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Abstract
Aims The Treatment of Sleep-Disordered Breathing with Predominant Central Sleep Apnoea by Adaptive Servo Ventilation in
Patients with Heart Failure trial investigated the effects of adaptive servo-ventilation (ASV) (vs. control) on outcomes of
1325 patients with heart failure and reduced ejection fraction (HFrEF) and central sleep apnoea (CSA). The primary outcome
(a composite of all-cause death or unplanned HF hospitalization) did not differ between the two groups. However, all-cause
and cardiovascular (CV) mortality were higher in the ASV group. Circulating biomarkers may help in better ascertain patients’
risk, and this is the ﬁrst study applying a large set of circulating biomarkers in patients with both HFrEF and CSA.
Methods and results Circulating protein-biomarkers (n = 276) ontologically involved in CV pathways, were studied in 749
(57% of the trial population) patients (biomarker substudy), to investigate their association with the study outcomes (primary
outcome, CV death and all-cause death). The mean age was 69 ± 10 years, and > 90% were male. The groups (ASV vs. control
and biomarker substudy vs. no biomarker) were well balanced. The “best” clinical prognostic model included male sex, systolic
blood pressure < 120 mmHg, diabetes, loop diuretic, cardiac device, 6-min walking test distance, and N-terminal pro BNP as
the strongest prognosticators. On top of the “best” clinical prognostic model, the biomarkers that signiﬁcantly improved both
the discrimination (c-index) and the net reclassiﬁcation index (NRI) of the model were soluble suppression of tumorigenicity 2
for the primary outcome; neurogenic locus notch homolog protein 3 (Notch-3) for CV-death and all-cause death; and growth
differentiation factor 15 (GDF-15) for all-cause death only.
Conclusions We studied 276 circulating biomarkers in patients with HFrEF and central sleep apnoea; of these biomarkers,
three added signiﬁcant prognostic information on top of the best clinical model: soluble suppression of tumorigenicity 2
(primary outcome), Notch-3 (CV and all-cause death), and GDF-15 (all-cause death).
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Introduction
Sleep disordered breathing is prevalent in patients with heart
failure and reduced ejection fraction (HFrEF).1 In particular,

central sleep apnoea (CSA) may be found in up to 40% of
these patients.2 Patients with HFrEF and CSA represent a subset of patients with poor prognosis.3,4 However, no ventilatory support treatment (to date) has shown to provide
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beneﬁt in this subset of patients. In the Canadian Continuous
Positive Airway Pressure for Patients with Central Sleep Apnoea and Heart Failure study, 258 patients with HFrEF and
CSA were randomly assigned to receive continuous positive
airway pressure plus guideline-based medical treatment or
guideline-based medical treatment alone.5 After a median
follow-up of 18 months, no differences in the number of
hospitalizations, rate of death, or heart transplantation were
detected.
Adaptive servo-ventilation (ASV) is a non-invasive ventilatory therapy that effectively alleviates CSA by delivering
servo-controlled inspiratory pressure support on top of expiratory positive airway pressure potentially providing a more
physiological treatment of CSA than continuous positive airway pressure.6 The Treatment of Sleep-Disordered Breathing
with Predominant Central Sleep Apnoea by Adaptive Servo
Ventilation in Patients with Heart Failure (SERVE-HF) trial
investigated the effects of ASV (AutoSet CS, ResMed,
Martinsried, Germany) plus guideline-based medical treatment vs. guideline-based medical treatment alone on survival
and cardiovascular (CV) outcomes in 1325 patients who had
HFrEF and predominantly CSA.7 After a median follow-up of
31 months, the incidence of the primary outcome [a composite of ﬁrst event of death from any cause, lifesaving CV intervention, or unplanned heart failure (HF) hospitalization] did
not signiﬁcantly differ between the two groups. However, allcause and CV mortality were signiﬁcantly higher in the ASV
group.8,9 We hypothesized that circulating biomarkers of interest may help ascertaining patients’ risk and provide insight
on the underlying pathological pathways in this population.
Using a large set of circulating protein-biomarkers
(associated with cardiovascular and inﬂammatory processes)
we sought to investigate the biomarkers that are associated
with the study outcomes and improve the prognostic accuracy on top of a well calibrated ‘clinical model’.
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The primary outcome in the time-to-event analysis was the
ﬁrst event of the composite of death from any cause, a lifesaving CV intervention, or an unplanned hospitalization for worsening HF. Secondary outcomes included the time to death
from any cause and the time to death from CV causes. The
median (percentile25–75) follow up time was of 3.0 (1.9–4.5)
years.
The incidence of the primary end point did not differ significantly between the ASV group and the control group, with
event rates of 54.1% and 50.8%, respectively {hazard ratio
[HR] [95% conﬁdence interval (CI)] = 1.13 [0.97–1.31];
P = 0.10}. All-cause and CV mortality were higher in the ASV
group than in the control group with all-cause mortality being
34.8% and 29.3%, respectively [HR (95%CI) = 1.28 (1.06–
1.55); P = 0.01], and CV mortality of 29.9% and 24.0%, respectively [HR (95%CI) =1.34 (1.09-1.65); P = 0.006].

Biomarker substudy population
In the present manuscript, we report the results of the
SERVE-HF biomarker substudy. This substudy includes 817
patients in whom the biomaterials had been taken at the
time of randomization (baseline) and stored for later
analyses/biomarker determination. These patients were
mostly enrolled in sites in Germany (n = 776; 95%). The characteristics of these patients are similar to the overall study
population (see Supporting Information, Table S1). From
these 817 patients, 8 (1%) did not have clinical information
on essential adjustment variables (blood pressure, creatinine,
haemoglobin, and concomitant medications), and 60 (7%) did
not have biomarker measurements. These patients were excluded, leaving 749 subjects available for the biomarker analyses, 381 in the ASV group and 368 in the control group.

Biomarker assessments

Methods
Study design, randomization, and main results
The SERVE-HF trial was an international, multicenter, randomized, parallel-group, and event-driven study. Detailed information about the trial design, procedures, outcomes, and
results have been reported previously.7,10 In short, enrolled
patients had HF with a left ventricular ejection fraction
≤45%, New York Heart Association class ≥II, and predominant
CSA [apnoea–hypopnea index (AHI) ≥15 events per hour,
with >50% central events and a central AHI of ≥10 events
per hour]. Patients were advised to use the ASV device for
at least 5 h per night and 7 days per week. The target was
to reduce the AHI to less than 10 events per hour within
14 days after starting ASV.

Baseline plasma samples were analysed for protein biomarkers using the Olink Proseek® Multiplex Cardiovascular II,
Cardiovascular III, and inﬂammation panels (Olink Proteomics,
Uppsala, Sweden). These were ‘clusters/panels’ of biomarkers
selected on the basis of being ontologically associated with
mechanistic pathways involved in cardiovascular diseases
and inﬂammation; they are processed together within each
panel according to the Olink® methods. The assay use a
proximity extension assay (PEA) technology,11 where 92
oligonucleotide-labelled antibody probe pairs per panel are
allowed to bind to their respective targets in the sample in
96-well plate format. When binding to their correct targets,
they give rise to new DNA amplicons with each ID-barcoding
their respective antigens. The amplicons are subsequently
quantiﬁed using a Fluidigm BioMark™ HD real-time PCR platform (Fluidigm Corp., South San Francisco, CA). The platform
provides log2-Normalized Protein eXpression (NPX) data (for
ESC Heart Failure (2019)
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further details please visit: https://www.olink.com/question/
what-is-npx/).
A total of 276 protein biomarkers were assessed in baseline samples. The abbreviations, full names and respective
Olink® multiplex panels of the studied proteins are described
in the (see Supporting Information, Table S2).
The assays were performed in a ‘blind’ fashion to treatment allocation. The proteomic results were then merged
with the baseline clinical data.
In the SERVE-HF biomarker substudy, growth differentiation factor 15 (GDF-15) was measured by two methods, the
‘standard’ electrochemiluminescence on a Roche cobas®
platform (F. Hoffmann-La Roche AG, Basel, Switzerland) and
Normalized Protein eXpression (NPX) by Olink®. Both
methods showed excellent correlation (>0.9) (see Supporting
Information, Figure S1).

Statistical considerations
For the baseline clinical characteristics, continuous variables
are expressed as means and respective standard deviation.
Categorical variables are presented as frequencies and percentages. Patient baseline characteristics were compared between ASV and controls using t-tests, Mann–Whitney, or χ 2
tests, as appropriate.
Time-to-event analysis was conducted using Cox regression
models. Clinical variable log-linearity was checked by plotting
the beta estimates vs. the mean across deciles and then clinically relevant cut-offs were chosen for the candidate variables. Proportional hazards assumptions were assessed by
plotting the scaled Schoenfeld residuals vs. the log of time.
No proportional hazards violations were found. Missing predictor values of the clinical variables (missing values <10%)
were imputed using multi-chain Monte Carlo methods with
Gibbs sampling. We used the R package ‘mice’. We imputed
missing data 10 times, performed the analysis over all 10 imputations, and averaged results using the Rubin’s rule.12 Variables were then entered in the multivariable model in a
backward stepwise regression analysis with the P value to enter and stay in the model set to a P value <=0.1 and < 0.05,
respectively. In the multivariable models, all the covariates
depicted on Table 1 were considered. Model discrimination
was determined by calculation of the C-statistic.13 Assessment of model calibration was performed by plotting the cumulative incidence of observed vs. expected primary
outcome events derived from the Cox model across tertiles
of the predicted risk. The ‘best clinical model’ (determined
by the clinical importance of the variables and the likelihood
ratio test) included the variables depicted in Table 2. The
model incorporated (and retained) N-terminal pro BNP (NTproBNP) levels, recommended for prognostication in the current guidelines.14,15 This model was developed for the primary outcome and then applied for CV and all-cause death.
The model performed even better for the deadly events,

and therefore, the same clinical model was used for all the
studied outcomes.
Cox regression models adjusting for the best clinical
model were then used to identify protein biomarkers associated with the primary outcome corrected for multiple
testing using a Bonferroni correction (0.05/276).16 Only
the proteins that were found to be statistically signiﬁcant
at the set P value <0.0002 were considered as prognosticators. No hierarchy or further adjustments were performed
for the outcomes of CV and all-cause death, and these
should be regarded as exploratory. Because proteins were
measured using log2 normalized NPX values, the HR for
each protein estimates the increase in the hazards of event
associated with a doubling in the protein concentration. We
assessed the added discriminatory value of each biomarker
by comparing the C-index of the clinical model with that
of the clinical model plus the biomarker of interest
(ΔC-index)17 and the 1-year net reclassiﬁcation improvement (NRI)18,19 of the biomarker of interest on top of the
clinical model. This method assesses the ability of a new
model to reclassify subjects with and without a clinical
event during follow-up. The ability of the new model to reclassify is summarized by the NRI statistics. The continuous
NRI method does not require a prior deﬁnition of strata
risk, thus considering the change in the estimation prediction as a continuous variable.19
The analyses were performed using STATA version 15
(StataCorp. 2017. Stata Statistical Software: Release 15.
College Station, TX: StataCorp LP) and R® [R Development Core
Team (2008). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria] software.

Results
Patients’ characteristics
Patients’ characteristics are depicted in Table 1. The mean
age was 69 ± 10 years, and >90% were male. The groups
(ASV vs. control) were well balanced, except for the use
of antiarrhythmic drugs, which was more common in the
ASV group (22% vs. 12%; P < 0.001) (similarly to the main
report). Other statistically signiﬁcant differences (aldosterone antagonists, loop diuretics, and total AHI) were small
in absolute numbers.

Clinical risk model (best clinical model)
The best clinical model included male sex, systolic blood
pressure <120 mmHg, diabetes, loop diuretic, cardiac device,
6-min walking test distance, and NT-proBNP as the strongest
prognosticators. Age and treatment group allocation (ASV or
ESC Heart Failure (2019)
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Table 1 Characteristics of the study population
Characteristics
Age, year
Male sex, n (%)
2
Body mass index, kg/m
NYHA class III–IV, n (%)
LVEF, %
Diabetes mellitus, n (%)
Ischemic HF, n (%)
Systolic blood pressure, mmHg
Left bundle–branch block, n (%)
Atrial ﬁbrillation, n (%)
Cardiac device, n (%)
Haemoglobin, g/dL
2
eGFR, ml/min/1.73m
6MWT distance, m
ACEi or ARB, n (%)
Beta–blocker, n (%)
Aldosterone antagonist, n (%)
Loop diuretic, n (%)
Cardiac glycoside, n (%)
Antiarrhythmic drug, n (%)
Epworth Sleep Scale, scale: 0–24
AHI, n events/hr
Central apnoea index/total AHI, %
Central AHI/total AHI, %
Oxygen Desaturation index, mean ± SD
Average oxygen saturation (%), mean ± SD
Minimum oxygen saturation (%), mean ± SD
Oxygen desaturation index, n of events/hr
Cheyne–Stokes respiration
<20%
20–50%
>50%
NT-proBNP, pg/ml
Outcomes
Primary outcomea
CV death
All-cause death

Control n = 368

ASV n = 381

P value

69.1 ± 10.2
334 (90.8%)
28.9 ± 5.4
272 (74.3%)
33.3 ± 7.7
143 (39.1%)
196 (54.9%)
123.5 ± 20.2
85 (23.5%)
98 (27.0%)
201 (54.6%)
14.0 ± 1.6
58.5 ± 21.0
333.5 ± 128.2
341 (92.7%)
344 (93.5%)
207 (56.3%)
329 (89.4%)
83 (22.6%)
45 (12.2%)
2.9 ± 5.9
31.1 ± 13.2
51.4 ± 29.3
81.4 ± 15.3
34.0 ± 18.4
92.7 ± 2.6
80.3 ± 6.9
52.7 ± 68.1

69.3 ± 9.4
347 (91.1%)
28.5 ± 4.4
272 (71.8%)
33.2 ± 7.9
152 (40.1%)
218 (58.1%)
124.0 ± 19.4
106 (28.4%)
117 (31.4%)
204 (53.5%)
13.9 ± 1.6
57.1 ± 21.1
326.9 ± 121.7
351 (92.1%)
349 (91.6%)
186 (48.8%)
322 (84.5%)
101 (26.5%)
85 (22.3%)
2.6 ± 5.5
29.9 ± 12.2
45.7 ± 28.7
80.8 ± 14.9
32.8 ± 17.5
92.7 ± 2.2
81.1 ± 6.5
49.9 ± 63.7

0.72
0.88
0.33
0.43
0.95
0.77
0.38
0.69
0.13
0.19
0.77
0.44
0.39
0.48
0.78
0.33
0.042
0.047
0.21
<0.001
0.44
0.18
0.007
0.56
0.38
0.71
0.12
0.57

68 (21.3%)
114 (35.6%)
138 (43.1%)
1474 (600–3232)

71 (21.6%)
136 (41.5%)
121 (36.9%)
1344 (613–2937)

0.22

186 (50.5%)
84 (22.8%)
107 (29.1%)

209 (54.9%)
113 (29.7%)
130 (34.1%)

0.66
0.23
0.034
0.14

6MWT, 6-minute walking test; ACEi, angiotensin-converting-enzyme inhibitor; AHI, apnoea–hypopnea index; ARB, angiotensin II receptor
blockers; ASV, adaptive servo-ventilation; CV, cardiovascular; eGFR, estimated glomerular ﬁltration rate calculated with the CKD-EPI
formula; HF, heart failure; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; NT-proBNP, N-termianl pro BNP;
SD, standard deviation.
a
The primary outcome was a composite of death from any cause, a lifesaving CV intervention, or an unplanned hospitalization for
worsening HF.
Table 2 Best clinical risk model
Variable
ASV (yes)
Age (per year)
Male sex
SBP <120 mmHg
Diabetes (yes)
Loop diuretic (yes)
Cardiac device (yes)
6MWT (per each 50 m)
NT-proBNP (per log increase)

HR (95%CI)

P value

1.13 (0.93–1.38)
0.99 (0.98–1.01)
2.27 (1.50–3.44)
1.43 (1.16–1.75)
1.46 (1.19–1.78)
1.94 (1.31–2.87)
1.38 (1.12–1.71)
1.10 (1.05–1.15)
1.65 (1.51–1.81)

0.22
0.56
<0.001
0.001
<0.001
0.001
0.002
<0.001
<0.001

ASV, adaptive servo-ventilation; CI, conﬁdence interval; SBP, systolic blood pressure; 6MWT, 6-minute walking test distance; HR, hazard
ratio; NT-proBNP, N-terminal pro BNP.
Harrel’s C-index =0.727 for the primary outcome; =0.750 for CV death; =0.737 for all-cause death.
ASV, age and sex were ‘forced’ into the model.

control) were kept in the model. The C-index of the
model was 0.73 for the primary outcome, 0.75 for CV death,
and 0.74 for all-cause death (Table 2). The model was well

calibrated with a steep increase of observed vs. predicted
events by tertiles of patients’ risk (see Supporting Information, Figure S2).
ESC Heart Failure (2019)
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Table 3 Multiple test-corrected biomarkers
Risk model + biomarker
Primary outcome
sST2
TR
ACE2
AMBP
PON3
CV death
Notch-3

HR (95%CI)

P value

C-index

ΔC-index P value

cNRI (95%CI)

1.50 (1.30–1.74)
1.27 (1.11–1.46)

<0.0001
0.0002

0.736
0.736

0.033
0.005

+0.23 (+0.04, +0.39)
0.10 ( 0.15, 0.28)

1.34 (1.17–1.53)
0.53 (0.38–0.74)
0.77 (0.68–0.88)

<0.0001
0.0002
0.0001

0.731
0.730
0.732

0.23
0.24
0.11

0.23 ( 0.10, 0.40)
0.03 ( 0.17, 0.21)
0.13 ( 0.08, 0.27)
+0.18 (+0.07, +0.28)

1.71 (1.31–2.23)

0.0001

0.761

0.049

IL-6

1.26 (2.32–3.40)

<0.0001

0.763

0.019

0.05 ( 0.10, 0.13)

OPG
OPN

2.18 (1.62–2.93)
1.48 (1–20–1.84)

<0.0001
0.0002

0.762
0.759

0.21
0.37

+0.13 (+0.03, +0.24)
+0.15 (+0.03, +0.26)

1.55 (1.28–1.88)
1.47 (1.22–1.77)
1.87 (1.40–2.49)
1.73 (1.41–2.12)
1.48 (1.22–1.79)

<0.0001
0.0001
<0.0001
<0.0001
<0.0001

0.755
0.759
0.760
0.760
0.758

0.96
0.59
0.12
0.35
0.22

1.59 (1.34–1.88)
1.64 (1.29–2.09)

<0.0001
0.0001

0.753
0.748

0.026
0.036

+0.12 (+0.02, +0.23)
+0.15 (+0.06, +0.26)

IL-6

1.31 (1.18–1.44)

<0.0001

0.752

0.008

0.03 ( 0.06, 0.15)

vWF
FGF-23

1.23 (1.11–1.37)
1.16 (1.08–1.25)

0.0001
0.0001

0.748
0.745

0.037
0.041

0.06 ( 0.03, 0.18)
0.06 ( 0.16, 0.06)

OPG

2.09 (1.59–2.74)

<0.0001

0.748

0.29

+0.13 (+0.03, +0.23)

IL-1RT1
OPN

1.77 (1.33–2.36)
1.43 (1.18–1.74)

0.0001
0.0002

0.739
0.746

0.54
0.36

+0.14 (+0.02, +0.23)
+0.16 (+0.04, +0.26)

IGFBP-2

1.44 (1.18–1.76)

0.0002

0.743

0.33

+0.18 (+0.08, +0.29)

ACE2
sST2
IGFBP-7
LIF-R
HGF

1.50 (1.27–1.79)
1.68 (1.40–2.03)
1.48 (1.24–1.77)
1.78 (1.34–2.36)
1.43 (1.19–1.73)

<0.0001
<0.0001
<0.0001
0.0001
0.0002

0.743
0.746
0.747
0.741
0.743

0.80
0.51
0.14
0.79
0.53

ACE2
GDF-15
AP-N
sST2
IGFBP-7
All-cause death
GDF-15
Notch-3

0.02 (
0.12 (
0.07 (
0.01 (
0.09 (

0.01 (
0.04 (
0.09 (
0.11 (
0.01 (

0.14, 0.10)
0.06, 0.21)
0.05, 0.18)
0.01, 0.02)
0.03, 0.19)

0.10, 0.11)
0.05, 0.16)
0.01, 0.03)
0.01, 0.20)
0.01, 0.02)

ACE2, angiotensin-converting enzyme 2; AMBP, α1-microglobulin/bikunin precursor; AP-N, Aminopeptidase N; CI, conﬁdence interval;
FGF-23, ﬁbroblast growth factor 23; GDF-15, growth differentiation factor 15; IGFBP-7, insulin-like growth factor-binding protein 7;
IGFBP-2, insulin-like growth factor-binding protein 2; HGF, human growth factor; IL1RT1, interleukin 1 receptor type 1; IL-6, interleukin-6; LIF-R, LIF receptor; NRI, net reclassiﬁcation index; Notch-3, neurogenic locus notch homolog protein 3; OPG, osteoprotegerin;
OPN, osteopontin; PON3, paraoxonase-3; PRELP, prolargin; sST2, soluble suppression of tumorigenicity 2; TR, transferrin receptor protein
1; vWF, von Willebrand factor.
ΔC-index, c-index change on the clinical risk model after the addition of the biomarker.
cNRI, continuous net reclassiﬁcation index.
Dark green: both c-index and NRI improvement; Green: c-index improvement only; Light green: NRI improvement only.

Top biomarkers
The results of the biomarkers associated with the studied
outcomes on top of the best clinical model and adjusted for
multiple testing are shown in Table 3. The discrimination
improvement for the biomarkers that improve both the
model discrimination and net reclassiﬁcation is represented
in Figure 1. The HRs (95%CIs) for all the available biomarkers
are presented in Supporting Information Table S3.
With regards to the primary outcome, soluble suppression
of tumorigenicity 2 (sST2), improved both the model discrimination and event reclassiﬁcation; transferrin receptor protein
only improved the model discrimination (and not the model
net reclassiﬁcation). The primary outcome top biomarkers
were poorly correlated (Spearman correlation <0.5 for all
comparisons) (see Supporting Information, Table S4).

For CV death, neurogenic locus notch homolog protein 3
(Notch-3) improved both the model discrimination and event
reclassiﬁcation; interleukin-6 improved only the model discrimination; osteoprotegerin (OPG) and osteopontin (OPN)
improved only the model reclassiﬁcation. Notch-3 was well
correlated with insulin-like growth factor-binding protein 7
(IGFBP-7) (see Supporting Information, Table S5).
For all-cause death, GDF-15 and Notch-3 improved both
the model discrimination and event reclassiﬁcation;
interleukin-6, von-Willebrand factor, and ﬁbroblast growth
factor-23 (FGF-23) improved only the discrimination of
the model; whereas OPG, interleukin-1 receptor type 1 (IL1RT1), OPN, and insulin like growth factor binding protein 2
improved only the model reclassiﬁcation.
GDF-15 was well correlated with IGFBP-7 and moderately
correlated with IL-1RT1, OPN, sST2, IGFBP-7, FGF-23,
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Figure 1 Selected biomarkers for each outcome on top of the clinical model (i.e. adjusted) (A) Primary outcome, (B) cardiovascular CV death, (C) Allcause death. Legend: SBP, systolic blood pressure; 6MWT, 6-minute walking test; NPX, standardized log2 Olink® concentration.

prolargin, OPG, and Notch-3 (that showed similar correlation
proﬁles to GDF-15) (see Supporting Information, Table S6).
The correlation between the top biomarkers (sST2, Notch-3,
and GDF-15), and age, plus the available electrocardiographic

and echocardiographic parameters was weak (Spearman Rho
<0.5 for all comparisons), suggesting that these biomarkers
may represent systemic disease processes rather than
cardiac-speciﬁc ones (see Supporting Information, Table S7).
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Discussion
From the 276 studied biomarkers, three added signiﬁcant
prognostic information on top of the best clinical model:
sST2 (for the primary outcome), Notch-3 (for CV and all-cause
death), and GDF-15 (for all-cause death).
Prognostic stratiﬁcation in HF is relevant for therapeutic
decisions, patient–family information, and follow-up strategy.20 Current prognostic models including clinical variables
plus natriuretic peptides (BNP and/or NT-proBNP) offer good
prognostication performance (C-index >0.7)21; the discrimination gains with ‘new’ biomarkers on top of these models is usually modest.22–24 Soluble ST2 (the circulating form of the
receptor for interleukin-33)25 is derived from the heart and peripheral tissues, and its production is promoted by tissue damage, inﬂammation, and extracellular matrix remodelling.26
Soluble ST2 has been one of the biomarkers often shown to offer additional prognostic information increment in HF.27–30 In
SERVE-HF, sST2 also offered slight prognostic improvement
for the primary outcome of death from any cause, lifesaving
CV intervention, or unplanned HF hospitalization, but not for
CV or all-cause death alone.
Notch-3 improved CV and all-cause death models. For the
CV death outcome, Notch-3 was the only biomarker that improved both discrimination and event reclassiﬁcation. Notch
signalling is involved in the modulation of cardiomyocytes survival, cardiac stem cells differentiation, and angiogenesis that
are factors known to determine the extent of pathological cardiac remodelling.31 Moreover, Notch-3 knockout mice did not
adapt to pressure overload (by not developing arterial media
hypertrophy) and exhibited HF.32 These data suggest that
Notch-3 is important in the adaptation to pressure overload
playing a major role in the angiogenic pathways. It should be
noted that pressure overload-associated endothelial changes
have been previously described in sleep apnoea patients as
well as in intermittent hypoxia models. Chronic exposure to
biomechanical forces may alter mechanoreceptive molecules
such as platelet endothelial cell adhesion molecule, a cell–cell
adhesion molecule most abundantly expressed in endothelial
cells. This may represent an important mechanism modulating
endothelial cells sensitivity to mechanical stimuli.33 In conditions such as sleep apnoea or sleep apnoea-associated intermittent hypoxia, where shear stress is indeed a critical
determinant of cardiovascular homeostasis, regulating remodelling and atherogenesis, platelet endothelial cell adhesion molecule has been evidenced as being down-regulated
as well as associated with early vascular remodelling.34 How
this is linked to Notch-3 remains to be further studied. The association of Notch-3 with cause-speciﬁc and all-cause death
supports further investigation of this biomarker, assessing its
potential role in HF with concomitant sleep-disordered
breathing, both as a prognosticator and therapeutic target.
In addition to Notch-3, GDF-15 also improved the all-cause
death model. GDF-15 is a member of the TGF-β superfamily

involved in the regulation of body-weight, inﬂammation,
and apoptosis, all key mechanisms in cardiac remodelling
and HF.35,36 Elevated levels of GDF-15 have been associated
with worse prognosis of patients with HF regardless of ejection fraction and mode of presentation.24,37–39 Our ﬁndings
are conﬁrmatory with regards to GDF-15 in HF prognosis.
However, whether GDF-15 may be a potential target for HF
treatment requires further investigation.40
The correlation between the biomarkers associated with
CV and all-cause death was important. Notch-3 and GDF-15
were moderately correlated (>0.5), and these biomarkers
were also correlated with IGFBP-7, IL-1RT1, OPN, sST2,
IGFBP-7, FGF-23, prolargin, and OPG that were associated
with fatal outcomes in SERVE-HF suggesting that inﬂammation, glucose metabolism, angiogenesis, and cardiac remodelling play a central role in HF.41,42
In a previously published secondary analysis of the SERVEHF trial,43 using a more limited number of circulating biomarkers, there were no signiﬁcant differences between
treatment groups in changes in NT-proBNP, troponin T, troponin I, sST2, galectin-3, cystatin C, creatinine, neutrophil
gelatinase-associated lipocalin, high-sensitivity C-reactive
protein, and tumor necrosis factor alpha, suggesting that
treatment of predominant CSA in HFrEF with ASV therapy
did not meaningfully change cardiac structure or function or
biomarkers of heart function, renal function, or systemic inﬂammation. This is in keeping with the lack of effect of ASV
on both general and disease-speciﬁc quality of life in the main
SERVE-HF study, along with a lack of difference in HF-related
hospitalisations between the ASV and control groups.7,43

Limitations
Several limitations should be noted in the present study. This
is a post hoc analysis in a subpopulation of the SERVE-HF trial;
hence, these ﬁndings are subject to bias inherent to observational studies; however, the characteristic similarities between this subpopulation and the whole trial population
support the generalization of these ﬁndings to patients with
the characteristics of those in SERVE-HF. The circulating biomarkers were measured using peripheral venous samples;
therefore, the myocardium is only one potential source for
the measured proteins. The exclusion criteria used in
SERVE-HF served to minimize the impact of many other potential organ sources of these biomarkers; for example, patients with chronic hepatic, bone, or skin disease, systemic
inﬂammatory diseases, malignancies, and pregnancy were excluded. No external validation was performed to conﬁrm
these ﬁndings; however, the speciﬁcity of the SERVE-HF population renders replication unlikely in a near future. These
proteomics assays do not provide standard concentration
units, making comparisons with clinically applied cut-offs
challenging. Finally, we only measured biomarkers at baseline; in consequence, we cannot comment on prognostic
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information provided by the changes in these biomarkers
with time or with treatment.

part of the second ‘Investissements d’Avenir’ programme
(ANR-15-RHU-0004).

Conclusions

Supporting information

From the studied 276 biomarkers available at baseline, three
added signiﬁcant prognostic information on top of the best
clinical model: sST2 (for the primary outcome), Notch-3 (for
CV and all-cause death), and GDF-15 (for all-cause death
only). sST2 and GDF-15 are well-validated and extensively
replicated biomarkers in HF. The role of Notch-3 may be more
speciﬁc of HF patients with sleep-disordered breathing and
could deserve further investigation.

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