThe model included age, previous HF hospitalization in the last year, peripheral oedema, systolic blood pressure, estimated glomerular
filtration rate (eGFR), log blood urea nitrogen (BUN), log N-terminal pro-B type natriuretic peptide (NT-proBNP), haemoglobin, sodium,
high density lipoprotein (HDL) cholesterol and beta-blocker use at baseline.

bBIOSTAT risk model includes baseline NT-proBNP. BNP did not enter Model 2 since collinear with NT-proBNP.
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focusing only on one intermediate effect, that is, one surro-
gate endpoint targeting only one pathway, may lead to
neglecting other beneficial or even harmful effects. Indeed,
inappropriate surrogate endpoints may lead to positive phase
II trials followed by neutral (or negative) phase III trials, and
to negative phase II trials preventing subsequent successful
phase III trials.

Thus, there is a critical need for feasible surrogate end-
points for HF trials.1 Indeed, changes in hemodynamic mea-
surements, quality of life, left ventricular performance and
exercise capacity have been inconsistently shown to be asso-
ciated with prognosis.12,13 Among neurohormones, worse
prognosis has been reported in patients with higher norepi-
nephrine concentrations and with increasing norepinephrine
concentrations over time.14 However, RCTs showed that
inotropes, although significantly reducing norepinephrine
concentrations over the time, also increased the risk of mor-
tality, limiting the role of norepinephrine as potential surro-
gate endpoint.13,15,16 Both BNP and NT-proBNP concentra-
tions have been associated with mortality and HF
hospitalization risk in patients with HFrEF.17,18 However, al-
though meta-analyses of RCTs reported a link between a re-
duction in natriuretic peptides concentrations over the time
and reduced risk of HF hospitalization, similar findings were
not shown for mortality risk.19,20 Additionally, whether NT-
proBNP/BNP guided therapy may be a beneficial approach
in HFrEF patients is still debated, with several RCTs and
meta-analyses reporting contrasting results.21,22 These obser-
vations raise important questions regarding the use of natri-
uretic peptides in phase II RCTs for decision making regarding
phase III RCTs.

Potential surrogate end-points in heart failure
with reduced ejection fraction

Previous studies have reported a prognostic role for natri-
uretic peptides plasma concentrations and improved progno-
sis associated with a reduction in natriuretic peptides concen-
trations over the time.17–20,23 With sacubitril-valsartan in
both PARAMOUNT (HFpEF) and PIONEER (hospitalized
HFrEF), endpoints included changes in NT-proBNP over time,
and reductions during treatment in these trials appear to be
consistent with a benefit on morbidity and mortality in
PARAGON-HF (at least in the lower spectrum of HFpEF) and
in PARADIGM-HF (HFrEF).4,5,24,25 These findings suggest both
that NT-proBNP may be a useful surrogate marker, and that a
change over time may be a useful way to assess that
biomarker. We hypothesized that other biomarkers may be
similarly or more useful when assessed as changes over time,
but our findings suggest that among those tested, NT-proBNP
is the best. Our analysis contributes to highlight a potential
use for biomarkers linked with the cardiomyocyte stretch/
injury pathophysiological domain as surrogates for hard

outcomes in trials. Indeed, we showed an association be-
tween reductions in NT-proBNP concentrations over the time
and improved risk of HF hospitalization/all-cause mortality af-
ter adjustment for patients’ characteristics, its baseline con-
centration, and also baseline/changes in concentrations of
all those biomarkers which entered Model 2. Additionally,
changes in NT-proBNP improved discrimination for HF hospi-
talization/all-cause death on top of baseline concentrations.
Notably, changes in NT-proBNP predicted prognosis also on
top of month-nine NT-proBNP, patients’ characteristics,
month-nine ANP and changes in ANP (BNP did not enter
the final model because collinear with NT-proBNP). There-
fore, according to these data, NT-proBNP may be the pre-
ferred choice as surrogate endpoint among the other natri-
uretic peptides, with ANP having also other limitations such
as shorter half-time (3–5 min) compared with BNP (23 min)
and NT-proBNP (120 min).26 Adding changes in NT-proBNP
to a model already including month-nine NT-proBNP margin-
ally improved discrimination for HF hospitalization/all-cause
death. Thus, while follow-up NT-proBNP alone may be useful
in assessing a treatment effect, adding the change over time
provided additional, albeit modest, prognostic value and
discrimination.27

Our data support a potential role also for changes in
WAP-4C as prognostic marker and surrogate endpoint in
HFrEF. Indeed, a reduction of WAP-4C over 9-month
follow-up was independently associated with lower HF
hospitalization/all-cause mortality, and adding changes in
concentrations of this biomarker to a model including patient
characteristics and corresponding biomarker baseline con-
centrations improved discrimination. However, changes in
NT-proBNP did, but changes in WAP-4C did not predict prog-
nosis on top of month-nine concentrations. Previous studies
report higher WAP-4C concentrations independently
predicting increased risk of HF hospitalization/all-cause
death, symptoms and disease severity in HF populations in-
cluding mainly HFrEF patients,28,29 and also decreased EF in
STEMI revascularized patients.30 WAP-4C is a protein with an-
timicrobial and immunomodulatory properties and an ac-
cepted biomarker for ovarian carcinoma.31 Its role in HF has
not been elucidated but may be linked to inflammation and
immunomodulation. Whether changes in WAP-4C concentra-
tions over time may predict HF treatments’ effect requires fu-
ture investigation.

Study limitations

We tested the association between changes in 30 biomarker
concentrations and outcomes, thus there could be chance of
false positive findings although we did adjust for multiple
testing in our main analysis. Many biomarkers were mea-
sured by a multiplexed bead-based immunoassay (Alere,
San Diego, California) which has not been correlated with
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commercial assays used clinically or in research. Some more
recently emerging biomarkers in HFrEF, for example, CA-
125, were not available at the time of this analysis in
BIOSTAT-CHF. Patient follow-up ended in 2015, therefore
new advances in HF therapy have not been captured in this
study. Future studies should elucidate on these aspects. Fi-
nally, our analysis could be prone to mortality bias. Indeed,
in a sensitivity analysis we showed that patients with two bio-
marker concentrations measurements were less sick as com-
pared with those with only the baseline assessment.

Conclusions

In patients with HFrEF, among 30 biomarkers changes in NT-
proBNP best predicted risk of HF hospitalization/all-cause
mortality after adjustments for baseline and month-nine con-
centrations of NT-proBNP, the BIOSTAT risk score, that is, pa-
tient characteristics. Thus, changes over time in NT-proBNP
may serve as useful surrogate markers of therapeutic re-
sponse and thus surrogate endpoints in for early-phase HFrEF
trials. These findings should be validated in future RCTs and
such validation can be incorporated in RCT design.
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tinuous percent changes in biomarkers concentrations from
Baseline to Month 9 and subsequent risk of heart failure
(HF) hospitalization/all-cause death, adjusted for the BIOSTAT
risk score and baseline biomarker concentrations but not for
other biomarkers (Model 1).

Figure S3. Non-statistically significant associations between
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other biomarkers (Model 1).
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other biomarkers (Model 3).
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